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V

VINYLIDENE CHLORIDE POLYMERS (PVDC)

Introduction

Vinylidene chloride (VDC) copolymers were among the first synthetic polymers
to be commercialized. Their most valuable property is low permeability to a wide
range of gases and vapors (see BARRIER POLYMERS). From the beginning in 1939,
the word Saran has been used for copolymers with high VDC content, and it is
still a trademark of The Dow Chemical Co. in some countries. Sometimes the
names Saran and poly(vinylidene chloride) (PVDC) are used interchangeably.
This can lead to confusion because, although Saran includes the homopolymer,
only copolymers have commercial importance. The homopolymer, ie, PVDC, is not
commer-cially used because it lacks the thermal stability required for processing.

The principal solution to fabrication difficulties is copolymerization. Three
types of comonomers are commercially important: vinyl chloride; acrylates, in-
cluding alkyl acrylates and alkyl methacrylates; and acrylonitrile. When ex-
trusion is the method of fabrication, other solutions include formulation with
plasticizers, stabilizers, and extrusion aids plus applying improved extrusion
techniques.

Monomer

Properties. Pure vinylidene chloride [75–35-4] (1,1-dichloroethylene) is a color-
less, mobile liquid with a characteristic sweet odor. Its properties are summarized
in Table 1. Vinylidene chloride is soluble in most polar and nonpolar organic sol-
vents. Its solubility in water (0.25 wt%) is nearly independent of temperature at
16–90 ◦C (5).

Manufacture. Vinylidene chloride monomer can be conveniently prepared
in the laboratory by the reaction of 1,1,2-trichloroethane [79–00-5] with aqueous
alkali:

2CH2ClCHCl2 + Ca(OH)2 → 2CH2 = CCl2 + CaCl2 + 2H2O

1



2 VINYLIDENE CHLORIDE POLYMERS (PVDC) Vol. 15

Table 1. Properties of VDC Monomera,b

Property Value

Molecular weight 96.944
Odor Pleasant, sweet
Appearance Clear, liquid
Color (APHA) 0–10
Solubility of monomer in water at 25 ◦C, wt% 0.25
Solubility of water in monomer at 25 ◦C, wt% 0.035
Normal boiling point, ◦C 31.56
Freezing point, ◦C – 122.56
Flash point, ◦C

Tag closed cup –28
Tag open cup –16

Flammable limits in air (ambient conditions), vol% 6.5–15.5
Autoignition temperature, ◦C 513b

Latent heat of vaporization, �H◦
v, kJ/molc

At 25◦ C 26.48 ± 0.08
At normal boiling point 26.14 ± 0.08
Latent heat of fusion at freezing point, �Hm, J/molc 6514 ± 8
Heat of polymerization at 25 ◦C, �Hp, kJ/molc –75.3 ± 3.8
Heat of combustion, liquid monomer 1095.9

at 25 ◦C, �Hc, kJ/molc

Heat of formation
Liquid monomer at 25 ◦C, �Hf, kJ/molc –25.1 ± 1.3
Gaseous monomer at 25 ◦C, �Hf, kJ/molc 1.26 ± 1.26

Heat capacity
Liquid monomer at 25 ◦C, Cp, J/(mol·K)c 111.27
Gaseous monomer at 25 ◦C, Cp, J/(mol·K)c 67.03

Critical temperature, Tc, ◦C 220.8
Critical pressure, Pc, MPad 5.21
Critical volume, Vc, cm3/mol 218
Liquid density, g/cm3

−20 ◦C 1.2852
0◦C 1.2499
20◦C 1.2137

Index of refraction, nD

10◦C 1.43062
15◦C 1.42777
20◦C 1.42468

Absolute viscosity, mPa·s ( = cP)
−20 ◦C 0.4478
0◦C 0.3939
x20◦ C 0.3302

Vapor pressure,e at T◦C log PkPa = 6.1070 – 1104.29/
(T = −237.697)

aRefs. (2) and (3).
bInhibited with methyl ether of hydroquinone.
cTo convert J to cal, divide by 4.184.
dTo convert MPa to atm, divide by 0.101.
eP measured from 6.7to104.7 kPa. To convert kPa to mm Hg, multiply by 7.5 (add 0.875 to the constant
to convert logkPa to logmmHg).
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Other methods are based on bromochloroethane [25620–54-6],
trichloroethyl acetate [625–24-1], tetrachloroethane [79–34-5], and catalytic
cracking of trichloroethane (4). Catalytic processes produce hydrogen chloride as
by-product, rather than less valuable salts, but yields of VDC have been too low
for commercial use of these processes. However, good results have been reported
with metal-salt catalysts ((5)–7).

Vinylidene chloride is prepared commercially by the dehydrochlorination of
1,1,2-trichloroethane with lime or caustic in slight excess (2–10%) (1,8). A con-
tinuous liquid-phase reaction at 98–99 ◦C yields ∼90% VDC. Caustic gives better
results than lime. Vinylidene chloride is purified by washing with water, drying,
and fractional distillation. It forms an azeotrope with 6 wt% methanol (9). Purifi-
cation can be achieved by distillation of the azeotrope, followed by extraction of
the methanol with water. An inhibitor is usually added at this point. Commercial
grades contain 200 ppm of the monomethyl ether of hydroquinone (MEHQ). Many
other inhibitors for the polymerization of VDC have been described in patents,
but MEHQ is the one most often used. The inhibitor can be removed by distilla-
tion or by washing with 25 wt% aqueous caustic under an inert atmosphere at
low temperatures.

For many polymerizations, MEHQ need not be removed; instead, polymer-
ization initiators are added. Vinylidene chloride from which the inhibitor has
been removed should be refrigerated in the dark at –10 ◦C, under a nitrogen at-
mosphere, and in a nickel-lined or baked phenolic-lined storage tank. If not used
within 1 day, more inhibitor should be added.

Health and Safety Factors. Vinylidene chloride is highly volatile and,
when free of decomposition products, has a mild, sweet odor. Its warning prop-
erties are ordinarily inadequate to prevent excessive exposure. Inhalation of va-
por presents a hazard, which is readily controlled by observance of precautions
commonly taken in the chemical industry (3). A single, brief exposure to a high
concentration of VDC vapor, eg, 2000 ppm, rapidly causes intoxication, which
may progress to unconsciousness on prolonged exposure. The LC50/4 h in rats
is 6350 ppm. However, prompt and complete recovery from the anesthetic effects
occurs when the exposure is for short duration. A single, prolonged exposure and
repeated short-term exposures can be dangerous, even when the concentration
of the vapor is too low to cause an anesthetic effect. Such exposure may produce
organic injury to the kidneys and liver. For repeated exposures, the vapor concen-
tration of VDC should be much lower. The American Conference of Governmental
Industrial Hygienists threshold limit value of 5 ppm has been established to pro-
vide an adequate margin of safety.

Vinylidene chloride is hepatotoxic, but does not appear to be a carcinogen
(10–15). Pharmacokinetic studies indicate that the behavior of vinyl chloride and
vinylidene chloride in rats and mice is substantially different (16). No unusual
health problems have been observed in workers exposed to VDC monomer over
varying periods (17). Because VDC degrades rapidly in the atmosphere, air pol-
lution is not likely to be a problem (18). Worker exposure is the main concern.
As such, personal monitoring can be done using passive dosimeters. Refer to the
dosimeter supplier for collection and analysis details.

The liquid is irritating to the skin after only a few minutes of contact. The
inhibitor MEHQ may be partly responsible for this irritation. Inhibited VDC is
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moderately irritating to the eyes. Contact causes pain and conjunctival irrita-
tion, and possibly some transient corneal injury and iritis. Permanent damage,
however, is not likely.

Peroxide Formation. In the presence of air or oxygen, uninhibited VDC forms
a violently explosive complex peroxide at temperatures as low as 40◦ C. Decom-
position products of VDC products are formaldehyde, phosgene, and hydrochlo-
ric acid. A sharp, acrid odor indicates oxygen exposure and probable presence
of peroxides. This is confirmed by the liberation of iodine from a slightly acidi-
fied dilute potassium iodide solution. Formation of insoluble polymer may also
indicate peroxide formation. The peroxide adsorbs on the precipitated polymer,
and separation of the polymer may result in an explosive composition. Any dry
composition containing more than ∼15 wt% peroxide detonates from a slight me-
chanical shock or from heat. Vinylidene chloride that contains peroxides may
be purified by being washed several times, either with 10 wt% aqueous sodium
hydroxide solution at 25 ◦C or with a fresh aqueous solution of 5 wt% sodium
bisulfite. Residues in vessels containing VDC should be handled with great care,
and the peroxides should be destroyed with water at room temperature.

Copper, aluminum, and their alloys should not be used in handling VDC.
Copper can react with acetylenic impurities to form copper acetylides, whereas
aluminum can react with VDC to form aluminum chloralkyls. Both compounds
are extremely reactive and potentially hazardous.

Polymerization

Vinylidene chloride polymerizes by both ionic and radical reactions. Processes
based on the latter are far more common (19). Vinylidene chloride is of average
reactivity when compared with other unsaturated monomers. The chlorine sub-
stituents stabilize radicals in the intermediate for an addition reaction. Because
they are also strongly electron-withdrawing, they polarize the double bond, mak-
ing it susceptible to anionic attack. For the same reason, a carbocation interme-
diate is not favored.

The 1,1-disubstitution of chlorine atoms causes steric interactions in the
polymer, as is evident from the heat of polymerization (see Table 1) (20). When
corrected for the heat of fusion, the heat of polymerization is significantly less
than the theoretical value of −83.7 kJ/mol (−20 kcal/mol) for the process of con-
verting a double bond to two single bonds. The steric strain apparently is neither
important in the addition step because VDC polymerizes easily, nor is it sufficient
to favor depolymerization. The estimated ceiling temperature for PVDC is about
400 ◦C.

Homopolymerization. The radical polymerization of VDC has been car-
ried out by solution, slurry, suspension, and emulsion methods. Solution poly-
merization in a medium that dissolves both monomer and polymer has been in-
vestigated (21). Kinetic measurements lead to activation energies and frequency
factors in the normal range for radical polymerizations of olefinic monomers. The
kinetic behavior of VDC is abnormal when the polymerization is heterogeneous
(22). Slurry polymerizations are usually used only in the laboratory. They can be
carried out in bulk or in common solvents, eg, benzene. Poly(vinylidene chloride)
is insoluble in these media and separates from the liquid phase as a crystalline
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Fig. 1. Bulk polymerization of VDC at 45 ◦C, with 0.5 wt% benzoyl peroxide as initiator
(25).

powder. The heterogeneity of the reaction makes stirring and heat transfer dif-
ficult; consequently, these reactions cannot be easily controlled on a large scale.
Aqueous emulsion or suspension reactions are preferred for large-scale opera-
tions. Slurry reactions are usually initiated by the thermal decomposition of or-
ganic peroxides or azo compounds. Purely thermal initiation can occur, but rates
are very low (23).

Bulk Polymerization. The spontaneous polymerization of VDC, so often ob-
served when the monomer is stored at room temperature, is caused by peroxides
formed from the reaction of VDC with oxygen. Very pure monomer does not poly-
merize under these conditions. Irradiation by either uv or γ rays (22,24) also
induces polymerization of VDC.

The heterogeneous nature of the bulk polymerization of VDC is apparent
from the rapid development of turbidity in the reaction medium following initi-
ation. The turbidity results from the presence of minute PVDC crystals. As the
reaction progresses, the crystalline phase grows and the liquid phase diminishes.
Eventually, a point is reached where the liquid slurry solidifies into a solid mass.
A typical conversion–time curve is shown in Figure 1 for a mass polymeriza-
tion initiated by benzoyl peroxide. The first stage of the reaction is characterized
by rapidly increasing rate, which levels off in the second stage to a fairly con-
stant value. This is often called the steady-state region. Throughout the first two
stages, monomer concentration remains constant because the polymer separates
into another phase. In the third stage, there is a gradual decrease in rate to zero
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as the monomer supply is depleted. Because the mass solidifies while monomer
is still present (usually at conversions below 20%), further polymerization gener-
ates void space. The final solid, therefore, is opaque and quite porous. A similar
pattern of behavior is observed when VDC is polymerized in solvents, eg, ben-
zene, that do not dissolve or swell the polymer. In this case, however, the reaction
mixture may not solidify if the monomer concentration is low.

Heterogeneous polymerization is characteristic of a number of monomers,
including vinyl chloride and acrylonitrile. A completely satisfactory mechanism
for these reactions has not been determined. This is true for VDC also. Early
studies were not broad enough to elucidate the mechanism (22,26,27). Morpholo-
gies of as-polymerized poly(vinyl chloride) (PVC) and poly(acrylonitrile) (PAN)
are similar, suggesting a similar mode of polymerization.

The morphology of as-polymerized PVDC is quite different (27). Nearly
spherical aggregates form in the PVC and PAN systems, whereas anisotropic
growth takes place in the PVDC case. The difference in morphology may
be a consequence of the relative rates of polymerization and crystallization.
Poly(vinylidene chloride) is unique because polymerization and crystallization
probably occur nearly simultaneously. It has been reported that the average life-
time of a growing radical (τ s) is between 0.1 and 10 s (28). The half-time (ty2) for
crystallization of PVDC copolymers in monomer was measured to be about 1 s at
60 ◦C and about 0.01 s at 90 ◦C (29). This information is important for develop-
ing an understanding of a mechanism that includes a contribution from a surface
reaction which has the potential for autoacceleration.

Emulsion Polymerization. Emulsion and suspension reactions are doubly
heterogeneous; the polymer is insoluble in the monomer and both are insolu-
ble in water. Suspension reactions are similar in behavior to slurry reactions.
Oil-soluble initiators are used, and so the monomer–polymer droplet is like a
small mass reaction. Emulsion polymerizations are more complex. Because the
monomer is insoluble in the polymer particle, the simple Smith–Ewart theory
does not apply (30).

A kinetic model for the particle growth stage for continuous-addition emul-
sion polymerization has been proposed (31). Below the monomer saturation point,
the steady-state rate of polymerization, Rp, depends on the rate of monomer ad-
dition, Ra, according to the following reciprocal relationship:

1
Rp

= 1
K

+ 1
Ra

where K depends on the number of particles and the propagation rate constant.
The kinetics of emulsion polymerization of nonswelling and swellable latex par-
ticles to define the locus of polymerization (33) have been examined. There are no
significant differences between the behavior of swelling and nonswelling emul-
sion particles and neither polymerization follows Smith–Ewart kinetics. The re-
sults indicate strongly that polymerization takes place at the particle–water in-
terface or in a surface layer on the polymer particle.

Redox initiator systems are normally used in the emulsion polymerization
of VDC to develop high rates at low temperatures. Reactions must be carried out
below ∼80 ◦C to prevent degradation of the polymer. Poly(vinylidene chloride) in
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Table 2. Reactivity of VDC (r1) with Important Monomers (r2)a

Monomer r1 r2

Styrene 0.14 2.0
Vinyl chloride 3.2 0.3
Acrylonitrile 0.37 0.91
Methyl acrylate 1.0 1.0
Methyl methacrylate 0.24 2.53
Vinyl acetate 6 0.1
aRef. (40).

emulsion is also attacked by aqueous base. Therefore, reactions should be carried
out at low pH.

Ionic Mechanisms. The instability of PVDC is one of the reasons why ionic
initiation of VDC polymerization has not been used extensively. Many of the com-
mon initiators are sufficiently basic so as to promote E2 elimination of hydrogen
chloride as the polymer is being formed. For example, butyllithium polymerizes
VDC by an anionic mechanism, but the product is a low molecular weight, dis-
colored polymer having a low chlorine content (33). Cationic polymerization of
VDC seems unlikely in view of its structure (34). Some available data, however,
suggest the possibility. In the low temperature, radiation-induced copolymeriza-
tion of VDC with isobutylene, reactivity ratios vary markedly with temperature,
indicating a change from a radical reaction (35). Coordination complex catalysts
may also induce polymerization of VDC by a nonradical mechanism. Again, this
speculation is based on copolymerization studies. Poly(vinylidene chloride) telom-
ers can be prepared by using chlorine as the initiator and chain-transfer agent
(36,37). Plasma polymerization of VDC in a radio-frequency glow discharge yields
cross-linked polymer, which is partially degraded (38).

Copolymerization. The importance of VDC as a monomer results from its
ability to copolymerize with other vinyl monomers. The Q value for VDC is 0.22
and the e value is 0.36. It most easily copolymerizes with acrylates, but it also re-
acts, more slowly, with other monomers, eg, styrene, that form highly resonance-
stabilized radicals. Reactivity ratios (r1 and r2) with various monomers are listed
in Table 2. Many other copolymers have been prepared from monomers for which
the reactivity ratios are not known. The commercially important copolymers in-
clude those with vinyl chloride (VC), acrylonitrile (AN), or various alkyl acrylates,
but many commercial polymers contain three or more components, of which VDC
is the principal one. Usually one component is introduced to improve the proces-
sibility or solubility of the polymer; the others are added to modify specific use
properties. Most of these compositions have been described in the patent liter-
ature, and a list of various combinations has been compiled (39). A typical ter-
polymer might contain 90 wt% VDC, with the remainder made up of AN and an
acrylate or methacrylate monomer.

Bulk copolymerizations yielding high VDC-content copolymers are normally
heterogeneous. Two of the most important pairs, VDC–VC and VDC–AN, are het-
erogeneous over most of the composition range. In both cases and at either com-
position extreme, the product separates initially in a powdery form; however, for
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intermediate compositions, the reaction mixture may only gel. Copolymers in this
composition range are swollen but not completely dissolved by the monomer mix-
ture at normal polymerization temperatures. Copolymers containing more than
15 mol% acrylate are normally soluble in the monomers. These reactions are
therefore homogeneous and, if carried to completion, yield clear, solid castings
of the copolymer. Most copolymerizations can be carried out in solution because
of the greater solubility of the copolymers in common solvents.

During copolymerization, one monomer may add to the copolymer more
rapidly than the other. Except for the unusual case of equal reactivity ratios,
batch reactions carried to completion yield polymers of broad composition distri-
bution. More often than not, this is an undesirable result.

Vinylidene chloride copolymerizes randomly with methyl acrylate and
nearly so with other acrylates. Very severe composition drift occurs, however, in
copolymerizations with vinyl chloride or methacrylates. Several methods have
been developed to produce homogeneous copolymers regardless of the reactiv-
ity ratio (40). These methods are applicable mainly to emulsion and suspension
processes where adequate stirring can be maintained. Copolymerization rates of
VDC with small amounts of a second monomer are normally lower than its rate
of homopolymerization. The kinetics of the copolymerization of VDC and VC has
been studied (41–44).

Studies of the copolymerization of VDC with methyl acrylate (MA) over a
composition range of 0–16 wt% showed that near the intermediate composition
(8 wt%), the polymerization rates nearly followed normal solution polymerization
kinetics (45). However, at the two extremes (0 and 16 wt% MA), copolymeriza-
tion showed significant autoacceleration. The observations are important because
they show the significant complexities in these copolymerizations. The autoaccel-
eration for the homopolymerization, ie, 0 wt% MA, is probably the result of a
surface polymerization phenomenon. On the other hand, the autoacceleration for
the 16 wt% MA copolymerization could be the result of Trommsdorff and Norrish-
Smith effects.

Copolymers of VDC can also be prepared by methods other than conven-
tional radical polymerization. Copolymers have been formed by irradiation and
with various organometallic and coordination complex catalysts (24,39,46–49).
Graft copolymers have also been described (50–54).

Polymer Structure and Properties

Chain Structure. The chemical composition of PVDC has been confirmed by var-
ious techniques, including elemental analysis, x-ray diffraction analysis, degra-
dation studies, and infrared (ir), Raman, and nuclear magnetic resonance (nmr)
spectroscopy. The polymer chain is made upof VDC units added head-to-tail:

− CH2CCl2 − CH2CCl2 − CH2CCl2 −

Because the repeat unit is symmetrical, no possibility exists for stereoiso-
merism. Variations in structure can occur only by head-to-head addition, branch-
ing, or degradation reactions that do not cause chain scission, including such
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reactions as thermal dehydrochlorination, which creates double bonds in the
structure to give, for example, CH2CCl2CH = CClCH2CCl2 and a variety of ill-
defined oxidation and hydrolysis reactions that generate carbonyl groups.

The ir spectra of PVDC often show traces of unsaturation and carbonyl
groups. The slightly yellow tinge of many of these polymers comes from the same
source; the pure polymer is colorless. Elemental analyses for chlorine are nor-
mally slightly lower than the theoretical value of 73.2%.

The high crystallinity of PVDC indicates that no significant amounts of
head-to-head addition or branching can be present. This has been confirmed by
nmr spectroscopy (55). Studies of well-characterized oligomers having degrees of
polymerization (DP) of 2–10 offer further nmr evidence (36), ie, a single peak from
the methylene hydrogens. Either branching or another mode of addition would
produce nonequivalent hydrogens and a more complicated spectrum. However,
nmr cannot detect small amounts of such structures. The ir and Raman spectra
can also be interpreted in terms of the simple head-to-tail structure (56,57).

Molecular weights of PVDC can be determined directly by dilute solution
measurements in good solvents (58). Viscosity studies indicate that polymers
having DP from 100 to more than 10000 are easily obtained. Dimers and poly-
mers having DP < 100 can be prepared by special procedures (36,37). Copolymers
can be more easily studied because of their solubility in common solvents. Gel-
permeation chromatography studies indicate that molecular weight distributions
are typical of vinyl copolymers.

Crystal Structure. The crystal structure of PVDC is fairly well estab-
lished. Several unit cells have been proposed (59). The unit cell contains four
monomer units with two monomer units per repeat distance. The calculated den-
sity, 1.96 g/cm3, is higher than the experimental values, which are 1.80–1.94
g/cm3 at 25 ◦C, depending on the sample. This is typically the case with crystalline
polymers because samples of 100% crystallinity usually cannot be obtained. A di-
rect calculation of the polymer density from volume changes during polymeriza-
tion yields a value of 1.97 g/cm3 (60). If this value is correct, the unit cell densities
may be low.

The repeat distance along the chain axis (0.468 nm) is significantly less than
that calculated for a planar zigzag structure. Therefore, the polymer must be in
some other conformation (61–63). Based on ir and Raman studies of PVDC single
crystals and normal vibration analysis, the best conformation appears to be θøθø

′,
where the skeletal angle θ is 120◦, and the torsional angle ø(ø′ of opposite sign) is
32.5◦. This conformation is in agreement with theoretical predictions (64).

The melting temperature Tm of PVDC is independent of molecular weight
above DP = 100. However, as shown in Figure 2, it drops sharply at lower molec-
ular weights. Below the hexamer, the products are noncrystalline liquids.

The properties of PVDC (Table 3) are usually modified by copolymerization.
Copolymers of high VDC content have lower melting temperatures than PVDC.
Copolymers containing more than ∼15 mol% acrylate or methacrylate are amor-
phous. Substantially more AN (25%) or VC (45%) is required to destroy crys-
tallinity completely.

The effect of different types of comonomers on Tm varies. VDC–MA copoly-
mers more closely obey Flory’s melting-point depression theory than do copoly-
mers with VC or AN. Studies have shown that for the copolymers of VDC with



10 VINYLIDENE CHLORIDE POLYMERS (PVDC) Vol. 15

Table 3. Properties of VDC Homopolymer

Property Best value Reported values

Tm,◦C 202 198–205
Tg,◦C –17 –19 to –11
Transition between Tm and Tg, ◦C 80
Density at 25 ◦C, g/cm3

Amorphous 1.775 1.67–1.775
Unit cell 1.96 1.949–1.96
Crystalline 1.80–1.97

Refractive index (crystalline), nD 1.63
Heat of fusion, �Hm, J/mol” 6275 4600–7950
aTo convert J to cal, divide by 4.184.

Fig. 2. Crystalline melting temperatures of PVDC (36).

MA, Flory’s theory needs modification to include both lamellar thickness and sur-
face free energy (65). The VDC–VC and VDC–AN copolymers typically display
severe composition drift; therefore most of the comonomer units do not belong to
crystallizing chains. Hence, they neither enter the crystal as defects nor cause
lamellar thickness to decrease, and so the depression of the melting temperature
is less than expected.

The glass-transition temperature Tg, of VDC copolymers has been stud-
ied extensively (66,67). The effect of various comonomers on the Tg is shown in
Figure 3. In every case, Tg increases with the comonomer content at low
comonomer levels, even in cases where the Tg of the other homopolymer is lower.
The phenomenon has been observed in several other copolymer systems as well
(68). In these cases, a maximum Tg is observed at intermediate compositions.
In others, where the Tg of the other homopolymer is much higher than the Tg
of PVDC, the glass-transition temperatures of the copolymers increase over the
entire composition range. The Tg increases most rapidly at low AN levels but
changes the slowest at low VC levels. This suggests that polar interactions af-
fect the former, but the increase in Tg in the VDC–VC copolymers may simply
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Fig. 3. Effect of comonomer structure on the glass-transition temperature of VDC copoly-
mers (70), where A represents AN; B, MA; and C, EA.

result from loss of chain symmetry. Because of these effects, the temperature
range in which copolymers can crystallize is drastically narrowed. Crystalliza-
tion induction times are prolonged, and subsequent crystallization takes place
at a low rate over a long period of time. Plasticization, which lowers Tg, de-
creases crystallization induction times significantly. Copolymers having lower
glass-transition temperatures also tend to crystallize more rapidly (69).

Crystallization curves have been determined for 10 mol% acrylate copoly-
mers of varying side-chain length. Among the acrylate copolymers, the butyl acry-
late copolymer has a Tg of 8 ◦C; the octyl acrylate, –3 ◦C; and the octadecyl acry-
late, –16 ◦C. The rates of crystallization of these copolymers are inversely related
to the glass-transition temperatures. Apparently, the long alkyl side chains act
as internal plasticizers, lowering the melt viscosity of the copolymer even though
the acrylate group acts to stiffen the mainchain.

The maximum rates of crystallization of the more common crystalline
copolymers occur at 80–120 ◦C. In many cases, these copolymers have broad com-
position distributions containing both fractions of high VDC content that crys-
tallize rapidly and other fractions that do not crystallize at all. Poly(vinylidene
chloride) probably crystallizes at a maximum rate at 140–150 ◦C, but the pro-
cess is difficult to follow because of severe polymer degradation. The copolymers
may remain amorphous for a considerable period of time if quenched to room
temperature. The induction time before the onset of crystallization depends on
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both the type and amount of comonomer; PVDC crystallizes within minutes at
25 ◦C.

Recrystallization of a copolymer having 15 wt% VC has been found to be
nucleated by material that survives the melting process plus new nuclei (69).
The maximum crystallization rate occurred at 100 ◦C; the maximum nucleation
rate at 10 ◦C. Attempts to melt all the polymer led to degradation that interfered
with recrystallization.

Orientation or mechanical working which accelerates crystallization has a
pronounced effect on morphology. Crystals of uniaxially oriented filaments are
oriented along the fiber axis (59). The long period (lamellar thickness), as deter-
mined by small-angle x-ray scattering, is 7.6 nm and decreases with comonomer
content. The fiber is 43% crystalline and has a melting temperature of 195 ◦C and
an average crystal thickness of 4.5 nm. The crystal size is not greatly affected
by comonomer content, but both crystallinity and melting temperature decrease
with increasing levels of comonomer.

Copolymerization also affects morphology under other crystallization con-
ditions. Copolymers in the form of cast or molded sheets are much more trans-
parent because of the small size of spherulites present. In extreme cases, crys-
tallinity cannot be detected optically, but its effect on mechanical properties is
pronounced. Before crystallization, films are soft and rubbery, with low modu-
lus and high elongation. After crystallization, they are leathery and tough, with
higher modulus and lower elongation.

Copolymers of VDC and MA have been studied by x-ray techniques (71). For
example, the long period (lamellar thickness) for an 8.5 wt% MA copolymer was
found to be 9.2 nm by small-angle x-ray scattering. The unit cell is monoclinic,
with a = 0.686 and c = 1.247 nm by wide-angle x-ray scattering.

Significant amounts of comonomer also reduce the ability of the polymer
to form lamellar crystals from solution. In some cases, the polymer merely gels
the solution as it precipitates rather than forming distinct crystals. At somewhat
higher VDC content, it may precipitate in the form of aggregated, ill-defined par-
ticles and clusters.

Morphology and Transitions. The highly crystalline particles of PVDC
precipitated during polymerization are aggregates of thin lamellar crystals (72).
The substructures are 5–10 nm thick and 100 or more times larger in other
dimensions. Insome respects, they resemble the lamellar crystals grown from
dilute solution (73–75). The single crystals are better characterized than the
as-polymerized particles. They are highly branched, with branching angles of
65–70◦; the angle appears to be associated with a twin plane in the crystal
(76).

Melting temperatures of as-polymerized powders are high, ie, 198–205 ◦C as
measured by differential thermal analysis (dta) or hot-stage microscopy (72). Two
peaks are usually observed in dta curves: a small lower temperature peak and the
main melting peak. The small peak seems to be related to polymer crystallized
by precipitation rather than during polymerization.

As-polymerized PVDC does not have a well-defined Tg because of its high
crystallinity. However, a sample can be melted at 210 ◦C and quenched rapidly
to an amorphous state at < –20 ◦C. The amorphous polymer has a glass-
transition temperature of –17 ◦C as shown by dilatometry (66). Glass-transition
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temperature values of –19 to –11 ◦C, depending on both method of measurement
and sample preparation, have been determined.

Once melted, PVDC does not regain its as-polymerized morphology when
subsequently crystallized. The polymer recrystallizes in a spherulitic habit.
Spherulites between crossed polarizing plates show the usual Maltese cross and
are positively birefringent. The size and number of spherulites can be controlled.
Quenching and low-temperature annealing generate many small nuclei that, on
heating, grow rapidly into small spherulites. Slow crystallization at higher tem-
peratures produces fewer but much larger spherulites. The melting temperature
and degree of crystallinity of recrystallized PVDC is also dependent on crystal-
lization conditions. The melting temperature increases with crystallization tem-
perature, but the as-polymerized value cannot be achieved. There is no reason to
believe that even these values indicate the true melting point of PVDC; it may
be as high as 220 ◦C. Slow, high temperature recrystallization and annealing ex-
periments are not feasible because of the thermal instability of the polymer (77).
Other transitions in PVDC have been observed by dynamic mechanical methods.

Solubility and Solution Properties. Poly(vinylidene chloride), like many
high melting polymers, does not dissolve in most common solvents at ambient
temperatures. Copolymers, particularly those of low crystallinity, are much more
soluble. However, one of the outstanding characteristics of VDC polymers is resis-
tance to a wide range of solvents and chemical reagents. The insolubility of PVDC
results less from its polarity than from its high melting temperature. It dissolves
readily in a wide variety of solvents above 130 ◦C (77). However, it should be
noted that significant degradation accompanies dissolution of the polymer in po-
lar, aprotic solvents at these temperatures.

The polarity of the polymer is important only in mixtures having specific
polar aprotic solvents. Many solvents of this general class solvate PVDC strongly
enough to depress the melting temperature by more than 100 ◦C. Solubility is
normally correlated with cohesive energy densities or solubility parameters. For
PVDC, a value of 20 ± 0.6 (J/cm3)1/2 [10 ± 0.3 (cal/cm3)1/2] has been estimated
from solubility studies in nonpolar solvents. The value calculated from Small’s
relationship is 20.96 (J/cm3)1/2 [10.25 (cal/cm3)1/2]. The use of the solubility pa-
rameter scheme for polar crystalline polymers such as PVDC has limited value.
A typical nonpolar solvent of matching solubility parameter is tetrahydronaph-
thalene. The lowest temperature at which PVDC dissolves in this solvent is
140 ◦C. Specific solvents, however, dissolve PVDC at much lower temperatures. A
list of good solvents is given in Table 4. The relative solvent activity is character-
ized by the temperature at which a 1 wt% mixture of polymer in solvent becomes
homogeneous when heated rapidly.

Poly(vinylidene chloride) also dissolves readily in certain solvent mixtures
(78). One component must be a sulfoxide or N,N-dialkylamide. Effective cosol-
vents are less polar and have cyclic structures. They include aliphatic and aro-
matic hydrocarbons, ethers, sulfides, and ketones. Acidic or hydrogen-bonding
solvents have an opposite effect, rendering the polar aprotic component less effec-
tive. Both hydrocarbons and strong hydrogen-bonding solvents are nonsolvents
for PVDC.

As-polymerized PVDC is not in its most stable state; annealing and recrys-
tallization can raise the temperature at which it dissolves (74). Low crystallinity
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Table 4. Solvents for VDC Homopolymera

Solvents T,b ◦C

Nonpolar
1,3-Dibromopropane 126
Bromobenzene 129
1-Chloronaphthalene 134
2-Methylnaphthalene 134
o-Dichlorobenzene 135
Polar aprotic
Hexamethylphosphoramide –7.2
Tetramethylene sulfoxide 28
N-Acetylpiperidine 34
N-Methylpyrrolidinone 42
N-Formylhexamethyleneimine 44
Trimethylene sulfide 74
N-n-Butylpyrrolidinone 75
Diisopropyl sulfoxide 79
N-Formylpiperidine 80
N-Acetylpyrrolidinone 86
Tetrahydrothiophene 87
N, N-Dimethylacetamide 87
Cyclooctanone 90
Cycloheptanone 96
Di-n-butyl sulfoxide 98
aRef. (77).
bTemperature at which a 1 wt% mixture of polymer in solvent
becomes homogeneous.

polymers dissolve at a lower temperature, forming metastable solutions. How-
ever, on standing at the dissolving temperature, they gel or become turbid, indi-
cating recrystallization into a more stable form.

Copolymers having enough VDC content to be quite crystalline behave much
like PVDC. They are more soluble, however, because of their lower melting tem-
peratures. The solubility of amorphous copolymers is much higher. The selection
of solvents in either case varies somewhat with the type of comonomer. Some
of the more common types are listed in Table 5. Solvents that dissolve PVDC
also dissolve the copolymers at lower temperatures. The identification of solvents
that dissolve PVDC at low temperatures makes possible the study of dilute so-
lution properties. Both light-scattering and intrinsic-viscosity studies have been
reported (58). Intrinsic viscosity–molecular weight relationships for the three sol-
vents investigated ([η] in dL/g) are

[η] = 1.31 × 10− 4M0.69
ω N-Methylpyrrolidinone (MP) (1)

[η] = 1.39 × 10− 4M0.69
ω Tetramethylene sulfoxide (TMSO) (2)

[η] = 2.58 × 10− 4M0.65
ω Hexamethylphosphoramide (HMPA) (3)
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Table 5. Common Solvents for VDC Copolymers

Solvents Copolymer type Temperature, ◦C

Tetrahydrofuran All <60
2-Butanone Low crystallinity <80
1,4-Dioxane All 50–100
Cyclohexanone All 50–100
Cyclopentanone All 50–100
Ethyl acetate Low crystallinity <80
Chlorobenzene All 100–130
Dichlorobenzene All 100–140
Dimethylformamide High acrylonitrile <100

The relative solvent power (HMPA > TMSO > NMP) agrees with solution-
temperature measurements. The characteristic ratio C∞ is about 8 ± 1, which is
slightly larger than that of a similar polymer, poly(isobutylene).

The dilute solution properties of copolymers are similar to those of the ho-
mopolymer. The intrinsic viscosity–molecular weight relationship for a VDC–AN
copolymer (9 wt% AN) is [η] = 1.06 × 10− 4 M0.72

ω (79). The characteristic ratio is
8.8 for this copolymer.

An extensive investigation of the dilute solution properties of several acry-
late copolymers has been reported (76). The behavior is typical of flexible-
backbone vinyl polymers. The length of the acrylate ester side chain has little
effect on properties.

Intrinsic viscosity–molecular weight relationships have been obtained for
copolymers in methyl ethyl ketone. The value for a 15 wt% ethyl acrylate (EA)
copolymer is [η] = 2.88 × 10− 4 M0.6

ω .
The molecular weights of PVDC and VDC copolymers have been character-

ized by using the absolute viscosity of a 2 wt% solution in o-dichlorobenzene at
140◦ C. The exact correlation between this viscosity value and molecular weight
is not known. Gel-permeation chromatography is the preferred method for char-
acterizing molecular weight; studies of copolymers have been reported (80,81).

Mechanical Properties. Because PVDC is difficult to fabricate into suit-
able test specimens, very few direct measurements of its mechanical properties
have been made. In many cases, however, the properties of copolymers have been
studied as functions of composition, and the properties of PVDC can be estimated
by extrapolation. Some characteristic properties of high VDC content, unplas-
ticized copolymers are listed in Table 6. The performance of a given specimen is
sensitive to morphology, including the amount and kind of crystallinity, as well as
orientation. Tensile strength increases with crystallinity, whereas toughness and
elongation decrease. Orientation, however, improves all three properties. The ef-
fect of stretch ratio applied during orientation on properties of VDC–VC monofil-
aments is shown in Table 7.

The dynamic mechanical properties of VDC–VC copolymers have been stud-
ied in detail. The incorporation of VC units in the polymer results in a drop
in dynamic modulus because of the reduction in crystallinity. However, the
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Table 6. Mechanical Properties of High VDC Content Copolymers

Property Range

Tensile strength, MPaa

Unoriented 34.5–69.0
Oriented 207–414

Elongation,%
Unoriented 10–20
Oriented 15–40

Softening range (heat distortion), ◦C 100–150
Flow temperature, ◦C >185
Brittle temperature, ◦C –10 to 10
Impact strength, J/mb 26.7–53.4
aTo convert MPa to psi, multiply by 145.
bTo convert J/m to ft·lbf/in., divide by 53.38 (see ASTM D256).

Table 7. Effect of Stretch Ratio on Tensile Strength and
Elongation of a VDC–VC Copolymera,b

Stretch ratio Tensile strength, MPac Elongation,%

2.50:1 235 23.2
2.75:1 234 21.7
3.00:1 303 26.3
3.25:1 268 33.1
3.50:1 316 19.2
3.75:1 330 21.8
4.00:1 320 19.7
4.19:1 314 16.2
aRef. (82).
bAverage of five determinations, using the Instron test at 5 cm/min.
cTo convert MPa to psi, multiply by 145.

glass-transition temperature is raised; therefore, the softening effect observed
at room temperature is accompanied by increased brittleness at lower tem-
peratures. These copolymers are normally plasticized in order to avoid this.
Small amounts of plasticizer (2–10 wt%) depress Tg significantly without loss
of strength at room temperature. At higher levels of VC, the Tg of the copolymer
is above room temperature and the modulus rises again. A minimum in modulus
or maximum in softness is usually observed in copolymers in which Tg is above
room temperature. A thermomechanical analysis of VDC–AN and VDC–MMA
(methyl methacrylate) copolymer systems shows a minimum in softening point
at 79.4 and 68.1 mol% VDC, respectively (82).

In cases where the copolymers have substantially lower glass-transition
temperatures, the modulus decreases with increasing comonomer content. This
results from a drop in crystallinity and glass-transition temperature. The loss
in modulus in these systems is therefore accompanied by an improvement in
low temperature performance. However, at low acrylate levels (<10 wt%), Tg in-
creases with comonomer content. The brittle points in this range may therefore
be higher than that of PVDC.
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Table 8. Comparison of the Permeabilities of Various Polymers to Water Vapora

Density, g/mL Permeabilityb

Polymer Amorphous Crystalline Amorphous Crystalline

Ethylene 0.85 1.00 200–220 10–40
Propylene 0.85 0.94 420
Isobutylene 0.915 0.94 90
Vinyl chloride 1.41 1.52 300 90–115
Vinylidene chloride 1.77 1.96 30 4–6
aRefs. (40),(84) and (85).
bIn g/(h·100 m2) at 7.1 kPa (53 mm Hg) pressure differential and 39.5 ◦C for a film 25.4 µm (1 mil)
thick.

The long side chains of the acrylate ester group can apparently act as inter-
nal plasticizers. Substitution of a carboxyl group on the polymer chain increases
brittleness. A more polar substituent, eg, an N-alkylamide group, is even less de-
sirable. Copolymers of VDC with N-alkylacrylamides are more brittle than the
corresponding acrylates even when the side chains are long (83). Side-chain crys-
tallization may be a contributing factor.

Barrier Properties. Vinylidene chloride copolymers are unique in that
they have low permeability to a wider range of gases and liquids than other poly-
mers. VDC copolymers are “barrier polymers” in a broad sense. Historically, the
operating definition of a barrier polymer meant having an oxygen permeability
less than 1.0 (cm3(STP)·mil)/(100 in.2·day·atm) [2.0 nmol/(m·s·GPa)]. A more use-
ful descriptor for a barrier polymer is related to the application. A barrier poly-
mer would have a set of permeabilities for important molecules sufficiently low
to satisfy the containment needs. Some polymers have low permeability to gases.
Others have low permeability to water. Still other polymers have low permeabil-
ity to flavor/aroma/solvent (F/A/S) molecules. However, only rarely does a single
polymer have low permeability in more than one category. VDC copolymers have
low permeability in all three categories (see BARRIER POLYMERS).

The good barrier properties of VDC copolymers are a consequence of crys-
tallinity and low free volume in the amorphous phase. The symmetric nature of
the VDC unit in the polymer leads to nested packing that is adequate for crystal-
lization and that leaves very little “dead” volume in the amorphous phase. Both
polyisobutylene and PVDC have unusually low permeability to water compared
to their monosubstituted counterparts, polypropylene and PVC (84). The values
listed in Table 8 include estimates for the completely amorphous polymers. The
estimated value for highly crystalline PVDC was obtained by extrapolating data
for copolymers.

The effect of copolymer composition on gas permeability is shown in
Table 9. The inherent barrier in VDC copolymers can best be exploited by using
films containing little or no plasticizers and as much VDC as possible. However,
the permeabilities of even completely amorphous copolymers, eg, 60 wt% VDC–
40 wt% AN or 50 wt% VDC–50 wt% VC, are low compared to that of other poly-
mers. The primary reason is that the diffusion coefficients for molecules in VDC
copolymers are very low. This factor, together with the high crystallinity and the
low solubility coefficients for many gases in VDC copolymers, results in very low
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Table 9. Effect of Composition on the Permeability of Various Gases
through VDC Copolymersa

Polymer Gas T,◦C P, nmol/(m-s-GPa)b

PVDC O2 25 <0.04
N2 25 <0.02
CO2 25 <0.10

90/10 VC He 25 2.23
H2 25 2.54
O2 25 0.14
N2 25 0.03
CO2 25 0.98
H2S 30 0.10

85/15 VC He 34 10
O2 25 0.40
CO2 20 2.0

70/30 VC O2 25 0.36
50/50 VC O2 25 1.2
80/20 AN O2 25 0.14

N2 25 0.02
CO2 25 0.35

60/40 AN O2 25 0.71
N2 25 0.09
CO2 25 1.6

aRef. (86).
bTo convert nmol/(m·s·GPa) to (cm2·cm)/(cm2·s·kPa), divide by 4.46 × 102.

permeabilities. A change from PVDC to a copolymer containing 40 wt% AN or 50
wt% VC increases the permeability 10-fold but has little effect on the solubility
coefficient.

The addition of a more polar comonomer, eg, AN, increases the water va-
por transmission rate more than the addition of a less polar comonomer, eg, VC,
when other factors are constant. For the same reason, AN copolymers are more
resistant to penetrants of low cohesive energy density. All VDC copolymers, how-
ever, are very impermeable to aliphatic hydrocarbons. Comonomers that lower
Tg and increase the free volume in the amorphous phase increase permeabilities
more than other comonomers. Higher acrylates are examples of this phenomenon.
Plasticizers increase permeabilities for similar reasons.

The effects of plasticizers and temperature on the permeabilities of small
molecules in a typical VDC copolymer have been studied thoroughly. Data for
oxygen permeability are contained in Figure 4. The oxygen permeability doubles
with the addition of about 1.7 phr (parts per hundred of resin) of common plas-
ticizers or a temperature increase of about 8 ◦C (87). The moisture (water) vapor
transmission rate (MVTR or WVTR) doubles with the addition of about 3.5 phr
of common plasticizers (88). The dependence of the WVTR on temperature is a
little more complicated. Water vapor transmission rate is commonly reported at
a constant difference in relative humidity and not at a constant partial pres-
sure difference. Hence, WVTR is a mixed term that increases with increasing
temperature because both the permeability and the partial pressure at constant
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Fig. 4. Oxygen permeability in a VDC copolymer film at selected levels of plasticizer
(Citroflex A-4). Plasticizer level in parts per hundred of resin (phr); •, 7.2 phr; �, 4.9 phr;
�, 2.7 phr; and ◦, 0.5 phr. To convert nmol/(m-s-GPa) to (cm3-mil)/(100 in.2-d-atm), divide
by 2.

relative humidity increase. Carbon dioxide permeability doubles with the addi-
tion of about 1.8 phr of common plasticizers, or a temperature increase of 7 ◦C
(89).

A comparison of the permeabilities of small molecules for several common
polymers is presented in Table 10. The oxygen permeability is an important
property for food packaging. In some cases the relative humidity is an impor-
tant environmental variable. The oxygen permeability is not affected by humidity
for VDC copolymers, nitrile barrier resins, poly(vinyl chloride), polystyrene, and
polyolefins. The oxygen permeabilities of most nylons are increased modestly by
increasing humidity, and the oxygen permeability of poly(ethylene terephthalate)
is decreased modestly by increasing humidity. In contrast, the ethylene–vinyl al-
cohol copolymers (EVOH) are very sensitive to humidity. At low humidity, the
oxygen permeabilities of EVOH are quite low. However, at the high humidity en-
countered in food packaging, the oxygen permeabilities of EVOH are much higher.
Small changes in humidity can cause large changes in the oxygen permeabilities.
Hence the data in tables need to be used carefully.

The data in Tables 11, 12, 13, describe VDC copolymers as good barriers for
both gases and water. They are also good barriers to F/A/S molecules. This prop-
erty for polymers has become more important since more sophisticated foods are
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Table 10. Barrier Properties of Polymersa

Gas permeability at 23 ◦C, nmol/(m·s·GPa)b

WVTRc,
Polymer O2 N2 CO2 nmol/(m-s)d

High barrier vinylidene 0.04–0.3 0.01–0.1 0.1–0.5 0.02–0.1
chloride copolymers

Nitrile barrier resin 1.6 — 6 1.0–1.2
Nylon-6,6; nylon-6 2–5 — 3–9 1.5–5.5
Polypropylene 300 60 1200 0.06–0.2
Poly(ethylene terephthalate) 10–18 2–4 30–50 0.4–0.7
Polylactide 90 — 375 5.1
Rigid poly(vinyl chloride) 10–40 — 40–100 0.2–1.3
High density polyethylene 300 — 1200 0.1
Low density polyethylene 500–700 200–400 2000–4000 0.2–0.4
Polystyrene 500–800 80–120 1400–3000 0.5–3.0
Ethylene vinyl alcohol

32 mol% ethylene
0% RH 0.02 0.002 0.09 0.9e

100% RH 2.3 — — —
44 mol% ethylene

0% RH 0.18 0.015 0.8 0.3e

100% RH 1.3 — — —
aRefs. (90–92).
bTo convert nmol/(m-s-GPa) to (cm -mil)/(100 in. -d-atm), divide by 2.
cWVTR = water vapor transmission rate at 90% RH and 38◦ C.
dTo convert nmol/(m-s) to (g-mil)/(100 in. -d), multiply by 4.
e40 ◦C.

being packaged in plastics. The permeation of F/A/S molecules differs from the
permeation of small molecules in some important ways. The diffusion coefficient
D for F/A/S molecules is typically 102–105 times smaller. These molecules move
slower because they need to find larger openings in the polymer. The solubility
coefficient S is typically 102–106 times larger. This is related to higher boiling
temperatures. Table 11 compares the D and S of large and small molecules in
several polymers. A low D and a high S may mean that the principal mechanism
for flavor loss is its being lost into the package wall (also known as scalping).

Humidity does not affect the permeability, diffusion coefficient, or solubil-
ity coefficient of F/A/S molecules in VDC copolymers. Results from studies using
trans-2-hexenal and d-limonene are compared in Table 12. The transport in an
EVOH copolymer is strongly enhanced by humidity plasticization.

Table 13 contains some representative data for the permeation of F/A/S
molecules. VDC copolymers are good barriers to the migration of F/A/S molecules.
Dry EVOH copolymers are also good barriers to the migration of F/A/S molecules.
However, polyolefins are not good barriers to F/A/S molecules. The fact that most
glassy polymers are good barriers to the migration of F/A/S molecules is not ap-
parent from the data presented in this table.

Degradation Chemistry. Vinylidene chloride polymers are highly resis-
tant to oxidation, permeation of small molecules, and biodegradation, which
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Table 11. Diffusion Coefficients and Solubility Coefficients of Selected Penetrants in
Polymers at 75◦Ca

Penetrant Polymer D, m2/s S, kg/(m3-Pa)

Oxygen Poly(ethylene terephthalate) 3 × 10− 13 9.8 × 10− 7

Oxygen High density polyethylene 1.7 × 10− 11 6.6 × 10− 7

Oxygen VDC copolymer 1.5 × 10− 14 3.5 × 10− 7

Carbon dioxide Acrylonitrile copolymer 1.0 × 10− 13 1.6 × 10− 6

Carbon dioxide Poly(vinyl chloride) 8.9 × 10 − 13 3.4 × 10− 6

Carbon dioxide VDC copolymer 1.4 × 10− 14 1.1 × 10− 6

d-Limonene High density polyethylene 7.0 × 10− 14 0.3
d-Limonene VDC copolymer 3.0 × 10− 18 0.6
Methyl salicylate Nylon-6 2.1 × 10− 17 0.9
Methyl salicylate VDC copolymer 5.8 × 10− 16 0.3
aRef. (93).

Table 12. Transport of trans-2-Hexenal in Barrier Films at 75 ◦C

Film Condition Permeability P, MZUa Diffusivity D, m2/s

VDC copolymerb Dry 4500 4.4 × 10 − 15

VDC copolymer 90/0 c 4100 3.9 × 10 − 15

EVOHd dry 2300 1.6 × 10− 14

EVOH 90/0 c 98,000 7.2 × 10 − 13

aTo convert MZU (10− 20 kg·m)/(m2·s·Pa) to nmol/(m·s·GPa), divide by 9.8.
bDow experimental resin XU32024.13.
c90% RH on the upstream side, 0% RH on the downstream side.
d44 mol% ethylene.

makes them extremely durable under most use conditions. However, these ma-
terials are thermally unstable and, when heated above about 120 ◦C, undergo
degradative dehydrochlorination. Furthermore, the homopolymer degrades with
rapid evolution of hydrogen chloride within a few degrees of its melting temper-
ature (200 ◦C). For this reason, the superior characteristics of the homopolymer
cannot be exploited. As a consequence, the copolymers of VDC with vinyl chloride,
alkyl acrylates or methacrylates, acrylonitrile or methacrylonitrile, rather than
the homopolymer, have come to commercial prominence. Such copolymers have
often served as substrates for a study of the degradation reaction (99–102).

The thermal degradation of VDC copolymers occurs in two distinct steps.
The first involves degradative dehydrochlorination via a chain process to gen-
erate poly(chloroacetylene) sequences (101,103). Subsequent Diels–Alder-type
condensation between conjugated sequences affords a highly cross-linked net-
work, which, upon further dehydrochlorination, leads to the formation of a large-
surface-area, highly absorptive carbon (104). The initial dehydrochlorination oc-
curs at moderate temperatures and is a typical chain process involving dis-
tinct initiation, propagation, and termination phases (103,105,106). Initiation is
thought to occur via carbon–chlorine bond scission promoted by a defect struc-
ture within the polymer. An effective defect site in these polymers is unsaturation
(103). Introduction of a random double bond produces an allylic dichloromethy-
lene unit activated for carbon–chlorine bond scission. Initiation by the thermally
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Table 13. Examples of Permeation of Flavor and Aroma Compounds in Selected
Polymersa at 25◦Cb, Dryc

Permeability Diffusivity Solubility
Flavor/aroma compound P, MZUd D, m2/s S, kg/(m3-Pa)

Vinylidene chloride copolymer
Ethyl hexanoate [123–66-0] (C8H16 O2) 570 8.0 × 10− 18 0.71
Ethyl 2-methylbutyrate 3.2 1.9 × 10− 17 1.7 × 10− 3

[7452–79-1] (C7H14 O2)
d-Limonene [5989–27-5] (C10H16) 32 3.3 × 10 − 17 9.7 × 10− 2

Ethylene–vinyl alcohol copolymer
Ethyl hexanoate 0.41 3.2 × 10 − 18 1.3 × 10− 3

Ethyl 2-methylbutyrate 0.30 6.7 × 10− 18 4.7 × 10− 4

d-Limonene 0.5 1.1 × 10− 17 4.5 × 10− 4

Low density polyethylene
Ethyl hexanoate 4.1 × 106 5.2 × 10 − 13 7.8 × 10− 2

Ethyl 2-methylbutyrate 4.9 × 105 2.4 × 10− 13 2.3 × 10− 2

d-Limonene 4.3 × 106 — —
High density polyethylene
d-Limonene 3.5 × 106 1.7 × 10− 13 2.5 × 10− 1

Polypropylene
Ethyl hexanoate 8.7 × 104 3.1 × 10− 15 2.8 × 10− 1

d-Limonene 1.6 × 104 7.4 × 10− 16 2.1 × 10− 1

aRefs. (94–98).
bValues for VDC copolymer and EVOH copolymer are extrapolated from higher temperatures.
cPermeation in the VDC copolymer and the polyolefins is not affected by humidity; the permeability
and diffusion coefficient in the EVOH copolymer can be as much as 1000 times greater with high
humidity.
dTo convert MZU (10 kg·m)/(m·s·Pa) to nmol/(m·s·GPa), divide by molecular weight of permeant/10.

induced cleavage of this bond, followed by propagation by successive dehydrochlo-
rination along the chain, ie, the so-called unzipping reaction, can then proceed
readily (Fig. 5).

The thermal stability of these polymers is decreased by pretreatment
with uv irradiation (107), electron-beam irradiation (108), and basic solvents
or reagents (109,110); by an atmosphere of oxygen (107,111–114) or nitric ox-
ide (107); and by the presence of peroxide linkages within the polymer (111,115),
residues of emulsifying agents (111), organometallic initiator residues (111), ash
from a previous decomposition (111), peroxide initiator residues (109)—(111,115–
118), or metal ions (119). All the foregoing are sufficient to introduce random dou-
ble bonds into the polymer structure. This can be demonstrated by examination of
the treated sample by uv and ir spectroscopic methods (108). Prolonged treatment
of the polymer with basic reagents leads to more extensive dehydrohalogenation
(119–124). In fact, electrolysis of a solution of tetra(n-butyl)ammonium perchlo-
rate in N,N-dimethylformamide generates a basic medium, presumably contain-
ing the formamide radical anion, capable of degrading the polymer (125). High
energy radiation from a variety of sources may induce damage of several kinds,
including carbon–carbon bond cleavage (107). A prominent radiation-induced
process is carbon–chlorine bond scission followed by elimination of hydrogen
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Fig. 5. Schematic of the degradation of PVDC to form carbon.

chloride (126,127). Property changes other than a decrease in thermal stability
may arise as a consequence of high energy irradiation (128,129).

The principal steps in the thermal degradation of VDC polymers are forma-
tion of a conjugated polyene sequence followed by carbonization.

(
CH2 − CCl2

)
n

fast,�−→ (
CH = CCl

)
n + nHCl

carbonization,show,�−→ 2nC + nHCl

On being heated, the polymer gradually changes color from yellow to brown
and finally to black. Early in the reaction, the polymer becomes insoluble, which
indicates that cross-linking has occurred. The temperature of melting decreases,
and the presence of unsaturation may be detected by spectroscopic (uv, ir, nmr)
methods. The polymer eventually becomes infusible, and the crystal structure
as detected by x-ray diffraction disappears even though the gross morphology
is retained (130). The presence of carbon radicals can be detected by electron
spin resonance (esr) measurements. If the temperature is raised substantially
above 200 ◦C, aromatic structures are formed. Finally, at very high temperatures
(>700 ◦C), complete carbonization occurs.

The first of these reactions, ie, the loss of the first mole of hydrogen chloride,
has had the greatest impact on the end use of VDC polymers and has been the
most studied and well characterized. The propensity of these polymers to undergo
degradation is influenced by a wide variety of factors, including physical changes
in the solid (annealing effects) and the method of preparation and purity of the
polymer. The most stable polymers are those produced by bulk polymerization at
low temperature with the use of a nonoxygen initiator. In general, the stability
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Fig. 6. Hydrogen chloride evolution for the thermal degradation of a typical VDC
polymer.

of the polymer reflects the method of preparation, with bulk > solution > sus-
pension >> emulsion (131). In the absence of elevated temperatures, suspending
agents, polar solvents, redox initiators, etc, a more perfect polymer structure is
formed, ie, one containing a minimum level of unsaturation.

The impact of a less defective structure may be seen in Figure 6, which de-
picts hydrogen chloride evolution for the thermal degradation of a typical VDC
polymer. Initiation of degradation occurs at activated allylic sites within the poly-
mer, but initiation does not occur simultaneously at all sites. Therefore, early in
the reaction, hydrogen chloride evolution increases as a function of time as ini-
tiation occurs at more and more sites. In other words, unzipping is started in an
increasing number of chain segments. This gives rise to the acceleratory induc-
tion period characteristic of VDC copolymer degradation. When a greater number
of initiation sites are present within the polymer, ie, at higher levels of unsatu-
ration, the rate of hydrogen chloride evolution during the initiation phase of the
degradation is greater. After unzipping has begun in all chains containing defect
structures, hydrogen chloride production is essentially first order until termina-
tion by completion or other means becomes a prominent reaction. Undoubtedly,
some random double-bond initiation continues to occur during propagation. How-
ever, during this period termination is roughly in balance with initiation. As the
rate of termination significantly exceeds that of initiation, deceleration of degra-
dation is observed (103,106,107). An accurate representation of the dehydrochlo-
rination reaction over the entire range of degradation may be achieved using a
kinetic expression containing two constants (105,132).

Since the low temperature degradation, ie, that which occurs at process
temperatures, involves only dehydrochlorination of VDC sequences, mass loss
reflecting evolution of hydrogen chloride provides a convenient means of moni-
toring polymer decomposition. Thus, thermogravimetry analysis (TGA) is an ap-
propriate method for assessing the degradation characteristics of VDC polymers
(133,134). Rate constants may be obtained as the slopes of the appropriate lin-
ear portions of a plot of ln [ω∞−ω0)/(ω∞−ωt] versus time. The variable ω∞ is the
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Fig. 7. Thermal degradation of a typical VDC polymer.

Fig. 8. Initiation rate constant (ki) for the thermal degradation of a typical VDC polymer.

weight of the sample at infinite time (t∞) taken as that weight which would re-
main after 37.62% of the initial VDC component weight (corresponding to the
complete loss of 1 mole of hydrogen chloride per VDC unit in the copolymer). The
variable w0 is the weight at time zero (t0), ie, the time at which the first point was
recorded, and wt is the weight at any time t during the run. This is illustrated for
a typical VDC polymer in Figure 7. (135)

Initiation rate constants (ki) for the degradation may be obtained by least-
squares analysis of the linear segment of the early portion of this plot. Propaga-
tion rate constants (kp) may be obtained in a similar manner from data obtained
later in the run when propagation has become the dominant reaction. This is il-
lustrated in Figures 8 and 9. Table 14 shows the rate constants obtained in this
manner for the degradation of VDC/butyl acrylate copolymers.
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Fig. 9. Propagation rate constant (kp) for the thermal degradation of a typical VDC
polymer.

Table 14. Rate Constants for the Thermal Degradation of
Vinylidene Chloride/Butyl Acrylate Copolymers at 180 ◦C

Butyl acrylate, wt%a ki, 10− 5 s− 1b kp, 10− 5 s− 1b

0 3.02 ± 0.09 8.75 ± 0.14
4 4.48 ± 0.004 8.34 ± 0.28
8 2.83 ± 0.25 6.73 ± 0.01
12 2.76 ± 0.03 5.35 ± 0.18
18 2.45 ± 0.25 4.08 ± 0.05
20 2.21 ± 0.005 3.74 ± 0.33
aWeight percent of monomer loaded.
bAverages of at least two determinations.

Much evidence has been accumulated to establish the radical nature of the
degradation reaction. Prominent components of this include slight inhibition of
the reaction by certain radical scavengers and changes in the esr spectrum of a
sample undergoing degradation (136,137). Both suggest that radical intermedi-
ates are generated during the degradation. The exact nature of the chain-carrying
species is made more apparent from the results of degradation in bibenzyl solu-
tion (101,103). Bibenzyl is an efficient radical scavenger that is converted to stil-
bene on interaction with a radical. Stilbene can be readily quantitated by gas–
liquid partition chromatography. For the degradation of typical VDC polymers,
the ratio of hydrogen chloride evolved to stilbene produced is approximately 35:1
(101,103). This is in sharp contrast to the 2:1 ratio expected for trapping of chlo-
rine atoms with perfect efficiency and suggests that the propagating species is a
radical pair that does not dissociate appreciably. Thus propagation most probably
occurs by a radical chain process in which the chain-carrying species is a radical
pair that decomposes to alkene and hydrogen chloride without dissociation.

To some extent, the stability of VDC polymers is dependent on the nature
of the comonomer present. Copolymers with acrylates degrade slowly (138,139).
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Apparent degradation propagation rates decrease somewhat as the acrylate con-
tent of the copolymer increases (138). The polyene sequences generated by de-
hydrochlorination are limited in size by the level of acrylate incorporation; that
is, the acrylate molecules act as stopper units for the unzipping reaction. The im-
pact of this chain-stopping is that the termination rate for higher acrylate content
polymers is greater than for those containing smaller amounts of acrylate. There-
fore, initiation and termination rates are in balance for a shorter portion of the
overall reaction period. Despite the suggestion that the presence of a hydrogen-
rich pendant might serve as a source of hydrogen atoms to disrupt degradation
propagation (111), there is no apparent relationship between the degradation rate
and the size of the alkyl portion of the acrylate comonomer (139,140).

Copolymers with AN or MA undergo degradation more readily. In addition,
the degradation is more complex than that observed for acrylate copolymers.
Acrylonitrile copolymers release hydrogen cyanide as well as hydrogen chloride;
products of thermal degradation of MA copolymers contain methyl chloride in
addition to hydrogen chloride (100,102,141,142). In both cases, degradation ap-
parently begins in VDC units adjacent to comonomer units (141,142).

The degradation of VDC polymers in nonpolar solvents is comparable to
degradation in the solid state (101,137,143,144). However, these polymers are
unstable in many polar solvents (145). The rate of dehydrochlorination increases
markedly with solvent polarity. In strongly polar aprotic solvents, eg, hexam-
ethylphosphoramide, dehydrochlorination proceeds readily (143,146). This reac-
tion is clearly unlike thermal degradation and may well involve the generation of
ionic species as intermediates.

Polymers of high VDC content are reactive toward strong bases to yield elim-
ination products and toward nucleophiles to yield substitution products. Agents
capable of functioning as both a base and a nucleophile react with these poly-
mers to generate a mixture of products (122,147–150). Weakly basic agents such
as ammonia, amines, or polar aprotic solvents accelerate the decomposition of
VDC copolymers. Amines function as bases to remove hydrogen chloride and in-
troduce unsaturation along the polymer mainchain which may serve as initiation
sites for thermal degradation. The overall effectiveness of a particular amine for
dehydrohalogenation may be dependent on several factors, including inherent ba-
sicity, degree of steric hindrance at nitrogen, and compatibility with the polymer
(152–155). Phosphines are more nucleophilic but less basic than amines. How-
ever, phosphines also promote dehydrohalogenation rather than displacement of
allylic chlorine (156).

Amines can also swell the polymer, leading to very rapid reactions. Pyridine,
for example, would be a fairly good solvent for a VDC copolymer if it did not attack
the polymer chemically. However, when pyridine is part of a solvent mixture that
does not dissolve the polymer, pyridine does not penetrate into the polymer phase
(109). Studies of single crystals indicate that pyridine removes hydrogen chloride
only from the surface. Kinetic studies and product characterizations suggest that
the reaction of two units in each chain-fold can easily take place; further reaction
is greatly retarded either by the inability of pyridine to diffuse into the crystal or
by steric factors.

Aqueous bases or nucleophiles have little impacton VDC polymers, pri-
marily because the polymer is not wetted or swollen by water. However, these
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polymers do slowly degrade in hot concentrated aqueous sodium hydroxide solu-
tion (119).

Lewis acids, particularly transition-metal salts, strongly promote the ther-
mal degradation of VDC polymers (119,137,157–168). The rate of initiation of
degradation is greatly enhanced in the presence of metal ions (160). The metal
ion (or other Lewis acid) coordinates chlorine atoms, making them much better
leaving groups. This facilitates the introduction of initial double bonds, which act
as defect sites from which degradative dehydrohalogenation may propagate. Care
must be taken to avoid metal ions, particularly precursors of iron chloride, during
the preparation and processing of VDC polymers.

Copolymers of VDC that are free of impurities do not degrade at an ap-
preciable rate in the absence of light below 100 ◦C. However, when exposed to
uv light, these polymers discolor (169). Again, the primary reaction seems to
be dehydrochlorination. Hydrogen chloride is evolved and cross-linking occurs
(107). Polyene sequences of narrow sequence length distribution are often formed
(169–171). These function as initiation sites for subsequent thermal degradation
(107). Laser-induced photochemistry may be used for the generation of polyene
structures uncomplicated by cross-linking and graphitization (172,173). Laser-
promoted dehydrohalogenation has some characteristics in common with the cor-
responding thermal process. Long-lived carbon radicals are formed, and the prop-
agation of the dehydrochlorination reaction apparently proceeds via an allylic
carbon radical, chlorine atom pair (173). Similar structures may be generated by
chemical means (149,150,175). Other photodegradation processes, eg, hydroper-
oxide formation at the methylene groups, probably also occur but are less impor-
tant for these polymers than is polyene formation (159).

Stabilization. The stabilization of VDC polymers toward degradation is
a highly developed art and is responsible for the widespread commercial use of
these materials. Although the mode of action is often not understood, some gen-
eral principles of effective stabilization have been established (176). The ideal
stabilizer system should

(1) absorb or combine with evolved hydrogen chloride irreversibly under con-
ditions of use, but not strip hydrogen chloride from the polymer chain;

(2) act as a selective uv absorber;
(3) contain a reactive dienophilic moiety capable of preventing discoloration

by reacting with and disrupting the color-producing conjugated polymer
sequences;

(4) possess nucleophilicity sufficient for reaction with allylic dichloromethy-
lene units;

(5) possess antioxidant activity so as to prevent the formation of carbonyl
groups and other chlorine-labilizing structures;

(6) be able to scavenge chlorine atoms and other free radicals efficiently;
(7) chelate metals, eg, iron, to prevent chlorine coordination and the formation

of metal chlorides.

Acid acceptors are of two general types: alkaline-earth oxides and hy-
droxides (177) or salts of weak acids, such as barium or calcium fatty acid
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salts; and epoxy compounds, such as epoxidized soybean oil or glycidyl ethers
and esters. Epoxidized oils are less effective for the stabilization of VDC poly-
mers than for other halogenated polymers (161). The function of these materi-
als as plasticizers and processing lubricants is probably responsible for modest
improvements in processing stability. Effective light stabilizers have a chemical
structure which imparts exceptional conjugative stability and very good uv ab-
sorption properties. The principal compounds of commercial interest are deriva-
tives of salicylic acid, resorcylic acid, benzophenone, and benzotriazole. The typ-
ical hindered amine light stabilizers cannot be used in this application since
they are sufficiently basic so as to promote dehydrohalogenation. This intro-
duces allylic dichloromethylene units into the polymer mainchain, which act
as initiation sites for thermal degradation. Consequently, satisfactory process-
ing of the polymer in the presence of these additives is not possible. Exam-
ples of dienophiles that have been used are maleic anhydride and N-substituted
maleimides (178,179).

Antioxidants are generally of two types: those that react with a radical to
stop a radical chain, that is, to scavenge chlorine atoms or peroxy radicals; and
those that reduce hydroperoxides to alcohols. Phenolic antioxidants, eg, 2,6-di-
tert-butyl-4-methylphenol and substituted bisphenols, are of the first type. Be-
cause the chain-carrying species for the degradative dehydrochlorination is a
tight chlorine atom, carbon radical pair that does not dissociate appreciably dur-
ing the reaction, the effectiveness of these agents is limited (162). The second type
is exemplified by organic sulfur compounds and organic phosphites. The phos-
phites, ethylene-diaminetetraacetic acid [60–00-4] (EDTA), citric acid [77–92-9],
and citrates, can chelate metals. The ability of organic phosphites to function as
antioxidants and as chelating agents illustrates the dual role of many stabilizer
compounds. It is common practice to use a combination of stabilizing compounds
to achieve optimum results (169). In addition, stabilization packages usually con-
tain lubricants and other processing aids that enhance the effectiveness of the
stabilizing compounds. The presence of these agents is particularly important
to minimize the shearing component of degradation during extrusion and other
processing steps (162).

Metal carboxylates have been considered as nucleophilic agents capable of
removing allylic chlorine and thereby affording stabilization (163). Typical PVC
stabilizers, eg, tin, lead, cadmium, or zinc esters, actually promote the degrada-
tion of VDC polymers. The metal cations in these compounds are much too acidic
to be used with VDC polymers. An effective carboxylate stabilizer must contain a
metal cation sufficiently acidic to interact with allylic chlorine and to facilitate its
displacement by the carboxylate anion, but at the same time not acidic enough
to strip chlorine from the polymer mainchain (164,168). Copper(II) carboxylates
may have the balance of cation acidity and anion reactivity required to function
as effective stabilizers for VDC polymers. This is reflected in Figure 10, which
illustrates increasing stability of a typical VDC copolymer as it is aged at 150 ◦C
in the presence of copper(II) formate.

Vinylidene chloride polymers containing stabilizing features have been pre-
pared. More generally, these have been polymers containing comonomer units
with functionality that can consume evolved hydrogen chloride such that good
radical scavenging sites are exposed (165,166,180,181).
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Fig. 10. Thermal degradation of a VDC/MPA (5 mol%) copolymer aged at 150 ◦C in the
presence of 5 wt% copper(II) formate for 0.25, 0.50, 1.0, 2.0, and 4.0 h.

Fig. 11. Thermal degradation of vinylidene chloride/4-isopropylphenyl acrylate copoly-
mers.

For example, copolymers containing 4-isopropylphenyl acrylate display
greater thermal stability than do the corresponding polymers containing sim-
ple alkyl acrylates as comonomer (165). This is illustrated in Figure 11. Stability
of the copolymer increases as the level of the comonomer containing the t-cumyl
group, capable of scavenging chlorine atoms, increases. A more quantitative re-
flection of this effect is provided by the rate constants displayed in Table 15. It
may be noted that the magnitude of the initiation rate constant ki decreases by
a factor of 2 as the isopropylphenyl acrylate content of the polymer is increased
from 0 to 5 mol%.
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Table 15. Rate Constants for the Degradation of Vinylidene
Chloride/4-Isopropylphenyl Acrylate Copolymers at 140 ◦C

IPPA, mol% ki, 10− 7 s− 1 b kp, 10− 7 s− 1 a

0.0 3.02 ± 0.09 8.75 ± 0.14
1.0 4.48 ± 0.004 8.34 ± 0.28
3.0 2.83 ± 0.25 6.73 ± 0.01
5.0 2.76 ± 0.03 5.35 ± 0.18
aAverages of at least two determinations; average deviation ≤ = ±0.10.

Commercial Methods of Polymerization and Processing

Processes that are essentially modifications of laboratory methods and that allow
operation on a larger scale are used for commercial preparation of VDC polymers.
The intended use dictates the polymer characteristics and, to some extent, the
method of manufacture. Emulsion polymerization and suspension polymerization
are the preferred industrial processes. Either process is carried out in a closed,
stirred reactor, which should be glass-lined and jacketed for heating and cooling.
The reactor must be purged of oxygen, and the water and monomer must be free
of metallic impurities to prevent an adverse effect on the thermal stability of the
polymer.

Emulsion Polymerization. Emulsion polymerization is used commer-
cially to make VDC copolymers. In some applications, the resulting latex is used
directly, usually with additional stabilizing ingredients, as a coating vehicle to ap-
ply the polymer to various substrates. In other applications, the polymer is first
isolated from the latex before use. When the polymer is not used in latex form,
the emulsion/coagulation process is chosen over alternative methods. The poly-
mer is recovered in dry powder form, usually by coagulating the latex with an
electrolyte, followed by washing and drying. The principal advantages of emul-
sion polymerization are twofold. First, high molecular weight polymers can be
produced in reasonable reaction times, especially copolymers with VC. The ini-
tiation and propagation steps can be controlled more independently than in the
suspension process. Second, monomer can be added during the polymerization to
maintain copolymer composition control.

The disadvantages of emulsion polymerization result from the relatively
high concentration of additives in the recipe. The water-soluble initiators, acti-
vators, and surface-active agents generally cause the polymer to have greater
water sensitivity, poorer electrical properties, and poorer heat and light stability.
These agents promote degradative dehydrochlorination during polymerization.

A typical recipe for batch emulsion polymerization is shown in Table 16.
A reaction time of 7–8 h at 30 ◦C is required for 95–98% conversion. A latex is
produced with an average particle diameter of 100–150 nm. Other modifying in-
gredients may be present, eg, other colloidal protective agents such as gelatin or
carboxymethylcellulose, initiator activators such as redox types, chelates, plasti-
cizers, and stabilizers; and chain-transfer agents.

Commercial surfactants are generally anionic emulsifiers, alone or in com-
bination with nonionic types. Representative anionic emulsifiers are the sodium
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Table 16. Recipe for Batch Emulsion Polymerizationa

Ingredient Parts by weight

Vinylidene chloride 78
Vinyl chloride 22
Water 180
Potassium peroxysulfate 0.22
Sodium bisulfite 0.11
Aerosol MA,b 80 wt% 3.58
Nitric acid,60 wt% 0.07
aRef. (182).
bAerosol MA (American Cyanamid Co.) = dihexyl sodium sulfosuccinate.

alkylaryl sulfonates, the alkyl esters of sodium sulfosuccinic acid, and the
sodium salts of fatty alcohol sulfates. Nonionic emulsifiers are ofthe ethoxylated
alkylphenol type. Radical sources other than peroxysulfates may be used, eg, hy-
drogen peroxide, organic hydroperoxides, peroxyborates, and peroxycarbonates.
Many of these are used in redox pairs, in which an activator promotes the de-
composition of the peroxy compound. Examples are peroxysulfate or perchlorate
activated with bisulfite, hydrogen peroxide with metallic ions, and organic hy-
droperoxides with sodium formaldehyde sulfoxylate. The use of activators causes
the decomposition of the initiator to occur at lower reaction temperatures, which
allows the preparation of a higher molecular weight polymer within reasonable
reaction times. This is an advantage, particularly for copolymers of VDC with VC.
Oil-soluble initiators are usually effective only when activated by water-soluble
activators or reducing agents.

To ensure constant composition, the method of emulsion polymerization by
continuous addition is employed. One or more components are metered contin-
uously into the reaction. If the system is properly balanced, a steady state is
reached in which a copolymer of uniform composition is produced (183). A pro-
cess of this type can be used for the copolymerization of VDC with a variety of
monomers. A flow diagram of the apparatus is shown in Figure 12; a typical
recipe is shown in Table 17. The monomers are charged to the weigh tank A,
which is kept under a nitrogen blanket. The emulsifiers, initiator, and part of
the water are charged to tank B; the reducing agent and some water to tank C.
The remaining water is charged to the reactor D, and the system is sealed and
purged. The temperature is raised to 40 ◦C and one tenth of the monomer and
initiator charges is added, and then one tenth of the activator is pumped in. Once
the reaction begins, as indicated by an exotherm and pressure drop, feeds of A, B,
and C are started at programmed rates that begin slowly and gradually increase.
The emulsion is maintained at a constant temperature during the run by cooling
water that is pumped through the jacket. When all components are in the reac-
tor and the exotherm begins to subside, a final addition of initiator and reducing
agent completes the reaction.

Suspension Polymerization. Suspension polymerization of VDC is used
commercially to make molding and extrusion resins. The principal advantage of
the suspension process over the emulsion process is the use of fewer ingredients
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Fig. 12. Apparatus for continuous-addition emulsion polymerization of a VDC–acrylate
mixture (183).

Table 17. Recipe for Emulsion Polymerization by Continuous
Additiona

Ingredient Parts by weight

Vinylidene chloride 468
Comonomer 52
Emulsifiers

Tergitolb NP35 12
Sodium lauryl sulfate,25 wt% 12

Initiator ammonium peroxysulfate 10
Sodium metabisulfite (Na2S2O5), 5 wt% 10
Water 436
aRef. (183).
bNonionic wetting agent produced by Union Carbide.

that might detract from the polymer properties. Stability is improved and water
sensitivity is decreased. Extended reaction times and the difficult preparation of
higher molecular weight polymers are disadvantages of the suspension process
compared to the emulsion process, particularly for copolymers containing VC.

A typical recipe for suspension polymerization is shown in Table 18. At a
reaction temperature of 60 ◦C, the polymerization proceeds to 85–90% conver-
sion in 30–60 h. Unchanged monomer is removed by vacuum stripping; then it
is condensed and reused after processing. The polymer is obtained in the form of
small [150– 600 µm (30)–100 mesh)] beads, which are dewatered by filtration or
centrifugation and then dried in a flash dryer or fluidbed dryer. Suspension poly-
merization involves monomer-soluble initiators, and polymerization occurs inside
suspended monomer droplets, which form by the shearing action of the agitator
and are prevented from coalescence by a protective surfactant. It is important



34 VINYLIDENE CHLORIDE POLYMERS (PVDC) Vol. 15

Table 18. Recipe for Suspension Polymerizationa

Ingredient Parts by weight

Vinylidene chloride 85
Vinyl chloride 15
Deionized water 200
400 mPa·s ( = cP) methyl hydroxypropylcellulose 0.05
Lauroyl peroxide 0.3
aRef. (184).

that the initiator be uniformly dissolved in the monomer before droplet formation.
Unequal distribution of initiator causes some droplets to polymerize faster than
others, leading to monomer diffusion from slow-polymerizing to fast-polymerizing
droplets. The fast-polymerizing droplets form polymer beads that are dense, hard,
glassy, and extremely difficult to fabricate because of their inability to accept sta-
bilizers and plasticizers. Common protective surfactants that prevent droplet co-
alescence and control particle size are PVC, gelatin, and methylcellulose. Organic
peroxides, peroxycarbonates, and azo compounds are used as initiators for VDC
suspension polymerization.

The batch-suspension process does not compensate for composition drift,
whereas constant-composition processes have been designed for emulsion or sus-
pension reactions. It is more difficult to design controlled-composition processes
by suspension methods. In one approach (185), the less reactive component is
removed continuously from the reaction tokeep the unreacted monomer composi-
tion constant. This method has been used effectively in VDC–VC copolymeriza-
tion, where the slower reacting component is volatile and can be released during
the reaction to maintain constant pressure. In many other cases, no practical way
is known for removing the slower reacting component.

Economic Aspects

Vinylidene chloride monomer is produced commercially in the United States by
The Dow Chemical Co. and PPG Industries. The monomer is produced in Europe
by Imperial Chemical Industries, Ltd. and Solvin. The monomer is produced in
Japan by the Asahi Chemical Co., Kureha Chemical Industries, and Kanto Denka
Kogyo Co. Commercial suppliers of VDC copolymers include The Dow Chemical
Co. in the United States and Solvin in Europe. Asahi Chemical Co. and Kureha
Chemical Industries are suppliers of VDC resins in Japan. Additional manufac-
turers of exclusively VDC latexes include W. R. Grace in the United States and
Scott-Bader in Europe. Local suppliers of VDC resins have also been reported in
Russia and the People’s Republic of China.

Trademarks for VDC copolymers include SARAN and SERFENE (Dow
Chemical) and DARAN (Owensboro Specialty Polymers) in the United States;
DIOFAN and IXAN (Solvin) and POLIDENE (Scott-Bader) in Europe; and
KUREHALON (Kureha) in Japan. In addition, The Geon Company (GEON) and
Avecia (HALOFLEX) supply non-barrier VDC copolymers.
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Applications

Melt Processing. Vinylidene chloride copolymers are melt processed via a va-
riety of fabrication techniques. These include molding, monofilament fiber extru-
sion, monolayer blown film extrusion, multilayer cast- and blown-film extrusion,
and multilayer sheet extrusion. There are a number of elements of melt process-
ing and meltprocessing equipment that are common to all of these fabrication
techniques (185–189). These include proper equipment design and materials of
construction, proper and accurately controlled operating conditions, and a prop-
erly formulated resin.

Because of their high crystalline melting point, VDC copolymers are gener-
ally melt fabricated near their thermal stability limits. Products of degradation
are corrosive to equipment and given sufficient time will generate a char or car-
bon. Also, at temperatures of about 130 ◦C and above, a number of metals, includ-
ing iron, zinc, copper, and aluminum, catalyze the degradation of VDC resins. As
a consequence the correct materials of construction are essential for melt process-
ing VDC resins. High nickel alloys that are both corrosion resistant and do not
catalyze resin degradation are preferred for all surfaces that are in direct contact
with the polymer melt. For example, the extruder barrel liner may be made from
Xaloy 306 or other high nickel, low iron containing alloy. Extruder screws may be
made from Duranickel 301 with Colmonoy 56 flight lands. Other parts in direct
contact with polymer melt should also be made out of Duranickel or similar ma-
terial. Instruments such as melt thermocouples or pressure transducers could be
Hastelloy C.

Degradation of VDC resins is a product of time at temperature. Both of these
aspects should be controlled to optimize melt processing performance. Extruders
in the range of 18:1 to 24:1 length-to-diameter ratio are commonly used. Melt
channels should be designed with a smooth flow pattern to minimize dead spots
where polymer may degrade excessively orpermit carbon buildup. The clearance
between the screw tip and the extruder nosepiece should be minimized. Screen
packs are also not recommended for melt-processing VDC resins. Proper instru-
mentation, including multiple melt thermocouples and pressure transducers, am-
perage or torque measurement for the extruder, and accurate screw speed mea-
surement, is also critical.

Heat management is an important factor in melt-processing VDC resins.
Screw design (190) and resin formulation combine to affect the amount of heat
generated during melting and the eventual melt temperature. Vinylidene chlo-
ride polymer powders exhibit a relatively high level of frictional heating and also
contain a large amount of entrained air (191). Screws are typically designed to be
low work to minimize frictional and viscous heating. They must also be designed
to eliminate air entrapment. Screws greater than 6.35-cm (2.5-in.) diameter for
VDC resin processing also generally have two-zone cooling capability for further
heat management.

Vinylidene chloride resins for melt processing are generally supplied formu-
lated or unformulated. Formulated resins may be melt processed as supplied or
with some additional additives. Unformulated resins require additives prior to
melt processing. Processing additives for VDC resins include plasticizers, lubri-
cants, and other process aids designed to control heat generation and residence
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time in melt processing. Patent literature cites a wide variety of lubricants and
processing aids, including acids, esters, amides, and metal salts of fatty acids;
polyolefins or polyolefin waxes; and inorganic stabilizers such as magnesium hy-
droxide or tetrasodium pyrophosphate (192). Some of these processing aids are
common to PVC melt processing as well. However, it should also be noted that
some PVC melt-processing additives are incompatible with VDC resins and will
actually degrade melt-processing performance.

Molding. Molded articles were among the earliest applications for VDC
copolymers (186,193). Vinylidene chloride–vinyl chloride copolymers were orig-
inally developed for thermoplastic molding applications, and small amounts are
still used for this purpose. When properly formulated with plasticizers and heat
stabilizers, the resins can be fabricated by common methods, eg, injection, com-
pression, or transfer molding. Conventional or dielectric heating can be used to
melt the polymers. Rapid hardening is achieved by forming in heated molds to
induce rapid crystallization. Cold molds result in supercooling of the polymer.
Because the interior of the molded part remains soft and amorphous, the part
cannot be easily removed from the mold without distortion. Mold temperatures
of up to 100 ◦C allow rapid removal of dimensionally stable parts. The range of
molding temperatures is rather narrow because of the crystalline nature of the
resin and thermal sensitivity. All crystallites must be melted to obtain low poly-
mer melt viscosity, but prolonged or excessive heating must be avoided to prevent
dehydrochlorination.

The metal parts of the injection molder, ie, the liner, torpedo, and nozzle,
that contact the hot molten resin must be of the noncatalytic, corrosion-resistant
type previously described. The injection mold need not be made of noncatalytic
metals; any high grade tool steel may be used because the plastic cools in the mold
and undergoes little decomposition. However, the mold requires good venting to
allow the passage of small amounts of acid gas as well as air. Vents tend to become
clogged by corrosion and must be cleaned periodically.

Molded parts of VDC copolymers are used to satisfy the industrial require-
ments of chemical resistance and extended service life. They are used in such
items as gasoline filters, valves, pipe fittings, containers, and chemical process
equipment. Complex articles are constructed from molded parts by welding; hot-
air welding at 200–260 ◦C is a suitable method. Molded parts have good physical
properties but lower tensile strength than films or fibers, because crystallization
is random in molded parts. Higher strength is developed by orientation in films
and fibers. Physical properties of a typical molded VDC copolymer plastic are
listed in Table 19.

Monofilament Fiber Extrusion. Monofilament fiber extrusion was an-
other early application for VDC resins (186,193,195). Monofilament applications
have included automotive seat covers, window screens, and upholstery fabrics,
where the durability and ease of cleaning were important. Fabrics made from
VDC copolymer monofilaments are still used today in applications such as filter
fabrics, light screens, greenhouse covers, pool or bath fabrics, and shoe insoles
(196). Such fabrics claim excellent resistance to flame, chemicals, uv light, mois-
ture, and microbial attack.

Vinylidene chloride copolymer monofilaments typically range from 0.15- to
1.5-mm (0.006- to 0.06-in.) diameter. To produce these monofilaments, a molten
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Table 19. Properties of Resin for Injection-Molding Applicationsa

Typical resin properties Test method Value

Ultimate tensile strength, MPab ASTM D638 24.1–34.5
Yield tensile strength, MPab ASTM D638 19.3–26.2
Ultimate elongation,% ASTM D638 160–240
Modulus of elasticity in tension, MPab 345–552
Izod impact strength, J/mc of notch ASTM D256 21.35–53.38
Density, g/cm3 ASTM D792 1.65–1.72
Hardness, Rockwell M ASTM D785 50–65
Water absorption,% in 24 h ASTM D570 0.1
Mold shrinkage, cm/cm (injection-molded) ASTM D955 0.005–0.025
Limiting oxygen index,% ASTM D2863 60.0 d

UL-94 UL-94 Test V–Od

aRef. (194).
bTo convert MPa to psi, multiply by 145.
cTo convert J/m to ft·lbf/in. of notch, divide by 53.38.
dThe results of small-scale flammability tests are not intended to reflect the hazards of this or any
other material under actual fire conditions.

VDC copolymer extrudate is quenched to about room temperature in a super-
cooling tank to produce an amorphous polymer strand (186,193,195). This strand
is then wrapped several times around smooth take-off rolls, and then wrapped
several times around orienting rolls, which operate at a higher speed than the
take-off rolls. The difference in roll speeds produces mechanical stretching, ori-
enting the filament along the longitudinal axis while the polymer is crystallizing.
A typical stretch ratio for this process is about 400%. The orientation process in-
creases the fiber strength from about 55 MPa (8000 psi) to as high as 414 MPa
(60000 psi). Much of the increased tensile strength is obtained as the stretch
ratio approaches 400%. Heat treatment may be used during or after stretching
to affect the degree of crystallization and control the physical properties of the
oriented filaments.

Monolayer Blown-Film Extrusion. One of the major applications for
VDC resins is monolayer film produced via a blown-film extrusion process. Previ-
ously, VDC copolymer film extrusion was limited to just a few experts in the field.
However, production of VDC-containing films has greatly expanded (197,198).
Monolayer VDC copolymer blown-film lines are now commercially available from
a number of manufacturers and a considerable number of lines have been in-
stalled around the world, particularly in the People’s Republic of China.

A monolayer blown-film process for VDC resin is illustrated in Figure 13.
In this process (187,199–202) a tube of molten VDC resin is extruded downward
and is immediately quenched in a cold-water supercooling bath. This bath cools
the polymer melt to create a leathery polymer tube which is essentially amor-
phous VDC copolymer. The low temperature of the bath also controls nucleation
of the crystallites and thus impacts the subsequent film-formation processes. Af-
ter the supercooling bath, the amorphous tube is passed through a warming or
reheat bath. This bath increases the resin temperature, which in turn will make
the film more pliable and increase the rate of crystallization propagation during
the subsequent film-blowing process. Exiting the warming bath, the tube passes
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Fig. 13. Monolayer blown-film process for VDC resins (198).

through two sets of pinch rolls, which are arranged so that the second set of rolls
travels faster than the first set. Between the two sets, air is injected into the tube
to create a bubble that is entrapped by the pinch rolls. The entrapped air bub-
ble remains stationary while the extruded tube is oriented as it passes around
the bubble. In this manner, orientation is produced simultaneously in both the
transverse and the longitudinal directions.

As the tube expands and orients, the amorphous polymer begins to crystal-
lize rapidly, eventually limiting the diameter of the bubble. Adding additional air
to the bubble at this point will only lengthen the bubble but will not change its
overall diameter. Crystallization rate and thus bubble diameter or “blow up ratio”
is controlled by a number of factors, including temperatures of the supercooling
and warming baths, room temperature, polymer composition, and amount and
type of plasticizer additives. These parameters as well as variables such as ex-
trusion rate, die diameter, die gap, and drawdown ratio are combined to make
a wide variety of film types and sizes. Films produced via this process gener-
ally have some shrink properties, which in many cases are advantageous. Where
shrink is not desirable, films can be preshrunk via controlled heat application
prior to the winding process.

Monolayer blown-film processes generally use a VDC–VC copolymer. Such
resins have the combination of performance properties and optimum crystalliza-
tion rate necessary for this process. Resins are generally formulated with plasti-
cizers, lubricants, and other additives to affect performance during the extrusion
process as well as in the final film applications.

Applications for VDC copolymer monolayer films fall into three major cat-
egories: household wrap, food and medical packaging, and industrial films. Food
packaging includes packaging of processed meats, cheese and other dairy prod-
ucts, and bakery goods. Packaging types include film overwraps, shrinkable films,
chub packaging, and unit packaging. Performance attributes of VDC copolymer
films that are important to these applications include high barrier to oxygen, wa-
ter, and other permeating molecules; clarity; resistance to fats and oils; dimen-
sional stability; ability to be sealed and printed; and ability to withstand retort
and microwave oven temperatures. Typical film properties are shown in Table 20.

Multilayer Cast- and Blown-Film Extrusion. A significant application
for VDC copolymer resins is in the construction of multilayer film and sheet
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Table 21. Physical Propertiesa of a Multilayer Barrier Filmb and a Polyethylene Filmc

Multilayer Polyethylene Test
Propertyd film film method

Yield tensile strength, MPae ASTM D882–61 T
MD 14 12.1
TD 13 9.7

Ultimate tensile strength, MPae ASTM D882–61 T
MD 24 20.0
TD 17 17

Tensile modulus, MPae ASTM D882–61 T
MD 170 180
TD 150 180

Elongation,% ASTM D882–61 T
MD 400 325
TD 400 550

Elmendorf tear strength, g ASTM D1922
MD 800 325
TD 650 250

Gas transmission at 24 ◦C, ASTM D1434–63
nmol/(m2·s·GPa) f

Oxygen 6.6 × 104 1.6 × 107

Carbon dioxide 11.1 × 104 10.0 × 107

Nitrogen 0.8 × 104 0.8 × 107

Water vapor transmission at 95% RH and 2000 6400 ASTM E96–63 T
38 ◦C, nmol/(m·s)g

aRefs. (204) and (206).
b0.05-mm total thickness with layers of polyethylene, adhesive, and vinylidene chloride copolymer.
c0.05-mm polyethylene, 0.921 g/cm3 density.
dMD is machine direction; TD is transverse direction.
eTo convert MPa to psi, multiply by 145.
f To convert nmol/(m2·s·GPa) to cm2/(100 in.2 d·atm), divide by 7.9 × 104.
gTo convert nmol/(m·s) to g/(100 in.2·d), divide by 1 × 104.

(204,205). This permits the design of a packaging material with a combination
of properties not obtainable in any single material. A VDC copolymer layer is in-
corporated into multilayer film for perishable food packaging because it provides
a barrier to oxygen. A special high barrier resin is supplied specifically for this
application. Typically, multilayer packaging films contain outer layers of a tough,
low cost polymer such as high density or linear low density polyethylene with
VDC copolymer as the core layer. Cast and blown films are produced on conven-
tional film lines with one extruder and die designed to handle the heat-sensitive
nature of VDC resin. The properties of a 0.05-mm (2-mil) multilayer cast film
are listed in Table 21. Example properties of multilayer blown films are listed in
Table 22. Films A to D in Table 22 illustrate the effects of thickness variation and
variation of the specific grade of VDC copolymer used.

Multilayer films are produced by both cast- and blown-film coextrusion. One
of the key enabling technologies in the manufacture of these multilayer films has
been preencapsulation of the VDC resin (207). Preencapsulation means that the
VDC resin extrudate is completely encapsulated with a more thermally stable
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Table 22. Physical Properties of Multilayer Blown Coextruded Barrier Films

Film Film Film Film Test
Propertya A B C D method

Thickness, mm 0.05 0.10 0.15 0.10
Yield tensile strength, MPab ASTM D882–61 T

MD 12 12 16 15
TD 12 13 16 14

Ultimate tensile ASTM D882–61 T
strength, MPab

MD 25 20 16 18
TD 24 17 13 15

Tensile modulus, MPab ASTM D882–61 T
MD 230 240 330 310
TD 240 230 330 310

Elongation,% ASTM D882–61 T
MD 450 460 360 360
TD 590 490 390 390

Elmendorf tear strength, g ASTM D1922
MD 480 950 270 60
TD 210 610 320 190

Oxygen transmission at 3.3 × 104 1.7 × 104 0.6 × 104 0.8 × 104 ASTM D3985–81
100% RH and 23 ◦C,
nmol/(m-s-GPa)c

Water vapor transmission at 2900 1400 500 600 ASTM F1249
100% RH and 38 ◦C,
nmol/(m·s)d

aMD is machine direction; TD is transverse direction.
bTo convert MPa to psi, multiply by 145.
cTo convert nmol/(m2·s·GPa) to cm3/(100 in.2 d·atm), divide by 7.9 × 104.
dTo convert nmol/(m·s) to g/(100 in.2·d), divide by 1 × 102.

polymer, such as an ethylene–vinyl acetate copolymer, prior to entering the co-
extrusion die. Using this technique, the VDC resin is not directly exposed to the
large surface area of the multilayer extrusion die, eliminating a greater poten-
tial for carbon formation and subsequent problems. Upon entering the die the
encapsulated VDC resin is combined with other polymer layers, including tie and
skin layers, to create the multilayer film.

The application of encapsulation technology to flat dies and cast film co-
extrusion is fairly easy to envision. As shown in Figure 14, the encapsulating
material completely surrounds the VDC resin. When the edges are trimmed, a
flat film with a continuous barrier layer is produced.

Blown-film coextrusion presents the added difficulty of obtaining a continu-
ous barrier layer. A die with a crosshead mandrel is preferred over a die with a
spiral mandrel, because the spiral mandrel tends to lead to long residence time
in the spirals. A standard crosshead mandrel, however, results in a weld line
where the barrier layer is not continuous. As shown in Figure 15, this problem is
solved by providing an overlap of the barrier layer at the weld line (208). Although
the barrier layer is not continuous across the weld line, sufficient overlap will
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Fig. 14. Multilayer cast film showing a VDC copolymer barrier layer surrounded by a
less thermally sensitive encapsulating material, such as ethylene–vinyl acetate (207). The
edges are trimmed.

Fig. 15. Multilayer blown film with enlarged view showing overlap of barrier layer (208).

create a tortuous path for permeation, and the barrier properties will be main-
tained across the weld. This technology has only been recently applied to large
blown-film dies. Five- to seven-layer blown-film dies up to 51-cm (20-in.) diameter
have been demonstrated using this technology (209–212). These blown-film dies
also incorporate temperature isolation techniques that allow VDC resins to be co-
extruded with resins such as nylon that require much higher melt temperatures.
Similar to the monolayer films, multilayer films are used predominately in food
packaging and medical applications.

Multilayer Sheet Extrusion. Rigid containers for food packaging can be
made from coextruded sheet that contains a layer of a barrier polymer (213–
215). A simple example is a sheet with five layers that has a total thickness of
about 1.3 mm (50 mil). The outermost layers might be polypropylene, polyethy-
lene, polystyrene, high impact polystyrene (HIPS), or other nonbarrier polymer
having good mechanical properties. The innermost barrier layer is about 125 µm
(5 mil) of a VDC copolymer. Adhesive layers connect the outer layers and the
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barrier layer. This coextruded sheet can be formed into containers by any of sev-
eral techniques, including solid-phase pressure forming and melt-phase forming.
The final container has a total wall thickness of about 500 µm (20 mil) and a
barrier layer that is about 50 µm (2 mil) thick. Such a container is capable of pro-
tecting oxygen-sensitive foods at ambient temperatures for a year or more. These
containers are lightweight, microwavable, nonbreakable, and attractive. More so-
phisticated containers may have more than five layers and improved economics
by including a layer of scrap or recycled polymers in the structure.

Lacquer Resins. Vinylidene chloride copolymers have several properties
that are valuable in the coatings industry: excellent resistance to gas and mois-
ture vapor transmission, good resistance to attack by solvents and by fats and
oils, high strength, and the ability to be heat-sealed (216,217). These charac-
teristics result from the highly crystalline nature of the very high VDC con-
tent of the polymer, which ranges from ∼80 to 90 wt%. Minor constituents in
these copolymers generally are vinyl chloride, alkyl acrylates, alkyl methacry-
lates, acryloni-trile, methacrylonitrile, and vinyl acetate. Small concentrations of
vinyl carboxylic acids, eg, acrylic acid, methacrylic acid, or itaconic acid, are some-
times included to enhance adhesion of the polymer to the substrate. The ability
to crystallize and the extent of crystallization are reduced with increasing con-
centration of the comonomers; some commercial polymers do not crystallize. The
most common lacquer resins are terpolymers of VDC–MMA–AN (218,219). The
VDC level and the MMA–AN ratio are adjusted for the best balance of solubility
and permeability. These polymers exhibit a unique combination of high solubility,
low permeability, and rapid crystallization (220).

Acetone, methyl ethyl ketone, methyl isobutyl ketone, dimethylformamide,
ethyl acetate, and tetrahydrofuran are solvents for VDC polymers used in lac-
quer coatings; methyl ethyl ketone and tetrahydrofuran are most extensively
employed. Toluene is used as a diluent for either. Lacquers prepared at 10–20
wt% polymer solids in a solvent blend of two parts ketone and one part toluene
have a viscosity of 20–1000 mPa-s ( = cP). Lacquers can be prepared from poly-
mers of very high VDC content in tetrahydrofuran–toluene mixtures and can
be stored at room temperature. Methyl ethyl ketone lacquers must be prepared
and maintained at 60–70 ◦C or the lacquer forms a solid gel. It is critical in the
manufacture of polymers for a lacquer application to maintain a fairly narrow
compositional distribution in the polymer to achieve good dissolution properties.

The lacquers are applied commercially by roller coating, doctor and dip coat-
ing, knife coating, and spraying. Spraying is useful only with lower viscosity lac-
quers, and solvent balance is important to avoid webbing from the spray gun.
Solvent removal is difficult from heavy coatings, and multiple coatings are recom-
mended where a heavy film is desired. Sufficient time must be allowed between
coats to avoid lifting of the previous coat by the solvent. In the machine coat-
ing of flexible substrates, eg, paper and plastic films, the solvent is removed by
ir heating or forced-air drying at 90–140 ◦C. Temperatures of 60–95 ◦C promote
the recrystallization of the polymer after the solvent has been removed. Failure
to recrystallize the polymer leaves a soft, amorphous coating that blocks or ad-
heres between concentric layers in a rewound roll. A recrystallized coating can be
re-wound without blocking. Handling properties of the coated film are improved
with small additions of wax as a slip agent and of talc or silica as an antiblock
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agent to the lacquer system. The concentration of additives is kept low to pre-
vent any serious detraction from the vapor transmission properties of the VDC
copolymer coating. For this reason, plasticizers are seldom, if ever, used.

A primary use of VDC copolymer lacquers is the coating of films made
from regenerated cellulose or of board or paper coated with polyamide, polyester,
polypropylene, poly(vinyl chloride), and polyethylene. The lacquer imparts resis-
tance to fats, oils, oxygen, and water vapor (221). These coated products are used
mainly in the packaging of foodstuffs, where the additional features of inertness,
lack of odor or taste, and nontoxicity are required. Vinylidene chloride copolymers
have been used extensively as interior coatings for ship tanks, railroad tank cars,
and fuel storage tanks, and for coating of steel piles and structures (222,223).
The excellent chemical resistance and good adhesion result in excellent long-term
performance of the coating. Brushing and spraying are suitable methods of appli-
cation.

The excellent adhesion to primed films of polyester combined with good di-
electric properties and good surface properties makes VDC copolymers very suit-
able as binders for iron oxide pigmented coatings for magnetic tapes (224–226).
They perform very well in audio, video, and computer tapes.

Vinylidene Chloride Copolymer Latex. Vinylidene chloride copolymers
can be made in emulsion, and then isolated, dried, and used as coating or ex-
trusion resins. Stable latices have been prepared and can be used directly for
coatings (227–232). The principal applications for these materials areas barrier
coatings on paper products and, more recently, on plasticfilms. The heat-seal char-
acteristics of VDC copolymer coatings are equally valuable in many applications.
They are also used for paints and as binders for nonwoven fabrics (233). Special
VDC copolymer latices are used for barrier laminating adhesives, and the use of
VDC copolymers in flame-resistant carpet backing is well known (234–237). VDC
latices can also be used to coat poly(ethylene terephthalate) bottles to retain car-
bon dioxide (238).

Poly(vinylidene chloride) latices can be easily prepared by the same meth-
ods but have few uses because they do not form films. Copolymers of high VDC
content are film-forming when freshly prepared but soon crystallize and lose this
desirable characteristic. Because crystallinity in the final product is very often
desirable, eg, in barrier coatings, a significant developmental problem has been
to prevent crystallization in the latex during storage and to induce rapid crys-
tallization of the polymer after coating. This has been accomplished by using the
proper combination of comonomers with VDC.

Most VDC copolymer latices are made with varying amounts of acrylates,
methacrylates, and acrylonitrile, as well as minor amounts of vinylcarboxylic
acids, eg, itaconic and acrylic acids. Low foam latices having high surface tension
are prepared with copolymerizable sulfonate monomers (235,237–239). The total
amount of comonomer ranges from about 8 wt% for barrier latices to as high as
60 wt% for binder and paint latices. The properties of a typical barrier latex used
for paper coating are listed in Table 23. Barrier latices are usually formulated
with antiblock, slip, and wetting agents. They can be deposited by conventional
coating processes, eg, with an air knife (240,241).

Coating speeds in excess of 305 m/min can be attained. The latex coating can
be dried in forced-air or radiant-heat ovens (242,243). Multiple coats are applied,
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Table 23. Properties of a Typical Barrier Latex

Properties Value

Total solids, wt% 54–56
Viscosity at 25 ◦C, mPa-s ( = cP) 25
pH 2
Color Creamy white
Particle size, nmv ca 250
Density, g/cm3 1.30
Mechanical stability Excellent
Storage stability Excellent
Chemical stability Not stable to di- or trivalent ions

Table 24. Film Properties of VDC Copolymer Latex

Property Value

Water vapor transmission at 38 ◦C and 95% RH, nmol/(m·s)a 0.012b

Grease resistance Excellent
Scorability and fold resistance Moderate
Oxygen permeability at 25 ◦C, nmol/(m·s·GPa)c 0.07
Heat sealabilityd Good
Light stability Fair
Density, g/cm3 1.60
Color Watery white
Clarity Excellent
Gloss Excellent
Odor None

aTo convert nmol/(m·s) to (g·mil)/(100 in.2·d), multiply by 4.
bValues 0.37 g/(24 h·100 in.2) for 0.5 mil.
cTo convert nmol/(m·s·GPa) to (cm3·mil)/(100 in.2·d·atm), divide by 2.
dFace-to-face.

particularly in paper coating, to reduce pinholing (244). A precoat is often used on
porous substances to reduce the quantity of the more expensive VDC copolymer
latex needed for covering (245). The properties of a typical coating are listed in
Table 24.

Vinylidene Chloride Copolymer Foams. Low density, fine-celled VDC
copolymer foams can be made by extrusion of a mixture of VDC copolymer and
a blowing agent at 120–150 ◦C (246). The formulation must contain heat stabi-
lizers, and the extrusion equipment mustbemade ofnoncatalytic metalstoprevent
accel-erated decomposition of the polymer. The low melt viscosity of the VDC
copolymer formulation limits the size of the foam sheet that can be extruded.

Expandable VDC copolymer microspheres are prepared by a microsuspen-
sion process (247). The expanded microspheres are used in reinforced polyesters,
blocking multipair cable, and in composites for furniture, marble, and marine
applications (248–251). Vinylidene chloride copolymer microspheres are also used
in printing inks and paper manufacture (252).
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Vinylidene Chloride Copolymer Ignition-Resistant Applications.
The role of halogen-containing compounds in ignition and flame suppression has
been studied for many years (253–258). Vinylidene chloride copolymers are an
abundant source of organic chlorine, eg, often above 70 wt%. Vinylidene chloride
emulsion copolymers are used in a variety of ignition-resistant binding appli-
cations (259,260). Powders dispersible in nonsolvent organic polymer interme-
diates, eg, polyols, are used for both reinforcement and ignition resistancein-
polyurethane foams. Vinylidene chloride copolymer powder is also used as an
ignition-resistant binder for cotton batt (261–263).

The halogenated polymers generate significantly more smoke than poly-
mers that have aliphatic backbones, even though the presence of the halogen
does increase the limiting oxygen index. Heavy-metal salts retard smoke gen-
eration in halogenated polymers (263,264). A VDC emulsion copolymer having
a high AN graft can be used to make ignition-resistant acrylic fibers (265). A
rubber-modified VDC copolymer combines good ignition resistance with good low
temperature flexibility (266,267). The rubber-modified VDC copolymer has been
evaluated in wire coating where better ignition resistance and lower smoke gen-
eration are needed.

Materials are also blended with VDC copolymers to improve toughness
(267–270). Vinylidene chloride copolymer blended with ethylene–vinyl acetate
copolymers improves toughness and lowers heat-seal temperatures (271,272).
Adhesion ofa VDC copolymer coating topolyester can beachievedby blending the
copolymer with a linear polyester resin (273).
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VINYLIDENE FLUORIDE POLYMERS (PVDF)

Introduction

Poly(vinylidene fluoride) [24937-79-9] is the addition polymer of 1,1-
difluoroethene [75-38-7], commonly known as vinylidene fluoride and abbreviated
VDF or VF2. The formula of the repeat unit in the polymer is [CH2–CF2]n .
The preferred acronym for the polymer is PVDF, but the abbreviation PVF2 also
is used frequently. (Note: PVF is the accepted acronym for poly(vinyl fluoride),

[CH2-CHF]n .) The history and development of PVDF technology has been re-
viewed (1). This article deals only with thermoplastic VDF-based polymers having
greater than 50 wt% VDF, and not fluoroelastomeric copolymer versions, which
have significant levels of fluoro-comonomers to impart rubber-like properties and
usually less than 50 wt% VDF. (see FLUOROCARBON ELASTOMERS).

Since the commercialization of this linear fluoropolymer in the mid-1960s,
the applications have expanded until the production of the monomer VDF and
polymer PVDF reached significant tonnages at the end of the twentieth century,
albeit with essentially the same producers during the last decade. The worldwide
PVDF market in 2000 was about 21,000 t according to several industry sources.
PVDF usage is expected to grow at an average of about 6% for all fluoropolymers
during the first decade of the twenty-first century (2). Several manufacturers
(see Table 1) have announced that there would be significant capacity increases
between 2000 and 2005. Applications are increasing rapidly in China and South-
east Asia as well as Japan and Korea with a high growth projection for the next
few years in these areas.

The production of VDF and PVDF requires significant investment in
corrosion-resistant pyrolysis reactors and low temperature distillation columns
for the monomer; high pressure polymerization reactors and associated finish-
ing equipment; and special environmental and waste handling processes. Raw
material costs for the overall process of feedstock to monomer and polymer are
high, depending upon the processes, but reflect to a large extent the pricing of
anhydrous hydrogen fluoride, which is involved in the various manufacturing
processes for VDF. Also the processes for the monomer and polymer are energy
intensive. It is for these reasons that several manufacturers of PVDF have extra
production capacity for VDF monomer to supply not only their internal PVDF
polymer needs but also to provide the large quantities needed by the manufac-
turers of VDF-based fluoroelastomers.

The demand for PVDF has been driven by a number of factors: (1) a unique
set of properties, (2) the ease and versatility in processing and fabricating, (3)
over 30 years of proven performance under various and severe thermal, chemi-
cal, radiation, weathering environments and (4) the need for special attributes.
For example, PVDF parts are subjected to superheated steam temperatures in
some chemical processes. It is used also in strong acid, chlorine, bromine, and
ultrapure water systems as well as in special applications where fire resistance
is required. And PVDF has been used extensively during the last 30 years in nu-
clear radiation environments because unlike most plastics it cross-links, retain-
ing mechanical integrity, rather than degrades. In one of the major applications
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Table 1. Manufacturers of VDF and PVDFa

Producers and country of production Trademarks

Alventia LLC–USA
Joint venture – Solvay and Dyneon; VDF monomer only,
starting 2000

Atofinab–France, USA KYNAR, KYNAR 500,
KYNAR FLEX,
KYNAR Superflex,
KYNAR Powerflex,
HYLAR

www.atofina.com (Paris)
www.atofinachemicals.com (USA)
Largest capacity VDF and PVDF producer; expansion
underway 2002

Ausimont–USA
www.ausimont.com
Large capacity VDF and PVDF

Daikin–Japan NEOFLON
Minimal production PVDF resins; VDF-based coating
resins use trademark

Dyneon–USA, Germany DYNEON, HOSTAFLON
www.dyneon.com
Not currently a PVDF producer; produces TFE-based
polymers with VDF as comonomer at low content

Creanovac–Germany DYFLOR
www.creanovainc.com
Very small amounts PVDF available

Kirova–CHEPETSKY Khimichesky Kombinat–Russia FLUOROPLAST
Small capacity PVDF

Kureha Chemical Company–Japan KF POLYMER
www.kureha.co.jp
Moderate PVDF capacity—expansion underway for 2001

Solvay–Belgium, USA SOLEF
www.solvay.com VIDAR
Large capacity Europe; USA production 2000

aLocations and capacities of production sites may be found in the following reference: K.-L. Ring, A.
Leder, M. Ishikawa- Yamaki, SRI International Chemical Economics Handbook Marketing Report,
Dec. 1998; http://ceh.sric.sri.com/Reports/580.0700/index.html.
bFormerly Elf Atochem.
cSubsidiary of Degussa-Hüls, formerly Hüls America.

worldwide, there is now over 30 years exposure of thin PVDF-based paint coat-
ings on monumental structures and skyscrapers documenting the durability of
these coatings to protect metal from corrosion, retaining essentially the original
appearance features.

During the 1990s, there has been much activity in polymerization, sci-
entific studies, and application development related to PVDF. Many copoly-
mer variations and compounds of PVDF have been introduced by the polymer
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manufacturers and their immediate resin customers. This article will reference
selected recent scientific and technology advances and focus upon property pro-
files and uses of the various PVDF grades available. A prior encyclopedia arti-
cle (3) provides extensive references to the earlier studies. Detailed information
on the properties and applications is given by the PVDF manufacturers at their
websites. When the term pvdf is used to search the Chemical Abstracts databases
from 1992, there are approximately 500 citations per year, about half of which are
patents. Hence, the freedom to operate or utilize PVDF in any application by a
new user should be verified by a careful check of the patent literature. In addition,
producers of PVDF should be consulted regarding proposed medical applications,
especially related to body invasive or implant technology.

PVDF is a partially crystalline, linear hydrofluorocarbon polymer that con-
tains 59.4 wt% fluorine and 3 weight percent hydrogen. The high level of intrinsic
crystallinity, typically near 60%, confers stiffness and tough, creep resistant prop-
erties. Incorporation of various fluorinated comonomers at low levels, typically
about 5–10 wt% but as much as 20 wt% in some cases, enhances the flexibility
of PVDF by reducing the crystallinity, which, in general, also reduces the end
use temperature ratings. Commercial processes involve polymerization in emul-
sion or suspension using free-radical initiators. The spatial arrangement of the
alternating CH2 and CF2 groups along the polymer chain and the strong dipole
moment of the CF2 accounts for the unique polarity, unusually high dielectric
constant, complex polymorphism, and high piezoelectric and pyroelectric activity
of the polymer when processed appropriately (4–6).

PVDF has the characteristic resistance of fluoropolymers to harsh chemical,
thermal, ultraviolet, weathering, and oxidizing or high energy, ionizing radiation
environments. The chemical resistance of this hydrofluorocarbon polymer is not
as broad as exhibited by perfluoropolymers because the somewhat acidic hydro-
gen atoms along the chain are reactive in strongly basic media, leading to the
formation of fluoride salt by-products (7,8). This chemical susceptibility has, in
fact, been turned to advantage in preparing PVDF samples for adherence to a
variety of substrates as well as introducing reactive functionality for chemical
grafting; the mechanism of the surface chemistry has been studied (9).

PVDF homopolymers and copolymers with various fluoroolefins have a wide
range of applications including wire and cable products, electronic devices, chem-
ical process equipment, use as a weather-resistant binder for exterior architec-
tural finishes, and many specialized uses such as a stable binder for electroactive
constituents in electrochemical cells. The polymer is readily melt-processed with-
out processing aids or stabilizers using conventional molding or extrusion equip-
ment; porous membranes are cast from solutions; and coatings are deposited
from dispersions of PVDF using latent solvents, which solubilize the polymer
at elevated temperatures, along with other additives to enhance the appearance,
properties, and function. Certain grades of PVDF are used extensively for fluid
handling components which convey high purity chemicals and ultrapure water
because the resins may be fabricated easily into parts that have very low levels
of extractable ionic or organic species and also very smooth surfaces that inhibit
microbial fouling.

PVDF exhibits an unusual compatibility with other polymers having
strong polar groups or carbonyl groups. This miscibility aspect has led to the



Vol. 15 VINYLIDENE FLUORIDE POLYMERS (PVDF) 57

Table 2. Physical Properties of VDF, CH2 CF2

Units/conditions Value

Molecular weight Da 64.038
Boiling point ◦C −84
Freezing point ◦C −144
Vapor pressure kPa @ 21◦C 3683
Critical pressure kPa 4434
Critical temperature ◦C 30.1
Critical density kg/m3 417
Explosive limits vol% in air 5.8–20.3
Heat of formation kJ/mol @ 25◦C −345.2
Heat of polymerization kJ/mol @ 25◦C −474.21
Water solubility cm3/100 g @ 25◦C/10 kPa 6.3

development of many alloys and mixed systems for coatings, membranes, and
extruded products.

In summary, PVDF fulfills special requirements in a variety of niche ap-
plications because of its unique characteristics. Hence, the broad and growing
usage of this polymer is understandable. VDF usage also is increasing in other
fluoropolymer and fluoroelastomer applications.

Monomer

Preparation. The principal industrial route to VDF involves dehydrochlo-
rination of 1-chloro-1,1-difluoroethane (HCFC-142b) [75-68-3]. The principal pro-
ducers are ATOFINA and Solvay in Europe and the United State and Ausimont
and Alventia in the United States. Many patents exist for this and other similar
preparative routes based upon dehydrohalogenation of various chlorofluorohy-
drocarbons or related compounds. Research efforts have escalated because the
HCFC production will be curtailed in the mid-2000 period as a result of environ-
mental concerns. Kureha (Japan) announced that their expansion would involve
production of VDF from 1,1-difluoroethane (HFC-152a).

Properties. VDF is a colorless, flammable, and nearly odorless gas that
has a very low boiling point like other small molecules with fluorine bonds. The
physical properties are listed in Table 2. It is usually polymerized above its criti-
cal temperature and pressure, typically at pressures well above 3 MPa (30 atm),
and approaching 10 MPa (100 atm) in some commercial processes; the polymer-
ization is highly exothermic. Considering the flammability limits, caution must
be exercised in any handling system.

Storage and Shipment. VDF (HFC-1132a) can be stored or shipped in
gas cylinders or high-pressure tube trailers without polymerization inhibitors.
Terpene and quinone inhibitors, however, may be used as a safety element where
there might be uncertain environmental storage conditions. Liquid VDF can
cause frostbite upon contact with the skin.



58 VINYLIDENE FLUORIDE POLYMERS (PVDF) Vol. 15

Health and Safety Factors. The combustion products are toxic. The
OSHA website www.osha-slc.gov/ChemSamp data/CH 275620.html provides the
following information and full definitions of each classification code for environ-
mental exposure and health factors as of year-end 2000.

Classification Ratings Comment

ACGIH TLV 500-ppm TWA Not classifiable as a human carcinogen
NIOSH REL 1-ppm TWA; 5-ppm

ceiling (15 min)
IARC Group 3 Not classifiable as to its carcinogenicity

to humans

Uses. The variety of fluoropolymers and fluoroelastomers incorporating
VDF in the main chain is extensive. The commercially important thermoplastic
copolymers are based upon hexafluoropropylene HFP (10,11) chlorotrifluoroethy-
lene (CTFE) (12,13) and co- or ter-polymers with tetrafluoroethylene (14). Telom-
erization of VDF to form fluorinated oligomers by radical addition has been re-
viewed (15).

Polymerization

VDF and other fluoromonomers are polymerized usually in aqueous medium in
either emulsion or suspension. VDF polymerization in nonaqueous media is an
active research area. VDF can copolymerize with fluorinated and some nonflu-
orinated monomers. Several aspects of VDF copolymerization with an array of
fluorinated and nonfluorinated monomers have been reviewed (16,17); the reac-
tivity ratios along with the Q and e parameters, which are measures of reactivity
and polarity, respectively, have also been compiled. The interest in these copoly-
mers centers upon introducing functionality in the PVDF chain for subsequent
reactions.

Only emulsion and suspension polymerization of VDF are commercially
practiced because water provides a sufficient heat sink for the large heat release
associated with VDF polymerization. Only one VDF-copolymer with nonfluori-
nated comonomers, maleic monoesters, and allyl glycidal ethers has been com-
mercialized for battery applications (18); all other reported VDF-copolymers with
nonfluorinated olefins have been laboratory or patent examples (3).

Polymerization procedures, temperature, pressure, recipe ingredients,
monomer feeding strategy, and post-polymerization processing are variables that
influence product characteristics and quality (19–26). The variety of commercial
VDF-copolymers has been reviewed (27). VDF–HFP copolymers having decreased
extractable oligomers and improved solution clarity and processability, especially
important to lithium ion battery applications, have been claimed (28).

The degree of polymerization of commercial PVDF ranges from 1000 to 2500
VDF units. During radical-initiated polymerization, the “head-to-tail” addition of
monomer units predominates where the “head” is CF2· and the “tail” is CH2·.
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Reversed monomeric addition leading to “head-to-head” ( CF2 CF2 ) and
“tail-to-tail” ( CH2 CH2 ) or so-called defect structures occurs. Commercial
grades exhibit a wide range of 3–7 mol% defect structures as determined usu-
ally by nmr (29). The level increases with increasing polymerization temperature
(30). The defect linkages affect significantly the crystallization processes and ul-
timate morphology (31,32).

In the emulsion process, a water-soluble perfluorinated-emulsifying agent
is used to avoid radical scavenging reactions during polymerization and pro-
duce stable latex with a desired solid content. Typically, perfluoroalkylcarboxy-
late salts are cited in many VDF polymerization process patents. VDF can be
polymerized without surfactant similar to conventional monomers (33,34), but
only at low solid contents. Both inorganic peroxy compounds [eg, persulfates] and
organic peroxides [eg, percarbonates (21)] may be employed as initiators. Other
initiator systems such as a redox system (35) or a combination of fluoroaliphatic
sulfinate and bromate (36) can also initiate VDF polymerization. Operating pres-
sures can range from 1 to 20 MPa (10–200 atm) and temperature from 10 to
130◦C. In a typical recipe, the polymer particles are solid and partial crystalline
with diameters ranging from 100 to 250 nm depending upon the surfactant level.
Particles are formed in the early stage by a homogeneous nucleation mechanism
since VDF is in the vapor state. Various chain-transfer agents can be used such
as chlorofluorohydrocarbons, fluorohydrocarbons, esters, and mercaptans.

VDF and suitable comonomers can be polymerized as a microemulsion
where fluorinated oil-in-water microemulsion and fluorinated surfactant are
present (37–39). The core-shell structure of these self-assembling systems and
their distinctive polymerization features along with the range of particle size dis-
tribution have been reported (40).

Colloidal dispersants such as cellulose derivatives or vinyl alcohol are gen-
erally used in suspension polymerization of VDF to prevent coalescence and ag-
glomeration of particles during polymerization. The polymerization pressure is
similar to that of emulsion polymerization. Organic oil-soluble initiators such as
peroxides, peroxycarbonates, or peroxypivalates are used depending upon poly-
merization temperature, which ranges from 20 to 110◦C (41–46). The molecular
weight is regulated using oil-soluble chain-transfer agents such as dialkyl ethers
and dialkyl carbonates. The reactor product is a slurry of suspended particles,
usually spheres 15 to 120-µm diameter (41,43).

A suspension polymerization can be carried out using a radical photoinitia-
tor with uv–visible light. Thus, photogeneration of radicals allows a lowering of
the polymerization temperature (40). Lowering the polymerization temperature
reduces the number of defect structures in PVDF.

Alloys of PVDF and PVDF copolymers with acrylic polymers are produced
by a multistage aqueous dispersion polymerization. These intimately mixed poly-
mer particles have found various industrial applications; particularly, in the
waterborne high performance coasting application. In the early stages of the
polymerization, the fluoropolymer portion is produced under standard condition
with 50- to 150-nm particles. In a later stage, acrylic monomers are added to
the reactor in the presence of persulfates under atmospheric pressure. The final
morphology of the alloy, which ranges from a core-shell to an inter-penetrated
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structure to an intimate blend morphology, depends upon the composition of the
fluoropolymer particles, the acrylic type, and the feed schedule (47–53).

The nonaqueous media used for VDF polymerization is either fluorocarbons
or carbon dioxide under high pressure conditions. Fluorocarbons (54,55) and par-
tially fluorinated hydrocarbons with no significant chain-transfer activities (56)
are reported to be a suitable media for VDF polymerization.

VDF polymerization technology based upon super critical or liquid carbon
dioxide as polymerization media has been reported (57–62). This technology of-
fers an advantage in the polymer isolation step where a clean dry polymer is pro-
duced simply by depressurization. The residual monomer(s) and CO2 can be re-
cycled back to the reactor. PVDF is not soluble in CO2 (58–60) and as a result, ad-
ditional polymeric stabilizers are required to produce stable particles. Adequate
CO2 density for polymerization requires pressure significantly higher (typically
>100 bar) than a conventional emulsion polymerization.

Telomerization of VDF in methanol with tert-butyl peroxide as the ini-
tiator is reported; polymerization kinetics along with telomer characterization
are discussed (63). Microwave-stimulated, low pressure plasma polymerization
of VDF gives a polymer film that is less than 10 µm thick (64). Highly regu-
lar PVDF polymer with minimized head-to-head addition was synthesized (65).
Perdeuterated PVDF has also been prepared and described (66). The effectiveness
of 1,1,1-trifluoro-2,2-dichloroethane (HCFC-123) as a chain transfer agent pro-
ducing thermally stable PVDF in emulsion polymerization has been claimed (67).

Polymer Properties

Compared to the softer and mechanically less robust perfluorocarbon polymers,
PVDF has high mechanical strength, abrasion resistance, and excellent resis-
tance to both creep under long-term stress and fatigue upon cyclic loading (68,69).
It also has excellent thermal stability and resists damage from most chemicals
and solvents as well as from ultraviolet and high energy radiation. Typical de-
sign properties are shown in Table 3 for the homopolymers. The resin form is not
hygroscopic and adsorption pickup is less than 0.05 wt% of surface water under
ambient room conditions.

The properties of PVDF homopolymers and copolymers are sensitive to the
chemical composition, molecular mass characteristics, and molecular architec-
ture. These attributes are dictated by the polymerization method and ingredients,
the method of isolation, and the thermal/mechanical history during isolation and
subsequent processing.

From a composition viewpoint, the choice of initiator and chain-transfer
agent determines end groups that affect thermal stability. These ingredients also
dictate molecular mass characteristics involving the distribution of chain lengths
and the molecular weight affecting processing and, ultimately, those properties
related to the morphology of the solid polymer. The processing, morphology, prop-
erties, and end use performance are affected by the branching, cross-linking, dif-
ferences in the content of defect structures, and other chain irregularities which
exist in the PVDF polymers prepared under different conditions and ingredients.
A 1999 study contrasts two commercial PVDF polymers based upon different
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Table 3. Design Properties of PVDF Homopolymersa

Properties Value or description

Appearance in film form Transparent to translucent
Melting transitions, crystalline, ◦C 155–192
Specific gravity 1.75–1.80
Refractive index, nD at 25◦C 1.42
Mold shrinkage, average % 2–3
Flammability Self extinguishing, no dripping
Tensile strength, MPab

25◦C 42–58.5
100◦C 34.5

Elongation at break, %
25◦C 50–100
100◦C 200–500

Yield point, MPab

25◦C 38–52
100◦C 17

Creep % 25◦C / 13.79 MPab, 10,000 h 2–4
Compressive strength, 25◦C, MPab 55–90
Modulus of elasticity, 25◦C, GPac

In tension 1.0–2.3 (145–334 E3)
In flexure 1.1–2.5 (160–362 E3)
In compression 1.0–2.3 (145–334 E3)

Izod impact, 25◦C, J/md

Notched 75–235
Unnotched 700–2300

Durometer hardness, Shore D scale 77–80
Heat distortion temperature, ◦C

@ 0.455 MPa (psi) 140–168 (20.3–24.4 E3)
@ 1.82 MPa (psi) 80–128 (11.6–18.6 E3)

Abrasion resistance, Tabor CS-17 @ 0.5 kg load, 17.6
mg/1000 cycles

Coefficient of sliding friction to steel 0.14–0.17
Thermal coefficient of linear expansion, ◦C 0.7–1.5 E −4
Thermal conductivity, 25–160◦C, W/(m·K) 0.17–0.19
Specific heat, J/(kg·K) 1255–1425
Water absorption, % 0.04
Moisture vapor permeability @ 1 mm thickness, g/(24 h)(m2) 2.2 E −2
Radiation resistance to Co60, MGy 10–12
Speed of sound, m/s

Longitundinal 1930
Shear 775

Dielectric constant, 23◦C
1 kHz 12.2
1 MHz 8.9
1 GHz 4.7

aValues are ranges for the variety of commercially available grades or representative single point
values. The values for any given test reflect the specific polymerization process and subsequent ther-
mal/mechanical history of the sample. To assure consistent results in some tests, it is essential to
anneal the samples in order to approach a thermodynamically stable morphology. See Ref. 27 for a
compilation of VDF-copolymer properties.
bTo convert MPa to psi, multiply by 145.
cTo convert GPa to psi, multiply by 145,000.
dTo convert J/m to ft·lbf/in., divide by 53.38.
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Alpha trans−gauche conformation

Beta all-trans conformation

Gamma conformation

Fig. 1. Main polymorphs of PVDF.

polymerization chemistries (70), revealing differences in end groups and other
properties related to composition.

Several of the key properties of PVDF homopolymers and copolymers de-
pend upon the crystalline content and type of crystalline structure. The polymer
chains involve long sequences of VDF units and can exist in several conforma-
tions. Figure 1 shows the alpha, beta, and gamma forms. The thermodynamically
more stable alpha form involves a crankshaft configuration of the chain, which
minimizes the steric interference between fluorine atoms along the chain. The
beta form places the fluorines along one face of the chain, which is in a zigzag
conformation. The gamma form is essentially a distortion of the alpha, where
periodically one of the “cranks” is twisted out of the main chain geometry. Two
other forms have been identified under very special conditions (71), but these
so-called delta and epsilon forms are not typical of the structures existing in nor-
mal production or fabrication of parts. The effect of molecular weight and chain
end groups on crystal forms of PVDF oligomers has been studied by several tech-
niques (72) with interesting conclusions about the effect of the size of end groups
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upon conformational disorder in the crystals. A complex morphology involving
the alpha and gamma forms occurs and dominates the spherulitic characteristics
of the PVDF when the melted polymer is allowed to solidify at temperatures near
the melting point (73). The reorganization rate of metastable crystals in PVDF
and HFP-copolymers is dependent upon molecular weight (74).

Amorphous PVDF regions have a density of 1.68 (75), the alpha and gamma
polymorphs 1.92 and 1.93, respectively, and the beta polymorphs 1.97 g/cm3 (76).
The density of the homopolymer PVDF cooled quickly from the melt is 1.76–1.78
g/cm3. The melt density of PVDF homopolymers and VDF/HFP-copolymers is ap-
proximately 1.45–1.48 g/cm3 at 230◦C and 1 bar (77), ie a volumetric shrinkage
factor of almost 20% occurs in cooling from the melt to the solid.

Depending upon the conditions, the linear PVDF chain configurations crys-
tallize into spherulites that are lamellae of polymer chain segments. The alpha
configuration is the thermodynamically stable form and predominates in the solid
when molten PVDF is cooled. The beta configuration occurs in mixtures with car-
bonyl functional polymers or when a PVDF film sample is stretched. The gamma
form will develop when solid PVDF is exposed to certain chemicals. The heat of
crystallization is high ranging from 50 to 58 J/g. The rates of crystallization are
not only dependent upon backbone chain conformation dynamics, but also reflect
the polymerization technique, which determines defect structures and end groups
as well as molecular mass characteristics. PVDF crystallization may be nucleated
by a variety of agents. In the absence of nucleating agents, emulsion PVDF sam-
ples show small crystallites developing slowly from the molten state compared
to suspension polymer samples, which will show rapid development of very large
crystallites under the same thermal conditions (rate of cooling and hold times at
temperatures).

Many of the performance related properties (Table 3) in a given application
(Table 4) depend upon the crystalline characteristics of the part. Interestingly,
the content of defect structures determines the crystalline form; in the range of
11–14% levels, the beta form develops, whereas the alpha predominates at either
extreme of this range (71,73,106). A detailed review of the effects of crystalliza-
tion conditions upon the phases and morphology includes a summary of crys-
tallographic, infrared, and thermal studies as well as related scanning electron
microscopic evidence (5). The crystallization behavior of a mixture of PVDF sam-
ples, one with a low and the other a high content of defect structures, led to the
interesting observation that the blended mixture crystallized faster than crys-
tals formed in the individual samples (107), again emphasizing the importance of
defect structures in affecting the properties of PVDF.

The complicated PVDF chain dynamics and the strong thermodynamic driv-
ing force to crystallize confer a complex set of intrinsic transitions as a func-
tion of temperature, which ultimately are reflected in the physical properties
and behavior under various test conditions. The heat of fusion is approximately
100 J/g and depends upon the level of defects in the sample. Thermodynamic
data for the amorphous and crystalline PVDF are tabulated at the website
web.utk.edu/∼athas/databank/vinyl/pvf2

The glass transition (Tg) of the amorphous PVDF regions is in the range of
−40 to −30◦C, depending upon the sample and test method. Other sub-Tg tran-
sitions have been studied recently by dielectric relaxation spectroscopy (108).
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These studies also indicate correlations with other techniques and identify a
50◦C molecular chain transition as probably related to the amorphous region
at the surfaces of crystals (109). Permeation characteristics are very sensitive
to these transitions as well as the usual environmental parameters (110). Water
molecules trapped in the amorphous regions are monomeric, not associated and
clustered as in the liquid state (111).

The crystalline content in homopolymer PVDF samples that solidify quickly
from the molten state is typically near 50%, increasing with time to higher levels
approaching as a maximum 70%, again dependent upon the method of prepara-
tion and finishing. Because of the high crystallinity, the hardness or resistance to
indentation of solid PVDF samples is retained up to within 10–15◦C of the soften-
ing and melting transition region. Copolymers of VDF show lower levels of crys-
tallinity (25–40%) depending upon the level of the comonomer and the method of
preparation.

Unlike most crystalline polymers, PVDF exhibits thermodynamic compati-
bility with other polymers (112). Blends of PVDF and poly(methyl methacrylate)
(PMMA), are miscible over a wide range of compositions (113–115). A variety of
analytical techniques indicates specific hydrogen bonding between the oxygen
of the carbonyl group and the acidic hydrogens along the PVDF chain (116).
The same phenomenon explains the types of effective solvents for PVDF: cy-
clohexanone, dimethylsulfoxide, dimethylacetamide, phosphate esters, and other
liquids with carbonyl functionality. Generally, the morphology of the polymer
blends becomes even more complex than for the homopolymer PVDF because
the polar or hydrogen-bonding interactions are not strong enough to overcome
the strong thermodynamic driving force for PVDF crystallization. Studies indi-
cate that the beta PVDF chain conformation develops in blends with acrylic poly-
mers (116,117). Recently, blends with polymers containing imide moieties have
been claimed (118). Ternary blends of PMMA, poly(vinyl acetate), and PVDF
have been studied as a completely miscible system (119). Addition of 10–30 wt%
PMMA improves the transparency of the PVDF films or coatings in the uv–visible
spectrum. The relationship between the optical transmission and compatibility of
PVDF/PMMA blends is reported (120); in general, films of the blends with at least
15 wt% PMMA are very transparent (>90% transmissivity).

Fabrication and Processing

PVDF is available commercially in a wide range of melt flow rates and with vari-
ous additives to enhance processing or end use properties. A variety of forms are
available—latex and fine powders from emulsion processes and granules from
either suspension or emulsion processes.

In melting processes, it is essential to consider the full range of shear rate
characteristics of the polymer. Moreover, polymerization techniques have been de-
veloped which make different versions of the same composition and polymeriza-
tion ingredients behave rheologically differently. The rheological characteristics
specified for a given commercial PVDF grade should be a consideration in devel-
oping a melt-based process to produce parts. Figure 2 shows the different shear
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Fig. 2. Rheological profiles for two commercial PVDF grades. The melt rheology con-
verges at high shear rates above 100 rad/s.

behavior of two homopolymer PVDF samples prepared by polymerization with
different recipes. Hence, a process such as fusion of powders to a contiguous film
requires Newtonian flow at zero shear conditions (curve A), which is achieved by
a narrow molecular weight distribution and low molecular weight mass. A high
speed extrusion generally would proceed with less surface fracture or melt in-
stabilities given a broad molecular weight distribution or shear-thinning melt,
which is sample B, having a high molecular weight mass.

Both homopolymers and copolymers may be shaped from the molten state
without extrusion aids or thermal stabilizers. A broad operating window exists
for melt processing between the points when crystallites begin to melt and the
onset of thermal decomposition. Figure 3 superimposes the thermal gravimet-
ric analysis (tga) curve and the differential scanning calorimeter (dsc) graph for
the melting phenomenon. Conventional equipment is used in processing molten
PVDF. Longevity of equipment can be extended with special alloys on surfaces
that contact the melt, but usually are not necessary.

All the common extrusion and molding techniques can be used to process
PVDF into shapes. Typical molding temperatures in the cylinder and nozzle are
180–240◦C for injection types, and for molds are 50–90◦C. As a crystalline poly-
mer, it shows relatively high mold shrinkage of about 3%, reflecting the high
degree of crystallization and the difference between the solid and molten den-
sities as mentioned earlier. In most cases, it is prudent to develop appropriate
post-forming annealing cycles, typically 15◦C or more above the crystallization
temperature (Table 3), to stabilize the parts. Hence, the design of molds requires
careful considerations of final part tolerances before cutting metal.



70 VINYLIDENE FLUORIDE POLYMERS (PVDF) Vol. 15

Fig. 3. Thermal gravimetric analysis and differential scanning calorimetry of a PVDF
homopolymer.

PVDF is not hazardous under typical melt processing conditions. At tem-
peratures approaching 300◦C, the onset of a thermal degradation will be evident
as a darkening of the resin. This discoloration arises from the dehydrofluori-
nation reaction forming the conjugated polyene structures that absorb strongly
in the visible spectrum. It is helpful, in fact, as a very sensitive indicator of
overheating. Immediate remedial action should be taken to reduce the heat. At
temperatures well above 300◦C and approaching 350◦C, thermal decomposition
accelerates, leading to release of hydrogen fluoride. The tga curve (Fig. 3) shows
that the decomposition is essentially quantitative with respect to carbonaceous
residue and hydrogen fluoride evolution at about 400◦C.

Before ingredients are added to PVDF to make compounds, a thorough lab-
oratory study should be conducted in properly vented ovens at temperatures
that might be encountered in the range of operating conditions. Certain addi-
tives such as titanates and silicates catalyze the thermal decomposition of molten
PVDF at temperatures lower than typical for the natural resin, leading to dan-
gerously high pressures in the equipment because of by-product gases. Gener-
ally, metal oxides catalyze degradation at high processing temperatures, eg, the
oxides of titanium, manganese, and iron. Resin producers should be consulted
for melt processing recommendations whenever additives are utilized in com-
pounds. Frequently, the compounds include an acid-scavenging agent like zinc
or calcium oxide to react with any hydrogen fluoride that might form during
processing.

Coextrusion and lamination processes have been described extensively in
the patent literature. The technology usually involves multilayer structures uti-
lizing, as an adhesive layer, a compound of PVDF with another material, which
provides the bonding to the substrate. In this way, the full benefits of a thin film
of PVDF may be realized (121). Another approach using acrylic alloys with PVDF
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sometimes achieves adherence to various substrates without the “tie layer” nec-
essary for the pure PVDF film (122). The full breadth of options available by
these technologies to protect surfaces with weatherable PVDF surfaces has been
reviewed (123). Surface PVDF layers on polyolefins has been a particular technol-
ogy of interest with respect to suitable finishes in cost effective parts for exterior
automotive and agricultural equipment applications (124).

Powder grades usually are used whenever compounds are prepared in order
to achieve homogeneity of the blends. Latex grades are utilized in some applica-
tions where it is possible to dry and fuse the material under conditions producing
a coating upon the substrate, typically fabrics.

Solid PVDF parts may be joined by various fusion methods; the manufactur-
ers should be consulted for recommendations. Fusion methods are preferred over
solvent joints because the strength is much greater and for the ease in prepara-
tion. Vibration welding has been practiced. Because of the high dielectric loss, ie
absorption of microwave electromagnetic radiation, rf-induction heating methods
have been used to soften or melt PVDF parts. Welds may be particularly suscep-
tible to stress cracking in strongly basic solutions where discoloration develops
as a result of dehydrofluorination (7,8).

Economic Aspects

The extensive use of PVDF has developed in spite of the relatively high price and
specific gravity compared to the commodity nonfluoroplastic polymers and the
widely known thermoplastic engineering resins. Compared to all other common
fluoropolymers, PVDF is the least expensive on a volume basis. Over the last
decade the market pricing of standard PVDF grades has remained remarkably
constant around $14–15/kg. See www.plasticstechnology.com for updated pricing
comparisons.

Health and Safety Factors

PVDF is nontoxic, odorless, and has no taste. Extraction testing has led to a list-
ing with the FDA as being suited to single use contact with food (125); this applies
to both homopolymer and copolymers with low content of HFP (<20 wt%). Vari-
ous manufacturers have qualified specific grades with appropriate agencies and
standards organizations for a variety of applications including potable water sys-
tems, home construction, medical applications, food contact, and packaging. Some
of the agencies or standards involved are the U.S. Department of Agriculture, 3A
Sanitary Standards, Food & Drug Administration, National Sanitation Founda-
tion, U.S. Pharmacopeia USP Class 6, and others. See the producers websites for
specific applications having the appropriate approvals.

PVDF powders are not explosive, but the MSDS guidelines for personal pro-
tective equipment should be followed. The powder is not removed readily by dry
cleaning; it should be brushed from dark clothing. Storage of large quantities of
PVDF should adhere to local regulations regarding possible hazards in fire envi-
ronments.
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Uses

The major applications of PVDF are summarized in Table 4. Since the 1996 ver-
sion of this encyclopedia series (3), an increasing interest has developed in the
use of PVDF as a binder and polymeric separator in lithium ion batteries. The
literature since 1998 also has numerous references to the use of PVDF in fuel
cells, eg, in membranes (102) and electrodes (126); it is a technology anticipated
to become a significant factor in electrical vehicles before 2010. These two tech-
nology areas, both of which reflect the electrochemical stability and chemical
resistance attributes of PVDF, may lead to major applications for PVDF. In a
related application area, the use of PVDF films for electrostatic capacitors is be-
ing investigated because it has a very high DC current breakdown voltage (770
MV/m) and a large maximum energy density capability (28.9 J/cm). Both at-
tributes are related to the very high dielectric constant (Table 3) (103). Note that
some PVDF grades are more suited to this application by virtue of purity than
others are because ionic impurities lead to dielectric breakdown at relatively low
voltages.

Several Japanese patent applications since 1992 discuss the processing
technology necessary to manufacture monofilaments for fishing lines and nets
or other monofilament applications, which must have extremely high tensile
strength and knot strength (127). It is claimed that PVDF monofilaments are
not visible to the fish in seawater (refractive index ≈ 1.31 compared to 1.42 for
homopolymer PVDF).

Since the original Timmerman patent in 1964 (128) on the radiation re-
sponse of PVDF, the use of PVDF in wire and cable applications has increased
dramatically with electron beam irradiation as the key process step to cross-link
the PVDF compounds for higher temperature capability (93,94). In general, the
copolymers cross-link more efficiently than homopolymer grades. A certain PVDF
homopolymer, which is polymerized at high temperatures with organic peroxides,
seems to be an exception among the various homopolymer grades. Presumably,
because of the particular polymerization process, this resin has been used as insu-
lation on signal wiring since the late 1970s; it can be extruded at very high rates
and cross-links more readily under ebeam irradiation than other homopolymer
grades. PVDF polymers cannot be considered a generic grouping like polyethy-
lene, which according to density or polymerization catalyst have essentially the
same properties. PVDF properties and suitability for any given application are
a sensitive function of the polymerization and isolation methods of the polymer,
which differ for each producer.

Table 3 indicates the excellent radiation resistance to 61 Mev beta emis-
sions from cobalt-60. A process to etch “tracks” of high energy, heavy nuclei
in PVDF films has been developed in order to make nuclear track microfilters
(129).

Another recent advance in PVDF technology involves coating applications
using the acrylic–fluoropolymer lattices which are produced by sequential poly-
merizations (see as given earlier). Initial reports indicate improved paint proper-
ties than heretofore produced by mixing and blending techniques (130).

As space exploration, development of speciality military and oceanic equip-
ment, and advances in telecommunication equipment and connection systems
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evolve during the next millennium, the use of PVDF will expand because of its
unique set of properties and useful functions in various designs. In addition,
the ease of processing by a variety of techniques into complex shapes and rel-
atively simple and straightforward fabrication methods will be significant factors
in choosing PVDF for these future applications.

BIBLIOGRAPHY

“Vinylidene Fluoride Polymers” in EPST 1st ed., Vol. 14, pp. 600–610, by J. Dohany, A. A.
Dukert, and S. S. Preston II, Pennwalt Corp.; in EPSE 2nd ed., Vol. 17, pp. 532–548, by
J. E. Dohany and J. S. Humphrey, Pennwalt Corp.; in EPST 3rd ed., Vol. 4, pp. 510–533,
by J. S. Humphrey and R. Amin-Sanayei, Atofina Chemicals Inc.

CITED PUBLICATIONS

1. J. E. Dohany in R. B. Seymour and G. S. Kirshenbaum, eds., High Performance Poly-
mers: Their Origin and Development, Elsevier Science Publishing Co., New York,
1986, p. 287.

2. C. K. Brennen, in Fluoropolymer 2000, Conference Sponsored by the ACS Division of
Polymer Chemistry, Oct. 15–18, 2000.

3. J. E. Dohany, in J. I. Kroschwitz, ed., Encyclopedia of Chemical Technology, 4th ed.,
Vol. 11, Wiley-Interscience, New York, 1994 p. 694.

4. B.-J. Jungnickel, Polymeric Materials Encyclopedia, CRC Press, New York, Vol. 11,
1996 pp. 7115–7127.
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VISCOELASTICITY

Introduction: Perspectives on the Fundamentals of Polymer
Viscoelasticity

Viscoelasticity is a phenomenon that has been known since the middle of the
nineteenth century when workers such as Weber (1), the Kohlrausches (2), and
others were interested in using natural fibers, such as silk, to hold needles in
measuring devices such as ammeters. They found hysteretic and time-dependent
effects that were difficult to explain fully and to characterize. Later, Boltzmann
(3) developed his superposition principle and linear viscoelasticity began to have
a formal framework for understanding the phenomenology of the inelastic effects
observed earlier (4). While other early pioneers such as Andrade (5) and Zener
(6) observed anelasticity or viscoelasticity in metals, the real impetus for under-
standing viscoelasticity came with the commercial development in the middle
of the twenieth century of high molecular weight polymers. One reason for this
is that polymers exhibit non-Newtonian behavior in the melt state, which is at-
tributable to both elastic effects and shear-rate-dependent viscosity. This leads to
important time and rate effects during the processing of polymers. In addition,
once processed, polymers are generally used at less than 200 K from the glass-
transition temperature. Hence, even in the “solid-like” state, polymeric materials
exhibit time- and frequency-dependent mechanical (and other) properties that
have been categorized as viscoelastic. In the current work, the linear and nonlin-
ear viscoelastic responses of polymers from both phenomenological and molecular
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views are surveyed. An overview of the viscoelastic behavior of polymers in solu-
tion, melt, glassy, and semicrystalline states is provided.

Material Functions—Linear Viscoelasticity. One of the most impor-
tant aspects of both the phenomenological and the molecular theories of viscoelas-
ticity is the ability to characterize the material functions. The material functions
are the properties that allow one to relate the stress response to a strain (de-
formation) history and vice versa through a constitutive equation. In linear vis-
coelasticity theory, generally isotropic descriptions are dealt with; that is, the
properties are the same in all directions. However, a material may be anisotropic
and still have properties that vary with the direction of the test (7). Here only the
isotropic case is considered and it is recognized that straight forward extensions
can be made to the anisotropic case. In addition, only homogeneous materials,
for which the properties are the same at all points within the material, only are
discussed.

Stress and Strain Definitions. As remarked, the material functions relate
the stress and strain responses of the material through a constitutive equation.
For the elastic material, there is no time dependence and the relationships are
relatively simple. In the case of linear viscoelasticity, equations that take into
account the time history of the stresses or strains are required. First, stress and
strain are defined.

The infinitesimal strain tensor is defined in various ways; here the notation
of Timoshenko and Goodier (8) is adopted in terms of the displacements ui of a
material element and as depicted in Figure 1a.

εi j = 1
2

(
∂ui

∂xj
+ ∂uj

∂xi

)
(1)

and the full strain matrix in terms of the εij is written as

εi j =
⎡
⎣ ε11 ε12 ε13

ε21 ε22 ε23
ε13 ε23 ε33

⎤
⎦ (2)

Similarly, the stress tensor can be defined in terms of the forces acting on
the faces of an element and these are given by the following expression (see
Fig. 1b):

σi j =
⎡
⎣σ11 σ12 σ13

σ21 σ22 σ23
σ13 σ23 σ33

⎤
⎦ (3)

Note that when i �= j, it is common to write the shear strain γ ij = 2εij and
shear stress τ ij = σ ij. In addition, γ ij = γ ji and τ ij = τ ji.

Elastic Material Functions. The material functions that are used here for
an isotropic, elastic material are the shear modulus G, the extensional modulus
E, the bulk modulus K, and the Poisson’s ratio ν. However, any two of these pro-
vides the full set of information needed to describe such a material, as they are



Vol. 15 VISCOELASTICITY 79

Fig. 1. (a) Three-dimensional depiction of elementary material point (dx, dy, dz) and the
two-dimensional sketch of the displacements in the x and y directions of the cube that
define the strains. The displacement of the point P has components u, v, w, and the dis-
placement in the x direction of a nearby point A is u + ∂u/x; and the increase in length of
PA due to a deformation would be (∂u/∂x) dx, making the unit elongation in the x direction
∂u/∂x. Similarly, unit elongations in the y and z directions would be given by ∂v/∂y and
∂w/∂z. After Timoshenko (8). (b) Considering the distortions of the angular elements PA
and PB in this two-dimensional depiction, the displacements of the point A in the y direc-
tion and of B in the x direction are given by v + (∂v/∂) dx and u + (∂u/∂y) dy, respectively.
The small angles in the figure (distortion of the P′B′ and P′A′ relative to PB and PA) are
given by ∂v/∂x and ∂u/∂y. Hence, it is seen that the original right angle APB distorts to
A′P′B′ by an amount (∂v/∂x + ∂u/∂y), which is the shearing strain between the planes xz
and yz. After Timoshenko (8). (c) Representation of the components of stress acting on an
elementary cube. After Timoshenko (8).

not all independent. For simple deformations, the definitions of these moduli are

Extensional modulus: E= σ11

ε11

Bulk modulus: K = P
εv

where P = σ11 + σ22 + σ33

3
and εv = ε11 + ε22 + ε33

Poisson’s ratio: v = ε11

ε22
(4)
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And the relations between the moduli are

G= E
2(1 + v)

K = E
(1 − 2v)

E= 9KG
3K + G

(5)

and one more constant referred to as the Lamé constant λ is defined as

λ = vE
(1+v)(1 − 2v)

(6)

The ways in which the moduli are obtained through experimental measure-
ments are discussed subsequently. Still working with an elastic material, one can
now define the relationships between the stresses and the strains. In this case,
this is the linear elastic constitutive relation:

σi j = λδi jεkk+2Gεi j (7)

where δij is the Kronecker delta. For simple geometries of deformation, such as
those used in experiments, equation 7 can be simplified as

Simple extension: σ11 = λεkk + 2Gε11 = Eε11

Simple shear: σ12 = τ12 = λεkk(0) + 2Gε12 = Gγ12
(8)

Hence, one can relate the stresses to any applied state of strain. Further-
more, the strains can be determined as functions of the applied stresses. Note
that, in general, the theory of elasticity does not demand the development of
compliance functions, which relate strains to stresses, as they are the inverse of
the moduli. In the case of viscoelasticity, this is not so, and both modulus and
compliance functions are developed in the next section.

The Viscoelastic Material Functions. In linear viscoelasticity, the mod-
uli discussed for the elastic case can be recast as time- or frequency-dependent
functions. The same is true for the compliance functions that are discussed here.
For simplicity, consider the shear modulus G which becomes G(t) or G∗(ω) in the
case of the viscoelastic material. An important point here is that the viscoelastic
modulus functions all exhibit time (frequency) dependence. Hence, one will have
functions for K(t) and E(t) [or, eg, G(t) and ν(t)] and these are required in the case
of a three-dimensional strain or stress field.

The general approach to discussing linear viscoelasticity comes from the
Boltzmann superposition principle represented as a convolution integral. For the
shear stress as a function of shear strain, one obtains

τ12(t) =
∫ t

0
G(t − t′)

dγ12

dt′ dt′ (9)
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and for the strain as a function of the stress,

γ12(t) =
∫ t

0
J(t − t′)

dτ12

dt′ dt′ (10)

Here it is emphasized that the definition of the elastic compliance J = 1/G is
not valid for the viscoelastic compliance J(t) used in equation 10. Rather it is
the complex compliance J∗(ω) = 1/G∗(ω). In addition, all the linear viscoelastic
functions can be related one to the other. Full discussion of these relationships
can be found in Ferry (9) and Tschoegl. (10).

As shown above, the material functions and the constitutive equation de-
termine the relationships between the stresses and the applied deformations or
vice versa. Hence, understandings of both the material functions and the form of
the constitutive law are important to successful use of our current knowledge of
the viscoelastic behavior of polymers. The material functions alone can give much
insight into molecular viscoelasticity and the general time-dependent behavior of
the material. Combined with the constitutive laws (eqs. 9 and 10), the material
functions give a predictive capability of material performance in arbitrary loading
histories. The next section first discusses these aspects of the material functions,
using simple mechanical analogues that give some sense of viscoelastic behavior.
This is followed by examples of the Boltzmann superposition represented in equa-
tions 9 and 10. Finally, the meaning of linear viscoelastic behavior is discussed as
a potential means to gain insight into molecular behavior in polymers.

Mechanical Analogues.
The Maxwell Model. In the above development, discussion moves from

elastic behavior to viscoelastic descriptions of material behavior. In a simple
sense, viscoelasticity is the behavior exhibited by a material that has both vis-
cous and elastic elements in its response to a deformation or load. In early days,
this was often represented by elastic or viscous mechanical elements combined in
different ways (9–12). The simplest models are two element models that contain
a viscous element (dashpot) and an elastic element (spring). The dashpot is as-
sumed to follow a Newtonian fluid constitutive law in which the stress is related
directly to the strain rate by the following expression:

τ12 = η0γ̇12 (11)

and the spring is assumed to be linearly elastic:

τ12 = Gγ12 (12)

and when they are combined in series to form a Maxwell model the response is
the combined response of the two elements. The Maxwell model is represented in
the insert in Figure 2.

Now, imagine deforming the Maxwell model by applying a constant strain
to it at a time t = 0. The deformation is held constant and the stress is monitored.
Figure 2 shows the mechanical response of the Maxwell model to an applied de-
formation. The first (early time) response is that the “material” responds only
elastically because the viscous damper initially behaves rigidly (at infinite rate
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Fig. 2. Relaxation of the modulus in a stress relaxation experiment for a Maxwell el-
ement (insert). The construction shows two ways in which the relaxation time λ can be
determined.

of strain). The total deformation of the element remains constant, but it redis-
tributes itself between the spring and the dashpot. This results in stress relax-
ation that occurs exponentially with time:

G(t) = τ12(t)
γ12

= Ge− t/λ (13)

And the reader is reminded that the stress is relaxing at constant strain. Fur-
thermore, equation 13 allows one to introduce the concept of a relaxation time

λ = η0

G
(14)

that is, the characteristic time for the stress in the Maxwell element to decay to
1/e of its initial value (see Fig. 2). (Note the use of the symbol λ as the relaxation
time and not the Lamé constant given previously. Also, τ is often used as the
symbol to represent the relaxation time, but τ is used here for the shear stress.)

The Kelvin–Voigt Model. The other two-element mechanical model for vis-
coelasticity is the Kelvin–Voigt model in which the spring and dashpot are in
parallel. In this model, the deformation or creep response to the imposition of a
constant load is illustrated. In this instance a constant load is applied at t = 0
and the deformation is monitored. The Kelvin–Voigt model and its response are
illustrated in Figure 3. The material property of interest in this case is the creep
compliance J(t) and it is written as

J(t) = γ12(t)
τ12

= 1
G

(1 − e− t/λ) (15)
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Fig. 3. Creep and recovery response for a Kelvin–Voigt model (insert).

And, now, the characteristic time λ is referred to as the retardation time because
of the retarded elasticity of the material. That is, initially the load is carried by
the viscous dashpot and then redistributes until, at long times, the load is car-
ried fully by the elastic spring. Figure 3 shows the response to a loading history
in which the load is applied for 100 s and then reduced to zero. Both the creep
strain γ (t) and the recoverable strain are depicted in the figure. The recoverable
compliance would be obtained from the recoverable strain and the applied stress
as JR(t) = γ R(t)/τ 12, but only when the material has reached its equilibrium re-
sponse is this a material property.

The Burgers Model. As a preview to the viscoelastic behavior of polymers,
we next consider the four-element Burgers model that captures a “minimum” set
of behaviors that is seen in polymeric materials and as discussed here (13). The
insert in Figure 4 shows the Burgers model as a Maxwell model in series with a
Kelvin–Voigt model. As shown in Figure 4, upon application of a constant stress
τ 12 for a time t1 followed by its removal, the model captures the following aspects
of polymer viscoelasticity:

(1) “Instantaneous” elasticity or elastic recovery (spring element G1)
(2) Molecular “slip” (viscous element η1)
(3) “Entropic” or rubbery elasticity (spring G2)
(4) “Retarded” elasticity (Kelvin–Voigt element G2 is retarded by η2)

Polymers, as seen later, show more complex viscoelastic behaviors than does
the Burgers model, but the essentials are in the Burgers model. The “instanta-
neous” elasticity can be thought of as the “glass-like” response; the molecular
“slip” is the terminal response, as the long polymer molecules slide past each
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Fig. 4. Creep and recovery response for a Burgers model (insert), showing the four re-
gions of “polymer-like” viscoelastic response as discussed in text. After Rosen (13), with
permission.

other and disentangle; the entropic elasticity occurs because of the long chains
being entangled like a three-dimensional network of “entropic springs”; and the
retarded elasticity occurs because of the resistance of the polymer melt to the
forces applied by the spring. The equation for the creep compliance of the Burg-
ers model is

J(t) = 1
G1

+ 1
G2

(1 − e− t/λ)+ t
η1

(16)

where λ = η2/G2. Upon unloading, the recoverable compliance JR(t) is

JR(t) = J(t) − t
η

(17)

Note that equation 17 is the general equation for the recoverable compliance
regardless of the model. Figure 4 gives a simplified sense of what the various
aspects of polymer viscoelastic behavior are, although the actual behavior is more
complex.

General Models. Clearly, one can add up springs and dashpots in a great
number of ways. It is common practice to use either a generalized Maxwell model
or a generalized Kelvin–Voigt model. The generalized Maxwell model, which is
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Fig. 5. (a) The generalized Maxwell model. (b) The generalized Kelvin–Voigt model.

simply a set of Maxwell elements in parallel, is shown in Figure 5a. The gener-
alized Kelvin–Voigt model, which is a set of Kelvin–Voigt elements in series, is
shown in Figure 5b. The choice of model is primarily a matter of convenience
because it is possible to find a conjugate Maxwell model to any Kelvin–Voigt
model and vice versa (10). However, the moduli are most easily described with
the Maxwell model and the equations for these are

G(t) = G0 +
N∑

i = 1

Gie− t/λi

G′(ω) = G0 +
N∑

i = 1

Giω
2λ2

i

1+ω2λ2
i

G′′(ω) =
N∑

i = 1

Giωλi

1+ω2λ2
i

(18)
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and the compliances are most easily described using the generalized Kelvin–Voigt
model:

J(t) = Jg +
N∑

i = 1

Ji(1 − e− t/λi ) + t
η0

J′(ω) = Jg +
N∑

i = 1

Jiω
2λ2

i

1+ω2λ2
i

J′′(ω) =
N∑

i = 1

Jiωλi

1+ω2λ2
i

+η0

ω

(19)

The equation sets 18 and 19 provide a means of fitting experimental data
to an arbitrary accuracy. It is important to remark, however, that the problem of
actual fitting of data, while easier today than in the past because of the preva-
lence of high speed personal computers and commercial software, is nontrivial,
and the reader who is interested in details of the treatments should refer to the
appropriate literature (14–19).

Interrelationships among the Viscoelastic Material Functions. There is
a continuing disagreement within the molecular viscoelasticity community about
which of the above methods should be used to characterize a material (20). In
fact, if one can obtain the zero shear rate viscosity and any of the other functions,
these methods are all equivalent. The issue, however, revolves around the fact
that some features that appear in the dynamic modulus disappear if the compli-
ance is used as the function to represent the data and vice versa. Also, some mea-
surements are more or less dominated by the viscosity contribution. As a result,
some problems of misinterpretation of data could be averted if workers who pre-
fer modulus representations would calculate the compliances. In addition, those
who measure the compliance should calculate the moduli in order to provide the
data in the format that is more common in the field because of the large number
of commercial instruments that obtain dynamic moduli. The advent of modern
software packages that make the interrelationships easily calculated makes this
dispute seem to go away. The pathways to determine the different material func-
tions, one from the other, are shown in Figure 6.

Boltzmann Superposition and Linear Behavior.
The Phenomenology of the Linear Theory of Viscoelasticity. One of the

powers of the linear viscoelasticity theory is that it is predictive. The constitutive
law that comes from Boltzmann superposition theory requires simply that the
material functions discussed above be known for a given material. Then, for an
arbitrary stress or deformation history, the material response can be obtained.
In addition, the elastic–viscoelastic correspondence principle can be used so that
boundary value problems such as beam bending, for which an elastic solution ex-
ists, can be solved for linear viscoelastic materials as well. Both of these subjects
are treated in this section.

Boltzmann Superposition and the Constitutive Law for Linear Viscoelas-
ticity. The underlying assumption of the Boltzmann superposition principle is
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Fig. 6. Chart showing the paths to interrelate the linear viscoelastic material functions.
Equation numbers refer to Chapter 3 of Ferry’s book (9) unless otherwise indicated. Deter-
mination of G′(ω) from G′′(ω) and J′(ω) from J′′(ω) and vice versa comes from the Kramer–
Kronig relation and is discussed in Tschoegl (10).

that responses to loads or deformations applied to a material at different times
are linearly additive. This set of assumptions leads to the constitutive laws of lin-
ear viscoelasticity theory which can be considered as a linear response theory. For
discussion purposes, consider a Maxwell material that is subjected to a two-step
deformation history. The history is such that a deformation γ 1 = �γ 1 is applied
at a time t = 0 and an additional deformation �γ 2 is applied at a time t1 so that
γ 2 = γ 1 + �γ 2. This can be carried on for as many steps as desired, as depicted
in Figure 7a. The stress response to this deformation history is written as

τ (t) =
N∑

i = 1

�σi(t − t′
i ) =

N∑
i = 1

�γiG(t − t′
i ) (20a)

For N = 2

τ (t) = �σ1(t − t′
1) + �σ2(t − t′

2) (20b)

but t′1 = 0 and t′2 = t1; therefore

τ (t) =�σ1(t) + �σ2(t − t1) = �γ1G(t) + �γ2G(t − t1)

= γ1G(t) + (γ2 − γ1)G(t − t1)
(20c)
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Fig. 7. (a) General step-strain deformation history relevant to Boltzmann-type linear
superposition. (b) Schematic of stress additivity of responses for a Maxwell model in a
two-step strain history (see text for discussion).

Figure 7b illustrates the way in which the responses add for a two-step his-
tory in which each step has the same magnitude. Equation 20a is the general
form and is the discrete form of the linear superposition principle cast as a simple
shear. It shows the simple linear additivity of the responses. A similar equation
could be written for the strain response in terms of the stresses for a creep history.
The equations can easily be generalized to include the full range of strains and
stresses discussed in the next section. Furthermore, the responses can be written
in terms of convolution integrals:

τ (t) =
∫ t

0
G(t − t′)

dγ

dt′ dt′ (9)

γ (t) =
∫ t

0
J(t − t′)

dτ

dt′ dt′ (10)

Equations 9 and 10 can be solved for arbitrary strain (stress) histories to
obtain the material stress (strain) response. Solution for the step-deformations
requires use of the “unit Heaviside function” and is discussed in detail by
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Tschoegl (10) and by Findley, Onaran and co-workers. (21) Wineman and Ra-
jagopal (22) deal with the step-strains, using Riemann–Stieltjes integrals. Other
histories are more directly solvable. Also, in the linear theory the limits on the
integral can be written from 0 to t rather than from −∞ to t (9,10,21,22).

The final point of the current section is to illustrate that linear viscoelastic-
ity can give rise to what looks like a “nonlinear” response. The typical example
comes for a constant rate of deformation experiment. If a generalized Maxwell
model is assumed, the material can be subjected to a constant rate of strain and
a stress–strain curve can be plotted. As shown in Figure 8a, even though the the-
ory behind equations 20a (or eqs. 9 and 10) is completely linear, one observes that
the stress–strain response appears to be nonlinear. This is an illustration of the
practicality of understanding viscoelasticity and of understanding the complex
time-dependent behavior of polymeric materials. In addition, the linearity of the
responses is illustrated in Figure 8b, where all the curves from Figure 8a collapse
to a single curve when τ /(dγ /dt) vs γ /(dγ /dt), (22) is plotted.

Elastic–Viscoelastic Correspondence Principle. One of the difficulties in
working with time-dependent materials is solving for their response in actual
conditions. For example, a composite aircraft wing might be considered as a vis-
coelastic beam subjected to bending moments (see Fig. 9). The problem can be
solved by applying the viscoelastic constitutive equations to the problem, but in
many instances this approach is tedious. Fortunately, it was shown that many
classes of viscoelastic boundary-value problems can be solved if the elastic so-
lution is known (23). This is referred to as the elastic–viscoelastic correspon-
dence principle. One substitutes the Laplace transform of the viscoelastic ma-
terial functions for their elastic counterparts into the elastic solution. Inversion
of the Laplace transform gives the time-dependent response of the material. In
the case of the pure bending of the beam just mentioned, the elastic solution for
the displacements, stresses, and deflection can be written as follows (21):

Strain: ε(t) = − M(t)y
Ee I

Stress: σ (t) = − M(t)y
I

Deflection:
d2w(x,t)

dx2 = M(t)
Ee I

(21)

where M(t) is the applied moment, y is the beam half thickness, I is the moment
of inertia of the beam, and Ee is the elastic modulus. In the case of the viscoelastic
beam, we first take the Laplace transform for the time-varying parameters and
then substitute sÊ(s) for Ee. Then (see Ref. 21)

Strain: ε̂(s) = − M̂(s)y

sÊ(s)I
= − y

I
Ĵ(s)sM̂(s)

Stress: σ̂ (s) = − M̂(s)y
I

Deflection:
d2w(x,s)

dx2 = M̂(s)

sÊ(s)I
= Ĵ(s)sM̂(s)

I

(22)
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Fig. 8. (a) Stress–strain plot for a generalized Maxwell model to different strain rates,
as depicted in figure. Plot shows “nonlinear” stress–strain behavior in spite of material
model (Maxwell) following laws of linear viscoelasticity (see text). (b) Stress and strain
data from different strain rates given in (a) divided by strain rate dγ /dt, demonstrating
that material model follows linear viscoelasticity (see text).
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Fig. 9. Schematic of the beam-bending problem. After Findley et al. (21).

Note that the relationships between the viscoelastic compliance and the re-
laxation modulus are given by

sÊ(s) = 1

sĴ(s)
(23)

Inversion of equation 22, using the convolution transform, gives

ε(t) = − y
I

∫ t

0
J(t − t′)

dM(t)
dt′ dt′

σ (t) = − M(t)
I

d2w(x,t)
dx2 = 1

I

∫ t

0
J(t − t′)

dM(t)
dt′ dt′

(24)

And integration of the hereditary integrals for strain and deflection gives the
solution to any applied history of the moment M(t). A note of caution, however,
arises for mixed conditions in which the interface between the stress and the
displacement boundaries is not constant. In such cases the elastic–viscoelastic
correspondence principle is not applicable and the solutions become more
difficult (21).

Finally, this section concludes by noting that Schapery (7,24) has shown that
when the material properties are changing very slowly, an approximate solution
can be obtained by substituting the viscoelastic moduli for their elastic counter-
parts. This will be justified in some instances. The reader should examine the
literature for further consideration of the limitations of these approaches. Also,
the advent of commercial finite element codes that have linear viscoelastic mate-
rial elements makes the solution of such problems more routine.
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Fig. 10. The relaxation modulus (at 10 s) for a polymer measured as a function of tem-
perature. Curves labeled A and C depict amorphous, linear polymers with the molecular
weight of A being less than that of C. The cross-linked polymer is also amorphous, but
cannot flow. The crystalline polymer behaves differently because it is “reinforced” by crys-
talline domains. After Tobolsky (25).

Linear Viscoelastic Behavior of Polymeric Materials

General Regimes of Response. Polymeric materials exhibit a very rich
set of viscoelastic responses. The responses observed depend upon the state of the
polymer and on its structure. The material can be in an amorphous state if it is
a glass, a rubber, a melt, or a solution. In addition, the material can be semicrys-
talline in that crystallites partially fill or reinforce the otherwise amorphous ma-
terial. Figure 10 illustrates a plot of the relaxation modulus vs T; it indicates
schematically the sort of responses that are observed for an amorphous polymer
as a function of temperature. Also shown is the sort of response to be obtained in a
semicrystalline polymer over the same temperature range. At low temperatures,
one observes a behavior that for both structures is the same as that of a high
modulus material. As the glass temperature Tg is approached the amorphous
material undergoes a dramatic drop in modulus by several orders of magnitude.
The modulus of the semicrystalline material changes significantly, but not nearly
as much. Following the modulus drop associated with the glass temperature, the
amorphous polymer can exhibit a rubbery plateau due to the entanglement net-
work formed by the long-chain molecules. If the molecules are not long enough
the entanglement plateau will be weak or nonexistent. In the same temperature
regime the semicrystalline polymer exhibits a long and slow reduction of modu-
lus. As temperature increases, the amorphous polymer undergoes terminal flow
due to the disentanglement of the molecules while the semicrystalline polymer
continues changing slowly. Above the melting point of the semicrystalline poly-
mer its modulus drops dramatically because the material has become an amor-
phous polymer at a temperature well above the terminal flow region. In the next
sections these behaviors are discussed in more detail.
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Behavior in the Amorphous State. Polymer behavior in the amorphous
state can be divided into two categories: the glassy state and the fluid state. The
former applies to polymers below the glass transition and is generally dominated
by the segmental or local movements of the polymer chains. The fluid state of the
amorphous polymer is dominated by long-range motions of the polymer chains
and the eventual onset of entanglements that give rise to very interesting vis-
coelastic properties. This section first describes the viscoelastic behavior of the
polymer in the glassy state and through the glass temperature. This is followed
by a section on the fluid-state properties that are dominated by the long-chain
nature of the polymer.

Time–Temperature Superposition. In Figure 10 one observes that the vis-
coelastic relaxation modulus at a single time or frequency (isochrones) shows
dramatic changes as temperature increases (25). It turns out that such behav-
ior can be described within the context of a model which is referred to as time–
temperature superposition or thermo-rheological simplicity (9,10,25). The funda-
mental concept here is that the relaxation times introduced above for, eg, a gen-
eralized Maxwell model, all exhibit the same temperature dependence. When
thermo-rheological simplicity is valid, one can replace each λi in equations 18
and 19 by aTλi where the shift factor aT represents the amount that the relax-
ation time λi is changed in going from some reference temperature TR to the
current temperature T. That is

aT = λi(T )
λi(TR)

(25)

When equation 25 is valid, it is possible to make measurements of the vis-
coelastic functions over a range of, say four logarithmic decades of time (fre-
quency), at multiple temperatures and use the data to create reduced or mas-
ter curves that span many more decades in time (frequency). This is useful for
determining the polymer’s behavior at longer or shorter times (lower or higher
frequencies or rates) that would be extremely difficult to do otherwise. This can
be important in both processing applications where rates can be very high and
in long-term durability applications where unreasonably long times might other-
wise be required to obtain test data. Figure 11 shows the actual data that were
obtained for a polymeric material over a limited time range, but at multiple tem-
peratures (25). Figure 12 shows the data reduced to a master curve using time–
temperature superposition. As discussed below, the reduced curve in Figure 12
can also be related to the observed temperature dependence of the modulus de-
picted schematically in Figure 10.

Figure 13 shows the data for the shift factors as log aT vs T (26). The de-
scription of the shift factors as a function of temperature is very important both
for ease of application of the method to actual material behavior and because it
has implications for the physical understanding of the behavior of polymeric ma-
terials. In the next three sections, the temperature dependence of the viscoelastic
properties is discussed by examining the temperature dependence of the shift
factors.
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Fig. 11. Stress relaxation isotherms for a polyisobutylene amorphous polymer. After
Tobolsky (25).

Properties near the Glass Temperature. In Figure 10 the curve for the amor-
phous polymer exhibits a behavior in which the modulus at low temperatures
changes slowly as temperature increases. As the temperature approaches the
glass temperature Tg, however, the modulus begins to change rapidly, dropping
by up to 3 orders of magnitude, as the Tg is traversed. This is related to the chang-
ing relaxation times. Figure 12 shows a similar behavior, but now with time. At
short times, the material response changes slowly and as a glass “transition”
time is approached begins to drop rapidly by the same 3 orders of magnitude. In
fact, the time–temperature superposition principle allows one to go from curves
in temperature space to curves in time (or frequency) space and vice versa.

When the shift factors for the relaxation times are plotted as in Figure 13,
an important type of behavior is seen. Here it is observed that the shift factors
increase dramatically as the temperature decreases. In fact, if one extrapolates
the behavior, there is a singularity point that is reached that is about 50 K be-
low the nominal glass temperature determined from other test methods (such as
dsc). This rapid increase of the material shift factor also corresponds (eq. 25) to
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Fig. 12. Master curve generated by applying time–temperature shifting to the data given
in Figure 11. (Note that κ298 = 1/aT.) After Tobolsky (25).

a rapid increase in the relaxation times as the temperature is decreased. Hence,
the glass temperature is approached because the mobility in the polymer becomes
so slow that, in normal experimental time scales, the molecules cannot respond to
the mechanical solicitation and the material exhibits nearly solid-like properties
[imagine the glassy poly(methyl methacrylate) (PMMA) that makes up aircraft
windows. The Tg of PMMA is about 110◦C]. There are two equations that are
commonly used to describe the shift factor behavior and these are discussed later.
First the relationship between the viscosity and the shift factor is discussed.

The viscosity is related to the relaxation modulus through the following
equation (9):

η0 =
∫ ∞

− ∞
tG(t)dlnt (26)

(for a Maxwell element, this would translate into η0 = Gλ). When the modulus is
proportional to temperature T and density ρ (as in the case of rubber elasticity)
the shift factor can be determined from viscosity measurements:

aT = η0,T ρTR TR

η0,TRρT T
(27)

Hence, when the shift factor is increasing rapidly, this implies that the viscosity
is also increasing rapidly.

One equation used to describe the rapid increase of the viscosity with de-
creasing temperature is the Vogel–Fulcher equation (27,28):

η0 = AeB/(T − T∞) (28)
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Fig. 13. Time–temperature shift factors for poly(α-methyl styrene). Tref = 204◦C. After
Fujimoto et al. (26), with permission.

where A is a prefactor and T∞ is the temperature at which the viscosity extrap-
olates to an infinite value. Note that when T∞ = 0 K, equation 28 reverts to an
Arrhenius form and B would have the meaning of an activation energy (Ea/R).
Equations 28 and 27 can be used together to obtain the shift factor aT. Also, a
similar form to equation 28 can be used to represent the temperature dependence
of the relaxation times.

The other equation that is often used to describe the dependence of the shift
factors on temperature is the Williams, Landel, and Ferry (WLF) equation (29):

logaT = C1(T − TR)
C2+T − TR

(29)

where C1 and C2 are constants. The singularity in the shift factor occurs when
C2 = −(T − TR), and when TR = Tg this value is approximately 50 K, ie, the
singularity occurs some 50 K below the nominal glass temperature. When
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TR = Tg, the Vogel–Fulcher and WLF equations are related by the following ex-
pressions (9):

C1 = B
Tg − T∞

C2 = Tg − T∞

2.303C1C2 = B

(30)

Note that for many polymers the values of the WLF parameters are close to
the so-called universal values, which are C1 = 17.44 and C2 = 51.6 K when TR =
Tg. (When no other information is available, the “universal” values for C1 and C2
can make useful approximations to actual behavior.)

In discussing the temperature dependence of the shift factors in polymers,
it is essential that a distinction be made between the segmental relaxations and
the terminal relaxations. The reason for this can be seen in Figure 10 where there
are two regions of rapid change in properties. The first occurs in the vicinity of
the glass temperature and is due to increasing segmental or local mobility. The
second occurs after the rubbery plateau and is related to the terminal relaxations
that occur because of chain disentanglement in the fluid state. These two pro-
cesses are now known to generally show different temperature dependences and
one should be clear which relaxations are relevant in any particular situation
(30–32).

Figure 13 shows the rapid increase of the shift factors (or viscosity) as Tg is
approached from above. As noted previously, the point of singularity is approxi-
mately 50 K below the Tg. However, as the glass temperature is traversed, the
material response does not continue to follow the WLF curve, rather it falls away
from it, as shown in Figure 14 (33–35). The reasons for this are involved with
the nature of the glass-transition event and the fact that the molecular mobility
has become extremely low in the vicinity of the glass temperature (9,25,28,36,37).
As a result, as the temperature changes, the molecules do not have enough time
to relax into their equilibrium state and a glass is formed. Glasses are nonequi-
librium materials and the sub-Tg behaviors are determined very much by this
(36–40). Regardless of this fact, the response below Tg does not follow the WLF
behavior. It can, however, follow time–temperature superposition, but with a less
dramatic dependence of the shift factors on the temperature, as is seen in Figure
14. In Figure 14 there are three lines for the shift factors below Tg. In this in-
stance, it is due to the physical aging (40) that accompanies the evolution of the
nonequlibrium glass toward its equilibrium state.

Viscoelastic Relaxation Properties far below the Glass Temperature. As one
moves below the glass-transition temperature, the relaxation behavior of the
amorphous polymer becomes more and more sluggish as the thermal energy
available to stimulate molecular motion becomes smaller. This behavior is seen
in the schematic of Figure 10. However, below the glass temperature, polymers
often exhibit other relaxation responses that are referred to as sub-Tg relaxations
(9,41–44). A typical example is shown in Figure 15 where the dynamic responses
of a series of poly(n-alkyl methyl methacrylates) as a function of temperature are
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Fig. 14. Plot of shift factor (logarithm) vs T for polycarbonate, illustrating the change
in behavior away from the WLF-type of temperature dependence as Tg is traversed. Also,
because the glassy state is a nonequilibrium state, the material “ages.” The curves at 0.5,
2, and 16 h represent the results at these aging times. After Pesce et al (33).

shown. The reader can see that G′ (ω = 1 Hz) shows a smeared out “step” in re-
sponse at low temperatures (approximately 0◦C in the PMMA). The PMMA shows
a broad peak at the same temperature in tan δ. This relaxation is referred to as
the β-relaxation (relative to the α-relaxation of the glass temperature). Some ma-
terials exhibit a γ -relaxation at even lower temperatures, as seen for the poly(n-
butyl methacrylate) and poly(n-propyl methacrylate). The sub-Tg relaxations can
affect other material properties, although the relationship between linear vis-
coelastic properties and, eg, failure is complicated and simple relationships not
generally universal.

One important aspect of the sub-Tg relaxations is that they generally exhibit
different temperature dependences than does the main glassy relaxation. The
result is that time–temperature superposition is not usually valid when there
is a strong sub-Tg relaxation in the polymer. An example of this is the behavior
shown for poly(ethylene naphthalate) in Figure 16, where one can see that time–
temperature shifting of creep data does not collapse the data to a single curve
because this material has a strong β-relaxation that is not far from the glass
temperature (45).

Finally, it is worth noting that the sub-Tg relaxations are often attributed
to side-group motions on the polymer chain. A good example is the changing
relaxation strength and position in the series of n-alkyl methacrylates that
was presented in Figure 15 (44). There it is shown that both the α and the β
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Fig. 15. Dynamic modulus and loss tangent (at 1 Hz) of a series of n-alkyl methacrylates
showing how side groups change the α and β transitions. After Heijboer (44).

relaxations shift systematically as the side-chain length increases from n = 1
(methyl) to n = 4 (butyl). Note, however, that the α-relaxation shifts more strongly
than does the β-relaxation with increasing side-group length.

Viscoelastic Response far above the Glass Temperature: Tg The Fluid State.
From Figure 10 or Figure 12 one can see the fluid state response of the poly-
mer. This is the portion of the curve at long times or high temperatures from
the rubbery plateau to the end of relaxation where the polymer would take the
shape of whatever container held it, ie, it is a liquid. There are several funda-
mental aspects to polymer behavior in this region. On the rubbery plateau, the
polymer chains behave as if they were part of a three-dimensional network and
their response can be described from modern rubber elasticity theories. This be-
havior is beyond the scope of the current review and the reader is referred to
the literature for further information (46–50). At long enough times, however,
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Fig. 16. Reduced curve of creep compliance vs time for PEN showing lack of time–
temperature superposition (see text for discussion). • 30◦C; � 50◦C; � 80◦C; � 100◦C.
After Cerrada and McKenna (45).

the polymer chains have the opportunity to slip out of the entanglement points
and the relaxation behavior seen in the terminal response regime results. The
current paradigm for the viscoelastic response of polymers in this terminal flow
regime is the reptation theory given by de Gennes (51) and Doi and Edwards (52–
56). According to this model, the entanglement field can be represented by a tube
through which the chain “reptates” along the chain direction. This is schemati-
cized in Figure 17, where one can see (a) the topology of a chain in a fixed network
and (b) the primitive path defined by the tube.

Before describing the reptation theory quantitatively, we first examine part
of the rich set of behaviors that any theory of polymer chain dynamics in the
melt state needs to be able to describe. One of the most interesting aspects
of polymer melt and solution behavior is that once the material is well entan-
gled, the viscoelastic behavior is quasi-universal. First, the zero shear rate vis-
cosity η0 is observed to vary with the molecular weight to a very strong power
(9,57):

η0 = AMα (31)

where A is an empirical prefactor and M is the molecular weight. In fact, the
observed power law dependence seems to follow very well the weight average
molecular weight. This power law exponent α is generally found to be approxi-
mately 3.4. The variation of viscosity with molecular weight is shown in Figure 18



Vol. 15 VISCOELASTICITY 101

Fig. 17. Schematic of a polymer chain confined in (a) a fixed network of obstacles and
(b) the primitive path representation of the same constraints as a tube. After Doi and
Edwards (56), with permission.

for a number of polymers from the classic work of Berry and Fox (57). The molec-
ular weight axis also includes the concentration effect discussed shortly. The very
strong molecular weight dependence of the viscosity is still not fully understood,
although reptation theory has provided a very large step toward understanding.

According to the reptation theory, the dramatic slowing down of the mo-
tion of long polymer chains can be considered as similar to the motion of a chain
through a network, as represented by the tube in the Doi–Edwards (DE) model.
The network chains of the tube walls prevent the polymer chain from lateral mo-
tion (or at least reduce lateral motion) with the result that the chain is forced to
move along the contour of the tube. The chain’s Brownian movement causes it
to slide back and forth within the tube until it eventually disengages. Quantita-
tive analysis of the chain’s diffusive properties leads to the estimation that the
viscosity-molecular weight exponent α = 3.0 rather than the observed 3.4. The
reasons for this have been variously attributed to different mechanisms such as
“primitive path” fluctuations (58), “constraint release (59),” tube fluctuations (60),
and others that provide a means for the viscosity to crossover from a 3.4 power
law dependence on molecular weight to a purely reptative behavior at extremely
high molecular weights (61–64). There is only one set of data currently available
that really bears relevance to the question of such crossover behavior and that is
based on a single data point that falls well off of the 3.4 line for a polybutadiene
of 1.65 × 107 g/mol molecular weight (65).
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Fig. 18. Double logarithmic representation of the viscosity vs scaled molecular weight
for a series of polymers, showing the change from a weak (nearly linear) dependence of
viscosity on molecular weight to the entangled regime where η0 ∝ M3.4. After Berry and
Fox (57), with permission.
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In addition to the large molecular weight dependence of the viscosity, an-
other aspect of the chain dynamics of polymers in the terminal region is the ob-
servation that the relaxation spectrum is very broad. One measure of the breadth
of the relaxation spectrum is the product of the rubbery plateau value G0

N and
the steady-state recoverable compliance J0

e. The predicted and observed values
for polymer melts are

J0
e G0

N ≈ 2.0(observed)

J0
e G0

N = 1.2(reptation)
(32)

Hence, the reptation theory does not predict a broad enough relaxation spec-
trum and current modifications of the theory seem insufficient to describe the
full range of observed viscoelastic behavior of polymer melts. Reptation theory is
still the paradigm for polymer chain dynamics and provides tremendous insight
into material behavior. However, as described, there are still pieces of the puzzle
of polymer molecular viscoelasticity that remain to be elucidated.

Behavior of Concentrated Solutions. Another aspect of polymer chain dy-
namics that is important to their understanding is their behavior in entangled
solution. This is particularly so because the reptation theory does not explicitly
deal with the effects of concentration on the tube diameter and resulting chain
dynamics. However, there are several aspects to the effects of the interactions
between small molecule “solvents” or “plasticizers” that are important. The first
effect is the observation that the glass-transition temperature of the material is
changed, generally to lower temperatures (9,37). For the segmental relaxation,
this can be reasonably well accounted for by a time–concentration superposition
principle (9,66) similar to the time–temperature superposition discussed above.
In the event that one is dealing with the plasticization and the segmental relax-
ation, the major effect is that the Tg is decreased. The other parameters in the
WLF or Vogel–Fulcher equations are less impacted. The reader is directed to the
extensive treatment of the problem by Ferry (9) in terms of the free-volume model
of dynamics for further information.

On the other hand, the impact of the solvent as one moves into the entan-
glement regime is different from the simple shift in Tg, although this change is
also important for understanding the behavior. The other factor that occurs is
that the entanglement density decreases (perhaps the tube diameter gets larger)
and the plateau modulus and steady-state recoverable compliance both change
dramatically with concentration. When we work with the polymer concentration
φ, we find that G0

N and J0
e vary as

G0
N ∝ φ2 − 2.25 and J0

e ∝ φ − (2 − 2.25) (33)

In Figure 18 the viscosities were found to scale as approximately φ3.4—the
same as the molecular weight. At the same time, it has been reported (67) that the
viscosity can vary by as much as φ5. This difference in apparent behavior depends
somewhat on the polymer–solvent system, the temperature of test relative to Tg,
and whether or not the data are corrected to a constant “distance” from the glass
temperature. The reason stems from the simple relation between viscosity and
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the relaxation modulus given in equation 26, which for a simple Maxwell model
would be

η0 = G0
Nλ (34)

Because the characteristic relaxation times λi vary in a way that is determined
by the concentration dependence of the glass temperature, equation 34 combined
with equation 33 indicates that the method of data analysis will determine the
scaling behavior observed for the viscosity as a function of concentration. When
one is well above the glass transition, the λi can follow a dependence as strong as
φ3, then equation 34 with equation 33 would give (68)

η0 ∝ G0
Nλ ∝ φ2φx

For x = 3:η0 ∝ φ5

For x = 1.4:η0 ∝ φ3.4

(35)

Hence, description of the dynamics of the polymer–solvent system demands com-
plete specification of both the complex Tg–concentration relationship and the
temperature(s) of test. Importantly, unlike the case of time–temperature super-
position, the shift factors for the relaxation times and the viscosity will not be the
same. The latter will scale, as does the viscosity, as in equation 35. However, the
relaxation times themselves will scale with a much weaker concentration depen-
dence.

Viscoelastic Response of Semicrystalline Polymers. Figure 10 illus-
trated the general response of the semicrystalline polymer as a function of tem-
perature. For the amorphous polymer it was possible to show the response as
a function of time (or frequency) as in Figure 12 because of time–temperature
superposition principles. Unlike the amorphous polymer, the viscoelastic re-
sponse of the semicrystalline polymers cannot generally be treated using time–
temperature superposition. There are several reasons for this. First, the crystal-
lites in the material may exhibit relaxations that have different temperature de-
pendences than the amorphous phase. This would clearly lead to a breakdown of
thermo-rheological simplicity. In addition, the amorphous phase in the semicrys-
talline polymer may be changed by the presence of the crystallites. This has been
referred to as a rigid amorphous phase or a constrained phase. The impact of the
constraint is to change the temperature dependence of the relaxation response of
the constrained amorphous material relative to that of the unconstrained mate-
rial. The result is that, again, time–temperature superposition does not describe
the material. Figure 19 shows the viscoelastic behavior of a semicrystalline mate-
rial at several temperatures (25). Tobolsky (25) made the important observation
that these curves are not superimposable by simple shifting procedures. The re-
sult is that for the semicrystalline polymers, determination of the full thermo-
viscoelastic response of the material can be a very time-consuming task be-
cause the ability to extrapolate outside the testing range of times or frequency is
limited.
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Fig. 19. Relaxation response of polyethylene in isothermal conditions, illustrating
that time–temperature superposition does not generally describe the behavior of semi-
crystalline polymers. After Tobolsky (25).

Nonlinear Viscoelastic Behavior of Polymeric Materials

General Regimes of Response. The nonlinear viscoelastic response of
polymers, of course, follows some of the same classifications as does the linear
response. Hence, the behavior above the glass temperature and into the termi-
nal zone is fluid behavior, and often follows time–temperature superposition. The
phenomenology of polymer melts and solutions is commonly described by consti-
tutive laws that relate the stress and strain histories to each other (59,69). A brief
description of the K-BKZ model (70–72) is provided as it seems to capture most
of the behaviors of polymer melts and solutions subjected to large deformations
or high deformation rates. At the same time the nonlinear form of the reptation
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Fig. 20. Double logarithmic representation of viscosity vs. shear rate for polymer solu-
tions having indicated concentrations. Plot illustrates shear thinning of entangled poly-
mers as shear rate increases. After Graessley et al. (73), with permission. To convert Pa·s
to P, multiply by 10.

model is introduced, which in early versions reduced to the K-BKZ constitutive
law.

Below the glass temperature, the nonlinear viscoelastic response of poly-
meric materials has been much less widely studied than has the behavior of melts
and solutions. One reason for this is the lack of an adequate theory of behavior.
Therefore the discussion about amorphous materials below the glass temperature
focuses on recent measurements of the nonlinear response as well as attempts to
apply some of the formalisms that have been applied in the melt and solution
states to the behavior of glassy polymers. Finally, the behavior of semicrystalline
polymers can be even more complicated and this is discussed briefly.

Behavior of Entangled Polymer Melts and Solutions: Steady-State Be-
havior. Before discussing the constitutive law given by the K-BKZ theory, it is
important to discuss the nonlinear behavior of polymers that is observed. One
such behavior is that in steady state, ie, when the material response has quit
changing after the application of a stress or deformation rate. For such a situ-
ation and recalling that a Newtonian fluid follows a viscosity law in which the
stress is proportional to the strain rate

τ = η0
.
γ (36)

where η0 is the viscosity coefficient. While many small molecule fluids follow ex-
pression 36 extremely well, polymeric liquids exhibit shear thinning behavior and
the viscosity is a function of the shear rate. Typical behavior is exhibited in Fig-
ure 20, where viscosity is a function of the shear rate (73). At low shear rates, one
observes a Newtonian plateau, followed by a powerlaw region. After the power
law region, there is some evidence that at very high shear rates there is a second
Newtonian plateau where the viscosity again becomes independent of the shear
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Fig. 21. Shear-rate dependence of the viscosity of a polyisobutylene material, illustrating
the fit provided by equation 38. After Rosen (74), with permission. To convert Pa·s to P,
multiply by 10.

rate. The power law regime can be described by an empirical equation (74):

τ = K(
.
γ )n

η = τ
.
γ

= K(
.
γ )n− 1

(37)

A possibly better description of the behavior comes from the modified Cross
equation (75), particularly if there is a second Newtonian plateau:

η(T ,
.
γ ) = η0(T )

1+[Cη0(T )
.
γ ]1 − n (38)

This equation has the advantage of having the temperature dependence in it
explicitly. When the shear-rate-dependent viscosity follows the same temperature
dependence, such as WLF, as does the zero shear rate viscosity, then equation 38
is a reasonable approximation to the observed behavior. Otherwise, this is just
an estimate. Figure 21 illustrates the fitting of equation 38 to some typical shear-
rate-dependent data (74,76).

In addition to the observations in shear that have just been discussed, there
is considerable interest in the elongational response in polymeric fluids. The elon-
gational or Trouton viscosity ηE is three times the zero shear rate viscosity in the
linear viscoelastic range. However, its behavior is more complex and, as shear
rates get higher, the viscosity can even go through a maximum with increasing
shear rate as illustrated in Figure 22 (77).
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Fig. 22. Elongational viscosity as a function of shear rate for several polystyrene sam-
ples. O σ 0 = constant; X ε̇0 = constant After Münstedt (77), with permission.

Behavior of Entangled Polymer Melts and Solutions: Transient Response.
While the steady-state response of polymers in shear and elongational flows is of
much interest, there are also many instances in which the transient response
is important because not all processes attain steady state. There are two impor-
tant transient responses in the nonlinear regime of behavior. These are the stress
relaxation response in which the deformation is held constant and the stress evo-
lution with time is followed. This was discussed above for the linear viscoelastic
case. In addition, the response to a constant rate of deformation can be an impor-
tant transient response to study. Also note that creep experiments are sometimes
used to characterize the nonlinear response of polymeric fluids and these will also
be discussed briefly.

Transient Response: Stress Relaxation. In single-step stress relaxation ex-
periments, the observation is that the response of a polymeric fluid becomes very
deformation dependent, ie, it becomes nonlinear. Unlike the case of a linear vis-
coelastic response, the stress required to maintain a constant deformation is no
longer simply proportional to the applied strain. Figure 23 shows the nonlinear
response as log G(γ , t) vs log t (78). As can be seen, when the strain is larger
than about 0.50, the modulus begins falling onto different lines depending on the
strain. In Figure 24 isochronal data are shown for a polymer solution as log τ 12 vs
log γ (79). If the material were linear, the plots at the different times (isochrones)
would be straight with a slope of unity. This is the behavior that one observes in
the limit of small strains, as indicated in the figure by the lines of slope unity at
the lower deformation levels. Deviations from unity arise when the response is
nonlinear; that is, the value of the modulus is a function of the strain. Finally,
another way in which to consider the nonlinear behavior is to look at a plot of the
relaxation modulus at different times vs the strain. A normalized form of such a
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Fig. 23. Stress relaxation modulus of a concentrated polybutadiene solution subjected to
increasing shear strains. From top to bottom: γ = 0.333, 0.667, 1.33, 2.00, and 2.67. After
Vrentas and Graessley (78), with permission.

plot is shown for a polymer solution in Figure 25 (80). Here, were the material
response linear, the data would collapse to a line that was a constant, indepen-
dent of the strain magnitude. The actual nonlinear behavior that is observed is
commonly described in terms of the damping function in the Doi–Edwards model
and is described subsequently.

Transient Response: Constant Rate of Deformation. The constant rate of de-
formation response of the linear viscoelastic material was discussed above. From
that discussion, the stress-deformation response looks nonlinear even when the
material is linear viscoelastic. For the nonlinear material the response will not
be simply described by the linear viscoelastic laws. However, the curves will look
similar at low strain rates. At higher strain rates, a stress overshoot is observed,
which cannot occur for the linear viscoelastic material. Figure 26 shows the ef-
fect of increasing the strain rate on the transient stress–time response (which is
related to the strain) for a polymer solution (81). As seen, the stress overshoot
becomes weaker with decreasing strain rates (when the material response may
be linearly viscoelastic); however, as strain rate increases, there is an onset of
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Fig. 24. Double logarithmic representation of the shear stress vs the shear strain for a
polymer solution and for different isochrones, as indicated. After McKenna and Zapas (79).

Fig. 25. Reduced nonlinear stress relaxation modulus as a function of strain for a poly-
mer solution. This plot illustrates the strongly nonlinear or strain-dependent behavior of
entangled polymers. After Osaki et al. (80), with permission.
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Fig. 26. Effect of strain rate on the stress-time (double logarithmic plot) behavior for
a concentrated polymer solution, showing the increasing strength of the stress overshoot
phenomenon with increasing strain rate. After Zapas and Phillips (81), with permission.

a stress overshoot where the early time stress goes through a maximum before
settling down to its steady-state value (from which the strain-rate-dependent vis-
cosity would be obtained).

Transient Response: Creep. The creep behavior of the polymeric fluid in the
nonlinear viscoelastic regime has some different features from what were found
with the linear response regime. First, there are no ready means of relating the
creep compliance to the relaxation modulus as was done in the linear viscoelastic
case. In fact, the relationship between the relaxation properties and the creep
properties depends entirely on the exact constitutive relationship chosen for the
response of the material, and numerical inversion of the specific constitutive law
is ordinarily necessary to predict creep response from the relaxation behavior (or
vice versa). For most cases, the material properties that appear in the constitu-
tive equations are written in terms of the relaxation response. We discuss this
subsequently in the context of the K-BKZ model.

Constitutive Description of Polymer Melt Behavior: K-BKZ and DE
Descriptions. Although there are many nonlinear constitutive models that
have been proposed, the focus here is on the K-BKZ model because it is relatively
simple in structure, can be related conceptually to finite elasticity descriptions
of elastic behavior, and because, in the mind of the current author and others
(82), the model captures the major features of nonlinear viscoelastic behavior of
polymeric fluids. In addition, the reptation model as proposed by Doi and Ed-
wards provides a molecular basis for understanding the K-BKZ model. The fol-
lowing sections first describe the K-BKZ model, followed by a description of the
DE model.

The K-BKZ Constitutive Model.
Finite Elasticity Theory: Classical Theory. The finite elasticity theories

available today are very powerful and well developed from a phenomenological
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perspective. Because the K-BKZ (70–72) has the form of a time-dependent finite
elasticity (it was developed as a “perfect elastic fluid”) it is useful to briefly out-
line the basics of finite elasticity theory here. In the initial sections of this article,
the stress and strain tensors were discussed, and it was noted that the constitu-
tive relationships that arise between the stress and the strain include material
parameters called moduli. When a material is classified as hyperelastic then the
moduli are related to derivatives of the free energy function (often the Helmholtz
free energy) with respect to appropriate measures of the strains or deformations
(83). Because here large deformations are discussed, there may be multiple possi-
ble choices for the actual deformation measurement used. In the discussion that
follows, one uses the formalism developed in which the deformations are treated
in the context of the Left Cauchy–Green deformation tensor Bij and the free en-
ergy function W(I1, I2, I3) is treated as a function of the invariants of the deforma-
tion tensor. The material parameters are, then, written as derivatives of the free
energy function (or strain energy density function) with respect to the invariants
Ii of Bij. The constitutive relationship between the stresses and deformations is
then written in terms of these functions (83–86):

σi j = 2

I1/2
3

[(
∂W
∂ I2

I2 + ∂W
∂ I3

I3

)/
+ ∂W

∂ I1
Bij − ∂W

∂ I2
I3 B− 1

i j

]
(39)

where I is the identity tensor. The invariants of Bij are written in terms of the
principal stretches λi = 1 + εii as

I1 = λ2
1 + λ2

2 + λ2
3

I2 = 1
λ2

1

+ 1
λ2

2

+ 1
λ2

3

I3 = λ2
1λ

2
2λ

2
3

(40)

Note here that the λi’s are stretches and not relaxation times as used previ-
ously. Also note that for polymer melts and solutions, the shear response function
(shear modulus) is several orders of magnitude smaller than is the bulk modulus.
Therefore, these materials can be treated as incompressible. For the linear case,
the incompressibility assumption has K → ∞ or ν → 0.5. Here, I3 = 1 and the
constitutive law for the incompressible material becomes

σi j = − pδi j + ∂W
∂ I1

Bij − ∂W
∂ I2

B− 1
i j (41)

where p is an indeterminate hydrostatic pressure that arises because of the in-
compressibility condition and δij is the Kronecker delta.
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Fig. 27. Schematic of the simple extension geometry.

Referring to Figure 27, one can solve for the stresses in simple extension.
First, the stretches are given by

λ1 = 1 + ε11

λ2 = λ3 = 1 + ε22

λ2 = λ3 = 1

λ
1/2
1

(because of incompressibility)

(42)

Because the material is incompressible, the stresses are only determined within
an indeterminate pressure. Therefore, to represent the actual experimental con-
ditions, it is recognized that the principal stress difference σ 11 − σ 22 is being
measured, and this is given as

σ11 − σ22 = ∂W
∂ I1

(B11 − B22) − ∂W
∂ I2

(
B− 1

11 − B− 1
22

)

= ∂W
∂ I1

(
λ2

1 − λ2
2

) − ∂W
∂ I2

(
λ− 2

1 − λ− 2
2

)

= ∂W
∂ I1

(
λ2

1 − λ− 1
1

)
− ∂W

∂ I2

(
λ− 2

1 − λ1

)

=
(
λ2

1 − λ− 1
1

) (
∂W
∂ I1

+ 1
λ1

∂W
∂ I2

)

(43)
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Fig. 28. Stress-stretch response for a Neo-Hookean rubber compared with that of a
Mooney–Rivlin material. ( ) Neo-Hookean: C1 = 0.24 MPa; (- - - - -). Mooney–Rivlin:
C1 = 0.16 MPa, C2 = 0.08 MPa.

The simple stress-deformation response given by equation 43 shows the
strong nonlinearity that arises when the stress–strain curve for a typical rubber
is plotted, even when the material is Neo-Hookean or Mooney–Rivlin, meaning
that the values of ∂W/∂I1 = W1 = C1 and ∂W/∂I2 = W2 = C2 are constants. For
the Neo-Hookean material, W1 = C1 and W2 = 0. For the Mooney–Rivlin material
(87,88), W1 = C1 and W2 = C2. Figure 28 shows plots of the stress-deformation
behavior for a Neo-Hookean rubber and for a Mooney–Rivlin rubber. The figure
shows that in spite of the fact that the material parameters are constants, there
is a strong nonlinear response due to the geometry of deformation, ie, the [λ2 −
λ− 1] and 1/λ terms in equation 43. Also, from equation 43 one can readily see from
where the concept of the Mooney–Rivlin material arose. Dividing the equation by
[λ2 − λ− 1], one obtains

σR = σ11 − σ22

λ2
1 − λ− 1

1

= ∂W
∂ I1

+ 1
λ1

∂W
∂ I2

(44)

where σR is referred to as the reduced stress. For Mooney–Rivlin behavior, a plot
of σR vs 1/λ1 gives a straight line of slope C2 and intercept C1. Real rubber often
shows near to Mooney–Rivlin behavior in extension, but deviates in compression.
For the Neo-Hookean material, the reduced stress is a constant. Figure 29a shows
the calculations for the general behavior of σR vs 1/λ1 for the Neo-Hookean and
Mooney–Rivlin materials. Figure 29b shows experimental results for two typi-
cal cross-linked rubbers, and it is seen that neither the Neo-Hookean nor the
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Fig. 29. (a) Reduced stress plot for the Neo-Hookean and Mooney–Rivlin materials of
Figure 28. (b) Reduced stress plot for natural rubber and a polydimethylsiloxane (PDMS)
rubber as indicated. Plot illustrates that actual rubber behavior may be Mooney–Rivlin-
like in tension (λ− 1 < 1), but not in compression. • Natural rubber; � PDMS. Plot from
Han et al. (89), natural rubber data from Ref. 90, and PDMS data form reference 91.
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Mooney–Rivlin model would describe the behaviors exhibited (89–91). The reader
is referred to reviews of various proposed strain energy functions (89,92,93) for
further information.

Another important aspect of finite elasticity theory is the ability to measure
the strain energy function derivatives W1 = ∂W/∂I1 and W2 = ∂W/∂I2. Penn and
Kearsley (94) showed how this is done using data from torsional experiments. An
interesting aspect about torsion in finite deformations is that in order to maintain
the cylinder at a constant length, it is necessary to apply normal forces at the ends
of the cylinder. If the cylinder is left unrestrained, it will lengthen in an effect
referred to as the Poynting (95) effect, first observed early in the last century
in experiments with metal wires. When a cylinder of length L is twisted by an
amount ψ per unit length (ψ = θ /L, where θ is the angle of twist) the magnitude
of the torque (moment) M and the normal force N are given by the following
expressions:

T = 4πψ

∫ R

0
(W1 + W2)r3dr (45)

N = − 2πψ2
∫ R

0
(W1 + 2W2)r3dr (46)

where R is the cylinder radius. By differentiating each expression with respect to
the limits of integration after an appropriate variable change, Penn and Kearsley
(90) showed that W1 and W2 can be expressed as simple algebraic expressions in
the torques and normal forces measured at different angles of twist, ie, deforma-
tions:

W1 + W2 = 1
4πψ R4

(
3T + ψ

dt
dψ

)
(47)

W1 + 2W2 = − 1
πψ2 R4

(
N + ψ2 dN

dψ2

)
(48)

Figure 30 shows typical torque and normal force measurements for a natu-
ral rubber sample as functions of the deformation (as ψR) in a double logarithmic
plot (96). The data for T, N, and their derivatives can then be obtained and used
in equations 47 and 48 to solve for W1 and W2. Figure 31 shows typical data for
the values of W1 and W2 as functions of deformation for a cross-linked natural
rubber obtained from such measurements (94,97). Importantly, these values are
related to the damping function of the DE model discussed subsequently. They
represent the deformation dependence of the shear modulus in this instance.

Finite Elasticity Theory: The VL Representation. While the above descrip-
tion of the finite deformation behavior of elastic materials is very powerful, the
limitation on it is that the material parameters W1 and W2 need to be determined
in each geometry of deformation of interest. Hence, the torsional measurements
described above only give values of W1(I1, I2) and W2(I1, I2) for the condition of
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Fig. 30. Torque and normal forces (scaled by sample geometry) vs strain at outer edges of
cylinder for a natural rubber sample subjected to torsional deformations. After McKenna
and Zapas (96).

shear (torsion is a nonhomogeneous shear) and that condition is I1 = I2 = 3 +
γ 2. More measurements need to be made to obtain the parameters in extension,
compression, etc. However, in 1967, Valanis and Landel (98) proposed a strain
energy function that, rather than being a function of the invariants, is a function
of the stretches λi. The function was assumed to be separable in the stretches as

ŵ(λ1,λ2,λ2) =w(λ1) + w(λ2) + w(λ3) (49)

Then, for example, in simple extension, the stress–deformation relationship be-
comes

σ11 − σ22 = λ1w
′(λ1) − λ2w

′(λ2) (50)

and it becomes a matter, for any deformation to determine the values of w′(λi) and
these can be obtained in any geometry of deformation. Thus, the inconvenience of
performing large numbers of experiments in multiple geometries of deformation
is avoided. There has been a considerable effort to establish the validity of the
Valanis–Landel (VL) form of strain energy function (98–102) and it is generally
found to be a very good representation of the material behavior, although some
discrepancies have been observed. Some special forms of the VL function, such as
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the Ogden model (103,104), have been found to be very useful and are commonly
used in commercial finite element modeling of rubber behavior.

Because of this usefulness it is important to have relatively simple experi-
ments available to obtain the VL function. Kearsley and Zapas (97) have shown
that either simple extension combined with simple compression or torsion with
normal force measurements can be used to obtain the VL function. Valanis and
Landel (98) used pure shear measurements. The equations for the torsional mea-
surements arise from the relationship between w′(λ) and W1 and W2 given by

w′(λ) − w′(1)
λ

= 2
λ

(λ2 − 1)
(

W1 + 1
λ2 W2

)
(51)

and the values of λ are determined from the twists of the cylinder by

For λ > 1 : λmax = 1
2

[(ψ2 R2 + 4)1/2 + ψ R] (52)

Thus, from torque and normal forces in torsional experiments, the VL func-
tion derivative can be obtained. Typical data for natural rubber are presented in
Figures 30, 31, 32. The figures illustrate the sequence that would be used to ob-
tain the VL function. First, obtain torque and normal force data (Fig. 30) and use
equations 47 and 48 to obtain the strain energy function derivatives W1 and W2
(some typical results shown in Fig. 31). Finally, data of the sort shown in Figure
31 are used to obtain the VL function derivative w′(λ). Figure 32 shows such data
obtained from torsional measurements on natural rubber samples cross-linked to
different extents (102).

In the case of extension and compression data, Kearsley and Zapas (97)
developed a recursive method to determine the VL function from stress–strain
data similar to those presented in Figure 28. The advantage in using extension
and compression data rather than torsional data is that higher values of λ can be
reached.

Finally, the power of finite elasticity theory is that once the material prop-
erties [W1 and W2 or w′(λ)] are known, the stresses in any deformation field can
be calculated. There is an extensive literature on ways to represent the mate-
rial functions and, in fact, commercial finite element codes use finite elasticity
theory in calculations that can be important in applications that range from the
stresses in automobile tires (105) to those in earthquake bearings for large build-
ings (106). One feature of the K-BKZ theory to be discussed next is that it retains
the structure of finite elasticity theory and includes time-dependent properties
of the viscoelastic materials that were discussed in the earlier sections of this
article.

The K-BKZ Theory: Model. The K-BKZ model was developed in the early
1960s by two independent groups. Bernstein, Kearsley, and Zapas (70) of the Na-
tional Bureau of Standards (now the National Institute of Standards and Tech-
nology) first presented the model in 1962 and published it in 1963. Kaye (71), in
Cranfield, U.K., published the model in 1962, without the extensive derivations
and background thermodynamics associated with the BKZ papers (82,107). Re-
gardless of this, only the final form of the constitutive equation is of concern here.
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Fig. 32. The VL function (98) derivative vs stretch for natural rubber samples cured
with 1, 5, and 15 parts per hundred dicumyl peroxide, as indicated. The VL function was
obtained from torque and normal force measurements. ◦ APHR1; � APHR5; 
 APHR15.
After McKenna et al. (102).

Similar to the idea of finite elasticity theory, the K-BKZ model postulates the exis-
tence of a strain potential function U(I1, I2, t). This is similar to the strain energy
density function, but it depends on time and, now, the invariants are those of
the relative left Cauchy–Green deformation tensor Bt,ij. The relevant constitutive
equation is

σi j(I1,I2,t) = − pδi j+
∫ t

− ∞
{U1(I1,I2,t − t′)Bt,i j(t,t′) −U2(I1,I2,t − t′)B− 1

t,i j (t,t′)}dt′

(53)
Also note that the hydrostatic pressure is indeterminate because the K-BKZ is an
incompressible material model. As in finite elasticity theory, the material param-
eters need to be obtained and, in principle, the stress response to any deformation
history can be obtained. Unlike linear viscoelasticity, the integration must be car-
ried out from −∞ to t, which can lead to difficulties in numerical computer codes.
This aspect of the K-BKZ theory has been discussed by (62) Larson, among others.

The relative deformation tensor Bt,ij assumes that the current material con-
figuration (the configuration at time t) is the reference configuration. This idea
is important as it is common in fluid models because fluids have no natural
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reference configuration while solids do. Hence, for example, the relative defor-
mations in simple extension become

λt,1 = λ1(t)
λ1(t′)

; λt,2 = λ2(t)
λ2(t′)

; λt,3 = λ3(t)
λ3(t′)

(54)

and the invariants of Bt,ij are similar to those for the elastic material, but in
terms of the relative deformations

I1(t,t′) =
[

λ1(t)
λ1(t′)

]2

+
[

λ2(t)
λ2(t′)

]2

+
[

λ3(t)
λ3(t′)

]2

I2(t,t′) =
[
λ1(t′)
λ1(t)

]2

+
[

λ2(t)
λ2(t′)

]2

+
[

λ3(t)
λ3(t′)

]2

I3(t,t′) = 1 =
{ [

λ1(t)
λ1(t′)

] [
λ2(t)
λ2(t′)

] [
λ3(t)
λ3(t′)

] }2

(55)

The utility of the K-BKZ theory arises from several aspects of the model.
First, it does capture many of the features, described below, of the behavior of
polymeric melts and fluids subjected to large deformations or high shear rates.
That is, it captures many of the nonlinear behaviors described above for steady
flows as well as behaviors in transient conditions. In addition, unlike the more
general multiple integral constitutive models (108,109), the experimental data
required to determine the material properties are not overly burdensome. In fact,
the information required is the single-step stress relaxation response in the mode
of deformation of interest (72). If one is only interested in, eg, simple shear, then
experiments need only be performed in simple shear and the exact form for U(I1,
I2, t) need not be obtained. Furthermore, because the structure of the K-BKZ
model is similar to that of finite elasticity theory, if a full three-dimensional char-
acterization of the material is needed, some of the simplifying aspects of finite
elasticity theories that have been developed over the years can be applied to the
behavior of the viscoelastic fluid description provided by the K-BKZ model. One
such example is the use of the VL form (98) of the strain energy function discussed
above (110). The next section shows some comparisons of the material response
predicted by the K-BKZ theory with actual experimental data.

The K-BKZ Theory: Comparison with Experiment. The first data required
to test the K-BKZ model is single-step stress relaxation data to determine the
material parameters of interest. This is best seen from the following example for
a simple shearing history. From equation 49, the shear stress for a simple shear
deformation can be expressed as (see Ref. 72)

σi, j(t) =
∫ t

−∞
− K∗[γ (t) − γ (t′),t − t′]dt′ (56)

where γ (t) − γ (t′) is the relative strain and K∗ is the partial derivative of the re-
laxation function K[γ (t) − γ (t′), t − t′] with respect to the second (time) argument.
For the single-step stress relaxation history in which γ (t) = 0 for t < 0 and γ (t) = γ
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for t > 0, equation 52 reduces to

σi j(t) =
∫ 0

− ∞
− K∗[γ ,t − t′]dt′ (57)

Defining ξ = t − t′ and performing a change of variables, equation 57 can be
evaluated as

σi j(t) =
∫ t

∞
K∗(γ ,ξ )dξ = K(γ ,t) − K(γ ,∞) (58)

and because the material is a fluid, K(γ , ∞) = 0. Therefore, the shear stess is
simply equal to its relaxation function K(γ , t) for an applied shear strain of γ . As
suggested by equations 56, 57, 58, one need not actually determine the values of
Ui(I1, I2, t) when the experiments of interest are always of the same geometry.

Also, because of the structure of the K-BKZ theory, torsional measurements
can also be analyzed in a fashion similar to equation 58. Recall Figure 24, which
depicts the single-step stress relaxation responses for a concentrated polymer
solution in a torsional (parallel plate) experiment as isochronal plots of stress
vs strain on double-logarithmic axes. It is worth noting that in the moderate
strain regime, these data look similar to the elastic data of Figure 30. But, at
large strains the curves go through a maximum. This is undoubtedly because the
solutions can be deformed to a much greater magnitude than can the cross-linked
rubber.

Once the single-step data are known, then integration of equation 56 (or eq.
53) for different strain histories leads to predictions for the material response in
any deformation history of interest. A very powerful method of evaluating con-
stitutive equations is the double-step strain history in which the second-step re-
sponse should be able to be predicted by the model in question. Figure 33 shows
the set of two-step histories that is dealt with here and subsequently. Figures
34, 35, 36, 37, 38 show comparisons between K-BKZ predictions and the exper-
imental data for two-step stress relaxation experiments (111), constant rate of
loading and unloading experiments, creep and recovery experiments, relaxation
after steady shearing flow at different shear rates, and superposition of small de-
formations on large ones; this last being a multiple-step experiment that could
be treated as a three-step case (79) As seen, these experiments show excellent
agreement between the theory and the experiment, indicating the power of the
model. Another interesting aspect of the K-BKZ theory is the predictions it makes
for the normal stress responses in the so-called half-step deformation history in
which the second step is 1

2 the magnitude of the first, as depicted in Figure 33c.
For any two-step history, the shear and normal stress difference responses (or
torque and normal force responses) can be written as (72,112–117)

σ12(t − t1) = K(γ2,t) + K(γ2 − γ1,t − t1) − K(γ2 − γ1,t)

σ22(t − t1) − σ22(t − t1) = H1(γ2,t) + H1(γ2 − γ1,t − t1) − H1(γ2 − γ1,t)

σ22(t − t1) − σ33(t − t1) = H2(γ2,t) + H2(γ2 − γ1,t − t1) − H2(γ2 − γ1,t)

(59)
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Fig. 33. Two-step strain histories. (a) Step-up, (b) step to zero deformation, and (c) half-
step deformation histories.

where K(γ , t) is the single-step stress relaxation response of the shear (or torque)
and Hi(γ , t) is that of the ith principal stress difference (or normal force). On sub-
stituting torque T and normal force N for a torsional experiment into equations
59, one would see that the torque response is an odd function of the strain [T(−γ )
= −T(γ )] and the normal force is an even function of strain [N(−γ ) = N(γ )].
Then, for the special 1

2 -step history where γ 1 = 2γ , the torque and normal force
responses become

T (ψ2,t − t1) = 2K(ψ2,t) − K(ψ2,t − t1)

N(ψ2,t − t1) = H(ψ2,t − t1)
(60)

which means that the torque response depends upon the full deformation his-
tory. On the other hand, the normal force response depends only upon the time
after the first step (t − t1), ie, is independent of the duration of the first step and
would be equal to the magnitude of the response to a single-step deformation to
a torsion magnitude of ψ2. Figure 39 provides the experimental evidence that
this is, indeed, the behavior followed by a polyisobutylene solution. Subsequent
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Fig. 34. Comparison of K-BKZ predictions (filled circles) with experimental data (open
circles) for step-up experiment in uniaxial extension for a polyisobutylene material. After
Zapas and Craft (111), with permission.

Fig. 35. Comparison of K-BKZ predictions (open circles) with experimental data (solid
line) for a constant rate of strain (load–unload) history for a polyisobutylene material.
After Zapas and Craft (111), with permission.

data, however, indicate that this may not be universally true (115–117). This is
discussed subsequently.

The data shown thus far describing the success of the K-BKZ theory were,
generally, such that the stress never changed sign. However, it turns out that
in stress-reversing flows, the K-BKZ theory seems not to work as well (62,82,107,
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Fig. 36. Comparison of K-BKZ predictions (filled circles) with experimental data (open
circles) for creep and recovery for a polyisobutylene material. After Zapas and Craft (111),
with permission.

Fig. 37. Comparison of K-BKZ predictions (filled circles) with experimental data (open
circles) for relaxation after a steady shearing flow. (IV) 0.177 s− 1; (V) 1.11 s− 1; (VI) 5.56
s− 1. After Zapas and Craft (111), with permission.

112,114,116,118). Figure 40 shows the shear stress response for a polyisobutylene
solution in the half-step history just discussed. The response is clearly not in
agreement with the K-BKZ theory prediction. Also, in some flows, predicting the
pure shear behavior, which has an extensional component to it, is not consistent
with the simple shear predictions (119).
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Fig. 38. Comparison of the K-BKZ predictions (lines) with data for the incremental mod-
ulus response to a small strain �γ superimposed on a large strain γ as a function of time
te elapsed after the imposition of the large strain. Part (a) shows excellent agreement be-
tween the theory and experiment for γ = 2.7, while part (b) shows moderate deviations at
small te values when γ 1 = 9.4. After McKenna and Zapas (79).



Vol. 15 VISCOELASTICITY 127

Fig. 39. Comparison of the K-BKZ prediction (squares) for the “half-step” normal stress
response with the experimental behavior (open circles) for a polyisobutylene solution. After
McKenna and Zapas (113).

Fig. 40. Comparison of the “half-step” shear stress response predicted by the K-BKZ the-
ory (open circles) with the experimental data (filled circles) for a polyisobutylene solution.
After Zapas (118), with permission.

The Doi–Edwards Theory. Much of the excitement that came during the
early years of the Doi–Edwards (DE) tube model (52–56) for reptation of poly-
mer chains revolved about the fact that the use of the independent alignment
assumption resulted in a special form of the K-BKZ model. Hence, much of the
machinery that was developed in the 1960s and early 1970s to test the K-BKZ
model could be implemented to test the DE model. The next sections discuss the
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Fig. 41. Schematic representation of a real chain (a) and a coarse-grained chain (b). In
the real chain depiction the small beads connected by rods are the monomeric segments
and the circles represent the submolecules of the coarse-grained chain. Part (b) represents
the hypothetical time-exposure photograph. After Watanabe (63), with permission.

molecular basis of the DE model, the independent alignment assumption, and
how well monodisperse polymers follow the DE version of the K-BKZ model.

The Molecular Description. The fundamentals of reptation theory are best
understood with the general coarse-grained models of a single polymer chain. If
one considers the linear polymer chain to be composed of m monomers and also
considers the Rouse approximation (120) that there are no hydrodynamic inter-
actions [in concentrated solutions and melts this is a very good approximation
(9,63)] and that the chain assumes a Gaussian conformation, the chain can be
divided into N submolecules, each containing g monomers. The average size a of
the submolecule in the Gaussian conformation is related to the step length b of
the monomer (63):

a2 = gb2 (61)

The real chain is coarse-grained in both time and space, by dividing it into
submolecules. Figure 41a shows the Rouse chain and Figure 41b illustrates a hy-
pothetical experiment (63) in which the molecule is photographed with an expo-
sure time t0. When the time t0 is large, the chain looks like a fuzzy thread with a
width at because of the chain motion in the time interval of the “photograph.” The
dynamics of this Rouse chain are considered as the motion of a string of Gaussian
submolecules in a viscous medium. The friction coefficient ζ on the submolecule
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or bead is given by

ζ = gζ0 (62)

where ζ 0 is the monomeric friction coefficient. It is assumed that the force acting
on a bead is represented by a Gaussian spring with a spring constant κ given by

κ = 3kBT
a2 (63)

where kB is the Boltzmann constant and T is the absolute temperature. The time-
evolution of the position R(n,t) of the nth submolecule (bead) can be obtained by
considering the forces acting on the the bead: frictional Ff, elastic (entropic) Fe,
and Brownian FB. For large N (long chains) the equation can be written as (121)

− ζ

[
∂ R(n,t)

∂t

]
+ κ

∂2 R(n,t)
∂n2 + FB(n,t) = 0 (64)

The first and second terms represent the frictional force Ff(n, t) and the elastic
force Fe(n, t), respectively. The Brownian force FB is modeled as white noise (56,
63).

Solution of equation 64 permits the determination of the dynamic properties
of the chain (56,63). For this paper, the results are given for the polymer melt or
concentrated solution, not for the single chain contributions to a dilute solution.
The reader is referred to References 56 and 63 for more details. The properties of
interest are

Relaxation modulus: G(t) = vkBT
N

N∑
p= 1

exp
( − 2tp2

λR,G

)
(65)

where λR,G is the longest relaxation time for the Rouse chain, given by

λR,G = ζa2 N2

3π2kBT
(66)

Note that v is the number density of Rouse segments in chains of N segments in
length and that are monodisperse. The index p is the eigenmode from the solution
to the equation of motion. Furthermore, equation 65 is the equation for a special
form of the generalized Maxwell model having constant coefficients Gi = vkBT
(see eq. 18). The relaxation times are given by λR,G/2p2.

The zero shear rate viscosity is calculated from (56)

η0 = vζα2 N
36

(67)
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Fig. 42. Double logarithmic representation of the steady-state (recoverable) compliance
as a function of molecular weight for linear (squares and crosses) and cyclic (circles)
polystyrenes melts. After McKenna et al. (122).

and the steady-state (recoverable) compliance is calculated from

Js = 1
η2

0

∫ ∞

0
tG(t)dt = 2

5vkBT
= 2M

5ρRT
(68)

where ρ is the density and M is the molecular weight. Although the Rouse model
was derived for dilute solutions in which there is no hydrodynamic interaction,
it seems to best describe the behavior of concentrated solutions and melts that
are disentangled. This is particularly so for the viscosity, which at low molecular
weights seems to follow the first power prediction given by equation 67 (recall
Fig. 18 at low molecular weights). Also, the equilibrium recoverable compliance
of short-chain melts (both linear and cyclic) seems to follow the correct scaling
with molecular weight, as shown in Figure 42. However, once the chains get long
enough to be entangled, the Rouse-like behavior no longer holds. After entangle-
ment begins, the viscosity follows the very strong M3.4 behavior seen in Figure 18
and the steady-state (recoverable) compliance becomes constant as seen in Figure
42 (122). It is here that a model is needed that goes beyond the Rouse model and
includes entanglement effects. As noted above, the reptation model of de Gennes
(51) and Doi and Edwards (52–56) is the current paradigm for polymer dynam-
ics in the entangled state. Essentially, the DE tube model of reptation is a Rouse
chain that moves through a tube that acts as a mean field of constraint. Figure 43
illustrates the movement of the chain in a tube, where the Brownian dynamics
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Fig. 43. Schematic of stress relaxation of a chain in the tube in the DE model for small
deformations. (a) Prior to deformation, the tube has its equilibrium conformation. (b) Im-
mediately after the deformation, the entire tube is deformed. At small strains, the contour
length of the tube is unchanged. (c) At a later time t, the chain has partially escaped from
the tube and remains partially confined by the deformed tube. The average of the contour
length σ (t) of this part of the tube is equal to Lµrep(t). After Doi and Edwards (56), with
permission.

of the chain causes it to move about in the original tube until it completely dis-
engages and the new surroundings form a new tube. Here we consider the model
at length scales greater than the tube diameter a, which has been identified (57)
with the (mean) distance between entanglements or a Rouse submolecule of the
size of the entanglement spacing. The important parameters are the number of
monomers me in the entanglement segment, the tube diameter, the friction coeffi-
cient ζ for the entanglement segment, and the number of segments in the chain
N. The trajectory of bond vectors of the entanglement segments coincides with
the tube axis that is referred to as the primitive path. These are related to the
physical chain by (63)

Tube diameter: a= m1/2
e b

Friction factor: ζ = meζ0

Number of segments: N = m
me

(69)

where b is the effective step length of the monomer, m is the number of monomers
in the chain or the degree of polymerization, and ζ 0 is the monomeric friction
factor. Note that, with the exception of N, the parameters in equation 69 are
independent of chain length.

In the equilibrium conformation the centerline of the tube represents a ran-
dom walk with a step length that corresponds to the tube diameter. If the tube is
treated as a system of slip links through which the chain can pass, the mean field
of the surrounding chains results in an equivalent tensile force Feq that acts on
the chain ends (63,121):

Feq = 3kBT
a

(70)
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This force acts to constrain the lateral motion of the chains (tube constraints) and
the average contour length of the tube coincides with the equilibrium tube length
Leq:

Leq = Na= R2
e

a
(71)

where Re
2 is the mean-square end-to-end distance of the unperturbed chain.

According to the DE model, the tube is fixed in space and, at equilibrium,
the contour length is constant L = Leq. This results in all entanglement segments
moving together back and forth within the tube and along the tube axis. Hence,
the motion is equivalent to one-dimensional diffusion within the tube along the
tube axis. If one defines the position along the tube as a segment number (given
by s/a, where s is the segment position), one can write an equation for the evo-
lution of the position R(n, t) and the unit bond vector of the nth entanglement
segment u(n, t):

R(n,t + �t) = R(n+ �n,t),u(n,t + �t) = u(n+ �n,t) (72)

where �n is a normalized (by a) stochastic sliding distance and �t is the time for
the chain to slide this distance. Then, the Rouse chain in the tube has a curvi-
linear motion with a diffusion coefficient Dc that is obtained from the stochastic
sliding process (61):

〈�n〉 = 0,〈�n2〉 = 2Dc

a2 �t, and Dc = kBT
Nζ

(73)

The rapid motion of the entanglement segments at the chain (and tube) ends
allows these to have their equilibrated configuration:

u= aũeq(at the chain ends) (74)

where ũeq is an isotropically distributed unit vector.
The coarse-grained chain just discussed can be used to describe reptation

dynamics at spatial scales > a and time scales greater than the time �t*(a) for
the chain to move (reptate) a distance a (63):

�t∗(a) = Na2ζ

2kBT
(75)

The dynamic properties for the reptation model just described are obtained
by solving the equations 71, 72, 73, 74 and the linear viscoelastic properties are
solved from the relationship between the stress and the chain orientation func-
tion (63). Without going into detail, the results for times longer than the tube
equilibration time but shorter than the reptation time are

G(t) = GNµrep(t) (76a)
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where

GN = 4
5

vNkBT (76b)

and

µrep =
∑

p= odd

8
p2π2 exp

(
− tp2

λrep

)
(76c)

with

λrep = ζ N3a2

π2kBT
(76d)

In equation 76a the reptation time λrep is the time for the chain to escape from the
tube (orientation relaxation occurs from the end to the center of the chain). GN
is the entanglement plateau modulus (this value is slightly different from that
implied from rubber elasticity of an entangled network) and µrep(t) is a normal-
ized relaxation modulus for the reptation process. In this time regime, equation
76a implies that the modulus is separable into a time function and a modulus
function. This becomes important in discussing the nonlinear response, which is
done, in more detail, below. Some other viscoelastic functions from the DE tube
model of reptation are

η0 = π2GNλrep

12
(77)

Js = 6
5GN

= 6
5

JN (78)

At this point the reptation theory makes some strong predictions about the
viscoelastic response in the linear regime, viz, the viscosity varies as N3 and
the ratio of J0

s /GN = 6/5 = 1.2. Note that the molecular weight dependence of
the viscosity has already been discussed above, and recall that, experimentally,
the viscosity varies as N3.4. In addition, the ratio J0

s /GN is observed experimen-
tally to be in the range of 2–2.5. In spite of these failings, the reptation model
is very powerful. The next section examines the stress response to deformation
histories in the nonlinear range.

The DE Constitutive Equations. The DE model (52–56) made a major
breakthrough in polymer viscoelasticity in that it provided an important new
molecular physics based constitutive relation (between the stress and the ap-
plied deformation history). This section outlines the DE approach that built on
the reptation-tube model developed above and gave a nonlinear constitutive equa-
tion, which in one simplified form gives the K-BKZ equation (70,71). The model
also inspired a significant amount of experimental work. One should begin by
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looking at the calculation of the stresses for a material at times longer than the
time it takes for the tube to equilibrate, ie, times in the reptation regime.

Doi and Edwards (56) calculate the stress considering how the conformation
of the primitive chain R(s, t) is changed by the macroscopic deformation. First,
one needs to know the stress equation in terms of the chain conformation, and
then how the chain conformation (orientations) changes with the macroscopic
deformation field. The stress equation is developed as follows:

σαβ(t) = v

N

〈 ∫ L

0
F(t)uα(s, t)uβ(s, t)ds

〉
(79)

where u(s, t) = ∂R(s, t)/∂s is the unit vector tangent to the primitive chain and
F(t) is the tensile force acting on the primitive chain. In the equilibrium state

Feq = 3kBT
Na2 L (80)

and in the nonequilibrium state

F(t) = 3kBT
Na2 L(t) (81)

where L(t) is the tube contour at time t and L is its equilibrium value. From
equations 79, 80, 81 the relationship between the stress, the contour length, and
the changing chain orientation is obtained as

σαβ = 3vkBT
N2a2

〈∫ L(t)

0
L(t)

[
uα(s,t)uβ(s,t) − 1

3
δαβ

]
ds

〉
(82)

It is now necessary to develop the equations for the relationship between the
macroscopic deformations and the chain orientations. Doi and Edwards assume
that the deformation is affine, ie, the primitive chain deforms in the same way as
the macroscopic deformation field. Thus, a point R(s, −0) on the primitive chain
is displaced as

R(s, − 0) → E·R(s, − 0) (83)

where E is the deformation gradient tensor and its components are written as

Eαβ = ∂r′
α

∂rβ

(84)

where r′ is the coordinate in the deformed state and r is the coordinate in the un-
deformed state. (Note that this is similar to the definitions used earlier in defining
the strains and relative deformations.)

Doi and Edwards then derive expressions for the changing contour length
and change in the orientation of the primitive path. The development is beyond
the scope of the current article. The important expression is that for the chain
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Fig. 44. Schematic of the stress relaxation process after a large step in deformation. (a)
Equilibrium conformation of the tube prior to deformation. (b) Immediately after deforma-
tion, the primitive chain has been affinely deformed. (c) After the time λR, the primitive
chain retracts along the tube and recovers its equilibrium contour length (t ∼= λR). (d) After
the time λd the primitive chain leaves the deformed tube by reptation (t ∼= λd). After Doi
and Edwards (56), with permission.

orientation tensor Q as a function of the macroscopic deformation gradient ten-
sor:

Qαβ(E) =

〈
(E·u)α (E·u)β

|E·u|

〉
0

〈|E·u|〉0
− 1

3
δαβ (85)

Then it is possible to determine the response of the “reptation” material
to single-step stress relaxation strain histories at large deformations. The relax-
ation of the tube contour length L(t) takes place on the time scale of the longest
Rouse time of the chain in the tube and reorientation takes place over the repta-
tion time scale λrep as the chain disengages from the tube. This is shown schemat-
ically in Figure 44. Therefore, the relaxation for times greater than the equilibra-
tion time (the Rouse time for a free chain) takes place in two steps. In the time
scale during which the tube recovers its original contour length (contour length
relaxation),

σαβ(t) = Ge{1 + [α(E) − 1]exp( − t/λR)}2 Qαβ(E), λe≤t≤λR

where Ge = 15
4

GN and α(E) = 〈|E·u|〉0

(86)

For the time after the tube has regained its original contour length, the chain
begins to disengage from the tube via the reptation mechanism. The relaxation
response during this time is

σαβ(t) = Ge Qαβ(E)µrep(t), t>λR (87)

where µrep(t) is given as the relaxation function for reptation in equation 76a.
Combining equations 86 and 87 one obtains the relaxation function for the
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two-step process:

σαβ(t) = Ge Qαβ (E){1+[α(E) − 1]exp( − t/λR)}2µrep(t), t>λe (88)

For a simple shearing deformation, α(E) = α(γ ) and Qαβ(E) = Qαβ(γ ). In the
linear (small deformation) regime one finds

σ (γ ) = 〈(1+2γ uxuy+γ 2u2
y)1/2〉0 = 1+ 2

15
γ 2+O(γ 4)

Qxy(γ ) = 1
α(γ )

〈
(ux+γ uy)uy

(1+2γ uxuy+γ 2u2
y)1/2

〉
= 4

15
γ + O(λ3)

(89)

and the stress response (eq. 88) becomes

σxy(t) = 4
15

γ Geµrep(t) + O(γ 3) (90)

which is the linear viscoelastic response to a single-step stress relaxation history.
For larger deformations, equation 88 is used. For convenience the nonlinear

relaxation modulus is defined as

G(γ ,t) = 1
γ

σxy(t,γ ) (91)

Then, equations 88 and 91 give the following expression for the nonlinear modu-
lus:

G(γ ,t) = Ge
Qxy(γ )

γ
{1+[α(γ ) − 1]exp( − t/λR)}2µrep(t)

= h(γ )G(t){1+[α(γ ) − 1]exp( − t/λR)}2

(92)

Here G(t) is the linear viscoelastic modulus and h(γ ), the damping function in
shear is introduced. For small γ , the linear response is recovered. As γ increases,
we see another relaxation in G(γ , t) at short times that corresponds to the re-
laxation of the contour length. Figures 45 and 46 show the expected relaxation
behavior and that obtained experimentally for a high molecular weight polymer
in solution. The theoretical curves show more nearly exponential decays for both
mechanisms than is seen in the actual data, which has a broader relaxational
behavior. This is a well-known weakness of the DE model that is related to the
relaxation function being nearly exponential in nature (the longest relaxation
time is widely separated from the next time which also has a lower intensity).

In examining the single-step stress relaxation behavior of the DE model,
one can also look at the normal stress responses in shearing experiments. The
first and second normal stress differences are N1(γ , t) and N2(γ , t) respectively.
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Fig. 45. Theoretical curve for the nonlinear relaxation modulus G(t, γ ) [= G(γ , t)] at
different values of γ as indicated in the figure. The plot is for the case of λd/λR = 100. After
Doi and Edwards (56), with permission.

The relevant equations are (56)

N1(γ ,t) = Qxx(γ ) − Qyy(γ )
Qxy(γ )

σxy(γ ,t)

N2(γ ,t) = Qyy(γ ) − Qzz(γ )
Qxy(γ )

σxy(γ ,t)

(93)

and since

Qxx(γ ) − Qyy(γ ) = γ Qxy(γ )
(94)

N1(γ , t) can be written as

N1(γ ,t) = γ σxy(γ ,t) (95)

This relation, which also results from the K-BKZ model, is referred to as the
Lodge–Meissner relationship (124) and results for materials with a finite elastic
modulus at zero time.

The framework for examining arbitrary deformation histories for the “rep-
tation” fluid has now been established and one can obtain a constitutive law for
the stress response to arbitrary deformation histories. While the DE model can
provide a more general constitutive equation than that to be developed now, the
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Fig. 46. Nonlinear relaxation modulus G(t, γ ) [= G(γ , t)] for a solution of polystyrene
in chlorinated biphenyl (φ = 0.06 g/cm3) at 30◦C. From top to bottom, shear strains γ are
0.57, 1.25, 2.06, 3.04, 4.0, 5.3, and 6.1. After Osaki et al. (123), with permission.

more general form requires numerical solution. The approximation known as the
independent alignment assumption (IA) results in a closed form solution that
gives a special case of the K-BKZ theory developed previously.

First, consider a simplification in which it is assumed that the contour
length of the primitive chain remains at the equilibrium length L under the im-
posed deformation. This assumes an inextensible primitive chain and is seen as
a reasonable approximation for slow flows or long times. Then, the deformation
of the primitive chain is given by considering that the segment in the middle of
the chain changes position affinely as

R′(0) = E·R(0) (96)

where R(s) is the primitive chain conformation before deformation and R′(s) is
that after deformation. The primitive chain segments go from −L/2 to L/2; hence
the middle is at 0.

Then the segment s′ lies on the curve E · R(s) so that

R′(s′) = E·R(s) (97)
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s′ is the contour length along the curve E · R(s′′) from s′′ = 0 to s′′=s:

s′ =
∫ s

0
|E·u(s′′)|ds′′ (98)

Combination of equations 96, 97, 98 gives the transformation

u′(s′) = E·u(s)
|E·u(s)| (99)

Because s and s′ are not equal to each other, the general constitutive equa-
tion becomes very complicated and requires numerical solution. The independent
alignment approximation allows us to ignore this difference. Then, with s′ = s the
transformation equation 99 becomes

u′(s) = E·u(s)
|E·u(s)| (100)

The consequences of this approximation have been extensively investigated and
the results are outlined here. In terms of the orientation tensor, the IA approxi-
mation in a single-step stress relaxation experiment in simple shear is given by

QIA
xy(γ ) = 1

5
γ (γ1)

QIA
yy(γ ) − QIA

zz (γ ) = − 2
35

γ 2(γ1)
(101)

and the damping function is then given by

hIA(γ ) = QIA
xy(γ )

γ /5
(102)

which is not very different from the more general h(γ ) introduced earlier (eq. 91)
over a wide range of γ (56).

Without derivation, note that Doi and Edwards developed expressions for
the probability distribution function for the chain as well as the relationship be-
tween the stress and the chain orientations to arrive at an evolution equation for
the stress to the chain orientation process, which is a function of the macroscopic
deformations. The resulting constitutive equation is

σαβ(t) = Ge

∫ t

−∞

(
∂ψ(t − t′)

∂t′

)
QIA

αβ[E(t,t′)]dt′ (103)

where ψ(t) = µrep(t) is the DE relaxation function given previously. This equation
is equivalent to a special form of the K-BKZ model discussed above. Note, how-
ever, that the deformation measure is somewhat different. [The reader should
see Wagner and Schaeffer (125) for further discussion of the DE strain measures
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relative to classic strain measures.] A relaxation function φαβ(t, E) can be defined
as

φαβ(E,t) = Ge

∫ 0

− ∞

(
∂ψ(t − t′)

∂t′

)
QIA

αβ(E)dt′

= Geψ(t)QIA
αβ(E)

(104)

which is the single-step stress relaxation response to the deformation represented
by Qαβ

IA(E). Then, the stress response to an arbitrary flow history is given by

σαβ(t) =
∫ t

− ∞

(
∂φ(E, t − t′)

∂t′

)
E= E(t,t′)

dt′ (105)

This has the same form as the K-BKZ model described above and where the func-
tion φ(E, t) has the meaning of K(I1, I2, t) for any given deformation (see eqs.
56, 57, 58, 59, 60). This result was a very important aspect of the DE model’s
success because of the broad success of the K-BKZ continuum model that had
already been established. The next sections examines some of the data that were
specifically generated to test the validity of the DE model constitutive equation.

Comparison with Experiment. Of particular importance in comparing the
DE model with nonlinear rheological experiments is the fact, already noted above,
that the relaxation function in the linear viscoelastic regime is not broad enough
to capture the actual behavior of polymers. This resulted in two important trends
in the experimental tests of the DE work. First, because the K-BKZ work, eg, in
two-step deformation histories, had been mostly performed on commercial poly-
mers of broad molecular weight distribution, the tests of DE focused primarily on
monodisperse polymers that were anionically polymerized. (Later developments
(15,18,126–128) lead to use of broader molecular weight distributions but these
will not be treated here.) Hence, much work was done, particularly by Osaki
(123,129–133) and co-workers, in different two-step deformation histories where
both the shear and normal stress differences could be obtained. Also, more re-
cent work by the Venerus and Burghardt groups (115–117,134,135) has further
expanded on the Osaki work. The second development was that much effort was
expended to compare the form of the damping function that was measured with
that given by the DE model, part of which was discussed above.

Single-Step Stress Relaxation Experiments. The damping function of the
DE equation has already been compared with some of the Osaki data (Figs. 45
and 46). Here two other aspects of the Osaki work are emphazied. At long times,
when the material response is dominated by the chain disengaging from the tube,
the DE model gives a response that is refered to as time–strain separable. The
possibility of time–strain separability in the response of polymer relaxation be-
havior was originally used by Zapas and Craft (111). Empirically, time–strain
separability can be expressed by the following (see also eqs. 76a and 90):

G(γ, t) = h(γ )g(t) (106)
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Fig. 47. Reduced relaxation modulus G(t, γ )/h(γ ) [= G(γ , t)/h(γ )] derived from data of
Figure 46. The curves for γ > 1.25 shift vertically by an amount −log h(γ ) so that they
superpose in the long time regime. τ 0

1 represents the longest relaxation time and τ k rep-
resents the time below which superposition is not possible. After Osaki et al. (123), with
permission.

where h(γ ) is referred to as the shear damping function discussed above and g(t)
would be a linear viscoelastic relaxation response. Osaki (123) showed that the
time–strain separability appears to be valid after some characteristic time the
called τ k (now time and not stress). This is shown in Figure 47, which is a plot
of G(γ , t)/h(γ ). If time–strain separability were valid over all times, the curves
at different strains would have collapsed onto a single curve. In Figure 47 it is
observed that the curves do not collapse until after the time τ k. Unfortunately,
it is not currently possible to uniquely attribute τ k to any of the times discussed
above for the tube model. It is, however, common to attribute τ k to the finite time
required for the molecule to retract along its contour length.

Another interesting aspect of the work done by Osaki was the demonstration
that h(γ ) is not a universal function. Rather, it seems to depend on the number
of entanglements M/Me. The reptation theory expectation for the actual behavior
in concentrated solution has been variously interpreted and there is not general
agreement on the expected behavior. However, the data shown in Figure 48 are
important for the understanding of polymer molecular viscoelasticity and were
obtained within the important framework provided by the DE theory. From Fig-
ure 48 it is seen that the damping function depends on M/Me and on concen-
tration. Subsequently Osaki and co-workers (123) stated that “the quantity h(γ )
scarcely varies with molecular weight or concentration.” A still later work by Os-
aki (136), however, again shows a disagreement between experimental data and
the universal h(γ ) for polystyrene solutions. In addition, Wagner and Schaeffer
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Fig. 48. Strain-dependent functions h(γ ) and h1(γ ). The heavy line represents the DE
damping function and the light lines represent experimental results [h1(γ )] for polystyrene
solutions. For type I sample, φ M < 106 (g·Da)/cm3 and for type II samples φ M > 106

(g·Da)/cm3. For IIa, M = 3.10 × 106 Da and φ = 0.329 g/cm3. For IIb, M = 5.53 × 106 Da
and φ = 0.221 g/cm3. For IIc and IId, M = 7.62 × 106 Da and φ = 0.176 and 0.221 g/cm3,
respectively. T is for a broad molecular weight distribution sample in which Mw = 1.10 ×
106 Da and Mw/Mn = 4 and φ = 0.21 g/cm3. After Osaki and Kurata (130), with permission.

(119,125,137) have extensively studied the form of the universal damping func-
tion and found that it is inadequate for the description of polydisperse polymer
melts.

Two-Step Stress Relaxation Experiments. As discussed above in the context
of the K-BKZ model, the two-step stress relaxation experiment is a very impor-
tant tool in the assessment of constitutive relations. The same has been true in
the use of the two-step experiment to assess the DE model. Here, the tests in
the context of the independent alignment assumption are first examined. The
important aspect of the experiments performed by Osaki and co-workers is that
(123,129–133) the work was performed on monodisperse polymers. The work of
Venerus and Burghardt, which is further built on the work of Osaki, will also be
discussed. Finally, a proposed form of constitutive model that goes beyond the in-
dependent alignment assumption and gives a tractable set of predictions for the
double-step experiments is examined.

Here three types of two-step experiment are viewed and the reader is asked
to recall Figure 33. The figure shows the step-up (a), the step to zero (b), and
the half-step (c) histories. Both the torque and normal force responses are exam-
ined. In addition, because much of the data in the literature include comparisons
with the DE model both with and without independent alignment, the equations
for the form of the DE model that Doi proposed by suppressing the independent
alignment assumption are presented. Here the results are referred to as DE-NIA.
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In this case for two-step stress relaxation histories recall equations 59 (DE-IA or
K-BKZ)

σ12(t) = K(γ2, t) + K(γ2 − γ1, t − t1) − K(γ2 − γ1, t)

σ22(t) − σ22(t) = H1(γ2, t) + H1(γ2 − γ1, t − t1) − H1(γ2 − γ1, t)

σ22(t) − σ33(t) = H2(γ2, t) + H2(γ2 − γ1, t − t1) − H2(γ2 − γ1, t)

(59)

and compare these with the DE-NIA equations:

σ12(t) = A(β)K(γ2, t) + K(γ2 − γ1, t − t1) − [A(β) + B(α2, β)]K(γ2 − γ1, t)

σ22(t) − σ22(t) = A(β)H1(γ2, t) + H1(γ2 − γ1, t − t1) − [A(β) + B(α2, β)]H1(γ2 − γ1, t)

σ22(t) − σ33(t) = A(β)H2(γ2, t) + H2(γ2 − γ1, t − t1) − [A(β) + B(α2, β)]H2(γ2 − γ1, t)
(107)

where

A(β) =
4βcos(

πβ

2
)

π (1 − β2)
, B(α2,β) = π2(1 − β)3

12(α2 − β)
for β<1

A(β) =
4cos(

π

2β
)

π (1 − β − 2)
, B(α2,β) = 0 for β≥1

β =
(

3 + γ 2
2

3 + γ 2
1

)1/2

, α2 = [1 + (γ1 − γ2)2]1/2

(108)

As seen in the next paragraphs, the DE-NIA equations sometimes do better and
sometimes worse than the DE-IA or K-BKZ equations. Also note that in all in-
stances the measured single-step relaxation function is used rather than the the-
oretical DE function, which as already discussed is too narrow to capture the full
breadth of the relaxation response of entangled polymers.

Step-Up. Figure 49 shows the response for a two-step history in which the
second step is approximately the same magnitude as the first step, ie, γ 2 = 2γ 1.
The results are from Osaki’s work (138) on polystyrene solutions and illustrate
that both the shear stress response and the normal stress response are well rep-
resented with the DE independent alignment approximation (ie, the K-BKZ equa-
tions). This result is similar to what was found previously for the K-BKZ model
(Fig. 34) (138).

Step to Zero Deformation. Figures 50 and 51 show the response for a two-
step history in which one first applies a step strain γ 1 for some time t1 and then
returns the material to zero deformation, γ 2 = 0. The results are, again, from Os-
aki (138). Figure 50 shows the results when the first step duration t1 = 20 s, and
it is seen that both the shear and normal stress responses are poorly represented
by either the DE model with independent alignment (solid lines) or the predic-
tions without the independent alignment assumption (dashed lines). Figure 51
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Fig. 49. Shear stress σ (◦) and normal stress ν3 (◦) responses to a two-step “step-up”
type of deformation history with γ 1 = 1.47 and γ 2 = 2.90 for a concentrated polystyrene
solution. The solid lines are the predictions for the K-BKZ or DE-IA equations and the
dashed lines are for the DE-NIA equations. After Osaki and et al. (138), with permission.

shows that when t1 gets longer (t1 = 200 s) the agreement between theory and
experiment improves. Also, note that both theoretical curves also begin to ap-
proach each other, as might be expected because the models are fading memory
models and at very long times, the step back to zero should become equivalent to
the single-step response.

Half-Step Deformation. In the discussion of the K-BKZ model, the half-step
deformation was covered. Here two sets of data that go beyond what was de-
scribed above are discussed. First, in the Osaki data shown in Figure 52, it is seen
that the DE model with independent alignment fits the shear stress response, but
not the normal stress response. Also, the theory without the independent align-
ment assumption does not fit the shear data. The normal stress deviation from
the model prediction is interesting, as this was a “special” history for which the
K-BKZ and DE-IA models both predicted that the normal stress response is in-
dependent of the duration of the first step (and equal to a single-step experiment
with magnitude γ 2 = γ 1/2). Figure 52 shows that for the polystyrene solution, the
single-step response for the normal stress is only in agreement with the single-
step response at long times. Interestingly, Osaki’s data (138) showed that the nor-
mal stress response was independent of the duration of the first step, although
not equal to the single-step response. Figures 53 and 54 show a set of half-step
data from Burghardt and Brown (111). The shear stress theory is not shown for
comparison, but it is seen that the shear stresses go negative and then become
positive, going through a maximum before joining what would be the single-step
relaxation at very long times. On the other hand the normal force responses
for the different values of t1 are very interesting because they seem to become
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Fig. 50. Shear stress σ (◦) and normal stress ν3 (◦) responses to a two-step “step to zero”
type of deformation history with γ 1 = 2.89 and γ 2 = 0 for a concentrated polystyrene
solution. Duration of the first step was t1 = 20 s. The solid lines are the predictions for
the K-BKZ or DE-IA equations and the dashed lines are for the DE-NIA equations. After
Osaki et al. (138), with permission.

independent of the duration of the first step at a characteristic time. At short
times, deviations occur. Hence, the original findings of McKenna and Zapas that
the normal force response is independent of the duration of the first step, seems
to only be confirmed for long times. Osaki associated this time with the value
of τ k discussed previously and where time-strain separability is applicable. An
interesting aspect of this is that the observation that the normal stresses in the
half-step history can independent of the duration of the first step is also observed
for some polymer glasses (112–114), as discussed subsequently.

Nonlinear Viscoelastic Response of Solid-like Polymers. The study
of the nonlinear viscoelastic response of solid or solid-like polymers is one that
has been relatively neglected. One reason is that there is no real molecular
framework for the description of these materials, particularly when they are
amorphous. The other reason is that many workers in the field have adopted
the framework of metal plasticity and then made modifications to try to adapt it
to, for example, the fact that amorphous polymers do not readily admit to treat-
ment with the physics of dislocations. In the case of semicrystalline polymers, the
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Fig. 51. Shear stress σ (◦) and normal stress ν3 (◦) responses to a two-step “step-to zero”
type of deformation history with γ 1 = 2.89 and γ 2 = 0 for a concentrated polystyrene
solution. Duration of the first step was t1 = 200 s. The solid lines are the predictions for
the K-BKZ or DE-IA equations and the dashed lines are for the DE-NIA equations. After
Osaki et al. (138), with permission.

crystalline phase may, in some instances, succumb to a plasticity treatment, (139)
but the full description of the nonlinear response requires treatment of a two-
phase system. The following sections treat the problem of nonlinear behavior of
solid or solid-like polymers as a problem in viscoelasticity. Primarily amorphous,
glassy polymers are chosen. There are several reasons for these choices. First, the
semicrystalline polymers are very complicated, as discussed briefly above, and
our physical understanding of their linear viscoelastic response is still somewhat
limited because of the complex interactions between amorphous and crystalline
phases. Hence, while some progress has been made in dealing with the yield re-
sponse of polyethylene (140,141) it is unclear how general the models are to other
materials. This leaves one with the amorphous, glassy polymers. Here, because
the materials seem to follow time-temperature superposition in many instances,
(9,33–35,40,142) there is a reasonable likelihood that a viscoelasticity framework
is a good one with which to treat them. In addition, most work has focused on
post-yield behavior, a regime to which plasticity in metals seems (inappropriately
in this author’s mind) applicable. With this in mind, therefore, it becomes impor-
tant to investigate the sub-yield behavior of amorphous materials because it is
the sub-yield behavior that is the precursor to yielding behavior. The latter can-
not be understood until the former is. The following section deals with the K-BKZ
framework and adapts it to the present investigations of the viscoelastic response
of glassy polymers. Several other viscoelastic frameworks that have been, or are
being, used in the study of amorphous polymers are also discussed.
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Fig. 52. Shear stress σ (◦) and normal stress ν3 (◦) responses to a two-step “half-step”
type of deformation history with γ 1 = 2.89 and γ 2 = 1.45 for a concentrated polystyrene
solution. Duration of the first step was t1 = 20 s. The solid lines are the predictions for the
K-BKZ or DE-IA equations and the dashed lines are for the DE-NIA equations. Dashed-
dotted line is the single-step shear stress response for γ = 1.45. After Osaki et al. (138),
with permission.

The K-BKZ Framework. The above sections dealt with the K-BKZ frame-
work for describing the nonlinear constitutive response of polymeric fluids. While
the K-BKZ theory was developed for incompressible fluids, polymeric glasses are
compressible in that the bulk modulus and the shear modulus are of the same
order of magnitude. However, in the first work described here only torsional be-
havior is examined, which is nearly volume conserving (143–145). Hence, there
may be reason to think that the incompressible framework is justifiable. Some
aspects of compressibility are also examined and these are adapted to one in-
stance of extension and compression behavior. Other constitutive models are also
analyzed.

Torsional Experiments. The geometry and equations for torsion of an elas-
tic cylinder are presented above. For the viscoelastic K-BKZ material, the equa-
tions look similar. For isochronal values of the strain potential function, one can
define what looks like a time-dependent strain-energy function Wi(I1, I2, t):

Wi(I1,I2,t) = ∂W(I1,I2,t)
∂ Ii

=
∫ t

−∞

∂U (I1,I2,t − t′)
∂ Ii

dt′ (109)
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Fig. 53. Shear stress response to “half-step” type of deformation history for a concen-
trated polystyrene solution and for different values of the first step duration t1. Dotted
line; t1 = 1 s; dashed line; t1 = 4 s; solid line; t1 = 16 s. After Brown and Burghardt (134),
with permission.

Fig. 54. Normal stress response to “half-step” type of deformation history for a concen-
trated polystyrene solution and for different values for the first step duration t1. Dotted
line: t1 = 1 s; dashed line: t1 = 4 s; solid line: t1 = 16 s. Symbols represent single-step
response for γ = 2.0. After Brown and Burghardt (134), with permission.
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Fig. 55. Torque and normal force responses for a glassy polycarbonate material in stress
relaxation conditions. Isochrones: � 1 s; ◦ 10 s; • 100 s; � 1000 s. After Pesce and McKenna
(146).

Then, isochronal values Wi(I1, I2, t) can be used to characterize the stress re-
laxation behavior of solid cylinders and, similar to the behavior found for rubber,
the strain energy function derivatives can be determined for different materials.
There is relatively little work in this area, but the results are intriguing. Figure
55 shows the isochronal torque and normal force responses for a polycarbonate
material subjected to maximum strains of approximately 0.10 at the outside ra-
dius of the cylinder. This strain is just below the yield point of the polycarbonate
in torsion. These data have a similar appearance to the rubber data shown in
Figure 31 at small strains (the torque follows ψR and the normal force follows
ψ2R2), but as the strain increases toward ψR = 0.1, there is a strong softening in
the responses as yield is approached. In the case of the rubber samples, such soft-
ening does not occur even for strains as high as ψR = 2.0. The time-dependent
equivalent of equations 47 and 48 can be used to analyze the torque and normal
forces so as to determine the values of W1(I1, I2, t) and W2(I1, I2, t). Such data are
shown for a PMMA material in Figure 56 and for the polycarbonate in Figure 57.
Figure 58 shows the isochronal VL function behavior for the polycarbonate as a
function of the stretch λ. Clearly, the behavior is very different for the material
below the glass transition, that is the solid-like or glassy polycarbonate, than it
is for the rubbery material in Figure 32.

Although this approach seems useful, unlike the rubbery polymers, the
glassy polymers are compressible materials in the sense that the ratio of the
bulk and shear moduli is near unity, rather than being in the neighborhood of
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Fig. 56. Values of the time and strain-dependent strain energy function derivatives
∂W/∂I1 and ∂W/∂I2 for a glassy PMMA determined from torque and normal force mea-
surements in single-step stress relaxation torsional experiments. After McKenna (114).

100–1000 for the rubber. This means that the forces to cause shape changes
(distortions or shears) in the rubber are much smaller than those required to
cause volume changes, while these forces are of approximately the same mag-
nitudes in the glassy polymer. Hence, incompressible theory describes very well
the behavior of the rubbery material, but does not obviously apply to the poly-
mer glass. The next section examines the material compressibility issues and the
extension of the VL function to the compressible case.
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Fig. 57. Values of the time and strain-dependent strain energy function derivatives W1
= ∂W/∂I1 and W2 = ∂W/∂I2 for a glassy polycarbonate determined from torque and normal
force measurements in single-step stress relaxation torsional experiments. (a) γ : • 0.017;
� 0.033; � 0.050; � 0.067; 
 0.083; ◦ 0.10. (b) γ : � 0.017; • 0.033; ◦ 0.050; � 0.067; � 0.083;
� 0.10. After Pesce and McKenna (146).
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Fig. 58. The VL Valanis-Landel (98) function derivative as a function of deformation for
polycarbonate as determined from data of Figures 55 and 57. ◦ 0.3 s; � 3.2 s; � 32 s; ∇ 320
s; 
 3000 s. After Pesce and McKenna (146).

Issues of Material Compressibility. There is a full theory of compressible
and nonlinear viscoelastic materials that would be equivalent to the compress-
ible finite deformation elasticity theory described above (eq. 39), but more com-
plicated because of the need to develop an expansion of the time-dependent strain
potential function as a series of multiple integrals (108,109). One such formalism
is discussed briefly under Lustig, Shay and Caruthers Model. Here a simplified
model that is based upon the K-BKZ framework with a VL-like kernel function
(98) is examined.

One important issue in dealing with the nonlinear viscoelastic response of
materials is the amount of data needed to determine the material parameters in
the models. As noted above, even the general finite elasticity theory requires sig-
nificant work to obtain the material parameters over the full three-dimensional
deformation space. This is one reason that the VL framework is so attractive,
when it works. Therefore, it is of interest to investigate whether or not the model
can be extended to include compressibility. Pesce and McKenna (146) performed
torsional tests on polycarbonate as described above. They then asked whether
the VL function could be used to predict the tension and compression responses
of the material. An important assumption in their approach was that the VL func-
tion determined from the torsional measurements using equations 45, 46, 47, 48,
49, 50, 51 (described immediately above) could be used to predict uniaxial data.
When the incompressible equations 50 were applied to try to estimate the uniax-
ial stress-deformation data (isochronal), these equations did not work. However,



Vol. 15 VISCOELASTICITY 153

upon considering the compressibility of the material good agreement with the
data could be obtained. Taking, now, the strain energy density function [assumed
to be separable as in the VL function (98)], one obtains

ŵ(λ1,λ2,λ3) = w(λ1) + w(λ2) + w(λ3) + f (λ1λ2λ3) (110)

where the volume v = λ1λ2λ3 and the function f (λ1λ2λ3) represents the ex-
tra volume-dependent term beyond that incorporated implicitly in the princi-
pal stretches. Writing the constitutive equation for the principal stress (here the
stress differences are not used), one obtains

σi = 1
λ jλk

{
∂ŵ

∂λi

}
(111)

For a uniaxial deformation (extension or compression) in direction 1 and under
normal ambient conditions (where σ 2 = σ 3 ≈ 0) one can write

σ1 = 1
λ2λ3

[
∂w

∂λ1

(
∂ f
∂v

) (
∂v

∂λ1

)]
(112a)

σ2 = 1
λ1λ3

[
∂w

∂λ2
+

(
∂ f
∂v

) (
∂v

∂λ2

)]
≈ 0 (112b)

Solution of equation 112b gives the relation

(
1

λ1λ3

)(
∂w

∂λ2

)
= − ∂ f

∂v
(113)

which when substituted into equation 112b gives the following expression for
σ 1, which is similar to the equation for the principal stress differences for the
incompressible material:

σ1 = 1
λ2λ3

w′(λ1) − 1
λ1λ3

w′(λ2) or vσ1 = λ1λ2λ3σ1 = λ1w
′(λ1) − λ2w

′(λ2) (114)

Pesce and McKenna (140) applied equation 114 with the VL function ob-
tained from torsional data and successfully described the uniaxial data for the
same polycarbonate material to within approximately 15% up to the yield point
(140). The results are shown in Figure 59. Importantly, the successful description
required both a knowledge of w′(λ) and the actual values of the lateral contrac-
tion of the material—the equivalent in the nonlinear range of the Poisson’s effect
in linear elasticity (or viscoelasticity).

Although the compressible VL function shows promise for the description
of the response of glassy polymers in the nonlinear deformation regime, further
work is required to establish the generality of the approach and how far it can be
extended into the post-yield region.
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Fig. 59. Comparison between the experiment (points) and predictions (lines) from equa-
tion 114 for stress-deformation response of polycarbonate in uniaxial extension and com-
pression. • 3.2 s; � 32 s; � 320 s; ∇ 3000 s. After Pesce and McKenna (146).

Other Constitutive Model Descriptions. The above work describes a rel-
atively simple way to think of nonlinear viscoelasticity, viz, as a sort of time-
dependent elasticity. In solid polymers, it is important to consider compressibil-
ity issues that do not exist for the viscoelastic fluids discussed earlier. In this
penultimate section of the article, other approaches to nonlinear viscoelasticity
are discussed, hopefully not abandoning all simplicity. The development of non-
linear viscoelastic constitutive equations is a very sophisticated field that we will
not even attempt to survey completely. One reason is that the most general con-
stitutive equations that are of the multiple integral forms are cumbersome to use
in practical applications. Also, the experimental task required to obtain the mate-
rial parameters for the general constitutive models is fairly daunting. In addition,
computationally, these can be difficult to handle, or are very CPU-time intensive.
In the next sections, a class of single-integral nonlinear constitutive laws that
are referred to as reduced time or material clock-type models is disscused. Where
there has been some evaluation of the models, these are examined as well.

The fundamental concept of the material clock or reduced time is similar to
the principle described above in the discussion of time–temperature superposi-
tion. In the mechanical constitutive models, however, the change in the stress or
deformation induces a shift in the material relaxation time. The fact that the time
depends on the state of stress (or strain) or on its history leads to additional non-
linearities in behavior from what is expected with, eg, the K-BKZ model. Physical
explanations for the shifting material time are often based on free-volume ideas
that are often invoked to explain time–temperature superposition. In addition,
entropy changes have been invoked as have stress-activated processes.



Vol. 15 VISCOELASTICITY 155

The Schapery Model. One of the earliest models of the nonlinear viscoelas-
tic response of polymers to use the concept of a reduced time is due to Schapery
(147–149). The model is based on thermodynamic considerations and has a form
similar to the Boltzmann superposition principal described previously. The model
time dependences, except for the shift factors, are the same as those obtained in
the linear response regime. Hence, the model is relatively easy to implement and
to determine the relevant material parameters. It results in a generalization of
the generalized superposition principal developed by Leaderman (150).

While the model can be formulated for three-dimensional stresses and
strain states, here only the uniaxial deformation is dealt with. It is important to
add that the model has both a creep formalism and a relaxation formalism. The
relevant equations are presented in the next paragraphs. In addition, although
this is a nonlinear theory, it is a small strain theory.

In creep experiments the equation is given as

ε(t) = g0 D0σ + g1

∫ t

0
�D(ψ − ψ ′)

dg2σ

dt
dt′ (115)

where D0 is the zero time compliance, �D is the time-dependent part of the com-
pliance, and the gi’s are material parameters. The material clock arguments are
written as

ψ =
∫ t

0

dς

aσ [σ (ς )]
and ψ ′ =

∫ t′

0

dς

aσ [σ (ς )]
(116)

where aσ is the stress shift factor.
A similar set of equations describes the stress relaxation behavior (stress as

a function of strain):

σ (t) = heEeε + h1

∫
�E(φ − φ′)

dh2ε

dt′ dt′ (117)

Here Ee is the equilibrium modulus (infinite time modulus), �E is the time-
dependent part of the model, and he and h1 are material parameters. The reduced
time arguments φ and φ′ are written as

φ =
∫ t

0

dς

aε[ε(ς )]
and φ′ =

∫ t′

0

dς

aε[ε(ς )]
(118)

Here, note, that aε is the strain shift factor.
Figure 60 illustrates two-step creep and recovery data at different stresses

for a reinforced polymer along with the predictions from the Schapery creep for-
mulation and those obtained from simply applying a modified form of the Boltz-
mann superposition principle. Without going into the details of the procedures
of obtaining all the parameters, it is clear that the model captures much of the
observed nonlinear response, while the modified Boltzmann rule does not. (Note
that the modified Boltzmann rule simply assumes additivity of responses, but
without the linearity assumptions.) Figure 61 shows the creep and recovery data
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Fig. 60. Comparison of experimental (circles) creep and recovery behavior of a glass-
reinforced phenolic resin with the predictions from the Schapery (147–149) nonlinear vis-
coelastic model. ◦ Experimental Data; � Predicted Recovery Data (Nonlinear Theory).
After Schapery (147), with permission.

Fig. 61. Comparison of experimental (circles) creep and recovery behavior of a nitrocel-
lulose material with the predictions from the Schapery (147–149) nonlinear viscoelastic
model using different stress shift factors, as indicated. Exp. Creep Strain;
Exp. Recovery Strain; ----- Case 1, aσ

− 1 = 1; —-—Case 2, aσ
− 1 = 23.15; --—Case 3, aσ

− 1

= 4.1. After Schapery (147), with permission.
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for a nitrocellulose film and with different values of the shift factor aσ to try to
describe the second (recovery) step. Here there is less of an agreement between
the theory and the data, yet the trends are captured. In cases where materials,
such as reinforced polymer matrix composites, exhibit strongly nonlinear behav-
ior at very small strains, this set of models has been very useful (151–154). Also
note that in certain deformation histories, the model can reduce to a K-BKZ type
of expression and the data presented in Figure 34 was successfully described by
the Schapery model (even though the deformations are fairly large).

The Zapas Strain-Clock Model and the Bernstein–Shokooh Stress-Clock
Model. Although the K-BKZ theory has been highly successful, as discussed
above, it also had some flaws, which lead to attempts to modify the model by
incorporating material clock or reduced time concepts. In one form, Zapas intro-
duced a strain-clock (118), ie, a change in the time scale that depended on the
strain history. While the model is fully three-dimensional, for simplicity, consider
only the equations for the simple shearing case:

σ12(t) =
∫

{[γ (t) − γ (t′)]G∗[γ (t) − γ (t′),�(t, t′)]}�̇[γ (t), γ (t′), t − t′]dt′ (119)

and the material time �(t, t′) is written as

�(t, t′) = �[γ (t), γ (t′), t − t′] =
∫

�̇[γ (t), γ (ξ ), t − ξ ]dt′ (120)

The strain-clock term (eq. 120) is a function of the entire deformation his-
tory. McKenna and Zapas used the strain-clock formalism to describe the tor-
sional response of a PMMA material in two-step strain histories (112). The diffi-
culty arises because the determination of material parameters requires at least
the data for both the first and second step responses. Furthermore, McKenna and
Zapas also assumed that the clock-form for the torque response and for the nor-
mal force response was the same. Their results were consistent with this assump-
tion, as shown in Figure 62. However, that work also indicates that considerable
experimental data are required to use the model—a constant issue in nonlinear
viscoelasticity. One other interesting thing that came from the work of McKenna
and Zapas (112–114) was the verification of equation 60 for the normal force. This
is seen in Figure 63, where the normal force response after the half-step history is
plotted against the duration of the first step for two different isochrones. As seen,
for times beyond 1677 s and for both short and long isochrones, the response is
both independent of the duration of the first step and the same as if the material
had been subjected to a step only to γ 2. The other point of import here is that,
while the normal stress is following equation 60, the shear response is dramat-
ically different. In fact, the strain-clock model fits the data, but the “reversing
stress” nature of the deformation leads to a similar deviation from K-BKZ-type
behavior as was seen in the polymer solution. This is shown in Figure 64. The
reader is also reminded that polymer solutions seem to follow this response only
at long times (t > τ k).

While the strain-clock version of the K-BKZ model seems capable of describ-
ing fairly complex nonlinear behavior, it is, at least, an inconvenient model to
use. The stress-clock model of Bernstein and Shokool (155) has two features that
could make it very useful. It takes less data to determine the material properties
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Fig. 62. Normal force response in “step to zero” type of deformation history for a PMMA
polymer glass, showing the comparison between the experimental data (filled squares),
the K-BKZ model predictions (crosses), and the predictions (filled circles) from the Zapas
strain-clock model (118). Note that the clock terms for the normal force response were
determined by fitting the shear stress response in the same experiment. After McKenna
and Zapas (112).

Fig. 63. “Half-step” normal force response in a PMMA polymer glass, showing that the
normal force response is independent of the duration t1 of the first step. Points are data
from the second step response for γ = 0.05 after a step to γ = 0.10. Lines are data from
a single-step experiment at γ = 0.05. (Solid lines: mean; dashed lines: single standard
deviation). Time values of 0.41 and 1677 s are isochronal values after the imposition of the
step in the deformation. After McKenna and Zapas (113).

(under certain conditions) and, in the relatively small deformation regime, it can
be inverted between creep and stress relaxation.

The equations in simple shear can be written as

σ12(t) =
∫ t

− ∞
{G∗[γ (t) − γ (t′), β(t, t′)]bσ (t′)}dt′ (121)
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Fig. 64. “Half-step” shear stress response for a PMMA glass. Circles represent single-
step stress relaxation response at γ = 0.05; crosses, K-BKZ prediction; and open squares,
experimental data for second step of γ = 0.05 after a first step of γ = 0.10 having a duration
t1 = 419 s. After McKenna (114).

where bσ is the stress shift factor. The reduced time β(t, t′) is written as

β(t, t′) =
∫ t

t′
bσ (s)ds (122)

An interesting aspect of the Bernstein–Shokooh model is that the structure
of the nonlinear equations is somewhat different from either the Schapery model
or the Zapas strain-clock model. In the Bernstein–Shokooh model, the nonlin-
earity is set up by having the stress response to a deformation history depend
also on the stress through the stress shift factor bσ . Hence, in equation 121 there
are stress terms on both sides of the equation. For the other models, including
those discussed subsequently, the stresses or deformations are isolated on either
side of the equation. For example, in the Schapery stress relaxation formulation
(eq. 117) the stress depends on the strain and a strain-dependent material clock.
Examination of equations 115 and 119 provides a similar type of conclusion for
the Schapery creep formulation or the K-BKZ strain-clock equation. Hence, one
might expect that the stress-clock formulation of Bernstein and Shokooh might
capture a different sort of material nonlinearity from the other models. To this
author’s knowledge, the only other set of equations that provides a similar type
of nonlinear response comes in the field of structural recovery or physical aging
of glassy materials. The so-called Tool–Narayanaswamy–Moynihan and Kovacs–
Aklonis–Hutchinson–Ramos models have been very successful to describe the ki-
netics of structural recovery. (The reader is referred to the relevant literature for
further examination of these equations (156–160). See also AGING, PHYSICAL).

There has been relatively little testing of the Bernstein–Shokooh model.
Penn did some work to describe the nonlinear response of aluminum, but this,
however, was not published (161). Pesce and McKenna did some two-step stress
relaxation experiments in torsion (162) using polycarbonate as the material. The
results, one of which is shown in Figure 65, indicated that the model is better
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than the K-BKZ model, but does not perfectly describe the material response for
polycarbonate.

The Knauss–Emri Model. There have been several works in the literature
in which volume- or free-volume-dependent clocks were used to describe the non-
linear viscoelastic response of polymeric glasses. The chief success among these
is the Knauss–Emri model (163) in which the reduced time was defined in terms
of a shift factor that depended on temperature, stress, and concentration of small
molecules in such a way that the responses depended on the free volume induced
by each of these parameters. For an isothermal single phase and homogeneous
material, the equations are

Sij = 2
∫ t

−∞
G(Z− Z′)

∂εi j

∂t′ dt′

κii = 3
∫ t

− ∞
K(Z− Z′)

∂εv

∂t′ dt′
(123)

where Z is the reduced time, Sij are the deviatoric stresses, κ ii is the first stress
invariant, G(t) and K(t) are material functions, and εν is the dilatational strain.
The dilatational strain is related to the bulk creep compliance M(t) and deter-
mines the reduced time as

Z(t) − Z(t′) =
∫ t

t′
= ds

φ[εv(s)]

εv(t) = M(t)∗dκkk

3

(124)

where the asterisk denotes a Stieltjes convolution operation.
The Knauss–Emri model captures some of the nonlinear stress relaxation

response of materials and looks like linear viscoelasticity in the reduced time
variables, and hence is relatively straightforward to implement. However, the ob-
servation that material nonlinearities occur in shearing deformations as well as
in compression, where the free-volume mechanisms predict decreasing mobility
suggest that the model is limited in its usefulness (164,165).

The Lustig–Shay–Caruthers Model. In the past several years there has
been a serious effort at the Purdue University School of Chemical Engineering
under the direction of J.M. Caruthers (166–170) to adapt one such formalism to
the problem of glassy materials. The formalism is that of Rational Mechanics
(171) or Rational Thermodynamics, and here the Caruthers group’s contributions
in this area are examined briefly.

The thermoviscoelastic model is an extension of the original ideas of Cole-
man (171) and Noll (109) for a nonequilibrium thermodynamics referred to in the
literature as rational mechanics or rational thermodynamics. Historically this
approach has been controversial for a variety of reasons beyond the scope of this
article. However, one very important issue in the development and uses of the
rational mechanics framework has been the need to deal with multiple integral
expansions of the relevant response functions and the inherent complexity that
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Fig. 65. “Half-step” torque (a) and normal force (b) responses for a polycarbonate glass
comparing the experimental data (open circles) with the K-BKZ equation (closed circles)
and the Bernstein–Shokooh stress-clock model (155) modified to an energy clock (inverted
triangles) predictions. After Pesce and McKenna (162).
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arrives in dealing with such representations. The advantage of Lustig–Shay–and
Caruthers model (170) is its ability to truncate the multiple integrals and arrive
at single integral representations of the material behavior. This leads to a very
attractive and tractable set of equations for describing the material response.
Because the single integral forms are of themselves insufficient to describe the
observed nonlinear response of glass-forming materials, a reduced time much as
used in the models presented above, that depends on the configurational entropy
has been introduced (170). Hence, one starts with the assumption that there ex-
ists a free energy potential functional that is time-dependent. Appropriate differ-
entiation of the functional results in volume, enthalpy, and mechanical responses
that contain sufficient information to predict strongly nonlinear behavior from
laboratory determined linear viscoelastic response functions.

The detailed development that is followed is beyond the scope of this ar-
ticle. Here simply note that they followed a rigorous approach, beginning with
a representation of the time-dependent “free energy” function ψ(t) and through
appropriate simplifications and differentiations arrived at a set of equations for
the entropy and stress as functions of the thermal and mechanical histories. The
fluid form of the model through, single integral terms, is given by the following
equations for the stress and entropy. Significantly, note that an important aspect
of the model is that all the material parameters are related to response functions
obtained from linear viscoelastic measurements, PVT measurements, and heat
capacity measurements:

Stress :

T (t) = − P(∞) I + ρ

ρR

∫ t

− ∞
G�[I3(t), θ (t), t∗ − ξ ∗][

dCt(ξ )
dξ

− 1
3

I
dIt1(ξ )

dξ
]dξ

+ ρ

ρR
I
∫ t

− ∞

1
2

K�[I3(t), θ (t), t∗ − ξ ∗]
dIt1(ξ )

dξ
dξ

+ ρ

ρR
I
∫ t

−∞
2ρR A�[I3(t), θ (t), t∗ − ξ ∗]

dθ (ξ )
dξ

dξ

(125)

η(t) = η(∞)[I3(t), θ (t)] −
∫ t

−∞
A�[I3(t), θ (t), t∗ − ξ ∗]

dIt1(ξ )
dξ

dξ

−
∫ t

−∞
2C�[I3(t), θ (t), t∗ − ξ ∗]

dθ (ξ )
dξ

dξ

(126)

where P is the pressure and η is the entropy. The superscript ∞ implies the equi-
librium value. ρ is the density and ρR is its value in the undeformed, reference
state. I is the identity tensor, I3 is the third absolute strain invariant of the defor-
mation tensor (related to the volume change), Ct(τ ) is the relative right Cauchy–
Green strain tensor, and It1(τ ) is the first relative strain invariant of Ct(τ ). Note
that in the Caruther’s group the notation is that θ is the absolute temperature.
The K� term is the relaxation function for the bulk modulus, G� is the shear
modulus relaxation function, A� is a constant volume thermal stress function,
and C� is the constant volume heat capacity divided by temperature. Finally, the
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reduced time t* is defined by

t∗ =
∫ t

0

dξ

a(ξ )
(127)

where a(ξ ) is a generalized shift factor that is taken to depend on the configura-
tional entropy following the Adam–Gibbs (172) relationship:

loga= M
[

1
ηcθ

− 1
ηcrθr

]
(128)

where M is a constant, ηc and ηcr are the configurational entropy in the cur-
rent and reference states respectively, and θ and θ r are the temperature and ref-
erence temperature respectively. The configurational entropy can be calculated
from the experimental heat capacity data, assuming that it is approximately
equal to the total. The reader is referred to McWilliams (169) for further dis-
cussion. Also, note that Hodge (160) has discussed this form of shift factor in the
Tool–Narayanaswamy-Moynihan equations for enthalpy recovery.

The Lustig–Shay–Caruthers model has, to date, been primarily used to esti-
mate volume and enthalpy responses in glassy materials (see AGING, PHYSICAL)—
a subset of the viscoelastic behaviors seen in solid-like or glassy polymers and
not covered in this article. However, recent work between the Purdue group and
Sandia National Laboratories (173) has made great strides in implementing the
model into finite element codes as well as defining limits on the forms of some of
the functions. The model, when finally published, will require full evaluation. At
this point, the current author thinks that it will be an important contribution to
the understanding of the nonlinear viscoelastic behavior of polymeric glasses.

Plasticity and Viscoplasticity and Other Models. As discussed above, the al-
ternative representation of the nonlinear viscoelastic response of polymers is that
of plasticity and viscoplasticity. In some respects, these models could be recast as
viscoelastic models and they would be equivalent to some of the models discussed
above. However, the perspective that glassy polymers are really fluids and do fol-
low time–temperature superposition is lost with these models. Hence, the physi-
cal interpretation of material parameters, in this author’s opinion, becomes very
questionable. Therefore, only references to the major papers on polymer plasticity
and viscoplasticity are given (174–177).

In addition, there are other viscoelastic models that are not dealt with here.
Again, the references are provided for the reader’s information (178–184).
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WATER-SOLUBLE POLYMERS

Introduction

Water-soluble macromolecules represent a diverse class of polymers ranging from
biopolymers that mediate life processes to synthetic polymers of immense com-
mercial utility. In this article water-soluble polymers have been grouped into the
categories biopolymers, nonionic, ionic, and associative, based on key structural
features. Recently developed controlled polymerization techniques imparting im-
portant technological features to water-soluble polymers are also discussed.

General Considerations

Structure. Solution properties and ultimate performance of water-soluble
polymers are determined by specific structural characteristics of the hydrated
polymer chain. Primary structure depends directly on the nature of the repeat-
ing units (bond lengths, valence bond angles) effective compositions, and locations
along the backbone. The polymer structure may derive from a single monomer [ie,
poly(ethylene oxide) or polyacrylamide] or from multiple monomers. These units
may be placed to yield random, alternating, block, graft, or more intricate archi-
tectures such as stars or dendrimers (Fig. 1). Biopolymers such as proteins and
polynucleotides have multiple repeating units specifically ordered by template
polymerization.

Secondary structure in water-soluble polymers is related to configuration,
conformation, and intramolecular effects such as hydrogen bonding and ionic in-
teractions. Tertiary structure involves intermolecular and water-polymer interac-
tions; quaternary structure requires multiple chain aggregation or complexation.

A large number of functional groups (Fig. 2) can impart water solubility in
copolymers. The degree of solubility is dependent on the number, position, and
frequency of these moieties. Hydration relies on interaction at polar (ionic and
hydrogen bonding) sites.

173



174 WATER-SOLUBLE POLYMERS Vol. 15

Fig. 1. Structural representation of polymer architectures (1).
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Fig. 2. Examples of functional groups imparting water solubility.

Hydrodynamic Volume. Polymers are often described in terms of hydro-
dynamic volume (HDV) or that volume occupied by the solvated chain. HDV and
molecular shape, determined from light scattering measurements, may be used
along with chemical microstructure to predict rheological behavior.

Theoretical attempts to relate dimensions of polymers to chemical struc-
ture were pioneered by Flory (2). Statistical macromolecular size in solution can
be modeled from first principles by considering the number and length of bonds
along with valence bond angles and conformational restrictions. Excluded vol-
ume, segmental interactions, specific intramolecular interactions, and chain sol-
vation contribute to dimensions.

Ionic interactions (repulsive or attractive) can also dramatically affect HDV.
For charged polymers, ionic effects often dominate behavior, especially in aqueous
solutions. Theoretical treatments for predicting polyelectrolyte dimensions and
phase behavior are discussed by Barrat and Joanny (3); scaling theory for charged
polymers is reviewed by Dobrynin, Colby, and Rubinstein (4).

A number of synthetic strategies may be employed to increase macromolec-
ular coil size (HDV) for water-soluble polymers. Monomers with water-soluble
moieties may be polymerized to high molecular weight. Effective bond lengths
along the backbone may be increased by introducing chain stiffening-elements.
These include covalent rings (polysaccharides), charge–charge repulsions (poly-
electrolytes), and helical segments (nucleic acids and proteins). The shape of the
solvated coil is determined by placement of charged groups, hydrophobic moieties,
hydrogen bonds, chiral centers, or restrictive rings along the molecular backbone.
The native shapes of globular proteins, for example, are a result of water-induced
organization of strategically placed hydrophilic and hydrophobic moieties.

Polymers dissolved in water can have structures (Fig. 3) ranging from ran-
dom coils to microheterogeneous polymeric vesicles. Solution behaviors of the
various types are quite diverse. Water-soluble random and extended coil poly-
mers are often used for rheology control in various applications. Extended rods in
aqueous solution may exhibit lyotropic liquid crystalline behavior. Amphiphilic
molecules such as hypercoils, polymeric micelles, and vesicles are used in formu-
lation, drug delivery, and phase-transfer catalysis.



176 WATER-SOLUBLE POLYMERS Vol. 15

Fig. 3. Structural dependence of molecular shapes of copolymers in aqueous media. (a)
Hydrated random coil; (b) hydrated extended coil; (c) rod-like polymer; (d) unimeric mi-
celle; (e) multimeric micelle; (f) vesicle.

Role of Water in Solvation/Phase Behavior. Water plays an extremely
important role in determining the properties and ultimate utility of polymers in
solution. Solvation of polymer chains may involve simple interaction of ionic, po-
lar, or hydrogen-bonded hydrophilic segments of linear chains with water (Figs.
3a and 3b) or more complex solvation of amphiphilic structures (Figs. 3d, 3e, and
3f). For amphiphilic polymers, water structure around the hydrophobic portion of
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the chain is thought to be more ordered than in the bulk whereas hydrophilic por-
tions disorder water structure. Amphiphilic macromolecules, including stimuli-
responsive copolymers, have been studied in great detail and are the subject of
several books and reviews (5–7). Although the precise nature of water structur-
ing is the subject of continuing debate and extensive research, polymer solubility
and phase behavior is rationalized in terms of entropy- or enthalpy-dominated
events.

Some polymers such as poly(acrylic acid) or polyacrylamide precipitate from
aqueous solutions when cooled (normal solubility behavior) whereas others such
as poly(ethylene oxide), poly(propylene oxide), or poly(methacrylic acid) phase
separate when heated (inverse solubility behavior). Solution turbidimetry is of-
ten used to obtain plots of phase-separation temperatures termed cloud point
vs concentration for fixed solvent conditions. Changes in ionic strength, molecu-
lar weight, and addition of co-solvents or structure breakers affect the shapes of
phase behavior curves. The important conclusion of such studies is that the total
free energy of the polymer and water must be considered to predict phase behav-
ior. The structure and dynamics of water surrounding polynucleotides, proteins,
polysaccharides, and lipids are also major determinants of biological activity (8–
10).

Viscosity and Rheology. Viscosity yields important information as to
the disposition of the polymer chains in solution and is routinely used to evalu-
ate polymers for particular applications. Dilute solution measurements can yield
intrinsic viscosity [η], which is a direct indication of the hydrodynamic volume of
an isolated polymer chain. This fundamental parameter is related to molecular
weight M through the Mark–Houwink–Sakurada (MHS) relationship (eq. 1):

[η] = KMa (1)

The parameters K and a are characteristics of a polymer chain under specific con-
ditions of solvency and temperature. Values of a can be related to chain extension
in dilute solution.

Flexible polyelectrolytes generally are more extended than nonionic poly-
mers owing to charge–charge repulsions along the chain, particularly at low ionic
strength. Estimates of [η] under such conditions are made by the Fuoss (11) rela-
tionship (eq. 2) rather than the traditional Huggins relationship (eq. 3). ηsp is the
specific viscosity, c is polymer concentration, B and k are characteristic constants.
Alternatively, small-molecule electrolytes may be added in sufficient quantity to
suppress the charge–charge interactions and equation 3 may then be used.

ηsp

c
= [η]/(1 + B

√
c) (2)

ηsp

c
= [η] + kc (3)

The MHS relationship (eq. 1) is often used in conjunction with experimen-
tally determined values of molecular weight and intrinsic viscosity to determine
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Fig. 4. Relationship between apparent viscosity and (a) concentration at constant molec-
ular weight; (b) molecular weight at constant concentration.

chain stiffness indicated by values of a. Values can range from 0.5 for random
coils in theta conditions to nearly 2.0 for extended rods.

In semidilute and concentrated solutions, polymer molecules are no longer
isolated from one another. Chain–chain interactions at and above a critical con-
centration c∗, often termed the overlap concentration, lead to increased values
of apparent viscosity η. Apparent viscosity can be related to concentration and
molecular weight by equation 4, in which b and d are scaling constants.

η ∝ cbMd (4)

Usually plots of ln η vs ln c at constant molecular weight (Fig. 4a) or ln η

vs ln M at constant concentration (Fig. 4b) are used to measure entanglement
onset. Measurements are made at constant shear rate, temperature, and solvent
conditions.

Rheological characteristics of aqueous solutions are dictated by molecular
structure, solvation, and by inter- and intrachain associations. In many cases,
segmental interactions must be accounted for in more rigorous terms than simple
statistical encounters. Enthalpic interactions or entropically driven hydrophobic
associations must be considered.

Rheological behavior is dependent on polymer type and can be clearly illus-
trated, providing appropriate interactive parameters of polymer concentration,
ionic strength, pH, shear rate or shear stress, temperature, and time are taken
into account. Representative plots are shown in Figure 5 for major behavioral pat-
terns. Figure 5a illustrates the shear thickening (dilatant), Newtonian, and shear
thinning (pseudoplastic) behavior. Figure 5b represents time dependence on vis-
cosity for rheopetic and thixotropic polymers. Figure 5c illustrates the viscosity-
concentration dependence in water for a polyelectrolyte and nonionic polymer in
dilute solution.

Synthetic Methods. Water-soluble copolymers are prepared by step-
growth or chain-growth mechanisms. Linear or branched systems may be formed
from single monomers or from multiple monomers. Distribution of monomers,
along the backbone or side chain, can be controlled in a number of ways. In nearly
all cases, sequence selection is obtained by carefully controlling monomer reac-
tivity, concentration, addition order, and reaction conditions. Most chain-growth,
water-soluble polymers are prepared by classical free radical polymerization
techniques.
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Fig. 5. Rheological characteristics of water-soluble polymers. All variables other than
those on the axes are held constant. (a) Viscosity vs shear rate; (b) viscosity vs time; (c)
viscosity vs concentrations below c∗.

Fig. 6. Synthetic pathways to common water-soluble chain growth polymers.

Step-growth condensation reactions may be carried out in organic solvents,
interfacially, in bulk, microheterogeneously, or on a solid support. Active esters
are often employed in solution methods at relatively low temperatures to yield
water-soluble polyesters or polyamides. Synthetic polypeptides, polynucleotides,
and polysaccharides are commonly made by sequential addition of protected
monomer units onto polymer supports.

Major commercial synthetic water-soluble polymers are made by chain-
growth polymerization of functionalized alkenes, carbonyl monomers, or strained
ring compounds, as illustrated in Figure 6. These may be initiated utilizing
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Fig. 7. Controlled or controlled/living polymerization techniques potentially applicable
to synthesis of water-soluble or amphiphilic copolymers.

free radical, cationic, anionic or coordinated cationic initiators, depending on
monomer structure. Of particular commercial interest are syntheses of water-
soluble polymers in solutions, dispersions, suspensions, or emulsions. In cases
where hydrophobic monomers are to be incorporated with hydrophilic species,
microemulsions, or micellar polymerization methodologies are required.

During the last 10–20 years significant advances have occurred in poly-
mer synthesis. Noteworthy is the development of less demanding living poly-
merization techniques, such as group transfer polymerization (GTP) (12,13) and
oxyanionic polymerization (14,15). Most recently, rapid technological advances
have been made in the so-called controlled/living free radical polymerizations
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Fig. 7. (Continued.)

(CLRP), such as stable free radical polymerization (SFRP) (16,17), atom transfer
radical polymerization (ATRP) (18–23), reversible addition-fragmentation chain
transfer (RAFT) polymerization (24–27), and tellerium-mediated radical poly-
merization (TERP) (28–31). Additionally, catalytic chain transfer polymerization
(CCTP) (32,33) and living ring-opening metathesis polymerization (LROMP) (34–
37) have also been developed. All of these techniques, to some greater or lesser
degree, have been employed for the synthesis of novel water-soluble (co)polymers
(Fig. 7) with much of the research having been conducted in academic research
laboratories (see ANIONIC POLYMERIZATION; LIVING RADICAL POLYMERIZATION).

Whereas each of these techniques has its merits, many have severe limi-
tations either with respect to monomer choice or reaction conditions. The most
versatile of the above techniques are arguably the CLRP techniques and have
received the greatest attention, to date, with respect to the preparation of novel
water-soluble (co)polymers (38,39). These techniques generally exhibit the ver-
satility associated with conventional free radical polymerizations but simultane-
ously bear many of the characteristics associated with living polymerizations.
They are highly tolerant of functional substituents with virtually all vinylic
monomers being polymerized by one, or more, of the techniques; additionally,
polymerization may be conducted under a wide range of conditions (bulk, so-
lution, dispersion, emulsion etc). Also, molecular weights can be tuned via the
monomer/initiator ratio; (co)polymers with narrow molecular weight distribu-
tions are typically produced and materials with complex architectures, such as
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Fig. 8. Structures of chain transfer agents CTP and CTSP.

blocks or stars, can be obtained (40,41). With specific reference to the prepara-
tion of water-soluble polymers, ATRP and RAFT have been the most widely ex-
amined, with RAFT being the most versatile, at least with respect to monomer
choice. For example, certain species such charged (meth)acrylamido monomers
can, at present, only be polymerized in a controlled fashion by RAFT (42–45).
Key to control in RAFT polymerizations is an appropriate thiocarbonylthio com-
pound, called a chain transfer agent (CTA). While many have proven to be ef-
fective, such as the dithioesters, trithiocarbonates, xanthates, and dithiocarba-
mates (38,46,47), to conduct the polymerizations directly in water requires the
use of a suitable water-soluble CTA. Of those reported to date, 4-cyanopentanoic
acid dithiobenzoate (CTP) has proven to be the most generally effective (46–48),
with others such as 2-(1-carboxy-1-methylethylsulfanylthiocarbonylsulfanyl)-2-
methylpropionic acid (CTSP) (Fig. 8) also proving particularly effective for acry-
lamido and methacrylamido monomers (49,50).

Naturally Occurring Polymers

A large number of water-soluble polymers are derived from biological sources.
Termed biopolymers, this class includes polynucleotides (qv), polypeptides and
polysaccharides (qv). Because these polymers perform special biological func-
tions, they have specific microstructures and are often perfectly monodisperse.
In the following section the general structural features of major biopolymer types
will be reviewed as related to water solubility.

Polynucleotides.
Structure. Nucleic acids (Fig. 9) are biopolymers that carry genetic infor-

mation involved in the processes of replication and protein synthesis. The pri-
mary structural units of the nucleic acids, the mononucleotides, are composed of a
5-carbon cyclic sugar with a phosphate ester at the C-5 carbon. A heterocyclic
amine base (purine or pyrimidine) is attached at C-1. RNA and DNA are terpoly-
mers with sugar phosphate backbones (3′ and 5′ position) and pendent bases on
the 1′ position. Deoxyribonucleic acids (DNAs) contain the deoxyribose sugar (no
hydroxyl group at the 2′ position on the sugar ring). The usual bases substituted
at the 1′ position are adenine (A), guanine (G), thymine (T), and cytosine (C).
Ribonucleic acids contain a ribose sugar and the principal bases A, G, C, and
uracil (U).

Studies of the structure of DNA by a large number of investigators led to
the proposal by Watson and Crick (51) of the classic DNA double helix. Major
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Fig. 9. Structural representations of DNA and RNA; principal bases present in nucleic
acid. U,T, and C are the pyrimidines; A and G are the purines.

contributions as to base content and of X-ray structure were made by the groups
of Chargaff (52) and Wilkins and co-workers (53). This proposal not only allowed
explanation of DNA stability but also provided a framework for postulation of
template polymerization during the replication and transcription processes.

The template synthetic process allows organization of the DNA helix into
an assembly having two antiparallel strands of DNA (Fig. 10). The pendent bases
on the strands are paired in such a manner that A is always paired with T and G
with C. The strong hydrogen bonding of the complimentary pairs in hydrophobic
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Fig. 10. DNA double-stranded helix (54).

regions orients the hydrophilic-charged phosphate groups outwardly. One neg-
ative charge per phosphate unit gives the DNA polyanionic character. The bal-
ance of hydrophilic and hydrophobic forces and the presence of divalent ions such
as Mg2+ are also responsible for chain stability under physiological conditions.
Three conformational variations of the double helix have been confirmed by X-
ray diffraction—the A, B, and Z forms. Conformational variation, location of cer-
tain base-paired sequences, and specific modification (methylation for example)
can lead to supercoiling, branching, and direct binding to other polynucleotides or
to specific proteins. Such structural organization has major implications in gene
regulation (transcription, silencing, etc).

The molecular weights of DNA, depending on the source, can be extremely
large. For example, the recently sequenced human genome has been reported
to have over 27,000 genes and 3 billion base pairs (55). By contrast, a simple
bacterium such as Escherichia coli has 5 million (54) chromosomal base pairs.
In addition, the latter contains cyclic DNA, called plasmids, which contain from
1000 to 10,000 base pairs. Recombinant DNA technology is routinely utilized to
insert synthetic genes or genes from other species into such plasmids. The resul-
tant recombinant DNA segments then serve as templates for synthesis of specific
proteins with pharmacological, agricultural, or materials applications.

Ribonucleic acids are synthesized from the DNA template through tran-
scription. The mononucleotides contain ribose. Unlike DNAs, RNAs are single
stranded, although twisting may occur in a complementary fashion matching
base pairs. RNAs are much lower in molecular weight than DNAs. The three ma-
jor types—messenger RNA (mRNA), transfer RNA (tRNA), and ribosomal RNA
(rRNA)—are involved in a multistep process of protein synthesis (56,57).
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Beyond their well-established roles in protein synthesis, RNAs termed ri-
bozymes have been shown to catalyze a number of biochemical reactions. Sig-
nificantly, short hairpin sequences of RNA can hybridize with DNA to suppress
(silence) gene expression (58). Alternatively, some of these short RNA sequences
bind in a complementary fashion to mRNA resulting in destruction of the latter
and preventing protein translation from that gene segment (58).

Synthesis. Recently, nucleic acids have been synthesized from mononu-
cleotides, some with altered or substituted bases. Synthetic methods, along with
nucleic acid sequencing methods, have allowed rapid advancement in identify-
ing gene sequences responsible for specific protein synthesis. Kornberg and co-
workers first prepared synthetic DNAs polymerized from mononucleotides us-
ing isolated enzymes, DNA polymerases (59). Likewise, RNA polymerases have
been found for synthesis of oligomeric RNAs (60). DNA also can be made from
RNA using reverse transcriptase enzymes. The resulting complementary DNA
can be greatly amplified using the polymerase chain reaction process (PCR) (61).
These are readily characterized and in many instances introduced into plas-
mids or other vectors for recombinant protein synthesis. Automated synthesis of
single-stranded polynucleotides can be accomplished utilizing sequential protec-
tion/deprotection chemistry (62). Although entirely synthetic methods are quite
slow compared to biosynthesis, designed oligonucleotides for targeting or diagnos-
tic purposes (including micro arrays with variable sequences for rapid screening)
can be readily produced. Post-reaction chemistry including ligation and PCR can
then be utilized to produce significant quantities of desired oligonucleotides.

Polypeptides and Proteins. Most polypeptides and proteins are water-
soluble or water-swellable. Enzymes are proteins that catalyze all chemical re-
actions of biological origin. Enzyme functions include oxygen transport, muscle
movement, nerve response, nutrient digestion and storage, hormonal regulation,
gene expression, and protein synthesis (63).

Structure. Despite the large number of functions, all proteins are simi-
lar with repeating structures along the backbone chosen from 20 amino acid
monomers (Fig. 11). These polymers, the structures of which are assembled from
a template coded by mRNA, are monodisperse. Each protein has a unique se-
quence and molecular weight. The 20 amino acids, capable of appearing in vari-
ous microstructural combinations, sequence lengths, and total molecular lengths,
allow assembly of a nearly unlimited number of distinct proteins with specific
physical properties and behavioral characteristics.

Primary structure (covalent bond lengths and bond angles) is determined by
the microstructure of the amino acid repeating units along the chain. Numerous
procedures, including sequential degradation, gel electrophoresis, dye binding,
and immunoassays, have been used to determine sequences (63).

Secondary structure of proteins is determined by configuration and confor-
mation along the backbone of the polymer. The resistance to bond rotation of the
C N bond of the peptide unit, the configuration about the chiral carbon, and con-
formational restrictions to rotation by short-range charge–charge interactions or
intramolecular hydrogen bonding play major roles in secondary structure.

The three-dimensional structure, or tertiary structure, depends strongly
on primary and secondary structure with the added elements of long-range in-
tramolecular hydrogen bonding, polar and ionic effects, and chain solvation. An
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Fig. 11. Chemical structures of the 20 amino acids.

example of the three-dimensional structure of myoglobin is shown in Figure 12.
The compact structure illustrates the hydrophobic interior, helical features from
intramolecular hydrogen bonding and the L-amino acids, and polar external
groups for hydration.
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Fig. 12. Tertiary structure of myoglobin (64).

Many proteins exist in subunits of a composite structure. The organization
of these subunits is termed the quaternary structure and is particularly impor-
tant in enzyme-mediated reactions. The tertiary and quaternary structure of na-
tive protein in water can be disrupted by addition of electrolytes, alkali solu-
tions, urea, or detergents, and by increasing temperature. The properties change
markedly; eg, enzyme activity is often lost. In most cases this denaturation is not
reversible. The solubilities of proteins vary considerably based on composition
and conditions of ionic strength, pH, and concentration. Those with the highest
density of polar groups or electrolyte character are most soluble. Therefore, sol-
ubility in water is lowest at the isoelectric point and increases with increasing
basicity or acidity. A review of enzyme activity as related to protein structure is
given by Fersht (65).

Protein Synthesis. Protein biosynthesis is complex, involving more than
300 macromolecules (63). Five stages can be identified involving (1) activation
of amino acid monomers and transfer to ribosomes, (2) initiation of polymeriza-
tion, (3) propagation, (4) termination and release, and (5) folding and processing.
Ordering of the monomers is dictated by operation of the triplet code in which
a sequence of three consecutive nucleotide units on mRNA positions a specific
amino acid for polymerization.

Synthetic polypeptides can be made by sequential addition of protected
amino acids onto a solid support. This procedure, pioneered by Merrifield (66,67)
has been used to prepare hundreds of peptides of varying sizes and functions. A
review of the technique and recent modifications are found in Reference 68.

The study of genes responsible for identifiable biological products and pro-
cesses (genomics) (69) and the more ambitious study of translated proteins, their
isoforms, modifications and interactions (proteomics) (70) has advanced at an
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Fig. 13. Common structural units in naturally occurring polysaccharides (71).

incredibly fast pace during the last five years. In a very short time a number
of genes have been targeted for recombinant expression in a variety of hosts to
produce a wide range of new drugs and to develop new diagnostic markers.

Commercial Use. In addition to the rapid growth of genetically engineered
enzymes and hormones for medical and agricultural applications, other water-
soluble proteins are isolated from biological sources in a more traditional man-
ner for commercial application. Enzymes are used as detergent additives, for hy-
drolyzing polysaccharides and proteins, to isomerize various glucose and sucrose
precursors, for wine and beer making, for leather tanning, and for mineral re-
covery. Support-bound enzymes are becoming commercially significant for large-
scale substrate conversion.

Polysaccharides

Water-soluble polysaccharides are a diverse class of biological macromolecules
with a wide range of structural and behavioral characteristics. More than 100
sugars and sugar derivatives comprise the monomers available for polysaccharide
synthesis (63). Covalent linkages between repeating units may occur at different
ring positions; linear and branched structures with single or multiple monomers
may be formed.

Industrial polysaccharides have traditionally been extracted from renew-
able resources in the plant and animal kingdom. Examples include starch and
gums from plant seeds, pectin from fruits, and algin and carrageenan from al-
gae. Recently, microbial sources have produced commercially useful polysaccha-
rides such as dextran, curdlan, pullulan, xanthan, and pharmacologically active
oligosaccharides.

Polysaccharides are cyclolinear or branched polymers formed by enzyme-
directed step-growth condensation reactions of various activated sugar molecules
(71). Some common monomer units are shown in Figure 13; other units include
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Fig. 14. Dimerization of glucopyranose units to yield α and β structures.

glycerol and other polyhydroxyalcohols, phosphate, sulfate, malonate, and
pyruvate.

Aqueous solution properties, including solubility, phase behavior, and vis-
cosity, are highly dependent on the macroscopic nature (linear, branched) of the
chain as well as the chemical microstructure (polar characteristics, sequencing)
of the repeating units. As with proteins, the presence of acidic or basic functional-
ity causes pH, electrolyte, and temperature-dependent behavior. Degrees of poly-
merization may vary from 30 to 1 × 105. Of primary importance in the solution
behavior of water-soluble polysaccharides are the configurations of asymmetric
carbon atoms in the cyclic monomers and the ring conformations of the resulting
covalent backbone units.

Dimerization of glycopyranose (Fig. 14) by condensation of the hydroxyl
group at C-1 on one ring with C-4 on the other can lead to two isomers, depending
on whether the reaction is equatorial–equatorial or axial-equatorial. The former
linkage is designated β, the latter, α. Polymers formed by successive α-1 →4 link-
ages, eg, amylose, have markedly different properties than polymers formed by
successive β-1→4 linkages, eg, cellulose.

Polysaccharides based on glucopyranose occur with backbones through car-
bons 1→2, 1→3, 1→4, and 1→6. The less-ordered structures are more water-
soluble in general, with the α-1→3 and the β-1→6 forms exhibiting highest aque-
ous solubility; β structures often form strong inter- or intramolecular hydrogen
bonds, making solubilization difficult.

Branched structures, especially for α linked polysaccharides, enhance sol-
ubility. Heterogeneity in types of repeating units, backbone linkages, and polar
or charged functionality also imparts greater solubility. Excellent reviews of the
effects of the structural conformation of monosaccharides are found in References
71 and 72.

Water-soluble polysaccharides can be classified according to structure and
commercial applications. Classes include storage polysaccharides, pectins, plant
gums, seed and bark mucilage, algal polysaccharides, bacterial and fungal
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Fig. 15. Structure of amylopectin (73).

polysaccharides, mucopolysaccharides, and synthetically modified polysaccha-
rides. For more detailed descriptions see References 72–75.

Storage Polysaccharides. Starch and Starch Derivatives. Amylose and
amlyopectin are the major components of starch granules found in food reserves
of all green plants. Commercial starch is obtained from sources such as corn,
sorghum, rice, wheat, and potatoes. The compositions of the amylose and amy-
lopectin vary with source.

Amylose is the linear polysaccharide of α-1→4-D-glucopyranose having a
molecular weight of 1.6 × 105 − 2.6 × 106. Amylose is not water-soluble in an
unmodified state but can be dispersed in water. In the solid state it is reported
to exist as a left-hand six-fold helix; in solution it behaves like an extended helix
(74). Shearing and heating of starch cause hydration and swelling termed germi-
nation. Gradually the amylose in this dispersion precipitates through association
in a process called retrogradation.

Amylopectin (Fig. 15), the water-soluble portion of starch, is an α-1→4-D-
linked glucopyranose with α-1→6-D-branches. Amylopectin is polydisperse with
a molecular weight of 5 × 107 − 4 × 108.

A number of starch derivatives (73,74) have been prepared in order to con-
trol solubility, viscosity, and phase behavior over a temperature range or under
conditions of shear and added electrolytes. Major modifications include lowering
molecular weight enzymatically or chemically, oxidation, forming derivatives, and
cross-linking. Derivatives include starch esters, phosphates, sulfates, and ethers.
Cationic, anionic, and amphoteric starches have been prepared as well as starch–
graft copolymers, some with super absorbent properties.

Starch (qv) and starch derivatives have a number of applications in the
food industry as viscosifiers, gelatinizers, fillers, and paste formers; in the textile
and paper industries for coatings, sizing agents, rheology modifiers, and pigment
binders; and in the medical area as surgical powders, absorbents, adhesives, and
in pharmaceuticals.
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Fig. 16. Structure of β-D-mannuronic acid.

Glycogen. Glycogen is the storage polysaccharide in animals and is found in
highest concentration in the liver and muscle tissues. The backbone of glycogen
is α-1→4-D-linked glucopyranose units with large numbers of α-1→6-D-branch
points.

Glucans. Algae form two types of storage polysaccharides. Starch type algal
polysaccharides are α-D-glucans similar to those found in land plants, except they
contain a small number of α-1→3-D-linkages and are of lower molecular weight
(76). Laminaran is the main carbohydrate food reserve of several green seaweeds
and is a β-1→3-D-linked D-glucan with β-1→6-D-branches. Other sources include
fungi, yeast, flagellates, and diatoms.

Laminaran has two forms distinguished by solubility in cold water. Differ-
ences are related to the degree of 1→6 branching. Both are soluble in hot water
and have molecular weights from 3500 to 5300. Laminaran has been used for
surgical dusting powder and has been reported to have antitumor activity.

Algal Polysaccharide. Alginic Acid. Alginic acid represents the generic
group of polymers (74) composed of D-mannuronic acid and L-guluronic acid ex-
tracted from brown algae (77). Alginic acid is not soluble in pure water, but easily
dissolves in aqueous solutions of alkali metal hydroxides or carbonates. The
structure (77) of alginic acid shown in Figure 16 is complicated with three types
of segments: poly(β-1→4-D-mannuronic acid); poly(α-1→4-L-gluronic acid); and
those in alternating patterns. The ionic forms of algins are polyelectrolytes with
extended structures. The precise properties are determined by the structural
disposition of these segments. Alginates are used as thickeners and stabilizers
in the food industry, in pharmaceutical, cosmetic, and coating formulations, and
as flocculants.

Sulfated Derivatives. Sulfated algal polysaccharides (78) are a class of het-
eropolymers with alternating α-1→3-D- and β-1→3-D- (carrageenan and furcel-
laran) or alternating α-1→3-L- and β-1→3-D- galactans (agar). Conformational
differences have been shown between the nongelling λ carregeenan and gel-
forming κ and ι forms (Fig. 17) (71). Molecular weights range from 1 × 105 to
1 × 106.

Carrageenan has diverse industrial applications including use in tooth-
paste, ice cream, chocolate milk, jellies, puddings, pet foods, pharmaceutical
and industrial suspensions, antiulcer treatments, shampoos, creams, lotions, and
oil/water and water/oil emulsions. Carrageenan reacts with denatured proteins
and has been shown to exhibit properties similar to those of the animal mu-
copolysaccharides, such as anticoagulant activity and induction of growth of new
connective tissue.
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Fig. 17. λ and κ carrageenan. In ι carrageenan, OSO3
− replaces OH∗ in the κ-form (72).

Fig. 18. Structure of guaran.

Pectins. Pectins (pectic and pectinic acids or their derivatives) are gel-
forming water-soluble polysaccharides found in the primary cell walls and inter-
cellular layers in land plants. They are found in abundance in apples, sugar beets,
and the rinds of citrus fruits. Pectic acids are poly(α-D-galactopyranoslyuronic
acids) with varying degrees of neutralization. Pectinic acids are also galac-
touronglycans but with significant quantities of methyl ester groups. Pectins are
soluble in water and exhibit pseudoplastic behavior. When heated at appropriate
pH, in the presence of divalent electrolytes and sugars, they form spreadable gels
(74). For this reason pectins are used for making jams and jellies.

Plant Gums. Plant gums or exudate gums are formed spontaneously at
sites of injury to the plant. The exudate is a viscous fluid consisting of complex,
highly branched polysaccharides with residues of hexuronic acid and two or more
neutral sugars. Many plant gums are used commercially as thickening agents or
emulsion stabilizers. Commercially important are karaya gum, gum tragacanth,
gum Arabic, and gum ghatti (76).

Seed Mucilages. Guaran is a purified polysaccharide from the guar plant
seed. It is a linear chain of β-1→4-linked D-mannopyranosyl units onto which is
linked an α-1→6-D-galactopyranosyl unit (Fig. 18). Molecular weights are esti-
mated to be 2.2 × 105 (79). Guaran forms high viscosity, pseudoplastic solutions
at low concentrations, is nonionic, and is little affected by electrolyte addition or
pH changes. Guar easily forms gels with transition metal elements or borate ions
and is therefore useful in drilling, cementing, and fracturing in oil-filed applica-
tions. It has also been used as a thickener and stabilizer in the manufacture of
ice cream, cheese, pet foods, and deodorant gels.
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Fig. 19. Structures of scleroglucan and schizophyllan (75).

Extracellular Polysaccharides. One of the most important extracellu-
lar bacterial polysaccharides is dextran. Dextrans are high molecular weight α-
1→6-D-glucopyranose polymers with varying proportions of α-1→4 and α-1→3
branch linkages. Dextran is produced from sucrose by a number of bacteria from
the family Lactobacillaceae. Dextran has a variety of commercial applications,
including use as a plasma substitute, an anticoagulant, or in studies of cells,
viruses, and proteins. Fractionated commercial dextrans are used as standards in
various studies of the properties of water-soluble polymers. Dextran–graft copoly-
mers have utility in viscosifications, superabsorbancy, and oil-field applications
(80).

Bacterial and Fungal Polysaccharides. Microbes generate a large
number of polysaccharides, many of which are not produced by the higher plants
or animals. A large number of microbial polysaccharides are used in the food,
cosmetic, and pharmaceutical industries. Particular polysaccharides, when iso-
lated from the dried bacteria, have been shown to induce an immune response
and generate antibodies in organisms exposed to them. Several of these capsular
polysaccharides have been used to develop vaccines for various bacterial infec-
tions such as meningitis and typhoid fever (81).

Xanthan (qv) is an extracellular bacterial polysaccharide produced by Xan-
thomonas campestris. Xanthan is a branched polysaccharide with β-1→4-D-
glucopyranose units along the backbone. On every other unit the oxygen at C-3 is
substituted with a trisaccharide unit. Approximately half the β-D mannose units
have a pyruvic acid group linked as an acetal derivative. Molecular weight has
been estimated to be 2 × 106.

The solutions are viscous as low polymer concentrations, pseudoplastics,
and insensitive to salt, temperature, and pH over a wide range. Much controversy
remains as to changes in the tertiary structure with changing solution conditions.
Single, double, and even triple helical structures have been proposed as well as
quaternary structures from side-by-side double helix dimers (72,75,82).

Other water-soluble microbial polysaccharides include the anionic polysac-
charides gellan from Pseudomonas elodea and bacterial alginate from Pseu-
domonas aeruginosa, and the neutral polysaccharides scleroglucan, curdlan, and
pullulan (72,75,76,83).
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Fig. 20. Structure of hyaluronic acid.

Fig. 21. Structure of chondroitin sulfate. In dermatan sulfate the COOH group extends
axially from the bottom face (77).

Scleroglucan and schizophyllan (Fig. 19) are examples of fungal polysaccha-
rides (72,75,81,84). Their structures are identical except for the distribution of
side chains along the polymer backbone. Both are rod-like macromolecules form-
ing triple helices in aqueous solutions. They are used industrially as viscosifiers
and in polymer flooding for enhanced oil recovery. They have also been shown to
exhibit specific biological activity against cancers and infections.

Mucopolysaccharides of Higher Animals. Mucopolysaccharides of
higher animals are generally found in the connective tissues. They form highly
viscous aqueous solutions that gel readily. These polysaccharides consist of amino
sugars (D-glucuronic acid or L-iduronic acid) and may have N-acetyl, O-sulfate,
or N-sulfate groups. Their functions include induction of calcification; control of
metabolites, ions, and water; and healing of wounds. Several of these polymers
are under study for medical, cosmetic, and personal care applications.

Hyaluronic acid (Fig. 20) is a regularly alternating copolymer of D-
glucuronic acid and 2-acetamido-2-deoxy-D-glucose (77). It is found in most con-
nective tissues, especially in umbilical cord, vitreous tissue, joint fluid, and skin.
It is synthesized by fibroblasts in the mesenchymal tissue and also by bacteria.
Hyaluronic acid binds a large amount of water in the interstitial spaces and is
thought to be involved with the control of permeability and thus resistance of
the tissues to infection. Hyaluronic acid is involved in the wound-healing process
and is produced in large amounts at the site of the wound in the days following
the injury. Hyaluronic acid also serves as a lubricant in the joints. Commercially,
hyaluronic acid has application in postoperative healing in eye surgery.

Chondroitin and chondroitin sulfates (Fig. 21) are found in cartilage, skin,
cornea, sclera, and bone. They show high viscosity and water retention and play
a role in the connective tissue similar to that of hyaluronic acid. Sulfate groups
contribute additional ion-binding capacity.

Dermatan sulfate (β-heparin) is found in the skin, lungs, tendons, spleen,
brain, and heart. Dermatan sulfate exhibits high water retention and acts in a
way similar to the chondroitin sulfates. It is also an anticoagulant.

Heparin (85) is found in the heart, liver, lung, spleen, muscle, kidney,
and blood. It is synthesized in the mast cells and has a molecular weight of
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Fig. 22. Structure of heparin.

Fig. 23. Structure of cellulose.

5000–25,000. Heparin is a mixture of polysaccharide chains of varying lengths
and heterogeneity. It consists of 2-acetamido-2-deoxy-α-D-glucopyranosyl, α-
D-glucopyranosyluronic acid, and L-iduronic acid residues containing various
proportions of O-sulfate, N-sulfate, and N-acetyl groups (Fig. 22). It is an antico-
agulant and antilipemic agent and is widely used in cardiovascular surgery and
therapy.

Synthetically Modified Polysaccharides. Water solubility can be con-
ferred on a number of naturally occurring polysaccharides by synthetic deriva-
tions producing charged or polar functionality. Two of nature’s most abundant
polysaccharides, cellulose and chitin, have been synthetically modified in a multi-
tude of ways to produce polymers with significant commercial utilization (86,87).

Cellulose Derivatives. Cellulose (qv) is a β-1→4-D-anhydroglucopyranose
copolymer (Fig. 23) that serves as the major structural component of plants.
When the cellulose molecule is extended, it is a flat ribbon with hydroxyl groups
protruding laterally and is capable of forming both intra- and intermolecular hy-
drogen bonds. This form allows the strong interaction with neighboring chains
that makes dissolution difficult. In fact, strongly interactive solvents are nec-
essary for solubilization. Molecular weights range from 5 × 105 to 1.5 × 106,
depending on the source. Water-soluble cellulose ethers can be prepared by nu-
cleophilic substitution, ring opening, or Michael addition mechanisms (72).

Carboxymethylcellulose (CMC) is usually prepared by the reaction of cellu-
lose with the sodium salt of chloroacetic acid in aqueous alkaline organic slurries.
The extent of substitution on C-2, C-3, and C-6 is related to the degree of disrup-
tion of hydrogen bonding, steric factors, and reaction conditions (72,87). The acid
form of CMC is a polyelectrolyte with limited solubility and a pKa of 4. The mono-
valent metal or ammonium salts are soluble; divalent cations result in borderline
solubility; multivalent cations allow gel formation. Solutions of sodium CMC are
pseudoplastic for high viscosity grades with degrees of substitution (DS) of 0.9–
1.2. Solutions of less uniformly substituted, high molecular weight CMC with



196 WATER-SOLUBLE POLYMERS Vol. 15

low DS are thixotropic; CMC is stable over the pH range 4–10 (see CELLULOSE

ETHERS).
CMC is used in sizing for textile and paper applications and as a thickener,

stabilizer, suspending agent, or binder in foods, pharmaceuticals, and cosmetics.
CMC is a fluid loss and rheology modifier in drilling muds.

Hydroxyethylcellulose (HEC) and hydroxypropylcellulose (HPC) are pre-
pared by nucleophilic ring opening of ethylene oxide and propylene oxide, respec-
tively, by the hydroxyl anions on the anhydroglucose ring of cellulose. Reactions
are conducted commercially in caustic aqueous slurry processes (72). Laboratory
methods recently have been reported for preparation of cellulose ethers, esters,
and carbamates under homogeneous reaction conditions in organic solvents (88–
91). Such solvents may lead to development of new commercial processes for cel-
lulose derivatives with more uniform substitution.

HEC is a nonionic polymer with little surface activity in solution and is com-
patible with a wide range of surfactants and salts. Solutions are pseudoplastic at
higher molecular weights and concentrations. Molecules behave as rigid rods in
dilute aqueous solution. Commercial HEC has molar substitution (MS) between
1.8 and 3.5 degree of substitution of 0.8–1.8.

HPC is more hydrophobic than HEC owing to the presence of the methyl
group on the side chain. The polymer is soluble in organic solvents but phase sep-
arates from water above 45◦C. In concentrated solutions, HPC exhibits lyotropic
liquid cryalline behavior (61). Commercial HPC has MS values between 3.5 and
4.5 and DS values of 2.2–2.8 (72,87).

HEC is used in coatings, cements, thickeners, pharmaceuticals, oil-well frac-
turing, cementing, and drilling applications, and in cosmetics, inks, paper fin-
ishes, lubricants, gels, and agricultural formulations. HPC is used for warp sizing,
flocculations, wetting, thickening, binding, formulation of hair sprays, cosmetics,
pharmaceuticals, and personal care items.

Methylcellulose is prepared commercially by reaction of the respective
methyl chloride or dimethyl sulfate with alkali cellulose with organic slurry sys-
tems, batch methods, or continuous processes (72,87). The methyl ether deriva-
tives have a DS range from 1.5 to 2.0, the uniformity of which depends on the
heterogeneity of the reaction medium and other reaction conditions. Substitution
occurs preferentially at the C-6 and C-2 positions. Methylcellulose exhibits both
an upper and lower critical solution temperature as signified by gel formation
on heating or cooling homogeneous solutions. Uses for methyl cellulose include
gelling fluids, viscosifiers, pharmaceutical coatings, and food additives.

Hydroxypropylmethylcellulose (HPMC) is one of the many mixed ethers of
cellulose. It is prepared by reactions of alkali cellulose with methyl chloride and
propylene oxide in a slurry process. Reaction conditions may be varied to con-
trol compositions despite the greater reactivity of methyl chloride. HPMC is an
extremely effective viscosifier compared to conventional cellulose ethers. Its mi-
croheterogeneous nature, phase behavior, and interaction with surfactants allow
use in food, pharmaceutical, and coatings applications (72,87).

Cellulose sulfates and phosphates are water-soluble derivatives prepared
by reactions of alcohol/water/organic diluent mixtures of sulfuric or phosphoric
acids. Phosphate derivatives are flame retardant but have not been commercial-
ized (72).



Vol. 15 WATER-SOLUBLE POLYMERS 197

Fig. 24. Chitosan.

Fig. 25. Poly(phosphoric acid) salt.

Fig. 26. Poly(silicic acid) salt.

Chitin Derivatives and Chitosan. Chitin (92) is a water-insoluble, high
molecular weight polymer of 2-acetamido-2-deoxy-D-glucopyranosyl units linked
through β-1→4-D bonds. This most abundant skeletal material of invertebrates is
recovered from shrimp, crab, or lobster waste materials. Fungi are also an impor-
tant commercial source of chitin. Chitin may be converted to chitosan by partial
or complete deacetylation. In the protonated form (Fig. 24), this cationic poly-
electrolyte is water-soluble with a number of potential commercial uses includ-
ing flocculation, viscosification, wound healing, medical dressing, pharmaceutical
formulation, drug delivery, membrane technology, and animal nutrition.

Chitin can be derivatized (92–95) by reaction of the hydroxyl substituents
on carbons 3 and 6 of the anhydroglucose ring. N-substituted derivatives at C-2
can be obtained from reactions on chitosan or partially deacetylated chitin. Hy-
droxyethylchitin and other water-soluble derivatives are useful wet-end additives
in papermaking and flocculants for anionic waste streams (see CHITIN AND CHI-
TOSAN).

Inorganic Water-Soluble Polymers

Poly(metaphosphoric acid) (96,97) (Fig. 25) is formed by controlled dehydration of
NaH2PO4. The lower molecular weight sodium hexametaphosphate is available
commercially. High molecular weight analogues can be prepared with various
cations. The other widely abundant inorganic polymers, poly(silicic acid) (Fig. 26)
and its sodium or potassium salts are highly branched, associated, high viscos-
ity polymers. Aqueous solutions of silicates have been used as raw materials for
centuries in window-glass formation and insulating-glass fibers (96).



198 WATER-SOLUBLE POLYMERS Vol. 15

Fig. 27. Examples of uncharged monomers utilized in the synthesis of water-soluble,
nonionic copolymers.

Fig. 28. Polymerization of acrylamide.

Nonionic Polymers

A number of commercially available and experimental nonionic monomers in-
cluding those shown in Figure 27 have been utilized to prepare a large number of
water-soluble (co)polymers. Water solubility is a result of a high concentration of
polar or hydrogen-bonding functional groups on the repeating units. Major com-
mercial polymers are based on acrylic, vinyl, oxide, or imine functionality.

Polyacrylamide. Acrylamide (AM) monomer 1 is polymerized by free-
radical initiators, eg, azo compounds, redox, catalysts, light, and radiation
(Fig. 28). This monomer is unique among vinyl and acrylic monomers because
it can be polymerized to ultrahigh molecular weight (106–107). This extraordi-
nary feature of acrylamide polymerization is attributed, in part, to the ease of
purification of AM monomer and to the unusually high ratio of its propagation to
termination rate constants (kp/kt). In fact, AM has the highest kp/kt of any free
radically polymerizable monomer. Polyacrylamide (PAM) can be prepared via so-
lution, inverse emulsion, inverse microemulsion, or precipitation techniques (98–
100) (see ACRYLAMIDE POLYMERS).

Low temperature initiation, high monomer concentration, and a small
amount of added 2-mercaptobenzimidazole, a radical scavenger, are reported to
be the optimal reaction conditions for preparing high molecular weight, solu-
ble polymers. High total solids concentrations usually result in intractably high
solution viscosities. Inverse emulsion polymerization offers the opportunity for
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Fig. 29. Preparation of poly(acrylic acid) by direct polymerization or by hydrolysis of a
polyacrylate.

lowered viscosities without compromising polymer molecular weights (101–103).
Inverse microemulsion polymerization results in rates 10–200 times faster than
conventional inverse emulsion systems (104). Precipitation polymerization can
also be accomplished using a solvent (eg, tert-butyl alcohol) that dissolves the AM
monomer but not the PAM (100).

Solution polymers are usually isolated by precipitation or dialysis/freeze
drying. However, such solid products are hard to re-dissolve. Recently this prob-
lem was overcome by the discovery that water-in-oil (w/o) emulsions of polyacry-
lamide can be inverted by adding a water-soluble surfactant to produce an oil-in-
water (o/w) emulsion. Thus a low HLB surfactant is used for polymerization and
a high HLB surfactant is used for phase inversion (103). The resulting polymers
re-dissolve easily. Inversion must be complete or polymer (activity) is lost.

AM is difficult to polymerize by any of the “controlled/living” polymerization
techniques. However, McCormick and co-workers have recently made significant
progress in this area by reporting the CLRP, via RAFT, of AM in both aqueous and
organic media (47,49,50). To achieve “living” conditions, judicious choices must
be made with respect to RAFT chain transfer agent (CTA) and polymerization
conditions.

PAM has reported Tg values of 165 and 188◦C. No matter which value is
correct, it is clear that PAM remains glassy to relatively high temperatures. Al-
though PAM is slow to dissolve, it is soluble in water in all proportions. How-
ever, PAM solution viscosities show a time dependence, attributed to intramolec-
ular conformational changes (98). Because PAM can be polymerized to very high
molecular weight, it is a highly efficient aqueous viscosifier. Solution viscosities
of nonionic PAM are insensitive to changes in pH (between 1 and 10). Above pH
= 10, it is subject to hydrolysis. Solutions of nonionic polyacrylamide are also
tolerant of electrolytes (eg, NaCl). Viscosities increase with increasing molecular
weights, according to equation 5.

[η] = 1.0×10− 2M0.755
w (water,25

◦
C) (5)

Polyacrylamides function as flocculating agents, in rheology control, and as
adhesives.

Poly(acrylic acid). Poly(acrylic acid) (PAA) can be prepared by direct
free-radical polymerization of 2 in aqueous solution (6) or by precipitation poly-
merization in benzene. Alcohols and mercaptans are commonly used chain-
transfer agents for regulating polymer molecular weight. Alternatively, PAA can
be prepared by hydrolysis of poly(alkyl acrylates) (6) (Fig. 29).
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Fig. 30. Polymerization of vinyl acetate.

Both RAFT and NMP controlled/living techniques are suitable for the direct
polymerization of acrylic acid. The RAFT polymerization of AA has been reported
in DMF (24,105), various alcohols (106,107), water (108), and dioxane (109) em-
ploying a variety of RAFT CTAs including dithioesters, xanthates, dithiocarba-
mates and trithiocarbonates. AA is also susceptible to controlled polymerization
by NMP (110,111).

The Tg of PAA has been variously reported as 75, 106, and 126◦C, depending
on the mode of measurement. However, the highest value is probably the most
accurate. Solid polymers are hard, clear, brittle materials. In aqueous solutions,
viscosity increases with increasing molecular weight. PAA undergoes a number
of reactions in solution, ie, hydrolysis, esterification, dehydration, and complex
formation with polyethers. PAA is an excellent thickener for lattices. PAA has
been used in oil recovery, as a dispersant for inorganic pigments, as a flocculant,
and as an adhesive.

Poly(ethylene oxide). Poly(ethylene oxide) (PEO) is prepared by ring-
opening polymerization of the ethylene oxide monomer 3 (112,113). Polymers of
molecular weight greater than 1 × 105 are prepared by heterogeneous cataly-
sis (eg, alkaline earth carbonates) in low boiling aliphatic hydrocarbons. Few of
the details of the commercial manufacture have been made public (see ETHYLENE

OXIDE POLYMERS).
PEO is a white free-flowing powder with commercial grades from 100,000

to 5 million molecular weight (114). It has a Tm of about 65◦C and a Tg of −45 to
−53◦C. Above the melting point it can be processed as a thermoplastic, ie molded
or extruded. However, owing to its high melt viscosity, incorporation of plasticizer
is often desired. PEO resins are completely soluble in water at room temperature,
but show a lower critical solution temperature (LCST) near the boiling point of
water. The LCST is lowered by the addition of inorganic salts according to the
following order: PO4

3 − > SO4
2 − > F− > Cl− > I− > K+ >Na+ > Li+. Aqueous

solutions of high molecular weight PEO show high extensional and shear viscosi-
ties and pseudoplastic rheology.

Poly(vinyl alcohol). Poly(vinyl alcohol) (PVA) is manufactured by alco-
holysis/hydrolysis of poly(vinyl acetate), which is, in turn, produced by free-
radical polymerization of vinyl acetate monomer 4 (114) (Fig. 30) (see VINYL

ALCOHOL POLYMERS).
Polymerization of vinyl acetate monomer can be effected by bulk, solution,

or emulsion techniques. The poly(vinyl acetate) formed is then dissolved in sol-
vent (eg, CH3OH) and alcoholized/hydrolyzed with acidic or basic catalysts. Vinyl
acetate can also be polymerized in a controlled fashion via RAFT/MADIX (115).
PVA is insoluble in CH3OH and precipitates. It is isolated by filtration, washing,
and drying.
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Properties of PVA depend on the degree of alcoholysis/hydrolysis and poly-
mer viscosity/molecular weight. Bulk/film properties (eg, tensile strength, tear
resistance, elongation, and flexibility) of PVA increase with increasing extent of
alcoholysis/hydrolysis and with increasing viscosity/molecular weight. The ten-
sile strength is exceptional compared with other water-soluble polymers. Water
solubility/sensitivity is at a maximum at 88% alcoholysis/hydrolysis. Beyond that
level, polymer–polymer interactions via intramolecular H-bonding become so ex-
treme that solvation of the polymer becomes difficult.

Other noteworthy properties of PVA are its film-forming ability, its barrier,
adhesive, and emulsifier properties, and its grease, oil, and solvent resistance.
PVA films and coatings do not require a curing cycle because tough films can be
formed by evaporation. PVA film also has remarkable gas impermeability, form-
ing barriers to oxygen, nitrogen, carbon dioxide, hydrogen, helium, and hydrogen
sulfide. However, PVA does exhibit permeability to ammonia and water vapor. Its
adhesive binding strength is attributable, in part, to its film-forming ability and
its high strength. PVA has surface activity as an o/w emulsifier and/or protective
colloid. Oil and solvent resistance increases with extent of hydrolysis.

Poly(vinyl alcohol) is used alone or combined with extenders, pigments, etc,
in the preparation of high wet-strength adhesives for paper. It is an excellent
binder for textiles and sizing agent for paper and can be used to emulsify a wide
range of materials including vegetable oils, mineral oils, solvents, plastics, waxes,
and resins. Its emulsifying, binding, film-forming, and thickening behaviors are
useful in cosmetic formulation. PVA films can also be used for making oxygen
tents.

Poly(methyl vinyl ether). Methyl vinyl ether (MVE) 5 is isomeric with
PPO, but is significantly more water-soluble. Indeed, it is the methyl ether deriva-
tive of poly(vinyl alcohol). MVE is readily polymerized using carbocationic meth-
ods (116–118). This also facilitates the preparation of novel MVE-based block
copolymers. Purification of homo polymers and copolymers prepared by the ter-
mination of living poly(methyl vinyl ether) (PMVE) with n-alcohols involves a
combination of solvent removal, dialysis, and freeze drying (118).

MVE can also be polymerized under alternating free radical conditions
with, for example, maleic anhydride to yield poly(9-methylvinylether-alt-maleic
anhydride).

The Tg of PMVE is −34◦C (119) and as such exists in a rubbery state at
standard temperatures and pressures. PMVE exhibits broad solubility. Common
solvents include benzene, halogenated hydrocarbons, ethanol, n-butanol, acetone,
ethylacetate, cold water, heptane and cyclohexenes. Common nonsolvents include
hexane, ethylene glycol, and dioxyl ether (119). PMVE is readily soluble in water,
but like many nonionic water-soluble polymers, PMVE exhibits inverse tempera-
ture water-solubility. The cloud point varies over a broad range depending on MW.
For example, low molecular weight PMVE with a Dp of 19 is reported to have a
cloud point of 18◦C while some commercial grades have significantly higher cloud
points at ca 35◦C (117).

Poly(N-vinylpyrrolidinone). N-Vinylpyrrolidinone (NVP) monomer 6
polymerizes under free-radical conditions via bulk, solution, and suspension
methods (Fig. 32).

Azo initiators are preferred over persulfate initiators because the latter re-
act with the monomer. One of the curious features of this polymerization is that
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Fig. 31. Polymerization of methyl vinyl ether.

Fig. 32. Polymerization of N-vinylpyrrolidinone.

it has a maximum rate of polymerization in the presence of about 1 mol of water
(120,121). Presumably, a specific complex forms between the monomer and a wa-
ter molecule. NVP does not polymerize to particularly high molecular weight, in
part because it is difficult to purify the monomer.

The Tg of PNVP is 175◦C, but this value is reduced considerably by small
amounts of water. Dry-cast films of PNVP are hard and transparent. However,
the presence of strong intermolecular dipole–dipole interactions causes it to have
a high processing temperature. Consequently, PNVP has never found acceptance
for molded parts. PNVP has interesting solution properties. It is readily soluble
in water and forms complexes with a wide variety of substances, eg, iodine, poly-
acids, phenolics. Solutions of PNVP are stable to electrolytes. Solution viscosities
increase with increasing polymer molecular weight. PNVP (bulk or solution) is
also characterized by high thermal or thermohydrolytic stability and chemical
resistance. PNVP is also compatible with a wide range of hydrophilic and hy-
drophobic resins and modifiers.

PNVP has found applications in a wide variety of industries, including
medicine, pharmaceuticals, cosmetics, textiles, beverages, adhesives, and paper
(121,122). For example, PNVP was an early plasma and blood volume extender.
It is used extensively in pharmaceutical tablets. Its complex with iodine is a ger-
micide. It is used as a component in cosmetics, hair shampoos, and sprays and is
a stabilizing agent for beer. PNVP also exhibits excellent adhesion to glass (see
N-VINYLAMIDE POLYMERS).

Polyelectrolytes

Polyelectrolytes (qv) are polymers with charged functional groups attached along
the chain. These polymers are usually classified as either polyanions (negative
charges) or polycations (positive charges). Associated with the polyions are coun-
terions or gegenions of the opposite charge in sufficient numbers to maintain
electroneutrality (123).

Water-soluble polyelectrolytes exhibit a number of common traits with
water-soluble nonionics. However, differences arise from the presence of charges
on the macromolecular backbone and more mobile counterions electrostatically
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bound to an extent determined by pKa, solvent, and local dielectric effects. Gen-
erally, phase behavior and enhanced solubility result from increased segmental
hydration and increased free energy of mixing.

The interactions between fixed charges on the polymer chain in dilute solu-
tion normally expand (repulsive) or contract (attractive) coil dimensions. Counte-
rion binding also influences hydrodynamic volume and involves specific ion bind-
ing as well as atmospheric ion binding. Theoretical discussions of these effects
can be found in References 123 and 124.

Polyelectrolytes with flexible chains and high charge density are more ex-
panded in water than nonionic polymers, especially at low ionic strength. Deter-
mination of intrinsic viscosity is difficult in this regime (Fig. 5c). Electrostatic
repulsions not only cause increases in hydrodynamic volume but also increases
in shear sensitivity or non-Newtonian behavior.

The extent of ionization of polybases or polyacids depends on the relative
base or acid strength, degree of solvation, and dielectric constant of the solvent.
Poly(acrylic acid), for example, ionizes progressively in aqueous basic solution to
yield a copolymer with ionized acrylate units and un-ionized acrylic acid units
along the backbone; neighboring group hydrogen-bonding effects accelerate ini-
tial ionization. Eventually, however, ionization becomes more difficult owing to
excessive buildup of charge along the backbone.

Polyelectrolytes have been studied extensively because molecular struc-
tures can be tailored to allow large conformational changes with pH, tempera-
ture, or added electrolytes. Molecular parameters that influence behavior include
number, type, and distribution of charged repeat units on the chain, hydropho-
bic/hydrophilic balance, distance of charged moiety from the backbone, and coun-
terion type. Solution properties including phase behavior, hydrodynamic volume,
and binding can be altered, offering utilization in flocculation, adhesion, stabi-
lization, compatibilization, viscosification, suspension, etc.

Anionic Polyelectrolytes. Anionic poly(acrylic acid) (PAA) can be syn-
thesized in two ways, ie direct polymerization of 1A (Fig. 33) or via hydrolysis of
a suitable precursor polymer (6). In the direct method, salts of acrylic acid are
homopolymerized or copolymerized by free-radical initiation in aqueous media.
Usually the rate of polymerization of the ionic monomer is lower than the corre-
sponding nonionic monomer, presumably owing to charge repulsion between the
growing chain and the incoming ionic monomer. Direct polymerization of acrylic
acid salt solutions has some commercial advantages because the nonvolatility of
acrylic acid salts allows simultaneous polymerization and spray drying (or drum
drying) to produce high molecular weight polymers directly. Hydrolysis (saponi-
fication) is the alternative method for producing anionic poly(acrylic acid) (Fig.
34). Hydrolysis of syndiotactic esters gives syndiotactic salt, and hydrolysis of
isotactic esters gives isotactic salts.

The Tg of anionic poly(acrylic acid) [eg poly(sodium acrylate)] is substan-
tially higher (251◦C) than that of nonionic poly(acrylic acid) (102◦C) because of
the strong intermolecular forces due to ionomeric clustering. Physical/mechanical
properties (eg, moduli) are also generally higher for salts vs free acids in the bulk
phase. Atactic and syndiotactic salts of acrylic acid are water-soluble, but isotac-
tic forms are not. Salts of poly(acrylic acid) show characteristic polyelectrolyte
solution behavior (6).
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Fig. 33. Examples of monomers utilized in preparing anionic polyelectrolytes.

Fig. 34. Preparation of poly(acrylic acid) salts via hydrolysis of a precursors poly(alkyl
acrylate).

Fig. 35. Structure of poly(methacrylic acid) salt.

The applications of anionic poly(acrylic acid) include use as latex thickeners,
oil-field chemicals, dispersants, and flocculants. In addition, poly(acrylic acids)
containing small amounts of cross-linking agents are water-swellable polymers
that have found use as superabsorbents.

Poly(methacrylic acid) and Its Salts. A wide variety of methods have
been used to prepare poly(methacrylic acid) (PMAA) (6) (Fig. 35). Free-radical
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Fig. 36. Structure of poly(vinylsulfonic acid) salt.

polymerization by hydrogen peroxide, persulfate, or redox systems in aqueous so-
lution yields atactic polymer with syndiotactic tendency. At higher pH, a higher
syndiotactic content is produced. Stereoregularity can be obtained by hydrolysis
of appropriate precursor polymers.

Controlled structure PMAA can be prepared by the deprotection of an ap-
propriate precursor polymethacrylate which has itself been polymerized under
living conditions. Both anionic polymerization and GTP have been used to pre-
pare PMAA employing a variety of PMAA precursor monomers such as benzyl
methacrylate (125), tert-butyl methacrylate (126), trimethylsilyl methacrylate
(127) and 2-tetrahydropyranyl methacrylate (128,129). Removal of the protect-
ing group yields the desired PMMA.

The sodium salt of methacrylic acid 2A has also been polymerized directly
in aqueous media via ATRP employing a PEO macro-initiator (130). Short chain,
controlled structure oligomers of PMAA may also be prepared by CCTP (131).

Poly(methacrylic acid) in the nonionized form in solution has a compact con-
formation and low intrinsic viscosity. Upon ionization to the polyelectrolyte form,
chain expansion occurs and viscosity increases. Unlike PAA, PMAA shows inverse
solubility-temperature behavior. The presence of chain-stiffening methyl groups
and their added hydrophobicity are responsible for the phase and viscosity be-
havior. Tacticity also plays an important role.

PMAA and its copolymers with acrylamide are used in viscosification and
flocculation. Copolymers of MAA and its salts have been used as components of
superabsorbents, coatings, adhesives, and in drilling operations.

Poly(vinylsulfonic acid) and Its Salts. Poly(vinylsulfonic acid) (PVSA)
(Fig. 36) is prepared by polymerization of ethylenesulfonic acid or its sodium salt
3A under free-radical conditions. It is purified precipitating aqueous solutions of
the sodium salt form with methanol or dioxane.

The sodium and ammonium salts of PVSA are soluble in water but insolu-
ble in organic solvents (6). The calcium salt is insoluble. Potentiometric titration
studies indicate that PVSA is a strong acid that ionizes completely in water. Ion
binding selectivity with alkali metals has been observed in viscosity and phase
separation studies. Mark–Houwink–Sakurada (MHS) parameters of K = 2.22
and α = 0.65 have been obtained for sodium PVSA in 0.5 M NaCl at 25◦C.

Poly(styrenesulfonic acid) and Its Salts. Poly(styrenesulfonic acid) (PSSA)
(6) (Fig. 37) may be prepared by free-radical polymerization of the monomer in
solution using the free acid, sodium, or potassium salt 4A form.

PSSA may also be prepared by sulfonation of polystyrene or by hydrolysis of
poly(n-propyl p-vinylbenzenesulfonate). The latter cases allow preparation of tac-
tic structures. Copolymers can also be prepared by free-radical copolymerization
of appropriate monomers or post-reaction. Polymers are purified by precipitation
of aqueous solutions with methanol, alkaline methanol, or other alcohols. Con-
trolled structure PSSA homopolymers and block copolymers may also be prepared
directly in aqueous media via RAFT using 4-cyanopentanoic acid dithiobenzoate
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Fig. 37. Structure of poly(styrene sulfonate) salt.

as the CTA and V-501 as the radical source (48). NMP has been successfully
employed in the preparation of near-monodisperse PSSA homo/copolymers. For
example, PSSA homopolymer can be prepared in an ethylene glycol/water mix-
ture (3:1 vol/vol) using TEMPO and sodium bisulfite/potassium persulfate as the
redox initiating pair (132,133).

Atactic PSSA is soluble in water, methanol, and ethanol but insoluble in
hydrocarbons. PSSA salts are insoluble in common organic solvents but soluble
in water. Ultraviolet and fluorescence spectrometry measurements can yield in-
formation on features including local environment, neighboring groups, and tac-
ticity. MHS values and solution properties are reviewed in Reference 56. Cross-
linked PSSA has been used commercially as an ion-exchange resin and in heavy
metal binding studies. Fractionated PSSA has been offered as a standard for
aqueous gel-permeation chromatography.

Other Sulfonic Acids. Extensive development work has been conducted
on acrylic sulfonate-containing monomers. 2-Sulfoethyl methacrylate (SEM)
monomer 5A has proved to be of limited commercial value owing to the hydrolytic
instability of the ester linkage. However, recently well-defined homopolymers of
3-sulfopropyl methacrylate (SPMA) were prepared under aqueous RAFT condi-
tions with 4-cyanopentanoic acid dithiobenzoate and V-501 as the CTA/initiator
pair at 70◦C (39). This same hydrolytic instability has been a serious prob-
lem with 3-sulfo-2-hydroxypropyl methacrylate. In contrast, 2-acrylamido-2-
methylpropanesulfonic acid (AMPSA) 6A, prepared by the reactions of SO3 with
isobutylene followed by the Ritter reaction with acrylonitrile (134), is quite hy-
drolytically stable.

AMPS or 2-acrylamido-2-methyl propanesulfonate 7A is highly reactive in
both homo- and copolymerizations and can be incorporated by homogeneous, so-
lution, or emulsion polymerization techniques. With advances in CLRP, acry-
lamido monomers such as AMPS (specifically in its Na+ form) are now easily
polymerized in a controlled manner, as homopolymers, statistical copolymers,
or block copolymers. Indeed PAMPS and its copolymers may be prepared under
facile conditions via RAFT, directly in water employing CTP and V-501 as the
CTA/initiator pair (42,44,45). Applications include improving emulsion stability
(135), flocculation (136), improving dry strength in paper (137), sludge dispersal
in boiler-water treatment (138), and silt control in cooling water systems (139).
Copolymers of the sodium salt of AMPS with acrylamide copolymers (140–142)
and ampholytic terpolymers (143,144) have potential in oil-field applications and
in superabsorbency, respectively.

Other Anionic Carboxylate Monomers. The anionic carboxylate
monomers 8A and 9A, prepared by the Ritter reaction involving acrylonitrile or
methacrylonitrile and 3,3-dimethylacrylic acid have been copolymerized in the
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sodium salt form to yield calcium-tolerant copolymers with utility in enhanced oil
recovery (145–148). Monomer 8A, for example, has been copolymerized with 7A
under RAFT conditions to yield novel stimuli-responsive water-soluble polymers
capable of reversible pH-induced micellization (42,44). Sodium 4-vinylbenzoate
12A has also been polymerized under both NMP and ATRP conditions (133,149).

Other examples of specialty anionic monomers shown in Figure 33 include
salts of vinylphosphonates 10A, vinylphenolates 11A, vinyl benzoate 12A, maleic
acid 13A, 3-vinyloxypropane sulfonates 14A, and N-vinylsuccinimidic acid 15A.

Cationic Polyelectrolytes. Cationic polymers are a class of polyelec-
trolytes that derive their unique properties from the density and distribution of
positive charges along a macromolecular backbone as well as molecular weight.
Chain conformation and solubility depend on the extent of ionization and interac-
tion with water. Cationic functional groups can strongly interact with suspended,
negatively charged particles or oil droplets and are useful for many applications
(76,150–153) including waste treatment and paper making. A number of the most
common monomers utilized for preparation of cationic polyelectrolytes are shown
in Figure 38.

Polymethacrylic Cationics.
Poly(2-(dimethylamino)ethyl methacrylate). 2-(Dimethylamino)ethyl

methacrylate [DMAEMA, 1C (Fig. 38)] is readily polymerized under a variety
of conditions such as conventional free radical polymerization (154), living
free radical polymerization, specifically ATRP and RAFT, anionic polymeriza-
tion (155), group transfer polymerization (156) and oxyanionic polymerization
(157,158). For example, conventional free radically prepared copolymers of 1C
with N-vinyl-2-pyrrolidone (159,160), N-phenylmaleimide (161), and ethylene
(162) have been reported. While 1C is readily polymerized via both ATRP and
RAFT, to date ATRP has received the most attention as a means of preparing
controlled-structure homo- and copolymers of 1C in both aqueous (163) and
organic media (164,165) with Cu(I) species as the catalysts employing a variety
of different ligands (166–169). It should be noted that under certain conditions
1C may undergo a transesterification reaction when polymerized via ATRP in
MeOH and MeOH/H2O mixtures (170). It is also possible to directly polymerize
quaternized versions of 1C via aqueous or mixed H2O/MeOH ATRP (171). 1C
has been successfully polymerized via RAFT in EtOAc with CTP and V-501
as the CTA/initiator pair (172), and also under bulk conditions with cumyl
dithiobenzoate and AIBN (173).

Synthesis of Other Amine-Containing Polymethacrylates. Figure 38 shows
the structures of other amine-containing methacrylic monomers. Like poly(2-
dimethylamino)ethyl methacrylate) (PDMAEMA), the homopolymers of these
monomers are water-soluble, albeit under somewhat more limiting conditions.
The copolymerization of 2C with methacrylic acid has been reported under con-
ventional free radical conditions in methanol using AIBN as the initiator (174).
The controlled polymerization of 2C, 3C, 4C, and 5C have been reported under
GTP conditions (175–179) and oxyanionic conditions (15,180). Homopolymers of
2C have also been prepared under ATRP conditions (181). Interestingly, 6C can
be polymerized in a controlled fashion by both oxyanionic and classical anionic
techniques even though it contains a secondary amine species (180,182).

Aqueous Solution Characteristics. The behaviors of the polyamine
methacrylates in aqueous media are both interesting and varied. The polymer
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Fig. 38. Chemical structures of common amine-containing monomers (1C–23C) and re-
active precursors (24C–28C) to amine-containing polymers.
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from 1C is a weak polybase which is soluble over most of the useful pH range.
However, in its non ionized form, and like most nonionic water-soluble polymers,
it shows inverse-temperature water-solubility. The neutral polymer has a lower
critical solution temperature (LCST), or cloud-point (Cp), between ∼32 and 47◦C
depending on its molecular weight. In its protonated form, however, it remains
readily soluble up to 100◦C.

The other “common” tertiary amine polymethacrylates, PDEAEMA, PDi-
PAEMA, and PMEMA from 2C and 3C, are also responsive to applied stimuli in
aqueous solution. These are only soluble in aqueous media at low pH, ie under
those conditions in which the tertiary amine residues are protonated and thus
cationic. Under basic conditions, where the 3◦ amine groups are neutral both
species are hydrophobic and thus phase separate. So, simply adjusting the pH
of an aqueous solution for homopolymers derived from 2C or 3C results in phase
separation. Polymers from 4C and 1C are soluble over the entire useful pH range,
but do have an LCST in the range 34–54◦C, the exact Cp being molecular weight
dependent. However, the former is also susceptible to changes in electrolyte con-
centration. Certain salts such as sodium sulfate readily “salt out” this polymer in-
ducing a phase change (183). These various responses to different applied stimuli
have been exploited for the synthesis of novel self-assembled polymeric micelles.

Poly(meth)acrylamido Cationics. (Meth)acrylamido species are one of the
most important commercial class of water-soluble monomers with wide-ranging
applications. Cationic polyacrylamides are most often prepared by the normal
free radical polymerization of the amine-containing monomer, and then most
often in a copolymerization. For example, the protonated form of 9C and the
monomer 10C are both readily copolymerized with 28C to yield high molecular
weight statistical copolymers in which the molar composition is virtually identi-
cal to the feed composition (184,185).

The controlled polymerization of amine-containing (meth)acrylamido
monomers has, until recently, remained elusive. None of the classical living
techniques can be employed and of the controlled free radical polymerization
techniques only RAFT has the versatility required for this particular class of
monomer. Even so, there is only one report of the controlled polymerization of
an amine-containing monomer, namely N-[3-(dimethylamino)propyl] methacry-
lamide, 11C (186). 11C is readily homopolymerized in aqueous media (neutral
pH) at 70◦C using 4-cyanopentanoic acid dithiobenzoate as the RAFT CTA and
V-501 as the azo initiator, at an initial molar ratio of 5/1. Under these conditions
reasonable control was attained as evidenced by the molecular weight control and
resulting polydispersities. Control over the RAFT polymerization of 11C was at-
tained by conducting the polymerizations in a buffered solution (pH = 5.0). Under
these conditions possible side reactions such as monomer hydrolysis followed by
aminolysis of the CTA is essentially eliminated (such side reactions have been
previously shown to be significant in the homopolymerization of 28C) (47,186).

Amine functionality can also be introduced into acrylamido polymers via
post-polymerization modification of polyacrylamide from monomer 28C. Strate-
gies include the Mannich reaction (introduction of tertiary-amine functionality),
Hofmann degradation (yields polyvinylamine residues) and transamidation reac-
tions. The Mannich reaction is reversible; however, subsequent quaternization of
the Mannich product prevents the reverse reaction (187).
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Fig. 39. Cyclopolymerization of diallyl ammonium monomers.

Polydiallylammonium Cationics. Diallyl ammonium monomers, such as
13C–15C in Figure 38, can be polymerized via so-called cyclopolymerization
(Fig. 39) (188).

DADMAC 13C, for example, can be readily polymerized under these cy-
clopolymerization conditions to yield PolyDADMAC in which a structure com-
posed of 5-membered N-heterocycles predominates. 13C will readily polymerize
at ∼35◦C employing ammonium persulfate as the initiator. 13C is readily copoly-
merized with other diallyl monomers, with acrylamido monomers such as 28C or
diacetone acrylamide, or quaternized 1C. Extensive reviews of cyclopolymeriza-
tion and cyclocopolymerization can be found in Reference 188. Recent examples of
cyclocopolymerization with sulfobetaine (14C) and carboxybetaine (15C) diallyl
ammonium monomers are given in References (188–191).

Polyvinylpyridines

2-, 3- and 4-vinylpyridines (16C, 17C, and 18C) are all readily polymerized un-
der normal free radical conditions. Of these species, 18C has been the most widely
studied. An extensively studied derivative of 17C is 2-methyl-5-vinylpyridine (or
6-methyl-3-vinylpyridine) and its quats (192–195). For example, 1,2-dimethyl-
5-vinylpyridinium methyl sulfate is readily polymerized in aqueous solution at
room temperature with common free radical initiators such as AIBN or potassium
persulfate. In fact it will spontaneously polymerize at concentrations in excess of
∼75% (196).

It is also possible to prepare vinylpyridine-based (co)polymers in a controlled
fashion with predetermined molecular weights and narrow molecular weight dis-
tributions. For example, the controlled polymerization of 16C and 18C is possible
via anionic polymerization (197–201).

Also, 16C, 17C, and 18C have been polymerized via nitroxide-mediated con-
trolled radical polymerization employing a variety of different nitroxides (202–
209). For example, 17C may be polymerized under bulk or solution conditions
(in ethylene glycol) employing 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) as
the persistent free radical and benzoyl peroxide as the free radical initia-
tor to yield controlled structure homopolymers with narrow molecular weight
distributions (210). More recently, the controlled polymerization of 18C using
a β-phosphonylated nitroxide, namely N-tert-butyl-N-(1-diethylphosphono-2,2-
dimethylpropyl) nitroxide, was reported and was shown to be extremely effective
for the homopolymerization of 17C as well as facilitating the synthesis of novel
AB diblock copolymers (202).

The controlled polymerizations of 16C and 18C have also been reported us-
ing RAFT chemistry (211,212). Triblock copolymers of 17C and styrene were pre-
pared using dibenzyl trithiocarbonate as the RAFT CTA and AIBN as the azo
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initiator. The RAFT polymerization of 16C and 18C has additionally been
achieved using cumyl dithiobenzoate and AIBN as the CTA/initiator pair (212).
Homopolymers of 16C and 18C were prepared under bulk conditions at 60◦C.
Excellent control over both the molecular weight and molecular weight distri-
bution was observed with the polydispersity indices for the homopolymers all in
the range 1.10–1.25. It was also shown that the corresponding AB diblock copoly-
mers of 16C with 18C could be readily prepared using either homopolymer as the
macro-CTA for the polymerization of the second block (212).

As well as NMP and RAFT, 16C and 18C have been polymerized via ATRP
(213–215). For example, 18C may be polymerized in a controlled fashion us-
ing 1-phenylethyl chloride as the initiator and CuCl/5,5,7,12,12,14-hexamethyl-
1,4,8,11-tetraazamacrocyclotetradecane (Me6[14]aneN4) as the catalyst/ligand
pair in propanol at 40◦C (215).

Polymers from 16C and 18C, and presumably 17C, may be hydrogenated to
form the corresponding polyvinylpiperidines (6), or oxidized to the corresponding
water-soluble N-oxide. The polyvinylpyridines may also be readily derivatized
via quaternization with an appropriate alkylating agent, such as methyl iodide.
The monomeric quats are readily water-soluble but can be prone to spontaneous
polymerization above critical concentrations (216). The nature of the counterion
can also affect the propensity of the quaternized monomers to autopolymerize.

Aqueous Solution Characteristics. The polymer from 16C becomes
water-soluble at a critical degree of ionization (protonation) of ca 30 mol% (217).
In comparison, the polymer from 18C only becomes water-soluble at an apparent
degree of ionization of 70 mol%. The polymeric quats behave as strong polyelec-
trolytes and are readily water-soluble.

Amine-Containing Styrenic Monomers

Several amino-styrenic monomers are known; for example see 19C–23C in
Figure 38. The simplest of these, the primary amine species 4-vinylaniline (or
4-aminostyrene), 23C, is susceptible to polymerization under conventional free
radical conditions, as are 19C–22C. For example, the UV-induced graft polymer-
ization of 23C from a Si surface was recently disclosed (218). These monomers
tend to polymerize most effectively in aqueous media in their hydrochloride salt
form. Given the reactive nature of the amine functionality in 23C it is also a
suitable precursor for the synthesis of novel amide-based styrenics (219). The con-
trolled polymerization of 19C, 20C, and 22C, under classical anionic conditions is
also possible (220,221). For example, AB diblock copolymers of 22C with styrene
can be prepared at −78◦C, in THF using cumyl potassium as the initiator with
22C being polymerized first. Near-monodisperse n-butyl quats of 19C, 20C, and
22C have also been reported. These were prepared by the post-polymerization
modification of polymers from 19C, 20C, and 22C with n-butyl bromide (220).

Homo and copolymers comprised of amine-containing styrenic monomers
have also been reported by controlled free radical polymerization techniques.
Both NMP and RAFT have been employed with varying degrees of success. For
example, 20C was block copolymerized with sodium 4-styrenesulfonate which
was employed as a macro-initiator and had been prepared using TEMPO in a
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Fig. 40. Polymerization of ethyleneimine.

Fig. 41. Polymerization of substituted oxazolines.

3:1 ethylene glycol water mixture at 120◦C with potassium persulfate as the ini-
tiator (133). More recently, McCormick and co-workers reported the synthesis of
novel diamine AB diblock copolymers comprised of 21C with the protonated form
of 20C (48). These were prepared directly in aqueous media using CTP as the
RAFT CTA and V-501 as the azo initiator. Well defined block copolymers were ob-
tained with excellent control over the molar mass and molar mass distribution.
Also, new RAFT-synthesized AB diblock copolymers of N,N-dimethylacrylamide
and 20C have been reported (222). This work demonstrated the importance of
blocking order in RAFT polymerizations when the two comonomers are from dif-
ferent monomer families. While highly efficient blocking was achieved when N,N-
dimethylacrylamide was polymerized first, very poor crossover efficiencies were
seen in the case of the styrenic-based macro-CTA.

Aqueous Solution Characteristics. The amine monomers tend to be
water-soluble only in their protonated or quaternized forms. For example, ho-
mopolymers from 19C are water-soluble at pH’s below ∼5.3; above this value
they are hydrophobic and phase separate. This behavior is completely reversible
and has been exploited by several researchers for the preparation of reversible
pH-induced supramolecular nanoassemblies (48).

Poly(ethylene imine). Poly(ethylene amine) (PEI) is the simplest poly-
base. It can be prepared directly via the acid-catalyzed polymerization of
ethyleneimine (aziridine, 24C) (Fig. 40). 24C may be prepared via a number of
routes with ethanolamine being a convenient precursor (223). The cationic poly-
merization of 24C is very rapid due to the release of the ring strain associated
with the monomer. However, the synthesis of PEI under these conditions leads to
highly branched structures due to chain transfer reactions involving the NH
species in the polymer backbone. Cyclic products can also be produced under
these conditions. Copolymerization with an appropriate comonomer can reduce
the degree of chain branching (224).

The polymerization of suitable precursor monomers, with subsequent con-
version to PEI, is the only route to truly linear products. The most common pre-
cursors studied are the substituted oxazolines (Fig. 41), with the 2-substituted-2-
oxazolines 25C being the most thoroughly investigated (225).

Polyvinylamine. Along with PEI, polyvinylamine (PVAm) prepared from
26C is the simplest polybase, and is related to PEI in a similar manner to the
relationship between PVOH and PEO, ie as constitutional isomers. Also like
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Fig. 42. Vinylamine tautomerization.

PVOH, PVAm cannot be prepared by the direct polymerization of the vinyl amine
monomer because it very readily tautomerizes to acetaldehyde imine (Fig. 42).

As such, PVAm must be prepared by indirect methods employing protected
monomers which, once polymerized, can be converted to PVAm. The most com-
mon employed precursors are the N-vinylamides (eg 26C and 27C) which af-
ter polymerization may be converted to PVAm via hydrolysis. For example,
suitable precursors include poly(N-vinylacetamide) (PNVA) (226) and poly(N-
vinylformamide) (PNVF) (227). PNVF is more readily hydrolyzed than other N-
vinylamides. It is also possible to prepare PVAm via the Hofmann degradation of
polyacrylamide prepared from 28C (228). These precursor polymers are typically
prepared using normal free radical polymerization chemistries and as such have
broad molecular weight distributions. Recent advances in controlled radical poly-
merization methodologies, and especially the RAFT technology, should facilitate
the synthesis of controlled-structure near-monodisperse PVAm. For example, it
is now possible to polymerize 28C in a controlled fashion under RAFT conditions
(49,50). There is also at least one report detailing the RAFT polymerization of
26C (229).

Miscellaneous Cationic Monomers

While the most common, amine-based species are not the only type of cationic
monomers/polymers. There are several other functional species capable of yield-
ing cationic species, namely the sulfonium (230), phosphonium (231,232), and
pyrylium (233) species. Several examples of such species are shown in Figure 43.

For example, the statistical free radical polymerizations of 32C and 33C
with N-isopropyl acrylamide were successfully conducted in DMSO employing
AIBN at 50◦C (234,235). This yielded readily water-soluble copolymers with a
thermosensitive component. Such copolymers are also interesting since they can
exhibit antibacterial properties against Escherichia coli and Staphylococcus au-
reus (234,236,237). Novel water-soluble sulfonium monomers such as 31C can be
polymerized and used as precursor polymers for the synthesis of light-emitting
polymers such as poly(2,5-bis(trimethylsilyl)-1,4-phenylenevinylene (238).

Polyzwitterions. Amphoteric water-soluble polymers are polymeric sys-
tems containing both anionic and cationic charges. Such polyzwitterions may
be subdivided into two major families, the polyampholytes and the polybetaines
(239). Each of these groups may be further subdivided into specific types of each
(see below). Figure 44 shows a number of monomers which have been used in
pairs (cationic with anionic) to form polyampholytes.
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Fig. 43. Specialty cationic monomers.

Fig. 44. Monomer pairs utilized in preparing polyzwitterions.
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Fig. 45. Polyampholyte structures.

Polyampholytes. Polyampholytes are those materials in which the anionic
and cationic charges reside on different mer units. Due to this, polyampholytes
may be either charge balanced or unbalanced depending on the molar ratio of
the anionic/cationic monomers. Polyampholytes may also be subdivided into four
inherently different types. There are those in which the anionic and cationic
residues may be neutralized, those where the cationic residue may be neutral-
ized but the anionic residue is insensitive to changes in pH, those in which the
anionic charges may be neutralized but the cationic residues are insensitive to
pH changes, and finally those in which both the anionic and cationic residues are
insensitive to changes in the pH (see Fig. 45).

Synthesis. Polyampholytes are most readily prepared by the direct statis-
tical copolymerization of anionic and cationic monomers typically in aqueous me-
dia, via conventional free radical polymerization. Examples of such materials
were first reported in the 1950s (240–244). Using this approach a wide range of
copolymers and terpolymers, often with a neutral hydrophilic monomer such as
acrylamide, have been reported. For example, early reports of statistical polyam-
pholytes include the methacrylic acid-stat-2-(dimethylamino)ethyl methacrylate
copolymers (245), from 1Z and 2Z with 6Z and the N,N-diethylallylamine-
stat-acrylic acid copolymers from 1Z and 6Z (246). More recently, synthe-
sis and properties of novel polyampholytic terpolymers have been described
(247–250). For example, the aqueous solution properties of novel ampholytic
terpolymers of acrylamide, sodium 3-acrylamido-3-methylbutanoate 5Z and 3-
(acrylamidopropyl)trimethylammonium chloride 8Z have been studied in detail
(187).

It was not until the 1970s that the first block polyampholytes were reported
(251,252). Anionic polymerization was used to prepare precursor AB diblock
copolymers of 2-vinylpyridine 10Z with trimethylsilyl methacrylate (TMSMA).
The TMSMA residues were subsequently hydrolyzed to poly(methacrylic acid)
residues to yield the corresponding AB diblock polyampholytes. Anionic polymer-
ization has also been employed to prepare other block polyampholytes (253–258).
GTP has also been successfully employed for the preparation of block polyam-
pholytes. As with anionic polymerization, protected acid monomers must be em-
ployed since methacrylic acid (MAA) cannot be polymerized directly by this tech-
nique. A variety of protected monomers have been reported to be suitable as a
means of introducing MAA residues, with 2-tetrahydropyranyl methacrylate be-
ing the most effective (Fig. 46).
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Fig. 46. Deprotection chemistry utilized to produce polymethacrylic acid or its salts.

Fig. 47. GTP synthesis of AB diblock polyampholytes.

For example, AB diblock and ABC triblock polyampholytes comprised of ba-
sic DMAEMA 6Z and acidic MAA residues, and hydrophobic methyl methacrylate
residues in the case of the triblocks, have been reported (128,259–262).

While these living polymerization techniques do offer the ability to pre-
pare block polyampholytes they are both synthetically demanding and somewhat
limiting with respect to monomer choice for example. There are a handful of
reports detailing the synthesis of block polyampholytes using controlled/living
polymerization techniques discussed earlier (Fig. 47). For example, Gabaston
and co-workers have described the TEMPO-mediated SFRP of block copolymers
of sodium 4-styrenesulfonate 11Z with 4-(dimethylamino)methyl styrene 12Z
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Fig. 48. General structures of selected methacrylic-based betaines.

(133), and several authors have reported the synthesis of block polyampholytes
using ATRP although they still employed protecting group chemistry for the
methacrylic acid residues (263–265).

Solution Properties. The aqueous solution behavior of polyampholytes is
dictated by coulombic interactions between the basic and acidic residues. Polyam-
pholytes have the ability to exhibit both polyelectrolyte and antipolylelectrolyte
behavior in aqueous media. Which type of behavior is exhibited depends on fac-
tors such as solution pH, copolymer composition, the relative strengths of the
acidic and basic residues, and the presence/absence of low molecular weight elec-
trolyte (239). A feature of polyampholytes—in particular those comprised of weak
acidic and basic residues—is the so-called isoelectric point, or IEP. This is simply
defined as the solution pH at which the polyampholyte is electrically neutral.
Statistical polyampholytes often remain soluble at and around the IEP whereas
block polyampholytes tend to be soluble above and below but insoluble at this
critical pH. The IEP may be determined either by titration or by measuring the
reduced viscosity as a function of pH—the IEP also represents the point at which
the polyampholyte chain is in its most compact conformation and thus corre-
sponds to the minimum in reduced viscosity (239,266). With a knowledge of the
respective pKa’s and copolymer composition it is also possible to predict the IEP
(267).

Polybetaines. Polybetaines are materials in which the anionic and cationic
functional species are part of the same mer unit (Fig. 48). Because of this the
number of anionic, or potentially anionic, residues is always exactly equal to the
number of cationic residues. The cationic residue in polymeric betaines is typ-
ically a quaternary ammonium species. The anionic functionality can vary and
leads to the classification of polymeric betaines as sulfobetaines (sulfonate func-
tional group), carbo or carboxybetaines (carboxylate functional groups), phospho-
betaines (phosphate functional group), and etheneolatebetaines (dicyanoethene-
olate functional group) (239).

Synthesis. Betaine monomers may be prepared in a number of different
ways. For sulfobetaines, the most common, and easiest, method is to react a
monomer containing a tertiary amine residue with either 1,3-propanesultone
or 1,4-butanesultone (268). This is an extremely facile reaction and proceeds
readily at RT in common solvents such as THF or CH3CN to yield the
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Fig. 49. General synthetic routes for sulfo/carboxybetaines.

corresponding sulfobetaine monomer. Alternatively, the tertiary amine function-
ality may be reacted with a haloalkylsulfonate species (269). Carboxybetaine
monomers may be prepared via a number of different routes (Fig. 49). They may
be obtained from the reaction of a suitable lactone (270) with a tertiary amine
species, although this is somewhat limited to highly strained lactones to avoid
competing nucleophilic attack at the carbonyl group. Alternatively they can be
obtained from the Michael addition of a tertiary amine to acrylic acid (271),
although again this route is prone to side reactions and simple salt formation.
Perhaps the most versatile route for the preparation of carboxybetaines involves
the reaction of a tertiary amine with a haloalkylcarboxylate to yield the carboxy
betaine directly, or by reaction with the corresponding haloalkylester to yield
the quaternized species followed by ester hydrolysis to yield the carboxybetaine
(272,273).

Phosphobetaine monomers may also be prepared via a number of
routes (239,274). Probably the most common phosphobetaine monomer is 2-
(methacryloyloxy)ethyl phosphorylcholine (MPC), although other derivatives are
also known (275–278). MPC is prepared from the reaction of 2-hydroxyethyl
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Fig. 50. Synthesis of MPC.

methacrylate with 2-chloro-2-oxo-1,3,2-dioxaphospholane, followed by ring
opening of the intermediate phospholane with trimethylamine (Fig. 50). This
is a general synthetic procedure which can be applied to any alcohol functional
monomer. There are very few examples of the dicyanoetheneolate betaines. These
particular species are prepared from the reaction of a tertiary amine monomer
with 2,2-dicyanoketene-1,2-ethylene acetal (279–281).

Polymeric betaines are most readily prepared by the direct polymerization
of the betaine monomers, typically in aqueous salt solution. Since their initial
report in 1957, by Ladenheim and Morawetz (282), there have been a large num-
ber of polymeric betaines reported based on many different families of monomers
(239). Polymeric betaines may also be prepared under condensation polymeriza-
tion conditions thus yielding polymers in which the betaine functionality is at-
tached directly to the (co)polymer backbone (283–285).

Controlled structure polymeric betaines were reported for the first
time only recently (286). The first examples were those prepared from the
post-polymerization modification of poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA), and its block copolymers, which had been prepared under GTP
conditions (286,287). Initial reports detailed the modification of hydrophilic-
hydrophobic block copolymers, but this was subsequently extended to the selec-
tive modification of diamino hydrophilic-hydrophilic block copolymers (276).

The direct polymerization of betaine monomers in a controlled fashion has
been reported by ATRP (288–291), and, most recently, via RAFT (38,43,292,293).
Methacrylic derivatives of carboxy-, sulfo-, and phosphobetaines have been pre-
pared via ATRP, while RAFT is more versatile with respect to monomer choice,
and examples of styrenic, methacrylic and acrylamido sulfobetaines have been
disclosed.

Solution Properties. Zwitterionic polymers show interesting aqueous solu-
tion behavior. As a general rule, they are insoluble in pure water due to the for-
mation on intra- and interchain ion contacts resulting in an ionically cross-linked
network-type structure. Polyampholytes and polybetaines which are not soluble
become soluble upon the addition of low molecular weight electrolytes, such as
NaCl (Fig. 51). This dissolution process can best be understood in terms of the
low molecular weight electrolyte penetrating the ionically cross-linked network
whereupon the ions screen the net attractive interactions between the polymer
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Fig. 51. Schematic illustration of polyampholyte response to added electrolyte.

chains and hence promote solubility. The addition of the salt also results in an-
tipolylelectrolyte behavior, ie chain expansion upon the addition of the salt.

Applications of Polyzwitterions. Polyzwitterions have wide-
ranging applications. For example, statistical polyampholytes comprised of
2-vinylpyridine 10Z and acrylic acid 1Z have been evaluated as desalination
membranes, while others have been used in sewage treatment, flocculation,
coagulation, drilling fluids, enhanced oil recovery, and drag reduction.

Polymeric betaines have applications in areas similar to those of the polyam-
pholytes described above. Additionally, phosphobetaines in particular have found
application in the biomedical field. (Co)polymers comprised of MPC and various
alkyl methacrylates (294,295) for example have been shown to exhibit both good
bio and hemocompatability and have found application as coatings for medical
devices such as catheters or arterial stents as well as materials for contact lens
application. The success of MPC-based materials, and other phosphobetaines,
is attributed to their biomimetic characteristics, ie their structural and chemi-
cal similarity to naturally occurring phospholipids. Recently, sulfobetaine-based
materials were also shown to exhibit similar properties indicating that these
bio/hemocompatability characteristics may not be unique to polymer phospho-
betaines but perhaps to polybetaines in general (296).

Stimuli-Responsive Amphiphilic Polymers

Amphiphilic copolymers with appropriate balance of hydrophilic and hydrophobic
sequences along or pendent to the micromolecular backbone can self-organize in
water (297). In principle, intramolecular (closed) or intermolecular (open) associ-
ations can result. Intramolecular self assembly can, for example, lead to unimeric
or multimeric micelles (Fig. 52a,b) with solution behavior resembling that of
small molecule surfactants above their critical micelle concentration. Intermolec-
ular assembly (Fig. 52c) often results in network or associative thickening be-
havior. Judicious choice of polymerization methods and conditions, monomer se-
lection, post reactions, etc allows molecular construction of a wide variety of sys-
tems capable of self-assembly. Strategic placement of functional groups along the
macromolecular backbone can also lead to reversible association in response to
external stimuli including pH (298,299), ionic strength (300), light (301–303),
temperature (304), and shear stress (297,305).
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Fig. 52. Behavior of amphiphilic copolymers in response to stimuli.

The earliest synthetic polymeric micelles, often referred to as polysoaps,
were prepared as biological protein mimics (306–308). Copolymers synthesized
by partial n-dodecylation of poly(2-vinyl pyridine) or by hydrolysis of poly(maleic
anhydride-alt-alkylvinyl ethers) possessed surfactant-like properties in water
(309–312). The initial associative thickeners, on the other hand, were prepared
by (1) substitution of water-soluble cellulose derivatives with long chain alkyl
groups (153,313–317) (2) partial esterification of poly(styrene-alt-maleic anhy-
dride) with nonionic surfactants (318–321), (3) step growth polymerization of hy-
drophobically modified diisocyanates with poly(oxyethylene glycols) (322), or (4)
by statistical chain growth free radical polymerization of a variety of hydropho-
bic and hydrophilic monomers under heterogeneous reaction conditions including
emulsion polymerization (323,324) and micellar polymerization (325–330).

Despite a number of successes in preparing polymers with aqueous solu-
tion behavior depicted in Figs. 21a and 21c, little understanding of the nature
of associative polymer domains existed prior to 1990. As well, studies of block
copolymer associations had been limited to phase behavior in selective organic
solvents. Since then, rapid developments in characterization of reversible mi-
crodomains via static and dynamic fluorescence spectroscopy (331–351), NMR
spectroscopy (345,352–359) light scattering (171,175,360–364), and rheological
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techniques (365–370) have led to a better understanding of the structural pa-
rameters governing assembly/disassembly in water. Likewise, the development of
facile controlled/living free radical polymerization techniques for preparing block
copolymers with well-defined structures has led to better models for study.

It can be established that the extent of closed or open associations depends
on the architectures of the macromolecular chains. Molecular parameters affect-
ing such associative behavior include hydrophilic and hydrophobic block lengths,
placement and molecular weight of the segments, polymer concentration, flexibil-
ity and spacer lengths side-chain functionality. Responsiveness to pH, electrolyte,
and to temperature changes depends markedly on the nature of the functional
groups (cations, anions, zwitterions), their proximity to hydrophilic or hydropho-
bic units, and the ionic strength of the surrounding aqueous media. Some theo-
retical models have been put forth that describe unimolecular micelle formation
progressing to bridged micelles and eventually networks (371–373).

Statistical Amphiphilic Polymers

Statistical amphiphilic polymers with ionic charges along the macromolecular
backbone represent most of the stimuli-responsive systems reported in the liter-
ature. In principle, hydrophilic monomers from Figures 27, 33, 38, 43, or 44 can
be copolymerized with hydrophobic comonomers or macromonomers under condi-
tions allowing sufficient incorporation of the latter. The most successful meth-
ods have been “micellar” polymerization (324,325,347,348) in which high con-
centrations of surfactants are added to solubilize the hydrophobic monomer in
the aqueous phase or emulsion polymerization utilizing macromonomers having
amphiphilic character (323,324). Table 1 gives examples of associative polymers
and the type of responsiveness reported in the literature. A comprehensive re-
view (305) presents details of the synthetic routes to and behavioral characteris-
tics of associative polyelectrolytes as determined by a wide variety of analytical
techniques.

Well-Defined Amphiphilic Copolymers. Well-defined, controlled struc-
ture amphiphilic copolymers may be prepared using a range of polymerization
techniques that includes anionic, cationic, and controlled free radical approaches.
The materials may be “simple” AB diblock copolymers or more structurally com-
plex species such as ABA or ABC triblock copolymers for example.

Hydrophilic-Hydrophobic Block Copolymers. These materials represent
the “simplest” type of amphiphilic block copolymer. Materials are comprised of
one block which is inherently hydrophobic, such as polystyrene or poly(methyl
methacrylate), and a second block which is hydrophilic such as poly(methacrylic
acid). For example, anionic polymerization may be employed for the synthesis of
AB diblock copolymers comprised of styrene with 2- (438) or 4-vinylyridine (439).
In the case of the styrene-2-vinylpyridine copolymers, self-assembly, under ap-
propriate aqueous conditions, leads to the formation of block copolymer micelles
with styrene forming the hydrophobic core and the 2-vinylpyridine forming the
stabilizing corona. These block copolymer micelles are highly stable in 0.1 M HCl.
Similarly, styrene–acrylic acid block copolymers may likewise be prepared via
anionic polymerization using tert-butyl acrylate as a protected precursor for the
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Table 1. Copolymer Compositionsa Responsiveness, and
References for Stimuli-Responsive Polyelectrolytes

Polymer Composition Response Ref.

K-S pH, salt (312,374–380)
K-T pH, salt, shear (336,374,381–383)
E-H-Fl pH, salt, shear (374,384)
I-P salt, shear (374,385–388)
G-B-R salt, shear (374,389,390)
E-Q-B pH, salt, shear (374,391,392)
E-B-Fl pH, salt, shear (374,393)
B-R-D pH, salt, shear (365,366,374)
E-Q shear (327,328,374,393–404)
E-R shear (327,328,374,393–404)
E-S shear (327,328,374,393–404)
E-U shear (374,405,406)
E-B-U pH, salt, shear (374)
B-Q pH, salt, shear (305,407)
B-Fl pH (305,408,410)
A-S pH, salt, shear (305,411)
B-Fl pH, salt, shear (305,412)
B-Q pH, salt, shear (305,345,413)
A-R pH, salt, shear (305,363,364)
B-E-Q pH, salt, shear (305,404,414,415)
B-Fl pH, salt, shear (305,349,409)
C-F-Q pH, salt, shear (305,416)
Y pH, salt, shear (305,417)
Z pH, salt, shear (305,418)
Z-T pH, salt, shear (305,382)
Z-T-Fl pH, salt, shear (305,336,381)
I-P-Fl pH, salt, shear (305,385,419–422)
I-R pH, salt, shear (305,423–426)
I-R-P pH, salt, shear (305,427)
E-A-R pH, salt, shear (305,428)
E-I-R pH, salt, shear (305,429,430)
O-V pH, salt, shear (305,431–436)
U-M pH, salt, shear (276,305)
U-N pH, salt, shear (305,437)
aLetters refer to repeating units in Figure 53.

acrylic acid residues. Such block copolymers exhibit similar self-assembly behav-
ior in aqueous media (440,441). Other examples of such hydrophilic-hydrophobic
block copolymers capable of supramolecular self-assembly include the poly(2-
(dimethylamino)ethyl methacrylate-block-methyl methacrylate) (442). and the
poly(3-(N-2-methacroyloyethyl)-N,N-dimethylammonio)propanesulfonate-block-
methyl methacrylate) copolymers (287,443). In both instances the block copoly-
mers were prepared via group transfer polymerization. Cationic polymerization
also offers a route to amphiphilic vinyl ether-based AB diblock copolymers. For
example, the synthesis and micellization properties of isobutyl vinyl ether-block-
methyl tri(ethyleneglycol) vinyl ether copolymers have been reported (444).
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Fig. 53. Polymer segments utilized in statistical polymers with stimuli-responsive asso-
ciative behavior in water. For polymers incorporating a fluorescent probe the letters Fl are
used in Table 1.

Also the self-association of AB diblocks comprised of methyl tri(ethyleneglycol)
vinyl ether (hydrophilic block) and benzyl vinyl ether (hydrophobic block) have
been investigated (445). In water, micelles with hydrodynamic diameters in the
range 10–26 nm were observed depending on the molar composition of the block
copolymer.

Hydrophilic/Tunably Hydrophilic/Hydrophobic Block Copolymers. The
next level of complexity for amphiphilic block copolymers are those comprised of
one block which is permanently hydrophilic with the second block being tunably
hydrophilic/hydrophobic, ie under a set of conditions A, the second block is
readily water soluble and thus the block copolymer exists as unimers, but upon
the application of a certain stimulus (change in pH or temperature for example)
to condition B the second block becomes hydrophobic. Provided appropriate block
copolymer compositions are employed this will lead to self-assembly. Additionally,
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Fig. 54. Responsive AB block copolymers from ionic styrenic monomers.

such behavior is typically completely reversible. While there are now numerous
examples of such “smart” self-assembly these types of systems have not been
as thoroughly investigated as the inherently hydrophilic/hydrophobic species,
with perhaps one notable exception being the PEO/PPO and PEO/PPO/PEO,
PPO/PEO/PPO block copolymers.

Group transfer polymerization has proven to be an extremely useful tech-
nique for the synthesis of such AB diblock copolymers. For example, the synthe-
sis of AB diblock copolymers in which the A block was 2-(dimethylamino)ethyl
methacrylate (1C in Fig. 38) and the B block was either 2C or 3C in Figure
33 have been reported. 1C is temperature responsive whereas 2C and 3C are
both pH responsive. At low pH when both the tertiary amine blocks (1C + 2C or
1C + 3C) are protonated the block copolymers are molecularly dissolved. Raising
the solution pH above the pKa of tertiary amine residues for 2C and 3C renders
these blocks hydrophobic and as such the block copolymers self-assemble to form
micelles with the hydrophobic 2C (or 3C) residues in the core, stabilized by coro-
nal chains of 1. Supramolecular self-assembly is completely reversible—lowering
of the pH back below the respective pKa’s results in molecular redissolution (183).

More recently controlled free radical polymerization methodologies have
been employed for the preparation of novel “smart” AB diblock copolymers.
Nitroxide-mediated polymerization was utilized for the synthesis of sodium
4-styrenesulfonate-block-sodium 4-vinylbenzoate block copolymer (133). These
strong acid/weak acid species exhibit reversible pH-induced self-assembly, with
the sodium 4-styrenesulfonate residues remaining ionized and thus permanently
hydrophilic over the useful pH range whereas the sodium 4-vinylbenzoate block
can be reversible protonated (the carboxylate residue has a pKa ∼4.0). The
same block polymers can also be prepared via RAFT, albeit with somewhat more
control. Other workers reported the preparation of such AB diblock copolymers
as well as some analogous amine-based styrenic diblock copolymers, (48) shown
in Figure 54.

Similarly, such AB diblocks may be prepared based on the acry-
lamido family of monomers. For example, the synthesis of novel AB diblock
copolymers comprised of the two anionic monomers sodium 2-acrylamido-2-
methylpropanesulfonate (AMPS) and sodium 3-acrylamido-3-methylbutanoate
(AMBA) have been reported (42,44). By analogy with the styrenic block copoly-
mers, these AMPS-AMBA species also exhibit reversible pH-induced self-
assembly by virtue of the fact that the AMBA residues may be reversible
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protonated, switching the residues from a hydrophilic (high pH) to a hydrophobic
(low pH) state. Similar AB diblocks of AMPS with sodium 6-acrylamidohexanoate
which also exhibit pH-induced micellization have been reported by Yusa and
co-workers (45) RAFT has additionally proven very useful for the preparation
of AB diblock copolymers comprised of blocks from different monomer fami-
lies. For example, AB diblocks of N,N-dimethylacrylamide (DMA) with N,N-
dimethylbenzyl vinyl amine (DMBVA) were recently disclosed. These particu-
lar blocks are also capable of undergoing reversible pH-induced micellization
(222). The DMA residues are nonionic, permanently hydrophilic whereas the
styrenic-based DMBVA block is water soluble in its protonated form, but hy-
drophobic in its nonionized state. As such, simply raising the pH of an acidic
solution of the block copolymer results in self-assembly and the formation of ag-
gregates with the hydrophobic DMBVA blocks residing in the core which is sta-
bilized by the DMA block. RAFT has also been utilized for the preparation of
AB diblocks in which one of the blocks is a salt-responsive specie (293). For ex-
ample, AB diblocks of N,N-dimethylacrylamide with 3-[2-(N-methylacrylamido)-
ethyldimethylammonio]propanesulfonate (MAEDAPS).

Doubly “Smart” Block Copolymers. Doubly “smart” or responsive copoly-
mers are those in which both the blocks of the copolymer are tunably hy-
drophilic/hydrophobic. As such this potentially facilitates the preparation of
both normal and inverse micelles in the same solvent (NB: normal and in-
verse micelles are well known but switching between the two often requires a
change of solvent). Some authors have termed such materials “schizophrenic”
block copolymers. At present these represent the least studied of the am-
phiphilic block copolymers. Examples of such materials include the poly(2-(N-
morpholino)ethyl methacrylate-block-2-(diethylamino)ethyl methacrylate) (177,
446) and the poly(propylene oxide-block-2-(diethylamino)ethyl methacrylate)
copolymers (447). A number of these types of block copolymers have been
studied (263,264,448,449). As a representative example, a precursor poly(2-
(dimethylamino)ethyl methacrylate-block-2-(N-morpholino)ethyl methacrylate)
(DMAEMA-MEMA) copolymer was reacted with 1,3-propanesultone to yield the
corresponding sulfopropylbetaine-MEMA block copolymer (Fig. 55) (448). At tem-
peratures between 30 and 40◦C a block copolymer comprised of an equimolar ra-
tio of the two comonomers exists as molecularly dissolved unimeric chains. Upon
raising the temperature above the cloud point of the MEMA block, the copoly-
mer self-assembles forming polymeric micelles with the now-hydrophobic MEMA
residues residing in the core with the sulfobetaine blocks in the corona.

Sulfobetaine-core micelles were obtained by lowering the solution temper-
ature below 20◦C at which point increased attractive electrostatic interactions
result in phase separation of the sulfobetaine block and thus micelle formation.
A similar doubly temperature responsive block copolymer, prepared via RAFT,
was reported which was based on acrylamido monomers (292).

Shell and Core Cross-Linked Nanoassemblies. Shell or core cross-linked
nanoassemblies represent a group of materials which can, in principle, be derived
from any of the amphiphilic species described in the earlier sections. Clearly the
self-assembled structures described above are dynamic species. However, one can
envisage the need for “locked” structures for certain applications. One method to
achieve this is via cross-linking of either the coronal or core chains. To facilitate
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Fig. 55. An example of a “schizophrenic,” methacrylic-based AB diblock copolymer and
conditions leading to self-assembly.

either approach there must be a suitable reactive species in the core or corona
susceptible to chemical modification after self-assembly.

Shell cross-linked micelles, also referred to as knedel or SCK micelles,
were first reported in 1997 (450,451). For example, an amphiphilic AB diblock
copolymer comprised of hydrophobic polystyrene with hydrophilic partially quat-
ernized poly(4-vinylpridine) was prepared by the sequential living anionic poly-
merization of styrene and 4-vinyl pyridine followed by quaternization of some of
the 4-vinylpyridine residues with 4-vinylbenzyl chloride. Micelles are prepared
by dissolving the quaternized block copolymer in a mixture of water and THF.
Finally, shell cross-linking is accomplished by polymerizing the styrenic residues
in the shell (present as a result of the quaternization reaction) in the presence of
a free radical initiator (452). Examples in which the micelle coronal shell con-
sists of hydrophilic acrylic acid residues, with a variety of hydrophobic cores,
may be conveniently shell cross-linked using 2,2′-(ethylenedioxy)bis(ethylamine).
Thus, cross-linking is achieved via an amidation reaction using a bifunctional
primary amine (453–457). Other examples of these novel nanomaterials include
those with polysilane cores and partially cross-linked poly(methacrylic acid) coro-
nas (458,459), and micelles in which the reactive, cross-linkable functionality is
either methacrylic acid or DMAEMA residues, with the actual cross-linking be-
ing achieved with bis-(2-iodoethoxy)ethane (460–462). The effectiveness of bis-(2-
iodoethoxy)ethane as a cross-linking agent is illustrated in Figure 56.
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Fig. 56. An example of bis-(2-iodoethoxy)ethane as a cross-linking agent.

Here so-called Type I and Type II zwitterionic SCK micelles can be pre-
pared from the hydrophilic-hydrophobic precursors poly(2-(dimethylamino)ethyl
methacrylate-block-2-tetrahydropyranyl methacrylate) (DMAEMA-THPMA)
copolymers prepared via group transfer polymerization (128,129,461). Micel-
lization of the DMAEMA-THPMA block copolymers in a water/THF mixture
(95:5) results in the formation of core-shell structures in which the hydrophobic
THPMA species forms the core and the hydrophilic DMAEMA species the
corona. The reactive tertiary amine residues in the coronal may be cross-linked
using bis-(2-iodoethoxy)ethane in a quaternization reaction (Menshutkin Re-
action). Subsequent hydrolysis of the micelles cores leads to the formation of
the Type I SCK species. Alternatively, the DMAEMA-THPMA precursor block
copolymers may be initially deprotected to form the block polyampholytes.
Heating an aqueous solution of this block polyampholyte above the cloud point
of the DMAEMA residues results in the formation of inverse micelles in which
the now-hydrophobic DMAEMA residues form the micelle core and ionized
poly(methacrylic acid) chains form the corona. These carboxylate coronal chains
may also be cross-linked using bis-(2-iodoethoxy)ethane, in this instance via an
esterification reaction.

A potential drawback of shell cross-linking is the need to perform such
chemistries under relatively dilute conditions to avoid the occurrence of inter-
particle cross-linking. However it was recently demonstrated that SCK micelles
could be successfully prepared at high solids with ABC triblock copolymers in
which the C block forms the micelle core, the A block the outer coronal chains
and the cross-linkable B block the inner coronal chains. Here, the outer A block is
effectively acting as a steric barrier to inter-particle cross-linking (463,464).

Most recently the core cross-linking approach was adopted for the prepara-
tion of novel nanoassemblies derived from pH-responsive AB diblock copolymers
prepared via RAFT (222). Here the A block was the permanently hydrophilic
DMA species with the tunably hydrophilic/hydrophobic DMBVA forming the B
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block. In aqueous media, at high pH, these block copolymers form core-shell
structures with the DMA residues forming the corona and the DMVBA chains
in the core. Addition of a hydrophobic, difunctional, alkyl halide namely 1,4-
bisbromomethylbenzene results in this species being sequestered into the hy-
drophobic core of the micelles where it reactions with the tertiary amine residues
via the Menshutkin reaction to yield the core-cross-linked species. Successful core
cross-linking was verified via NMR spectroscopy, dynamic light scattering and
transmission electron microscopy.

Concluding Remarks

Water-soluble polymers are an extremely important class of materials that per-
meate every facet of our lives. This class of materials encompasses a wide range
of interesting species ranging from naturally occurring proteins, peptides, RNA,
DNA, and sugars (carbohydrates) to complex synthetic nanoassemblies such as
the well-defined core-cross-linked AB diblock polymeric micelles.

Clearly there have been significant advances in the field of water-soluble
polymers since the previous edition of this encyclopedia. Arguably the most im-
portant development in recent years has been the discovery and application of
more facile controlled/living polymerization techniques for the synthesis of highly
functional, well-defined, model, materials. Of these, the controlled/living free rad-
ical polymerization techniques, and especially reversible addition–fragmentation
chain transfer (RAFT) are proving to be especially versatile.

It is likely that such developments will continue to revolutionize water-
soluble polymer synthesis in the years to come with chemists taking up the chal-
lenge to prepare ever more complex structures capable of supramolecular self-
assembly for a wide variety of specialized applications.
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WEATHERING OF POLYMERIC MATERIALS

Introduction

The resistance of polymeric materials to weathering is a very important con-
sideration for their use in outdoor applications that depend on their durability.
Weathering of a polymeric material may be defined as the irreversible changes
in the material’s chemical and physical properties in a direction that is usually
to the detriment of its usefulness. Changes in appearance and mechanical prop-
erties result from modification of the chemical structure of the material by its
complex interaction with the environmental elements, primarily solar radiation,
heat/cold, moisture (solid, liquid, and vapor), oxygen, and pollutants. Although
all weather factors play a very important role in the deteriorating effect of the
environment on polymeric materials, the actinic radiation of the sun is the criti-
cal factor because it initiates the reactions that lead to degradation. Testing the
weatherability of polymeric materials is an essential step in development of new
and improved products and in ascertaining that production lots meet the specified
requirements. Most polymeric products require stabilization against the effects of
the environment to obtain reasonable serviceability. For some applications, poly-
meric materials are designed to degrade rapidly after their intended use in order
to protect the environment. Weathering of “degradable” polymeric materials is
not specifically addressed in this article, although much of the information on
weatherability testing of polymeric materials is applicable.

The destructive effect of the weather varies with geographic location, sea-
son, time of day, cloud cover, and exposure orientation due to variations in the
critical weather factors with these conditions as well as in individual years.
Therefore, outdoor tests in one location during a specific time interval cannot
be expected to provide information on either absolute durabilities or stability
rankings of materials under all service conditions. To determine resistance to the
worst conditions, tests are commonly carried out in environments that have the
most severe conditions, such as subtropical or desert climates. As a result of the
progressive improvement over the years in the durability of polymeric materials
for outdoor applications, it is now impractical in many cases to screen poten-
tial new formulations by standard outdoor weathering tests, even those that pro-
vide severe environmental conditions. Therefore, accelerated outdoor weathering
techniques and laboratory-accelerated weathering tests simulating the effects of
natural weathering are required for development of weatherable formulations as
well as for quality control and specification tests. Laboratory tests have the ad-
vantage of repeatability of test results and control of the three main test param-
eters, that is, radiation, heat, and moisture, for more consistent stability evalua-
tions and for research studies on the effect of these parameters. Development of
valid laboratory-accelerated tests requires measurement of the critical weather
factors in the end use environment and determination of the effects of natural
weathering on polymeric materials.

Weather Factors and Their Effect on Polymeric Materials.
Solar Radiation. Solar radiation on the earth’s surface consists of energy

received both directly from the solid angle of the sun’s disk and diffusely reflected
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Fig. 1. Hemispherical solar spectral irradiance incident on a 37◦ sun-facing tilted sur-
face (air mass of 1.5). Based on data in Table 2 of ASTM G173-08. Courtesy of ASTM
International.

by the atmosphere. The diffuse component is strongly influenced by atmospheric
conditions and is generally a large fraction of the total radiation, particularly
in the UV region because of the greater scattering of the shorter wavelengths
(1). For this reason, the spectral power distribution (SPD) of the diffuse compo-
nent differs from that of the solar beam in that it contains a higher intensity
of short wavelength radiation. Thus, the type of exposure that materials receive
depends on their orientation. Samples positioned for maximum direct beam expo-
sure receive less short wavelength radiation than those positioned for maximum
exposure to sky radiation.

The hemispherical (direct plus diffuse) solar spectral irradiance incident on
a 37◦-tilted surface facing the equator at an air mass of 1.5, representative of
average conditions in the 48 contiguous states of the United States, is shown in
Figure 1 (2). It is referred to as “U.S. Standard Atmosphere.” The spectral en-
ergy ranges from about 298 nm in the UV region to about 2500 nm in the near-
infrared (NIR) region. Both the quantity and quality of solar radiation vary with
time of day, season, altitude, geographical location, and atmospheric conditions.
The shorter the wavelength, the more sensitive it is to these variables. The UV
portion (298–400 nm), the portion that has the largest actinic effect on most ma-
terials, varies from less than 1% to about 5% of total solar radiation. Owing to
the seasonal effect of the angle of the sun, at north latitude of about 41◦ the short
wavelength cut-on of direct normal solar radiation shifts from below 300 nm in
the summer to about 310 nm in the winter. At all latitudes, the altitude of the
sun, and thus total solar irradiance, is highest at solar noon.

Because of the small percentage of UV present in the full solar spectrum,
changes in this important component cannot be detected in measurements of
total solar radiation. Therefore, commercial outdoor testing facilities measure
and monitor the irradiance of the UV portion alone, both total UV and narrow
spectral bands of the UV, in addition to total solar radiation. Total solar UV ra-
diation (TUVR) is typically measured between 295 and 385 nm. Irradiance is
reported in watts/square meter (W/m2) and radiant exposure, ie, irradiance inte-
grated over time, is reported in megajoules/square meter (MJ/m2). The average
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12-month TUVR radiant exposure is reported to be 308 MJ/m2 at a 5◦ angle in a
subtropical climate and 333 MJ/m2 at latitude angle in a desert climate (3).

Spectral Effects of Solar Radiation: Activation Spectra. The wavelength-
specific degradation of a material by the light source to which it is exposed is
referred to as the activation spectrum. It is a graphical representation of the
relative damage caused by individual spectral regions of the radiation source.
Degradation is wavelength specific because both the absorption capability of the
material for the incident radiation and the capability of the absorbed radiation to
break some of the chemical bonds of the material, and thus initiate degradation,
vary with wavelength. According to the first law of photochemistry, light must be
absorbed by a material to have any effect on it. Since the energy of radiation is
inversely proportional to its wavelength, the shorter the wavelength, the higher
the energy of the photons associated with it. The shorter wavelengths also have
a greater likelihood of being absorbed by materials. Therefore, the shorter the
wavelength, the greater is its potential to break stronger and more types of chem-
ical bonds. In order to be able to cleave specific chemical bonds, the radiation must
contain wavelengths that have photon energies in excess of the binding energies
of the chemical bonds. Thus, UV radiation generally has a greater deleterious ef-
fect on materials than visible radiation and the shorter the wavelength of UV, the
more degradation it can be expected to cause. However, the wavelength-specific
effectiveness of the light source in causing degradation also depends on the rela-
tive number of photons of each wavelength, ie, the wavelength-specific intensity
of the radiation. Because the intensity of solar and solar-simulated UV radiation
decreases nearly exponentially with decrease in wavelength, the shortest wave-
lengths cause less degradation than longer UV wavelengths in the majority of
polymeric materials. Although the UV portion of solar radiation is mainly respon-
sible for initiating weathering effects in polymeric materials, the visible and NIR
portions also contribute to degradative processes. The damaging wavelengths of
some colorless polymeric materials extend into the short wavelength visible re-
gion. Visible radiation absorbed by colored polymeric materials can cause pho-
tolytic bond cleavage of pigments followed by polymer degradation, initiated by
the free radicals formed or due to charge-transfer processes. The absorbed visi-
ble radiation that does not have sufficient energy to cause bond cleavage and the
NIR radiation absorbed by both colored and colorless polymeric materials raise
the temperature of the materials and thus accelerate the chemical reactions ini-
tiated by the actinic wavelengths.

The activation spectra listed in Table 1 show that many polymeric mate-
rials are degraded to a greater extent by the longer UV wavelengths of sim-
ulated terrestrial solar radiation than by the shorter UV wavelengths. There
are a number of reasons for this, including the fact that there are fewer pho-
tons associated with the shortest wavelengths of the light source. The activation
spectra show that solar-simulated radiation shorter than 340 nm is responsible
for the maximum amount of yellowing in less than half of the polymeric ma-
terials examined. The wavelengths listed represent just the peak(s) of the ac-
tivation spectrum for each of the polymeric materials. Both longer and shorter
wavelengths also cause degradation that decreases with both the increase and
decrease in wavelength from the peak of the activation spectrum. In polymers
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Table 1. Activation Spectra Based on Borosilicate Glass Filtered Xenon Arc Radiation

Wavelengths (nm) Causing
Polymeric Material Type of Degradation Mils Maximum Degradation (nm)

Acrylonitrile–Butadiene– Yellowinga 10 330
Styrene (ABS) Yellowingb 100 340–360

Bleachinga 10 380–400
Bleachingb 100 >380
Impact strength 100 350–380c

Impact strength 100 >380d

Nylon-6 UV, modulus ? 390, 450

Aromatic Yellowing and 360, 370, 414
polyamidese Tensile strength ?

Polyarylate Yellowingb 3 350
Yellowingb 60 385

Polycarbonate Yellowinga 4.5 295, 310–340
Yellowingb 28 <300, 310–340

Polyethylene Yellowinga 4 310
C O increasea 4 340

Polyethylene- Yellowing, IR, 5 370–380
naphthalate modulusa

Polypropylene C O increasea 15 340–380
C O increaseb 10 320
Tensile strengthb 60 320–350c

Tensile strengthb 60 360–380d

Polystyrene Yellowinga 125 319
Yellowingb 125 300–330

Polysulfone Yellowinga 1 310–320
Yellowingb 1 320
C O,OH increase 1 330

Aromatic polyurethane Yellowinga ? 350–415 f

Poly(vinyl chloride) Yellowinga 2 308–325 f

Yellowingb 40 300–320
aSpectrographic technique.
bSharp cut-on filter technique.
cShort exposure duration.
dLonger exposure duration.
eFilms and fibers.
f Various samples.

such as acrylonitrile-butadiene-styrene (ABS), aromatic polyamides, polyarylate,
polyethylenenaphthalate, and aromatic polyurethane, wavelengths longer than
340 nm are mainly responsible for yellowing. In all polymers, including those in
which shortwavelength UV radiation causes yellowing, longwavelength UV is pri-
marily responsible for degradation of physical properties, such as tensile strength
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and impact strength. In some cases this extends into the visible region. The
explanation for differences in damaging wavelengths with type of change lies
in the differences in the wavelengths that affect the surface versus the bulk of
the material. Short wavelengths, which are more strongly absorbed by most ma-
terials, have a greater effect on the layers close to the surface and cannot pene-
trate as far into the material as the longer wavelengths. Thus, the changes that
occur in the surface layers, such as yellowing, opacity to UV radiation, and crack-
ing and crazing, result from exposure to shorter wavelength radiation. Longer
wavelengths penetrate more deeply into materials, where the physical property
changes occur.

The activation spectra of ABS and polypropylene based on changes in im-
pact strength and tensile strength, respectively, show a progressive shift to longer
wavelength sensitivity with an increase in duration of exposure. It results from
an increase in the absorption of longer wavelengths due to a progressive increase
in chain length of the unsaturated conjugation species in aliphatic polymers and
aliphatic portions of aromatic polymers. A similar shift to maximum degrada-
tion by longer wavelengths for extended exposures of polyethylene and poly(vinyl
chloride) can be expected for the same reason. Pickett and co-workers (4) had
shown that the yellowing of polycarbonate containing titanium dioxide is caused
mainly by filtered xenon arc wavelengths shorter than 300 nm during initial ex-
posure, but after a period of exposure the activation spectrum peaks at about 320
nm and identifies the 310–340 nm spectral region as being mainly responsible for
yellowing. Damaging wavelengths vary with the thickness of aromatic-type poly-
mers because of the shift in the tail end of the main absorption band to longer
wavelengths with an increase in the thickness. For example, the activation spec-
tra of two thicknesses of ABS and polyarylate show that the thicker specimens
are degraded by the longer wavelengths of the light source. The activation spec-
trum of a polymeric material also depends on its formulation, particularly with
the addition of UV absorbing components. Addition of a protective UV absorber
will generally shift the damaging radiation to shorter wavelengths.

Photodegradations of polymeric materials are complex processes usually
with many thermally dependent steps between absorption of the photons and
the final products. Their wavelength sensitivities to a radiation source must be
determined experimentally. The activation spectra cannot be determined by mul-
tiplication of the source-independent wavelength sensitivity (action spectrum) of
the material by the emission spectrum of the light source at each wavelength
(5). It also cannot be determined from the absorption spectrum of the material
and the SPD of the light source, even if the chemical mechanism of degradation
is known, as quantum efficiencies cannot be predicted from fundamental princi-
ples. The activation spectra shown in Table 1 are based on two techniques for ob-
taining activation spectra, the spectrographic and sharp cut-on filter techniques.
They are described in the Handbook of Polymer Degradation, 2nd ed. (5), ASTM
G178 (6), and other publications (7–11).

Temperature. Elevated temperatures can significantly influence the de-
structive effects of light on polymeric materials by accelerating the rate of the
secondary reactions and by altering the reaction processes following the primary
photochemical step of bond breakage. For example, the increase with tempera-
ture of the rate of oxygen diffusion and rates of reactions of free-radical fragments
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can alter the main mechanism of degradation. Therefore, temperature differences
in various climatic zones of the earth are responsible to a large extent for the
variations in weathering. The areas exposed to the greatest solar irradiance are
also those exposed to the highest temperatures. Both are usually highest near
the equator and decrease with increasing latitude. Because of differences among
materials in the effect of temperature on the secondary reactions, the stability
ranking of materials can change with increase in temperature.

Daily averages and extremes of air temperature are measured to quantify
temperature conditions during exposure of specimens to natural weathering, but
the temperatures that materials attain are higher than that of the surrounding
atmosphere. The temperature of exposed materials depends on the amount of
radiation absorbed, the emissivity of the specimen, thermal conduction within the
specimen, and exchange of heat with the surroundings through conduction and
convection. A large portion of the absorbed radiation is converted to heat, and the
amount absorbed is closely linked to color, with white materials absorbing only
about 20% of the incident energy and black about 90%. Thus, the darker the color
the higher the temperature. Surface temperatures of exposed plastic specimens
have been reported to reach 77◦C (12), and specimens inside a closed automobile
exposed to sunlight have been reported to reach 120◦C (13). Because it is not
practical to measure the surface temperature of individual test specimens, black
panel and white panel temperature sensors are used to represent, respectively,
the maximum and minimum temperatures attained by samples.

Temperature differences between the surface and bulk of polymeric mate-
rials, due to the low thermal conductivity and heat capacity of these materials,
result in physical stresses. Daily and seasonal temperature cycling can cause me-
chanical stress in composite systems, such as between a coating and a substrate
or between coating layers, because of mismatch in the thermal expansion coeffi-
cients. It often results in cracking and loss of adhesion of the coating. Tempera-
ture and its cycles can also affect the weathering of polymeric materials through
its influence on the effect of moisture. An increase in the temperature accelerates
hydrolysis reactions, whereas a reduction in the temperature results in conden-
sation as dew on the material. Freeze/thaw cycling or thermal shocks due to cool
rain hitting hot, dry surfaces induces mechanical stress that can cause structural
failures in some systems, or accelerate degradation already initiated.

Moisture. Moisture is a critical variable for many polymeric materials. In
combination with solar radiation, it can significantly contribute to the effect of
weather, both by reacting chemically and by imposing mechanical stresses when
it is absorbed or desorbed (14). It can also act as a solvent or carrier, for exam-
ple, in leaching away plasticizers or in transporting dissolved oxygen. Examples
of chemical reactions of moisture are hydrolysis of labile bonds in polymers such
as polyesters, polyamides, and poly(ether)urethanes; the promotion of chalking
of titanium dioxide (TiO2) pigmented coatings; and chemical changes in build-
ing products exposed to solar radiation in a moist environment. Chalking results
from the release of TiO2 particles at the surface when the organic binder is de-
graded by the hydroxyl and perhydroxyl free radicals formed in the reaction be-
tween water, oxygen, and the titanium and hydroxyl ions produced on exposure
of the pigment to UV radiation.
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Compressive stresses on the surface and tensile stresses in the bulk of mate-
rials result from expansion of the volume of surface layers by absorbed moisture.
During drying, reduction in volume of surface layers results in compressive stress
in the bulk and surface tensile stress gradients. These stresses result in cracking
and loss of adhesion of coatings. Solar radiation has a pronounced effect on the
moisture-induced stresses because of the formation of hydrophilic groups, which
increase the tendency of the material to absorb moisture. Also, embrittlement
of the surface by solar radiation enhances the tendency to crack under tensile
stresses during the drying period. High relative humidity levels in conjunction
with heat, as, for example, in tropical and subtropical climates, often promote
microbial growth, which can play a significant role in material degradation.

The form and amount of moisture vary widely, depending on the geographic
area and ambient temperature. Moisture can take the form of humidity, dew, rain,
frost, snow, or hail. Commercial exposure facilities typically measure two main
types of moisture, relative humidity and wet time. The wet time is the amount of
time during which liquid water is present on a material’s surface due to conden-
sation and precipitation. The span of time over which precipitation occurs and
the time the sample surface is exposed to wetness are more important in weath-
ering of materials than the total amount of precipitation. The penetration depth
of moisture into the material, and thus the influence on weathering, is substan-
tially greater when the total amount of precipitation is distributed over a longer
time period.

Oxygen. Oxidative degradation of organic polymers is generally very slow
at room temperature in the dark, but is greatly accelerated by solar radiation in
the presence of oxygen. Photooxidation reactions account for most polymer fail-
ures that occur during outdoor exposure. The reaction products of oxygen with
the free radicals formed as a result of bond cleavage by solar radiation propa-
gate radical chain reactions that multiply the destructive effect of the radiation.
Thus, the degradative effect of solar radiation and oxygen acting in combination
with each other is synergistic, ie, it is considerably larger than the sum of both
factors acting individually. Polymers containing carbon–carbon double bonds are
most sensitive to oxidation, their sensitivity increasing with the degree of unsat-
uration. Saturated polymers are considerably less sensitive, particularly those
having bulky side groups that interfere with the attack by oxygen. Tertiary car-
bon atoms are more susceptible to oxidation than secondary ones, unless they are
shielded by bulky side groups, as in polystyrene. Polymers that contain activated
carbon–hydrogen bonds, such as polyethers, polyesters, and polyamides, display
a higher susceptibility to oxidation than other hydrocarbon polymers. Oxygen can
also increase the amount of solar radiation absorbed by conjugated unsaturated
hydrocarbons through formation of a complex with these structural components.
The singlet state of oxygen formed by reaction of oxygen with sensitizers, such
as ketones and certain dyes in the presence of solar radiation, is a very reactive
form of the molecule. It is responsible for rapid deterioration of natural rubber
and polymeric materials with conjugated unsaturation.

The importance of oxygen in the weathering process is evidenced by the
fact that photooxidation in polymers, such as polyolefins, is significantly reduced
toward the center of thick samples because of the limited supply of oxygen. The
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penetration of oxygen into the polymer is a critical factor and is related to its rate
of diffusion, which depends on the temperature, polymer type, and morphology.
It has been shown that oxygen diffusion and not UV radiation becomes the rate-
controlling process in photooxidation of polypropylene and polyethylene plaques
at a depth at which the rate of oxygen consumption is greater than the rate at
which it can be replenished from the environment (15–18).

Atmospheric Pollutants. Ozone is present in the earth’s atmosphere both
as a result of UV photolysis of oxygen in the upper atmosphere and as a result
of reaction between terrestrial solar radiation and atmospheric pollutants such
as nitrogen oxides and hydrocarbons from automobile exhausts. It is a powerful
oxidant that can react rapidly with elastomers and other unsaturated polymeric
materials to cause stiffening and cracking, particularly under mechanical stress.
Other common air pollutants include sulfur oxides, hydrocarbons, nitrogen ox-
ides, and particulate matter such as sand, dust, dirt, and soot. Some of these
may react directly with organic materials, but have a much more severe effect in
combination with other weather factors.

Acid rain is an important consequence of pollutants generated by modern
industrial societies and has been shown to damage both organic and inorganic
materials exposed to the environment. Dilute sulfuric acid is formed on the sur-
face of materials from sulfur dioxide (SO2) and water exposed to solar radiation.
It causes rapid discoloration when it reacts with pigments and causes cross-
linking (14) and embrittlement (19) of polymers. The results of the action of
acidic pollutants and solar radiation on automotive coatings have been described
(20).

Acid rain enhances hydrolytic degradation and thus is an important factor
in weathering of polymeric materials in which the mechanism includes hydroly-
sis. Acids have also been shown to interfere with the use of hindered amine light
stabilizers (HALS) to improve the light stability of acrylic urethane clearcoats.
It is believed that acids may reduce the effectiveness of HALS by reacting to
form salts, which are then washed out of the coating. While acids generally act
synergistically with radiation to accelerate the effects of weathering, acid precip-
itations can also slow the aging processes in polymers (21).

Outdoor Weathering Tests. Outdoor weathering tests are commonly
characterized as “natural” or “accelerated.” Ideally, “natural” weathering would
be the result of exposure of a material in its actual intended location and ori-
entation. The term is, however, generally used for outdoor exposure on fixed an-
gle racks in locations and orientations that maximize the effects of weathering
components, particularly solar radiation. Since these exposures will generally
produce higher degradation rates than the normal end-use environments, they
are actually outdoor accelerated tests. In this article, “natural” exposures are di-
vided into “static” exposure tests at fixed positions and “dynamic” exposure tests
in which sample orientations are changed during the test, or in which the sun
is tracked. “Accelerated” outdoor exposures include techniques that further in-
crease either the temperature, solar irradiance, moisture, or some combination of
these factors. Practices for natural and accelerated outdoor weathering of poly-
meric materials are described in ASTM D1435 (3), ASTM D4364 (22), and ISO
877 (23).
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Most natural and accelerated outdoor weathering tests in the United States
are carried out in either (or both) South Florida or CENTRAL Arizona. These
have the two most important “benchmark” environments where materials typi-
cally fail fastest because of intensification of the weather elements responsible
for degradation. South Florida has a subtropical climate with higher levels of
the three critical weathering factors, solar radiation, temperature, and moisture,
than are present in most end-use environments. The climate is particularly de-
structive to materials sensitive to moisture. A number of studies have shown that
the South Florida climate has a twofold or higher weathering rate for coatings
compared to that in central Europe. The CENTRAL Arizona desert has become
a worldwide recognized standard exposure environment for testing in a climate
typical of the hot and dry conditions of the desert, having summer solar radiant
exposures and temperatures that are higher than those in South Florida. The
large daily and summer-to-winter temperature swings also differentiate Arizona
from South Florida environments. Other test sites are in tropical and temperate
climates, industrial areas, and salt air locations. Often, the same materials are
tested in several different climates.

Because of seasonal and year-to-year climatological variability of outdoor
conditions, repeated testing during different seasons and over a period of at
least 2 years is usually recommended. Results of tests conducted for less than 12
months will often depend on the particular season of the year in which they begin.
To take into account the variability of weather, the performance of test materials
should be evaluated by comparing their weatherability with that of one or more
control materials of known performance exposed at the same time rather than in
terms of absolute changes in the test materials. The use of a number of control
materials of different durability and multiple replicate specimens of the test and
control materials should be exposed for statistical evaluations of the test results.

Static Exposures. Outdoor static weathering tests can take numerous
forms. Some of the variables include tilt angle, unbacked or backed exposure
with various types of backing material, under glass exposure, additional wetting,
and other special conditions, all of which have an impact on the critical weath-
ering factors. The variables of static outdoor exposures are described in detail in
ASTM G7 (24), ASTM G24 (25), and ISO 877 (23). The particular test variables
chosen depend on the application of the material and should generally simulate
the worst-case in-service conditions as closely as possible. Materials used with a
backing should be exposed with a similar type backing to provide the higher tem-
peratures and longer wetness times of typical in-use conditions. In some cases,
the backing is painted black to increase surface temperature and degradation
rates. Materials intended for applications indoors or in enclosures behind specific
types of glass, such as in automotive interiors, require weathering tests simulat-
ing conditions found in their specific end-use environment. Because of variations
in specimen temperature and time of wetness due to location of a specimen on
the exposure rack and the type or color of adjacent specimens, control, and test
specimens should be placed on a single test panel or on test panels adjacent to
each other.

The direction and angle of the exposed samples, measured from the hori-
zontal, influence the amount of total radiant energy received, the quality and
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quantity of UV, the temperature, and time of wetness. The 45◦ angle facing to-
ward the equator is the most widely used, probably because many of the early
exposure tests were carried out at temperate latitudes at which this angle was
considered to be the fixed angle for optimum solar radiation for the whole year.
However, in both temperate and tropical zones, exposures at 0◦–20◦ angles con-
tain a higher proportion of the diffuse component of incident solar radiation and
therefore higher annual doses of shortwavelength UV than exposures at higher
angles of inclination (26,27). At 0◦ (horizontal) and 5◦ angles, samples are exposed
to essentially the entire sky dome and experience higher temperatures and longer
time of wetness and thus more rapid deterioration. The 5◦ angle is preferable be-
cause it provides for some drainage to reduce ponding and allows some of the dirt
to be washed off by rain. It is used extensively by the automotive industry for
exterior applications, such as surface coatings, and may be used as an alternate
to horizontal exposures for items such as indoor–outdoor carpeting, artificial turf,
and roofing materials.

Samples receive maximum annual total solar radiation at an angle equal to
the latitude of the exposure station. At a more horizontal exposure angle, speci-
mens are nearly perpendicular to the sun’s radiation during the summer months
when the UV content is highest (28). The 90◦ angle facing the equator is used to
simulate in-service applications of construction materials such as sidings, win-
dows, door profiles, and automotive components, eg., doors and seat backs. How-
ever, it provides significantly lower radiant exposure, temperature, and time of
wetness than a 45◦ or smaller angle. Therefore, the rate of degradation is usually
slower for many samples exposed at this than at other fixed angles. A 90◦ angle
facing away from the equator is a common exposure angle for testing a material’s
resistance to mold/mildew in subtropical climates.

In applications of polymeric materials as building sealants, particularly for
joint seals, a major stress factor acting synergistically with the critical environ-
mental stress factors is mechanical movement. Both daily and annual cycles of
expansion and contraction caused by variations in the temperature and mois-
ture content of the sealants lead to premature cohesive and adhesion failure and
thus to functional failure of the sealants. Studies have shown the importance of
added cyclic movement during outdoor exposure in order to reliably assess the
in-use performance of sealants as well as accelerate the test results (29). In the
absence of mechanical cycling, only surface changes are accelerated, but periodic
expansion and compression during weathering also accelerates deterioration in
the bulk of the sealant. Specially designed exposure strain-cycling racks used
to simultaneously subject sealants to cyclic movement and temperature change
were shown to produce early failures similar to those that occur during in-service
use (30).

Dynamic Exposures. While the incidence of critical weather parameters
can be modified by the setting of the static exposure angle, at any one angle it is
not optimum for all seasons. Several dynamic exposure techniques have been de-
veloped to further optimize the annual radiant exposure, temperature, and mois-
ture delivery to specimens. One technique consists of changing exposure angle
with seasonal changes of the sun’s path. However, compared with fixed angle ex-
posures of less than 90◦ in Florida and Arizona, the maximum increase in annual
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solar radiant exposure is only about 12% (31). In a study using this technique
applied to exposure of a coating in Florida, no appreciable acceleration in degra-
dation was obtained compared with 5◦ south exposure (32).

Another type of dynamic exposure uses a motor-driven, follow-the-sun rack
designed to maintain direct-normal conditions from sunrise to sunset by keeping
the sample surface at a constant near-normal angle to the direct solar beam. It
is often combined with variable angle exposure, but is mainly applicable to arid
environments such as central Arizona where the direct beam component of so-
lar radiation is high. Its efficiency is low in subtropical environments where the
diffuse portion of solar radiation is a significant portion of the total irradiance.
The option of adding water spray to this type of exposure provides a combination
of three of the critical weather factors, increased radiant exposure, temperature,
and moisture, which can significantly accelerate degradation rates of many ma-
terials over static exposures.

Accelerated Weathering Exposures. In spite of optimization of weather
factors by site selection, type of backing, exposure angle, and follow-the-sun ex-
posures, long periods of outdoor testing are required to establish the durability of
modern materials. Options available to further accelerate degradation by natu-
ral weathering tests include black box enclosures for higher panel temperatures
and longer wetness time than open or backed exposures and Fresnel reflectors
for increased irradiance. Any major intensification of weather factors over those
present under end-use conditions must be used with caution to avoid changing
the types and mechanisms of degradation or altering stability rankings because
of differences among materials in their response to intensified stress factors. This
cannot be overemphasized.

Black-Box Exposures. The black box test was developed to simulate the
air heatsink characteristics of an automotive body and thus provide the high
temperatures encountered by the surface coatings and decorative trim on auto-
mobiles exposed to direct sunlight. Details of the black boxes and test procedures
are given in ASTM G7 (24), ASTM D4141 (33), and SAE J1976 (34). The test pan-
els form the top surface of an open aluminum box painted with flat black paint
on the outside. The box is typically positioned at 5o from the horizontal, facing
the equator, but can be positioned at any angle. Black-box exposures maintain
surface condensation longer after daybreak and have elevated daytime temper-
atures, which extend longer into the evening, thus providing greater probability
of interactions with the materials of the combined effects of irradiance, tempera-
ture, and moisture than in other types of exposures.

Black-Box under-Glass Exposures. These tests were designed specifically
to simulate and accelerate the effect of interior automotive conditions. Air tem-
peratures in the box may exceed 80◦C under conditions of high outside ambient
air temperature and solar irradiance. Exterior non-glass surfaces are painted
flat black, and interior surfaces are left unpainted. The specimens, supported
on a rack in a plane parallel to the glass cover at a distance of at least 75 mm
(3 in.), can be unbacked or backed with either expanded aluminum or a solid
backing such as plywood. Liquid water is prevented from accumulating on the
specimen’s surface by the cover glass, and blowers inside the box circulate en-
closed air for better temperature distribution. The box is typically covered with
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Fig. 2. Fresnel reflecting solar concentrators. Photo courtesy of Atlas Material Testing
Technology LLC.

“single-strength” window glass that is 2–3 mm thick, although other types of
glass more suitable to replicate the end-use application of the material exposed
may also be used. Because of variability between different lots of glass, the rel-
ative performance of materials is best determined by testing them at the same
time behind the same lot of glass.

Fresnel Reflector Solar Concentrator. The maximum acceleration of ag-
ing processes in outdoor weathering is obtained by exposure on a Fresnel-reflector
panel rack that provides high intensity solar radiation of approximately eight
suns to materials by following the sun and reflecting the sun’s rays from an array
of 10 flat mirrors onto a single target area. Figure 2 (35) is a photograph of a
typical Fresnel reflector solar concentrator. These devices were originally devel-
oped at DSET Laboratories (part of the Atlas Weathering Services Group) in the
mid 1960s. The device is a follow-the-sun rack with its axis oriented in a north–
south direction. Mirrors are positioned as tangents to an imaginary parabolic
trough. Test specimens are placed in frames and mounted on the target board
on which the mirrors are focused. A blower forces air across the target to cool
the test specimens and generally limits sample surface temperatures to about 5–
15◦C above the maximum temperature of equatorially mounted samples exposed
to unconcentrated normal incidence radiation. Testing of samples exceeding 13
mm (0.5 in.) in thickness is not recommended because the cooling may not be suf-
ficient for such samples. Oscillating or pulsing nozzles provide periodic spraying
with deionized water to simulate the moisture conditions of conventional testing
in semi-humid subtropical and temperate regions. Nighttime spray cycles sim-
ulate rain and dew. Special cycles have also been recently developed for more
customization and to improve the similarity between moisture delivery on these
devices and moisture processes that exist with natural weathering exposures.
Tests carried out in the absence of a programmed moisture cycle are intended
to simulate conventional exposure testing in desert, arid, and semiarid regions.
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The test can be used to intensify either direct exposures or those behind glass.
Descriptions of the device and guidelines for its use are given in ASTM G90 (36)
and ISO 877 (23).

New features, related to temperature control, have been added to the Fres-
nel reflecting devices to improve repeatability and provide the capability to define
specimen temperatures (37) These include (1) static temperature control to main-
tain a user-defined temperature of a reference specimen within device capability
limits; (2) dynamic temperature control to match the temperature of a reference
panel to the diurnal temperatures of a reference specimen exposed at the same
time on a static exposure rack; and (3) control of nighttime heating of specimens
to elevate low nighttime desert temperatures, especially in winter. This is useful
for accelerating degradation as well as for matching the higher nighttime temper-
atures in Florida and other locations. The most recent development in accelera-
tion of the effects of solar radiation is the “UV Concentrator,” an ultraaccelerated
device that provides up to 63× intensification of the UV and short wavelength vis-
ible portion of solar radiation while eliminating the NIR wavelengths that cause
excessive specimen temperatures (38).

Because these devices only concentrate the direct rays of the sun and not the
diffuse radiation, they require clear atmospheric conditions with little moisture,
such as is prevalent in the Sonoran desert area of Central Arizona. Acceleration
factors over conventional outdoor tests based on elapsed time to a predetermined
change in property have been reported to vary from 2 to 11 using the basic Fresnel
reflector solar concentrators for various polymer types and compositions (31). The
acceleration factor varies with the material tested because the effect of increased
irradiance and temperature on the degradation rate varies with the material and
its formulation. Therefore, the stability rankings may differ from that of natural
exposure. However, acceleration of degradation using Fresnel-reflector exposure
can provide better correlation to natural exposures than laboratory-accelerated
weathering due to the fact that the radiation source (the sun) does not contain any
unnatural wavelengths of radiation. Good correlations as well as discrepancies
have been reported between Fresnel-reflector exposures and standard outdoor
tests based on stability ranking of polymeric materials (32,39–43).

Timing of Exposures. Methods of “timing” outdoor weathering tests in-
clude (1) chronological basis—exposure for a specified number of days, months,
or years; (2) radiant exposure basis—exposure to a specified level of solar radi-
ant energy in a specified wavelength region based on hemispherical radiation
measurements at the same tilt and azimuth angle as the test specimens; and
(3) property change in a weathering reference material (WRM)—exposure until
a specified property change has occurred in a WRM exposed at the same time.
Timing on a calendar basis has been the most widely used method of evaluating
stabilities because of its simplicity, but it is subject to seasonal or year-to-year
variations, especially for shorter weathering tests. Timing based on radiant ex-
posure can reduce the seasonal and year-to-year variations in weathering due to
inconsistent conditions of total solar and solar UV irradiance. Timing based on
property change in a WRM can reduce variations in weathering also due to other
weather factors, provided its response to all factors is similar to the response of
the test materials.
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Studies have shown that better correlations are obtained among exposures
made at different times when timing is based on incident solar UV radiation
rather than on incident total solar radiation (39,44–49). Timing based on only the
portion of solar radiation that is responsible for the damage, that is, on the ac-
tinic portion identified by the activation spectrum of the material, should further
improve correlations. Furthermore, since all actinic wavelengths are not equally
destructive, the optimum method of timing should be on the basis of “effective”
radiant exposure HEff. The latter can be determined by using the activation spec-
trum to weight the incident radiation in accordance with equation 1.

EEff=
λ2∑
λ1

E0(λ)
[�(λ)]

[�(λmax)]
(1)

where EEff is the effective irradiance, E0(λ) is the incident irradiance at a specified
wavelength, � (λmax) is the property change at the wavelength of the activation
spectrum peak, and � (λ) is the property change at a specified wavelength.

The irradiance at the wavelength corresponding to the peak of the activation
spectrum, � (λmax), is normalized to 1.0, and irradiances at other wavelengths are
multiplied by the fractional sensitivities obtained from the activation spectrum.
The sum is the “effective” irradiance. The effective radiant exposure HEff is ob-
tained by multiplying the total radiant exposure HTotal by the ratio of the effective
irradiance divided by the total irradiance (eq. 2).

HEff=
[

EEff

ETotal

]
HTotal (2)

Laboratory-Accelerated Weathering Tests. Laboratory-accelerated
weathering devices have been used for nearly a century with increasing im-
portance concomitant with the development of more weatherable materials and
the need to determine in a short time the effects of natural exposures over pro-
longed periods. The importance of these devices lies in their ability to acceler-
ate the weathering processes and provide variations of the individual weath-
ering stresses for experimentation under controlled and consistent test condi-
tions. They are particularly useful in research and development of new poly-
meric formulations and are also used for quality control and specification testing.
Their application to prediction of service life under use conditions is continually
improving as the technology of the instruments advances and new testing
methodologies are developed (see the section Service Life Predictions).

These devices have the unique requirement of accelerating as well as sim-
ulating the effects of the natural environment. In some cases, simulation of a
specialized environment is required as, for example, extreme climates or the
miniclimate of the interior of an automobile. Appropriate acceleration techniques
require knowledge of material-specific sensitivities to the weathering factors be-
cause the validity of the tests requires that the results correlate with the ef-
fects of natural exposure. Thus, the chemical and macroscopic changes induced
in materials by laboratory-accelerated weathering and the relative stabilities of



Vol. 15 WEATHERING OF POLYMERIC MATERIALS 257

the materials tested must be the same as those induced by natural weather-
ing. These requirements can only be realized if the critical weather factors in
the environment are appropriately intensified so that their complex interactions
with the materials are reproduced. Although the variability of weathering fac-
tors in nature precludes an exact representation of the actual conditions, the
least that should be achieved is simulation of the full spectral actinic radia-
tion of sunlight by the laboratory test source and appropriate irradiance, tem-
perature, and moisture conditions. The ability to closely control the conditions
is now included in the basic design of most laboratory-accelerated weathering
devices.

The single most important consideration when conducting laboratory-
accelerated weathering tests is the SPD of the radiation source. Degradation is
wavelength-specific because both absorption of the incident radiation and initi-
ation of degradation, caused by bond breakage by the photon energies absorbed
are wavelength-specific (see the section Spectral Effects of Solar Radiation: Ac-
tivation Spectra). Therefore, simulation of the incident wavelengths and their
relative intensities in terrestrial solar radiation is critical to simulation of the
performance of polymeric materials under natural weather conditions. A close
match to the short wavelength cut-on of solar radiation is essential when test-
ing polymers such as polycarbonate or isophthalate-based esters and others that
are particularly sensitive to small changes in radiation in this region. For poly-
meric materials that are degraded either mainly or to a large extent by the long
wavelength UV of solar radiation and for colored materials, it is essential that
the artificial source contains long wavelength UV and visible radiation in order
to simulate the effects of natural weathering, Nevertheless, the SPD of some
exposure sources commonly used in artificial weathering devices has very lit-
tle resemblance to the SPD of hemispherical solar radiation on the earth’s sur-
face, referred to as “daylight.” Users should directly measure the SPD or refer
to the manufacturer of the artificial test device for specific information pertain-
ing to the SPD produced by a particular light source with any additional optical
filters.

Xenon Arc Devices. Laboratory-accelerated weathering tests advanced
significantly with the introduction of xenon arc devices in the 1950s in Europe
and in the 1960s in the United States. The properly filtered xenon arc more
closely simulates terrestrial solar radiation in both the UV and visible regions
than any other artificial test source. It has become established worldwide as the
radiation source for optimum simulation of terrestrial solar radiation. Because
the irradiance from the xenon arc can be adjusted and controlled, the SPD is
presented in Figure 3 (50) in relation to that of daylight by normalization of the
two at 560 nm. The filtered xenon arc emission closely matches the spectrum of
terrestrial solar radiation in the region of the solar UV cut-on as well as in the
full UV and visible spectral regions; the emission also contains NIR radiation.
Coated NIR absorbing filters screen out about 50% of the 800- to 1000-nm radia-
tion, thus reducing the excessive energy in this region of the xenon arc compared
with daylight and reducing the heat it causes in materials that absorb this radi-
ation. Other filters are used with the xenon arc to simulate exposure to daylight
through window glass for applications in which this is required. Procedures for
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Fig. 3. Spectral power distributions of the water-cooled xenon arc with filters meeting
ASTM and ISO requirements for daylight _______, and noon daylight in Miami, Fla. at 26◦

south exposure during the spring equinox _ _ _ _ _. Courtesy of Atlas Material Testing
Technology, Reprinted from Ref. 5, copyright (2000) with kind permission from Marcel
Dekker, Inc LLC.

exposure of polymeric materials in xenon arc weathering devices are given in
ASTM Standards D2565 (51), D4459 (52) and G155 (53), and in the ISO 4892-2
(54) standard.

Photographs of the two different lamp/specimen configurations that have
been developed for weathering tests using xenon arc exposure sources are shown
in Figures 4 (55) and 5 (56). The most predominant of these incorporates a cylin-
drical specimen rack that rotates around a centrally located vertical xenon arc
lamp. Larger instruments allow for placement of specimens on more than one
tier, and these tiers are commonly inclined to provide uniform irradiance levels
deposited onto the exposed specimens. The rack rotates around the light source
for even more uniform irradiance and temperature distribution and to allow for
periodic spraying, either on the front surface during exposure to radiation or on
the back surface of the specimens during a dark period. Smaller, less expensive
instruments place the xenon lamp horizontally over the specimens on a flatbed
specimen tray, often tilted at 5◦ from the horizontal to facilitate water runoff dur-
ing a water spray period. Irradiance and temperature uniformity is typically not
as good as in rotating-rack instruments.

Two related xenon arc systems have been developed, air cooled and water
cooled. The type of cooling has some influence on the overall design and on the
optical filtering system but has a negligible effect on the SPD of the U/visible
radiation. The irradiance in watts per square meter (W/m2) in a specified spec-
tral range is photometrically monitored, and the lamp power is automatically
adjusted to maintain constant irradiance. It is commonly controlled at either 340
nm, referred to as “narrowband control,” or over the full UV, 300–400 nm, re-
ferred to as “broadband control.” In some cases, control includes the full UV and
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Fig. 4. Interior of a rotating-rack xenon-arc weathering instrument. Photo courtesy of
Atlas Material Testing Technology LLC.

visible range, 300–800 nm. Most standard weathering tests currently specify an
irradiance of 0.35 or 0.51 W/(m2·nm) measured at 340 nm. The irradiance of 0.35
W/(m2·nm) at 340 nm represents the daily average of irradiance measured at this
wavelength over a full day in Miami, Florida, or Central Arizona at normal in-
cidence under clear sky conditions during the spring equinox. It is half the peak
irradiance of 0.68 W/(m2·nm) at 340 nm measured at these locations at solar noon.
The irradiance level of 0.51 W/(m2 ·nm) at 340 nm is more representative of the
type of exposures samples receive in Miami or Arizona for 2–3 h before and after
solar noon and is equivalent to the irradiance setting used in ISO standards. In-
terest in using even higher irradiance is increasing because of the demands of the
market for faster test results. This necessitates improved filter technology to bet-
ter match the SPD of terrestrial solar radiation, in particular to restrict excessive
heating of specimens by the xenon arc NIR radiation. The irradiance integrated
over time is the radiant exposure in Joules per square meter, which may be auto-
matically monitored. Test duration is often specified in terms of radiant exposure
rather than in chronological time.

The UV radiation absorbed by any glass filters used with exposure sources
cause “solarization” of the filters, resulting in a decrease in their UV transmis-
sion; the shorter the wavelength the greater the decrease. Deposition of some of
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Fig. 5. Interior of a flat-bed xenon-arc weathering instrument. Photo courtesy of Atlas
Material Testing Technology LLC.

the electrode material on the inside of the quartz envelope also decreases trans-
mission. The automatic light monitoring and control systems of xenon arc devices
can compensate for this to a large degree, but only at the wavelengths the device
can monitor and control. Manufacturers of artificial testing instruments provide
recommended lamp and filter replacement schedules, but these schedules are
based on certain conditions. Lamp quality, water quality, irradiance levels, etc can
cause aging to occur at higher or lower rates. The most effective way to know the
appropriate time to replace these optical components is to measure the SPD di-
rectly, which has recently been made available. The criticality of an accurate SPD
match as well as irradiance measurement and control of the actinic wavelengths
in artificial weathering devices cannot be overemphasized, especially in connec-
tion with correlation studies and service life prediction methodologies. The use
of an onboard spectroradiometer, such as the Full Spectrum Monitoring (FSM)
system (57), permits continuous measurement and verification of the spectrum
during exposure as well as irradiance control over the critical actinic wavelengths
identified by the activation spectrum of the material.

Xenon arc devices have capabilities for temperature control as well. Stan-
dard test methods specify controlling the temperature of both the chamber air
and a reference material (usually an insulated or uninsulated black metal panel).
Specimens are heated to a large extent by the visible and NIR radiation they ab-
sorb but also by the heated air. Therefore, the specimen temperatures depend on
the absorption properties of the materials as well as on the SPD and irradiance
of the source. Generally, the black panel temperature specified is the maximum
temperature that dark samples attain under use conditions, but it does not pro-
vide information on the temperature of actual test specimens of various colors
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while on exposure. New technology has recently been developed for rotating-rack
instruments incorporating a n-contact infrared pyrometer to measure tempera-
tures of individual specimens as they rotate around the xenon arc lamp.

Moisture can be provided in xenon arc instruments in the form of water
spray, condensation, immersion, or humidity. The type of moisture present can
influence the type and rate of degradation. Many test procedures include more
than one type of moisture. Commonly, the front surface of samples is periodically
sprayed with cool, deionized water simultaneous with exposure to light. This im-
parts a thermal shock to the samples, but does not simulate natural weather con-
ditions in which rain is unaccompanied by exposure to radiation. The formation
of condensation on samples during the dark period is an effective means of simu-
lating nighttime conditions in an environment with high moisture content, such
as in South Florida. It is accomplished by providing high humidity conditions
while cooling the back of the samples with ambient air or a water spray. High hu-
midity can be as effective as liquid water. In many devices, during light or dark
periods without water spray, relative humidity is automatically controlled to a
specified level by moistening the air using either the evaporation or atomization
technique. In devices in which wetting is by immersion, the sample is immersed
in water while the surface is exposed to light.

The cycle that has been historically specified for wetting by water spray or
immersion in most of the xenon arc test standards is 102 min light only followed
by 18 min light plus wetting. Although it does not provide sufficient moisture
to adequately represent the amount of moisture to which materials are exposed
in humid climates, such as in Miami, Florida, it has been the main cycle used
since the inception of laboratory-accelerated weathering tests. In the past few
years, an alternate cycle providing more moisture has been included in test stan-
dards for sealants. It consists of 2 h light only followed by 2 h light plus wetting.
Automotive weathering tests with xenon arc exposure use a cycle that also has
equal periods of light and water spray, but most of the latter is during a dark
period and includes condensation in an attempt to more closely simulate end-use
conditions.

Fluorescent Ultraviolet Devices. Fluorescent UV lamps, similar in me-
chanical and electrical characteristics to fluorescent lamps used for residential
and commercial lighting, have been developed with specific spectral distributions
in the UV region. The emission properties of two most common types of fluores-
cent UV lamps, UVB-313 and UVA-340, are shown in Figure 6 (58) in comparison
with the same daylight spectrum shown in Figure 3. Procedures for exposing
polymeric materials in devices with fluorescent UV lamps are given in ASTM
standards D4329 (59), D4587 (60), and G154 (61) and the ISO 4892–3 (62) stan-
dard.

In general, fluorescent UV devices produce moisture in the form of conden-
sation during a dark period. The test surface is exposed to a heated, saturated
mixture of air and water vapor. The relative humidity inside the chamber is
approximately 100% during the dark cycle. The reverse side of the panel is ex-
posed to room air that drops the panel temperature below the dew point, caus-
ing condensation (dew) on the exposed surface. The sequence and time intervals
for both the UV exposure phase and condensation phase are programmable and
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Fig. 6. Spectral power distributions of fluorescent UVB-313 lamps . . .. . .., fluorescent
UVA-340 lamps,______, and noon daylight in Miami, Fla. at 26◦ south exposure during the
spring equinox.______. Courtesy of Atlas Electric Devices, Reprinted from Ref. 5, copyright
(2000) with kind permission from Marcel Dekker, Inc.

automatic. Spray cycles are commonly available as an option. Likewise, temper-
ature can be controlled (within limits) during both the UV and condensation
phases. Newer devices control irradiance at a wavelength appropriate for the
type of fluorescent UV lamp used.

All fluorescent UV lamps are deficient in long-wavelength UV radiation and,
except for a few mercury emission lines in the visible region, lack the visible and
NIR energy present in daylight and xenon arc radiation. Thus, they are not suit-
able for testing materials that are sensitive to these spectral regions. Compared
with stability ranking by daylight, reversals have been reported for materials
exposed to these lamps as well as to the fluorescent UVA-351 lamps, which emit
somewhat longer UV wavelengths (63). The UVB-313 lamps were previously com-
monly used because they provided rapid tests of the sensitivity of polymeric ma-
terials to UV radiation owing to the high flux of short wavelengths below the solar
cut-on. However, because of the excessive short wavelength radiation, exposures
to these lamps often caused reversals in stability rankings of polymers and errors
in the performance of stabilizers compared with outdoor tests. These highly en-
ergetic wavelengths can initiate different mechanisms and types of degradation
than the wavelengths present in solar radiation.

Because the UVB-313 type lamps generally cannot predict the outdoor per-
formance of polymeric materials (64–66), the UVA-340 lamps are gradually re-
placing them in tests on polymers that are mainly sensitive to wavelengths in
the 300- to 330-nm region. These lamps match the cut-on and short-wavelength
spectral irradiance of solar radiation quite well in this region. However, in ad-
dition to the lack of actinic effects on materials sensitive to long wavelength UV
and visible radiation, heating of colored materials by absorbed visible radiation is
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Fig. 7. Spectral power distributions of the water-cooled xenon arc with filters meet-
ing “daylight” requirements . . .. . .. . ., the filtered HMI metal halide lamp,______ and daily
average of optimum daylight in Miami, Fla. measured at normal incidence during the
spring equinox under clear sky conditions _ _ _ _ _. Courtesy of Atlas Material Test-
ing Technology, Reprinted with kind permission from Hanser Gardner Publications,
Inc.

absent. Therefore, in contrast to the temperature variations of differently colored
materials exposed to a source that emits visible radiation, all materials attain the
same (ambient) temperature. Thus, stability rankings will differ from those based
on exposure to solar or solar-simulated radiation. Also, the mechanical stresses
resulting from the heating and cooling of the absorbing surface layer are absent,
resulting in reduced tendency to crack. For all these reasons, it is important to
simulate the full SPD of the source to which the materials will be exposed under
use conditions.

Metal Halide Lamps. The UV emission curve of the borosilicate-filtered
menaury mercury medium-arc iodide (HMI) metal halide lamp is shown in Fig-
ure 7 (67) compared with the emission curves of daylight and filtered xenon arc
radiation. It has a multiline spectrum, which can be considered to be a continuum
for purposes of material testing. It gives a relatively good simulation of terrestrial
solar radiation in the UV region above 300 nm but requires additional filtering
of the short wavelength radiation for better simulation of daylight. Their high
efficiency and low infrared output, which eliminates the need for water cooling,
makes these sources ideally suited for use in large-scale multiple source arrays
and are effective in thermal loading studies. However, metal halide lamps have
technical problems that make them difficult to use in weathering systems. One
is the dependence of the SPD of the radiation on the temperature of the lamp,
thus requiring as constant a temperature as possible in the vicinity of the lamp.
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Fig. 8. Spectral power distributions of the enclosed carbon arc _____, the open flame car-
bon arc with Corex D filters _______, and noon daylight in Miami, Fla. at 26◦ south exposure
during the spring equinox _______. Courtesy of Atlas Electric Devices, Reprinted from Ref. 5,
copyright (2000), with kind permission from Marcel Dekker, Inc.

Because of the effect of temperature on the SPD, the latter changes with change
in power. Therefore, the ability to alter the level of irradiance by changing the
power is limited to about 5–10%. Reduction in irradiance is accomplished either
by the use of close-meshed wire filters or by increase in the distance between the
lamp and the sample. The other problem is the variation in SPD from one lamp
to another of the same type. It is remedied by measuring the SPD of each lamp
and selecting one that is applicable.

Carbon Arcs. Figure 8 (68) compares the representative UV/visible emis-
sion of two types of carbon arc radiation sources with daylight measured at noon
at a 26◦-tilt angle in Miami, FL during the spring equinox. The enclosed carbon
arc uses both solid and cored electrodes burning within a semisealed borosilicate
glass globe that provides optical filtering of the short wavelength UV radiation
and an oxygen-deficient atmosphere to enhance the efficiency of the arc. The SPD
differs significantly from that of terrestrial solar radiation in both the UV and vis-
ible regions. The enclosed carbon arc has a much weaker effect than solar radia-
tion on materials that absorb only short wavelength UV radiation, but a stronger
effect on materials that also absorb long wavelength UV radiation. Therefore, the
stability ranking of materials that differ in the relative UV absorption charac-
teristics in these regions can be expected to be distorted by this source compared
with exposure to daylight. Procedures for using enclosed carbon arc devices for
exposure of polymeric materials are given in ASTM standards D5031 (69), D6360
(70), and G153 (71).

The open-flame carbon arc device (also referred to as the Sunshine carbon
arc) uses copper-coated electrodes operating in a free-flow of air in an open-flame
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type lamp. The unfiltered arc emits a significant amount of short wavelength UV
radiation below the solar cut-on. The SPD in Figure 8 represents the emission
through Corex D borosilicate glass filters, commonly used to improve simulation
to daylight in this region. Although the SPD of the radiation of the filtered open-
flame carbon-arc is considerably improved over that of the enclosed carbon arc,
it is still considered a poor match to terrestrial solar radiation. The open flame
carbon arc used without the glass filters for faster testing, often produces rever-
sals in stability rankings compared with outdoor testing because of the excessive
amount of high energy radiation below the solar cut-on. It can also result in dif-
ferences in degradation mechanisms and types of failure. Procedures for using
the filtered open flame carbon arc devices for exposures of polymeric materials
are given in ASTM standards D822 (72), D1499 (73), and G152 (74).

Both types of carbon arc devices have capabilities for periodic water spray
on the samples and condensation during a dark period as well as for humidity and
temperature control. The carbon arc devices typically require daily replacement
of the carbon rods, cleaning of the filters or globes and periodic replacement of the
latter because of changes in their transmission characteristics with exposure to
UV radiation. There is a large volume of historical data using carbon arcs, and a
number of test methods still specify their use; but this technology is largely being
replaced with xenon arc systems.

Laboratory-Accelerated versus Natural Weathering. Laboratory-
accelerated weathering tests have played an important role in development of
polymeric materials with highly improved weatherability. However, because all
types and modes of stresses present in an outdoor exposure cannot be simulated
in a laboratory-accelerated test, the latter cannot replace natural exposure. It is a
complimentary technique, the usefulness of which largely depends on how closely
it reproduces the chemical and macroscopic changes in a material and the rela-
tive weatherabilities of materials under environmental conditions. Thus, correla-
tion is a fundamental issue that must be considered when selecting a laboratory-
accelerated weathering method. The critical weather factors, that is, the SPD of
the radiation, temperature, and moisture, must be reasonably representative of
those in the service environment and their effects accelerated without distorting
the type of failure and mechanism of degradation as well as the stability ranking
of the materials under natural exposure conditions. Higher irradiance than mate-
rials encounter under use conditions is very effective in accelerating degradation
by laboratory weathering, but the irradiance must be below the level that distorts
the degradation processes. Similarly, higher temperature is effective in accelerat-
ing the degradation reactions that follow bond breakage by the actinic radiation,
but the temperature cannot exceed that which alters the degradation mechanism
or distorts stability rankings. Acceleration of degradation must not interfere with
good correlation with natural weathering (refer to the section on Correlation). Ap-
propriate laboratory-accelerated tests that correlate with environmental effects
have the potential of providing information to predict lifetimes of polymeric ma-
terials under natural weathering conditions. However, before drawing any final
conclusions concerning the ability of a polymeric material to withstand the out-
door environment based on laboratory-accelerated weathering tests, it is neces-
sary to validate the results by conducting outdoor exposure tests.
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SPD of the Radiation Source. The SPD of the radiation source is the most
critical weathering factor as degradation of polymeric materials, which is wave-
length specific, is initiated by the actinic radiation absorbed. If the SPD of the
radiation source used in the laboratory-accelerated test does not closely simu-
late the SPD of terrestrial solar radiation, the degradation mechanism and type
of failure produced in materials can differ from those due to exposure to environ-
mental conditions. The inability to simulate the degradation processes eliminates
the possibility of predicting the service life of the materials based on laboratory-
accelerated tests. Solar radiation on the earth’s surface, shown in Figure 1, has
a short wavelength UV cut-on of about 298 nm. The intensity is very weak at
the shortest UV wavelengths and increases nearly exponentially to about 500
nm in the visible region. The intensity decreases from there, but the radiation
continues into the NIR region. A close match to the cut-on wavelength and the
SPD of the short UV wavelengths of solar radiation by the artificial source is
important for tests of materials that are mainly degraded by these wavelengths.
However, simulation of the SPD in the long wavelength UV and, at least, short
wavelength visible regions is also essential for testing materials that are either
solely or largely degraded by these regions (refer to Table 1). In a number of aro-
matic type polymers, different degradation mechanisms and type of degradation
result from exposure to short versus long UV wavelengths. Absorption of short
UV wavelengths results in photo-Fries rearrangements of the chemical struc-
ture, whereas absorption of longer UV wavelengths initiates photooxidation re-
actions involving free radicals. Therefore, the predominant mechanism of degra-
dation of these polymeric materials is determined by the relative intensities of
short-to-long wavelengths responsible for degradation and thus on the SPD of
the radiation source. Some examples of differences in macroscopic changes in
these polymers are bond scission versus cross-linking, chalking versus cracking
and crazing of TiO2-pigmented systems, and yellowing versus bleaching of the
yellow color. The importance of simulating the SPD of the full solar spectrum
is shown in Table 1 by the large differences in solar UV wavelengths to which
different types of polymers are sensitive. Differences in the actinic wavelengths,
that is, those responsible for degradation of a specific polymeric material, can be
determined by comparison of the activation spectra of the material obtained us-
ing each of the radiation sources (refer to the section on Spectral Effects of Solar
Radiation: Activation Spectra). Because of differences among polymeric materi-
als in their absorption capabilities and in the effect of the absorbed radiation, the
stability ranking of materials can vary with differences in emission properties of
radiation.

Sources. The effectiveness of stabilizers, such as free radical scavengers
and excited state quenchers, that act by interfering with the mechanism of degra-
dation is dependent on the predominant mechanism of degradation and thus on
the SPD of the radiation source to which the material is exposed. For exam-
ple, HALS can only protect polycarbonate and aromatic polyurethane against
the mechanism initiated by long wavelength UV. They are ineffective against
the degradation caused by short wavelength UV. For this reason, evaluation of
the performance of HALS in these polymers by exposure to a radiation source
that primarily emits short UV wavelengths and lacks the long wavelength UV
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radiation representative of solar radiation will give misleading information on
their ability to protect the polymers against solar radiation. Also, significant dif-
ferences have been shown among various types of exposures in the ability of
HALS to protect against photooxidation of acrylic melamine coatings.

Owing to variation in the wavelengths primarily responsible for damage to
a specific polymeric material with differences in the SPD of the radiation source,
the screening requirements and thus the type of UV absorber required will differ.
For example, activation spectra data showed that yellowing of a polyarylate film
is caused mainly by 310- to 340-nm radiation when it is exposed to fluorescent
UVB lamps, but by 335- to 365-nm radiation when it is exposed to solar radia-
tion. Thus, this artificial test source cannot provide valid data on the protective
effectiveness of an additive against solar radiation.

Irradiance. The solar irradiance levels to which materials are exposed un-
der use conditions vary widely, depending on the geographic location, season, time
of day, and exposure angle. Outdoor weathering tests are commonly carried out
in geographic locations in which the materials are exposed to the most intense
irradiance. In North America, these are South Florida and central Arizona where
at solar noon on a clear day the UV irradiance at 340 nm reaches a maximum
of about 0.68 W/(m2·nm). During the 2–3 h before and after solar noon, the ir-
radiance at 340 nm is approximately 0.50 W/(m2·nm). In laboratory-accelerated
xenon arc tests, the irradiance level is rarely higher than this and, historically,
most ASTM standard xenon arc test methods have specified an irradiance of 0.35
W/(m2.nm) at 340 nm. Acceleration of degradation is achieved by the 24-h ex-
posure to the radiation in contrast to the few hours of solar irradiance at levels
of about 0.50 W/(m2.nm) at 340 nm. Solar irradiance is considerably lower in
the early morning and late afternoon hours and does not exist during the night-
time periods. The xenon arc dose rate is three to eight times the rate in Miami,
Florida.

One of the most obvious ways to shorten test time is to increase the irradi-
ance level. However, use of high irradiance weathering tests requires an under-
standing of the effect of the increase in irradiance on predicting the performance
of materials under environmental conditions. Simulation of the effects of natu-
ral weathering would be compromised if high irradiance levels alter the mecha-
nism of degradation. Also, because all materials are not affected equally by an
increase in irradiance, higher levels of irradiance than materials are exposed to
under environmental conditions can alter the stability ranking of the materials.
The dependence of the rate of degradation on the irradiance level is complex. It
varies with the type of material, the formulation, including type of stabilizer, and
wavelengths responsible for the degradation. For many polymeric materials, the
degradation rate is not a linear function of irradiance. For example, rates of pho-
tooxidation of polypropylene have been shown to be proportional to various frac-
tional powers of the light intensity ranging from the square root to the first power
(75). The quantum yield of degradation, that is, the amount of degradation for a
specific number of photons absorbed, often decreases with increasing irradiance.
In a free radical process, this is partly explained by the “cage effect.” Because
of the higher concentrations of free radicals formed at higher irradiance levels,
the likelihood of recombination is increased and reaction with oxygen and other



268 WEATHERING OF POLYMERIC MATERIALS Vol. 15

molecules is reduced. Owing to more rapid oxygen depletion at the higher irradi-
ance levels, oxygen diffusion from the surface inward becomes the rate-limiting
factor at some distance from the surface in photooxidation reactions. In addition,
an increase in temperature accompanies an increase in irradiance of solar and
solar-simulated radiation with its consequences on weathering tests of polymeric
materials discussed in the next section of this article. Thus, the reciprocity law
does not necessarily apply in many weathering tests, that is, doubling the inten-
sity may not double the rate of degradation. A method to determine the effect
of increased intensity of solar radiation at several temperature levels has been
reported (76)

Temperature. Temperature can have a significant influence on the degra-
dation of polymeric materials through increase in the rate and type of secondary
reactions following bond breakage by the absorbed actinic radiation. In the ge-
ographic locations in which outdoor exposure tests are commonly carried out,
atmospheric temperature as well as solar irradiance are highest. The tempera-
ture of the materials is higher than that of the atmosphere since a large portion
of the absorbed visible and NIR solar radiation is converted to heat. Tempera-
tures of polymeric materials as high as 120◦C have been reported inside a closed
automobile exposed to solar radiation (12) but are lower when exposed to the
atmosphere. Specimens mounted on a thermal insulating backing have higher
temperature than unbacked specimens and dark colored specimens have a higher
temperature than white specimens.

During exposure to the radiation in laboratory-accelerated tests, the tem-
perature is generally controlled at levels between 60◦C and 89◦C, depending on
the material tested. While degradation can be accelerated by testing at tempera-
tures higher than materials are exposed to under use conditions, caution must be
exercised to avoid altering the mechanism of degradation and/or producing unre-
alistic types of degradation. The photodegradation process is complex, involving
many chemical reactions with different activation energies. High temperatures
accelerate reactions with high activation energies more than reactions with low
activation energies. Since the latter may predominate under in use exposure con-
ditions, high temperatures can alter the normal degradation processes. Often, a
different degradation mechanism is triggered at a specific temperature, particu-
larly if the temperature exceeds the glass transition temperature of the polymer.
With an increase in the temperature, the rate of decomposition of hydroperox-
ides or of diffusion of oxygen or free radicals formed in primary processes in-
creases allowing secondary reactions to take place that only occur at high tem-
peratures. Change in the degradation mechanism from that produced under nat-
ural weathering conditions precludes simulation of the effects of environmental
exposures and thus the potential of predicting lifetimes under in use conditions
based on laboratory-accelerated tests. Since the effect of temperature varies with
the type of polymer and its formulations, temperatures higher than those en-
countered in enduse environments can distort the stability rankings of materi-
als in addition to causing unrealistic aging behavior in some of the polymeric
materials.

The temperature differences exhibited by differently colored specimens
exposed to solar radiation can only be simulated by a laboratory-accelerated
weathering device that uses a full spectrum radiation source having an SPD
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representative of that of solar radiation. In the latter, the black panel used for
temperature control is largely heated by the visible and NIR radiation it absorbs.
Heated chamber air supplies the additional heat required to reach the specified
temperature. The temperature of colored specimens varies with the amount of
radiation they absorb, being highest for black and lowest for white specimens. In
contrast, in devices that use fluorescent UV lamps, because they lack visible and
NIR radiation, hot chamber air is the main source of heat for temperature con-
trol by the black panel. Therefore, all samples, regardless of color, are heated to
the same temperature that of the chamber air, which is considerably hotter than
the chamber air in devices with a full spectrum radiation source. Thus, for the
same black panel temperature control, in both types of devices the black speci-
mens will attain the same temperature during exposure, but the white specimens
will be exposed at a much lower temperature in the device with the full spectrum
radiation source. The difference in temperatures of colored specimens will vary
with the color.

Owing to the difference in the temperature of white samples in the two types
of devices, exposure of an acrylic white sealant for 2000 h in each resulted in a
major difference in the effect of weathering on the surface of the material (77).
The black panel temperatures were 60◦C in the fluorescent UVA-340 lamp device
and 63◦C in the xenon arc device. In the fluorescent UV device, the exposure
resulted in substantial surface erosion and melting of the material at the edges
as well as formation of rigid surface layers. Exposure in the xenon arc device
resulted in very little change, similar to results of outdoor tests of the sealant.
The most logical explanation is the difference in sample temperature in the two
types of exposure.

Moisture. Moisture is one of the critical weathering factors contributing
to degradation of polymeric materials exposed to environmental conditions. The
various ways in which moisture, in combination with absorbed actinic radia-
tion, can promote degradation is described in the section Weathering Factors
and Their Effect on Polymeric Materials. The processes of photoinitiated oxida-
tion and hydrolysis are enhanced by the presence of sufficient moisture. This
was shown in a study on the effect of relative humidity on the photodegrada-
tion of an acrylic melamine coating. Both the rate and magnitude of chain scis-
sion and oxidation increased with an increase in relative humidity (78). While
some polymers are themselves sensitive to moisture, often due to the moisture
sensitivity of formulation ingredients, moisture can have a significant effect on
weathering of the polymeric materials. For example, some plasticizers in PVC
can be hydrolyzed under hot, humid conditions by traces of the hydrogen chlo-
ride released on exposure of PVC to UV radiation, resulting in significant loss in
elongation.

Because water absorption by polymers from a humid atmosphere or by di-
rect wetness is a diffusion-controlled process, the frequency and duration of the
exposure to moisture is often a critical parameter. Weathering processes can be
accelerated by more frequent swelling and contraction than that occurring dur-
ing natural exposures. The length of the required wet period depends on the wa-
ter diffusion coefficient and water absorption capacity of the material as well as
on its thickness. Long periods of moisture may be required for some polymeric
types.
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Fig. 9. Dependence of lightfastness (yellowing in terms of CIE �b∗) of sealants (S =
silicone; K = Kraton-based thermoplastic; P2 and P1 = one-component polyurethanes (P2
softer than P1); PS = polysulfide; AC = siliconized acrylic) on type of exposure (UVCON =
fluorescent UVA-340; WOM = xenon arc with moisture; SUNTEST = xenon arc without
moisture). Reprinted from Ref. 77, copyright 2000, with kind permission from RILEM
Publications S.A.R.L.

The fact that moisture can have a significant influence on the degradation of
polymeric materials initiated by absorbed actinic radiation is shown in Figure 9
(79). It compares data on the degradation of various types of sealants based on
yellowing by three types of exposures (77). The WOM and SUNTEST are both
xenon arc devices, but in the WOM, samples are periodically sprayed with water
during exposure, whereas in the SUNTEST they are tested in the absence of
added moisture. The irradiance level and black panel temperature were the same
in both devices, 0.35 W/(m2.nm) at 340 nm and 63◦C, respectively. The UVCON
contained fluorescent UVA-340 lamps and was operated using the cycle of 8-h
radiation at 60◦C followed by 4-h condensation at 50◦C in the absence of UV
radiation. The irradiance was estimated to be 0.7 W/(m2.nm) at 340 nm. Although
the irradiance at 340 nm is twice that in the xenon arc devices, it lacks the long
wavelength UV of the xenon arc devices and exposes samples to radiation only
two-thirds of the total exposure time. Exposure in all three devices was for 2000 h.

Differences in the increase in yellowness by the two xenon arc exposures
varied with the type of sealant. However, for four of the six sealants, the WOM
produced more severe yellowing than the SUNTEST. The difference was largest
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for exposure of polysulfide, the polymer most sensitive to moisture, the weather
factor that differed between the two types of xenon arc tests. The presence of
moisture during exposure in the WOM also had a significant effect on the stability
ranking of these sealants. Tests in the WOM ranked polysulfide as less stable
than the Kraton-based thermoplastic (K) and polyurethane 2 (P2), but tests in
the SUNTEST, which lacked moisture, ranked polysulfide as more stable than
K and P2. Thus, the data demonstrate that for materials that are sensitive to
moisture it is an important weathering factor

Experience has shown that the more intense yellowing of the samples ex-
posed in the UVCON is due to the lack of long wavelength UV and visible radia-
tion in the emission of the fluorescent UV lamps. These wavelengths are known
to photobleach the yellow species produced by short wavelength UV radiation.
Thus, photobleaching concurrent with the formation of yellow species on expo-
sure to xenon arc and solar radiation is absent during exposure to fluorescent UV
lamps.

Correlation. The term, “correlation,” as applied to weathering tests, im-
plies that the laboratory-accelerated weathering test produces similar weather-
ability rankings for a series of materials, that is, rank correlation, or the same
types of failure modes as weathering under environmental conditions. The term
has also been used when comparing tests by linear regression analysis of the
weathering data or in terms of similar profiles of graphed data for change ver-
sus exposure time or radiant exposure. The term, “correlation” has often been
erroneously used for the relation between tests in terms of exposure times to pro-
duce equal levels of degradation. The latter is the “acceleration factor.” Ideally,
the laboratory-accelerated test should satisfy all correlation criteria to provide
a reliable early evaluation of the weatherability of a polymeric material. Good
correlation between laboratory-accelerated and environmental weathering tests
depends on simulation of the SPD of the natural source, environmental surface
temperature of the materials, type and total amount of moisture, relative humid-
ity level during exposure to the radiation, and the light/dark cycle. The reasons
for the importance of closely matching the SPD of the artificial test source to
the SPD of terrestrial solar radiation and the consequences of exposing materi-
als to an abnormally high level of irradiance or temperature were described in
earlier sections of Laboratory-Accelerated versus Natural Weathering. For some
materials, continuous exposure to light without a dark period can preclude cor-
relation with natural exposures due to elimination of critical dark reactions that
occur during outdoor exposures. Simulation of the natural balance of all criti-
cal weathering factors by the laboratory-accelerated test is required to reproduce
the degradation processes that occur under environmental conditions, that is,
provide good correlation. Because of the synergistic effects of the weather factors
and the complex nature of the weathering processes, acceleration by intensifica-
tion of one factor alone can distort degradation mechanisms, failure modes, and
stability ranking of materials. In the absence of good correlation with natural
weathering degradation processes based on all the latter criteria, the laboratory-
accelerated weathering test cannot be used in methodologies to predict service
life of polymeric materials.

Factors that can interfere with correlation between laboratory-accelerated
tests and natural exposures are described in ASTM G151 (80). Performance
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rankings can vary with the duration of exposure and thus with the extent of
degradation at which they are determined. Therefore, correlation should be eval-
uated at an optimum point in the exposures (64). The extent of correlation be-
tween two types of tests may also depend on the material property measured as
the criterion of degradation. Similar to the effect of the season on the test results
of some materials in which the outdoor weathering test is started, in laboratory-
accelerated tests for some materials, whether they are exposed first to a dry pe-
riod with radiation or first to a wet, dark period can alter their resistance to
weathering (81). Some studies have claimed a high correlation between artificial
and natural weathering, at least for certain performance properties. For exam-
ple, in the study shown in Figure 9, very good correlation was obtained between
xenon arc exposure that included water spray and humidity control and expo-
sure in South Florida. Simulation in laboratory-accelerated weathering tests of
the atmospheric acid precipitations to which materials are subjected in outdoor
exposures has been shown to improve correlations based on stability ranking and
type of degradation for various types of polymeric materials including sealants
and automotive clearcoats (20,21,82,83). Test conditions that give good correla-
tion with one exposure site for one type and formulation of a material do not
necessarily assure good correlation to other sites or for other materials.

Acceleration Factors. The appropriate term for the relation between test
times for laboratory-accelerated and outdoor weathering exposures that produce
the same extent of degradation is acceleration factor. It is the time under natu-
ral exposure divided by the time in the accelerated test, both based on the same
criterion of degradation. Acceleration over “real-time” weathering can be accom-
plished in several ways (1) by continuous exposure to the critical weather factors,
uninterrupted by the diurnal cycle and variations in weather conditions; (2) by
continuous exposure to irradiance levels that are only encountered during opti-
mum conditions outdoors; and (3) by setting irradiance, temperatures, relative
humidity, and thermal and moisture cycles to higher stress levels than materi-
als encounter under end-use conditions. The acceleration factor is only valid if
the laboratory-accelerated weathering test does not alter the degradation mech-
anism, cause unnatural failure modes or distort stability ranking of the test ma-
terials, that is, provides good correlation with outdoor exposure. For years, accel-
erated weathering test methods, both in the laboratory and outdoors, have only
moderately intensified the stress factors. An acceleration factor of 10 has gener-
ally been considered the maximum for obtaining good correlation. The belief is
that the greater the acceleration, the poorer the correlation. Very little attention
has been given to studies on greater intensification of stress factors and its ef-
fect on correlations with weathering under in use conditions and thus on its use
in predicting long-term service life of polymeric materials. However, due to the
development of polymeric materials capable of 20 or more years of satisfactory
service, there is a need for highly accelerated tests to evaluate new materials for
this application. Therefore, techniques to further accelerate degradation by both
natural and laboratory-accelerated weathering tests have been surfacing to be
followed by verifications of their validities.

Acceleration factors are material dependent and can be significantly dif-
ferent for each material and for different formulations of the same material.
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Therefore, it is not possible to establish a single acceleration factor for a
laboratory-accelerated test to predict lifetimes under natural weather conditions
for a variety of materials and formulations. Owing to the complexity of the effect
of intensification of weather factors on a material, the acceleration factor can-
not be estimated but must be determined experimentally for each material. For
many polymeric materials, the rate of degradation is not simply a linear function
of the level of irradiance. The relation between the increase in irradiance and
rate of degradation and the effect of the increase in temperature on the degrada-
tion vary with the material. In addition, moisture and other weather factors also
have a significant effect on the degradation. Therefore, there is no substitute for
experimentally determining the acceleration factor for a given material.

A practical approach to determining acceleration factors for materials that
are expected to have long life expectancy is to determine the acceleration factor
during the early stages of weathering using a sensitive analytical technique for
measuring chemical changes (84,85). These are the precursors to the macroscopic
property changes that occur later in the weathering processes. The acceleration
factor can then be used to extrapolate the time to failure for the macroscopic
property change determined by the laboratory-accelerated test to estimate the
time under natural exposure conditions. The validity of this technique is based on
the reliance that both types of exposure cause the same degradation mechanism
and have the same relation between chemical and macroscopic property change.
Also, it requires that the acceleration factor is consistent throughout the service
life of the material. A curve-fitting method to determine the “acceleration shift
factor” has been developed (86) to account for change in the acceleration factor
with progression of weathering. However, the technique requires that the profiles
of the graphed property change versus exposure are similar for the two types of
exposures.

The acceleration factor for a specific material depends not only on the type
of laboratory-accelerated test, the test parameters, and the property change mea-
sured but also on the geographical environmental conditions of outdoor exposure
and on the specific type of outdoor test. Furthermore, variability in the rate of
the degradation in both the laboratory-accelerated and natural exposures can
have a significant effect on the acceleration factor calculated. Therefore, the lat-
ter should be based on a sufficient number of exterior and laboratory-accelerated
exposures and at least two, preferably three, replicate specimens in each test so
that time to failure in each can be analyzed accurately. Standardizing test con-
ditions with a reference material, such as polystyrene, in devices that provide
for control of weather factors, can improve reproducibility of laboratory tests.
Often, problems related to repeatability and reproducibility in test results can
be traced to differences in the samples, either because of differences in poly-
mer batches or because of nonuniformity among test specimens from a single
batch. Even specimens cut from the same sheet often vary significantly. Poor re-
producibility in weathering among specimens from the same production lot can
be due to the nonuniform distribution of stabilizers or UV absorbing impurities
that initiate the degradation. Aliphatic-type polymers are particularly prone to
this problem since only the impurities in these polymers are capable of absorbing
terrestrial solar radiation. In aromatic-type polymers with aliphatic moieties, UV
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absorbing impurities are also largely responsible for the degradation and thus for
poor reproducibility in weathering of these test specimens. Preparation of sam-
ples and their treatment during storage can have a substantial effect on the test
results.

Durations of Exposure. The exposure duration is a very important con-
sideration in testing the weatherability of materials. Outdoor exposure tests are
generally carried out in a geographic location in which stress factors are more
severe than they are under in use conditions. In addition, depending on the
type of outdoor weathering test, one or more of the weather factors is often in-
tensified. Therefore, the exposure duration necessary to evaluate the material’s
weatherability for its intended useful lifetime is shorter than the latter. The
duration required varies with the geographic location, the type of outdoor test,
the in use geographic location and the expected, and useful service life of the
material.

The duration of the laboratory-accelerated weathering test is critical to its
validity for testing the weatherability of materials. If the duration of the test
is insufficient to fail a material known to have poor weathering performance in
the intended application, the test is invalid as it cannot identify an unacceptable
material, which is one of the major reasons for doing these tests. The exposure
duration required for one type of polymeric material under specific laboratory
weathering test conditions cannot be assumed to be applicable for other types
of polymeric materials. Therefore, specification of the minimum exposure dura-
tion must be based on experimental determination of the time to failure of an
unacceptable product for each type of polymeric material. The ultimate goal for
the use of accelerated weathering tests is to be able to determine in a short time
the suitability of a material for its intended lifetime. A very rough estimate of
the required duration for this purpose can be obtained by extrapolation of the
time to failure by the laboratory-accelerated test using the acceleration factor
determined for the type of material of interest. For example, assuming an accel-
eration factor of 10, absence of failure after 1 year of exposure in the laboratory-
accelerated test device can qualify the material for at least 10 years of service.
Because the in-service environmental conditions are generally less harsh than
the outdoor test conditions, the serviceability can be expected to be more than 10
years.

Generally, for quality control and specification requirements, laboratory-
accelerated weathering tests are carried out for a specified test time or radiant ex-
posure. Evaluation is based on pass/fail criteria and the statistically determined
repeatability of the combined test exposure and property measurement. In the
absence of statistical information, acceptance should be based on comparison of
the weatherability of the test materials with the weatherability of one or more
control materials of known weatherability exposed at the same time. Three repli-
cates of the test and control specimens should be exposed to determine the sig-
nificance of weatherability differences using analysis of variance. When exposing
for a single period, the latter should be selected to give the largest performance
difference between test materials. However, as extent of degradation is usually
not a linear function of exposure, relative weatherabilites are more accurately
evaluated in terms of the time or radiant exposure required to produce a defined
property change in the material than in terms of property change after a specified
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period of exposure. The required periodic evaluations of the changes in the test
and control materials also provide information on rates and direction of property
changes as a function of exposure time or radiant exposure. In some tests, for
example, the AATCC Test Methods (87), timing is based on a specified change of
color in a weathering reference material, such as the AATCC Blue Wool Light-
fastness Standards. However, these reference materials are only applicable to
tests with minimum moisture and low heat because of their sensitivity to these
factors. Change in color of test specimens compared to that of the standards has
also been used to rank the lightfastness of specimens.

Evaluations of Weathering. Weathering effects on all polymeric materials
proceed from the irradiated surface inward. Therefore, the effects can be detected
sooner by surface-oriented techniques than by methods that measure changes in
bulk properties, such as mechanical changes. The latter becomes evident only
after prolonged exposure when degradation has penetrated a sufficient distance
into the material. Surface changes can take the form of discoloration, crazing,
cracking, chalking (whitening), loss of gloss, and surface erosion. Most of these
are appearance changes, some of which may be measured photometrically, and
others are commonly assessed subjectively by visual inspection. The most fre-
quently used criteria for determining the weather resistance of polymeric prod-
ucts that will be subjected to mechanical stress are tensile (or flexural) strength,
elongation, impact strength, hardness, and elastic modulus. These techniques
and others are described in several reviews on the subject (78,79). The particular
test method used to evaluate weathering effects depends on the type of poly-
mer and the appearance or mechanical property most important in its applica-
tion. The specific criteria used to determine the effects of weathering can signif-
icantly influence the acceleration factor and correlation between the laboratory-
accelerated weathering test and outdoor weathering.

Most of the macroscopic property changes require exposure in laboratory-
accelerated devices for an impractically long length of time when evaluating
weatherabilities of products designed for useful lifetimes of more than 5 years.
An alternative to further intensifying exposure conditions to shorten test time
is evaluation of weathering effects by sensitive analytical methods that detect
molecular (chemical) changes. Infrared spectroscopy provides information on the
chemical structure of a material. It is particularly useful in identifying the forma-
tion of new functional groups, as, for example, carboxyls, hydroperoxides, and free
radicals resulting from photooxidation reactions. It is also useful for determining
the reduction of existing functional groups caused by the breaking of chemical
bonds. Other methods include UV spectroscopy and measurements of fluores-
cence and chemiluminescence (88–91). The value of these methods lies in the
extent to which the changes measured are related to the macroscopic changes of
the polymers.

Service Life Predictions. The service life of a polymeric material is the pe-
riod of time after it is placed into use during which all relevant properties exceed
minimum acceptable values while the material is being routinely maintained.
Failure occurs when one or more critical properties required for its use falls be-
low a predefined level. Both natural and laboratory-accelerated weathering tests,
even those with enhanced stress factors, require impractically long durations for
testing polymeric materials expected to have acceptable performance for more
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than 5 years. Therefore, service life prediction of polymeric materials under ac-
tual use conditions is essential for the development of new materials. Although a
need has existed for many years for a methodology capable of providing reliable
service life predictions based on short-term accelerated weathering tests, there is
currently no commonly accepted predictive method. The prediction of service life
based on accelerated weathering test data is still largely an unsolved weathering
problem because of the extensive experimental requirements and complexity of
the methodologies proposed.

The apparently simplest and most direct approach to predicting lifetimes
under natural weathering is extrapolation of the time to failure by laboratory-
accelerated weathering using an experimentally determined acceleration factor
relating exposure times in the laboratory test versus outdoor weathering for the
same property change. However, determination of the acceleration factor is not
a simple, direct procedure and has many limitations in addition to the require-
ment to determine it for each polymer type and formulation (refer to the section
Acceleration Factors). Regression analysis is another technique for deducing life-
times under natural weathering from lifetimes in laboratory-accelerated tests. It
is based on measurements of property changes as a function of exposure by both
types of tests and depends on good linear relations over the period measured or
on finding the mathematical expression between property change and exposure
that gives a linear relationship (92). However, the same limitations exist as those
inherent in using acceleration factors. Recently, a simple empirical method of esti-
mating lifetimes of polymeric materials by comparison with control materials was
reported (93). It consists of exposing test materials in the laboratory-accelerated
test device simultaneously with several control materials having similar compo-
sition and construction to the test materials and a range of known failure times
outdoors. As for all service life methods, it requires that the accelerated tests pro-
duce the same failure modes as natural exposure. In addition, it requires that the
rank correlation among materials exposed in the two types of exposures is very
high. If these conditions prevail and the service life of the control materials is
well defined, the service life of the test material can be bracketed by two control
materials.

Various forms of exponential expressions have been used to quantitatively
describe the kinetic relations between weather factors and change in properties
of polymeric materials (94–96). An approach referred to as the concept of “ex-
posure parameters” was able to successfully predict 2–3 years of outdoor perfor-
mance of a large number of materials based on several months of accelerated
testing (95,96). It has the potential for predicting long-term outdoor weatherabil-
ity at any location on the basis of accelerated indoor tests using appropriate local
weather factors. Investigations have also included mathematical modeling of the
effects of weather factors on the degradation process based on data obtained by
varying stress levels in laboratory-accelerated tests. One proposed method (97).
is based on the “cumulative damage theory,” which assumes, among other things,
that the deterioration of a material is a cumulative effect of individual deterio-
rating stresses, and their effects on physical properties can be represented by a
general form of a kinetic equation. The cumulative effect during service life ag-
ing is then estimated for various levels and types of natural stress conditions by
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computer simulation. The mathematical treatment includes determination of the
survival distribution function to account for the fact that all specimens do not
fail at the same time. In another study (98), a service life prediction model was
developed based on tests of four aircraft coatings using three stress factors in the
laboratory-accelerated test, UV, temperature, and sulfuric acid aerosols. Proba-
bility density functions obtained at the high stress levels were extrapolated to
in-service conditions by assuming an Arrhenius life-stress relationship for tem-
perature and an inverse power life-stress relationship with a power coefficient of
0.46 for UV irradiance. The aerosol effect was treated as an indicator variable
using the value of zero without aerosol and the value of one when aerosol was
included. The service life predictions of times to failure compared favorably with
times to failure determined from experimental tests under in-service conditions
that lasted for more than 60 months. Mathematical modeling in an ongoing study
(99) of other types of coatings and polymeric materials also uses reliability-based
analyses of laboratory-accelerated data in which weathering is characterized by
frequency of failures.

The validity of the estimates of service life depends on the validity of a num-
ber of assumptions including the assumption that the failure mechanism at the
higher stress levels of the accelerated tests is the same as the failure mechanism
under in use conditions. Accurate service life predictions also depend on reliable
laboratory test data requiring precise control of the variables in the laboratory-
accelerated test device, the appropriate number of replicate specimens so that
life distribution information can be extracted and translated to service life pre-
dictions, accurate quantitative data on environmental factors, and considerable
experimental effort.
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WOOD COMPOSITES

Introduction

Wood composites can be defined as materials made by gluing together small pieces
of wood, residue materials from wood processing operations, or other elements
into larger materials to produce products with specific definable mechanical and
physical properties. Wood composite products continue to be among the most
widely utilized building materials throughout the world. They are commonly
manufactured as lumber, flooring, roofing, paneling, palettes, decking, fencing,
cabinets, furniture, millwork, structural beams, etc.

The increased number and importance of wood composite products are di-
rectly related to the decreased supply of high quality large timber, and as the
quality and variety of wood composite products increases, and new applications
for them are found, the trend toward increased use and importance of wood com-
posites should continue. Wood composites offer numerous advantages over lum-
ber. They can be produced from waste wood, agricultural residues, little used and
low commercial value wood species, as well as smaller and fast growing trees,
which can relieve stress on old growth forests that are increasingly unavailable
for use. Also, the increased homogeneity of the raw material obtained by com-
bining small wood elements allows a wide variety of composite products to be
produced that have consistent, high quality properties. The properties can often
surpass those of lumber (eg, have stronger and more uniform properties through-
out the product, and be completely free of growth characteristics, weak spots, or
defects such as knots), and often, the product can be produced with customized
engineered properties, dimensions, and complex shapes (eg, complex roof shapes,
cathedral ceilings, cantilevered supports).

The exact properties and the appropriate end use for a composite depend on
the wood species and wood adhesive, and are very dependent on the size, shape,
and arrangement of the wood in the composite. In fact, the names of the composite
products are mostly based on the wood geometry (wood shape and size) and their
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arrangement in the product, without involving the name of the wood species or
adhesive. These elements (species and adhesive) can be changed with far less
effect on properties than changing wood geometry or arrangement.

The procedure for making a wood composite begins with the raw wood being
processed by removal of leaves and bark, then being cut into pieces of the desired
size and shape, followed by drying to the desired moisture content, and then going
through a sorting process to ensure the wood pieces meet the selection criteria.
This process is followed regardless of wood species or wood geometry. Some com-
posite processes allow more than 90% of the tree stem to be utilized with either
small or large diameter trees, while lumber can only be produced from large di-
ameter trees and even then typically less than 50% of the tree can be converted
to the intended product.

A large number of product types having quite different properties can be
prepared using the same wood element. Processing conditions to convert the
wood element into a composite product will depend on the type of adhesive se-
lected and/or if the product being produced is pressed, impregnated, extruded,
etc. Therefore, wood composites can be classified into two major types: (1) wood
bonded with thermoset adhesives and (2) wood combined with other materials
such as cement and thermoplastics.

This article outlines some of the features and components of wood compos-
ites, describes some major wood composite products and properties, and describes
some future directions in the wood composites industry. For additional informa-
tion the reader is referred to some recent reviews (1–7).

Wood Bonded with Thermoset Adhesives

Wood composite products are conventionally manufactured from wood materials
having various geometries (eg, fibers, particles, strands, flakes, veneers, and lum-
ber) combined with a thermoset resin and bonded in a press (4). The press applies
heat (if needed) and pressure to activate (cross-link) the adhesive resin and bond
the wood material into a solid panel, lumber, or beam having good mechanical
(strength and stiffness) and physical (form, dimensional stability, etc) properties.

Types of Wood Elements. A wide range of wood elements are employed
to produce an increasing number of wood composite products. These elements
can be broadly divided into two categories: “long grain” and “short grain” ele-
ments based on their size and shape (Table 1). The largest of the commonly used
long grain wood elements, excluding lumber itself, is veneer. Shorter grain el-
ements include strands, flakes, wafers, particles, and fibers. It should also be
noted that increasing numbers of wood composite products are employing recy-
cled wood such as sawdust and wood flour, which can be considered to be a sep-
arate wood type. Agrofibers are increasingly being employed as a raw material
to produce commercial products similar to wood composites but with varying de-
grees of success. Some of the reasons for the rising interest in agrofibers include
their low density and low abrasion, the potential to improve some properties such
as stiffness, and potential cost savings when used as a filler for thermoplastics,
and because many of these materials are the by-products of annual crops (8).
In the United States and Canada wheat straw is currently the most important
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Table 1. Types of Wood Elements Used In Wood Compositesa

Length Width Thickness

Elements cm in. cm in. cm in.

Lumber 120–600 48–240 10–30 4–12 12.5–50 0.5–2
Veneer 120–240 48–96 10–120 4–48 0.5–12.5 0.02–0.5
Strands 1.27–7.5 0.5–3 0.63–2.5 0.25–1 0.25–0.625 0.010–0.025
Flakes 1.25–7.5 0.5–3 0.125–7.5 0.5–3 dito 0.010–0.025
Wafers 3.3 1.3 2.5–7.5 1–3 0.625–1.25 0.025–0.05
Particles 0.125–1.25 0.05–0.5 0.0125–0.125 0.005–0.05 0.125–1.25 0.005–0.050
Fibers 0.1–0.63 0.04–0.25 0.0025–0.0075 0.001–0.003 0.025–0.075 0.001–0.003
aAdapted from Ref. 7.

agrofiber furnish but many other agrofibers are of interest. Agrofiber preferences
vary with availability and geographical region of the world (9). Soybean and cot-
ton stalks, kenaf, flax, coffee and rice husk, hemp, fescue straw, ramie, and sugar-
cane bagasse are just some of the agrofiber raw materials being used or studied.
Composites made from various agrofibers include low density insulating board,
medium density fiberboard, hardboard, and particleboard (9,10). The mechanical
properties for some agrofiber composites are reported in the literature, but addi-
tional research is needed, particularly on the long-term durability and weather-
ing properties of these composites (10).

Thermoset Wood Adhesives

A wide range of adhesive types and chemistries are used to bond wood elements
to one another (Table 2), but relatively few adhesive types are utilized to form
the composites themselves. The vast majority of pressed-wood products use syn-
thetic thermosetting adhesives. In North America the most important wood ad-
hesives are the amino resins (qv), eg, urea–formaldehyde (UF) and melamine–
formaldehyde (MF), which account for 60% by volume of adhesives used in wood
composite products, followed by the phenolic resins (qv) eg, phenol–formaldehyde
(PF) and resorcinol–formaldehyde (RF), which account for 32% of wood composite
adhesives (12,13). The remaining 9% consists of cross-linked vinyl (X-PVAc) com-
pounds, thermoplastic poly(vinyl acetates) (PVA), soy-modified casein, and poly-
meric diphenylmethylene diisocyanate (pMDI). Some products may use various
combinations of these adhesives to balance cost with performance.

The thermosetting amino and phenolic adhesives are by far the predomi-
nant adhesives used in making wood composites. These adhesives are described
below, but more detailed information is available elsewhere (4,7,16–21) (see AD-
HESIVE COMPOUNDS).

Urea–Formaldehyde (UF) Adhesives. UF resins are produced in a two-
stage condensation polymerization process through the reaction of urea with ex-
cess formaldehyde. In the first stage of the polymerization process, urea and
formaldehyde are heated under slightly alkaline conditions (pH 7–8) to pro-
duce methylolurea resins (Fig. 1). Depending on the synthesis conditions (eg, the



Ta
b

le
2.

C
h

ar
ac

te
ri

st
ic

s
o

f
M

aj
o

r
W

o
o

d
C

o
m

p
o

si
te

s
B

o
n

d
ed

w
it

h
T

h
er

m
o

se
t

A
d

h
es

iv
es

T
yp

es
of

A
dh

es
iv

es
S

tr
u

ct
u

ra
l(

S
)

vs
T

yp
ic

al
th

ic
kn

es
s,

T
yp

ic
al

de
n

si
ty

,
co

m
po

si
te

s
R

aw
m

at
er

ia
ls

a
u

se
d

n
on

st
ru

ct
u

ra
l(

N
S

)
A

pp
li

ca
ti

on
s

m
m

(i
n

.)
kg

/m
3

(l
b/

ft
3
)

P
ar

ti
cl

eb
oa

rd
P

ar
ti

cl
es

U
F,

M
F,

M
D

I
M

os
tl

y
N

S
F

u
rn

it
u

re
,c

ab
in

et
ry

,fl
oo

r
u

n
de

rl
ay

,
st

ai
r

tr
ea

ds
,

6–
57

(1 4
–2

1 4
)

64
0–

80
0

(4
0–

50
)

M
ed

iu
m

de
n

si
ty

fi
be

rb
oa

rd
(M

D
F

)

F
ib

er
s

U
F,

pM
D

I
N

S
F

u
rn

it
u

re
,k

it
ch

en
an

d
ba

th
ca

bi
n

et
,

fi
xt

u
re

s,
m

ol
di

n
g,

m
il

lw
or

k,
la

m
in

at
e

fl
oo

ri
n

g

5–
38

,m
ax

.7
6

(3
/
16

–1
1 2
,m

ax
.3

)
64

0–
80

0
(4

0–
50

)

C
on

st
ru

ct
io

n
an

d
in

du
st

ri
al

pl
yw

oo
d

S
of

tw
oo

d
ve

n
ee

r,
so

m
e

h
ar

dw
oo

d
P

F
S

R
oo

f,
fl

oo
r,

w
al

ls
h

ea
th

in
g,

si
n

gl
e-

la
ye

r
fl

oo
r,

si
di

n
g,

fl
oo

r
u

n
de

rl
ay

m
en

t,
pr

es
er

ve
d

w
oo

d
fo

u
n

da
ti

on
s,

la
m

in
at

ed
ve

n
ee

r
lu

m
be

r

6–
31

.5
(1 4

–1
1 4
)

45
0–

50
0

(2
8–

31
)

D
ec

or
at

iv
e

pl
yw

oo
d

H
ar

dw
oo

d
ve

n
ee

r,
so

m
e

so
ft

w
oo

ds
U

F,
M

F,
R

F,
P

V
A

c
M

os
tl

y
N

S
D

ec
or

at
iv

e
w

al
lp

an
el

in
g,

fu
rn

it
u

re
,

ca
bi

n
et

ry
,d

ec
or

at
iv

e
fl

oo
ri

n
g

6–
19

(1 4
–

3 4
)

40
0–

88
0

(2
5–

55
)

O
ri

en
te

d
st

ra
n

db
oa

rd
(O

S
B

)

S
tr

an
d,

fl
ak

e,
w

af
er

P
F,

pM
D

I
S

R
oo

f,
fl

oo
r,

w
al

ls
h

ea
th

in
g,

fl
oo

r
u

n
de

rl
ay

m
en

t,
si

di
n

g,
I-

be
am

s
w

eb
st

oc
k,

h
yb

ri
d

pr
od

u
ct

s

6–
32

(1 4
–1

1/
8)

58
0–

70
0

(3
6–

44
)

L
am

in
at

ed
ve

n
ee

r
lu

m
be

r
(L

V
L

)
S

of
tw

oo
d

ve
n

ee
r

P
F,

pM
D

I
S

F
lo

or
an

d
ro

of
jo

is
ts

,r
oo

f
ri

dg
e

be
am

s,
ro

of
tr

u
ss

ch
or

ds
,w

in
do

w
an

d
do

or
h

ea
de

rs
,w

oo
d

I-
jo

is
t

fl
an

ge
s,

co
n

cr
et

e
fo

rm
,s

ca
ff

ol
d

pl
an

ki
n

g,
w

in
do

w
an

d
do

or
jo

in
er

y

19
–7

5
(3 4

–3
in

.)
,2

7–
50

in
.

w
id

e,
u

p
to

24
.4

m
(8

0
ft

)
lo

n
g

W
oo

d
I-

jo
is

t
L

u
m

be
r,

LV
L

,
O

S
B

,p
ly

w
oo

d
C

ol
d

se
tt

in
g

gl
u

e
(e

g,
R

F,
P

R
F

),
pM

D
I

S
F

lo
or

an
d

ro
of

co
n

st
ru

ct
io

n
F

la
n

ge
si

ze
s

(1
.5

–3
in

.i
n

de
pt

h
,2

.5
–3

.5
in

.i
n

w
id

th
),

Jo
is

t
de

pt
h

s
ra

n
ge

fr
om

9
1 2

to
50

in
.

an
d

le
n

gt
h

s
u

p
to

50
ft

G
lu

la
m

be
am

s
L

u
m

be
r,

so
m

e
LV

L
R

F,
P

R
F,

M
F

H
ea

de
rs

,g
ir

de
rs

,p
u

rl
in

s,
be

am
s,

ar
ch

es
,b

ri
dg

es
,m

ar
in

as
,p

ow
er

tr
an

sm
is

si
on

st
ru

ct
u

re
s

U
p

to
50

m
lo

n
g

P
ar

al
le

ls
tr

an
d

lu
m

be
r

(P
S

L
)

S
tr

an
ds

fr
om

so
ft

w
oo

d
ve

n
ee

r
P

F
S

H
ea

de
rs

,b
ea

m
s,

co
lu

m
n

s
an

d
po

st
s;

in
du

st
ri

al
u

se
s

su
ch

as
br

id
ge

st
ru

ct
u

re
s

an
d

po
w

er
po

le
s;

an
d

w
it

h
C

C
A

pr
es

su
re

tr
ea

tm
en

t,
po

st
,

be
am

s
an

d
co

lu
m

n
s

fo
r

de
ck

s,
ba

lc
on

ie
s,

ca
r-

po
rt

s

28
0

by
43

0
cr

os
s

se
ct

io
n

(1
1

by
17

),
le

n
gt

h
u

p
to

66
ft

L
am

in
at

ed
st

ra
n

d
lu

m
be

r
(L

S
L

)
S

tr
an

d
pM

D
I

S
In

du
st

ri
al

an
d

li
gh

t
st

ru
ct

u
ra

l
ap

pl
ic

at
io

n
s

14
0

m
m

(5
.5

in
.)

th
ic

k,
2.

4
m

w
id

e,
10

–1
5

m
lo

n
g

a
R

ef
er

to
T

ab
le

1.
T

h
e

da
ta

in
th

is
ta

bl
e

ar
e

ad
ap

te
d

fr
om

va
ri

ou
s

re
fe

re
n

ce
s

3–
6,

11
–1

6.

284



Vol. 15 WOOD COMPOSITES 285

Fig. 1. Polymerization reaction of UF resin.

relative urea-to-formaldehyde molar ratios, the reaction temperature, and pH),
up to four molecules of formaldehyde can bond to urea owing to the four replace-
able hydrogen atoms of urea. The methylolureas produced at this stage are low
molecular weight prepolymer solutions that have no adhesive properties. During
the second stage, these prepolymer solutions are slightly acidified, which causes
the methylolureas produced in the first stage to condense with one another. As
this occurs the prepolymer molecular weight increases, and as the polymerization
of the UF resin advances further the growing chains begin to cross-link through
the formation of methylene–ether links. At the desired point in this polymeriza-
tion process the aqueous suspension of UF adhesive is neutralized, which stops
the reaction before the resin precipitates, and cooled. Water is removed under re-
duced pressure (vacuum) to produce a final resin content of about 65% nonvolatile
resin solids. The final stage of the condensation polymerization, which produces
a solid cross-linked thermoset, is completed during production of the wood com-
posite. It is accomplished by the addition of a small amount of acid catalyst to
the UF suspension immediately prior to its application to the wood element and
occurs during the pressing cycle to produce the wood composite.

UF resin is applied to wood furnish as an aqueous suspension. With the
addition of a catalyst such as an acid, the curing can occur at room tempera-
ture in a few days, but most industrial processes employ high temperatures and
ammonium salts to shorten the bonding cycle (7). In the presence of heat and
catalyst, UF condenses into a cross-linked three-dimensional network of macro-
molecules that provide bonding. UF resin cures rapidly, provides strong adhesion
in a permanently dry environment, and is the least expensive of the major wood
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Fig. 2. Formation of MF resin.

adhesives. For these reasons, UF resin is by far the dominant commercial adhe-
sive and is widely used throughout the world for bonding wood and wood-based
composites. Despite these attributes, UF resins have three major drawbacks: (1)
their brittleness once cured, (2) their limited resistance to moisture in the cross-
linked state (limiting their use to interior products), and (3) the potential for
formaldehyde emission from UF-bonded wood composites.

Although the urea (U) to formaldehyde (F) molar ratios can be in the range
of 1:1.2 to 1:2, governmental regulations on the permissible level of free formalde-
hyde have forced resin producers and wood-composite manufacturers to lower the
molar ratio, and so today resins with a U:F ratio as low as 1:1.1 are not uncom-
mon. The potential for formaldehyde release from UF resin-bonded wood compos-
ites is caused by two factors: (1) release of a portion of the excess formaldehyde
that did not react and (2) hydrolysis of susceptible bonds in the UF resin pro-
ducing the urea and formaldehyde reactants (hydrolytic degradation), which can
occur in the presence of moisture and heat during the pressing operation or sub-
sequent installation (18,19). The low moisture resistance of UF resins limits their
application to interior products, but if greater moisture resistance is required var-
ious urea derivatives or melamine are included in the UF formulation.

Melamine–Formaldehyde (MF) Adhesives. MF resins are produced by
a condensation process by reacting melamine with excess formaldehyde (Fig. 2).
The reaction proceeds in a manner similar to that between formaldehyde and
urea but progresses to a greater extent (see MELAMINE–FORMALDEHYDE RESINS).

Cured MF resins are considerably more water-resistant than UF resins.
This is attributed to the lower solubility of melamine in cold water compared to
urea (18,19), and the overall greater hydrophobicity of the MF. These resins also
have superior heat resistance and shorter curing times than UF resins because
of the higher functionality of melamine compared to urea (up to six molecules of
formaldehyde can react with melamine). Therefore, MF-bonded composites can
be employed in both interior and in some exterior applications.
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Fig. 3. Formation of resole PF resins.

Fig. 4. Formation of novolac PF resins.

However, MF resins are costly (about 3.5 times the price of UF based on
100% resin solids), and can only be cured properly at high temperature, which
adds to the cost. This is a serious commercial drawback.

As previously mentioned, MF and UF resins are often combined. In the case
of UF resins it is done to improve their moisture resistance, to accelerate their
cure rate, and to reduce formaldehyde emission from UF-bonded wood compos-
ites, while in the case of MF resins it is done to reduce the cost. However, because
of the differences in reactivity between urea and melamine mixing these com-
ponents can complicate the curing. The conditions needed to cure the MF can
overcure the UF, and conditions designed to properly cure the UF can leave the
MF component undercured. However, when a suitable cure cycle is found for the
blended resin, a good combination of properties can be achieved.

Phenol–Formaldehyde (PF) Adhesives. PF resins are produced by
the reaction of a phenol and formaldehyde. Depending upon the phenol-to-
formaldehyde (P:F) molar ratios and the type of catalyst, two types of PF resins
can be produced: resole and novolac PF resins (Figs. 3 and 4).

Resole PF resins are produced by the reaction of phenol with excess
formaldehyde (P:F molar ratio 1:1.8 to 1:2.2) in the presence of an alkali
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catalyst (Fig. 3). Because resole resins contain reactive methylol groups, they are
self-curing resins that can condense with active sites on the phenol rings to form
a cross-linked network in the presence of heat even without additional hardener.
Resole resins have a very branched structure (Fig. 3) and are by far the more
important of the two types of PF resins for wood composites.

Conversely, novolac PF resins are produced by the reaction of excess phenol
with formaldehyde (P:F molar ratio 1:0.8 to 1:1) in the presence of an acid cat-
alyst. Unlike resole resins, novolac PF resins have a more linear structure (Fig.
4) and do not self-cure because they lack the residual reactive methylol groups
of resoles. Therefore, an external curing agent such as hexamethylenetetraamine
must be added to novolac resins to yield a cross-linked structure. Novalac PF
resins cured under acidic conditions are not recommended for wood composites
for long-term structural applications.

In the presence of heat and on the addition of sodium hydroxide (NaOH) or
other catalyst, resole PF resins condense into a three-dimensional cross-linked
network having reactive sites suitable for wood bonding. While too much heat
accelerates the degradation of UF resins, use of heat is desirable in PF-bonded
composites to achieve a high degree of cross-linking. It should also be mentioned
that the curing rate of PF resins is strongly influenced by the amount of NaOH
added to the resins, with the higher NaOH content affording a faster cure up to
a point. However, use of an excessive amount of NaOH in PF resins has adverse
effects, including increasing the affinity of the composite for absorbing moisture
from the air, which in turn results in PF-bonded composites having a higher thick-
ness swell. As is the case with UF bonding, the adhesion to the wood surfaces in
PF-bonded wood composites is achieved through secondary and/or physical bond-
ing. PF resins have greater moisture resistance and greater strength retention
when exposed to a high moisture environment than UF resins, and so are em-
ployed extensively in the manufacture of wood composites slated for exterior ap-
plications. Long-term aging studies in which plywood specimens prepared using
various adhesives bonds were exposed to natural weathering confirmed the su-
perior moisture resistance of PF. The PF-bonded specimens retained up to 90%
of their original strength even after 8 years, while the UF-bonded specimens lost
100% of their original strength after only 4 years in service (7).

Resorcinol–Formaldehyde (RF) Adhesives. RF resins are a type of
phenolic adhesive that are distinguished by a very high reactivity relative to
PF resins. This greater reactivity is due to the two phenolic hydroxyl groups on
resole. The groups activate one another by making each other more electron-rich.
Therefore, the first hydroxyl group is much more reactive than the phenol hy-
droxyl group, and following its reaction the remaining hydroxyl group is still
highly reactive. Consequently, although RF adhesives are generally prepared us-
ing excess resorcinol to produce a novolac-type resin, in contrast to PF novalacs,
these resins set rapidly with the addition of hardener even at low temperatures
(eg, anywhere from 5 to 70◦C). This is termed cold curing. The high reactivity
between resorcinol and formaldehyde with additional hardener, eg paraformalde-
hyde, allows the cure to proceed rapidly to completion. The reaction can be further
accelerated by applying heat. Attempts to produce a resole RF resin typically re-
sult in an unusable gel (18–20). Despite the ability to cure at room or elevated
temperatures and give composite products having good moisture resistance, RF
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Fig. 5. Reaction of wood with MDI resin.

adhesives are not used extensively because they are among the most expensive
of the thermoset adhesives, being second only to the isocyanates in cost. Never-
theless, RF adhesives are used as binders for selected wood products.

Isocyanates. Polymeric diphenylmethane diisocyanate (pMDI) is the
most commonly used isocyanate wood adhesive mainly because of its lower
volatility and toxicity when compared to other isocyanates such as toluene diiso-
cyanate and dicylcohexylmethane diisocyanate. Some of the advantages enjoyed
by pMDI include the fact that it is a liquid polymer, and so it does not require
a solvent carrier for application, it is free of formaldehyde, and also it does not
require acidic (the case with UF) or alkaline catalysts (the case with PF). It is an
effective wood adhesive because the high reactivity of the isocyanate ( N C O)
groups allows the resin to cure rapidly, and it has the potential to covalently bond
directly to the wood by reacting with the hydroxyl groups on the wood surface
(Fig. 5) (7,18–20).

The ability of pMDI to cure rapidly is due to the high reactivity of isocyanate
( N C O) groups that react rapidly with active hydrogen atoms. Wood possesses
active hydrogens from hydroxyl groups on wood surfaces and from moisture in the
wood. When the isocyanates react several reactions occur simultaneously but at
different rates. The N C O groups first add water to form unstable carbamic
acid groups that then dissociate into an amine and carbon dioxide. The resulting
amine is more reactive than water and reacts rapidly with another isocyanate
to form a polyurea (22). The N C O groups can also add cellulosic hydroxyl
groups on the wood surface to form covalent bonds via urethane linkages (Fig.
5). pMDI can cure at ambient temperature in the presence of moisture and so it
can also be used in cold pressing of wood-based composites, but hot pressing is
usually preferred to shorten the press cycle.

pMDI forms covalent bonds and polar interactions with wood and tolerates
both high moisture content in the wood and lower press temperatures during
composite manufacture. When wood composites are prepared with equal amounts
of adhesive and the bond strength and the dimensional stability of wood compos-
ites are compared it is found that pMDI’s bond strength and dimensional stabil-
ity of composites prepared with it are generally superior to those of amino and
phenolic resins in both dry and moist environments. Despite these advantages,
pMDI adhesives also have some disadvantages. There are some perceived health
hazards associated with the manufacturing process, and it can bond to the metal
surfaces of a hot press, which is undesirable, although this can be prevented by
applying release agents to the surfaces of the press. However, the primary draw-
back is cost. pMDI is the most expensive of the wood adhesives.
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Other Wood Adhesives. There is considerable interest in developing ad-
hesives from renewable resources that can be used as a primary adhesive or as
an adhesive component (an “extender”) to replace a portion of petroleum-based
adhesives. These natural and renewable resources include lignin, tannins, and
natural oils such as soy bean and proteins.

Lignin. Lignin is a waste product produced in large quantities by the
pulp and paper industry that is often burned as fuel. Lignin-modified PF resins
have been formulated to bond fiberboards, strandboards, and structural plywood
(14,15,23–29). Lignin (qv) is employed in this manner primarily to reduce the con-
sumption of oil-based products and to a lesser extent for cost savings since lignin
can be less expensive than phenols. The lignin is usually methylolated in situ
during the PF resin formulation, replacing anywhere from 15 to 35% of the phe-
nol (12,13). Some lignins (eg, lignosulfonates) have also been added directly into
the adhesive formulation as a PF resin extender (24–26). Although lignin-based
adhesives are used in bonding wood composites, these adhesives require longer
press times, produce darker coloration of the panel, and potentially have lower
strength relative to PF without lignin (19,25). However, composites having good
dimensional stability and good performance under conditions of high moisture
have been reported for boards produced with lignin-extended resins, so interest
in developing these adhesives continues (4).

Tannin. Tannin is an inexpensive naturally occurring polyphenol found
mostly in the bark of trees but also as a component of the wood of some species.
Tannin, like lignin, has also been used as a substitute for phenol in the man-
ufacture of PF resins (4,30,31). Although using tannin-based adhesives in the
manufacture of wood composites is thought to have potential, some reports
indicate that these resins have lower cohesive strength and lower moisture resis-
tance compared to common exterior wood adhesives (30). The poor performance
of tannin-based adhesives is attributed to their limited ability to cross-link into
a three-dimensional network, their high initial viscosity, and a short pot life
owing to the high reactivity of tannin with formaldehyde. However, extensive
research has been conducted in recent years to improve the performance of
tannin-based adhesives. For example, the addition of small amounts of amino or
phenolic resins (4) or metallic ion catalysts (18) has been shown to effectively in-
crease the degree of cross-linking, thereby improving the strength and moisture
resistance of tannin adhesives. Reducing the pH or adding hardeners such as
hexamethylenetetramine during resin formulation has been shown to decrease
the initial viscosity of some tannin-based adhesives (19) thus extending their
pot life. These breakthroughs have allowed tannin-based glues to be used in the
manufacture of wood composites in South Africa, New Zealand, India, South
America, and to some extent in North America.

Other adhesives such as hot melt adhesives (HMA), poly(vinyl acetate)
(PVA, catalyzed or uncatalyzed), pressure-sensitive adhesives (PSA), or elas-
tomeric adhesives (based on natural or synthetic rubbers) are also used in wood
bonding (7). However, their use is mostly limited to nonstructural applications
(eg, secondary manufacturing processes such as kitchen furniture, interior join-
ery, decorative paper, and packaging) where strength and water resistance are of
limited concern.
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Advances in Wood Composite Adhesives

Improvements in wood composite properties can be achieved in three areas: (1)
improvements in wood properties, (2) improvement in adhesive properties, and
(3) improvement in the overall wood composite design. Most advances in wood
composites witnessed over the last 10–15 years have been brought about by im-
proved manufacturing equipment and improved composite design (eg, oriented
strandboard, I-joist, parallel strand lumber, and laminated strand lumber), while
significant advances in future wood composites seem likely to involve changes in
wood properties (eg, genetic modification to produce species with some desired
property such as improved resistance to decay). However, given the importance
of developing alternatives to petroleum-based materials, development of new ad-
hesives may yield the next generation of significant advances in wood composite
products.

Some of the more recent research efforts that may lead to new adhesive
types are categorized as follows: (1) adhesives from natural products, (2) adhe-
sives generated in situ in the wood, (3) adhesive modifications to facilitate pro-
cessing, and (4) adhesive modification for improved properties. Examples of these
approaches are given below.

Prior to the 1930s all adhesives were based on natural products (eg, proteins
such as animal blood, casein, soy protein). Use of adhesives from natural prod-
ucts steadily decreased thereafter with the development of synthetic polymers
that had superior properties. Recently, renewed interest has been shown in using
natural products to replace, entirely or in part, petroleum-based adhesive compo-
nents with natural products, without sacrificing the performance levels achieved
with modern petroleum-based adhesives. The purposes are often to reduce cost
and dependence on petrochemicals, to reduce formaldehyde emissions, and im-
prove selected properties (eg, biodegradability).

For example, there is renewed interest in using soy-based adhesives for
fiber-based composites. New research is underway to develop soy-based adhe-
sives that have improved properties and durability, and that have low volatile
emissions (32).

Lignin-modified PF has been utilized for more than 20 years in a variety
of different wood products (fiberboards, strandboards, structural plywood, etc.)
where the lignin extender has lowered the cost. More recently lignosulfonates
have been utilized as extenders to replace up to 35% of phenol in PF formulations
(15). It has also been evaluated as an extender for other resins such as epoxy and
polyurethane. Considerable research has recently been directed toward incorpo-
rating lignin into copolymers or grafting reactive monomers onto lignin allowing
it to be copolymerized (33). One recent example of this approach describes us-
ing enzymes to copolymerize lignin with alkenes to produce well-defined lignin
acrylate copolymers within fibers and pressing those fibers into medium density
fiberboard (MDF) (34).

Work in South Africa and in South America has resulted in development
of adhesives based largely or entirely on tannins. Tannins, which like lignins
are renewable natural products, have the advantage of affording adhesives with
low or no formaldehyde emissions, but tannin-based adhesives tend to be brittle.
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A useful tannin-based particleboard adhesive was reported using tannin extract
from radiata pine bark that was formulated with 5% isocyanate and 5% urea (13).
Another report described a tannin-based adhesive in which a significant number
of the phenolic groups of the tannin had been esterified to produce a less brittle
adhesive (35). The partially esterified tannin was blended with paraformaldehyde
and the resulting resin afforded a less brittle adhesive that had better properties
than those of the unmodified tannin adhesive.

Because lignin and tannin are phenolic species they have both been evalu-
ated as extenders for PF and UF adhesives. It was subsequently shown that they
could be used as primary adhesives. Because these natural phenolics can function
as primary adhesives, and because these and other phenolics are components of
wood and bark, researchers are investigating reactions of wood’s natural phenolic
components in situ to form a composite without added adhesives. Bark contains
not only high amounts of tannins, but also carbohydrates and various other reac-
tive phenolic components. Composites have been prepared by subjecting bark par-
ticles to high temperature and pressure to react the phenolic components within
the bark so that these components cross-link in situ to serve as the sole binder for
composites (13). A 1999 publication reported a similar approach for binding wood
(36). In that work, birch wood was heated for 1–15 min at 170–230◦C under 2 MPa
pressure from hot steam. These conditions were used to hydrolyze the polysaccha-
rides within the wood. Under the acidic conditions (formic and acetic acid from
hemicellulose and sugars) the resulting sugars reacted with phenolic fragments
originating from hydrolyzed lignin. These reactions yield a polymeric binder
in situ, and have several advantages over adding adhesives to wood. These ad-
vantages include eliminating the need for equipment to apply adhesive to wood,
no formaldehyde emissions from added synthetic adhesive, and this approach
accommodates a high moisture content in wood, which is a major processing ad-
vantage. Nevertheless, the long processing time required at high temperature is
expensive and additional research is required to evaluate the composite proper-
ties, so it is not yet known if this approach will be cost-effective.

Research efforts have been directed towards developing new adhesives that
address some disadvantages associated with the processing of pressed wood com-
posites. Pressed wood composites using thermosetting adhesives typically em-
ploy a high temperature press cycle. This process requires that the wood furnish
be dried to a moisture content typically below 5%. Pressing wood with higher
moisture content at higher temperatures can produce a poor product because of
“blows,” delaminated wood produced when water vapor generated within the mat
during the hot-press cycle is rapidly released. Development of effective adhesives
that tolerate high moisture content wood has been a goal for many years because
drying the wood furnish to a low moisture level is time-consuming and costly, and
the potential exists for overdrying some of the wood furnish. Moisture-tolerant
isocyanate and PF adhesives are currently available that can tolerate high mois-
ture content furnish (above 15%). Isocyanate adhesives have been used for many
years with composites that use higher moisture-content conditions such as “wet
wood.” Under these conditions isocyanate adhesives have less tendency to delam-
inate than other adhesives (37). This is probably because of several character-
istics of isocyanate-bonded wood composites, including that they can be pressed
at a lower temperature than is usual for UF and PF adhesives, isocyanates can
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chemically bond to the wood rather than rely only on mechanical adhesion, and
the cured adhesive retains greater flexibility than UF and PF adhesives. PF ad-
hesives that can be used with wet wood are also available, but their exact com-
position and method of function is not clear, although these adhesives may make
use of higher formaldehyde content, a coupling agent to promote wood bonding,
and/or be a PF/isocyanate blend.

Approaches have been developed that allow some other adhesives to be used
with wet wood. The simplest of these approaches uses foamed adhesives. Foam-
ing allows the adhesive to be applied at a higher solid content, often having only
15–20% water, and so higher moisture content in wood can be tolerated, and the
composite cures faster since less moisture needs to be removed during cure. A re-
cent investigation reported use of a soy protein-modified PF as a foamed adhesive
for plywood production (38). The soy replaced animal blood in the formulation,
which not only improves durability but can alleviate health concerns.

Another major difficulty with hot-pressed wood composites is adequate ther-
mal transfer across the thickness of the composite. Heat is transferred through
the press platens, sometimes with the aid of steam. However, wood is a low ther-
mal transfer medium and so there is risk of overcuring resin nearer the surfaces
of the composite, while undercuring resin in the interior. This is particularly true
with thicker composites. Also the pressing step is probably the most expensive of
the processing steps so any adhesive modification that reduces the press time and
facilitates a more uniform cure is a significant advantage for cost and properties.
Matuana (39) reported using thermally conductive filler material such as syn-
thetic graphite (carbon filler) in the mat or adhesive to facilitate thermal transfer.
Use of the carbon filler not only reduced the required cure time but also signifi-
cantly increased the internal bond strength of the wood composites.

Wood composites are now being considered for use under increasingly de-
manding conditions and so adhesive modifications to improve specific compos-
ite properties, such as improved strength, durability, and dimensional stabil-
ity, are needed. These types of modifications which usually increase adhesive
cost were previously considered not cost-effective, but now might find markets.
Early efforts to improve properties included adding thermoplastic polymers to
the reactive adhesive prepolymer and applying the thermoplastic-modified pre-
polymer to the wood furnish and pressing. Examples of this approach include
adding poly(furfural alcohol), a water-soluble polymer, to a UF prepolymer (40)
and using chlorinated natural rubber to modify PF (41). The poly(furfural alco-
hol) did not improve properties, while the chlorinated natural rubber did improve
properties but required processing conditions that were not industrially viable.
These efforts highlight issues that must be addressed for an industrially use-
ful modification. Any modifications must allow the processing conditions to be
similar to those used now. Therefore, solvent should not be required, and pre-
polymer viscosity, stability, and cure conditions should be similar to those used
now, and the resulting properties must be improved sufficiently so that an in-
creased resin cost is worthwhile. A series of publications by Ebewele and co-
workers (42–45) described modifying UF resins with di- and trifunctional amines
and ureas without excessive increases in viscosity or processing difficulty. Parti-
cleboard made with the modified UF resins had an internal bond (IB) strength
that was significantly greater than the IB strength of the control particleboards
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before and after exposure to moisture. Recently a method was reported that
yielded thermoplastic-modified UF adhesives that could be processed in the same
way as unmodified control UF and gave wood flour composites with improved
mechanical properties and moisture resistance. A premade thermoplastic poly-
mer suspension (46–48), or aqueous slurry of acrylic and vinylic monomers, and
a radical polymerization initiator (49) were combined with the UF prepolymer.
The modified UF was used to prepare hot-pressed wood flour composites with
significant improvements in notched Izod impact strengths. Further development
simplified the method and modified UF resins were employed for hot pressing of
particleboards (50) that, depending on the choice of thermoplastic monomers em-
ployed, also gave a higher IB strength and the neat resin showed lower moisture
uptake than unmodified UF neat resin. Zanetti and co-workers (51) recently re-
ported substantial increases in the IB strength of melamine–urea–formaldehyde
(MUF) resins by the addition of small amounts (10%) of acetals to MUF resins.
The authors reported that the acetals worked by improving the solubility of
melamine and higher molecular weight reactive oligomers in the MUF resin and
also appeared to disrupt the clustering of colloidal particles of MUF. This modi-
fication afforded 25–50% increases in IB strength and yet required no additional
modification of the MUF formulation or the processing conditions.

Wood Composites Bonded with Thermoset Adhesives

The principal wood composite products currently in use in the United States
and Canada, based on volume, are plywood (17.5 million cubic meters), oriented
strandboard (16.8 million cubic meters), particleboard (10.3 million cubic meters),
medium density fiberboard (3.4 million cubic meters), hardboard (2.0 million cu-
bic meters), hardwood plywood (1.0 million cubic meters), and laminated veneer
lumber (1.2 million cubic meters) (13). These products are described below. While
all of these composites occupy an important place in the market now, some of
these products are gaining in importance while others appear to be losing mar-
ket share to other composite products.

Wood composites for structural and nonstructural applications that are
bonded with thermosetting glues can be produced in many different geometries,
including panels (3 ft or more in width by 3/8 to 1 in. thick), lumber (2 in. or
more in width by 2–4 in. thick), or beams (3 1

8 in. wide by 9 in. or more in depth)
(Table 2). The exact procedure for making wood composites depends on the type
of wood furnish (wood geometry), the desired arrangement of the particles in the
final product, and the adhesive to be used, as well as the cure cycle if the adhesive
needs to be reacted during the process step. These processing variables determine
the characteristics of the final products, including mechanical properties, water
resistance, dimensional stability, surface quality, and workability. Regardless of
the increasing number of wood composite products being introduced into the mar-
ket, the different sizes and shapes of these products, and the different volumes of
these products that are produced, the fabrication process is a highly automated
one, and once the adhesive mixture is applied to the wood furnish the general
manufacturing method for preparing these composites is similar (Fig. 6).
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Fig. 6. A typical wood composites manufacturing process.

The composite fabrication process begins once the trees have been processed
into a dried furnish and the furnish is transported to a device such as rotat-
ing drum (as is the case for flakes, particles, and fibers). Here, the adhesive and
other additives are applied to the furnish by air spray, airless spray, or a high
shear atomizer. The rotating drum possesses nozzles that are fed by hose lines
connected to resin storage drums. Adhesive resin mixtures are applied to veneer-
based wood products (plywood, laminated veneer lumber) by a roll coater, curtain
coater, spray coater, or liquid or foam extrusion. The amount of adhesive applied
to the furnish varies with the product and adhesive type. Common additives are
also applied during this step and include wax (to improve dimensional stability by
reducing moisture absorption), wood preservatives (for protection against insect
and fungal attack), and fire retardants.

After resin application, the coated wood furnish moves to a forming appara-
tus. The forming apparatus arranges the furnish appropriately into a mat having
the specified dimensions and orientation of wood raw material to give the desired
product type with the desired dimensions and density after pressing. This mat is
then prepressed to remove much of the air, ie, consolidate a loosely formed mat
into a rigid mat which has a certain degree of cohesion to reduce its thickness.
The formed mat then goes to a hot press where it is subjected to a selected press
cycle. Here it is heated and pressed at the desired temperature and pressure
for specified periods of time to bond the wood into a composite part of the de-
sired thickness. The pressed wood composite finally goes on to the finishing steps
where the panel is sized, sanded, trimmed to the desired thickness and dimen-
sions, edge sealed, and packaged for shipment. In some cases the hot composite
product is stacked to help retain heat and continue the cure out of the hot press,
as is the case with phenolic resins.

The biggest differences in processing for each type of wood composite reside
in the geometry and arrangement of wood furnish, the adhesive type and amount
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applied, and the cure cycle. The following sections describe the main characteris-
tics of the major wood composite products made with thermoset adhesives.

Plywood. Plywood panels have been produced and marketed in the
United States for more than five decades. They are considered a material of
choice in the building industry because of outstanding structural performance
as defined by a high strength-to-weight ratio, excellent dimensional stability, and
durability compared to other building material (6). Plywood typically consists of
an uneven number of thin layers of wood veneers, called plies, that are glued to-
gether into a panel. The individual plies are typically arranged in the panel so
that their grains are perpendicular to one another (right angles of 90◦). The plies
are arranged at 90◦ to one another to improve the dimensional stability and make
the properties of the plywood more uniform along both the vertical and horizontal
axes. The anisotropic nature of wood results in a tendency to swell less parallel to
the grain than perpendicular to the grain and simultaneously gives wood greater
strength parallel to the grain than perpendicular to the grain. Therefore, arrang-
ing individual plies at 90◦ to one another affords greater dimensional stability,
decreases the tendency to split, and generally evens out the strength properties
in all directions. If the grain angles were not varied then the plywood would have
less dimensional stability and be much stronger along the grain axis but weaker
perpendicular to the axis. The appearance of the final product can be improved if
desired by applying a decorative surface veneer to give the final plywood a desired
appearance. The final overall properties of the plywood depend on many factors,
including the wood species, the quality of wood veneers, the order of placement of
the veneer plies in the panel, the type and amount of adhesive applied, and the
curing or pressing conditions.

Both hardwood and softwood species are utilized in the manufacture of ply-
wood. Softwoods (Douglas-fir, western hemlock, larch, white fir, ponderosa pine,
redwood, and southern pine are examples) are generally preferred in construc-
tion applications where strength and stiffness are required. Hardwood plywood
is generally preferred for decorative applications where appearance is most im-
portant and strength is a limited criterion, although hardwood plywood can also
be designed for structural applications. In decorative applications, hardwood ply-
wood often competes with thin MDF which can be given a high quality overlay
giving it an appearance similar to that of hardwood plywood.

Oriented Strandboard (OSB). Oriented strandboard (OSB) panels have
been developed as an alternative to plywood in building construction. The emer-
gence of OSB was driven in part by a decreased supply of large diameter logs
suitable for veneer production, and by innovation and productivity changes in
the North American wood products industry over the past few decades as well as
the structural performance of OSB products, which are suitable for use in most
plywood applications but at a much lower cost. In addition, OSB manufacture
allows small, low grade timber resources to be processed into a marketable prod-
uct. This effectively saves raw materials that are in short supply and promotes
efficient utilization of wood (3,5,6).

OSB panels are made up of rectangular strands (wafers or flakes) of wood
approximately 0.030 in. thick, bonded together with exterior-grade adhesive un-
der extreme heat and pressure to develop adequate strength properties in the
panel. During this process, long grain strands are compressed and mechanically
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oriented more or less parallel to each other and arranged into three to five distinct
layers. These layers are oriented at ca 90◦ to one another, ie, strands are aligned
lengthwise in layers perpendicular to each other similar to veneer plywood.
The strands near the surface are typically ≥ 3 in. long but shorter strands are
sometimes used in core layers. The core layers are also sometimes randomly ar-
ranged rather than oriented. The strands for the faces are typically oriented par-
allel with the long direction of the panel, whereas the core layers are oriented
perpendicular to the length of the panel. Hardwood species, alone or in combi-
nations with softwood species, can be used in the manufacture of OSB panels,
but preferably lower density wood species (eg, aspen poplar in the northern part
of North America and southern yellow pine in the south) are employed because
strands of these woods can be compressed into medium density boards with suf-
ficient contact between strands during pressing for good bonding (4).

The alignment of strands and the use of long strands give OSB panels
improved mechanical (strength and stiffness) and physical (dimensional stabil-
ity) properties in the direction of alignment, which make them acceptable in a
wide range of industrial, residential, and commercial applications (Table 2). Even
though OSB panels are being used as a substitute for plywood, their potential for
use in some structural applications has been limited because of poor dimensional
stability and durability compared to that of plywood. OSB panels will swell in
thickness, and like all wood products decay when they come into extended con-
tact with water. Since most of the thickness swelling is not reversed when the
panels are re-dried, the products are regarded as unacceptable for some applica-
tions where high moisture contact is expected (52–54).

Particleboard. Particleboard is prepared using small dried-particles com-
bined with a thermally curable adhesive or other suitable binder and bonded to-
gether under high heat and pressure into panels of the desired thickness. The raw
materials used to produce particleboard consist of wood wastes from sawmills,
primarily from milled or ground wood chips, sawdust, and planer shaving. In
some cases recycled cellulosic materials and plant residues such as wheat straw
and bagasse are utilized as furnish to make particleboard. Most particleboard is
formed into flat panels. However, molded and extruded particleboard products
such as furniture parts, molded door skins, and molded pallets are also produced.

Particleboard usually consists of a three-layered panel with two surface lay-
ers (outer layers) and one core layer (inner layer). The face furnish is usually
thinner than that in the core. This permits the strength and stiffness of the panel
to be tailored and the faces to be produced with smooth surfaces. The Ameri-
can National Standard for Particleboard, ANSI A208.1, classifies particleboard
by density, properties, and class, and is the voluntary particleboard standard for
the North American industry (Table 3).

Medium Density Fiberboard (MDF). MDF is manufactured from refined
wood chips or other fine cellulosic materials combined with a synthetic resin. The
adhesive coated furnish is joined together under heat and pressure to form a
versatile material having varying characteristics depending on the composition
and processing conditions (Tables 2 and 3).

The surface of MDF can be controlled so that it is smooth, flat, and uniform
in appearance and free of wood growth features such as knots and grain patterns.
MDF panels are highly valued by woodworkers because they machine well and
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Table 3. Selected Properties of Wood-Based Composite Panels

Physical properties Plywooda OSBb Particleboardc MDFa

Density, lb/ft3d 28–31 36–44 40–48 <40 to >50
Thickness, in. 1/4–1 1

4 1/4–3/4 1/2–1 1
4 3/4 or higher

Internal bond (IB), psie Species specific 50 15–145 44–131
Modulus of rupture

(MOR), psie
3000–7000 3394–4206 (‖)

1392–1799 (⊥)
435–3408 2030–5003

Modulus of elasticity
(MOE), 103 psie

1000–1900 653–798 (‖)
189–218 (⊥)

79.8–449.6 203–500

Screw holding
capacity—face, lb

Species specific 100–300 90–450 172–342

Screw holding
capacity—edge, lbs

Species specific 100–300 180–348 147–294

Hardness, lb Species specific — 500–1,500 —
Linear expansion

(max. avg. percent)
0.15 0.20–0.40 0.35 —

aProperties for various plywood grades or MDF (55).
bProperties obtained from the Canadian Standards Association, standard CAN3–0437.0-M85, Wafer-
board and Strandboard/Test Methods for Waferboard and Strandboard (June 1985). ‖ means parallel
to the indicated direction of face alignment; ⊥ means perpendicular to the indicated direction of face
alignment. The Wood Handbook (55) shows OSB having MOR values of 3000–4000 psi and MOE
values of (700–1200) × 103 psi.
cProperties obtained from ANSI standard (ANSI A208.1–1999) for various grades of particleboard.
dTo convert lb/ft3 to kg/m3, multiply by 16.
eTo convert psi to MPa, divide by 145.

are suitable for finishing operations such as direct printing (eg, wood grains),
thin laminating (eg, paper, decorative foil laminates), and painting (eg, custom
colors). These attributes allow MDF panels to serve as excellent substitutes for
solid wood in many interior applications such as kitchen cabinets, furniture, door
parts, and moldings (Table 2).

Composite Lumbers and Beams. Composite lumbers and beams com-
prise a large and diverse family of products known as engineered wood products
(EWPs). EWPs include laminated veneer lumber (LVL), laminated strand lumber
(LSL), parallel strand lumber (PSL), glulam, and I-joists, among others.

LVL [also known as structural composite lumber (SCL)] technology was de-
veloped in Finland. Trus Joist became the first U.S. producer of LVL in 1970
(3,6). LVL is a structural building material manufactured by layering dried and
graded wood veneers with waterproof adhesive into billets of various thicknesses
and widths. Generally, high quality laminates are used at the faces and low
quality laminates in the center of the lumber. This specific arrangement gives
LVL greater strength (by a factor of 2 or more) than conventional solid lumber
having equivalent dimensions. In LVL billets, all veneers are laminated with
the grain angle parallel to the longitudinal axis of the wood (one-grain direc-
tion) rather than arranging the veneer grains perpendicular to one another as
in plywood. PF and pMDI are the resins that are typically employed to produce
LVL and so the billets are hot-pressed or radio-frequency-pressed to consolidate
the laminates. Common wood species used for LVL include Douglas fir, larch,
southern yellow pine, and poplar, but other wood species can be used as the raw
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material. As an engineered wood product, LVL is an ideal structural building ma-
terial for applications in housing, commercial, and industrial construction. Typi-
cal applications include floor and roof joists, roof beams, roof truss chords, flanges
for prefabricated wood I-joists, concrete form, and scaffolding plank, among oth-
ers (Table 2).

Wood I-joists are hybrid beam elements that are made by gluing together
lumber and panel composites to produce a dimensionally stable lightweight mem-
ber having specified engineering properties. The product utilizes the geometry of
the I-shaped cross section composed of two flanges (top and bottom) of various
widths linked by a web (or two webs) of various depths (Table 2). The flanges
are typically LVL, or finger-jointed sawn lumber of various machine stress-rated
grades, while the webs are either structural grade OSB or structural plywood.
The flanges are designed to resist bending strength and provide stiffness, while
the web is designed to resist shear forces in the beam. Thus, the I-shaped geome-
try of these products gives a high strength-to-weight ratio. I-joists are marketed
as building products that do not warp, twist, or shrink, and their dimensions
are more uniform than those of conventional sawn lumber joists. The wood I-
joists performs much better than solid lumber because greater joist spacing can
be used and their frames are lighter and more dimensionally stable than lumber,
making their installation less costly for the builders. Wood I-joists are used in
residential and light commercial construction in applications such as floor and
roof joists, rafters, and purloins, among others (Table 2). Wood I-joists are certi-
fied by the APA-Engineered Wood Association as the APA-Engineered Wood Sys-
tem (APA-EWS), and are manufactured in compliance with Performance Rated
I-Joists (PRI-400), Performance Standard for APA-EWS I-Joists.

Glued laminated timber, or glulam, is a structural beam element manufac-
tured by gluing laminates of solid wood lumber, finger-jointed lumber, or LVL.
The individual lumber elements are oriented parallel to the longitudinal axis of
the beam and laminated flat-wise to bond along the entire length and width of
the lumber elements. Based on the stiffness rating of the individual laminations
high quality laminates are generally applied at the beam faces, while low quality
laminates are placed in the middle of the beam. This combination is preferred
since the load is carried by the beam in the top and bottom faces, while the mid-
dle only has to resist shear. A cold curing resin adhesive such as resorcinol or
phenol–resorcinol is usually used to produce the beam by applying the adhesive
and clamping or cold-pressing the laminates. Since little or no heat is required
for the cure, curved glulam members and other customized shapes can easily be
produced. Glulams are manufactured in accordance with the American National
Standards Institute (ANSI) ANSI standard A190.1 for structural glued laminated
timber. The strength values (bending and shear) for glulam are higher than
for lumber. Glulam members are typically used as headers, beams, arches, etc
(Table 2). The production of glulam is not expected to grow significantly in North
America because of the scarcity and high cost of laminating grade lumber, com-
bined with stiff competition from LVL and other engineered wood products such
as LSL and PSL, which are expected to grow because they have excellent struc-
tural properties and they employ more readily available raw materials (5,6).

PSL is an engineered wood product developed by MacMillan Bloedel, Ltd.,
of Canada and was first commercialized in 1988 (3,6). PSL is made in a similar
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manner to glulam beams with the difference being that strands of broken-up ve-
neer (about 1

2 in. wide and up to about 37 in. long) are employed instead of solid
lumber laminates. The strands are oriented and laid-up into a mat in a length-
wise direction, ie, aligned parallel to one another. The strands are glued with
a water-resistant adhesive (PF) and are consolidated in a continuous microwave
press. PSL is stronger, stiffer, and more stable than sawn lumber having the same
cross section and is free of splits, knots, and warp. PSL is employed in various ap-
plications such as head beams, trusses, and other structural frames (Table 2).

LSL is another type of engineered wood product in which all the strands are
aligned in one direction, ie, LSL is an oriented strand lumber. The strands in LSL
are shorter than in PSL and produced from strand wood rather than veneer. The
strands are typically longer than strands utilized in oriented strandboard. Press-
ing includes steam injection rather than radio-frequency heating, and isocyanate
resin is typically used rather than PF adhesive. LSL is used in industrial and
light structural applications (Table 2).

Wood Thermoplastic Composites

Wood-based composites continue to be among the most widely used building ma-
terials throughout the world. While thermoset wood composites date back to
the early 1900s (a wood flour/PF composite called Bakelite®), wood combined
with thermoplastic composites have become of major commercial importance only
since the 1980s in the United States, although they have been in use longer in
Europe (2). Wood-plastic composites (WPCs) represent a rapidly growing industry
in the United States in both the plastic processors and forest products industries
(56–58).

To plastic processors wood and other lignocellulosic fibers (eg, agrofibers)
represent a vast supply of readily available raw materials for all types of WPCs.
Statistics show that 2.5 million tons of fillers were used in North America in 2001
with the most important fillers being inorganic materials (2.3 million tons) such
as calcium carbonate (1 million tons), glass fiber (0.77 million tons), and other
mineral fillers such as clay, talc, mica (0.55 million tons). Only 182,000 t was
natural fibers (57). The inorganic materials enhance some composite properties
(eg, strength and modulus) and are extensively employed as fillers, but have sev-
eral drawbacks. They are produced from nonrenewable sources and they have
high density, so products prepared with inorganic fillers tend to be heavy. Fur-
thermore, these inorganic fillers cause equipment wear during processing (59).
Therefore, on a volumetric basis, their use may not be very cost-effective. Dur-
ing the past two decades, wood fibers and other lignocellulosic materials have
begun to penetrate the filled thermoplastic markets because they possess many
advantages relative to the common inorganic fillers. These advantages include
high specific stiffness and strength, easy availability, lower density, lower cost
on a unit-volume basis, low hardness which minimizes wear of the processing
equipment, renewability, recyclability, safety, and biodegradability (60,61). The
replacement of inorganic fillers with lignocellulosic fibers also provides an oppor-
tunity to increase processing productivity rates (56).
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Table 4. Some Physicomechanical Properties of WPCs and Comparative Performance
of WPCs with (Oak) and Softwood (Pine) Solid Wood

Northern Ponderosa
Tests Test methods HDPE/WFa PVC/WFa oakb pineb

Specific gravity ASTM D143 0.96–1.1 1.36 0.56–0.63b 0.38–0.40b

MOR, psic ASTM D790 790–1423 2100–4500 14300b 9400b

MOE, 103 psic ASTM D790 160–510 700–980 1820b 1290b

Water absorption, % ASTM D1037 0.7–4.3 1.2 — 17.2
Thickness swell, % ASTM D1037 0.2 — — 2.6
Nail withdrawal, lb ASTM 1761 90–170 — — 50
Screw withdrawal, lb ASTM 1761 430–600 — — 165
Hardness, lb ASTM 143 1290 — 1290b 460b

Linear coefficient of
expansion (per ◦F)

ASTM 696 16 × 10− 6 17 × 10− 6 — 25 × 10− 6

aHDPE/WF and PVC/WF contained 50–70% wood fiber.
bMOE and MOR values measured at 12% moisture content (7).
cTo convert psi to MPa, divide by 145.

The forest products companies, on the other hand, see plastics as a way to
expand sustainable forest resource utilization through the use of wood waste,
fibers from underutilized species, and reclamation and recycling of wood, other
agricultural species and waste, and paper materials from municipal solid waste
streams (62), as well as a way to make new construction materials with attributes
that wood does not have (56).

WPCs are typically manufactured by first mixing dried cellulosic materials
(in powder or fibrous form) with various plastics and other processing ingredi-
ents (eg, lubricants, fusion promoters, coupling agents, flame and smoke retar-
dants, ultraviolet stabilizers). Cellulosic materials that are used in the produc-
tion of WPCs include wood flour or particle, flax, jute, or other agricultural waste.
The most commonly employed plastics are polyethylene (PE), polypropylene (PP),
polystyrene (PS), and poly(vinyl chloride) (PVC). These thermoplastics are se-
lected mainly because they can be processed at lower temperatures (150–220◦C)
to prevent the degradation of cellulosic materials (2). Generally, wood flour and
other coarse particles (10–100 mesh size) are easier to handle during process-
ing than long fibers which tend to agglomerate and cause dispersion problems
during mixing. However, because of their higher aspect ratio, long fibers provide
greater reinforcing effects in WPCs than particles. The fiber can be difficult to
disperse but the dispersion problems can be offset by using compatibilizers dur-
ing processing (60,63,64). Once mixed, the blended material is processed into the
desired shape by conventional plastic processing equipment such as an extruder,
injection molder, and a hot press (compression molding). Most of the WPCs used
in construction applications are extruded to a profile of uniform cross section
(solid or hollow) and any practical length, whereas products having more com-
plex shapes such as those used in the automotive industry or other consumer
products are injection- or compression-molded.

WPCs comprise an emerging class of materials that combine the favorable
performance and cost attributes of both wood and plastics (Table 4). Because
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WPCs are true hybrid materials, they have strength and stiffness properties
that are somewhere between both materials. They have outstanding bolt, drill,
screw, and nail retention and they machine similarly to wood. Generally, WPCs
are stiffer than neat plastics and have attributes that solid wood does not have.
If properly manufactured, WPCs are more resistant to moisture (water absorp-
tion and thickness swell) than wood and resist attack by insects and fungi better
than other wood products. This outstanding performance is due to the fact that
the plastic matrix encapsulates the individual wood fibers, thus interfering with
moisture uptake by the wood element. Moisture can only be absorbed into the
exposed sections of the wood. WPCs can be sanded, stained, painted, and finished
just like natural solid wood. However, sealants and paints are not required for
protection because WPCs resist moisture better than wood, and WPC products
can be prepared with colorants and other additives during the processing phase,
which eliminates the need for additional finishing.

Because of their performance, easy installation, and cost-effectiveness, WPC
products are being selected by homebuilders over other materials such as solid
wood, concrete, clay, and aluminum, especially as building materials for appli-
cations like decking, siding, and window and door frames. WPCs are also used
as molded panel components for automotive interiors. The market for these com-
posites continues to expand in the United States and other parts of the world.
In 1999, 460 million pounds of WPCs were produced in North America (56). In
2000, production of these composites increased to 760 million pounds and experts
believe that the production of WPCs will continue to grow particularly because of
their acceptance as a substitute for chromated copper arsenate pressure-treated
lumber (57,58).

Although a variety of WPC products have been commercialized, some draw-
bracks in their properties may limit the market potential of these products. For
example, WPCs are more brittle and have lower impact resistance than neat plas-
tic products (61,65). In addition, their high density (62–85 lb/ft3), which is almost
twice that of solid lumber (22–40 lb/ft3 for various pine species), may hinder their
acceptance in the conventional structural lumber market (66). In general, unfilled
plastics are more ductile than WPCs because the incorporated brittle wood fibers
alter the ductile mode of failure of the matrix making the composites more brittle
(61,65,67). The higher density of WPCs compared to the unfilled plastic and solid
wood is mainly due to the compression of wood cell walls during processing. The
final specific gravity of WPCs manufactured by injection molding, extrusion, and
compression molding, even when made with a 0.9 specific gravity thermoplastic
resin, is over 1 because the wood cell walls are crushed or compressed nearly
to the specific gravity of solid wood without air spaces (approximately 1.5), and
voids between and within the wood fiber structure are completely filled with resin
(68,69).

Several attempts have been made to overcome the drawbacks of dense
WPCs (65,70–72). Significant improvements in the impact strength of WPCs are
achieved by incorporating impact modifiers into the formulation (65). However,
impact modification of WPCs does not enhance their ductility or reduce the den-
sity of the products (65). The creation of a microcellular void structure (wood-like
structure) in WPCs through foaming has recently been found appropriate to re-
duce the weight of the composites (70–73). The lightweight WPCs, as a result
of the presence of microcells, exhibit enhanced ductility and impact resistance.
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Table 5. Mechanical Properties of Microcellular Pure Plastic and WPC Foams

Mechanical propertiesb

Notched Izod
Strength at Tensile modulus Elongation at impact
break, MPac (stiffness), GPad break, % strength, J/me

Samplesa Unfoamed Foamed Unfoamed Foamed Unfoamed Foamed Unfoamed Foamed

Pure plastic 17 14 0.06 0.07 84 126 72 206
(PVC)

WPC 14 13 0.37 0.20 28 63 31 87

aThe density of pure PVC was 1.35 g/cm3 whereas the densities of the composites with 30% wood
fibers were in the range of 1.35–1.45 g/cm3. The densities of foamed PVC and WPC samples were 0.60
g/cm3.
bProperties are expressed as specific properties, ie, property divided by the specific density of the
sample (72).
cTo convert MPa to psi, multiply by 145.
dTo convert GPa to psi, multiply by 145,000.
eTo convert J/m to ft·lbf/in., divide by 53.38.

However, the reduced density can be achieved at the expense of other mechanical
properties such as strength and stiffness (72,74) (Table 5).

There currently are no manufacturing standards for WPCs and the stan-
dard test methods for evaluating the mechanical and physical properties of WPC
products are under development by the American Society for Testing and Ma-
terials (ASTM), committee D7 on Wood. The lack of manufacturing standards
combined with the increased use of WPCs by the construction industry have also
resulted in concern about the durability of these products exposed to outdoor
environments. In applications such as decks and docks, landscaping timber, fenc-
ing, signposts, playground equipment, window frames, etc, the products can be
in ground contact and/or are in an above-ground environment where there often
are risks of material deterioration. When WPCs are in ground contact, biologi-
cal agents such as fungi and subterranean termites may be the main cause of
degradation (75,76). On the other hand, exposure to sunlight and moisture can
cause degradation in an above-ground environment (77,78). Freeze-thaw dura-
bility may also be of significant importance in colder regions where freeze-thaw
action is prevalent. These climatic environments may cause millions of dollars
of material damage and high material cost may be involved to replace damaged
products. Therefore, the durability of these composites is of special concern for
their use in outdoor applications and is currently being extensively studied.
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WOOL

Raw Wool Specification

Wool is the fibrous covering from sheep (1) and is by far the most important an-
imal fiber used in textiles. It appears to have been the earliest fiber to be spun
and woven into cloth. In 2000–2001, world greasy wool production was 2.3 ×
109 kg from 1 × 109 sheep, which is equivalent to 1.4 × 109 kg of clean wool (2)
(Tables 1 and 2). This is down from a peak of 2.0 × 109 kg in 1989–1990.

Wool belongs to a family of proteins, the keratins, that also includes hair
and other types of animal protective tissues such as horn, nails, feathers, beaks,
and outer skin layers. The relative importance of wool as a textile fiber has de-
clined over the past decades with the increasing use of synthetic fibers for textile
products. Wool, however, is still an important fiber in the middle and upper price
ranges of the textile market. It is also an extremely important export commodity
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Table 1. World Production (106 kg) of Wool (2000/2001)a

Source Fiber diameter, µm Greasy Clean

Merino <24.5 932 572
Crossbred 24.6–32.5 540 308
Other (carpet) >32.5 852 494

Total 2324 1374
aFrom Ref. 2.

Table 2. Wool Production and Numbers of Sheep in Principal Wool-Producing
Countries (2000/2001)a

Wool production (greasy)

Country/region 106 kg % No. of sheep, (106)

Australia 652 28.1 113
China 291 12.5 135
New Zealand 258 11.1 45.3
South Africa 50 2.2 17.5
Argentina 62 2.7 13.4
Uruguay 57 2.5 13.0
United Kingdom 62 2.7 27.6
Turkey 70 3.0 30.2
Iran 74 3.2 53.9
Former USSR 128 5.5 49.2
Others 620 26.5 508

Total 2324 100 1006
aFrom Ref. 2.

for several nations, notably Australia, New Zealand, South Africa, and Argentina,
and commands a price premium over most other fibers because of its outstand-
ing natural properties. These include soft handle (the feel of the fabric), water
absorption (and hence comfort), and superior drape (the way the fabric hangs).
Table 2 shows wool production and sheep numbers in the world’s principal wool-
producing countries.

The principal characteristics of clean wool types are average diameter, mea-
sured in micrometers (referred to as microns), and average length, measured in
millimeters. Essentially all fine diameter wool is produced by merino sheep or
merino crossbreeds. Over 75% of the sheep in Australia (the world’s largest wool
producer) are merino sheep, which are also bred in large numbers in South Africa,
Argentina, and the former USSR. The softness, fineness, and lightness of fabrics
is determined primarily by fiber diameter, and so the price is very sensitive to the
mean diameter (3) (Fig. 1).

Medium diameter wool includes sheep breeds of English origin, eg, south-
down, hampshire, dorset, and cheviot, as well as crossbreds, eg, columbia,
targhee, corriedale, and polwarth, from interbreeding with merinos. Coarse di-
ameter wool comes from sheep chiefly bred for meat, eg, lincoln, cotswold, and
leicester.
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Fig. 1. Dependence of Australian wool prices on fiber diameter (1999/2000) (3).

Raw wool from sheep contains other constituents considered contaminants
by wool processors. These can vary in content according to breed, nutrition, en-
vironment, and position of the wool on the sheep. The main contaminants are a
solvent-soluble fraction (wool grease), protein material, a water-soluble fraction
(largely perspiration salts, collectively termed suint), dirt, and vegetable matter
(VM) (eg, burrs and seeds from pastures).

In buying raw wool, wool processors are concerned about its quality, the
quantity of pure fiber present, and its freedom from contamination (4). For the
fine and medium wools used for apparel, the major characteristics are average
fiber diameter, yield (ie, the percentage content of pure fiber), content and type
of VM, average fiber length, strength of fiber staples, and the position of any
weak spot along the fibers. For very fine wools, the frequency and clarity of waves
(crimp) in the staples has a significant effect on price. The range of fiber diame-
ters, color of the clean wool, and the number (if any) of naturally colored fibers
present can also be important. For carpet-type wools (long wools), the important
properties (5) are yield, fiber diameter, fiber length, color, bulk (the volume occu-
pied by the fibers in a yarn), and VM content. Also important for coarse wools is
the degree of medullation. This is associated with cells containing air, arranged
along the fiber axis. The presence of medulla cells increase light scattering by the
fibers, restricting the use of these wools for some purposes.

Until the early 1970s, the characteristics of different wools were largely
evaluated visually by wool classers and valuers. With the development of sam-
pling techniques and equipment capable of rapid and economical measurement
of yield, diameter, and VM (6,7), objective measurement and the sale of wool by
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sample became dominant in major wool-exporting countries. In sale by sample,
cores are drawn from each lot and tested for yield, diameter, and VM content in
accordance with international standards (8,9). Measurements of staple length,
strength, and position of weakness are also now in routine commercial use. In
addition, a full-length display sample, representative of each lot and obtained by
standard procedure (10), is available for buyers to appraise other characteristics.
Sale by sample decreased costs by reducing the handling of bulk wool in wool-
brokers’ stores and selling operations. It also enabled the processing performance
of wool to be predicted in topmaking (11) and spinning (12).

Fiber Characteristics

New instrumentation for measuring fiber diameter (13,14) has meant that data
on the range of diameters present (CVD) and fiber curvature (related to crimp
frequency) are now available. The impact of these is fairly well established (15).
These instruments have also been introduced on-farm so that the fleece quality of
each animal can be assessed from a mid-side (16) or whole-fleece (17) sample. In
some cases it is possible to gain increased returns from separating out the finest
fleeces but bigger gains are possible from accelerating the rate of genetic progress.
A remaining objective of research is to facilitate the introduction of a system of
sale of raw wool by description in which a sale sample will not be required for
inspection.

Fiber Growth. Wool fibers are produced from multicellular tube-like
structures known as follicles. These follicles are located in the skin layers (der-
mis and epidermis) of sheep, and two types of follicles, primary and secondary, are
usually identified. Primary and secondary follicles are described from the order of
their initiation and development in foetal skin. The primary follicles develop first,
in the unborn lamb. Secondary follicles develop later and in finer wooled sheep
derived secondary follicles subsequently form by branching from the original sec-
ondaries, with which they share a common orifice (18). Each primary follicle has
a sebaceous gland and a sweat gland together with an arrector muscle, whereas
secondary follicles usually have only an associated sebaceous gland (19).

Fiber Morphology. Wool fibers consist of cells, where flattened overlap-
ping cuticle cells form a protective sheath around cortical cells. A scanning elec-
tron micrograph of a clean merino wool fiber is shown in Figure 2. In some coarser
fibers, a central vacuolated medullary cell type may be present.

In fine wool, such as that obtained from merino sheep, the cuticle is nor-
mally one cell thick (approximately 20 × 30 × 0.5 µm) and usually constitutes
about 10% by weight of the total fiber. Sections of cuticle cells show an internal
series of laminations (Fig. 3), comprising outer sulfur-rich bands known as the
exocuticle and inner regions of lower sulfur content called the endocuticle (20).
On the exposed surface of cuticle cells, a membrane-like proteinaceous band (epi-
cuticle) and a unique lipid component form a hydrophobic-resistant barrier (21).
These lipid and protein components are the functional moieties of the fiber sur-
face and are important in fiber protection and textile processing (22).

The cortex comprises the main bulk and determines many mechanical prop-
erties of wool fibers (Fig. 3). Cortical cells are polyhedral, spindle-shaped, and
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Fig. 2. Scanning electron micrograph of merino fiber, showing overlapping cuticle cells.

approximately 100 µm long. They consist of a class of biological filaments known
as intermediate filaments (23) embedded in a sulfur-rich matrix. The intermedi-
ate filaments (originally termed microfibrils), together with the matrix, are orga-
nized into large macrofibrillar units and these are often observed in sections of
cortical cells. In fine merino wool, two main types of cortical cell, known as ortho-
and para-, are arranged bilaterally. Orthocortical cells show different interme-
diate filament/matrix packing arrangements from those of paracortical cells (24).
The arrangement of ortho- and paracortical cells differs among wool types. For ex-
ample, in lincoln wool an annular (orthocortical core surrounded by paracortex)
cellular arrangement is present. Merino fibers possess a characteristic crimp and
in these fibers the orthocortex is located on the outer side of the crimp curvature.

A continuous intercellular material is present between cuticle and cortical
cells which, despite being a relatively minor fraction of the total fiber weight, is of
increasing interest because of its presumed role in the penetration of water and
chemical reagents into wool fibers. This region, called the cell membrane complex,
is approximately 25 nm wide (25). It comprises a continuous phase of intercellu-
lar material, together with the apposing cellular membranes of the cuticle and
cortical cells.

Over the past decade, major advances have been made in our knowledge of
the cellular and molecular processes in wool follicles that lead to the formation
of the wool fiber cuticle, fiber surface, and fiber cortex. In the wool follicle, pre-
sumptive cuticle cells undergo flattening during their passage up the follicle and
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Fig. 3. Schematic of the structure of a fine merino wool fiber.

are interlocked with the cuticle cells of the inner root sheath (IRS). When exam-
ined by transmission electron microscopy (TEM), the developing fiber cuticle cells
demonstrate densely stained intracellular laminae forming in the outer regions
of the cells. As the laminae develop, they separate to form an outermost layer, the
a-layer, and an underlying layer. Together, these layers comprise the exocuticle.

The remaining cellular volume contains an innermost lightly stained endo-
cuticle (20). In the final stages of cuticle differentiation, proteolipid complexes
are formed on the presumptive fiber surface. Unusual mixtures of fatty acids are
present in these complexes, which lead to the formation of a hydrophobic surface
on the emergent wool fiber (26).

During their upward growth in the follicle, fiber cuticle cells remain adhered
to the IRS cuticle by intercellular laminae that develop between two cell types
(20). This produces a membrane complex that is different in appearance to that
formed between differentiated cortical cells. The main differences exist in the
presumptive surface of fiber cuticle cells, where the original plasma membrane
appears to be disrupted. This process has been observed by using energy-filtered
TEM (21), where it appears that the intercellular laminae are precursors to the
formation of a new fiber cuticle surface membrane. It seems reasonable to con-
clude that a specialized hydrophobic membrane must be synthesized, because a
plasma membrane is designed to exist only in a physiological environment and
could not perform the protective and other specialist functions of the fiber surface
membrane. The mechanism involving separation of inner root sheath cuticle and
fiber cuticle cells is essentially unknown, but the cleavage plane appears to occur
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along a densely stained ultrafine band located in the center of the intercellular
laminae (21).

Cortical cells form from a central or annular stream of germinal epithe-
lia. During their early differentiation they undergo elongation and alignment
processes. The initial sites for the formation of keratin structural components
(arising concurrently with cell elongation) are at the outer boundaries (plasma
membranes) of cortical cells, often in association with desmosomes (27,28). At
high magnification, these initial keratin structures appear to consist of interme-
diate filaments (IFs) of 7–8 nm in diameter. These show appreciable staining
when viewed after application of the heavy-metal preparations commonly used
for contrast enhancement in TEM studies (28). After the formation and packing
of IFs into lattice structures, a densely stained proteinaceous material appears
to occupy the interfilamentous spaces. This proteinaceous material forms a ma-
trix that is generally considered to be composed of high sulfur and high tyrosine
proteins. The formation of these various structural components from their con-
stituent proteins follows this two-stage sequential differentiation (29). As differ-
entiation proceeds, the IF matrix aggregates to form structures, often known as
macrofibrils, which increase in size and eventually occupy the bulk of presump-
tive cortical cells (30).

Chemical Structure

Wool belongs to the family of proteins called α-keratins, which also include mate-
rials such as hooves, horns, claws, and beaks (31). A characteristic feature of these
“hard” keratins is a higher concentration of sulfur than “soft” keratins, such as
those in skin. Although clean wool consists mainly of proteins, wool also contains
approximately 1% by mass of nonproteinaceous material. This consists mainly of
lipids plus very small amounts of polysaccharide material, trace elements, and,
in colored fibers, pigments called melanin. The lipids are both structural and free.

Protein Composition. Proteins, or polypeptides, are formed by multiple
condensation of α-amino acids via their amino and carboxyl groups to form sec-
ondary amide (ie peptide) bonds ( CONH ). The general structure of all proteins
or polypeptides may be represented as ( NHCHRCO ), where R represents the
side chain of the amino acid. The peptide grouping is also known as an amino acid
residue, because it is the part of the amino acid that remains after the condensa-
tion reaction. Complete acid hydrolysis of wool yields 18 amino acids, the relative
amounts of which vary considerably between fibers from different sheep breeds,
from different individuals of the same species, and sometimes along the length of
single fibers from the same animal (31). These differences are the result of several
factors, including genetic origin and nutrition. Studies on the chemical structure
of wool have been largely confined to fine merino fibers, although aspects treated
herein are relevant to all wool types. Typical figures for two different samples of
wool are given in Table 3.

The side groups of the amino acids derived from wool vary markedly in size
and chemical nature and play an important role in the physical and chemical
properties of the fiber. Those containing nonpolar, hydrocarbon groups are hy-
drophobic and of low chemical reactivity. The polar, aliphatic hydroxyl groups of
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Table 3. Amino Acid Composition of Merino Wool

Amino acid content, residues/100 residues

Amino acida Sample 1b Sample 2c Nature of R group

Glycine 8.6 8.2 Aliphatic hydrocarbon
Alanine 5.3 5.4 Aliphatic hydrocarbon
Valine 5.5 5.7 Aliphatic hydrocarbon
Leucine 7.7 7.7 Aliphatic hydrocarbon
Isoleucine 3.1 3.1 Aliphatic hydrocarbon
Phenylalanine 2.9 2.8 Aromatic hydrocarbon
Tyrosine 4.0 3.7 Aromatic hydrocarbon
Serine 10.3 10.5 Hydroxyl
Threonine 6.5 6.3 Hydroxyl
Aspartic acidd 6.4 6.6 Acidic
Glutamic acide 11.9 11.9 Acidic
Histidine 0.9 0.8 Basic
Arginine 6.8 6.9 Basic
Lysine 3.1 2.8 Basic
Methionine 0.5 0.4 Sulfur containing
Cystine f 10.5 10.0 Sulfur containing
Tryptophan g g Heterocyclic
Proline 5.9 7.2 Heterolytic
a(+H3N C(R) COO− )
bRef. 32.
cRef. 33.
dIncludes asparagine.
eIncludes glutamine.
f The amount of cystine is shown as the concentration of its reduction product, cysteine (also termed
“half-cystine”). This includes any of the oxidation by-product, cysteic acid, that is present).
gTryptophan is destroyed under the conditions used for these analysis; values of about 0.5 residues %
have been obtained by alternative techniques (Refs. 34–36).

serine and threonine are chemically more reactive than the hydrocarbon residues.
The side chains that have the most overall influence on the properties of wool are,
however, the acidic groups of aspartic and glutamic acids and the basic groups of
hystidine, arginine, and lysine. These acidic and basic groups give wool an am-
photeric character and play an important role in wool dyeing. They are also re-
sponsible for wool’s ability to combine with large amounts of acids or bases. The
individual polypeptide chains of wool are held together and stabilized by both
covalent and noncovalent bonds and interactions.

The most important of these is the disulfide bond (Fig. 4). This occurs
by reaction of pairs of cysteine residues to form cystine (disulfide) linkages
( S S ) between different polypeptide molecules, or between segments of the
same molecules, as shown. The disulfide interchain cross-links have been com-
pared with the rungs of a ladder. They are important because they prevent move-
ment of chains and chain segments and, thus, are responsible for the higher
stability and lower solubility of wool fibers compared with most proteins. The
disulfide cross-links are readily rearranged through a thiol/disulfide interchange
reaction under the influence of heat and water, or more rapidly on treatment with
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Fig. 4. Types of covalent and noncovalent bonds in wool.

alkaline-reducing agents (eq. 1 where W = Wool).

(1)

Thiol/disulfide interchange facilitates conformational rearrangement of the
wool proteins, leading to relaxation of molecular stress in the fiber. This property
is employed in the permanent setting of wool fabrics. Another type of covalent
cross-link present in wool is the isopeptide bond, formed between the side chains
of lysine and either aspartic or glutamic acid (Fig. 4). Noncovalent bonds or inter-
actions also make an important contribution to the properties of wool. These sec-
ondary bonds can occur within a single protein chain, or between different chains.
They include hydrogen bonds between CO and NH groups in the polypeptide
chains and the amino and carboxyl groups in the side chains, and also between
suitable donor and acceptor groups in the amino acid side chains. Strong elec-
trostatic interactions (ionic bonds, or “salt linkages”) also occur between ionized
carboxyl and amino groups in some of the side chains. Ionic bonds contribute to
the dry mechanical properties of wool fibers. Hydrophobic interactions can oc-
cur between nonpolar groups in some of the side chains and these contribute to
the mechanical properties of keratin fibers, particularly when wet. They are also
important in wool setting.

Structure of Wool Proteins. The structure of wool proteins has been the
subject of much research. Methods to solubilize, separate, and determine the
amino acid sequence of these proteins have been reviewed (31,37). It is estimated
that wool contains about 170 different types of polypeptides varying in relative
molecular mass from below 10,000 to greater than 50,000 (37,38). Morphologi-
cally, wool fibers are biological composites, with each component having a differ-
ent physical and chemical composition (Fig. 3). The groups of proteins that consti-
tute wool are not uniformly distributed throughout the fiber, but are aggregated
within the various regions.

Except for a small amount of the amino acid methionine, the sulfur in wool
occurs in the form of the amino acid cystine. Only approximately 82% of clean
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wool consists of keratinous proteins, which are characterized by a high concen-
tration of cystine. Approximately 17% of the fiber is protein material of relatively
low cystine content (<3%); this has been termed nonkeratinous. As a result of
the lower cystine content, the nonkeratinous proteins have a lower concentra-
tion of disulfide cross-links compared with the keratinous proteins in the fiber.
The nonkeratinous material is, therefore, more labile and less resistant to chem-
ical attack than the keratinous proteins. The nonkeratinous proteins are located
primarily in the cell membrane complex between the cortical cells and in the en-
docuticle (Fig. 3). Approximately 13% of the total nonkeratinous material is also
located within the cortical cells, where its distribution differs between the cells of
the ortho- and paracortex.

The keratinous proteins of wool belong to three groups:

(1) low sulfur proteins, rich in amino acids that contribute to α-helix formation
(glutamic acid, aspartic acid, leucine, lysine, arginine)

(2) high sulfur proteins, rich in cystine, proline, serine, and threonine
(3) high glycine, high tyrosine proteins which are also rich in serine.

The proteins derived from the rod-like intermediate filaments (microfibrils)
of the cortical cells contain the helical segments of low sulfur proteins. These are
surrounded by a relatively amorphous, nonfilamentous matrix, which consists
principally of high sulfur and high glycine/high tyrosine proteins. It has been
shown that the amino acid sequences of the helical portions are highly homol-
ogous with those of intermediate filament proteins derived from skin and other
tissues. For this reason the microfibrils of wool are now generally referred to
as intermediate filaments (37). Although the filament proteins of the ortho- and
paracortex are similar, the orthocortex contains a higher proportion of interme-
diate filaments than the paracortex. The orthocortex is, therefore, richer in the
low sulfur proteins that favor α-helix formation. The intermediate filaments con-
tain a rod-like central helical domain in which the sequences show a heptad re-
peat, interrupted at three positions by short nonhelical segments. The ends of the
polypeptides consist of nonhelical domains terminated in carboxyl and N-acetyl
groups, respectively (37,39). The proportion of matrix (and hence of the high sul-
fur proteins) is greater in the paracortex than in the cells of the orthocortex (40).
Furthermore, the proteins of highest sulfur content (ultrahigh sulfur proteins)
are concentrated in the paracortex (41).

Wool Lipids. The lipids of wool are located mainly in the cell membrane
complex. They constitute less than 1% of the fiber mass but play an important
role in many properties, such as the intercellular diffusion of dyes and reagents
(25,31). The free lipids are extractable with organic solvents and consist of fatty
acids, fatty alcohols, sterols, sterol esters, and trace amounts of glycerides, sphi-
nolipids, and glycolipids (26). Although phospholipid is present in the wool follicle
membranes, only trace amounts of phospholipid are found in the keratinized fiber
(42,43). Cholesterol and its biosynthetic precursor, desmosterol, are the main
sterol components of the free lipids. In addition to the free lipids, wool contains
some lipids that are believed to be covalently bound to proteins. These compo-
nents are not readily removed by organic solvents, but those at the fiber surface
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can be released by alkaline hydrolysis under conditions where damage or mod-
ification of the fiber interior cannot occur (44). Covalently bound surface lipids
represent approximately 0.025% of the fiber mass and are a distinct component
of the fiber that has been termed the F-layer (44,45). This component is very
important because it is responsible for the hydrophobicity of the fiber surface.
The major component of the F-layer is an unusual branched-chain fatty acid (18-
methyleicosanoic acid), which accounts for approximately 60% of the surface lipid
material. Removal of the bound surface lipids generates a clean protein surface,
which is more wettable, and has higher friction and better adhesion properties
than the surface of clean untreated wool (44).

Physical Properties

Fiber Size and Shape. Wool is usually harvested from sheep by annual
shearing. The fiber length is, therefore, determined largely by the rate of growth,
which in turn depends on both genetic and environmental factors. Typical merino
fibers are 50–125 mm long. They have irregular crimp (curvature), with the finer
fiber generally showing lower growth rates and higher crimp. The fiber surface is
rough as a consequence of the outer layer of overlapping cuticle cells. By far the
most important dimension is the fiber diameter. Wool fibers exhibit a range of di-
ameters, which like fiber length is dependent on both genetics and environment.
Coarse wool fibers (25–70 µm diameter) are used in carpets, while fine merino
fibers (10–25 µm) are used in apparel because of their soft handle. Fibers from
an individual sheep also exhibit a range of diameters. The mean diameter is the
prime dictator of price; however, the distribution of diameters is also important.
When worn next to the skin, the number of coarse fibers affects comfort as these
fibers, rather than buckling, indent the skin and activate nerve receptors (46,47).
This gives rise to a sensation of prickle and itch that has been incorrectly as-
sumed, by some consumers, to be an allergic reaction. True allergies are rare, if
they exist at all, and the irritation is mechanical and not immunological. Instru-
ments that measure the full diameter distribution as well as fiber curvature have
been developed recently (13,14). Individual fibers exhibit curvature in three di-
mensions; however, by measuring the circular curvature of short segments, a two-
dimensional value can be obtained that correlates with the crimp frequency mea-
sured in staples. Crimp contributes to the excellent insulating properties of wool
fabrics by improving their bulkiness and, hence, the amount of entrapped air.

Water Sorption. Wool is hygroscopic and able to absorb and desorb large
amounts of water as the relative humidity surrounding the fiber changes. The wa-
ter is believed to be associated with specific chemical groups in the amorphous re-
gions, with polar side groups and peptide groups of the protein chains considered
to be the most important (48). Debate continues, however, on the exact location
of this water, its state, and the mechanism by which it enters the fiber (49–51).
As a consequence of the lipid outer layer, the surface of wool is hydrophobic. It is
dry to touch and not readily wet-out by liquid water. In line with other polymers
having functional surfaces, the surface of wool is believed to rearrange in dif-
ferent environments (52). In textiles, the amount of water absorbed is generally
expressed as a percentage of the dry weight. This is referred to as “regain” and
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Table 4. Effect of Moisture Sorption on the Physical Properties of Wool Fibers at 25◦Ca

Regain, %

Property 0 5 10 15 20 25 30 33

Relative humidity, % (absorption) 0 15 42 68 85 94 99 100
Relative humidity, % (desorption) 0 8 32 58 79 92 98 100
Specific gravity, kg/m3 1.304 1.314 1.315 1.313 1.304 1.292 1.277 1.268
Volume swelling, % 0 4.24 9.07 14.25 20.0 26.2 32.8 36.8
Length swelling, % 0 0.55 0.93 1.08 1.15 1.17 1.18 1.19
Radial swelling, % 0 1.82 4.00 6.32 8.88 11.69 14.57 16.26
Heat of wettingb, kJ/kg wool 101 64.4 38.1 20.5 10.0 4.2 1.13 0
Young’s modulus, relativec 2.69 2.54 2.36 2.02 1.59 1.27 1.05 1.00
Torsional rigidity modulus, GPad 1.76 1.60 1.26 0.90 0.50 0.28 0.16 0.11
Electrical resistivity, M� · m — 3 × 104 400 8 0.40 0.06 — —
aUnless otherwise stated, data from Ref. 55.
bHeat evolves when wool, dry mass of 1 kg, at a particular regain is immersed in water.
cRef. 56.
dTo convert GPa to psi, multiply by 145,000.

is different to “water content“, which is the mass of water in the fiber expressed
as a percentage of the total mass of fiber plus water. A pronounced hysteresis is
observed in the water sorption isotherm of wool. This is 2% higher on desorption
than on absorption, at most relative humidities (53). The saturated regain of wool
is about 33%, which is higher than that of most other fibers (54).

Heat is liberated when wool absorbs water; this increases comfort by help-
ing to buffer the wearer against sudden environmental changes. The absorption
of water by wool also results in other improvements to comfort during wear. At
a given relative humidity, wool has similar water sorption to skin. Wool gar-
ments, therefore, act as an excellent buffer during physical activity by transport-
ing perspiration away from the skin, thereby keeping its moisture content close to
the comfort level. A new wool-containing product designed for active sportswear
(SportWoolTM) utilizes the moisture-buffering properties of wool (CSIRO Tex-
tile and Fibre Technology Web site: http://www.tft.csiro.au; Sportwool Web site:
http://www.sportwool.com). As can be seen from Table 4, most physical properties
of the fiber are affected by (water) regain.

Table 4 Effect of Water Sorption on the Physical Properties of Wool Fibers
at 25◦C

Wool is sold by weight; thus, allowance for uptake of water must be made.
A premium is paid for fine wools and because the diameter changes with regain,
diameter measurements must be made under standard conditions of temperature
and humidity.

Thermal Properties. The regular packing of α-helical polypeptide chains
within the intermediate filaments forms a crystalline phase that occupies about
70% of the dry volume of the fiber (57). This phase melts irreversibly at a tem-
perature that is both time- and regain-dependent (58). During the dyeing and
finishing of wool, no melting of the fiber occurs. Care should be taken, how-
ever, when processing blends of wool and synthetic fibers that require higher
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Fig. 5. Glass-transition (—) (60), indicative permanent setting temperature (----), and
melting temperature (– – – –) (58) of wool as a function of regain.

temperatures. The amorphous matrix phase contains a high concentration of the
amino acid cystine and is, therefore, highly cross-linked. As with other amor-
phous materials, a glass transition Tg has been detected in the wool fiber (59,60)
which is sensitive to physical aging (61). Water acts as a plasticizer, lowering
the glass-transition temperature of the dry fiber from 170◦C to below zero when
saturated (Fig. 5).

The glass-transition temperature is an important parameter, as the prop-
erties and performance of wool are influenced by the environmental conditions
(temperature and humidity) relative to the glass transition. The insertion of tem-
porarily set creases or pleats in wool fabric (equivalent to thermally set creases in
synthetic polymer fabrics) is achieved by subjecting wool to bending strain above
Tg and fixed by transition to conditions below Tg. This can be done by heating
and cooling, wetting and drying, or a combination of both, eg, steam pressing.
Wrinkle recovery is poorer when wrinkles are inserted above Tg and recovery is
below Tg. This is likely to occur under hot and humid conditions where local wet-
ting (perspiration) and wrinkle insertion occurs simultaneously. When the fabric
moves away from the skin, the wrinkle has insufficient time for complete recovery
before the fabric dries. This causes the Tg of the fabric to rise to a temperature
above that of the environment. The viscoelastic properties (59), physical aging
(59), felting (62), and the water absorption isotherm of wool (50) are also influ-
enced by the glass transition.

Tensile Properties. The tensile properties of wool are quite variable
but, typically, at 65% RH and 20◦C individual fibers have a tenacity of 110–
140 N/ktex (140–180 MPa), a breaking elongation of 30–40%, and an initial
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Fig. 6. Stress–strain curves of typical wool fibers at different relative humidities.

modulus of 2100–3000 N/ktex (2.7–3.9 GPa) (54). Although wool has a compli-
cated hierarchical structure (see Fig. 3), the tensile properties of the fiber are
largely understood in terms of a two-phase composite model (63–65). In these
models, water-impenetrable crystalline regions (generally associated with the in-
termediate filaments) oriented parallel to the fiber axis are embedded in a water-
sensitive matrix to form a semicrystalline biopolymer. The parallel arrangement
of these filaments produces a fiber that is highly anisotropic. While the longitu-
dinal modulus of the fiber decreases by a factor of 3 from dry to wet (56), the tor-
sional modulus (a measure of the matrix stiffness) decreases by a factor greater
than 10 (Table 4 and Reference 66). The longitudinal stress–strain curves for a
wool fiber at different relative humidities are shown in Fig. 6 (54).

Three distinct regions can be discerned, especially for fibers at higher rela-
tive humidity. Once the fiber crimp is removed, a near-linear region up to about
2% strain is obtained (pre-yield region). For the wet fiber, this is generally associ-
ated with stretching of the α-helices within the intermediate filaments. At lower
(water) regain, the matrix phase plays an increasingly dominant role. Between 2
and 25% strain (yield-region) progressive unfolding of zones of α-helices to form a
β-pleat configuration occurs. Very little increase in stress is observed during this
stage and complete recovery is still possible, provided the fiber is allowed to relax
in water. Beyond 25% strain (post-yield region), the fiber stiffens and breaks. At a
molecular level, the reasons for this are still a matter of debate but include resis-
tance to the unfolding of a stabilized region of the intermediate filaments (63,65)
and the rubber-like response of the matrix (64). A recent review looks critically
at the different models (67).
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For a fiber immersed in water, the ratio of the slopes of the stress–strain
curve in these three regions is about 100:1:10. While the apparent modulus of the
fiber in the pre-yield region is both time- and water-dependent, the equilibrium
modulus (1.4 GPa) is independent of water content and corresponds to the modu-
lus of the crystalline phase (68). The time-, temperature-, and water-dependence
can be attributed to the viscoelastic properties of the matrix phase.

Wool Processing

The conversion of raw wool into a textile fabric or garment involves a long se-
ries of separate processes. There are two main processing systems, worsted and
woolen. A significant volume of wool is also processed on the semiworsted system,
for carpet use. Some wool is processed on the short-staple (cotton) system. Details
of the principal stages in the woolen and worsted systems and discussion of more
recent developments can be found elsewhere (69,70).

The majority of the world’s apparel wool clip is combing wool and this is
processed on the worsted system. This process was so named because the combed
wool spinning industry in England developed in the English town of Worsted
in the fourteenth century (70). Fine, smooth yarns were produced by “spinsters”
who placed the combed parallel array of fibers on top of a distaff (combed wool
even today is known as top), drew the strand down to the required linear density,
and inserted the twist using a spindle. Prior to the development of worsted spin-
ning, and coexisting ever since with it, the traditional system produced yarns in
which the fibers were much more disorientated. Although the texture was not as
smooth, there was a high degree of bulk, and the finished woven fabrics produced
coatings, blankets, and distinctive products such as tweeds and flannels. Woolen
spinning is the mechanized form of the traditional system.

Besides scoured (cleaned) wool, the next saleable commodity in worsted
processing is top, or combed wool. Generally the combing plant combines the
processes of scouring and combing. Most often, a separate commercial enter-
prise which buys top from the topmaker carries out spinning. Although there are
woolen sales-to-yarn spinners, particularly in the knitwear area, the production
of woven woolen products in the one enterprise from raw wool is more common.
The woolen process is characterized by a much higher degree of vertical integra-
tion than the worsted system.

Scouring. The first stage in wool processing is to remove the fleece im-
purities by scouring. The impurities consist principally of wool wax, dirt, pro-
teinaceous contaminants, and suint. The latter is a water-soluble component,
consisting mainly of potassium and other inorganic salts arising from perspira-
tion. Scouring is carried out by washing the raw wool in an aqueous medium, a
solvent medium, or a combination of the two. Aqueous scouring is used to process
99% of the world’s wool. This involves washing the raw wool in aqueous solutions
(neutral or slightly alkaline) of nonionic detergent or, less frequently, soap and
alkali. This is followed by rinsing in water.

The process is carried out in a series of between four and seven tanks (called
bowls), in which the wool is transported through the wash liquor by mechanical
rakes, or by passing it around perforated drums (71,72). At the end of each bowl,
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the wool passes through a roller squeeze. Agitation of wool in anhydrous solvents
does not cause felting, and several systems (71,73,74) have been operated to take
advantage of this property, but none are still in commercial operation.

There are two broad categories of contaminants on raw wool: those that
are easily removed and those that are hard to remove. The different rates of re-
moval of these contaminants in the scouring process has led to the development
by CSIRO of a new scouring technology, known as SiroscourTM. This uses the
principles of multistage scouring, rather than severe mechanical action, to opti-
mize the removal of contaminants during aqueous scouring. The three separate
stages which comprise the Siroscour process are a modified desuinting bowl, de-
signed to remove as much dirt as possible; a hot scouring stage that removes the
easy-to-remove contaminants; and a third stage, designed to remove the hard-
to-remove contaminants. To achieve optimum performance, separate dirt and
grease contaminant recovery loops are incorporated into the Siroscour process, as
well as specific bowl designs for optimum scouring efficiency of Australian wools.
Comparative trials have shown Siroscour to consistently produce wool of superior
whiteness and lower residual content of mineral contaminents (ash content) than
other scouring systems (75).

In most situations, wastewater discharged from a scouring machine con-
tains large quantities of wool wax and both water-soluble and water-insoluble
material (organic and inorganic). The pollution load of a single modern scouring
machine is equivalent to a population of 50,000 people. Disposal or treatment of
the wastes to comply with environmental requirements is expensive. In the past,
the least expensive approach involved biological treatment by irrigation of large
land areas, or maturation in very large, shallow lagoons. The high levels of potas-
sium present in scour effluent require 1000 ha of land for sustainable irrigation.
These factors have forced scourers to install large evaporation ponds that cover
many hectares. Technology has been developed that enables scourers to recover
a large amount of the potassium from the scour liquor. This can be used as a
potassium supplement in fertilizer.

Physicochemical methods of wastewater treatment have been investigated.
These include flocculation with inorganic or polymeric flocculants, or with sulfu-
ric acid, and also physical techniques, eg, membrane processes and solvent ex-
traction. Few of these processes have proceeded beyond pilot-scale evaluation,
however. One of the most recent processes that has proved to be commercially vi-
able is the Sirolan CFTM technology developed by CSIRO (76). This is a chemical
flocculation process that removes more than 75% biological oxygen demand, 80%
chemical oxygen demand, and 99% of the suspended solids and wool wax. This
is a simpler process with lower operating costs than other methods involving
chemical flocculation. Sludge disposal technologies have been developed that can
be used in conjunction with the Sirolan CF process. These include composting,
incineration, and pelletizing (77). The centrate from the Sirolan CF process con-
tains mainly suint salts. Plant growth trials, carried out by Agriculture Victoria
and CSIRO, demonstrated that suint salts, which contain about 27% potassium,
are equal or better than inorganic sources of potassium (78).

Carbonizing. Carbonizing is a process used to remove excessive amounts
of cellulosic impurities, eg burrs and VM, from wool. It is carried out on loose
wool, rags (79), and fabric (80). With loose wool and fabric, the wool is treated with
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aqueous sulfuric acid and then baked. The cellulosic matter is rapidly destroyed
by the hot concentrated acid, by conversion into friable hydrocellulose, whereas
wool is scarcely affected by the treatment. For dyed rags, hydrogen chloride gas
is preferred as the mineral acid, because it has less effect on the colors. After
acid treatment, the carbonized VM is crushed to facilitate its removal. The wool
is then normally neutralized in alkali, although some mills omit this stage to
facilitate subsequent dyeing under acid conditions.

Most industrial carbonizing is done on loose wool, the technology having
changed little over the past 40 years. Australian carbonizers use surface-active
agents to reduce fiber damage in the carbonizing process (81,82). The improved
results depend on the use of high acid concentrations and rapid throughput (81).

Processing on the Worsted and Woolen Systems. The wool is dried
after scouring and blended before carding. Carding individualizes the entangled
fibers and reassembles them into a “sliver” weighing about 25 g/m. At the same
time, up to 90% of the VM is removed. Lubrication (83) is used to minimize fiber
breakage. After carding, there are three stages of gilling, to align fibers and re-
move hooked fiber ends before combing. Here, the advancing beard of fibers is
inserted into a circular comb, and the leading fibers are then gripped and pulled
through a top comb before being reassembled, like overlapping tiles, in the out-
put sliver. The process removes short and entangled fibers and almost all remain-
ing VM. The waste (noil) can be carbonized and fed into the woolen system. The
sliver is then given two more gillings and consolidated into top. Some combing
plants also produce shrink-resist treated wool top. The current process incorpo-
rates chlorination followed by application of a polymer.

The worsted spinner converts top of about 25 g/m linear density into roving
of between 200 and 2000 g/km, depending on the linear density of the yarn to be
spun. The sequence of processes incorporates four or five drawing stages. The first
three or four usually employ gills, whereas the last is commonly carried out on
a roving frame in which the attenuated strands are rubbed or twisted to impart
cohesion. For finer wool, dyed tops or after blending with synthetic fibers, it is
normal to recomb the wool before the above drawing stages.

Long-staple ring spinning is similar to short-staple (cotton) ring spinning,
except that the components are increased in approximate proportion to the length
of the fibers. On the spinning frame, the rovings are drafted by a factor of about
20, twist is inserted, and at the same time the yarn is wound onto bobbins. The
yarn on the bobbins is usually steam-set in an autoclave to reduce its twist live-
liness, then wound onto packages or cones. Detection and removal of thick, thin,
and colored faults can occur during winding. Following twisting into a twofold
yarn and further setting, the yarns are ready for knitting or weaving. Open-end
(rotor) spinning is rarely used for wool, and spinning and twisting are very costly
operations, because of their low productivity: typically 40 spindles produce 1 kg/h
of yarn.

In woolen processing, there are no highly efficient mechanical methods to re-
move VM. Generally, very clean scoured wool, combed wools, or carbonized wool
must be used as inputs. Alternatively, fabrics must be carbonized. A much longer
card than in worsted processing and shorter fibers are used. The web of fibers
at the card delivery is split longitudinally into about 120 ends, rubbed to impart
cohesion, and wound into cylindrical packages called slubbing. Twisting of these
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slubbings occurs on the woolen spinning frame with a draft of 1.3–1.5, to produce
woolen singles yarn. This yarn can be woven without any further processing,
other than a winding and clearing operation similar to that used in the worsted
sequence. Woolen spinning is, thus, a very short sequence of operations compared
to worsted processing. Woolen yarns, however, become economically uncompeti-
tive with worsted yarns at relatively coarse yarn counts, because production is
tied to the number of ends times their weight.

Woolen yarns cannot be spun as fine as worsted yarns, even when using the
same fiber diameter. The fabric weights are greater and they have a harsher feel.
For these reasons, woolen products have not been able to follow the modern trend
to smoother lightweight clothing as easily as their worsted counterparts.

Setting

Setting operations form an important part of the processing of wool yarn, fab-
ric, and garments. Yarn is set in steam to stabilize twist and prevent snarling
during winding and warping, while fabrics may be set after weaving to prevent
the formation of distortions during wet processes, such as scouring and dyeing.
Normally, fabrics are flat-set near the end of the finishing routine to impart di-
mensional stability and to confer the required handle. Finally, garments are set
by steam pressing to form their desired shape, for example, to insert pleats and
creases.

Two forms of set may be conferred to the wool fiber and these two forms
can be distinguished on the basis of stability. Temporary set (or cohesive set as
it is generally referred to in the wool industry) is imparted when wool fibers are
dried, or steamed for a short time and then cooled while under strain. This set
is readily lost when the fibers are gently steamed or allowed to relax in water
at room temperature (84). Permanent set, as the name implies, is set that has a
considerable degree of permanency. Set that remains after relaxation in water at
70◦C for approximately 15 min is generally considered permanent, ie, the set is
permanent to conditions in excess of those that a wool garment would normally
encounter during use, eg machine washing.

At the molecular level, setting is a process of stress relaxation which results
from the rearrangement of the protein macromolecules that form the fiber. Under
ambient conditions of water content and temperature, the matrix regions of wool
are glass-like (ie below the glass-transition temperature, see Fig. 5). When fibers
are deformed under these conditions, stress relaxation is slow.

If wool is heated or becomes wet, the matrix regions become rubber-like and
stress relaxation occurs much more rapidly. Cohesive or temporary setting occurs
whenever the fibers are deformed under conditions where stress relaxation is
high (rubbery state), and then cooled or dried to a glassy state before they are
released. In the glassy state the relaxation rate is slow, so that the fiber will
essentially maintain its new shape indefinitely, or until it is again wetted-out or
heated to make it rubber-like.

The protein molecules, particularly those of the cuticle and matrix regions
of the fiber, are stabilized by a number of covalent bonds and noncovalent inter-
actions. The most important of these are disulfide bonds, which cross-link the
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peptide chains (Fig. 4). A unique feature of the wool fiber is the ability, under
suitable conditions, for these disulfide bonds to rearrange and form a new cross-
linked polymer network. This occurs via a mechanism involving thiol/disulfide
interchange (eq. 1). Permanent setting will occur if this rearranged network,
cross-linked by reformed disulfide bonds, is at equilibrium with the new shape
of the fiber. The rate of disulfide rearrangement is “catalyzed” by the concentra-
tion of thiol anions in the fiber (85), as well as by the macromolecular mobility of
the protein chains. Hence, the rate of disulfide rearrangement can be increased
by increasing the pH, breaking disulfide bonds with a reducing agent to form
additional thiol anions, or by increasing the regain or temperature to facilitate
molecular mobility. In addition to the rearrangement of disulfide cross-links via
thiol/disulfide interchange, other mechanisms are also involved. These include re-
arrangement of hydrogen bonds and the formation of new types of covalent cross-
links that are formed from residues produced by breaking disulfide bonds. The
new bonds include lanthionine and lysinoalanine cross-links (86). These cross-
links are more stable than the disulfide bonds from which they were produced and
make a significant contribution to the stability of permanently set wool fibers. In
some circumstances, hydrophobic bonds between suitably located nonpolar side
chains can also contribute to the stabilization of permanent set (87). Figure 5 de-
picts a curve above which the temperature and regain are sufficient for imparting
permanent set to wool within a few minutes. This curve is indicative only, as its
actual position can vary between different wool types, previous treatments, and
process conditions, because it is influenced by the thiol content and pH of the wool
fiber, and also the definition of “permanent set.”

During wool processing, the regain and temperature are carefully selected
and controlled in order to impart either permanent or temporary set. As indi-
cated in Figure 5, permanent setting can be achieved under wet or dry conditions
(less than saturation, ie <33% regain). The most common form of wet permanent
setting is continuous crabbing. This is an operation in which a wet fabric, sand-
wiched between a hot (up to 160◦C) roller and an impermeable belt, is heated
to temperatures above 100◦C for up to 1 min, before being rapidly quenched in
cold water. The amount of permanent set imparted in a continuous crab is less
than that conferred by a traditional batch crabbing operation. The continuous
method has greater productivity, however. The effectiveness depends on the pH
of the wool and the treatment time and temperature. The rate of permanent set-
ting can be increased by increasing the number of thiol groups within the fiber
by impregnating the fabric with a reducing agent. Some dyeing operations can
impart large amounts of permanent set to wool. This can be minimized by in-
cluding in the dyebath a chemical that reacts with the thiol anions. Minimizing
permanent set during dyeing is beneficial in maintaining fiber strength (88) and
for maintaining yarn bulk (89).

Dry setting operations usually involve the use of steam. As is the case for
wet setting, the amount of permanent set imparted in steam-setting depends on
the wool pH, water content, and the time and temperature of setting. Fabrics
are steam-set by decatizing. In this process, the wool fabric, interleaved with a
cotton wrapper cloth, is wound onto a perforated drum, through which steam is
forced. In continuous machines, the conditions are mild and little permanent set
is imparted. In a batch process, in which the fabric roll is placed in a pressure



Vol. 15 WOOL 325

vessel (autoclave), setting temperatures up to 130◦C for 3–5 min are used. These
conditions impart a higher degree of permanent set than continuous methods.
The amount of temporary or cohesive set imparted in both batch and continuous
machines depends on the temperature of the fibers when the fabric is released
from the wrapper cloth. The cooler the fabric, the higher the level of cohesive set.
Yarns on packages are normally cohesively set in an autoclave at temperatures up
to 90◦C, in order to reduce twist liveliness. A vacuum pump is used to remove air
from the packages, which ensures even penetration of steam and, thus, a uniform
level of set.

Normal pressing operations carried out during garment making impart only
temporary set to the fibers. A number of commercial processes are used, however,
to set permanent creases into wool garments (90–92). These include autoclave
setting and wet or dry pressing in the presence of chemical assistants. Perma-
nent pleats are fixed into skirts by autoclave setting at around 110◦C. In the
SIROSETTM process of CSIRO, for inserting permanent creases into trousers, a
chemical assistant (monoethanolamine sulfite) is sprayed onto the trousers before
steam-pressing.

A New Textile Fiber from Wool. The most recent application of wool
setting is in the manufacture of OPTIMTM (CSIRO Textile and Fibre Technology
Web site: http://www.tft.csiro.au), a new textile fiber produced from wool (93). The
production process involves stretching and setting wool to create two new fiber
types; Optim fine and Optim max (94). A key aspect of the continuous process is
the use of false twist to maintain cohesion within a large fiber assembly during
the whole operation.

In the Optim fine manufacturing process a chemical setting agent, such as
sodium bisulphite, is applied to wool. A twisted assembly of the treated fibers is
stretched by around 40–50% and then permanently set in the extended state.
This procedure gives longer fibers of decreased diameter. Stretching and set-
ting the fibers converts ordered intermediate filaments in the wool from an α-
crystallite helical form to a β-pleated sheet structure that more closely resembles
silk (95). Typically, the diameter is reduced by about 3–4 µm for a 19-µm parent
wool fiber. The use of false twist to control fiber movement applies a large trans-
verse force to the twisted assembly that changes the cross-sectional shape of the
fibers so that common measures of diameter that assume a mostly circular cross
section are no longer valid (Fig. 7).

Optim fine fibers are stronger and softer than the parent wool and exhibit
an attractive lustre. They are used to produce fabrics with many of the aesthetic
properties of silk. The modified wool is ideal for spinning into fine yarns, espe-
cially with other high value natural fibers, eg, silk, cashmere, and alpaca, where
softness, lightness, and sheen are desirable attributes.

Optim max utilizes a key benefit of the manufacturing process that allows
the extent of set in the fiber to be manipulated in a controlled manner. Optim
max fiber is wool that has been temporarily set while stretched, so that the fiber
retracts when released in hot moist conditions by about 25% in length. This fiber
offers scope for innovation in yarn and fabric design. For example, when Optim
max is blended with normal wool, spun into yarn, and relaxed in hank form in hot
water, the Optim max fibers retract and force the normal wool fibers to buckle.
The yarn has an increased volume and this property produces increased “cover”
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Fig. 7. Scanning electron micrograph of cross sections of normal wool and Optim fine
fibers.

in knitted fabric and decreased weight. When knitted to the same cover factor,
a weight saving of 20–30% is possible compared with fabrics made from normal
wool yarns.

Shrinkage of Wool Textiles

Two mechanisms of fabric shrinkage are observed for wool: relaxation shrinkage
and felting shrinkage (22,96). Relaxation shrinkage occurs when a fabric or yarn
made from any textile fiber is first immersed in water. It results from the release
of temporarily set strains imparted during previous processing operations such
as spinning, knitting, and fabric finishing. Relaxation shrinkage also occurs when
a knitted garment or fabric is immersed in water after it has been dried while in
a stretched state (for example by line drying). Felting results from the presence
of cuticle cells (scales) on the wool fiber surface that point away from the fiber
root and overlap like tiles on a roof (Fig. 2). The protruding scale edges result in
differential friction between the with-scale and against-scale direction, which un-
der some conditions results in irreversible migration of individual fibers toward
their root ends. Felting is exploited in the “milling” of wool. This is a process of
controlled, mild felting used to close up the structure of fabrics and garments.
Milling is also used to produce wool felts, which are composed of a very dense
matting of fibers. Felts are used for products as diverse as hats, polishing pads,
table covers, and piano hammers.

Felting in garments and fabrics that leads to excessive shrinkage is, how-
ever, undesirable. It occurs when the wet material is subjected to severe me-
chanical action, for example, in laundering or tumble drying (22). Shrink-resist
treatments are directed at preventing felting shrinkage, whereas minimization
of relaxation shrinkage requires careful control during fabric finishing. Felt-
ing of loose fibers results in entanglement, whereas in fabrics fiber migration
inside and between yarns reduces the fabric area, ie, shrinkage occurs. The
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mechanisms of felting shrinkage and its prevention have been discussed compre-
hensively (22). Many factors influence felting shrinkage; these include (1) yarn
and fabric structure (woolen or worsted, knitted or woven, yarn twist level); (2)
the method of wash-testing (pH, temperature of wash liquor, presence of deter-
gents, electrolytes, or lubricants, and the severity of the mechanical action of the
washing machine); (3) the properties of the fiber (elasticity, diameter, length). Re-
cently, felting shrinkage has been related to the glass-transition temperature of
wool (97). Important points to note are that products made from fine diameter
wools felt more readily than those from coarse fibers, and that if a small amount
of untreated wool is added to shrink-resist treated wool, the blend will felt as
readily as the untreated material.

Shrink-Resistent Terminology and Testing. The term shrink-
resistant is preferred to “shrinkproofed,” although in recent years emphasis has
switched to performance-related terms, such as hand-washable and machine-
washable. A recent trend is to use the term easy-care, which for knitwear means
resistance to felting shrinkage under severe conditions, including tumble dry-
ing. It also includes assessment of the fabric appearance after testing. For woven
garments, this includes retention of pleats or creases as well as smooth drying
performance. All these terms are meaningless unless related to some standard
testing sequence and criteria for passing the test.

Relaxation shrinkage tests usually involve mild agitation in water. Felting
shrinkage is then determined after more severe agitation. Hence, in practice it
may be difficult to say when relaxation ceases and felting starts. The most com-
monly used methods to test for felting shrinkage is to use multiple wash-test
cycles in domestic-type washing machines (front loading in Europe, or top load-
ing in the United States). The Woolmark Company (formally the International
Wool Secretariat) has developed test methods for machine washability, together
with performance criteria for different garment types and end uses. Woolmark
test methods are widely used around the world, although in the United States
AATCC methods predominate.

Development of Shrink-Resist Science and Technology. Felting of
wool and its use in fabric finishing has been known for a very long time. Monge ob-
served the differential friction effect in wool fibers in 1790 and Mercer chlorinated
wool to improve dye affinity in printing in 1839, but chlorination was soon found
to impart shrink-resistance (22). Chlorination was widely used during World War
II to produce shrink-resistant wool socks and blankets for the military. From then
on, two distinct trends in shrink-resist research and technology emerged. Firstly,
better control of the reaction of chlorine or other oxidants with wool, and secondly,
the use of synthetic polymers to bond adjacent wool fibers together. The reader
is directed to Reference 98, which gives a good summary up to the early 1950s,
and to Reference 22, which continues to the late 1970s and discusses the mecha-
nism of felting. Recent research has been directed toward environmental aspects
of the shrink-resist treatment of wool, particularly the reduction or elimination
of organochlorine compounds in effluents from treatment plants. In future years,
replacements for chlorination processes are likely to emerge.

Figures published by The Woolmark Company in 2002 show that approx-
imately 40 × 106 kg of wool is shrink-resist-treated each year. This figure
may include some low level chlorination treatments of fine wools, designed to
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prevent felting during wet processing or to improve garment appearance or dye-
ability. The products of these low level treatments are generally not claimed to be
machine-washable. The fact that only 5–10% of all wool is shrink-resist-treated
indicates that many end uses do not require an antifelting treatment. More than
90–95% of the treated wool is used in knitwear. The amount treated, however,
varies markedly from country to country and also with the type of product, with
those worn next to the skin, eg, underwear, being most likely to be treated. Wool
can be shrink-resist-treated at various stages, from loose wool to garments. Ap-
proximately 5% is treated at the loose wool stage, mainly for use in bedding prod-
ucts such as futons; 80% at the top stage; very little as yarn; 10% as knitted
garments; and about 5% as woven fabrics. The chlorine-Hercosett process for
treating loose wool or top is by far the most important method used. In 2002
this method accounted for at least 80% of shrink-resist-treated wool.

Industrial Shrink-Resist Treatments. Mechanistically, shrink-resist
treatments can be divided into degradative and additive types. Degradative treat-
ments use an oxidizing agent to eliminate or reduce the differential friction effect
of the fiber surface by modifying or removing the scales. In some cases, a polymer
is also applied to the surface to mask the modified scales. The additive approach
prevents fiber migration by bonding fibers together with elastomeric polymers.
Some polymer deposition processes involve a degradative chemical pretreatment,
to improve the adhesion of the polymer to the fiber surface. Additive treatments
must be applied after spinning (usually at the fabric stage), whereas degradative
treatments can be used at any stage from loose wool through to garments.

Chlorine-Based Shrink-Resist Treatments. The principal oxidizing agent
used in degradative shrink-resist treatments is chlorine. Free chlorine reacts very
rapidly with wool; hence, it is difficult to treat a mass of wool fibers evenly. Two
different types of chlorination methods are used commercially: continuous treat-
ment and batch treatment. In the continuous method, top or loose wool is reacted
with an aqueous solution of chlorine gas for a short time (<30 s). The batch treat-
ment method involves a longer treatment time (5–30 min) with a less reactive
chlorinating agent, such as DCCA (N,N′-dichloroisocyanuric acid). Batch treat-
ments are mainly used on garments and fabrics but can also be applied to loose
wool or tops. Generally, in both continuous and batch treatments a reactive poly-
mer, usually cationic, is applied after the chlorination step.

The features and chemistry of chlorination shrink-resist treatments are best
illustrated by consideration of the chlorine-Hercosett process for wool top (99).
This process uses a dedicated plant, of which there are about 40 around the world.
A web of parallel slivers is treated with water and chemicals in a series of bowls
(tanks), separated by squeeze rollers. The wool is then dried. Usually, 30–40 sliv-
ers (20–30 g/m) are treated simultaneously at a speed of 5–10 m/min. Overall
production rates range from 200 to 500 kg/h.

The first stage involves chlorination, either with chlorine gas dissolved in
water or with sodium hypochlorite acidified with sulfuric acid. Chlorination is the
most critical step of the process and modern plants incorporate features designed
to achieve uniform treatment of the web. These include cooling the chlorine so-
lution to 10–12◦C, to slow down the rate of reaction with wool, and special appli-
cation devices, eg, those produced by the Kroy or Fleissner companies, to rapidly
contact the web with a large volume of dilute chlorine solution. The second stage
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of the process is a neutralization, or anti-chlor, treatment with sodium sulfite.
In the third stage, the wool is treated with a cationic polyamide/epichlorohydrin
polymer, usually Hercosett 57 (Hercules, Inc.). The final stage consists of treat-
ment with a cationic softener and a lubricant to facilitate further processing,
followed by drying to cross-link the polymer on the fiber surface. The reaction of
chlorine with wool is complex, but the principal effect of the combination of the
chlorination and neutralization stages is to remove surface lipid from the fiber.
This increases the surface energy and shifts the isoelectric point of the fiber to a
lower pH, by converting cystine disulfide residues to cysteic acid (sulfonic acid)
groups. Some of the surface protein is also solubilized and removed, which softens
the fiber cuticle. These changes allow the cationic Hercosett polymer to spread on
the fiber surface. Virtually all the shrink-resistance is imparted by the chlori-
nation step. The function of the Hercosett is to compensate for any weight loss
arising from chlorination, prevent further loss of soluble protein during subse-
quent dyeing, and improve the shrink-resistance of any insufficiently chlorinated
fibers.

Chlorine-Free Shrink-Resist Treatments. Commercially, the only other
oxidizing agent used to any extent is permonosulfuric acid (PMS; HOOSO3H).
This is used in the form of its potassium triple salt, containing potassium sulfate
and bisulfate. It is employed in batch processes at elevated temperatures, because
it reacts more slowly with wool than chlorine (100). The process sequence is sim-
ilar to that used for chlorine-based treatments. It involves degradative oxidation
with PMS, followed by neutralization with sodium sulfite and then application of
a resin. Unlike chlorine, however, PMS does not remove the bound lipid or oxidize
cystine to cysteic acid. The main product of the reaction is cystine sulfonic acid or
Bunte salt groups.

Other chlorine-free shrink-resist technologies under development include
plasma and ozone treatments for sliver and enzyme treatments for garments and
fabrics.

Additive Shrink-Resist Treatments. The principal additive shrink-resist
treatment for wool fabrics uses the polymer Synthappret BAP (Bayer AG). This
is a poly(propylene oxide) polyurethane, containing reactive carbamoyl sulfonate
(bisulfite adducts of isocyanate) groups, ie NHCOSO3

− Na+. An aqueous so-
lution of this polymer is padded onto woven fabrics. The polymer cross-links on
drying to form flexible linkages between fibers and yarns (101). Other polymers
may be applied at the same time to modify the handle.

Easy-Care Wovens

Dry-clean-only garments are increasingly becoming a turnoff to the modern con-
sumer. Consumers now demand “total easy-care” garments that can withstand
repeated machine washing and tumble drying, while maintaining their “just
pressed” appearance with no more than minimal ironing. In addition to dimen-
sional stability, wool-containing fabrics and garments must be specifically engi-
neered so that, after laundering, seams remain flat and without pucker, the fabric
remains wrinkle-free without the development of fuzz or pills, and the creases or
pleats stay sharp.
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To produce total easy-care garments from a blend, of wool and polyester,
heat-setting the polyester component using a hot head press will generally im-
part sufficient set to the creases and pleats to make them stable to repeated
laundering. A minimum of 20–30% polyester is needed for adequate stability.
An alternative procedure that sets the entire garment is to impart temporary
set to the wool component of the blend by steam-pressing the garment, followed
by baking the entire garment in an oven to permanently set the polyester. The
wool dries out in the oven and maintains the garment shape during setting of the
polyester (102). A fabric-based treatment to prevent felting may be unnecessary,
provided the polyester content is above 50% and a suitable fabric construction is
used.

It is more difficult to produce pure wool total easy-care garments. The chal-
lenge is to obtain adequate permanent set rather than obtaining shrink resis-
tance, because some wool setting processes are not stable to machine wash-
ing. The problem of set stability is further exacerbated when the garments are
tumble-dried, because the tumbling action tends to flatten the creases and they
become temporarily set in a distorted configuration, even if a high level of per-
manent set has been imparted to the garment. The application of a delay-cure
polymer to the fabric, followed by curing in an oven after the garment has been
made and pressed, appears to be the latest approach to producing total easy-care
wool garments.

Dyeing

Commercially, wool is dyed from aqueous solutions, usually under acidic con-
ditions. In the past, methods have been proposed for dyeing wool from organic
solvents, in particular concentrated formic acid. More recently, the use of super-
critical carbon dioxide has also been investigated. These solvent systems are,
however, very unlikely to replace water as the preferred dyeing medium for wool,
because of the relative cost of the solvent compared with water and also the spe-
cialized, expensive equipment required.

The majority of dyes used on wool are sodium salts of aromatic anions. Water
solubility is usually provided by sulfonic acid groups, but in a few cases carboxyl
or hydrophilic, nonionic substituents are used. In a typical wool dyeing operation,
the ratio of the mass of dyestuff solution to the mass of wool ranges from approx-
imately 10:1 to as high as 60:1, depending on the type of wool substrate and
the equipment used. Wool is dyed as loose fiber, sliver, yarn, fabric, or in garment
form by batch methods (103,104). In the case of fiber, sliver or yarn, the process in-
volves pumping dye solution through the stationary substrate, whereas in fabric
dyeing the material may be transported through the dye liquor or, alternatively,
both liquor and fabric may be moved through the machine. Simultaneous circu-
lation of liquor and wool substrate is also used in garment dyeing techniques.
In a typical operation, the liquor is heated from around 40◦C to a temperature
of 98–100◦C, where it is held for a period that can range from around 30 min to
over 2 h. The actual time depends on the type of dye and depth of shade. Proce-
dures have also been developed for continuously dyeing wool in loose, or sliver
form and wool fabric can be dyed by a pad-batch method (105). These techniques
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have found only limited use, however, because they are uneconomic unless a large
quantity of substrate is dyed to a single color, which is uncommon in the wool
industry.

Dyeing Theory. Wool is composed mainly of a large number of different
proteins, the fundamental structural units of which are α-amino acids (31). It
is amphoteric in character because of the presence of basic amino groups in the
side chains of lysine, hystidine, and arginine, and acidic carboxyl groups in the
side chains of aspartic and glutamic acids. In an aqueous, acidic dyebath proto-
nation of the amino and carboxyl groups results in a net positive charge on the
fiber. Early workers explained the mechanism of wool dyeing in terms of electro-
static interactions between the positively charged amino groups and anionic dye
molecules. The two most popular theories were the Gilbert–Rideal theory and the
Donnan theory (106–108). Later studies, however, showed that the affinity and
wetfastness properties of dyes on wool are largely determined by other types of
interactions, namely, van der Waals’ forces and interactions between hydropho-
bic regions in the fiber and hydrophobic parts of the dye molecules (109,110).
Dyes differ markedly in their hydrophilic–hydrophobic character (105,110,111).
Ionic forces are of greatest importance for dyes of relatively low molecular weight.
With increasing molecular weight, van der Waals’ and hydrophobic interactions
become increasingly important, which is reflected in a higher affinity for the fiber
and better wetfastness properties. Ionic interactions are important, however, for
all wool dyes in determining the rate at which the dye is taken up by the fiber
from the dye liquor. The dyeing rate can be controlled by varying the amount of
acid added to the dyebath, because this determines the size of the net positive
charge on the wool, produced by protonation of amino groups.

In early studies on the uptake of dyes by wool, the fiber was treated as a
cylinder of uniform composition. The main focus was on the thermodynamics of
the dyeing process, in particular the situation applying when equilibrium had
been attained. These studies provided little information, however, on the mech-
anism of the dyeing process itself. Recent work has clarified the relationship be-
tween fiber structure and the mechanism of wool dyeing (112,113).

Dyeing Mechanism. Wool fibers have a very complex morphological
structure (Fig. 3). They can be considered as biological composite materials, in
which the various regions are both chemically and physically different (31). Fine
wool fibers contain two types of cell: those of the internal cortex and those of
the external cuticle. Cortical cells, which constitute around 90% of the fiber, are
spindle-shaped and are arranged in an overlapping pattern, parallel to the fiber
axis. They are separated and held together by a continuous network, the cell
membrane complex. This region of the fiber contains protein and also lipid ma-
terial. The proteinaceous material in the cell membrane complex is relatively
lightly cross-linked compared with the proteins in other regions of wool. The ex-
ternal cuticle cells are rectangular in shape and overlap, rather like tiles on a roof
(Fig. 2). Dyes enter wool fibers at the junctions where the cuticle cells overlap and
in the early stages of the dyeing process they diffuse into the interior along the
lightly cross-linked network of the cell membrane complex (31,112,113). Later in
the cycle, the dyes transfer, progressively, from the cell membrane complex into
the cortical cells. The affinity of the dyes for wool is largely the result of their
interaction with hydrophobic proteins located within the matrix of cortical cells.
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Wool Dyes. The dyes used on wool can be divided into the following
groups: acid dyes, chrome dyes, premetallized dyes, and reactive dyes (103,105,
107,110,111,114–116). Strictly speaking, all types of wool dyestuffs can be de-
scribed as acid dyes, but in practice this term is confined to leveling acid dyes,
half-milling dyes, milling dyes, and supermilling dyes (111,114). This subclassifi-
cation of acid dyes arises out of the methods used for their application and their
fastness properties on wool.

Levelling acid dyes (sometimes called level-dyeing or equalizing dyes) are
the simplest type of dyes used on wool. They are of relatively low molecular
weights (300–600) and have a comparatively low affinity for the fiber, because
they interact largely by ionic attraction. They are applied at around pH 3, ob-
tained with sulfuric acid. Under these conditions, the initial uptake of dye is
usually uneven because the exhaustion rate is very rapid. As their name implies,
levelling acid dyes have good migration properties and levelling occurs during the
stage of the dyeing cycle when the dye liquor is held at the boil, thus producing
a very even result. Levelling of the dyes is assisted by the presence of sodium
sulfate in the dye bath, because the anionic sulfate ions compete with dye anions
for the positively charged amino groups in the fiber. In general, these dyes are
not particularly resistant to wet treatments, but are used when level dyeing is
critically important.

Milling acid dyes are so named because they are more resistant than lev-
elling acid dyes to extraction from wool during the milling process. They are of
higher molecular weight (600–900) and are more hydrophobic than levelling acid
dyes, which gives them a higher affinity for wool. The higher molecular weight
and lower dependence on ionic attraction means that they diffuse out of the fiber
more slowly than levelling dyes, which is responsible for their higher fastness to
wet treatments such as milling and laundering. Their migration properties, and
hence their ability to level during application, is not as good as that of acid dyes.
To obtain level results it is important to ensure that the rate of exhaustion is
uniform and not too rapid. This is achieved by setting the dyebath at a higher
pH (ca pH 4.5–6.0) with a weak acid, such as acetic acid, and also by the ad-
dition of a surfactant-type levelling agent, which promotes even uptake on wool.
Half-milling dyes fall between levelling acid and milling dyes in molecular weight
(500–600), migration properties, and wetfastness. They are applied at a pH in the
range pH 4.0–4.5.

Supermilling acid dyes are similar in molecular weight to milling dyes, but
contain long alkyl groups that make them more hydrophobic in character. This
gives them a high affinity for wool that is virtually independent of ionic inter-
actions with the fiber; consequently, they have very good wetfastness properties.
They show good exhaustion under almost neutral (pH 5.5–7.0) dyeing conditions,
but their high affinity means that they have poor migration and relatively poor
levelling properties. Auxiliary products are often used to assist level application
of these dyes.

Chrome dyes are acid dyes (mol. wt. 300–600) that contain groups capable
of forming complexes by reaction with a metal salt, usually sodium or potassium
dichromate (111,114). The chrome/dye complex has lower solubility, and hence
better wetfastness, than the parent dyestuff. Reaction between the dye molecule
and chromium salt can be carried out before, during or after application of the
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dye to the wool. Modern practice is to carry out the chroming step after dyeing.
Chrome dyes are relatively cheap, and have good migration and level dyeing be-
havior and excellent wetfastness properties. Their popularity, except for black
and navy blue shades, has declined in recent years. This is because of the need
for prolonged dyeing cycles, fiber damage associated with oxidation of the fiber in
the chroming step, and environmental concerns about the use of chromium salts
in the textile industry.

In many applications, chrome dyes have been replaced by metal-complex
dyes, which have a very high affinity for wool (111,115). In these dyes, the metal
complex is preformed during manufacture of the dye, by reaction of one metal
atom with either one (1:1 metal-complex dyes) or two (1:2 metal-complex dyes)
dyestuff molecules that contain groups capable of coordinating with chromium or,
occasionally, cobalt atoms. In general, metal-complex dyes produce duller shades
than acid or milling dyes. The 1:1 metal-complex dyes are applied to wool from
strongly acidic dyebaths at around pH 2. They are almost all monosulfonates
(mol. wt. 400–500) and have good levelling behavior and wetfastness properties.
Some degradation of the fiber can be caused by the low dyeing pH. The earli-
est type of 1:2 metal-complex dyes were unsulfonated; solubility was provided
by nonionic polar groups, such as sulfonamide or methylsulfone. More recently,
monosulfonated, disulfonated, and some carboxyl-containing types have become
available. These dyes range in molecular weight from 700 to around 1000. They
are applied at pH values ranging from pH 4.5 to 7.0, depending on the degree of
sulfonation and molecular size of the dye.

Reactive dyes have molecular weights in the range 500–900 and usually con-
tain two or three sulfonic acid groups (105,116). These dyes also contain groups
that react covalently with wool, which gives them outstanding wetfastness prop-
erties. They are characterized by bright colors and moderate migration and lev-
elling properties, provided careful attention is given to ensuring that the exhaus-
tion rate is not too rapid. This is achieved by careful control of the dyebath pH
and by using special amphoteric levelling agents. Their ability to react with the
fiber means that uneven uptake of these dyes is very difficult to rectify. Reactive
dyes are relatively expensive and, currently, their most important application is
on wools that have been treated to withstand shrinkage in machine washing.
They are, however, becoming increasingly important as alternatives to chrome
dyes for dyeing all types of wool. At present, reactive dyes offer the only viable
alternative to chrome dyes for products where very high wetfastness properties
are required.

Fiber Damage in Dyeing. When wool is dyed for prolonged times at the
boil, the fiber can be damaged as a result of hydrolysis of the component proteins.
Methods of dyeing wool substrates at temperatures below the boil (85–90◦C) have
been developed. One such method, the CSIRO Sirolan-LTDTM process employs a
special chemical (Valsol LTA-N, APS Chemicals) that increases the rate of ex-
haustion and diffusion of dye into the fiber, thus enabling satisfactory dyeings to
be obtained at temperatures below the boil (117). Wool dyed by this method suf-
fers less degradation than wool dyed for a similar time at the boil. This leads to
benefits in the processing performance of the dyed fiber and in improved quality
of end products (118). Permanent setting of wool fibers during dyeing has been
identified as a major factor that also contributes to deterioration of the quality of
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dyed wool (117). This effect is separate from hydrolytic degradation. Setting oc-
curs via a mechanism involving thiol/disulfide interchange (eq. 1). Methods of in-
hibiting the permanent setting of wool fibers during dyeing have been developed
(89). These involve addition to the dyebath of auxiliaries (antisetting agents such
as Basolan AS, BASF) that block thiol groups and, thus, prevent thiol/disulfide
interchange. Improvements in the properties of a range of products made from
wool are obtained by reducing the amount of permanent set that occurs during
dyeing.

Printing

Printing provides the means of transferring bright multicolor designs onto tex-
tiles. The amount of wool fabric printed is very small compared to cotton and
synthetics. This is partly because the pigment printing systems widely used for
cotton and synthetics have a severe adverse effect on the natural handle of wool.
Furthermore, although the printing of wool using dyes maintains the natural
qualities of the fiber, it requires a more complex processing sequence involving
several stages, some of which are technically challenging.

The usual route for printing wool with dyestuffs is fabric prepara-
tion/print/dry/steam at 100◦C (to fix dye to fabric)/wash off (to remove thickener
and unfixed dye)/dry. Globally, an estimated 20 million meters per annum of high
quality printed wool fabric is produced, with the center of excellence being in
Northern Italy.

Fabric preparation is considered to be the most important stage for obtain-
ing good color yields, levelness, and brightness on wool fabric (119,120). Cur-
rently, this is done almost exclusively by an oxidative chlorination process. The
most popular commercial methods use either a batch treatment with DCCA or a
continuous fabric treatment with gaseous chlorine (the Kroy process). Chlorina-
tion has a profound effect on wool, especially near the fiber surface. The number of
anionic groups is increased, with cystine residues oxidized to cysteic acid and ac-
cessible peptide bonds cleaved to form carboxyl groups. These reactions increase
the wettability of the surface of wool, which facilitates spreading of the dye for-
mulations. Chlorination also reduces the degree of cross-linking of wool, which
increases the rate of dye diffusion into the fiber. Chlorination can have several
adverse effects, however. At higher levels (4% on mass fabric of DCCA), there
are problems in obtaining level treatments. Yellowing, especially after steaming,
can also occur. These problems can be minimized by treating fabrics continuously
in open width in a machine such as the Kroy chlorinator. With all chlorination
processes, soluble protein and free oxidation products must be removed from the
wool before drying. This is done by neutralization with a reducing agent, such as
sodium bisulphite or sodium dithionite.

The effluent from the chlorination of wool contains adsorbable organohalo-
gen compounds (AOX), which are now regarded as undesirable products to re-
lease into the environment, particularly in Europe. Several AOX-free methods
for preparing wool for printing are currently being investigated. Plasma (121) and
corona discharge (122) treatments have been investigated as potential prepare-
for-print methods for wool, as they oxidize the surface of wool fibers and have the
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advantage of being dry processes. Although the wettability of fabrics prepared
using these methods is high, the color yields of prints are significantly less than
prints on chlorinated fabric and the fabric handle is inferior. An alternative ap-
proach is the CSIRO “Siroflash” process. This method involves continuous ultra-
violet (UV) irradiation of dry wool fabric with the type of commercial UV source
used for curing polymer films. This is followed by a conventional oxidative bleach-
ing treatment with hydrogen peroxide (123). This process is surface-specific, giv-
ing a white fabric with good handle properties and similar color yields to DCCA
treatment.

Most wool is printed directly onto the prepared fabric. Automatic flat-screen
printing remains the most popular method over the rotary screen process used
for most cotton printing, because of the shorter run lengths normally processed
for wool fabrics. The dyestuffs most commonly used for wool printing are acid
milling, metal complex, and reactive dyes. A simple dye paste is prepared using a
suitable thickener, urea (to swell wool fibers during steaming), and the dyestuffs.
Various additives may be included in the paste recipe, such as antifoam, glycerol
to prevent screen blocking, an acid donor (to maintain a low pH), wetting agent,
and a dye solvent such as thiodiglycol (120).

During the steaming stage, large aggregates of dye molecules break down
into smaller entities which can then penetrate the swollen wool fibers, allowing
fixation to take place. Typical steaming times are 10–15 min for reactive dyes and
30 min for acid milling and metal complex dyes. Saturated steam is essential for
optimum penetration and fixation of dyes, especially for dyes of high molecular
weight such as those based on copper phthalocyanine derivatives. Both contin-
uous and batch steamers are used commercially. Chlorinated fabrics are highly
prone to yellowing during steaming, which can be detrimental to printed pale
shades.

The aim of washing off is to remove the thickener and any residual chem-
icals and unfixed dye from the fabric, without causing staining of any pale or
unprinted areas. Fabrics printed with metal complex or acid milling dyes are
usually washed off in water at 30–40◦C, whereas reactive dyes require higher
temperatures (60–80◦C), with addition of ammonium hydroxide (120).

Discharge printing of wool remains popular, despite its technical difficulties
(119,120). In this style of printing, a predyed fabric is printed with a reducing
agent that destroys the background shade. Included in the print paste is a dye
which is resistant to the discharge agent. The result is bleaching of the color in
the printed areas and replacement with the illuminating color. It is often impos-
sible to reproduce the designs and effects of discharge printing with direct print-
ing. The reducing agents used in discharge printing are zinc, calcium or sodium
formaldehyde sulfoxylate, or thiourea dioxide. The technique is limited by the
choice of dyes that are resistant to the reducing agent.

Other techniques, such as resist printing, cold batch printing, and transfer
printing have been applied to wool with some success, but these now occupy only
a small share of the current wool printing market (119,120).

Digital inkjet printing is a recent development for printing textiles (124).
It has the advantage that any design can be transferred rapidly from a personal
computer onto a fabric, without the requirements to perform a color separation
and make a separate screen to print each color. It is also more cost-effective for
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producing the short runs of printed fabric designs that are typical for wool com-
pared with other methods. The wool fabric is prepared for printing using a con-
ventional method, padded with a mixture of a thickening agent and urea and
dried before digital printing. The padding process assists penetration of the dye
into the wool fabric and avoids flushing of the prints during steaming.

Yellowing

In common with many other polymeric materials, yellowing of wool is an un-
desirable property that can be caused by several different mechanisms (see
DEGRADATION). For wool, the most important of these are exposure to sunlight
and heat.

The rate and extent of photoyellowing of wool exposed to direct sunlight is
a serious shortcoming when compared with fibers such as cotton and synthetics.
Photoyellowing is caused by the UV components of natural sunlight (285–380
nm), whereas exposure of wool to sunlight filtered through window glass, which
absorbs most of the UV, causes photobleaching (125). Photoyellowing of wool by
sunlight only occurs in the presence of oxygen and it has been proposed that it
is a photo-oxidative process involving the formation of singlet oxygen (126,127).
More recent work, however, has shown that in common with cotton, polyester, and
nylon, wool in the wet state is capable of producing hydroxyl radicals (OH•) on
irradiation with UV light at 366 nm and blue light at 430 nm (128). This reaction
appears to be catalyzed by trace metals such as iron and copper. It has been
proposed that the photoyellowing mechanism for wool may involve a free-radical
chain reaction involving formation of hydroperoxide intermediates (as is the case
for most other polymers), rather than a singlet oxygen mechanism (128). There
is now general agreement in the literature that yellow chromophores formed in
irradiated wool are derived (at least in part) from tryptophan residues (129,130).

The use of some water-soluble benzotriazoles (a well-known class of UV ab-
sorber) can be effective against both photoyellowing and phototendering (see UV
STABILIZERS). The effectiveness of these reagents relies on intramolecular hydro-
gen bonding and proton transfer, and intermolecular bonding of the compounds
to wool fibers was found to be highly detrimental to their performance. Opti-
mization of the photochemical properties of soluble benzotriazoles has resulted
in a suitable formulation (Cibafast W) for use on both bleached and unbleached
wool (131). Unfortunately, UV absorbers cannot be used on wool together with a
fluorescent whitening agent (FWA) because they absorb the UV wavelengths nec-
essary to excite fluorescence. FWA treatment is essential to achieve a high level of
whiteness on wool, because even wool that has been bleached retains some of its
natural cream color. An important problem for wool is the very rapid photoyellow-
ing that occurs following treatment with FWAs (132). The poor light-fastness of
bright white and pastel colors severely limits the range of possible shades for wool
products. This is reflected in wool’s limited market share in fashion and summer
knitwear, sportswear, hosiery, and baby wear. Wet photoyellowing of whitened
(FWA-treated) wool is extremely rapid and can cause unacceptable yellowing
after a single laundering and drying cycle in direct sunlight. When wet FWA-
treated wool is exposed to sunlight, hydrogen peroxide is formed (133). The rate
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of photoyellowing of FWA-treated wool is significantly increased by doping with
hydrogen peroxide. This indicates that blocking the formation of peroxide (via
the superoxide radical anion) could improve the photostability of whitened wools.

Treatment of wool with a FWA, followed by post-treatment with
thiourea/formaldehyde by a pad/cure method, confers a high level of protection
against photoyellowing and also improves the initial fabric whiteness (134). Un-
fortunately, this process is not commercially viable, partly because of environ-
mental concerns about thiourea and formaldehyde and also because much of the
benefit is lost after laundering. An alternative approach is to physically sepa-
rate the FWA from the wool fiber by incorporating the whitener into a suitable
polymer that can be applied as a surface treatment to wool fabrics (135). The pho-
tostability of the treated fabrics is somewhat better than for conventional FWA
treatments (being similar to bleached wool) but the initial whiteness is signifi-
cantly lower than that of FWA-treated wool.

Two comprehensive reviews on the photodegradation of wool keratin have
been published recently by Smith (129) and by Davidson (136). There is also an
excellent review dealing specifically with the problem of sunlight yellowing of
wool treated with FWAs (126).

Thermal yellowing of wool can be a problem during wool processing, in par-
ticular during extended dyeing at the boil, in setting with superheated steam
(decatizing), and in drying for extended times, particularly under alkaline condi-
tions (137). The thermal yellowing of wet wool is far more rapid than for dry wool,
which is similar to the behavior observed for photoyellowing. Thermal yellowing
of wool during dyeing is influenced by pH, temperature, and time, chlorinated
wools being especially sensitive. Yellowing during dyeing can be counteracted by
adding a bleaching agent, based on sodium bisulfite or hydroxylamine sulphate,
to the dyebath (138). Addition of hydrogen peroxide to the dyebath after exhaus-
tion of the dyestuffs can also be effective.

Bleaching and Fluorescent Whitening

The natural pale cream color of wool is due to absorption of light above 320 nm.
This is the result of natural pigments and also photodecomposition products in
the fiber. Reduction of the natural cream-yellow color of wool is sometimes nec-
essary for improving the brightness of dyed shades, particularly pastel colors,
and also for improving the whiteness of undyed wool fabrics. Commercially, wool
bleaching is carried out using either an oxidative or a reductive system, or a com-
bined oxidation/reduction process. Oxidative bleaching in the dyebath is also pos-
sible (138). In general, oxidative bleaching with hydrogen peroxide gives superior
whiteness over reductive methods.

A batch treatment with hydrogen peroxide is used for most bleaching ap-
plications. An activator (eg an alkali) is normally added to increase the rate of
bleaching. Typically, wool is bleached at pH 8–9 for 1 h at 60◦C with a stabilized
solution of hydrogen peroxide (0.75% w/w). It is generally accepted that, under al-
kaline conditions, the active bleaching species is the perhydroxy anion (OOH− ),
the formation of which is encouraged by higher pH (139). Peroxide bleaching of
wool under mild acidic conditions (pH 5–6) can also be carried out using a peracid
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activator such as Prestogen W (BASF) or citric acid (140). As wool sustains some
damage in the presence of alkali, this method is useful for bleaching delicate fab-
rics. An undesirable side effect is the rapid decomposition of hydrogen peroxide
to water and oxygen, a reaction catalyzed by transition-metal ions. A stabilizer,
which sequesters these ions, is used to prevent this side reaction occurring. The
most common stabilizers for alkaline wool bleaching are phosphates, particularly
tetrasodium pyrophosphate. However, recent concerns over phosphates in efflu-
ents from textile treatment have led to the development of alternative stabilizers
based on silicates (141). An alkaline peroxide bleaching process using the silicate-
based product Stabicol BAC (Allied Colloids) has been developed (138).

Heavily pigmented fibers, such as Karakul wools, require a more severe ap-
proach known as mordant bleaching. In this method, the wool is treated with a
metal salt and then with hydrogen peroxide. In the first step, the melanin pig-
ment in the wool preferentially absorbs the metal cations; and in the second step,
the cations catalytically decompose the peroxide to produce highly aggressive hy-
droxyl free radicals, which selectively attack and bleach the melanin (142).

The two most popular chemicals used for reductive bleaching of wool are
stabilized sodium dithionite and thiourea dioxide. Most reductive bleaching of
wool is carried out using stabilized dithionite (2–5g/L) at pH 5.5–6 and 45–65◦C
for 1 h. Thiourea dioxide is more expensive than sodium dithionite, but is an
effective bleach when applied (1–3 g/L) at 80◦C and pH 7 for 1 h. Whiter fabrics
are produced when oxidative bleaching is followed by a reductive process—this is
often referred to as “full bleaching.”

To obtain a high level of whiteness, comparable to white cotton and syn-
thetics, wool must be treated with a FWA after bleaching. The normal procedure
is to carry out a full bleaching process and include the FWA in the reductive
bleaching bath. FWA-treated wool absorbs UV light and emits blue fluorescence,
which makes it appear much whiter than bleached wool. Commercial FWAs for
wool are usually based on a sulfonated stilbene, distyrylbiphenyl, or pyrazoline
derivative.

Wool fabrics that have been bleached or treated with FWAs yellow rapidly
when exposed to sunlight, especially when wet. This is a major problem when
bright whites and pastel shades are required. Despite a significant amount of
research into the chemistry of photoyellowing processes progress in this area has
been limited (126).

Insect-Resist Treatment

Wool is a protein fiber but, because it is insoluble and highly cross–linked, it is
not widely available as a food resource. Only a few keratin-digesting animals
have developed specialized digestive systems that allow them to derive nutri-
tion from the potential protein resource. These animals, principally the larvae of
clothes moths and carpet beetles, perform a useful function in nature by scaveng-
ing the keratinous parts of dead animals (fur, skin, beak, claw, feathers) that are
unavailable to other animals.

The principal insects that attack wool are the common clothes moth (Ti-
neola bisselliella), the case-bearing clothes moths (Tinea metonella, T. dubiella,
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T. translucens, and T. pellionella), the brown house moth (Hofmannophila pseu-
dospretella), the variegated carpet beetle (Anthrenus verbasci), the black carpet
beetle (Attagenus piceus), and a few others. The taxonomy of the Tineid species
has been comprehensively reviewed (143). These insects have different tempera-
ture sensitivities and tend to be found in different climates. Studies in Australia
have shown that the native Tineids are rarely involved in domestic infestations.
The introduced species, such as T. translucens, are the major textile pests and
these are often associated with the nests of introduced urban bird species such
as sparrows and swallows (144), while T. bisselliella is widely distributed and is
common in domestic infestations.

All keratinous materials stored for long periods, including stored greasy
wool in bales, animal skins, furs, and horns, are liable to attack. Strategies for
protecting goods vary with the product type. Buildings used to store wool may be
fumigated or sprayed periodically. Small articles of clothing may be isolated from
the environment in sealed bags, often with the use of heat (sunlight), cold (refrig-
erated storage), or volatile repellent agents (mothballs), with varying degrees of
success.

The most practical means of protecting wool textile products is treatment
with an insecticide during manufacture (145). Wool products most commonly
treated are carpets, furnishings, and insulation. Except for insulation, the most
convenient point for treating wool goods is during dyeing, which is attractive
because it avoids the needs for an additional wet processing step. Under ideal
application conditions the pesticide will be adsorbed inside the highly swollen
fiber. This ensures that the pesticide will have maximum resistance to desorp-
tion from the dry fiber, and also have optimum fastness to washing, dry-cleaning,
and skin contact. An additional benefit of locating the pesticide inside the fiber is
that there is little contact action against nontarget pests, as the active agent is
released only in the insect gut when the fiber is completely degraded.

Unfortunately, it is impossible under practical dyebath conditions to ensure
100% transfer of pesticide from dyebath to fiber. It is also extremely difficult and
expensive to remove residual insect-resist agent from dyehouse effluents (146).
Even if the pesticide is removed by absorption or flocculation, the fate of the ad-
sorbed material also needs to be considered (147). As a result, there is inevitably
some environmental contamination. With the current generation of insect-resist
agents, discharge of residual pesticide from dyebaths is a cause of significant en-
vironmental concern in large processing centers. Insect-resist agents must have a
broad spectrum of activity because of the variety of moth and beetle species that
must be controlled. They must also be reasonably stable to the dyeing conditions
used in their application and be durable on wool for long periods. It is also essen-
tial that the agent is relatively hydrophobic so that it exhausts effectively from
the dyebath onto wool. Unfortunately, this combination of properties is likely to
lead to adverse effects on aquatic insects and invertebrates. To minimize envi-
ronmental damage an allowable environmental concentration for permethrin of
10 ng/L has been set in the United Kingdom (148,149). To meet this requirement,
the U.K. carpet dyeing industry has introduced a range of “best practice” opera-
tional procedures. These include dyeing at low pH and high temperature, avoid-
ing dyes and dyeing assistants that may decrease the efficiency of application of
the insecticide, containing spillages, and avoiding the discharge of effluents from
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tape scouring machines. Additionally, a number of manufacturers are using al-
ternative application procedures, where little or no aqueous effluent is produced
(147,150–152).

Prior to the introduction of synthetic pyrethroids, insect-resist agents were
based mainly on speciality materials, such as polychloro chloromethyl sulfon-
amido diphenyl ether (PSCDs) (Eulan U33, Eulan WA New). The production of
these compounds has been discontinued, however, because of a combination of
environmental toxicity (149) and cost. One speciality insect-resist agent based on
sulcofuron (Mitin FF), released in 1939 (153), retains a small market share for
specific applications where cost is less important and where high resistance to
wet conditions is required. It has also been used on wool insulation where it also
has low volatility and provides resistance to rotting (154).

The principal active agent used for insect-resist treatments since the late
1970s has been permethrin. Although other broad-spectrum agricultural insec-
ticides (including other synthetic pyrethroids) have been examined, permethrin
remains dominant as it is a nonirritant with a good human health profile, espe-
cially when strongly adsorbed into the wool fiber. Pyrethroids with a safer envi-
ronmental profile, such as cycloprothrin, have also been examined (155). These,
however, require higher application levels, which increases the cost of the treat-
ment. Newer commercial insect-resist agents under development are based on
lufenuron (an insect growth regulator) (147,156) and on bifenthrin (a synthetic
pyrethroid). The latter agent includes a synergist to counter the resistance to syn-
thetic pyrethroids that is being observed in Australia (147). Resistance is an in-
evitable result of using a single protective agent for more than two decades. Resis-
tance to pyrethroids is common among other agricultural pests, and pyrethroid-
resistant strains of the Australian carpet beetle and the case-bearing clothes
moth have been found in domestic infestations in northern Australia (157). In the
future, it is unlikely that speciality insect-resist agents for the protection of wool
will be developed, as the market is too small to support the testing required to
demonstrate the safety of modern, biologically active agents. The focus remains,
therefore, on the use of commercial insecticides for protecting wool against insect
damage.

A diverse range of nonpesticidal approaches has also been studied (144).
Attempts to find triggers for such behaviors as egg-laying and recognition of food
were inconclusive. Although it has been long known that otherwise unrelated
clothes moths and carpet beetles have developed unique reducing systems in the
gut that allow them to digest wool, specific inhibitors of these systems have not
yet been identified.

Flame-Resist Treatment

Wool is regarded as a naturally flame-resistant fiber, which is partly due to its
high nitrogen content, high sulfur content, and high (water) regain under am-
bient conditions. It has a high ignition temperature (570–600◦C), high limiting
oxygen index (25–26%), and a low heat of combustion (4.9 kcal/g) (158). In most
cases, when wool fabrics are ignited they will rapidly self-extinguish, because
of the formation of a high volume, insulating ash, or char. Unlike thermoplastic
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materials, wool does not melt or drip when ignited. In many end uses, no addi-
tional fire-retardant treatment is needed.

If higher standards of flammability are needed, such as in aviation, fur-
nishing fabrics, or protective clothing, durable protective treatments are avail-
able. These treatments evolved from the observation that wool treated with a
chrome mordant, such as that used in chrome dyeing, has a markedly improved
flame resistance (159). The chrome mordant, however, discolors undyed wool. It
was shown, subsequently, that titanium or zirconium compounds give similar im-
provements in fire retardancy (160), with reduced discoloration of the wool. The
Zirpro Process, developed by IWS (now, The Woolmark Company) has been used
extensively for wool in aircraft interiors to meet FAA requirements. It is also used
for protective clothing and for stage curtains and carpets in public buildings and
similar areas, where high flame resistance is required by legislation (161,162).
Other wool finishes (dyeing, insect-resist, shrink-resist) have been developed that
are compatible with the Zirpro Process.
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Città degli Studi Biella and International Wool Secretariat (IWS), Biella, Italy, 1995,
Vol. III p. 122.

119. V. A. Bell, J. Soc. Dyers Colour. 104, 159 (1989).
120. V. A. Bell, in in D. M. Lewis, ed., Wool Dyeing, Society of Dyers and Colourists, Brad-

ford, U.K., 1992, Chapt. 10.
121. D. Radetic, D. Josic, P. Jovancic, and R. Trajkovic, Text. Chem. Colorist 32(4), 55

(2000).
122. J. Ryu, T. Wakida, and T. Takagishi, Text. Res. J. 61, 595 (1991).
123. K. R. Millington, J. Soc. Dyers Colour. 114, 286 (1998).
124. T. L. Dawson, J. Soc. Dyers Colour. 116, 52 (2000).
125. M. G. King, J. Text. Inst. 62, 251 (1971).
126. B. Milligan, In Proc. 6th Int. Wool Text. Res. Conf., South African Wool and Textile

Research Institute (SAWTRI), Pretoria, South Africa, 1980, Vol. V, p. 167.
127. C. H. Nicholls and M. T. Pailthorpe J. Text. Inst. 67, 397 (1976).
128. K. R. Millington and L. J. Kirschenbaum, Coloration Technol. 118, 6 (2002).
129. G. J. Smith, J. Photochem. Photobiol., B: Biol. 27, 187 (1995).
130. S. Collins, R. S. Davidson, P. H. Greaves, M. Healy, and D. M. Lewis, J. Soc. Dyers

Colour. 104, 348 (1988).
131. I. H. Leaver and J. F. K. Wilshire, Chem. Aust. 174 (1990).
132. D. R. Graham and K. W. Statham, J. Soc. Dyers Colour. 72, 434 (1956).
133. K. R. Millington, In Proc. 9th Int. Wool Text. Res. Conf., Città degli Studi Biella and
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Introduction

Industrial polysaccharides are useful because they thicken or stabilize aqueous
systems. These polysaccharides, or gums as they are also called, can produce gels
or act as emulsion stabilizers, flocculants, binders, film formers, lubricants, and
friction reducers. Thus, industrially useful polysaccharides modify and control
the rheological properties of aqueous systems.

Traditionally, industrially useful polysaccharides have been derived from
botanical sources, but more recently several microbial polysaccharides have
achieved commercial status. These include dextran, gellan gum, xanthan gum,
and welan gum, the generic name for polysaccharide S-130, which was commer-
cialized in 1985.

Xanthan gum has found significant commercial success in food, industrial,
and oilfield applications and has provided the springboard for the development of
a new generation of microbial polysaccharides (1). Several excellent reviews have
been written on the structure, properties, and uses of xanthan gum (2–5).

Manufacture

An appropriate medium for xanthan production comprises carbohydrate and
other nutrients. As shown in Figure 1, a pure Xanthomonas campestris culture
(after inoculum buildup) is grown in a seed vessel, which is then used to inoculate
a large fermentor. The additional nutrients required by this organism include am-
monium ion, a phosphate buffer, magnesium ion, and trace elements (6). Broth
pH decreases during the fermentation, because anionic groups are formed as part
of the polysaccharide molecules, and it is necessary to add caustic to maintain
the pH within the range of 6.0–7.5. A suitable fermentation temperature is about
28◦C (7). Glucose, sucrose, and starch are similar with respect to polysaccharide
production efficiency.

348
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Fig. 1. Diagram of production process.

At completion, that is, when the carbohydrate source is exhausted, the fer-
mentation broth is heat-treated at near-boiling temperature. Xanthan gum is
recovered by precipitation with isopropyl alcohol, and the polysaccharide is dried
and milled to the desired particle size distribution.

In another commercial process, pasteurization, alcohol precipitation, and
drying are omitted, biocide is added to the fermentor and the liquid broth is
hipped as the final product. Alternatively, the broth is ultrafiltered and shipped
as a liquid concentrate.

Alternative methods have been suggested for the recovery of xanthan gum.
Each process starts with pasteurization of the broth to kill bacterial cells. Be-
cause xanthomonads are nonspore-forming organisms and vegetative cells are
sensitive to elevated temperatures, complete pasteurization can readily be ac-
complished. Drum drying or spray drying of fermentation broth yields a crude
grade of polysaccharide (8). Also, high molecular-weight quaternary ammonium
salts have been proposed as precipitants (9).

Xanthan gum can also be recovered by precipitation with aluminum at low
pH (10) or calcium ion at high pH (11). Washing the insoluble aluminum or cal-
cium complex with acid or salt generates the soluble gum.

Structure

Xanthan gum is a high-molecular-weight heteropolysaccharide comprising three
different monosaccharides: mannose, glucose, and glucuronic acid (as a mixed
potassium, sodium, and calcium salt) (12). The repeating-unit structure of xan-
than gum is shown in Figure 2 (13,14).

Numerous studies have indicated a molecular weight of approximately
2 million, but values as high as 13–50 million have been reported (15). These
differences probably reflect different degrees of association of the polymer chains.

An ordered conformation of the xanthan gum molecule was proposed as a
result of x-ray-diffraction studies using oriented fibers (16). A molecular confor-
mation of a right-handed, fivefold helix with a rise per backbone disaccharide
residue of 0.94 nm, that is, a fivefold helix with a pitch of 4.7 nm (Fig. 3), was pos-
tulated. In this conformation, the trisaccharide side chains are believed to align
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Fig. 2. Structure of xanthan gum.

with the backbone and presumably stabilize the overall conformation by various
noncovalent interactions. Multistranded structures are consistent with the x-ray
data and represent alternative conformations.

Solution studies on the conformation of xanthan gum suggest that the
molecule is rodlike with some degree of flexibility (17) and is related to the solid-
state conformation. The nature of the association between chains and the role of
the side chain in the overall conformation have yet to be determined, and current
data do not clearly define the nature of the xanthan molecule in solution.

In 1977, Holzwarth and Prestridge (18) suggested a double or multistranded
assembly, whereas later studies (19) argue for a single helical entity in solution.
Other studies based on intrinsic viscosity and molecular weight measurements
have presented evidence for both single (20) and double (21),(22) helical struc-
tures; the question of whether the xanthan gum molecule is a single or double
strand in an aqueous solution is still not resolved. Electron micrographs (23) ob-
tained for xanthan gum samples, vacuum dried from high and low ionic strength
solutions, show double- and single- stranded structures, respectively. Xanthan so-
lutions at low ionic strength undergo a thermal transition that has been detected
by a variety of physical methods. This transition was first detected (24) as a sig-
moidal change in viscosity of 1% salt-free solutions (tm ∼ 5 to 5◦C). Subsequent
work (25) demonstrated that optical rotation and circular dichroic transitions are
coincident with the viscosity change, indicating a conformation transition of the
molecule. These data are consistent with the unwinding of an ordered conforma-
tion such as a helix into a random coil with a consequent decrease in effective
hydrodynamic volume and, therefore, viscosity.

Intermolecular association among polymer chains results in the formation
of a complex network of entangled, rodlike molecules. These weakly bound ag-
gregates are progressively disrupted under the influence of applied shear. Upon
heating above the transition temperature, there is a progressive melting of the
ordered structure, which is partly or totally reversible upon cooling, depending
on the salt environment. All these features are summarized schematically in
Figure 4 (19). Atomic force microscopy studies of single molecules revealed a
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Fig. 3. Helical conformation of xanthan gum viewed parallel and perpendicular to helix
axis. [Reprinted with permission from (16). Copyright (1977) American Chemical Society.]

double helical structure in the presence of salt for renaturated xanthan and a
single helix in the absence of salt; see Figure 5.(26).

Pyruvate and Acetate Content. The pyruvate content of xanthan gum
varies and is dependent on the strain (27), fermentation conditions (28),(29), and
recovery conditions employed (30). Pyruvate content influences the viscosity in
salt solutions (31–33) and the thermal stability (34) of xanthan gum. Recent stud-
ies (35) indicate that pyruvate has a strong destabilizing effect on the ordered con-
formation, which is ascribed to an unfavorable electrostatic contribution. These
data indicate that xanthan gum with increased pyruvate may be characterized
by increased viscosity. However, the pyruvate content of the commercial product
demonstrates minimal variability by using a defined strain and carefully con-
trolled fermentation and recovery conditions.
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Fig. 4. Conformation ordering in xanthan polysaccharide. [Reprinted from (19), Copy-
right (1984), with permission from Elsevier.]

Fig. 5. Incomplete renaturation of xanthan chain in pure water. (a) Where renaturation
has occurred, there is a double helix with a height of 0.86 nm. (b) Where renaturation
has not occurred, there is a single helix with a height of 0.48 nm. Arrows point to regions
where strands are very thin or a loop has formed. [Reprinted with permission from (26).
Copyright (2001) American Chemical Society.]

Although no variability in the O-acetyl content of xanthan gum has been
noted, these ester groups can be removed by the use of mild alkali. An increased
synergism between deacetylated xanthan gum and galactomannans has been re-
ported (36).

Properties

The commercial importance of xanthan gum results from several unique rheolog-
ical properties, and its stability and compatibility over a wide range of solution
conditions, including ionic strength variations, heat, pH changes, shear, enzymes,
and additions of salts, acids, or bases (Table 1). Xanthan solutions display high
viscosity at low concentration, high viscosity at low shear rates, a high degree of
pseudoplasticity, and high elastic modulus.

Pseudoplasticity. Xanthan gum solutions are pseudoplastic. When shear
stress is applied, viscosity is reduced in proportion to the amount of shear.
Upon the release of shear, total viscosity recovery occurs instantaneously. This
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Table 1. Structure—Property Relationships

Structural Features Properties

Complex aggregates, with weak
intermolecular forces

High viscosity at low shear rates (suspension
stabilizing properties) pseudoplasticity

Rigid helical conformation, hydrogen-
bonded complexes, anionic charge
on side chains

Temperature insensitivity and salt
compatibility

β − 1 → 4-linked backbone protected
by large overlapping side chains

Stability to acids, alkali, and enzymes

behavior of xanthan gum solutions can be explained on the basis of the high-
molecular weight, rodlike molecule, which forms complex molecular aggregates
through hydrogen bonds and polymer entanglement see Figure 6 (37). Also, this
highly ordered network of entangled, stiff molecules accounts for the high vis-
cosity at low shear rates, which translates, in practical terms, into the gum’s
outstanding suspending properties. The shear thinning results from further dis-
sociation of this network by the continued application of shear. However, when
the shearing force is removed, the aggregates (junction zones) reassociate to pro-
duce high viscosity. This is the basis of pseudoplastic behavior.

The ordered conformation is stabilized by hydrogen bonding but destabi-
lized by the repulsion between the negatively charged groups on the overlapping
side chains. This is also suggested by an oscillatory behavior of aggregation and
dissociation of xanthan gum hydrogels (37) with stable homogeneous networks
observed only after annealing. A low concentration of electrolyte stabilizes the
ordered conformation of xanthan gum by reducing the electrostatic repulsion be-
tween carboxylate anions on the trisaccharide side chains. This stabilized helical
conformation is maintained with an increase in temperature and explains the
insensitivity of the viscosity of xanthan gum solutions to temperature changes
below the transition temperatures. Xanthan polyelectrolyte complexes with low
polycationic strength and also generates a variety of nonaggregated stable and
metastable morphologies, including rods and toroids; see Figure 7 (38). Subse-
quent kinetic studies show that only the compacted toroidal morphologies are
stable (39).

The rigidity of the helical conformation is also responsible for the relative
insensitivity of xanthan gum viscosity to differences in ionic strength and pH. In
contrast, other polysaccharides that are polyelectrolytes usually have a random
coil conformation, a state in which increasing or decreasing electrolyte levels in-
versely affect solution viscosities. Finally, protection of the backbone by the side
chains results in the extraordinary stability of xanthan gum when exposed to
acid, alkali, and enzymes.

Solution Viscosity. Solutions of xanthan gum have high apparent vis-
cosity at low concentration and exhibit pseudoplastic rheology. The decreased
apparent viscosity at high shear rates facilitates mixing, pumping, and pour-
ing; high apparent viscosity at low shear rates stabilizes foams, emulsions, and
suspensions.
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Fig. 6. AFM images of xanthan gum: without annealing (a), and after 24 h annealing of
hydrogel (b). [Reprinted from (37), Copyright (2007), with permission from Elsevier.]

The effect of salts on viscosity depends on the concentration of xanthan gum
in solution. At low gum concentrations (below approximately 0.3%), monovalent
salts such as sodium chloride cause a slight decrease in viscosity. At higher gum
concentrations, viscosity increases. At a monovalent salt level of about 0.1%, the
peak viscosity is reached and further addition of salt has no effect on the viscosity.

The same effects occur with salts of most divalent metals (eg, calcium and
magnesium). The degree of change in viscosity that occurs in formulated systems
depends on pH and on other ingredients in the system. To develop optimal rheol-
ogy and uniform solution properties, some type of salt should be present. Usually,
the salts naturally present in tap water are sufficient.

Although the magnitude of the change increases at low shear rates and con-
centrations, pH generally has very little effect on the viscosity of xanthan gum
solutions. Xanthan gum solutions maintain high viscosity over the pH range 2–12
with some reduction at extreme pH values. Also, solutions have excellent stability
over time; actual stability depends on the temperature.
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Fig. 7. AFM images of xanthan polyelectrolyte complexes: xanthan (a), xanthan-chitosan
(b), xanthan-Cr3+ (c), and xanthan – poly-L-lysine (d). The complexes form metastable
morphologies (eg, rods, coiled, or folded toroids) and stable toroidal structures (see b–d).
[(a, b): reprinted with permission from (38), Copyright (2003) American Chemical Society.
(c, d): reprinted with permission from (39), Copyright (2004) Wiley.]

The change in viscosity with increasing temperature depends on the concen-
tration, pH, and shear rate. However, when salts are present, only a small change
in viscosity occurs at temperatures up to 80◦C. At higher temperatures, viscosity
is reduced but even at elevated temperatures xanthan gum solutions have excel-
lent stability and, upon cooling, essentially all viscosity returns. In other words,
xanthan gum solutions have excellent heat stability in the presence of salts and
viscosity reductions at high temperatures are reversible upon cooling.

Rheology. Viscosity and shear rate curves of xanthan gum at different
gum concentrations are shown in Figure 8 (40). The relatively higher viscosity
of xanthan gum at low shear rates and lower viscosity at high shear rates is in-
dicated. This illustrates the potential for the use of xanthan gum at low concen-
trations to produce solutions with high viscosity at low shear rates and therefore
excellent suspension and emulsion stabilizing properties; low viscosity at high
shear rates facilitates pumping.

Figure 9 is a plot of “zero shear” viscosity versus the concentration of xan-
than gum, hydroxyethylcellulose (HEC), and guar gum. Although data were
obtained from different literature sources, they illustrate the potential to use
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Fig. 8. Effect of the shear rate on apparent viscosity (at 100 s− 1) at 25◦C for 0.05–1.00%
(w/w) xanthan gum dispersions (40). Courtesy of the Institute of Food Technologists.

Xanthan gum at one-half to one-third of the concentration of guar and HEC to pr-
oduce equivalent zero shear viscosity, which in turn relates to suspension ability.

In the evaluation of polysaccharides as stabilizing agents for suspensions
or emulsions, it is important to determine viscosity under relevant conditions,
that is, at low concentrations, low shear rates, and in the presence of salts,
or at elevated temperature. Under these conditions, the superior functional-
ity of Xanthan gum compared with other thickeners is evident. Although in
some applications, this advantage can be compensated for by the use of higher
concentrations of lower cost competitive gums such as starch, guar, and car-
boxymethylcellulose (CMC); this often leads to formulations with unacceptably
high viscosity at higher shear rates and inferior stability to changes in pH and
salt. The superiority of xanthan has led to its emergence as the stabilizer of choice
in many food, industrial, and oilfield applications.

The viscoelastic response, at 25% strain level, of 0.25% Xanthan gum pre-
pared in 0.1% NaCl is shown in Figure 10 (41). At low frequencies, G′′ (viscous
modulus) predominates over G′ (elastic modulus). The point at which G′ becomes
greater than G′′ is known as the crossover frequency; above this point G′ pre-
dominates, indicating increased structure in the fluid. The lower the frequency
at which G′ becomes >G′′, the more solid-like the rheology and the more struc-
ture is present. Behavior of this type is characteristic of xanthan gum solutions at
low concentrations and exemplifies a solution with good suspending properties.
The quantity labeled eta star (η∗) is the complex viscosity and is calculated by
dividing the vector sum of G′ and G′′ by the deformation frequency in radians per
second. For most materials η∗ correlates with the steady shear viscosity, eta (η).
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Fig. 9. Zero shear rate viscosity versus gum concentration. To convert Pa·s to P, multiply
by 10.

However, in the case of highly elastic fluids such as xanthan gum solutions, η∗ can
be several percentage points larger, especially at low imposed strain levels. This
increase in η∗ is thought to be due to the large amount of structure or association
that exists between chains in xanthan gum solutions. Taken in sum, these data
confirm what is well known about xanthan gum solutions. They are gel-like in
nature and have a pseudoplastic (or “shear thinning”) rheological flow profile.

Compatibility. Xanthan gum solutions have excellent compatibility and
stability in the presence of many other chemicals.

Acids. Xanthan gum dissolves directly in many acidic solutions. The best
results are obtained, however, when acid is added to a xanthan gum solution,
rather than adding the gum to the acid solution. Xanthan gum stability is excel-
lent in the presence of most organic acids. The compatibility with mineral acids
depends on the type of acid and its concentration in the solution. However, at
elevated temperatures acid hydrolysis of the polysaccharide is accelerated and
lower viscosities may result.
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Fig. 10. Rheological properties 0.25% xanthan gum in 0.1 M NaCl. η∗ = complex viscos-
ity; G′ = elastic modulus; G′′ = viscous modulus. To convert Pa to dyn/cm2 or Pa·s to P,
multiply by 10.

Bases. Xanthan gum is compatible with many basic compounds, including
concentrated ammonium hydroxide. Sodium hydroxide concentrations greater
than 12.0% cause gelation or precipitation of xanthan gum in the solution. Ba-
sic salts, such as sodium carbonate, phosphate, or metasilicate, may also produce
gelation after prolonged storage of xanthan gum solutions, if their concentrations
in the solutions are greater than 5%.

Salts. Xanthan gum solutions are unusually stable in the presence of many
salts. In some cases, compatibility is limited only by the solubility of the salt.
However, xanthan gum is incompatible with polyvalent metal ions in solutions
with high pH. This incompatibility often can be controlled or prevented by the
addition of sequestrants, such as polyphosphates.

Very low concentrations of borates, generally less than 300 ppm as boron,
can cause gelation when other soluble salts are present in xanthan gum solutions.
Usually, this gelation can be avoided by increasing the boron ion concentration to
greater than 300 ppm or by lowering the pH to ∼5.0 or less.

Substances that contain vicinal hydroxyl groups also prevent gelation by
forming soluble complexes with the borate ion. Ethylene glycol and mannitol are
useful for this purpose.

Oxidizing Agents. Persulfates, peroxides, hypochlorites, and other strong
oxidizers degrade xanthan gum. High temperature and alkaline pH accelerate
this reaction.

Reducing Agents. In the presence of reducing agents, xanthan gum is gen-
erally stable. Even so, care is needed to prevent the formation of free radicals that
may cause degradation of long-chain polymers. Such degradation can also occur
if oxidizers are present.
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Thickeners. Xanthan gum shows good compatibility with sodium alginate
and the starches. With dextrin, guar, and locust bean gum, xanthan gum exhibits
synergistic increases in viscosity.

Compatibility is good with the synthetic, water-soluble resins. Gum arabic
forms complexes with xanthan gum at medium to high concentrations. It is gener-
ally not recommended that xanthan gum be used along with cellulose derivatives.

Enzymes. Those enzymes that are commonly encountered as microbial by-
products or as commercially available products, for example, protease, cellulase,
pectinase, and amylase, have no effect on xanthan gum.

Surfactants. The compatibility of xanthan gum solutions with nonionic
surfactants is quite good for surfactant concentrations of 20% or lower. At surfac-
tant concentrations of about 15% or higher, anionic and amphoteric surfactants
tend to salt out the xanthan gum. Below this concentration, stability is good.

Preservatives. Although xanthan gum is compatible with most of the com-
monly used preservatives, quaternary ammonium compounds should not be used
as preservatives unless there is a suitable salt present to serve as a shielding
agent. As is true for other polysaccharides, xanthan gum solutions support mi-
crobial growth, even though xanthan is a poorer supporter of growth than most
other polysaccharides. Therefore, an antimicrobial preservative is recommended
if xanthan gum solutions are to be stored for periods of 24 h or longer.

Latex Emulsions. For the manufacture of paints, foams, coatings, or ad-
hesives, xanthan gum is compatible with the common types of latex emulsions,
making it effective as a stabilizer, thickener, and rheological properties modifier.

Cationic Dyes. Although xanthan gum is incompatible with cationic dyes,
it may be stabilized to prevent reaction by lowering the solution pH to 1.5 or
by adding a shielding agent (eg, a soluble monovalent or divalent salt). The salt
needed depends on the type of dye and the cation that must be shielded, but the
salt concentration used is generally in the 2.0–3.0% range.

Combination and Modification

Interaction between Xanthan and Galactomannans. When xanthan
gum is combined at ambient temperature with galactomannans such as guar and
locust bean gum, a synergistic viscosity increase occurs (42). In addition, the xan-
than gum/locust bean gum combinations form a thermal reversible gel when so-
lutions of these polymers are heated above 54◦C and subsequently cooled (43).
Mixtures of xanthan and Konjac glucomannan were also shown to form reversible
hydrogels (44).

Guar gum and locust bean gum are galactomannans, that is, polysaccha-
rides composed solely of mannose and galactose. The backbone of both polymers
is made up of a linear chain of β − 1 → 4-linked D-mannose units, and attached to
the backbone by α − 1 → 6 links are single-unit D-galactose side chains. For guar
gum, the mannose-to-galactose ratio is 1.8:1 and for locust bean gum the ratio is
4:1.

In guar galactomannan, the galactose side chains occur on alternate man-
nose units, but, in locust bean galactomannan, the galactose side chains occur in
blocks. Since the galactomannans that are most reactive with xanthan gum have
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higher proportions of mannose units, it is assumed that the smooth regions are
involved in the interaction. As mentioned earlier, it has been suggested that xan-
than gum contains helical regions and that the xanthan gum/locust bean gum gel
arises from the interaction between these helices and the “smooth” regions of the
locust bean gum to form a cross-linked, three-dimensional network.

Xanthan gum/locust bean gum solutions and gel properties are influenced by
a number of variables, such as colloid concentration, colloid ratio, and hydrogen
ion concentration.

Although guar gum and locust bean gum are galactomannans and are struc-
turally similar, the difference in structure is sufficient to prevent the same type of
gelation with guar gum that occurs with locust bean gum. A viscosity synergism
does occur with guar gum; however, the magnitude depends on many factors, such
as pH, ionic environment, and so on.

In addition to increased viscosity, the addition of xanthan gum to solutions
of guar gum or modified guar gum permits modification of flow properties and
can be a useful development tool in a number of applications.

Xanthan and Proteins. Interactions between polysaccharides and pro-
teins are critically dependent on hydrocolloid concentrations, ionic strength, pH,
other ingredients, and processing conditions (45). Consequently, it is inadvisable,
as is sometimes done, to generalize on the so-called reactivity of a particular
polysaccharide with proteins. For the same reason, it is often misleading to ex-
trapolate the results from model studies on protein/polysaccharide combinations
to more complex food systems. The most reliable information is usually obtained
by observing the end result of combining a particular polysaccharide with the de-
sired protein(s), and processing under the conditions of interest. This empirical
approach has successfully identified combinations in which the interaction be-
tween xanthan gum and proteins must either be prevented or, alternatively, used
to best advantage.

Xanthan and Starch. Several years ago, studies on the effect of heating
and cooling starches in the presence of xanthan gum (46) suggested that xanthan
gum lowered the gelatinization temperature, thereby offering a means of reduc-
ing energy input during starch processing. Although the initial increase in viscos-
ity does indeed occur at a lower temperature, this viscosity is generated, not by
lowering the gelatinization temperature, but by interaction between the rodlike
xanthan gum molecules and the slightly swollen but essentially ungelatinized
starch granules. Later studies (47) using differentiated scanning calorimetry
(DSC) to monitor starch gelatinization more accurately have confirmed these
findings. They show that xanthan gum has no influence on gelatinization of corn-
starch and does not change the energy required for gelatinization. However, a
very small but statistically significant drop in the onset temperature of gela-
tinization was observed.

Upon storage, many starch-containing foods exhibit a phenomenon known
as retrogradation. Retrogradation refers to the tendency for the linear amylose
molecules to associate, progressively building up additional structure within the
food, and leading to excessive thickening or gelation. Retrogradation is a major
factor in bread staling and, in frozen foods, can reduce freeze—thaw stability.
Xanthan gum has been successfully used in a number of foods to reduce the ad-
verse effects of retrogradation. For example, xanthan gum can reduce the rate of
bread staling to some extent.
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Table 2. Food and Industrial Applications of Xanthan Gum

Food Oilfield

Pourable salad dressing (high oil, low oil, no oil) Drilling fluids (muds)
Relishes and sauces Work over and completion fluids
Syrups and toppings Stimulation
Starch-based products (canned desserts, sauces,

puddings, and fillings, and retort pouches)
Hydraulic fluids

Dry mix products (desserts, gravies, beverages,
sauces, and dressings)

Acidizing

Farinaceous foods (cakes) Enhanced oil recovery-polymer
flooding

Beverages
Dairy products (ice cream, shakes, processed

cheese spread, and cottage cheese)
Industrial

Confectionery flowable pesticides
Liquid feed supplements

Personal Care Cleaners, abrasives, and polishes
Lotions Metalworking
Creams Ceramics
Toothpaste Foundry coatings

textures coatings
Slurry explosives
Dye and pigment suspensions

Differentiation. Over the past few years, further improvements have
been made in modifying the functionality of xanthan gum to increase its value
in various applications.

In 1985, a high clarity food-grade xanthan gum, KELTROL-T, was intro-
duced in the United States by the Kelco Division of Merck & Co., Inc. for applica-
tions that demand high clarity, for example, beverages, syrups, and personal care
products (48). Xanthan gums with improved dispersibility have been developed
for industrial or oilfield applications where large volumes are required quickly, or
mixing equipment is limited. Also, a xanthan gum with altered rheology (more
Newtonian rheology at low shear rates) and improved compatibility to alkali is
finding application in alkaline cleaners.

Applications

The unique physical and rheological properties of xanthan gum make it one of
the most versatile hydrocolloids for use in a host of food, pharmaceutical, and
personal care products (Table 2; (49–51)). These properties result in products
with longer shelf life, improved flow, consistent viscosity, better texture, and a
pleasing appearance.

Food Applications. Xanthan gum’s stability to acid and salt, effective-
ness at low concentrations and highly pseudoplastic rheology make it an ideal
choice for stabilization of pourable no-oil, low oil, and regular oil dressings
(52),(53). Long-term emulsion stability is readily obtained, and the dressings,
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which pour easily from the bottle but cling well to the salad, have excellent flavor
release and a nongummy mouthfeel.

Xanthan gum at low levels provides high viscosity, which is stable to changes
in temperature, in sauces and gravies at both acid and neutral pH. Relishes sta-
bilized with xanthan gum have excellent sheen and improved cling.

In syrups and toppings, the rheological properties of xanthan gum provide
ease of pouring and excellent cling to ice cream, fruits, and pancakes. In chocolate
syrups, the cocoa powder remains uniformly suspended, eliminating settling and
ensuring consistency.

In starch-based desserts, such as puddings, mousses, and flans, inclusion
of xanthan gum provides additional body or structure, improved mouthfeel and
reduced syneresis upon storage. In reduced and low calorie foods, xanthan can be
used as a partial or total replacement for starch.

Baked goods containing xanthan gum often show increased volume and
have improved eating quality. In reduced-calorie baked goods and gluten-free
breads, xanthan gum provides improved volume, texture, and moisture retention
(54).

The addition of xanthan gum to bakery and pie fillings improves texture,
mouthfeel, and flavor release, with the added benefits of extended shelf stability,
freeze-thaw stability, and syneresis control (55).

Inclusion of xanthan gum in dry mix bases for beverages provides a pleasant
body and mouthfeel to the reconstituted drink. Xanthan gum keeps particulate
materials, such as fruit pulp, uniformly suspended in prepared drinks to improve
product appearance and provides improved mouthfeel without impairing flavor
release. The potential interaction of xanthan gum with the protein in the citrus
pulp can be eliminated by the addition of small amounts of highly substituted
carboxymethylcellulose (56). Xanthan gum, in combination with gum arabic or
modified starch, can be used to stabilize orange oil emulsions, traditionally stabi-
lized with gum arabic alone (57),(58).

Blends of xanthan gum, carrageenan, and galactomannans are excellent
stabilizers for frozen and chilled dairy products, including ice cream, sherbet,
and sour cream (59). Blends are formulated to take advantage of xanthan gum’s
unique rheological properties and its synergistic interaction with galactoman-
nans and proteins. Xanthan gum can be used to control viscosity of purees
(60),(61).

Addition of low concentrations of xanthan gum extends the shelf life of
marshmallows while allowing for a reduction in the gelatin content. The syner-
gistic gelling reaction between xanthan gum and locust bean gum can be utilized
to improve the efficiency of manufacturing starch jelly candies by accelerating
the set time and to improve storage stability.

Xanthan gum and various galactomannan polysaccharides such as guar
gum, locust bean gum, tara gum, and the like, can interact in a “synergistic”
manner. This interaction is important for the food industry as it is used commer-
cially in a number of situations that require lower cost or a lower level of sta-
bility than that provided by unblended xanthan gum (62). Such applications can
include dairy stabilizers, sauces, soups, frozen foods, and certain salad dressings
(creams).

Personal Care Products. Xanthan gum provides excellent stability to
creams and lotions. The high-at-rest viscosity effectively stabilizes the dispersed
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oil phase, whereas the shear thinning properties provide good lubricity and skin-
feel during application. Xanthan gum improves the flow properties of shampoos
and liquid soaps, suspends insoluble pigments and medicants, and provides a
stable, rich, and creamy lather.

Xanthan gum is an excellent binder for all types of toothpastes. Its ease of
hydration, excellent enzyme stability, and consistent viscosity produce a uniform
stable product and improve extrusion.

Industrial Applications. The excellent suspension properties at low con-
centration and compatibility with salts, acid, and alkali have resulted in the use
of xanthan gum in a variety of industrial applications (Table 1).

Xanthan gum is an excellent suspending agent for flowable herbicides and
fungicides and suspension fertilizers (63),(64). Owing to its pseudoplastic prop-
erty, it can also be used to produce excellent drift control agents. A dispersible-
grade xanthan gum is particularly advantageous in these systems.

Xanthan gum prevents separations of insolubles, such as minerals and
fats, and maintains a homogeneous concentration of vitamins throughout animal
feeds. It is particularly effective in feeds containing magnesium oxide or calcium
carbonate and is also used in feeds where molasses is partly replaced by other
carriers.

Xanthan gums are used as suspending agents in electrode coatings, as well
as in glazes and frits for tiles and sanitary ware. In these products, it is also used
because it prevents sagging and pinholing.

Xanthan gum’s rheological properties and its outstanding stability at pH ex-
tremes make it the thickener of choice in products such as highly alkaline drain,
tile, and grout cleaners; acidic descalers for rust and metal oxide removal; graffiti
removers; aerosol oven cleaners; toilet bowl cleaners; and metal-cleaning com-
pounds. In these products, xanthan gum also provides cling to vertical surfaces
combined with ease of washing off.

The pseudoplastic property of xanthan gum provides excellent texturing in
high-build paints and ceiling tile coatings, ensuring in-can stability, ease of appli-
cation to the wall, and retention of the textured finish. It thickens latex emulsions
and dispersions and maintains uniform suspension of zinc, copper, and other
metal additives in corrosion coatings. It is also used to suspend particles of re-
fractory materials used in products such as foundry mold and core washes.

Xanthan gum stabilizes highly loaded coal—water fuels, prevents settling,
and maintains a stable viscosity during the atomization and combustion cycle. Its
low viscosity under conditions of high applied shear as well as its low extensional
viscosity enables the fuel to be atomized into a fine spray.

Xanthan gum suspends solids in leather and silver polish, provides lubricity
to lotions and heavy creams, and stabilizes emulsions and polishes. It provides
excellent print definition in space printing, forms temperature-stable foams for
printing and finishing, and acts as a flow modifier for dyeing heavy fabrics and
inkjet printing (65). Its rheological properties and temperature stability make it
ideal for carpet jet printing where it ensures sharp print definition, the absence
of frosting, and trouble-free operation.

Oilfield Application. The shear thinning viscosity provided by xanthan
gum allows optimal hydraulic efficiency of drilling fluids (66),(67). It reduces pres-
sure losses within the drill strings, enabling maximum hydraulic horsepower to
be delivered to the bit. As a result, penetration rates can be increased, Other
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benefits from drilling fluids formulated with xanthan gum include improved
bottom-hole cleaning, increased cutting—carrying capacity under annular shear
rate conditions, and better separation efficiency in mechanical solids control
equipment.

Because of its compatibility with most drilling fluid additives, xanthan gum
can be used in a wide variety of drilling fluids. These fluids include those with
high pH, fresh water, seawater, and electrolyte-inhibited systems containing dis-
solved electrolytes such as calcium, potassium, and sodium (68). For special
drilling applications, xanthan gum is also used to formulate stiff foams to im-
prove stability and carrying capacity for drilled cuttings.

The pseudoplastic properties of fluids formulated with xanthan gum make it
a highly functional additive for work over and completion operations (69). Other
key features include its compatibility with most field-formulated brines and its
temperature stability, pH stability, and lack of shear degradation. It provides
superior hole cleaning, sand suspension, and friction reduction, and purified xan-
than gum produces minimal formation damage.

Carrier fluids, formulated with xanthan gum, help improve the competency
and durability of gravel packs. In addition, they allow efficient gravel placement
in deviated wells, improved slurry transport at high gravel concentrations, and
superior suspension at low polymer concentrations.

Xanthan gum provides the ideal viscosity requirements for water- or acid-
based hydraulic fracturing fluids. The unique pseudoplastic properties offer im-
proved proppant suspension and maximum viscosity within the fracture.

Xanthan gum forms viscous, pseudoplastic fluids that offer superior mo-
bility control for increased fluid displacement efficiency in secondary and ter-
tiary oil recovery processes. In profile modification applications, xanthan gum
provides unique functionality in high salinity formations when cross-linked with
chromium and/or other metal ions (70),(71).

Regulatory Status

Food-grade xanthan gum products meet the following requirements: (i) U.S. Food
and Drug Administration (FDA) food additive order for xanthan gum, 21 CFR
172.695; (ii) Food Chemicals Codex (FCC) requirements (72) and the National
Formulary (73); (iii) EEC purity criteria for xanthan gum, laid down in EEC Di-
rective 82/504/EEC.

Xanthan gum appears as E-415 on Annex I to Directive 74/329/EEC au-
thorizing emulsifiers, stabilizers, thickeners, and gelling agents for use in EEC
foodstuffs, amended by Directive 80/597/EEC.

In addition to the food-grade products named above, food-grade xanthan
gum has been formulated for use as an additive for liquid feed supplements for
ruminant animals and calf milk replacers (21 CFR 573.1010). Xanthan gum is
particularly useful in agricultural applications. It is exempted from tolerance re-
quirements when used as a thickener in pesticide formulations applied to growing
crops or to raw agricultural commodities after harvest under 40 CFR 180.1001(c).
It is also exempted when used in formulations applied to animals under 40 CFR
180.1001(e).
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Food-grade products can be used in specified meat products under Depart-
ment of Agriculture regulation 9 CFR 318.7, and in most poultry products under
9 CFR 381.147. They also meet the FDA requirements for components of paper
and paperboard in contact with aqueous and fatty foods under 21 CFR 176.170,
and are included in many FDA food standards. It is recommended that current
regulations be consulted before any additive is included in new food formulations.

Analytical and Test Methods

Methods for moisture content, ash, pyruvate, trace elements, residual isopropyl
alcohol, and so on may be found in the monographs for xanthan gum in the cur-
rent editions of both the FCC (72) and NF (73). Because of the wide variety of
products in which these biogums are used, it would be impossible to give a gen-
eral method that would not be subject to interference from some other material
present.
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X-RAY MICROSCOPY

Introduction

Various types of microscopy have played a crucial role throughout the history
of Polymer Science by elucidating the underlying organization and morphology of
multiphasic polymeric materials and systems in real space. In many applications,
there is often the need to not only visualize the morphology of a multicomponent
system or material, but to also quantify the composition of the various phases
in detail. Typically, techniques providing very high quantitative chemical infor-
mation, such as infra red (ir), Raman, and nuclear magnetic resonance (nmr)
spectroscopy, would be ideal for these tasks, but these techniques have very lim-
ited spatial resolution and achieve at best a resolution of the order of a micron. In
contrast to this, electron microscopy has very high spatial resolution, but relies
generally on heavy metal staining or only elemental contrast to provide qualita-
tive compositional information. On surfaces, scanning force microscopy (sfm) has
proven to be a very versatile characterization tool, but the compositional infor-
mation obtained is only qualitative in nature. X-ray microscopy bridges this gap
between ir, nmr on the one hand and electron and scanning force microscopy on
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the other, and fills a need by providing quantitative compositional information at
a spatial resolution of presently 40 nm.

This article reviews Near Edge X-ray Absorption Fine Structure (nexafs)
spectroscopy, which underlies the ability for quantitation of sample composition
in x-ray microscopy. Also covered are state-of-the-art x-ray microscopy instru-
mentation techniques and a relatively complete overview of nexafs microscopy
applications.

Near Edge X-ray Absorption Fine Structure Spectroscopy

The utility of x-ray microscopy is based on the range and subtlety of the spec-
troscopic and hence compositional information content of nexafs spectroscopy.
As is true for all spectroscopies, the higher the chemical speciation capability
that can be achieved, the better the compositional quantitation. In nexafs spec-
troscopy, the photoabsorption cross section for the excitation or photoionization
of tightly bound core electrons is measured. NEXAFS spectra are necessarily ele-
ment specific, as each element has a characteristic core binding energy (ie, carbon
1s: ∼290 eV, nitrogen 1s: ∼400 eV, oxygen 1s: ∼530 eV, etc). The spectral features
observed in nexafs spectra correspond to transitions from the ground state to a
core excited state. Figure 1 presents a schematic of the x-ray photoabsorption pro-
cess for the carbon 1s nexafs spectrum of poly(styrene-r-acrylonitrile) (SAN). The
most pronounced spectral features are intense and narrow peaks at the lowest
energies in the spectrum. The first transition at ∼285 eV is a C 1s → π* tran-
sition corresponding to carbon atoms of the phenyl functional group. The second
transition at ∼287 eV is a C 1s → π* electronic transition corresponding to the
carbon atoms of the acrylonitrile functional groups. The energy of these features
is dictated by the combination of initial state effects (core binding energies) and
final state effects (energy of the optical orbital in the presence of the core hole).
The relative magnitude of initial and final state effects in SAN can be gleamed
from the energy diagram on the right-hand side of Figure 1. At higher photon
energies in the spectrum, broad C 1s → σ* transitions are superimposed on the
photoionization continuum.

A more broadly based illustration of the compositional sensitivity of nexafs
spectroscopy can be seen in Figure 2 (1), displaying spectra from a number of un-
saturated polymers that consist primarily of various aromatic functional groups,
C C bonds in the polymer chain backbone, as well as amide, ester, and carbonyl
groups. It is readily apparent that the shape and intensity of the spectral features
observed are unique for each polymer. Most nexafs spectra of these polymers are
dominated by low energy C 1s → π∗

C C transitions at 285–287 eV. The shape
and intensity of this π∗

C C band varies with the chemical and hence electronic
structure. An example of this chemical sensitivity can be observed in the C 1s
nexafs spectra of polystyrene (PS) and poly(bromo styrene) (PBrS) (right panel of
Fig. 2). In the PBrS spectrum, the core → π∗

C C (LUMO) transition has two ma-
jor components, a C 1s(C H) → π∗

C C component at ∼285 eV and a C 1s(C Br)
→ π∗

C C component at ∼286.2 eV, whereas PS has only one major component
at ∼285 eV. Note that in this notation, the core level is indicated parenthetically
before the arrow (eg C H), and the nature of the upper level of a given transition
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is indicated by the final subscript (eg C C for phenyl). The inductive effect of the
bromine shifts the C 1s ionization potential of the C Br carbon atom to lower en-
ergy, increasing the energy of the C 1s(C Br) → π∗

C C transition to the common
manifold of π*(LUMO) states.

A similar situation applies to 4,4′-methylene di-p-phenylene isocyanate
(MDI) and toluene diisocyanate (TDI) polyurea and polyurethane spectra, where
the core → π∗

C C (LUMO) transition has two major components: a C 1s(C H) →
π∗

C C component at ∼285 eV and a C 1s(C R) → π∗
C C component at ∼286.5

eV. In TDI, the main, low energy π* peak itself is furthermore split into two
components. The inductive effect of a heteroatom can also be clearly observed by
comparing the spectra of neoprene (NP) and polyisoprene (PI). A complementary
series of nexafs spectra is shown in Figure 3, which presents the evolutionary
trend of the spectral signature of carbonyl functional groups as the nearest neigh-
bor environment is changed progressively and systematically from a keton to a
carbonate (2).

Unfortunately, peaks attributable to different functional groups and specific
carbon atoms have the tendency to overlap in a nexafs spectrum. Most of the
spectroscopic information is compressed into a 6-eV wide energy window, while
lineshapes are about 100 meV wide. Most notably, π* spectral features corre-
sponding to carbonyl, ester, and carbonate groups generally sit on top of C 1s
(C H) → σ* transitions or the vacuum continuum.

Sometimes the shifts of slightly inequivalent carbon atoms are small and of
the order of the intrinsic line width of a spectral feature (about 80–100 meV) that
arises from the finite core-hole lifetime. Small chemical shifts can be found, for
example, for the six inequivalent carbon atoms of the phenyl ring of PS. Further
complicating matters, these small chemical energy shifts overlap with vibrational
effects that have also similar energy shifts. The chemical shifts can thus not
be observed in isolation from vibration and are furthermore convolved with the
natural line width. The relative contributions of chemical and vibrational effects
to the spectrum of PS has been explored (3). The magnitude of the shifts of these
six carbon atoms based on calculations ranges from 50 to 400 meV. Figure 4 shows
the lowest energy spectral features of PS and deuterated PS (d-PS). Difference of
up to 15% in intensity can be observed that can be clearly attributed to vibrations.

NEXAFS spectroscopy is also sensitive to differences in the chemical struc-
ture of saturated polymers (polyolefins and polyethers). The nexafs features in
spectra of these materials are predominantly core → σ* electronic transitions
with some Rydberg character (4–6). In general, the spectral differences and vari-
ations observed for σ* transitions as a function of chemical structure are not as
great as those for π* transitions. Only slight, although noticeable, differences
in the nexafs spectra of polyethylene (PE), polypropylene (PP), polyisobutylene
(PIB), and ethylene propylene rubber (EPR) have been observed (1). The main
chemical structural differences between these polymers are the number and dis-
tribution of methyl groups to the (CH2)x backbone. The small spectroscopic dif-
ferences are not surprising, since the structural differences involve bonds of the
same C C and C H σ -bonded character. Nevertheless, spectroscopic differences
have even been observed for PE of different density. These differences have been
attributed to a matrix effect that varies between amorphous and crystalline re-
gions of the semicrystalline PE materials (6). The largest spectral differences
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Fig. 3. C 1s nexafs spectra for a series of polymers that have carbonyl functional groups
in different local electronic environments. (Data recorded with the Stony Brook STXM.)
Reproduced from Ref. 2.
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Fig. 4. C 1s nexafs spectra of polystyrene (gray line) and deuterated polystyrene (light
gray line) recorded with a resolving power of about 6100. The area of the C 1s → π* tran-
sition is normalized so that absolute differences in the spectral intensity are chemically
meaningful. (Data acquired with ALS BL7.0 STXM.) Reproduced from Ref. 3.

between the nexafs spectra of saturated polymers are observed when heteroatoms
such as oxygen, chlorine, or fluorine are present. Substantial shifts of the cor-
responding features of PE toward higher energy are observed in poly(ethylene



374 X-RAY MICROSCOPY Vol. 15

Fig. 5. Angle-dependent C 1s nexafs spectra of evaporated hexatriacontane-
CH3(CH2)34CH3. Although this is not a polymeric substance, it provides a good illustra-
tion how large the linear dichroic signal can be even for fully saturated materials. The
solid line data has the polarization vector aligned along the molecular axis of the oriented
materials, while the dashed line data is for polarization perpendicular to the molecular
axis. Reproduced from Ref. 7.

oxide), polytetrafluoroethylene, polyvinylidine, or poly(vinyl chloride), primarily
on account of shifts in the ionization potential because of the heteroatom.

NEXAFS experiments are almost exclusively performed with linearly polar-
ized light from synchrotron radiation facilities. Since the discrete nexafs transi-
tions obey dipole selection rules, oriented samples exhibit linear x-ray dichroism.
This can be utilized to explore and measure orientation in polymeric materials.
As an example, Figure 5 displays two nexafs spectra of an oriented long-chain
hydrocarbon molecule (8). The orientation of the electric field vector with respect
to the sample can be changed by rotating the sample relative to the x-ray beam.
The spectra shown in Figure 5 correspond to glancing and normal incident radi-
ation. Large spectral differences are observed, even though saturated molecules
with only σ bonds tend to give less well-defined spectral features than polymers
with π bonds.

The principles and underlying physics of nexafs spectroscopy and x-ray
linear dichroism and their applications to small molecules and some polymers
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have been reviewed in a monograph (9). Complementary, but somewhat limited,
overviews of polymer nexafs spectra have been presented (10–13). A more de-
tailed “primer” of nexafs spectroscopy of polymers has also been provided (1).
A carefully energy-calibrated library of nexafs spectra is presently being com-
piled by the North Carolina State University nexafs microscopy research group.
Energy calibration is accomplished by leaking a small amount of CO2 gas into
the experimental chamber and by recording characteristic polymer features and
characteristic features of the CO2 gas simultaneously, thus reducing any ambi-
guity about the energy scale (14).

The chemical and orientational sensitivity of nexafs spectroscopy has been
used for analysis in a variety of applications. Examples of studies involving nex-
afs spectroscopy are given below:

(1) Photoactive polymers: poly(phenylene vinylene) (15), poly-p-phenylenes
and polyacenes (16), photo-oxidation of electroluminescent polymers (17),
and uv-polymerized diacetylene (8)

(2) Polyurethanes and model compounds (18,19)
(3) Plasma and radiation damaged polymers: oxygen plasma damaged

polypropylene (20) and argon plasma damaged polycarbonate (21). Elec-
tron and x-ray beam damaged or decomposing polymers: poly(methy
methacrylate) (PMMA) (22–24), several polymers with carbonyl function-
ality (25).

(4) Metal polymer interfaces: chromium coated poly(ethylene terephthalate)
(PET) (26) and metalized polycarbonate (PC)(27)

(5) Surface relaxation of PS (28)
(6) Surface structure of polyimides (29–34)
(7) Surface orientation and grafting density of semifluorinated polymers (35–

39)
(8) Organic geochemical polymers: petroleum asphaltenes and coals (40,41)

and kerogens and bitumens (42)
(9) Inorganic polymers: polydimethylsilane films (43,44) and poly(di-N-

hexyldisiloxane) (45).

Additional studies comprise various forms of polyethylene (CH2)x, such as
oriented homopolymer (7,46). Other examples include polytetrafluoroethylene ho-
mopolymer and models (7,47–50); poly(ethylene terephthalate) and the related
polymers poly(butylene terephthalate) and poly(ethylene naphthalate) (51–53);
and electrochemically polymerized thin films such as poly(3-methyl thiophene)
(54) and polypyrrole (55). This is not intended to be a comprehensive list, but only
an indication of the wide range of applications possible with nexafs spectroscopy.

Energy electron loss spectroscopy (eels) used under dipole approximation
conditions is a closely related tool to nexafs spectroscopy as it measures the
same electronic transitions (56,57). Indeed, most of the early polymer core ex-
citation spectroscopy, work particularly at the C 1s core edge, was performed
by eels (58–61). EELS can be performed in a scanning transmission electron
microscope (stem) at high spatial resolution (62–64), or by energy filtered tem
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imaging (65). The relatively poor energy resolution in commercial instruments
and higher beam damage (66) limits the use of these eels methods for composi-
tional analysis of complex polymeric materials. EELS is best used for elemen-
tal analysis or semiquantitative low loss spectroscopy (67–69). Specialized tem–
eels instruments have demonstrated 0.2–0.4 eV FWHM energy resolution for
semiconductors (70) and nickel aluminum intermetallics (71). The development
of tem-monochromators capable of reaching 50 meV resolution is in progress (72–
74).

NEXAFS Microscopy: Instrumentation and Analysis Tools

Having seen the power (and limitation) of nexafs spectroscopy in the preceding
sections, one can readily envision the enhanced utility of nexafs spectroscopy as
a characterization tool that would result from the addition of high spatial res-
olution capabilities. Since the spectroscopic sensitivity to specific moieties and
functional groups can in many or even most cases be exceeded by ir, nmr, and Ra-
man spectroscopies, nexafs microscopy will have to exceed the spatial resolution
of these other spectroscopy techniques in order to be truly useful. To date, nexafs
microscopy has surpassed a spatial resolution of 50 nm both in transmission to
measure bulk properties (75–77) and in a reflection geometry to study surfaces
(78,79). This level of spatial resolution is at least an order of magnitude bet-
ter than what can be accomplished with complementary compositional analysis
techniques. Future developments in nexafs microscopy might achieve a spatial
resolution of a few nanometers (80,81). In addition, nexafs microscopy has excep-
tional surface sensitivity of about 10 nm, a sensitivity that could be improved to
about 1 nm with photoemission electron microscopes (peem’s) that incorporate a
bandpass filter (80–82).

High spatial resolution nexafs microscopy is generally accomplished in two
ways: (1) instruments for transmission experiments typically employ high reso-
lution zone plate optics (83), whereas (2) surfaces are characterized with peem’s
(78,79,82). Zone-plate-based microscopes are true x-ray microscopes. PEEM’s are
essentially electron microscopies in which high spatial resolution is achieved with
electrostatic or electromagnetic electron optics. The quality of the optics system
is essential in both cases.

For zone-plate-based microscopes, the accuracy of the zone placement and
the width of the outermost zone determines the spatial resolution achievable with
these elements. The Rayleigh resolution of a perfect zone plate is 1.22 times the
outermost zone width. Zone plates with outermost zone widths between 20 and
40 nm are presently in use with experimental spatial resolution in the range
of 25–50 nm (77). Two types of instruments have been developed and are being
continually refined and improved: (1) scanning transmission x-ray microscopes
(stxm) and (2) full-field conventional transmission x-ray microscopes (txm) (see
schematics in Fig. 6). Present stxm’s generate a microprobe of about 40–50 nm in
size, and the sample is raster scanned through the focus of the x-ray microprobe
by mechanical means (84,85). In a txm, a zone plate downstream of the stationary
sample magnifies the sample onto a 2-D detector (86–88). NEXAFS microscopy
with good chemical sensitivity requires good energy resolution. For a stxm that
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Fig. 6. Schematic of a scanning transmission x-ray microscope (stxm) and a conventional
transmission x-ray microscope (txm). Courtesy of W. Meyer-Ilse, CXRO.

is operated in the 200–900 eV energy range, this is achieved with a grazing in-
cidence monochromator upstream of the microscope. Near the carbon edge, the
most widely used edge for polymeric materials, a resolving power of 2000–5000 is
routinely available (85,89,90). TXM’s presently employ zone plate monochroma-
tors in order to match the numerical aperture of the illumination at the sample
to the numerical aperture of the objective. Present zone plate monochromators
used in a txm have relatively low energy resolution (∼0.5 eV), limiting the utility
of txm for nexafs microscopy of polymers. Efforts are underway to improve this
shortcoming of txm’s.

Zone plates are highly chromatic, with a focal length proportional to the
photon energy. As a result, continual refocusing is required during the photon
energy change necessary for spectroscopy. This is accomplished by changing the
sample to zone plate distance. If a high spatial resolution point spectrum is to be
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acquired, care and effort must be exercised to control the transverse motion of
the scanned element (sample or zone plate) during refocusing to avoid blurring
of the region from which the spectrum is acquired. Controlling this “run-out” is a
technological challenge, and places severe constraints on the accuracy of the me-
chanical apparatus. An accuracy, stability, and repeatability consistent with the
spatial resolution of the zone plate has not yet been routinely achieved in existing
stxms. One way to work around these problems, at least partially, is to acquire
image sequences at each photon energy in the spectrum (91). The images in these
sequences can then be correlated to each other and shifted to provide the proper
alignment. If one is only interested in spectra from a few locations, the image
sequence approach results in a time penalty: image sequences typically require
between 0.5 and 3 h, while a few point spectra require a few minutes. Refocusing
after a change in energy is also necessary in a txm, with similar requirements to
an stxm regarding stability and alignment. In a txm, one has to translate both
the zone plate objective and the detector in order to keep the magnification the
same.

The first stxm had been operated at a relatively low brightness bending
magnet beamline at the National Synchrotron Light Source (NSLS) uv ring (92),
but was moved to an undulator beamline as these high brightness sources be-
came available (93). This was motivated by the requirement to illuminate the
zone plate coherently to achieve the highest spatial resolution possible. High in-
tensity at high spatial resolution is thus most easily accomplished at the bright-
est sources available, ie, undulator sources at synchrotron radiation facilities
(83,85,90). In order to increase stxm capacity at relatively low cost, an effort
is underway to build an stxm at a bending magnet beamline at the Advanced
Light Source (ALS) in Berkeley that is about two orders of magnitude brighter
than a bending magnet at the NSLS uv ring. In order to achieve the best data
rates for the majority of polymer experiments, the ALS bending magnet stxm
and beamline has been optimized for C-nexafs (94). The brightness requirement
for a txm is less severe than for an stxm. TXM’s can be successfully operated
with short exposure times at bending magnet beamlines even at second genera-
tion synchrotron facilities. Since most laboratory based x-ray sources do not have
a continuous and stable emission spectrum, laboratory based nexafs microscopy,
with its requirement for photon energy tunability, is an unlikely development in
the near future.

To study surfaces, secondary processes, such as fluorescent photons and sec-
ondary or primary photoelectrons, that track the absorption cross section as a
function of photon energy are utilized. All three of these secondary processes are
already extensively employed in nexafs spectroscopy without spatial resolution,
in what is called the fluorescent yield (FY), total- (TEY) or partial electron yield
(PEY) mode, respectively (9). PEY traditionally refers to experiments that utilize
a bias voltage on the channel plate or channeltron detector or an energy window
set with an energy analyzer. Both methods strive to accept primarily electrons
with kinetic energy in the 100–300 eV range near the minimum of the secondary
electron mean free path in order to achieve high surface sensitivity of about 1 nm.
In nexafs microscopy, only a modified version of PEY mode is presently available.
In a peem, the photoelectrons emitted from the sample surface are accelerated in
a cathode lens to high energies, and subsequent electrostatic or electromagnetic
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Fig. 7. Schematic of a photoemission electron microscope (peem). Courtesy of S. Anders,
ALS, and B. Tonner, University of Central Florida.

lenses magnify the image onto a 2-D detector (see Fig. 7 as an example). The peem
instrument itself acts as a low pass energy filter with a bandwidth of a few electro
volts near the photoelectron threshold. This energy window is not near the mean
free path minimum and has a large sampling depth of about 10 nm associated
with it. True energy filtering in a peem would allow operation near the mean free
path minimum. However, the one instrument presently available with an energy
filter, the spectroscopic low energy electron microscope (SPLEEM) developed by
the group of E. Bauer, has not yet been utilized for nexafs experiments (95).

Several contrast mechanisms assert themselves simultaneously in a peem
instrument: (1) composition, ie, the cross section difference between different ma-
terials at a given photon energy, (2) topography and (3) illumination effects. To-
pographic contrast arises from the modified collection efficiency in the peem from
sample locations that are not perpendicular to the optical axis. Concave round
features tend to have reduced collection efficiency, while convex features are en-
hanced. Illumination effects arise because the sample is illuminated at a shallow
angle of 30◦ or less. The local photon intensity of the sample depends thus on the
topography. Even complete shadowing is possible. Typically, one is interested pri-
marily in the compositional information, and analysis procedures are presently
developed to disentangle the spectroscopic, ie, compositional, information from
topography and illumination effects. Generally, these methods use pre- and post-
edge normalization of the nexafs spectra acquired with the peem and reference
spectra acquired with the same instrument (see, for example, Ref. 96)

Since peem’s acquire information in parallel from all pixels in the image,
and incoherent illumination of the sample is possible, the source requirements
are generally not extreme. peem’s can be successfully operated at any bend-
ing magnet beamline that provides sufficient energy resolution (78,79,97,98).
PEEM’s also do not require any refocusing during photon energy changes. How-
ever, for future ultrahigh spatial resolution (<10 nm) instruments, the necessary
flux densities on the sample can only be provided with undulator beamlines.
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Quantitative Microanalysis. In transmission nexafs spectroscopy, quan-
titative analysis can be achieved by inverting Lambert–Beer’s law of x-ray
absorption:

OD = µρt = αt = − ln(I/I0)

where OD is the optical density, µ is the energy-dependent mass absorption co-
efficient, ρ is the density, t is the sample thickness, and an energy scan from the
sample (I) is normalized to another energy scan recorded without a sample (I0).
The product of µ and ρ is the linear absorption coefficient α.

For accurate quantitation, well-characterized nexafs spectra of carefully
chosen analytical models of the polymer components are required. The basic
and well-founded assumption is that nexafs spectra of non-interacting moieties
or components are additive. For a blend of two or more homopolymers, such
as PS/PMMA, the analytical models can simply be the individual homopoly-
mers. Even for quantitation of components in a random block copolymer, eg
poly(styrene-r-acrylonitrile) (SAN), the spectra of the homopolymers PS and poly-
acrylonitrile (PAN) can be used, provided that the blocks do not interact electron-
ically. Accuracy of a few per cent can presently be obtained for a variety of poly-
mers including polyurethanes (19). In general, care must be exercised to choose
models and reference spectra that indeed reflect noninteracting moieties (1). The
utility and limitations of quantitative nexafs analysis for polymeric materials has
recently been discussed (1).

Quantitative Image Analysis. Two methods are available if the com-
position of large sample areas is to be analyzed quantitatively: (1) singular
value decomposition (SVD) of a few images at carefully chosen photon energies
(98–101), or (2) acquisition of image sequences at many energies that provide
nexafs spectra at each point (91). SVD requires prior knowledge about the sam-
ple and works only if the overall composition of the sample is known. In addition,
the linear absorption coefficients of the components must be accurately known
in order to minimize systematic errors in the analysis. The nexafs spectra used
as standards must be free of spectral distortions caused by absorption satura-
tion because of the presence of higher order spectral contamination and detector
nonlinearity.

The SVD procedure requires a series of images acquired at a number of ener-
gies that equal or exceed the number of compositional components. The reference
spectra provide crucial guidance for the selection of the photon energy. Usually
energy values for images are chosen that correspond to large spectral differences
between the constituent components. An example of raw transmission images
is shown in Figure 8. Each transmission image is converted to an optical density
(OD) image by computing OD = −ln(I/I0), where I is the transmitted intensity and
I0 is the incident intensity. The normalization with I0 can be most readily and ac-
curately accomplished if the image itself contains an open area (see Fig. 9), but
recording a separate I0 spectrum is also possible. Since OD = αt = µρt, each pixel
in an OD image can be described by a linear combination of the product of the lin-
ear absorption coefficient α and the thickness t for each component respectively.
This results in a set of linear equations that can be solved for the thickness of
each component. Since SVD utilizes only a limited and small number of images,
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Fig. 8. Basic data set for SVD analysis, with reference spectra of PS and PMMA and
transmission images of a PS/PMMA sample at the four energies indicated. Generally, each
image has a weighted absorption for each substance present, based on the cross sections
at the particular photon energy and the abundance of the substance, even though the
absorption in some x-ray micrographs can be dominated by one or the other chemical
substance, eg 285.2 eV is dominated by PS absorption. (Data acquired with the Stony
Brook STXM.) Courtesy of D. A. Winesett, NCSU.

it results in the smallest (and minimum) dose to the sample to extract the de-
sired information. Since αt = µρt, one could alternatively use the mass absorption
coefficient as the known quantity and calculate the mass-thickness ρt, rather
than the thickness itself. The latter is advantageous if the same component might
be present in the sample with different densities, ie, a polymer in an amorphous
and crystalline form. The relative contrast and intensities of the images derived
from the SVD analysis are not affected by this change in perspective, only their
interpretation.

Acquisition of image sequences has the advantage that complete spectro-
scopic information is acquired from all sample areas (91). Hence the spectra
extracted from image sequences can be compared post facto to a large number
of possible reference spectra, and the existence and identification of unknown
species can be more readily accomplished than with SVD (see, for example,
Ref. 96).

For C-NEXAFS transmission, optimum signal-to-noise ratios are achieved
with sample thicknesses of 50–200 nm. For bulk materials, these sample require-
ments can usually be met using well-developed electron microscopy (em) prepa-
ration techniques such as ultramicrotomy or cryomicrotomy. Alternatively, thin
films can be spun-cast to the right thickness and transferred to em grid for x-ray
microscopy inspection. Thin samples and section of samples can also be examined
in a completely hydrated/solvated state sandwiched between two very thin Si3N4
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Fig. 9. The transmission images shown in Figure 8 are normalized to optical density
(OD) images by inversion of Lambert–Beer’s Law. These OD images are now linear in
the absorption coefficients α and thickness t. A set of OD images can subsequently be
processed via a singular value decomposition (SVD) procedure to yield quantitative com-
position maps in terms of the thickness t. (Data acquired with the Stony Brook STXM.)
Courtesy of D. A. Winesett, NCSU.

membranes (102). For surface analysis in a peem, polymer thin films typically
show the propensity to charge. Generally, only thin polymer films with a thick-
ness of less than 200 nm on top of a conducting substrate can be investigated.
Precise temperature control in an stxm and txm is not yet routinely available.
PE samples have been melted near 120◦C (6), and biological materials have been
examined in the frozen state (103). Temperature range in a peem can be from
−70 to >1200◦C. However, accuracy for near room temperatures is not very good.

NEXAFS Microscopy: Applications

NEXAFS spectroscopy and microscopy provide a new approach to study carbon-
based materials. During the last couple of years, nexafs microscopy has been
successfully applied to materials characterization in a variety of fields ranging
from polymer science and biology to meteoritics (1,83,99). Here, the discussion
is focused on synthetic polymeric materials. Organizing the presentation by sep-
arating it into compositional and orientational analysis does not work well, as
several studies of one material combine both aspects of nexafs spectroscopy. The
discussion progresses thus from the “simple” to the apparently or supposedly
“more complex” without regards as to whether compositional or orientational in-
formation is sought. The discussion starts with homopolymer surfaces, then pro-
gresses to single or multicomponent thin polymer films and structured spheres,
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followed by bulk properties of multicomponent polymers. The latter might involve
formation of “unknown” compounds during processing, presenting a challenge
that necessitates careful selection of nexafs reference spectra. These applications
will be complemented by a short discussion of research on polymer fibers.

Homopolymer and Polymer Blend Surfaces and Ultrathin Films.
Because of the various technological applications of polymer thin films, ranging
from multicolor photographic printing to flat panel and liquid crystal displays, it
is important to understand thin film and polymer surface characteristics in or-
der to improve performance or to develop entirely new applications or processing
methodologies. Polymer and block copolymer thin films and surfaces thus enjoy
continued research interest from both a technological and fundamental perspec-
tive.

NEXAFS spectroscopy, on account of its excellent surface sensitivity (about
1–10 nm) and its polarization dependence, can and has been utilized to study
a variety of surface properties. Some recent, nonexhaustive examples of nexafs
spectroscopy applications are the investigation of the alignment and orientation
of polymers and its functional groups in polyimide surfaces after rubbing with
a buffing cloth (29–34), the surface relaxation of PS (28), and the orientation of
semifluorinated polymers and block copolymers (35–38,104,105). The potential
for nexafs characterization of polymer surfaces even without spatial resolution
is in fact enormous. A large number of polymer surface characterizations, eg
in adhesion science, are currently performed with laboratory x-ray photoemis-
sion spectroscopy (xps), even though nexafs spectroscopy might be much more
suitable to the task because of increased chemical and surface sensitivity. NEX-
AFS microscopy has been utilized to investigate the stability and dewetting be-
havior of bilayers, the phase separation in polymer thin films, and the orientation
produced by buffing and rubbing polyimide films. Several examples are provided
below.

Polyimide Films and Surfaces. In flat panel displays, polyimide films
typically about 0.2-µm thick are coated onto the electrode surfaces. To prepare a
surface that aids the alignment of the liquid crystal (LC) molecules in the final
device, the polyimide surface is buffed with a velour cloth. Valuable information
about the function and the possible improvement of flat panel displays is provided
by understanding the conditions and factors that cause LC alignment. Numerous
nexafs studies without spatial resolution have investigated the effect of the buff-
ing (29–34). In addition, nexafs microscopy in a peem was utilized to characterize
the inhomogeneity of the surface orientation produced by buffing (106). Stripes
several microns in width were observed with contrast based entirely on differ-
ences in local orientation of polymer chains, chain segments, or moieties. While
it was clearly observed that buffing does not orient the surface homogeneously,
polyimide films produced under the same rubbing conditions than the samples
observed in the peem resulted in LC films with the liquid crystal oriented uni-
formly over the entire sample surface. The separation distance between the ori-
ented stripes of polymers was less than the correlation length of the liquid crystal
and the heterogeneous distribution of the pinning centers is sufficient to align the
liquid crystal.

Local stress during buffing is an important parameter that might cause
the polymer to orient. However, the local stress cannot be estimated well for
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Fig. 10. PEEM images of a stylus track on a polyimide surface at a photon energy of
285.3 eV and two different orientations as indicated. Contrast is based on differences in
functional group alignment between the stylus track and the virgin surface. The uniform
gray outside the track corresponds to isotropic chains (106). (Data acquired with ALS
PEEM-I.) Courtesy of A. Cossey-Favre.

buffing with a cloth. Hence, BPDA-PDA polyimide surfaces rubbed with a stylus
of well-defined shape and with a known load were also investigated with nexafs
microscopy. Stylizing with a radial tip is an ideal model case that produces an el-
lipsoidal stress profile on the polymer surface. The nexafs micrographs of a track
from the stylus are shown in Figure 10, acquired at two different sample orien-
tations relative to the polarization orientation of 285.3 eV x-rays. Spectra from
inside the track from the two different sample orientations relative to the polar-
ization orientation of the x-rays are displayed in Figure 11 and clearly demon-
strate the dichroic nature of the contrast in Figure 10. By measuring the width
of the track that resulted in alignment and comparing it to the expected stress
profile, the minimum stress necessary to cause alignment of the BPDA-PDA film
was determined to be 45 MPa. This stress is much lower than the bulk yield stress
of 200–300 MPa. The low surface value was attributed to a reduction of polymer
entanglement at the surface.

Confined Free-Standing Homopolymer Thin Films. Free standing
thin polymer films (eg of PS) can form holes when annealed, driven by dis-
persion forces that amplify structural instabilities at the film surface. Me-
chanical confinement offers the possibility to control these instabilities, and
raises the possibility to generate unique self-assembled structures. While thin
(∼50 nm) PS films confined between continuous layers of silicon oxide (SiOx) are
prevented from hole formation, aggressive annealing at temperatures well above
the PS glass-transition temperature generates an in-plane microstructure (107).
The formation of the microstructure is driven by the attractive dispersion force
between the SiOx–air surface. To properly model the mechanisms for this sponta-
neously generated lateral morphology, it is important to measure the thickness of
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Fig. 11. Linear dichroic nexafs spectra from within the stylus track in Figure 10 at two
orientations. Spectral differences are due to differences in orientation and alignment of the
polymer functional groups (106). Primary peak assignment is indicated by the symbols.
(Data acquired with ALS PEEM-I.) Courtesy of A. Cossey-Favre.

the trapped polymer film throughout the structure. This requires a quantitative
tool that can measure the thickness of the polymer inside the trilayer system.
While it might be a reasonable assumption that there is almost a complete ex-
clusion of the PS in the thin regions of the pattern, nexafs microscopy indicated
∼30% residual PS in the thinnest parts of the sample (see Fig. 12) (108). This fact
can now be incorporated into models of the structure formation.

Superabsorbent Polymers: Lightly Cross-Linked Homopolymers.
Third generation superabsorbent polymers (SAP) are a class of highly engineered
cross-linked polymers widely used as gels in a variety of fields. SAPs are de-
signed to simultaneously provide high fluid absorption capability, retain the fluid
in a weight bearing mode with high gel strength, provide attrition resistance
during manufacture, be compatible with other manufacturing materials, and re-
main safe for hygienic uses (109–111). SAPs are made from partially neutralized
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Fig. 12. Image acquired at 285.2 eV of a trilayer structure consisting of a 60-nm thick
film of polystyrene (PS) coated on each side with 30 nm of SiOx. Annealing above the glass-
transition temperature of PS results in the observed morphology. Profiles that emphasize
PS (top profile labeled 285 eV) and spectra show that significant amounts of PS remain
in the thin regions. Note that the preabsorption edge profile at 281 eV is essentially flat.
(Data acquired with the ALS BL7.0 STXM.) Courtesy of A. P. Hitchcock, McMaster Uni-
versity, and J. Dutcher, Guelph University.

polyacrylic acid which is lightly cross-linked throughout small (<0.5 mm) beads
to form an insoluble, hydrophilic gel. Several different methods have been devel-
oped for surface cross-linking SAP gels as means to improve materials properties
(112,113). Until now, however, the outcome of these different surface cross-link
processes, and the resulting core/shell structure and cross-link density gradient
could not be directly visualized and quantitatively assessed.

Crosslinking involves the change in only a very small number of bonds
and cannot be monitored directly via spectroscopic differences. A more indirect
method, that nonetheless can provide quantitative cross-link density, has to be
used. The swelling of SAP beads (polyacrylic acid, sodium salt) and particularly of
the more highly cross-linked surface shell depends on the cross-link density of the
polymer. Regions or beads with a high cross-link density will expand less in wa-
ter and therefore will have a higher carbon density when examined in the swollen
state. A wet cell was developed and used to characterize cross-link density in thin
sections from SAP beads (102,114). NEXAFS resonances were used to provide the
highest image contrast possible: The π* spectral feature of the carboxylic acid in-
creased the signal by a factor of 2 with respect to the core edge jump. Core/shell
structures in SAP beads prepared by chemically cross-linking the surface of SAP
beads were directly visualized, and variations in surface cross-link density result-
ing from different cross-link protocols were observed and compared on a common,
quantitative cross-link density basis. Figures 13 and 14 compare the results of
two different processes that resulted in a gradient and abrupt surface cross-link
density profile, respectively. The direct observation of these cross-link density
profiles can now be used to optimize the manufacturing and development process
of these polymers.
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Fig. 13. (A) Transmission nexafs images of a saline-swollen microtomed thin section of
an SAP bead that was surface cross-linked with ethylene glycol diglycidyl ether. The im-
ages were recorded at 280, 288.8, and 320 eV, as indicated; (B) Quantitative map of the
polymer volume fraction derived via SVD from the three images; (C) Profiles of the poly-
mer volume fraction and the total sample thickness (water and polymer) across the edge
of the SAP bead, derived from the SVD analysis in the indicated region. (Data acquired
with the ALS BL7.0 STXM.) Courtesy of G. Mitchell (102).

Thin-Film Blends and Bilayers. Generally, the properties of polymer
blends when they are processed into thin films are not as well understood as
those of bulk polymer blends. The constraints imposed by the two close-by in-
terfaces alter the equilibrium morphology as well as the polymer mobility and
phase separation dynamics. Numerous studies (115–124) have elucidated some
aspects of these effects. Interfacial energies are important since they determine
thermodynamic equilibrium structures. The viscosity and diffusion near sur-
faces and attractive interfaces can be substantially modified (125), which will
influence the dynamics, and possibly cause the formation of kinetically trapped
morphologies. A number of morphologies that evolve during the phase separation
process in polymer thin films have been previously observed (117–123,126). NEX-
AFS microscopy provides an additional tool to study such systems (100,127–129).
The two primary beneficial aspects of nexafs microscopy for these applications



388 X-RAY MICROSCOPY Vol. 15

Fig. 14. (a) Transmission nexafs image acquired at 288.8 eV of the microstructured shell
of an SAP bead surface cross-linked with glycerol. A 5-µm wide band of uniform cross-link
density that is twisting back and forth can be observed; (b) Profile of polymer density–
thickness across the edge of the cross-linked shell in the region indicated on the image.
(Data acquired with the ALS BL7.0 STXM.) Courtesy of G. Mitchell (102).
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are (1) quantitative mapping that can be translated into thickness profiles, and
(2) compositional analysis of surfaces.

The first nexafs microscopy characterization of phase-separated thin-film
blends was performed by two groups (127,130,131). The first group observed good
chemical contrast between PS and PBrS phases in phase-separating PS/PBrS
blends, and made a strong suggestion that the PS encapsulates the PBrS after
sufficient annealing (130,131). The second group used a peem to observe chemi-
cal surface contrast in annealed, phase-separated PS/PVME (PVME – poly(vinyl
methyl ether)) and PS/SAN thin-film blends (127). Additional peem observations
concluded that the formation of protrusions in the PS/PVME film are not accom-
panied by a total dewetting of the polymers from the Si substrate.

PS/PBrS Thin-Film Blends and Bilayers. Initial nexafs microscopy in-
vestigations explicitly exploring the time evolution and composition of domains
in thin films focused on morphology formation during spin-casting and anneal-
ing of PS and PBrS blends. Emphasis was placed on elucidating the late stage
morphology after annealing above the glass-transition temperature of both com-
ponents for samples with different PS/PBrS composition ratios (128). Quanti-
tative nexafs maps derived via SVD composition procedures were compared to
atomic force afm topographs and complemented with secondary ion mass spec-
troscopy (sims) depth profiling. NEXAFS microscopy of annealed samples showed
directly that the morphology changes from “PS droplets” to “PS surface holes” in a
continuous PBrS matrix layer as PBrS becomes the majority phase. SIMS data
indicated a continuous PS layer at the substrate and the surface interface. The
observed continuous PS layer for all blend compositions explained the observed
“droplet” and “hole” structures formed for different PBrS fractions. Although
the interfacial energy could have been minimized in the bulk if the PS formed
spheroidal domains in the PBrS-rich phases, the continuity constraint of the PS
at the interfaces requires the formation of the hole morphologies at high PBrS
volume fraction. From the morphologies formed, constraints for the values of the
various interfacial energies could be deduced.

PEEM from surfaces can provide a much more direct and unambiguous
means of showing PS encapsulation of PBrS than the combination of area av-
eraged sims, surface afm (atomic force microscopy), and bulk stxm measure-
ments. Direct evidence for encapsulation was observed during the dewetting of
a PS/PBrS bilayer consisting of a 50-nm thick PBrS film on top of a 30-nm
thick PS film (98). These investigations were the first combination of surface
(peem) and quantitative bulk (stxm) characterization of a polymeric system to
assess and reconstruct the 3-D morphology. As the PBrS is dewetting the PS
sublayer, holes form randomly in the PBrS top layer and subsequently grow to
form Veronoi tesselation patterns. These patterns consist of an interconnected
network of spines that eventually break up to form droplets. The mass thickness
maps of the constituent polymers PBrS and PS, as well as the total thickness
maps of the bilayer annealed for 1 week, reveal that these “spines” consist of
sharply delineated PBrS, which are at least partially wetted, if not encapsulated,
by PS walls. PEEM studies of the same type of sample provided surface nexafs
spectra from the top 10 nm of the surface from sample areas that included the
spines and droplets. Since the PBrS C 1s to π* characteristic spectral feature at
286 eV was not observed from any sample areas (see Fig. 15), one can conclude
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that the PBrS spines are completely encapsulated. The time taken for evolution
(from 0 to 11 days of annealing) of the dewetting process furthermore revealed the
encapsulation pathway and also allowed one to know whether polymer diffusion
or viscous flow was the dominant encapsulation process: A sufficient number of
holes have to form in the PBrS layer through which the PS can penetrate the
PBrS film and subsequently flow along the PBrS/air and PBrS/PS interfaces.

Related studies showed that the apparent contact angle at the polymer/air
interface decreases exponentially with the PS film thickness, with a constant that
depend upon the radius of gyration Rg. The droplets consist of a PBrS core fully
encapsulated by PS for substrates thicker than Rg while only partial encapsula-
tion is seen with nexafs for substrates with a thickness less than Rg (132).

PS/PMMA Thin-Film Blends. Another excellent model system to investi-
gate the dynamics and the morphologies formed during phase separation in thin
films are PS/PMMA blends. A variety of interesting morphologies during both
the early and late stages of the phase separation process in PS/PMMA blends
have been observed and characterized by a combination of quantitative nexafs
mapping and lateral force microscopy (100). Films (143 nm thick) of monodis-
perse, 50/50 (w/w) PS/PMMA blends spun cast out of toluene solution onto Si
substrates were annealed in a vacuum, quenched to room temperature, and sub-
sequently characterized. The composition of the mixed phases resulting from
solvent spin casting were determined with quantitative nexafs microscopy. Af-
ter very short annealing times at 180◦, a sudden rearrangement into domains
smaller than those originally formed was observed. Subsequently, unique, jagged
patterns formed during the early stages of coarsening. These patterns resemble
turbulent hydrodynamic mass flow, although they might have an entirely differ-
ent physical origin. A 50-nm thick 50/50 (w/w) blend of PS/PMMA 27K/27K film
on Si annealed at 165◦C, and a 50-nm thick 50/50 (w/w) blend of 90k PS and
27K PMMA on Au showed the same kind of ragged morphology, while a 50-nm
layer of the 90K/27K blends on Si did not (129). Complicated polymer/polymer
interface morphologies persisted in several cases even after extended anneal-
ing. These were explained by the dependence of polymer viscosity on film thick-
ness and the constraints imposed by the substrate (100). An example is shown in
Figure 16 that shows trapped PMMA spikes inside the PS droplets.

As shown by numerous studies, the initial morphologies from spin casting as
well as the final morphologies after annealing depend on the substrate utilized.
The dependence of PS/PMMA morphologies and phase separation dynamics on
Si, Au, and Co surfaces has been investigated (129). Clearly phase-separated do-
mains are observed on Si and Au surfaces. The morphologies on Co surfaces,
however, are more complex. They have a layered appearance and do not evolve
much during annealing, presumably because of a lack of either a PS or PMMA
wetting layer on the substrate.

PS/PMMA blends spun to different film thickness onto SiOx surfaces showed
that time-temperature superposition is observed. Indirectly, this indicates that
the influence of the film thickness on the dynamics is relatively small (133).

While most work on annealed PS/PMMA blends support the formation of
phase-separated domains right to the surface, a recent study (134) reports that
an encapsulating layer of PS-skin forms over the PMMA domains. The stxm and
peem might be a good complementary tool to afm, xps, and nexafs spectroscopy to
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Fig. 16. Quantitative compositional maps derived via an SVD procedure of a nominally
143-nm thick 50/50 (w/w) PS/PMMA blend annealed for 1 week: (A) PS mass thickness,
(B) PMMA mass thickness, and (C) total thickness maps, ie, PS plus PMMA maps. All
images are individually scaled for good contrast, with Black = 0 and White = maximum
mass-thickness. The maximum total thickness of the films increases from the initial 143
nm to 460 nm in Figure 16C due to surface roughening. (Data acquired with the Stony
Brook STXM at the National Synchrotron Light Source.) Adapted from Ref. 100.

further elucidate PS/PMMA thin-film blends, their phase separation dynamics,
and their surface composition (96).

PS/PMMA with PS-b-PMMA Copolymer Thin-Film-Blends and Bilay-
ers. Polymer blends when processed into thin films are typically rough when
produced by spin casting on a substrate and roughen even further when an-
nealed. The surface modulation amplitudes of certain spatial frequencies might
actually get much larger than the original film thickness. This is due to the phase
separation between immiscible polymers, and the effect can be readily observed
from Figure 16. This roughening would be a serious problem in many applications
and limits the use of polymer blends as materials in ultrathin films. A common
strategy to improve miscibility of polymer blends is to add copolymer compati-
bilizers. The compatibilizer will reduce the interfacial tension if located at the
polymer/polymer interface. The tendency of the compatibilizer to form micelles
in one of the phases often limits the amount of copolymer that locates at the
interface. For relatively strongly segregating systems, formation of a microemul-
sion has never been achieved. Relying on entropy as a driving mechanism, rather
than interfacial energies, it was shown that PS/PMMA thin films can be compat-
ibilized with a PS-b-PMMA diblock copolymer (135). Samples of a bottom PMMA
layer and a top layer of a blend of PS and 30% of a PS-b-PMMA diblock copolymer
were annealed. When the top PS/PS-b-PMMA layer thickness was comparable to
or less than the size of bulk micelles, the film evolves toward a stable 2-D mi-
croemulsion. The two-dimensionality of the film was established by showing with
nexafs microscopy that the microemulsion phases extended throughout the thin
film. It was observed (135) that the loss in configurational entropy as a result
of confinement can change the micellar transition for copolymers. Mixing in thin
films in the presence of block copolymers can thus be achieved independently of
the specific polymer chemistry by making the films thin enough.

The dynamics of the formation of the microemulsion has been assessed
(136). The initial growth of the domain size had a growth exponent of 1/3, us-
ing the inverse of the wave-vector with maximum amplitude qmax derived from
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Fig. 17. (A) PS π∗
C C image acquired at 285.3 eV from a 168-h annealed PS/PMMA/PS-

b-PMMA microemulsion thin film washed with cyclohexane to remove all PS. At this pho-
ton energy, only the aromatic content of styrene will appear dark. Enhanced absorption,
although at low contrast, can be detected at the domain interfaces that directly shows
that the highest PS-b-PMMA block copolymer concentration is located at the PS/PMMA
domain interface; (B) The nexafs spectrum acquired from 10 µm2 area of this sample. The
PS and PMMA intensities reveal that cyclohexane washing is removing essentially all PS.
The remnant 285 eV signal is consistent with expected signal from the PS-b-PMMA block
copolymer. (Data acquired with the Stony Brook STXM.)

Fourier transform analysis as the measure of the domain size. At long anneal-
ing times, domain growth slowed dramatically as the block copolymer was forced
to the interface, lowering the interfacial energy and thus reducing the driving
force for further phase separation. NEXAFS microscopy of the microemulsion
thin films that had the PS preferentially washed with cyclohexane revealed di-
rectly that the PS-b-PMMA diblock copolymer is located at the PS/PMMA inter-
face (see Fig. 17).

Polystyrene/Poly(n-butyl methacrylate) Thin-Film Blends. The mor-
phology of polystyrene/poly(n-butyl methacrylate) (PS/PnBMA) thin-film blends,
and whether encapsulation occurs in this system has been assessed by using
SFM, txm, and peem (137). The same droplet-to-hole transition found in the ear-
lier studies by Slep and co-workers (128) with PS/PBrS blends as a function of
composition was observed in the PS/PnBMA blends. This strongly suggests that
one of the two polymers preferentially segregates to both the substrate and air
interface. Investigations of the PS/PnBMA thin films with peem were indeed in-
terpreted to have preferential PnBMA segregation to the surface. Based on the
surface composition and morphology observation, one would expect PnBMA to
also segregate to the substrate, although no direct measurement regarding pref-
erential segregation to the substrate has been made (137).

Block Copolymer Thin Films. NEXAFS microscopy is also a tool that
can provide complementary and unique information for block copolymer orga-
nization, which traditionally has been investigated using a wide variety of an-
alytical techniques, including electron microscopy, x-ray scattering, and optical
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Fig. 18. (A) tem image of PS-b-PHIC diblock copolymer and small area electron diffrac-
tion pattern averaged over several lamellae; (B) nexafs image at 285.2 eV (PS dark); and
(C) nexafs image at 288.5 eV, where the PHIC layers have altering contrast because of
differences in orientation. (Data acquired with the Stony Brook STXM.) Courtesy of C.
Zimba, NIST, and E. Thomas, MIT.

microscopy. These traditional techniques yield considerable information about
the morphology and organization of block copolymer materials, but occasionally
the information provided is incomplete and provides only “circumstantial” evi-
dence for a conclusion. For example, the novel molecular organization of a high
molecular weight rod-coil block copolymer has been investigated (138). This block
copolymer has a PS coil block of 9K molecular weight and a main-chain poly(hexyl
isocyanate) (PHIC) rod block of 245K molecular weight. Homopolymer PHIC is
known to behave as a lyotropic nematic liquid crystal in a wide range of solvents
with a persistence length of 50–60 nm. Rotational motion along the backbone of
the PHIC is limited by short-range interactions, leading to inherent chain stiff-
ness. The PS behaves as a typical coil polymer with a low persistence length.
Combined as a block copolymer, there is competition between the microphase
separation of the PS and PHIC blocks into periodic structures and the tendency
of the PHIC block to form anisotropically ordered structures, giving rise to new
morphologies. A typical tem image from solution cast thin films is shown in
Figure 18A and clearly shows a microphase-separated morphology with long-
range order over tens of microns. The PS domains, stained with RuO4, appear as
dark regions shaped somewhat like arrowheads while the PHIC regions appear
as largely featureless light regions between rows of PS domains. An interesting
feature in this image is the orientation of the PS arrowheads which changes direc-
tion between adjacent PS-rich layers. On account of radiation damage, the small
area electron diffraction (SAED) pattern had to be obtained from a sample area
of 10–20 lamellae. The SAED pattern (inset of Fig. 18A) shows a superposition
of two distinct single crystal-like PHIC patterns rotated relative to each other by
approximately 90◦, indicating that the PHIC chain axis alternates between +45◦

and −45◦ with respect to the geometric normal of the lamellae layers. While the
evidence for the alternating 45◦ PHIC oriented layers is quite strong, it is only
indirect, and the orientation could not be observed directly with tem.

To directly investigate the orientation of the PHIC lamella, thin film sam-
ples cast from 0.05% solutions in toluene onto uncoated tem grids were examined
with nexafs microscopy (139). Using an x-ray energy corresponding to the phenyl
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carbon resonance of the PS (285.2 eV), nexafs imaging clearly shows a similar
arrowhead morphology as the tem image, albeit at lower spatial resolution (see
Fig. 18B). At the carbonyl resonance of the PHIC at 288.5 eV, nexafs images re-
veal the structure of the PHIC layers in ways not available with tem (Fig. 18C).
The PHIC domains appear as layers of alternating intensity separated by the PS
domains that appear as white pearls. The intensity variation of the PHIC layers
arises from differences in dichroic absorbance of the polarized synchrotron radi-
ation because of orientation of the carbonyl moiety, and thus also the backbone,
of the PHIC. In contrast to the average SAED pattern, the nexafs image is able
to give detailed information about the orientation of individual PHIC domains.
NEXAFS microscopy furthermore reveals previously unsuspected microstructure
within the PHIC domains that are clearly not entirely homogeneous, but show
striations in a direction across the lamellae.

Multicomponent, Multiphasic Polymers

Many polymeric materials of academic and industrial interest are multicompo-
nent polymers that have multiple phases in the bulk. Control over the composi-
tion and size distribution of the domains and their interface properties is often
very important in determining the materials properties. A variety of blends and
multiphasic polymers have already been investigated with nexafs microscopy.
These include studies of

(1) the morphology of PET/PC (140), low density PE/PET/Kraton (141), and
PC/(acrylonitrile butadiene styrene) blends (141,142), and macrophase-
separated random block copolymer/homopolymer blends (143);

(2) the morphology and composition of mechanically alloyed PET/
poly(oxybenzoate-r-oxynaphthoate) [Vectra (Celanese Corp.)] blends
(144), mechanically alloyed and rubber-toughened PMMA (145), mechan-
ically alloyed poly(ethylene-alt-propylene) (PEP)/PMMA and PI/PMMA
blends (146–150), and the assessment of recycling of tires by mechanical
alloying (151);

(3) the characterization of phase separation during processing, such as the for-
mation of precipitates in polyurethanes (13,19,152) and multiphase liquid
crystalline polyesters (141);

(4) single- and multistep synthesized latexes and structured microspheres
(153–155); and

(5) various multilayers (156,157).

Included here as examples is a discussion of the characterization of
PET/Vectra blends, blends produced by cryogenic mechanical alloying, various
polyurethane polymers, multilayers and structured spheres, as well as rubber
composites. The discussion of the PET/Vectra blends is particularly instructive,
as this study combined chemical and orientational analysis.

NEXAFS Microscopy of Mechanically Alloyed Blends. Mechanical
alloying of polymers has the potential of becoming an alternative, novel means of
producing and recycling polymer blends (144,146–148,150,151,158). The efficacy
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Fig. 19. NEXAFS images acquired at 286.7 eV of a 99/1 (w/w) PET/Vectra blend sub-
jected to post-milling melt pressing. Images (A) and (B) have been converted to optical den-
sity. In images (A) and (B), the electric polarization vector (�E) is rotated by 90◦ with respect
to each other, as indicated. Changes in the relative intensity in these images are primarily
due to anisotropic molecular orientation. The ratio of these images (C) reveals the linear
dichroism of the specimen. Small Vectra domains appear gray and possess no discernible
orientation, whereas the large dispersion exhibits a measurable degree of molecular ori-
entation (black and white areas) because of the nematic nature of this liquid crystalline
polymer. (Data acquired with the Stony Brook STXM.) Reproduced from Ref. 144.

of such a new method is best assessed by direct visualization of the morphology
of the generated materials.

Since incorporation of liquid crystalline polymers (LCPs) into commodity
thermoplastic polymers remains an ongoing challenge in the design of new high
performance, low cost polymeric blends, the feasibility of blending of PET and
Vectra A950 [73/27 (mol/mol) oxybenzoate/2,6-oxynaphthoate] with mechanical
alloying was investigated (144). The morphology and composition of dispersions
in PET and Vectra blends are difficult to assess with conventional microscopies,
because of a lack of staining agents for electron microscopy, and spatial reso-
lution limitations of optical and ir microscopy. Despite the presence of similar
functional groups in each polymer, such as aromatic and carbonyl groups, nexafs
microscopy can readily delineate the morphology. After mechanical alloying, the
resulting powders were melt-pressed at 285◦C (above the melting points of PET
and Vectra) for 5 min and cryomicrotomed at −100◦C to obtain sufficiently thin
sections for nexafs microscopy. Melt-pressed films of PET/Vectra alloyed blends
varying in composition from 75/25 to 99/1 by weight percent were investigated.
The frequency and size of the Vectra dispersions increased with increasing Vectra
concentration (144). The distribution in size ranged from 100 nm to about 20 µm
in diameter. The presence of these small, 100-nm Vectra domains demonstrated
that mechanical alloying is capable of pulverizing Vectra. The PET/Vectra blends
retained much of the initial degree of mixing during post-processing in the molten
state. Point nexafs spectroscopy showed that the Vectra domains contained little,
if any PET. Molecular orientation in the Vectra domains was characterized with
linear dichroism microscopy. Figure 19 shows x-ray micrographs of the 99/1 (w/w)
PET/Vectra blends acquired at 286.7 eV. The image contrast between Vectra dis-
persions and the PET matrix is based on differences in the nexafs spectra of the
two polymers (see Fig. 2). Some of the contrast within the larger Vectra domains
arises from molecular orientation and thickness variations. The dichroic ratio
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image (Fig. 19C), derived from the two orientations displayed in Figures 19A and
19B, cancels thickness and compositional effects: anisotropic orientation inside
Vectra domains was only observable in domains larger than about 2 µm.

Other blends produced by mechanical alloying and investigated with nexafs
microscopy included blends of poly(ethylene-alt-propylene) (PEP), polyisoprene
(PI), and PMMA (146–150). PI can be readily differentiated from PMMA with
electron microscopy by heavy metal staining of the PI, but PEP and PMMA can-
not be differentiated. In the blends investigated, intimate mixing at the nanoscale
was accomplished. Since mechanical alloying is a highly nonequilibrium, high en-
ergy method with effects that resemble those of high energy radiation (159), it
seems likely that bonds are breaking, and radicals, and maybe even new bonds
in new chemical configuration, are forming during alloying. It is the detection of
these chemical modifications where nexafs microscopy might be particularly use-
ful. However, the extent of any chemical changes occurring has been below the
sensitivity limit of nexafs microscopy.

In the PEP/PMMA blends an anomalous phase inversion was observed
(148). Phase inversion in polymer blends is typically encountered under condi-
tions of melt flow. However, the unexpected phase inversion occurred upon quies-
cent annealing in an asymmetric blend of PMMA and PEP prepared by cryogenic
mechanical alloying, where there is very little flow. For short milling times, con-
solidation of the cryomilled powders at temperatures above the glass-transition
temperature of PMMA exhibited dispersions of PEP in 75/25 (w/w) PMMA/PEP
blends. However, as the milling time increased to 10 h, the consistency of the
blends changed from rigid to pliable. nexafs microscopy revealed that for the long
milling times the PMMA becomes the dispersed phase upon consolidation, and
it directly confirmed that phase inversion occurs during consolidation. The tran-
sition from PEP dispersions to a continuous PEP phase as observed with nexafs
microscopy is shown in Figure 20.

The strategy of producing highly dispersed blends of thermoplastics and
tires was also investigated in an effort to provide a potentially new route by which
to recycle discarded tires (151). NEXAFS microscopy showed that cryogenic me-
chanically alloyed tires can be dispersed in PET and PMMA matrices with submi-
cron domains. The tire and thermoplastic did not appear to interact chemically.
For the milling conditions employed, there was also no significant chemical inter-
action between constituent polymers in PI/tire/PMMA ternary blends. Based on
the ability to produce good dispersion of the tire material, the results indicated
that cryogenic mechanical alloying constitutes a viable alternative for recycling
elastomeric materials.

Engineered Polyurethane and Polyurea Polymers. Polyurethane
polymers constitute a versatile class of engineered polymers of great economic
value. Despite the ubiquitous utilization and considerable past research, several
fundamental aspects of these polymers are not well understood because of the
complex chemical reactions and physical processes during production. Over the
past few years it has become clear that x-ray spectromicroscopy can uniquely
address some complex issues in polyurethane research (19,66,160–163).

The urea distribution in polyurethanes is presumed to have a major influ-
ence on the mechanical properties of polyurethane foam (modulus, compression
set, load bearing, etc), yet relatively little is known beyond the average size and
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Fig. 20. NEXAFS images at 288 eV (PEP appears dark) of a 25/75 PEP/PMMA blend
cryomilled for 10 h and annealed at 150◦C for different times (in min): (a) 1, (b) 2, (c) 5,
and (d) 30. (Data acquired with the Stony Brook STXM.) Adapted from Ref. 148.

nanoscale distribution of the so-called hard-segment urea as measured with x-
ray and neutron scattering techniques. The mesoscale hard-segment urea dis-
tribution in polyurethane materials might be connected to physical properties
and is strongly influenced by the relative amounts of urea and carbamate (ure-
thane) present, which in turn is closely linked to formulation and processing.
The urea/urethane ratio and its distribution through the material is thus an im-
portant quantity. In certain formulations, macrophase separation occurs. Using
polymer reference standards with known chemical composition, the spectral sig-
nal corresponding to the urea and urethane components (typically only ∼20%
in systems of interest) can be isolated and quantified (18,19). Based on similar
quantitation, the composition and sharpness of precipitates in two high water
TDI polyurethane plaques made with different polyols have been assessed at
the submicron level (164). The precipitates in both materials were highly en-
riched in urea. One of the materials had a fuzzy interface to the polyether-rich
matrix, while the second material had a more sharply delineated interface. The
fuzzy precipitates were more isolated, while the sharper “precipitates” appear
to have formed a network of urea-rich domains. These observations will lead
to an improved understanding of structure–property–processing relationships in
polyurethane polymers.

Another key parameter influencing physical properties in polyurethane
foams is the distribution of additive or modifier phases. These modifier
phases are typically smaller than a few microns in size. Two compositionally
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different, common modifier particles, polyurethane-rich, polyisocyanate polyaddi-
tion (PIPA) based and styrene-acrylonitrile (SAN) based particles, were dispersed
in a TDI-based, polyether-rich polyurethane matrix. Both particles have the same
contrast in tem and cannot be distinguished. In contrast, nexafs micrographs of
this material show clear differences: at 285 eV, both types of particles are dark
dispersions, while at 287 eV, only the SAN particles are highly absorbing relative
to the matrix. The uniformity of their composition and the size distribution could
thus be determined (165). Discrimination between the two types of particles has
also been achieved at the nitrogen absorption edge and, to a lesser extent, the
oxygen edge. The chemical composition of the largest SAN particles was found
to be independent of particle size. It was furthermore determined that the SAN
particles contain about 12 wt% polyether.

Structured walls of complex capsules based on polyurea chemistry have
been investigated (166). Polymer capsules are frequently used to encapsulate
other chemicals for a variety of purposes, including controlled release of drugs,
nutrients, or pesticides. In these applications, the structure and composition of
the capsule wall is of paramount importance. The capsules investigated were pro-
duced by a polymerization reaction between amine- and isocyanate-based chem-
icals at the interface of organic and aqueous phases. In addition to the amine–
isocyanate reaction that produces an asymmetric aromatic urea, a competing re-
action between the isocyanate and water produces a symmetric diaromatic urea.
These competing reactions can lead to the formation of compositional gradients
in the submicrometer thick capsule wall. Figure 21 shows reference spectra of
model urea compounds, compositional maps, and line profiles of two capsule walls
produced by different protocols. The asymmetry of the urea and diurea function-
alities can be clearly observed. Comparison of these compositional profiles with
diffusion and reaction kinetics will allow the detailed modeling of the capsule
wall formation.

Multilayers and Structured Spheres. Multilayer structures are used
extensively in photographic applications, such as optical and x-ray photography
and xerographic processes, as well as in packaging materials. Several such mate-
rials were so far investigated with nexafs microscopy.

The degree of spatial uniformity of a nitrogen containing charge transfer
compound present in a protective polycarbonate (PC) capping layer above the
image sensing layer of a test photoconductive thin-film structure from Xerox Re-
search Center of Canada has been determined with nexafs microscopy. A simple,
5-min measurement consisting of an image at 407 eV of the film and a nitrogen
1s linescan energy sequence showed that the (∼10%) nitrogen content of the PC
layer was distributed throughout the PC layer with a relatively uniform (±20%)
distribution, but with some gradient in density toward the exterior of the thin
film. By comparison, it was barely possible to detect any nitrogen, and thus im-
possible to analyze the spatial distribution of the charge transfer component, by
either energy loss or x-ray fluorescence spectroscopy in a state-of-the-art JEOL
2010 analytical tem (168).

Several multilayer polymer films used in photography have been character-
ized with nexafs microscopy. In one structure, consisting of four layers of 0.7–
3 µm in thickness coated on a base layer, nexafs images clearly showed each of
the layers. The nexafs spectra from closely spaced points showed no significant
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interpenetration between two layers of interest, poly(styrene acrylonitrile) and
a porous carbon black (156). The nexafs microscopy of another laminate consist-
ing of nine layers on a base layer revealed a microstructure of undetermined
origin dispersed throughout the fourth layer (169,170). The domains of these mi-
crostructures are elongated in the direction parallel to the layer boundary. This
microstructure is not observed in the tem, and is likely due to a compositional mi-
crophase separation or a preferential orientation of the aromatic groups present
in some of the compounds.

A commercially available multilayer used as food container provided a suit-
able test structure for nexafs microscopy, particularly since this multilayer had
been previously characterized with ir microscopy. Because of the spatial resolu-
tion limitations of ir microscopy, a special procedure had to be used to analyze the
thinnest of the nine layers, about 4 µm thick. The objective of an x-ray microscopy
study of this multilayer was to further elucidate the chemical composition of the
thinnest layers within the sample, and to provide a basic comparison between ir
and nexafs microscopy (157). NEXAFS microscopy could acquire spectra from all
layers without interference from adjacent layers. It established that several of the
thin layers had virtually the same composition, a result not obtained from the ir
measurements. Unfortunately, the present lack of a comprehensive and accurate
nexafs spectroscopy database of polymers prevented the positive identification of
some of the layers.

Structured polymer microspheres are attractive for a wide number of ap-
plications, including biomedical devices and controlled release reservoirs. Par-
ticular morphologies desired for different applications require control over in-
ternal porosity and core–shell structures. In order to optimize the internal or
core–shell morphologies of such composite materials for particular applications,
quantitative compositional analysis is often required. Structured latex spheres
have first been analyzed using nexafs microscopy (153). More recently, core–shell
microspheres have been investigated (155). In the latter experiment, a two-step
precipitation polymerization resulted in 3.2 µm polydivinylbenzene-55 (DVB55)
cores coated with ∼0.4–0.9 µm wide shells composed of poly(DVB55-co-EDMA),
a copolymer of DVB55 and ethylene glycol dimethylacrylate (EDMA). Singular
value decomposition of images recorded at selected photon energies yielded quan-
titative maps of the DVB55 and EDMA components. The EDMA concentration in
the shell as determined by nexafs microscopy was in good agreement with that
predicted from the comonomer composition. It was shown that the precision of
compositional quantitation is adequate to be useful in guiding the development
of structured polymeric systems for particular applications.

Elastomeric Composites. Blends and composites based on styrene–
butadiene rubber (SBR) and butadiene rubber (BR) are widely used throughout
the rubber industry in order to get a balance of properties that cannot be achieved
through the use of a single elastomer. Typically blends are formed using immis-
cible elastomers. The vast majority of these blends are heterogeneous on some
length scale (171,172), and their mechanical properties are determined, in part,
by their phase morphology. Many blends are further complicated by the addition
of both fillers and curatives. In addition to determining the polymer phase struc-
ture itself, it is desirable to determine the distribution of fillers and curatives in
each of the elastomer phases.
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Fig. 22. NEXAFS micrographs of (A) d-PB/BIMS-1 [50/50 (w/w)] and (B) d-PB/BIMS-
1/hSBR [45/45/10 (w/w)] blend supported by a Si3N4 membrane. The film was annealed
in a vacuum oven for 18 h at 150◦C. The dark areas correspond to the dPB phase. (Data
acquired with the Stony Brook STXM.) Adapted from Ref. 174.

Most present automobile and truck tires are made from SBR and BR mix-
tures. These application requirements are severe and tires are constantly be-
ing improved. For example, poly(isobutylene-co-4-bromomethylstyrene) can be
blended with highly unsaturated general-purpose rubbers to impart unique bar-
rier or dynamic properties and enhanced oxidative stability. The final proper-
ties of such a blend are the result of a complex series of compounding, mix-
ing, and curing stages. These stages profoundly impact the homogeneity of the
mixed components, which include the polymers, the filler, and the curatives.
The characterization of the phase morphology of blends of commercial rub-
bers like polybutadiene (PB), polyisoprene (PI), poly(butadiene-co-styrene), and
brominated poly(isobutylene-co-4-methylstyrene) (BIMS) continues to represent
a problem for conventional techniques, especially in the case of filled rubbers. The
utility of nexafs microscopy for these applications have thus been explored and it
was found that the phase morphology of various blends and the distribution of sil-
ica and carbon black fillers can be determined based on spectroscopic differences
(173). However, the size of most filler particles is still below the present spatial
resolution of nexafs microscopy. These kinds of applications will greatly benefit
from future technical advances and improvements in spatial resolution.

Similar elastomer blends were also studied (174). The interfacial proper-
ties of PB and BIMS blends were determined with a variety of tools includ-
ing neutron scattering and microscopy. The interfacial width decreased with
increasing bromine functionality. The effects of a styrene butadiene random
copolymer (SBR) on the miscibility were also investigated. The results show that
SBR enhances the compatibilization of the PD/BIMS blends. NEXAFS micro-
graphs of annealed PB/BIMS and PB/BIMS/SBR blends are shown in Figure 22.
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The smaller BIMS domains in the PB/BIMS/SBR blends indicate that SBR in-
deed compatibilizes PB/BIMS blends, which is consistent with the observations
and conclusions drawn from neutron reflectivity and afm measurements. The ef-
fects of carbon black and silica on the interfacial properties of PB/BIMS blends
have been investigated with neutron reflectivity, ultra-small angle neutron scat-
tering, spm, and nexafs microscopy (175).

Fibers

NEXAFS microscopy is also well suited to study the composition and structure
of fibers. The qualitative orientation of functional groups in poly(p-phenylene
terephthalamide) [Kevlar (DuPont)] fibers has been investigated and it was found
that aromatic groups are, on average, pointing radially outwards (176). Subse-
quently, the relative quantitative orientational order was characterized in three
different grades of Kevlar fibers and it was found that Kevlar 149 is 2.3 and
1.6 times as radially orientated as Kevlar 29 and Kevlar 49, respectively (177).
This variation in orientation is relatively large, given that the crystallinity of all
fiber grades is above 85%. More recent work on these fibers combined absorp-
tion spectroscopy at the carbon, nitrogen, and oxygen edges. This combination,
in conjunction with theoretical calculations, can estimate the absolute degree of
radial orientation in these fibers. Preliminary analysis indicated that Kevlar 149
is about 50% radially orientated (178,179).

NEXAFS microscopy has been used to study the effect of heat treatment
on polyacrylonitrile fibers (180). In heat-treated fibers, a clear core-rim structure
was observed in images at several photon energies. A decrease in the nitrile group
concentration was measured in the core of these fibers when compared to the
untreated fibers.

Conclusion and Future Outlook

NEXAFS microscopy has moved well beyond proof-of-principle experiments and
has evolved into a tool that has been used in a variety of polymer science and tech-
nology projects. It is particularly noteworthy to remark that numerous industrial
partners have participated over the last few years in nexafs microscopy experi-
ments. Some of these industrial experiments performed, some with high industry
internal impact, will remain unpublished, because of proprietary concerns.

While nexafs microscopy capabilities are continually improving, the field
has not yet reached any fundamental performance limits. For example, the far-
field wavelength-limited spatial resolution for zone-plate-based microscopes is
about 3 nm for carbon K-edge energies, about an order of magnitude better than
the resolution presently achieved. Similarly, several aberration corrected peem’s
with a projected spatial resolution of about 2 nm are planned or under construc-
tion (80,81), while the best peem’s to date have a spatial resolution of 20 nm.
Significant technical challenges have to be overcome for both peem and, in par-
ticular, zone-plate-based microscopes to achieve these substantial improvements
in spatial resolution. Nonetheless, improvements and further technological de-
velopments can be confidently anticipated in the next few years.
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Several new operating modalities such as tomography (181,182), cryomi-
croscopy (103,182), and dark-field microscopy (183) have already been imple-
mented in transmission. Because of their limited routine availability, they have
not been discussed in detail in this review. These operating modes should prove
very beneficial for certain applications in polymer science and technology. In par-
ticular, the radiation dose will have to increase as the spatial resolution improves.
This might evolve into a relatively serious issue for the study of the more sensitive
polymeric materials. Procedural improvements, more efficient detector develop-
ment, and use of cryomicroscopy might have to be used extensively to minimize
damage.

Applications beyond those possible today might be enabled through the use
of higher energy resolution that reveals subtle spectral features. Studies on PS
and deuterated PS have shown, for example, that nexafs of polymers can be sen-
sitive to vibrations (3). This might serve as an additional contrast mechanism in
several applications. The establishment of a nexafs spectroscopy database similar
to the spectroscopy database available in the ir community would greatly facil-
itate quantitation and analysis of materials for which prior knowledge is very
limited. In parallel to the development of a spectroscopic database, improved
theoretical modeling would expand the ability to interpret nexafs spectra and
the chemical structural information that they provide.

Improved and more dedicated facilities are about to be commissioned at
the ALS in Berkeley and BESSY-II in Berlin, and are under development at
the Canadian Light Source in Saskatoon. While there remain many scientific
questions that can be addressed with the present performance of existing nexafs
microscopes, improved capabilities and the increasing availability of nexafs mi-
croscopy will result in significant growth of applications in polymer science and
related fields.

Based on the progress made to date and the improvements that can still be
achieved, we are confidently looking forward to continuing growth of the nexafs
spectroscopy and microscopy community and to exciting applications that have
not yet been conceived.
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6. A. Schöll, R. Fink, E. Umbach, G. Mitchell, S. G. Urquhart, and H. Ade, Chem. Phys.

Lett. 370, 834 (2003).
7. T. Ohta, and co-workers, Phys. Scr. 41, 150 (1990).
8. K. Seki and co-workers, Phys. Scr. 41, 172 (1990).



Vol. 15 X-RAY MICROSCOPY 405
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XYLYLENE POLYMERS

Introduction

In a process capable of producing pinhole-free coatings of outstanding conformal-
ity and thickness uniformity through the unique chemistry of p-xylylene (PX)
[502-86-3] (1), a substrate is simply exposed to a controlled atmosphere of pure
gaseous monomer. The coating process is best described as a vapor deposition
polymerization (VDP). The monomer molecule is thermally stable, but kinetically
very reactive toward polymerization with other molecules of its kind. Although
it is stable as a rarified gas, upon condensation it polymerizes spontaneously to
produce a coating of high molecular weight, linear poly(p-xylylene) (PPX) [25722-
33-2] (2). This article emphasizes recent VDP developments. There have been
several reviews of the subject (1,2), which offer a more thorough treatment of
early developments in the field.

In the commercial Gorham process (3), the extremely reactive PX is conve-
niently generated by the thermal cleavage of its stable dimer, cyclo-di-p-xylylene
(DPX), a [2.2]paracyclophane [1633-22-3] (3). In many instances, substituents
attached to the paracyclophane framework are carried through the process un-
changed, ultimately becoming substituents of the polymer in the coating.

The process takes place in two stages that must be physically separate but
temporally adjacent. Figure 1 presents a schematic of a typical parylene deposi-
tion process, also indicating the approximate operating conditions.

The PPXs formed as coatings in the Gorham process are referred to gener-
ically as the parylenes. The terms Parylene N [25722-33-2], Parylene C [9052-
19-1], and Parylene D [52261-45-7] refer specifically to polymers produced as
coatings by the Gorham process using the dimers DPXN, DPXC [28804-46-8],
and DPXD [30501-29-2], respectively, originally marketed by Union Carbide
Corp.

The parylene process has certain similarities with vacuum metallizing. The
principal distinction is that truly conformal parylene coatings are deposited even
on complex, three-dimensional substrates, including on sharp points and in hid-
den or recessed areas. Vacuum metallizing, on the other hand, is a line-of-sight
coating technology. Whatever areas of the substrate cannot be “seen” by the evap-
oration source are “shadowed” and remain uncoated.
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Fig. 1. Parylene deposition apparatus. To convert Pa to torr, multiply by 0.0075.

The p-xylylene species plays a central role in the coating process itself as
well as in the making of the dimers which are used as feedstocks for the coat-
ing process. Polymers and dimers have both been made from precursor p-xylene
compounds (4) featuring a variety of X and Y leaving groups. The conditions of
the reaction determine the relative amounts of the resulting dimeric or polymeric
products. Dilution is of course the key element in any procedure which offers a
high yield of dimer.

The modest commercial success the p-xylylene dimer based Gorham process
has achieved to date is readily attributed to the fact that thermal cleavage of
cyclic dimer produces the p-xylylene monomer in essentially quantitative yield,
while at the same time producing no gaseous by-products. In a gas-to-solid coat-
ing process, any gaseous entities generated from the leaving groups X and Y, nec-
essarily formed in volumes comparable to the volume of the monomeric p-xylylene
generated, would at the very least need to be exhausted through the pumping
system, thereby slowing the process down. Moreover, certain of the most effective
leaving groups XY, such as halogens or halogenide acids, would create a corro-
sion hazard both for any sensitive substrates to be coated and for the deposition
equipment itself.

Gorham Process Monomers

The eight-carbon monomer PX is generated in the first stage of the parylene pro-
cess by heating gaseous dimer as it passes through a high temperature zone. Its
intermediacy in the process was deduced by the earliest investigators. Appre-
hending the unusual properties of PX is an important aid to understanding the
unique features of the coating process.
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Chemical Evidence for PX Monomer. Establishing early on that PX is
indeed the pyrolysis product, rather than the molecule formed by breaking only
one of the original dibenzyl bonds, the dimer diradical (5), would prove to be an
important development.

When the pyrolysis gases are quenched with a molar excess of iodine vapor,
a yield of greater than 50% p-xylylene diiodide is recovered. The observation of
this effect offered the first direct chemical support for the idea that DPX pyrolysis
results in PX (1) (4).

Moreover, where ar-acetyldi-p-xylylene [10029-00-2] (6) is pyrolyzed, by ad-
justing temperatures in the deposition region, it is possible to isolate two dif-
ferent polymeric products, ie, poly(acetyl-p-xylylene) [67076-72-6] (8) and poly(p-
xylylene) (PPX) (2). This of course requires the cleavage of the original dimer into
two fragments.

Experiments with monoethyl and monocarbomethoxy di-p-xylylene (5) gave
similar results. These experiments do not, however, shed any light on whether
the rupture of the methylene–methylene bonds in the dimer upon pyrolysis is
simultaneous or sequential.

Only one exception to the clean production of two monomer molecules from
the pyrolysis of dimer has been noted. When α-hydroxydi-p-xylylene (9) is sub-
jected to the Gorham process, no polymer is formed, and the 16-carbon aldehyde
(10) is the principal product in its stead, isolated in greater than 90% yield. This
transformation indicates that, at least in this case, the cleavage of dimer proceeds
in stepwise fashion rather than by a concerted process in which both methylene–
methylene bonds are broken at the same time. This is consistent with the
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predictions of Woodward and Hoffmann from orbital symmetry considerations
for such [6 + 6] cycloreversion reactions in the ground state (6).

Monomer Properties. Despite difficulties involved in studying it owing
to its great reactivity, a great deal is known about the structure of the parylene
process monomer PX: the eight-carbon framework is planar (7); The molecule is
diamagnetic, ie, all electron spins are paired in the ground state (spectroscopi-
cally, a singlet). Although many have ascribed its reactivity to its so-called bi-
radical nature, the true biradical (triplet) form (11) of the molecule, an electroni-
cally excited state, is substantially more energetic, estimated at ca 50 kJ/mol (12
kcal/mol), and therefore cannot contribute to the monomer at equilibrium to any
appreciable extent, even at pyrolysis temperatures. The PX molecule is instead a
conjugated tetraolefin whose particular arrangement gives it extreme reactivity
at its end carbons.

This extreme reactivity of PX has precluded many experimental approaches
that otherwise would have been useful in studying it. Most of the present struc-
tural knowledge has been gleaned from spectroscopic studies and molecular or-
bital calculations. A noteworthy exception is an electron diffraction study (8) in
which an electron beam was directed at a stream of gaseous PX, generated much
as it is in the parylene process, issuing from a nozzle in a specially constructed
apparatus. The results of the study are shown in Figure 2. Although the study
was unable to resolve the lengths of the two different C C and C H bonds, it
clearly distinguished between the C C and C C bond lengths. Thus p-xylylene
is experimentally demonstrated to have an olefinic geometry rather than that of
an aromatic biradical.
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Fig. 2. Structure of PX monomer molecule from electron diffraction (9). Bond lengths:
C C A = B + 0.1381 ± 0.008; C C, C = 0.1451 ± 0.0007 nm; C H, D = E = 0.1116 ±
0.0035 nm. Bond angles: a = 122.2 ± 3.7◦, b = 118.9 ± 1.9◦.

By trapping PX at liquid nitrogen temperature and transferring it to THF
at −80◦C, the 1H NMR spectrum could be observed (10). It consists of two sharp
peaks of equal area at chemical shifts of 5.10 and 6.49 ppm downfield from
tetramethylsilane (TMS). The fact that any sharp peaks are observed at all at-
tests to the absence of any significant concentration of unpaired electron spins,
such as those that would be contributed by the biradical (11). Furthermore, the
chemical shift of the ring protons, 6.49 ppm, is well upfield from the typical aro-
matic range and more characteristic of an olefinic proton. Thus the olefin struc-
ture (1) for PX is also supported by NMR.

A particularly useful property of the PX monomer is its enthalpy of forma-
tion. Conventional means of obtaining this value, such as through its heat of com-
bustion, are, of course, excluded by its reactivity. An experimental attempt was
made to obtain this measure of chemical reactivity with the help of ion cyclotron
resonance; a value of 209 ± 17 kJ/mol (50 ± 4 kcal/mol) was obtained (11). Unfor-
tunately, the technique suffers from lack of resolution in addition to experimental
imprecision. It is perhaps better to rely on molecular orbital calculations for the
formation enthalpy. Using a semiempirical molecular orbital technique, which is
tuned to give good values for heat of formation on experimentally accessible com-
pounds, the heat of formation of p-xylylene has been computed to be 234.8 kJ/mol
(56.1 kcal/mol) (12).

Successful p-Xylylene VDP Monomers. Within the limits mentioned
above, it is frequently possible, and often desirable, to modify the p-xylylene
monomer by attaching to it certain substituents. Limitations on such modifica-
tions lie in three areas: reactivity, performance in the coater, and cost.

Reactivity. Although the reactivity which enables the gas–solid polymer-
ization to proceed is a characteristic of the eight-carbon p-xylylene tetraolefin
system, it is possible to subdue that reactivity. For example, by attaching
electron-withdrawing substituents to the alpha positions and thereby further de-
localizing the π -electrons of the highly reactive p-xylylene nucleus, it is in sev-
eral instances possible to prepare p-xylylenes that are so stable that they can be
isolated and handled as normal organic compounds (Fig. 3). These sorts of sub-
stitutions must of course be avoided if the goal is to make polymer.

It is also possible to interfere with the polymerization by attaching at the
alpha positions either too many groups, or groups which are too bulky. Four chlo-
rine atoms (13) or four methyl groups (14) seem to be sufficient to hinder the
production of polymer. These crowded p-xylylene monomers can be polymerized,
but not through a VDP process.
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Fig. 3. Isolatable p-xylylene derivatives: 12, Thiele’s hydrocarbon—1904 [26392-12-
1]; 13, tetracyanoquinodimethane [1518-16-7] (TCNQ); 14, tetrakis(methoxycarbonyl)-
quinodimethan [65649-20-9]; 15, tetrakis(ethylsulfonyl)quinodimethan [84928-90-5].

Thus, except for electron-withdrawing or bulky substituents, at least from
the standpoint of reactivity toward polymerization, modification by most other
substituents is possible.

Performance in Coater. The modified monomer should perform well
in commercial deposition equipment. Performance considerations include the
growth rate of the coating, the uniformity of thickness of the coating over the
chamber volume, and the efficiency with which the dimer is converted to useful
coatings on the substrates.

An important further constraint is the fact that economic considerations in
the construction of deposition equipment normally lead to a preference for an
ambient-temperature deposition chamber. Control of deposition temperature is
possible, but it adds to both equipment expense and operational complexity.

The vapor pressure of a parylene monomer is a prime factor in determining
how rapidly a coating grows when exposed to an atmosphere of monomer at a
given pressure. Vapor pressure is reduced as molecular weight increases, thereby
increasing the monomer’s tendency to condense and, along with it, increasing
the VDP growth rate. The presence of polar functionality in the molecule fur-
ther depresses vapor pressure. But too low a vapor pressure makes it difficult to
transport gaseous monomer from point to point in the deposition chamber. Hence,
some optimum value of monomer volatility is expected.

The widely used Parylene C owes its popularity principally to the room-
temperature volatility of its monomer. The Parylene C monomer, chloro-p-
xylylene, has become the de facto performance standard. By comparison, the
Parylene N monomer, p-xylylene itself, is too volatile and would perform bet-
ter in a sub-ambient-temperature deposition system. The Parylene D monomer,
dichloro-p-xylylene [85586-88-5] is too heavy, and causes distribution problems in
larger deposition systems.
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Cost. It is necessary to produce the feedstock from which the monomer is
generated, viz, the dimer, at a cost which can be supported by the commercial
application, and yet allow it to be economically competitive with all other alter-
native ways to achieve the same end result. This factor often, but not always,
seriously limits the amount of effort that can be put into dimer synthesis and
purification.

Other, Related Processes

VDP processes using means other than the pyrolytic cleavage of DPX (Gorham
process) to generate the reactive monomer are also known, although none are
practiced commercially at the time of this writing (ca 1997).

Photopolymerization and Plasma Polymerization. The use of ultra-
violet light alone (15,16) as well as the use of electrically excited plasmas or glow
discharges to generate monomers capable of undergoing VDP have been explored.
The products of these two processes, called plasma polymers, continue to receive
considerable scientific attention. Interest in these approaches is enhanced by the
fact that the feedstock material from which the monomer capable of VDP is gen-
erated is often inexpensive and readily available. In spite of these widespread
scientific efforts, however, commercial use of the technologies is quite limited.

When p-xylene is used as the monomer feed in a plasma polymer process, PX
may play an important role in the formation of the plasma polymer. The plasma
polymer from p-xylene closely resembles the Gorham process polymer in the in-
frared, although its spectrum contains evidence for minor amounts of nonlinear,
branched, and cross-linked chains as well. Furthermore, its solubility and low
softening temperature suggest a material of very low molecular weight (17).

VDP Polyimides. Polyimide films have also been prepared by a kind of
VDP (18). The poly(amic acid) layer is first formed by the coevaporation and con-
densation of two monomers, followed by copolymerization on the substrate. The
imidization is carried out in a separate baking step (see POLYIMIDES).

o-Xylylene/BCB. Thermosetting resins based on benzocyclobutene
(BCB)

chemistry have been reported (19,20). In these condensed phase cures, the o-
xylylene isomer is the key reactive intermediate. From the behavior of this en-
ergetically similar ortho isomer, the value of the para configuration’s rendering
any ring closure reaction—analogous to cyclobutene formation from the ortho
isomer—geometrically forbidden can be appreciated.

Dimer

In contrast to the extreme reactivity of the monomeric PX (1) generated from it,
the dimer DPX (3) feedstock for the parylene process is an exceptionally stable
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compound. Because of their chemical inertness, dimers in general do not exhibit
shelf-life limitations. Although a variety of substituted dimers are known in the
literature, at present only three are commercially available: DPXN, DPXC, and
DPXD, which give rise to Parylene N, Parylene C, and Parylene D, respectively.

The unsubstituted C-16 hydrocarbon, [2.2]paracyclophane (3), is DPXN.
Both DPXC and DPXD are prepared from DPXN by aromatic chlorination and
differ only in the extent of chlorination; DPXC has an average of one chlorine
atom per aromatic ring and DPXD has an average of two.

Manufacture. For the commercial production of DPXN (di-p-xylylene) (3),
two principal synthetic routes have been used: the direct pyrolysis of p-xylene
(4, X = Y = H) and the 1,6-Hofmann elimination of ammonium (HNR+

3 ) from a
quaternary ammonium hydroxide (4, X = H, Y = NR+

3 ). Most of the routes to DPX
share a common strategy: PX is generated at a controlled rate in a dilute medium,
so that its conversion to dimer is favored over the conversion to polymer. The
polymer by-product is of no value because it can neither be recycled nor processed
into a commercially useful form. Its formation is minimized by careful attention
to process engineering. The chemistry of the direct pyrolysis route is shown in
equation 1:

(1)

First, p-xylene is dehydrogenated pyrolytically in the presence of steam at
about 950◦C to give p-xylylene (PX), which in turn forms di-p-xylylene (DPX)
when quenched in liquid xylene. The xylene is recycled to the pyrolysis vessel.
Yields and conversion efficiency are satisfactory. However, several engineering
challenges need to be overcome, including the choice of a suitable diluent; es-
tablishing optimal residence time, vapor velocity, and operating pressure during
pyrolysis; and the design and construction of novel equipment to withstand the
highly corrosive reaction environment.

The Hofmann elimination route, of which many versions exist, can be car-
ried out at much lower temperatures in conventional equipment. The PX is gen-
erated by a 1,6-Hofmann elimination of amine from a quaternary ammonium
hydroxide in the presence of a base. This route gives yields of 17–19%. Undesired
polymeric products can be as high as 80% of the product. In the presence of a
polymerization inhibitor, such as phenothiazine, DPXN yields can be increased
to 50%.

In the 1,6-elimination of p-trimethylsilylmethylbenzyltrimethylammonium
iodide with tetrabutylammonium fluoride, yields as high as 56% have been re-
ported (21). The starting materials are not readily accessible, however, and are
costly.

The yield can be raised to 28% if the Hofmann elimination is conducted
in the presence of a water-soluble copper or iron compound (22). Further im-
provements up to 50% were reported when the elimination was carried out in the
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Fig. 4. Isomeric dichloro[2.2]paracyclophanes produce the same xylylene.

presence of ketone compounds (23). Further beneficial effects have been found
with certain cosolvents, with reported yields of greater than 70% (9).

DPXC and DPXD. The economic pressure to control dimer costs has
had an important effect on what is in use today (ca 1997). Attaching sub-
stituents to the ring positions of a [2.2]paracyclophane does not proceed with
isomeric exclusivity. Indeed, isomeric purity in the dimer is not an essen-
tial requirement for obtaining isomeric purity, eg, monosubstituted monomer,
in the pyrolysis. Any mixture of the four possible heteronuclearly disubsti-
tuted dichloro[2.2]paracyclophanes, will, after all, if pyrolyzed produce the same
monomer molecule, chloro-p-xylylene [10366-09-3] (16) (Fig. 4).

Although DPXC and DPXD prepared by the chlorination of DPXN are
relatively complex mixtures, after pyrolytic cleavage the resulting mixture of
monomers is considerably simpler. Thus DPXC, when pyrolyzed, gives predom-
inantly monochloro PX, which is accompanied by small but significant amounts
of PX and dichloro PX. The resulting polymer, Parylene C, consequently has an
average of about one chlorine atom per repeat unit. However, it contains signifi-
cant amounts of unchlorinated, as well as dichlorinated, repeat units.

DPXC and DPXD are prepared from DPXN by chlorinating to different ex-
tents. The conditions are controlled to favor aromatic ring chlorination to the
exclusion of the free-radical chlorination of the ethylene bridges. However, the
chlorination products are complex mixtures of the homologues DPXN, monochloro
DPX, dichloro DPX, trichloro DPX, and tetrachloro DPX, and even higher homo-
logues, as well as the several possible isomers of each.

New synthetic routes for the preparation of homologously pure dichloro
DPX and tetrachloro DPX have been reported through the 1,6-Hofmann elimi-
nation of chlorinated p-methylbenzyltrimethylammonium hydroxide. In the case
of dichloro DPX, yields of 30% were reported (24). In the presence of ketone com-
pounds, yields were increased to 50% (23).

Purification. Unsubstituted di-p-xylylene (DPXN) is readily purified by
recrystallization from xylene. It is a colorless, highly crystalline solid. The prin-
cipal impurity is polymer, which fortunately is insoluble in the recrystallization
solvent and easily removed by hot filtration.

In purifying DPXC and DPXD, care must be taken not to disturb the ho-
mologue composition, so that product uniformity is maintained. For example, a
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Table 1. Properties of Parylene Dimers

Dimer Melting point, ◦C Density, g/cm3

DPXN 284a 1.22
DPXC 140–160b 1.30
DPXD 170–195b 1.45
aDecomposes.
bMixture of homologues and their isomers.

recrystallization of DPXC from ethanol would give a higher melting, more crys-
talline dimer material, at the expense of a decrease in yield owing to the re-
moval of otherwise useful isomers, but the polymer made from it would not be
identical to the historical Parylene C, as defined by its preparation from the
chlorination mixture. The real purification issues are the removal of insoluble
residues and any components that contain aliphatic side-chain chlorine. Although
ring-substituted chlorine is stable, side-chain chlorine can give rise to hydro-
gen chloride gas under the conditions of the parylene process, or subsequent to
it, which in certain applications could initiate substrate corrosion. Fortunately,
the aliphatic chlorine problem can be minimized by proper attention to process
detail.

Properties. The DPXs are all crystalline solids; melting points and densi-
ties are given in Table 1. Their solubility in aromatic hydrocarbons is limited. At
140◦C, the solubility of DPXN in xylene is only about 10%. DPXC is more readily
soluble in chlorinated solvents, eg, in methylene chloride at 25◦C its solubility is
10%. In contrast, the corresponding figure for DPXN is 1.5%.

The structure of DPXN was determined in 1953 from X-ray diffraction stud-
ies (25). There is considerable strain energy in the buckled aromatic rings and dis-
torted bond angles. The strain has been experimentally quantified at 130 kJ/mol
(31 kcal/mol) by careful determination of the formation enthalpy through heat
of combustion measurements (26). The release of this strain energy is doubt-
less the principal reason for success in the particularly convenient preparation
of monomer in the parylene process.

Polymer

The linear polymer of PX, poly(p-xylylene) (PPX) (2), is formed as a VDP coating
in the parylene process. The energetics of the polymerization set it apart from
all other known polymerizations and enable it to proceed as a vapor deposition
polymerization.

Thermodynamic Considerations. On the basis of the value for the en-
thalpy of formation of p-xylylene, �H0

f (PX), the enthalpy of polymerization,
�H0

polym = �H0
f (PPX) �H0

f (PX), can be estimated. No experimental combustion
data are available for high molecular weight poly(p-xylylene) as it is formed in
the parylene process, �H0

f (PPX).
For crystalline [2.2]paracyclophane [(1,2), DPXN], a �H0

f of +154.4 kJ/mol
(+36.9 kcal/mol) is reported (26). The hypothetical transformation of crystalline
DPXN into polymer is accompanied by the release of 129.7 kJ/mol (31.0 kcal/mol)
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of paracyclophane strain energy per mole of paracyclophane, and 12.6 kJ/mol
(3.0 kcal/mol) per polymer repeat unit as a result of the bibenzyl hyperconjuga-
tive stabilization, which is permitted in the polymer but excluded by geometry
in the dimer. Thus the standard enthalpy of formation for the hypothetical 100%
crystalline poly(p-xylylene) is estimated to be −0.3 kJ/mol (−0.05 kcal/mol), as-
suming that the energies associated with crystallinity are the same in both cases.
Although it might be acceptable to assume that such energies per repeat unit are
similar in the crystalline polymer and crystalline dimer, Parylene N, as produced
by the parylene process, is typically only about 57% crystalline. Using a value
of 14.1 kJ/mol (3.37 kcal/mol) for the heat of fusion for poly(p-xylylene) (27), the
standard formation enthalpy for Parylene N, as it is typically deposited in the
parylene process, �H0

f (Parylene N), is +5.7 kJ/mol (+1.4 kcal/mol).
In estimating the enthalpy of polymerization, the physical state of both

starting monomer and polymer must be specified. Changes in state are accompa-
nied by ethalpy changes. Therefore, they also affect the level of the polymeriza-
tion enthalpy. The �H0

f for p-xylylene previously mentioned is applicable to the
monomer as an ideal gas. To make comparisons with other polymerization pro-
cesses, most of which start with condensed monomer, a heat of vaporization for
p-xylylene is needed. It is assumed herein that it is the same as that for p-xylene,
42.4 kJ/mol (10.1 kcal/mol). Thus the �H0

f of the liquid monomer p-xylylene is
192.3 kJ/mol (46.0 kcal/mol).

The enthalpy of polymerization of unannealed (57% crystalline) Parylene N,
as it is deposited, starting with liquid monomer, �H0

polym(lu), is −186.6 kJ/mol
(−44.6 kcal/mol). This is an exceptionally high value compared with those of
other addition polymers, which generally fall in the −60 to −100 kJ/mol (−14.3 to
−23.8 kcal/mol) range. It quantifies the vigor of the polymerization. Because the
source of polymerization enthalpy is within the p-xylylene system, substituents
affect it only to a minor extent. All parylenes are expected to have a similar molar
enthalpy of polymerization. An experimental value for the heat of polymerization
of Parylene C has appeared. Using the gas evolution from the liquid nitrogen cold
trap to measure thermal input from the polymer, and taking advantage of a pe-
culiarity of Parylene C at −196◦C to polymerize abruptly, perhaps owing to the
arrival of a free radical, a �H0

polym of −152 ± 8 kJ/mol (−36.4 ± 2.0 kcal/mol) at
−196◦C was reported (28). The correction from −196◦C to room temperature is
estimated at −17 kJ/mol, bringing this experimental value for Parylene C closer
to the calculated value for Parylene N. It is assumed that Spolym is 0 at 0 K (third
law), 125 J/(mol · K) [30 cal/(mol · K)] at 298 K, and proportional to T in between—
a crude assumption, but appropriate to the current level of knowledge. Thus ex-
periment and calculation are in harmony in quantifying the exceptional exother-
micity of parylene polymerization (see THERMODYNAMIC PROPERTIES OF POLYMERS).

The thermodynamic ceiling temperature (29) Tc for a polymerization is com-
puted by dividing the �H0

polym by the standard entropy of polymerization, �S0
polym.

The Tc is the temperature at which monomer and polymer are in equilibrium in
their standard states at 25◦C (298.15 K) and 101.3 kPa (1 atm). (In the case of
p-xylylene, such a state is, of course, purely hypothetical.) The Tc quantifies the
binding forces between monomer units in a polymer and measures the tendency
of the polymer to revert back to monomer. In other systems, the Tc indicates a
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Table 2. Entropies, Enthalpies, and Ceiling Temperatures for the Polymerization of
Various Monomers at 25◦C (298.15 K) and 101.3 kPa (1 atm)a

Liquid Gas

−�H0, −�S0, J/ Tc, −�H0, −�S0 J/ Tc,
Monomer kJ/molb (mol · K)b ◦C kJ/molb (mol · K)b ◦C

Ethylene 108.4 173.6 351
Propylene 81.6 116.3 429
Isoprene 74.9 101.3 467 101.3 187.0 268
Styrene 69.9 104.6 395 113.4 212.1 262
Methyl methacrylate 55.2 117.2 198
α-Methylstyrene 35.1 103.8 65
p-Xylylene 186.6 56.4 3035 229.1 161.1 1149
aRef. 26.
bTo convert J to cal, divide by 4.184.

temperature above which the polymer is unstable with respect to its monomer,
but in the case of parylene it serves rather as a means of comparing the relative
stability of the polymer with respect to its reversion to monomer. For computing
the Tc, however, the standard entropies of polymerization are required.

The standard polymerization entropies can be estimated from the follow-
ing. The standard entropy S0 for PX as an ideal gas is computed by a group-
contribution method (30) to be 310.6 J/(mol · K) [74.24 cal/(mol · K)]. The en-
tropy of vaporization for PX is assumed to be the same as that of p-xylene,
104.7 J/(mol · K) [25.03 cal/(mol · K)] (31). Therefore, the S0 for liquid PX is 205.9
J/(mol · K) [49.21 cal/(mol·K)]. Noting that the experimental specific heat Cp of
PPX follows that of polystyrene over the range of 160 to 340 K (32), it can be as-
sumed that the proportionality continues down to 0 K and that the factor 135/116
at 298 K can be applied to the known S0 for polystyrene [S = 128.5 J/(mol · K)
or 30.70 cal/(mol · K) (33). It follows that the S0 for as-deposited 57% crys-
talline Parylene N is 149.5 J/(mol · K) [35.73 cal/(mol · K)]. Therefore, �S0

polym(g) =
−161.1 J/(mol · K) [−38.50 cal/(mol · K)] and �S0

polym(l) = −56.4 J/(mol · K) [−13.4
8cal/(mol · K)].

The results of the above polymerization thermodynamics calculations for
parylene are compared to similar data for typical addition polymers in Table 2.
The Tc quantifies the stability of the polymer only with respect to reversion to
monomer. When PPX is thermally degraded (ca 500◦C), a mixture of degradation
products including hydrogen gas, p-xylene, toluene, and p-methylstyrene is ob-
served (34), suggesting that the path taken in thermal degradation requires the
cleavage of bonds other than those formed in the polymerization, very likely start-
ing with the methylene C H bond. Complete replacement of the methylene hy-
drogens in PPX with fluorine gives a polymer with substantially better stability
at elevated temperatures (35).

The enthalpy liberated on the VDP of parylene is real and in an adiabatic
situation causes a rise in temperature of the coated substrate. For Parylene C,
229.1 kJ/mol (54.7 cal/mol) corresponds to 1654 J/g (395 cal/g) whereas its spe-
cific heat at 25◦C is only 1.00J/(g · K) [0.239 cal/(g · K)] (36). In most practical
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situations, however, the mass of parylene deposited is dwarfed by the substrate
mass, and the heat of polymerization is dissipated within the coated substrate
over the time required to deposit the coating with minimal actual temperature
rise.

Polymerization Mechanism. The physical processes of condensation
and diffusion must be considered along with the p-xylylene polymerization chem-
istry for a proper understanding of what happens microscopically during vapor
deposition polymerization (37). These processes point to an important distinction
between VDP and vacuum metallization, ie, that in the latter, adsorption is fol-
lowed by a surface reorganization of the existing deposited material, and diffusion
of incoming species through the bulk is nonexistent. In most parylene depositions,
a coating forms from gaseous monomer under steady-state conditions.

Gaseous monomer is transported to the location within the coating where
it is to be consumed to produce polymer by an initial condensation, followed by
diffusion. The net flux of monomer molecules through the growth interface, ie,
the outer boundary of the coating, between the gaseous and condensed phases,
needed to sustain growth at a given rate can be readily calculated [for Parylene
C, 10 µm/h requires 1.55 × 1015/(cm2 · s)]. Comparing a net flux so obtained with
the flux of molecules that according to the kinetic theory of gases are striking
the growth surface (Z= PN0/

√
2π MRT ) for the conditions typical of parylene

deposition, a large difference (two or three orders of magnitude) is observed. For
Parylene C monomer at a pressure of 1.3 Pa (10 µm Hg) and 25◦C, Z = 6.7 ×
1017/(cm2 · s). For each molecule that eventually enters the coating, some hun-
dred or thousand molecules strike the growth interface. Those that condense
and do not react must, of course, evaporate. The term “sticking coefficient” has
sometimes been borrowed from vacuum metallization to describe this ratio of
incident molecules to consumed molecules. However, the VDP situation is not
adequately described by hard spheres bouncing off a growth interface. Every in-
cident molecule spends at least some time in the polymeric coating phase beyond
the growth interface before it is lost again to the gas phase.

Because most of the condensing molecules evaporate, condensation equi-
librium at the growth surface can be assumed, to a good approximation. The
concentration of monomer dissolved in the coating near the growth interface
is, therefore, governed by Henry’s law, and monomer concentration in polymer
solution increases proportionately to the partial pressure of monomer in the
gas phase. Furthermore, as the temperature is lowered, or as higher molecular
weight monomers of lower volatility are selected, monomer concentration at the
growth interface increases. In most practical situations, these Henry’s law effects
dominate in determining growth rates for VDP coatings by regulating monomer
concentration within the coating. For each monomer, there exists a threshold con-
densation temperature, Ttc, above which the rate of growth of coating is, for all
practical purposes, zero (Table 3), but this phenomenon is governed by the com-
petition between initiation and propagation chemistries, discussed herein.

Once it is in “solution” in the coating, the monomer moves about in ran-
dom directions by diffusion until it evaporates or is consumed by chemical re-
action. The polymer molecules that have already grown to higher molecular
weight cannot relocate appreciably owing to entanglement with their neighbors.
The rate of diffusion of monomer through the polymer bulk is adequate for the
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Table 3. Threshold Condensation Temperatures
T tc for Substituted p-Xylylene Monomers

Monomer Ttc, ◦C

p-Xylylene 30
2-Methyl-p-xylylene 60
2-Ethyl-p-xylylene 90
2-Chloro-p-xylylene 90
2-Acetyl-p-xylylene 130
2-Cyano-p-xylylene 130
2-Bromo-p-xylylene 130
Dichloro-p-xylylene 130

participation of diffusive transport in the mechanism of VDP (ca 10− 10 cm2/s at
room temperature). This can be confirmed in swelling-rate experiments with sol-
vents having similar physical properties, such as p-xylene.

The monomer is consumed by two chemical reactions: initiation, in which
new polymer molecules are generated, and propagation, in which existing poly-
mer molecules are extended to higher molecular weight. In steady-state VDP,
both reactions proceed continuously inside polymeric coating, in the reaction zone
just behind the growth interface.

The first step of the initiation reaction is the coupling of two monomer
molecules to form the dimer diradical (5). The formation of this diradical is en-
ergetically uphill, ie, the energy of two benzyl radicals is greater than that of
two starting p-xylylene systems. The rate of destruction greatly exceeds the rate
of formation. Only a trace concentration of the dimer diradical species exists at
equilibrium. Further reaction of the dimer diradical with monomer gives more
stable diradicals. In these subsequent transformations, a p-xylylene is converted
into a benzene with a net stabilizing effect. At some stage of oligomerization, the
resulting n-mer diradical becomes more stable than the n p-xylylene molecules
from which it was constructed. At this point, the new polymer molecule is formed.
Thus the overall order of the initiation reaction, the reaction in which new poly-
mer molecules are generated, is some n > 2. Initiation chemistry requires no
species other than monomer, another unusual aspect of the polymerization chem-
istry of p-xylylene.

The order n of the initiation reaction has an important influence on the
manner in which the VDP occurs. Because monomer molecules, even in solution
at low concentration, are closer together in the condensed phase than they are
in the gaseous phase, the rate of initiation is greater in the condensed phase
than in the gaseous phase. The higher the order n, the more the condensed phase
is favored. The order n, according to the mathematical model (37) of p-xylylene
VDP, at the same time governs the effect of monomer pressure on growth rate
at a given deposition temperature. The model predicts that growth rate should
vary with the pressure raised to the power (n + 3)/4. Thus, if n = 3, the growth
rate should be proportional to p1.5. In an early attempt to determine the pressure
dependence of parylene growth rate γ , an expression of γ = kp2 was reported
(38). A pressure exponent of 2 would be interpreted as an initiation order of n =
5. Although such a high order would favorably deemphasize “snow,” consideration
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of the energetics of oligomeric p-xylylene diradicals would seem to place the order
nearer to 3. Perhaps the early investigators did not anticipate a nonintegral order
for pressure dependence. A more recent report (39) places n at 3 for Parylenes N
and C, and 4 for Parylene D. Thus, with n ≥ 3, the parylenes are more likely
to form a continuous coating than a dust or a snow, the physical form of the
product of a gas-phase polymerization. To the extent that snow is included in the
formation of a coating (ie, dual-phase polymerization), haze develops.

In the propagation reaction, the monomer molecule reacts with an existing
free-radical polymer chain end to make the chain one repeat unit longer. The poly-
mer chains have two active ends, and they grow from both ends at the same time.
Under normal coating conditions, the consumption of monomer by propagation
must be much higher than its consumption by initiation to obtain high molecular
weight polymer. In fact, the number-average molecular weight is determined by
the proportion of monomer consumed by the two reactions, and is diminished by
increases in deposition temperature or monomer partial pressure.

The concentration of monomer within the coating decreases approximately
exponentially with distance from the growth interface. With this decrease in
monomer concentration, the rates of initiation and propagation reactions also
decrease. Moving back into the polymer from the growth interface, through the
reaction zone where polymer is being manufactured, a region in which the poly-
mer formation is essentially complete is gradually entered. Because initiation is
of higher order in monomer concentration, it tends to occur closer to the growth
interface than does propagation. Under conditions prevailing during a typical de-
position, the characteristic depth of the reaction zone is a few hundred nanome-
ters, and the maximum concentration of monomer, ie, the concentration at the
growth interface, is of the order of a few tenths percent by weight. Thus the pary-
lene polymerization takes place just behind the growth interface in a medium
that is best described as a slightly swollen, solid polymer.

During the vapor deposition process, the polymer chain ends remain truly
alive, ceasing to grow only when they are so far from the growth interface that
fresh monomer can no longer reach them. No specific termination chemistry is
needed, although subsequent to the deposition, reaction with atmospheric oxy-
gen, as well as other chemical conversions that alter the nature of the free-radical
chain ends, is clearly supported experimentally.

Polymer Properties. The single most important feature of the parylenes,
that feature which dominates the decision for their use in any specific situa-
tion, is the VDP process by which they are applied. VDP provides the room-
temperature coating process and produces the films of uniform thickness, having
excellent thickness control, conformality, and purity. The engineering properties
of commercial parylenes once they have been formed are given in Table 4. As
crystalline polymers, the parylenes retain useful physical integrity up to tem-
peratures approaching their crystalline melting points. However, their glass-
transition temperatures, Tg, the temperature spans over which the continuous
amorphous phase, usually the minority phase, changes from a rigid, vitreous con-
dition to a more flexible, rubbery condition, are probably in the vicinity of ambient
temperature. In the case of PPX (Parylene N), careful measurements have estab-
lished the Tg to be centered at 13◦C, the range over which T affects heat capacity
measurements extending from 240 to 330 K (−33 to + 57◦C) (27). Because they
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Table 4. Typical Engineering Properties of Commercial Parylenes

Property Parylene N Parylene C Parylene D ASTM method

General
Density, g/cm3 1.110 1.289 1.418 D1505
Refractive index, n23

D 1.661 1.639 1.669
Mechanical

Tensile modulus, GPaa 2.4 3.2 2.8 D882
Tensile strength, MPab 45 70 75 D882
Yield strength, MPab 42 55 60 D882
Elongation to break, % 30 200 10 D882
Yield elongation, % 2.5 2.9 3 D882
Rockwell hardness R85 R80 D785
Coefficient of friction D1894

Static 0.25 0.29 0.35
Dynamic 0.25 0.29 0.31

Thermal
Melting point, ◦C 420 290 380
Linear coefficient of
expansion to 25◦C ×
105, K− 1

6.9 3.5

Heat capacity at 25◦C,
J/(g · K)c

1.3d 1.0e

Thermal conductivity at
25◦C, W/(m · K)

0.12 0.082

Electrical
Dielectric constant D150

60 Hz 2.65 3.15 2.84
1 kHz 2.65 3.10 2.82
1 MHz 2.65 2.95 2.80

Dissipation factor D150
60 Hz 0.0002 0.020 0.004
1 kHz 0.0002 0.019 0.003
1 MHz 0.0006 0.013 0.002

Dielectric strength at
25 µm, MV/m

D149

Short time 275 220 215
Step-by-step 235 185

Volume resistivity at
23◦C, 50% RH, 	

1.4×1017 8.8×1016 2×1016 D257

(Continued)

have similar backbone structures, other parylenes are expected to have similar
Tgs, although no measurements taken with equal care exist. Earlier reports have
quoted a somewhat higher (60–90◦C) range for the entire family (5). In either
case, the parylenes as prepared by their VDP process are further distinguished
from conventional polymers in having been generated in a medium that is at least
to some extent vitreous.

During formation, the motions of the parylene polymer chains in the vit-
reous medium are restricted. The properties of freshly deposited parylenes,
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Table 4. (Continued)

Property Parylene N Parylene C Parylene D ASTM method

Surface resistivity at
23◦C, 50% RH, 	

1×1013 1×1014 5×1016 D257

Barrier
Water absorption, % < 0.1 < 0.1 <0.1 D570
Water vapor transmission
at 37◦C, ng/(Pa · s · m) f

0.0012 0.0004 0.0002 E96

Gas permeability at 25◦C,
amol/(Pa · s · m) g

D1434

N2 15.4 2.0 9.0
O2 78.4 14.4 64.0
CO2 429 15.4 26.0
H2S 1590 26.0 2.9
SO2 3790 22.0 9.53
Cl2 148 0.7 1.1

aTo convert GPa to psi, multiply by 145,000.
bTo convert MPa to psi, multiply by 145.
cTo convert J to cal, divide by 4.184.
dRefs. 25 and 30.
eRef. 34.
f To convernt ng/(Pa · s · m) to g·mil/(100 in2 · day) at 90% RH, 37◦C, multiply by 1240.
gTo convert amol/(Pa · s · m) to cm3 (STP) mil/(100 in2 · day · atm), multiply by 0.498.

therefore, generally differ from those that have been aged or annealed. Restricted
polymer chain motion during VDP severely limits their ability to organize into
crystallites, and consequently freshly deposited parylenes are metastable. With
the passage of time, and sooner if heated, they will reorganize into a thermody-
namically more satisfactory configuration, increasing crystallinity. Certain phys-
ical properties of freshly deposited parylenes therefore can be expected to change
upon aging or annealing. Of the commercial materials, Parylene C, perhaps as a
result of the asymmetry of its repeat unit, is particularly subject to modifications
subsequent to its initial formation.

Mechanical Properties. Many of the mechanical properties of the
parylenes are similar to those of other conventional plastics. The values in
Table 4 are typical of those quoted for the parylenes, but in any particular case
can vary with aging or annealing. In an outstanding instance of this effect, the
200% elongation quoted for Parylene C is the value commonly observed on the
freshly deposited material. It drops dramatically as crystallinity builds. In gen-
eral, an increase in crystallinity with aging or annealing results in a lowering of
elongation to break and an increase in modulus and strength. The variation in
mechanical rigidity of the parylenes as temperature increases is shown in Fig-
ure 5, which plots the logarithm of the secant modulus, a measure of stiffness, vs
temperature. Generally, a small decrease in rigidity occurs near ambient temper-
ature as the glass transition is traversed. Significant rigidity is then retained up
to the point where the crystallites begin to melt.

It has been reported that Parylene N is deposited in a state of compres-
sive stress (40). The inherent stress is 18 MPa (2300 psi) and is invariant with
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Fig. 5. Stiffness–temperature behavior of Parylenes N and C. To convert MPa to psi,
multiply by 145.

thickness. This congenital compressive stress can be removed and rendered ten-
sile by a thermal cycle.

Electrical Properties. The bulk electrical properties of the parylenes make
them excellent candidates for use in electronic construction. The dielectric con-
stants and dielectric losses are low and unaffected by absorption of atmospheric
water. The dielectric strength is quoted for specimens of 25 µm thickness because
substantially thicker specimens cannot be prepared by VDP. If the value appears
to be high in comparison with other materials, however, it should be noted that
the usual thickness for such a measurement is 3.18 mm. Dielectric strength de-
clines with the square root of increasing thickness. Viewed in this light, the di-
electric strength of the parylenes is good, but not outstandingly high. The bulk
resistivities are advantageously high because of the purity of the parylenes, their
low moisture absorption, and in particular their freedom from the trace ionic im-
purities present in conventional polymers as residues. Such impurities might be
the residues of the catalysts necessary for their formation. The surface resistivi-
ties are advantageously high in part because of their low affinity for atmospheric
water. The experimental dependence of the electrical properties on temperature
is shown in Figure 6.
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Fig. 6. Variation of electrical properties of Parylenes N and C with temperature.

The question of the value of the dielectric constant of the parylenes in
the gigahertz range of frequencies is often of interest to designers of high fre-
quency circuitry. Making such measurements on low loss, low dielectric constant,
thin films is experimentally difficult, and no reliable data exist as of this writ-
ing (ca 1997). Fortunately, however, an indicator is available. For nonabsorbing,
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Table 5. Dielectric Constants and Refractive Indexes of
Parylenes

Parameter Parylene N Parylene C Parylene D

Dielectric constant
60 Hz 2.65 3.15 2.84
1 kHz 2.65 3.10 2.84
1 MHz 2.65 2.95 2.80

Refractive index
nD line 1.661 1.639 1.669
Squared 2.76 2.69 2.79

nonmagnetic materials such as the parylenes, the well-known Maxwell relation
applies: at any particular frequency, the square of the index of refraction equals
the relative permittivity, or dielectric constant (41). The refractive indices for the
parylenes at the sodium D line (589 nm), a visible wavelength that corresponds
to a frequency of 510 THz (5.1 × 1014 Hz), are shown in Table 5, along with their
squares and the lower frequency measurement of dielectric constant. Because by
virtue of the Maxwell relation the dielectric constants of the parylenes at the
much higher frequency of visible light are close to those observed by conventional
means, it seems likely that when reliable gigahertz dielectric constant measure-
ments on the parylenes become available, similar values will be obtained.

Thermal Properties and Endurance. The heat capacity or specific heat,
Cp is a quantity of theoretical thermodynamic significance as well as of practical
importance. It has been determined for Parylene N over the temperature range
of 220 to 620 K (−53 to + 347◦C) (27,32).

Figure 7 gives the results of an experiment in which free-standing films
were exposed to constant elevated temperatures in air-circulating ovens for peri-
ods of weeks to months; the failure criterion was a 50% loss in tensile strength.
Because the test is destructive, each data point (failure time at a given tempera-
ture) required many specimens. In the degradation of many polymers, including
the parylenes, tensile strength is maintained until chain scission has reduced
molecular weight to the point at which entanglement is no longer a factor in
determining physical properties. Beyond that point it drops abruptly. Thus de-
spite the relatively large variance in tensile strength measurements, the 50%
loss criterion allows a reasonably precise location of end of useful life on a log
time scale (Fig. 8). The data of Figure 7 suggest that Parylenes N, C, and D per-
form in air without significant loss of physical properties for 10 years at 60, 80,
and 100◦C, respectively. Clearly, these data can justifiably be made to serve only
as a guide for considering the parylenes for a specific application. Questions of
thermal endurance tend to have no clear-cut answers. In situations where per-
formance may be marginal, there is no substitute for retesting under conditions
more directly relatable to the application.

Degradation. The most important mode of degradation for parylenes is ox-
idative chain scission. Significantly, hydrolytic degradation is chemically impos-
sible. Oxidative degradation limits the use of parylenes at elevated temperatures
in many common applications. Figure 9 shows the effect of exposure to elevated
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Fig. 7. Useful lifetime of Parylenes N, C, and D as a function of temperature in air.
Failure = 50% loss in tensile strength.

temperature in air or in vacuum on elongation to break, an indicator of toughness
or lack of brittleness. The data are given for Parylene C, which suffers substantial
change in mechanical properties as the freshly deposited material is annealed.
Aging in air at 150◦C for ca 100 h causes the elongation to break to drop from
its initially very high value to 0, at which point the specimen is mechanically
useless. Aging in vacuum at yet higher temperatures (265◦C) for a similar length
of time gives a stronger, more rigid, stabilized material with 15% elongation at
break, the result of annealing.

For applications where oxygen can be excluded, eg, in outer space, Figure 10
shows that 10-year-use projections exceed 200◦C for Parylenes N, C, and D. Con-
ventional antioxidants, incorporated during or after VDP, can extend the life of
the parylenes at elevated temperatures (42,43).
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Fig. 8. Tensile strength of Parylene C on aging at elevated temperature. To convert Pa
to psi, multiply by 0.145 × 103.

Another factor in oxidative degradation is ultraviolet radiation, of which
sunlight is a rich source. The oxidation of parylene appears to be enhanced
by ultraviolet radiation. Ozone may play a mechanistic role in the ambient-
temperature exposure of parylenes to ultraviolet radiation in the presence of oxy-
gen. For the best physical endurance, exposure of the parylenes to ultraviolet
light must be minimized.

Barrier Properties. The bulk barrier properties of parylenes are among
the best of organic polymeric coatings. The data in Table 4 are the results of tests
conducted some time ago, and certain entries seem unaccountably high, particu-
larly the values for the permeability of Parylene N by SO2 and H2S. Because film
damage might have been the cause of these high test values, experimental confir-
mation is advisable. More recent values for water transport rates in Parylene C
films are available over the temperature range of 20–55◦C in a comparative study
which includes Mylar A and Kapton H (44). Similar information is provided for
Parylene D in a study over the temperature range of 30–80◦C (45).

Spectral and Optical Properties. The parylenes do not absorb visible light,
and absorb only at the shorter wavelength, high energy end of the ultravio-
let range (Fig. 11). Such absorption is expected for the electronic system of the
parylenes’ benzene ring. Films and coatings are colorless in the visible, becoming
opaque to sufficiently short wavelength uv light.

The infrared transmission spectra of Parylenes N, C, and D are compared
in Figure 12. Infrared spectra can be used to distinguish among sample films of
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Fig. 9. Effect of temperature on the flexibility of Parylene C in air and vacuum. To con-
vert GPa to psi, multiply by 145,000.

the three commercial materials should a practical question of identity arise. The
spectra in Figure 12 are taken on films of ca 18 µm thickness, which gives a good
picture of a typical organic film in the standard infrared presentation format. It
is, however, thicker than normally encountered in a typical parylene application.
The amount of incident light absorbed at any given wavelength is predictably less
than that indicated by the ordinate of Figure 12.

Interference effects, which arise because of the extraordinary uniformity of
thickness of the film over the spectrometer sample beam, superimposed on the
absorption of incident light by parylene films, can be observed. Experimentally, a
sinusoidal undulation of the baseline of the spectrum is seen, particularly in the
spectral regions where there is little absorption by the sample. These so-called
“interference fringe” excursions can amount to some 15–20% transmission and
are uniformly spaced in frequency. Larger excursions indicate greater uniformity
in thickness. Such fringes are seen toward the left side of the experimental spec-
tra of Figure 12. Although interference phenomena are also encountered experi-
mentally in the visible and ultraviolet regions, their effects have been removed in
the consolidation and replotting of the data of Figure 11. In transmission spectra,
at the top of the interference fringes (the wavelengths of the sinusoidal maxima),
constructive interference occurs in which all incident light that is not absorbed
appears for detection. At the fringe troughs (the wavelengths of the sinusoidal
minima), a condition of destructive interference exists, at which a portion of the
incident beam is reflected back toward the source, thereby escaping detection
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Fig. 10. Long-term effect of aging in vacuum on flexibility of Parylenes C, D, and N at
elevated temperature. Failure = 50% loss in tensile strength.

even though it is not absorbed by the sample. By observing the wavelengths at
which constructive interference occurs, the approximate thickness of the sample
can be determined by using the expression

d= mλ1λ2

2 R(λ1 − λ2)

where λ1 and λ2 are any two wavelengths at which interference transmis-
sion maxima (ie, constructive fringes) exist, separated by m-1 intervening
constructive fringes; R is the refractive index of the sample film. The thickness d
takes the units of wavelength used for λ. At any condition of constructive inter-
ference (fringe), twice the thickness times the refractive index equals an integral
number of wavelengths of the incident light. That integer is known as the order
of the fringe. Much more precise and accurate thicknesses may be computed from
the experimental optical spectra if the order of the fringe is known and if any
variation of refractive index with wavelength is taken into consideration.

Unstretched PPX films exhibit an inherent negative birefringence, the op-
tical axis of which is perpendicular to the plane of the film. The refractive index
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Fig. 11. Ultraviolet absorption spectra of Parylenes N (—–) and C (– – –).

along the optical axis is lower than the refractive index observed in the plane
of the film, the difference being ne−n0 = −0.075 ± 0.001 (46). Where they are
observed from the direction normal to the film plane, the films appear to be
isotropic. Birefringence is observable only when the films are tilted, or observed
in cross section. When stretched, PPX films exhibit a much greater birefringence.
The stretch birefringence has an optical axis in the direction of stretch and is
positive: nz−n0 = +0.2.

Surface Energy. The surface energies of Parylenes N, C, and D were mea-
sured by observing the contact angles for several standard probe liquids. All three
have surface energies of approximately 45 mJ/m2 (= dyn/cm), ie, all test liquids
having less than 45 mJ/m2 surface tension completely wet the as-deposited pary-
lene surfaces (47).

Plasma treatments using reactive gases (N2, O2) as well as inert gases (Ar,
He) seemed universally to lower the contact angle for water, an observation that
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Fig. 12. Infrared absorption spectra of Parylenes N, C, and D films of 18-µm thickness.

would imply that all such treatments raise the surface energy. Reflectance spec-
troscopy confirmed the presence of carbonyl in all plasma-treated specimens. Sur-
prisingly, the inert-gas-plasma treatments affected the surface energies of the
parylenes more than the reactive gas plasmas did, as indicated by a water con-
tact angle. However, the surface energies of the plasma-treated specimens uni-
versally dropped toward the original value on standing in air, but stabilized in
about 1 day, without recovering the original value. Plasma treatment of parylene
surfaces markedly improves the adhesion of polyurethanes, a result that could be
in part, at least, the result of the surface energy change.
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Crystallinity. The crystallinity of the parylenes determines two of their
most important practical characteristics: mechanical strength at elevated tem-
peratures (see Fig. 5) and solvent resistance.

In a manner typical of crystalline polymers, the crystallinity of parylenes is
confined to small-submicrometer domains that are randomly dispersed through-
out an amorphous continuum. Adjacent polymer chains, in order to acquire
greater overall system stability, exhibit a preference to be close to one another, but
the extent to which they actually can be is limited by the tangles already present.
Because a given polymer chain is long enough to participate successively in sev-
eral crystallites, these crystallites function as cross-links to strengthen the bulk
polymer. This structural role of the crystallites is retained as temperature rises,
giving the bulk polymer physical strength even above its glass-transition temper-
ature, where the amorphous phase is changed to a low modulus, rubbery consis-
tency. Because the crystalline domains are much more resistant to permeation
than the amorphous phase, they retain their reinforcing structural role even in
the presence of permeants in the amorphous phase, thus giving the parylenes
their resistance to solvent attack. The crystalline content increases in freshly de-
posited polymer as it ages, particularly when it is heated.

Parylene N (PPX) possesses a singularly complex crystalline morphology in
which two distinct crystalline modifications are recognized. When deposited in
the usual VDP fashion, the crystallites tend to be mostly of the α modification.
On annealing at a temperature of about 220◦C, the α form is converted to the β

modification. This transition was originally thought to be irreversible, but stud-
ies have demonstrated that it can be made reversible (48). The crystalline phase
undergoes further modifications at higher temperatures before reaching its melt-
ing point of 420◦C; these modifications have not been fully explored. The detailed
crystal structures of the α (a = 592 pm, b = 1060 pm, c = 655 pm, β = 134.7◦

for two monomer repeat units per cell) (49) and β (a = b = 2052 pm, c = 655
pm, γ = 120◦, for 16 monomer repeat units per cell) (50) modifications have been
determined.

In Parylene C, the single crystalline form observed is very similar to the α

form of Parylene N. Its detailed crystal structure has been determined [a = 596
pm, b = 1269 pm, c (chain axis) = 666 pm, β = 135.2◦] (51). X-ray studies on the
crystal structure of Parylene D have not been reported.

The diffraction pattern produced where X-rays or electrons are directed per-
pendicularly at the film is the familiar pattern of concentric rings (a powder pat-
tern) produced where the crystallites within the sample are randomly oriented.
When the incident beam is directed at an angle to the plane, however, the uni-
form rings break up into bands or spots, indicative of a preferred orientation of
unit cells. Tilted electron diffraction results (52) demonstrate that in Parylene N
there is a preference for the 〈100〉 face of the unit cell to lie in the film plane.
Because the polymer chain is oriented along the c axis of the unit cell with the
benzene rings lying approximately in the plane of the 〈100〉 face, it follows that,
at least among molecules within crystallites, there is a preference for the polymer
chains and benzene rings to be oriented in the film plane. Within the film plane,
however, the direction of the chains is random. That benzene rings are preferen-
tially oriented in the plane of the film is supported by negative birefringence and
by the Raman spectrum of the polymer (53).
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Table 6. Swelling on Immersion in Various Solvents for
the Commercial Parylenes at Room Temperature

Volume change, %

Solvent Parylene N Parylene C Parylene D

Dichlorobenzene 0.2 3.0 1.8
Mixed xylenes 1.4 2.3 1.1
Monochlorobenzene 1.1 1.5 1.5
2,4-Pentanedione 0.6 1.2 1.4
Trichloroethylene 0.5 0.8 0.8
Acetone 0.3 0.9 0.4
Pyridine 0.2 0.5 0.5
Isopropyl alcohol 0.3 0.1 0.1
Freon 0.2 0.2 0.2
Water, deionized 0.0 0.0 0.0

Solvent Resistance. At temperatures below the melting of the crystallites,
the parylenes resist all attempts to dissolve them. Although the solvents perme-
ate the continuous amorphous phase, they are virtually excluded from the crys-
talline domains. Consequently, when a parylene film is exposed to a solvent a
slight swelling is observed as the solvent invades the amorphous phase. In the
thin films commonly encountered, equilibrium is reached fairly quickly, within
minutes to hours. The change in thickness is conveniently and precisely mea-
sured by an interference technique. As indicated in Table 6, the best solvents,
specifically those chemically most like the polymer (eg, aromatics such as xylene),
cause a swelling of no more than 3%.

Applications

Although there is ample evidence in the literature that several industrial groups
had a research interest in the PPXs during the 1950s, industrial exploitation was
for the most part prevented by the obstacle the parylenes present to conventional
fabrication technologies. Because they are generally insoluble in most solvents,
even at elevated temperatures, they cannot be used as solvent-based coatings;
neither can they be cast as films nor spun as fibers from solution. Because of their
high crystalline melting points, melt-working (molding, extrusion, calendering,
etc) is also difficult. Yet it is often just these features of solvent resistance and
high temperature mechanical strength that constitute the advantages of PPX
materials.

It had been recognized from the outset that polymer forms spontaneously
on surfaces exposed to the gaseous monomer PX, but the recognition of VDP as
an industrially viable process was not immediate. The public announcement, in
1965, of the convenient generation of pure monomer by the Gorham process from
the dimer marked the beginning of a period of a gradually increased understand-
ing and acceptance of the unique features of the parylenes.
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As a coating technique, VDP offers certain advantages over other coating
techniques such as brushing, dipping, or spraying. These advantages stem prin-
cipally from the fact that the solid coating is formed from the gaseous monomer
directly, without an intermediate liquid stage. As a result, the forces of surface
tension, which would cause a pulling away from sharp edges and a filling in of
troughs in conventional methods, are not operative and therefore do not affect
the cross-sectional profile of VDP coatings. Coatings of PPX grow from the sub-
strate surface outward, producing a conformal layer of uniform thickness. Exten-
sive tests (54) demonstrate that the coating so formed is pinhole-free at thick-
nesses well below those achievable with conventional coating techniques (see
COATINGS).

The PPX coatings are formed spontaneously on substrates at or near room
temperature; a cure cycle at elevated temperature is not necessary to complete
the polymerization chemistry. The substrate need not be subjected to any tem-
peratures above ambient, and no further time is required beyond that needed for
the growth of the film. Because the polymerization is spontaneous, no catalyst is
necessary. Catalysts that promote other polymerizations are often ionic or iono-
genic and, to the extent that they remain in the coating after cure, their residues
are capable of participating in charge mobilization, with resulting detrimental
effects in electrical properties. Because the coating is formed at room tempera-
ture, stresses that might be induced by differential thermal expansion between
the temperature of cure and room temperature are avoided. Because PPX coat-
ings are generally much thinner than conventional coatings, any stress that they
impart on the substrate is proportionately less.

Circuit Boards. The most important application of parylenes is as a con-
formal coating for printed wiring assemblies. The parylene VDP process has the
ability to produce a continuous, thin, truly conformal coating on geometrically
complex, delicate articles. These coatings provide excellent chemical resistance,
especially to solvent attack, and resistance to fungal attack. In addition, they
exhibit stable dielectric properties over the wide range of temperatures in which
military boards are expected to perform, as well as low dielectric constants, which
together with thinness minimize the undesirable loading of high frequency tuned
circuits. The reliability with which the process operates substantially reduces
labor-intensive touch-up and inspection operations otherwise required for con-
ventional coatings.

Parylene C was included among the earliest MIL-I-46058 (55) qualified
coatings (as type XY) and has since enjoyed a reputation for superior perfor-
mance in protecting and preserving the operation of electronic circuits against
the detrimental effects of their operating environments. Environmental water is,
of course, chief among these adverse factors. Although the rate of water trans-
port through a parylene coating is finite and well documented, the hydrophobic
nature of the parylenes makes them excellent barriers to penetration by ionic
species. Once the circuit board is clean to the extent that surface ionic contami-
nation is minimized and weak surface layers are eliminated, the parylene coat-
ing adheres well to the organic substrate material between the conductors. Ionic
conduction along the coating–substrate interface, which would otherwise impair
electrical performance in the short run and promote galvanic corrosion and den-
dritic growths in the long term, is minimized.
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Fig. 13. Scanning electron microscope (SEM) photographs of Parylene C-coated printed
circuit conductor peeled to demonstrate the adhesion of the coating to the substrate. To
convert mil to meters, multiply by 2.54 × 10− 5.

The SEM photographs of Figure 13 show a conventional FR-4 printed wiring
board, coated with an 8-µm film of Parylene C, on which the copper conductor
trace has been peeled back. The peeling reveals the rough texture of the epoxy
gel coat produced during the original lamination against etched copper in order
to achieve maximum laminate peel strength. The region covered with Parylene
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C in Figure 13 was of the same texture before coating, a fact that, along with
parylene’s conformality, accounts for much of the texture in the upper surface. Of
particular interest is the mode of Parylene C failure as the conductor is peeled.
There is evidence of substantial yield prior to failure in the filamentous nature
of the failed regions and the web of stretched Parylene C at the apex of the peel.
Furthermore, all tensile failure is cohesive, ie, the adhesion of Parylene C to the
underlying epoxy gel coat is greater than the cohesive strength within the coat-
ing material. The higher magnification (Fig. 13b) shows the line of demarcation
between the regions covered with copper and with Parylene C prior to the peel,
revealing that the breadth of the failed Parylene C exceeded by far its original
thickness.

The circuit board with all its components attached presents a variety of
surface types for the conformal coating, ranging from plastics through ceram-
ics and glass to metals, in particular aluminum and tin–lead solder. No single
mechanism for adhesion can serve all sites effectively. Of particular importance
for the epoxy board are the surfaces between conductor traces. Because epoxy
is an organic material that is permeable to PX monomer, the growth mecha-
nism of the parylene coating provides adhesion by the interpenetrating network
it produces. Care must be taken in cleaning the board surface before coating of
leakage-producing ionic contamination as well as organic soils, which interfere
with a secure xylylene interpenetration lock. In the cases of ceramic and metal
surfaces, monomer penetration is impossible, and other adhesion mechanisms
must be engaged. Adhesion to metals is often not essential to the performance
of the board, but it is usually desirable. Adhesion to ceramics or glasses is vital
in situations where electrical leakage across their surfaces is to be minimized,
and is particularly necessary in hybrids. Because the outside surface of common
metals is an adherent coating of native oxide, adhesion to metals, ceramics, and
glasses can often be achieved using the same approach, ie, treatment with a com-
patibilizing layer of an organosilane (56). γ -Methacryloxypropyltrimethoxysilane
(A-174) is the organosilane most commonly used for the purpose. In action, the
trialkoxysilane end of the molecule hydrolyzes and bonds covalently with the ox-
ide on the substrate surface. The methacrylic end of the molecule provides a hy-
drophobic surface to accommodate parylene deposition, as well as the opportunity
to form covalent bonds with the p-xylylene polymer through its double bond. It is,
of course, essential to provide no more than a monolayer of the organosilane. Wa-
ter plays an important role in the bonding chemistry between the organosilane
and the oxide, and the treatment is often applied from aqueous solution. An al-
ternative treatment is by exposure of the substrate circuit boards to pure gaseous
organosilane (57), a process which often takes several days to develop optimum
adhesion.

Fluorescence is frequently required in a circuit-board coating to assist in-
spection of the board after it is coated. Fluorescent parylene coatings can be pre-
pared by admixing a fluorescent agent into the dimer charge. The agent must
have just the right volatility to pass through the process and deposit with the
polymer, yet it must be sufficiently stable that it survives the conditions it en-
counters during the process. Agents that have been used in this manner are
anthracene and certain fluorescent whiteners of the Calcofluor family, the 7-
dialkylamino-4-methylcoumarins.
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Hybrid Circuits. The use of parylenes as a hybrid circuit coating is based
on much the same rationale as its use in circuit boards. A significant distinction
lies in obtaining adhesion to the ceramic substrate material, the success of which
determines the eventual performance of the coated part. Adhesion to the ceramic
must be achieved using adhesion promoters, such as the organosilanes.

In the coating of hybrid circuits, parylene provides certain other advantages.
In certain technologies, chips are mounted with substrate clearances of as little as
10 µm. The parylene VDP process penetrates this narrow space, coating the un-
derside of the chip as well as the substrate opposite it. Conventional coatings can-
not flow into such a narrow space and must rely on simply sealing it off, leaving
an air pocket under the chip. Where the fabrication technology uses wire bonds to
connect the chips with substrate conductor patterns electrically, the fine (25-µm
dia) wires are coated by the parylene VDP process to the same thickness as all
other surfaces. A marked increase in wire-bond strength in pull tests on coated
hybrids is observed. The increase in strength can be attributed to the strengthen-
ing effect of the coating on the wire (which typically exceeds in cross section the
amount of metal in the wire) or to a reinforcement of the welded junction to the
chip pad or substrate conductor.

A hybrid solid-state relay needed for a NASA space experiment underwent
redesign to provide 2500-V dc isolation, input-to-output, while undergoing tem-
perature cycling from −120 to + 180◦C, as detailed in an instructive published
case history (58). The electrical isolation requirement was met only by using a
conformal coating, although several conventional coatings were evaluated along
with parylene. These stresses in the thicker conventional coatings associated
with temperature excursions resulted, in all cases other than parylene, in the
rupture of the circuitry and the functional failure of the relay.

During the manufacture of hybrid circuits, it is possible to generate small
metallic fragments such as wire chips and solder balls. If they are not removed be-
fore hermetic packaging, they can disrupt performance of the unit at some future
time. In certain aerospace or military applications where no physical replacement
of the unit is possible, such a failure could mean the loss of a mission. A program
intended to improve the reliability of hermetic packages in critical systems con-
cluded by finding a solution to this problem by applying a parylene coating to the
inside of the hybrids. The coating confers electrical insulation to all surfaces and
tends to anchor any loose particles; it also confers nonconductance should they
break loose from their moorings. From the standpoint of coating technology, the
most interesting part of this solution to the particle-immobilization problem is
the throwing power, demonstrated by the fact that the entire internal surface of
the hybrid is coated through a 0.5–1.0-mm hole in the lid of the hermetic package
(59).

Semiconductors. The distinctive conformality of parylene is often re-
garded as a handicap for meeting the requirements of an interlayer dielectric
(ILD) in large-scale integration (LSI) multilevel interconnection systems. Af-
ter many layers of successive patterning, a planarizing procedure is very much
needed, not a procedure that would replicate the existing lumpiness. A polyimide,
the first organic compound to be used in a commercial semiconductor structure,
was selected for this application (60), because of the planarization inherent in its
spinning application procedure. However, because parylene offers distinct advan-
tages in purity and thickness control and low moisture absorption (particularly
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in comparison to the polyimides), it receives continued attention in the search for
new fabrication techniques (61–63). Recognition of the need to lower the dielectric
constant of ILD insulating materials as a means of improving device performance
has generated a renewed interest in organics in general, and the parylenes in
particular. To meet this opportunity, the intent to produce the dimer of the per-α-
fluorinated version known as Parylene AF4, poly(α,α,α′,α′-tetrafluoro-p-xylylene)
[74952-03-7], has been announced (64). In addition to offering a dielectric con-
stant in the vicinity of 2.35, its thermal stability is such that it can withstand
back-end-of-line processing steps at temperatures up to 450◦C without percepti-
ble weight loss.

In an interesting extension of the conventional solid-state device concept,
where a thin film covers the channel of a field-effect transistor (FET), the elec-
tron current in the channel may be made to respond to changes in the chemical
environment on the opposite side of the film. Thus a silicon nitride film on a chan-
nel gives an ion-selective FET (ISFET) that responds to the pH of a solution with
which it is in contact. The hydrophobic nature of parylene, on the other hand,
enables the channel it covers to be independent of solution composition, and such
a channel can be used as a reference electrode. An important advantage of pary-
lene in this context is the thinness with which it can be deposited as a continuous
film. The gate coatings are 0.1 µm thick, a thinness required if the sensor is to
have a speedy response. An experimental probe-type all-solid-state pH sensor has
been demonstrated (65). It was also demonstrated that chemically modifying the
parylene surface with crown ether compounds can give an ISFET (known as a
CHEMFET) that responds to potassium ion concentration.

Sensors for physical effects are also fabricated using standard semiconduc-
tor technology. A notable example is a silicon membrane pressure transducer,
which, among its many other uses, is currently employed as a manifold pres-
sure transducer in automobiles (66). The thin membrane of single-crystal silicon
was prepared by etching most of the wafer thickness away, into which a resistive
Wheatstone Bridge network that enables an electrical readout of the membrane’s
physical strain while flexing had previously been diffused. Although it is desir-
able to insulate the membrane electrically from the medium it measures, it is
also desirable to do so without affecting the elasticity of the membrane, so that
it retains its calibration of electrical output vs input pressure. A thin coating of
Parylene C easily accomplishes both. In an inversion of roles, these same pres-
sure transducers were used to sense the stresses imparted to coated substrates
by a variety of MIL-I-46058C qualified coating materials (67). Whereas all other
coatings, as a result of their cure shrinkages acting through their greater thick-
nesses modified by their assorted elastic moduli, affected sensor calibration in all
cases, the presence of 13 µm of Parylene C was barely detectable.

Capacitors. The outstandingly low dielectric loss of parylenes make them
superior candidates for dielectrics in high quality capacitors. Furthermore, their
dielectric constant and loss remain constant over a wide temperature range. In
addition, they can be easily formed as thin, pinhole-free films. Kemet Flatkaps
are fabricated by coating thin aluminum foil with Parylene N on both sides and
winding the coated foils in pairs (68).

Parylenes are also used to coat the rotor and stator plates of miniature
variable-air-gap tuning capacitors (69). Coating the plate raises the voltage that
must be applied between two parallel plates for a discharge to occur in the air
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gap. Thus, a closer plate spacing is permitted, and a smaller unit having the
same electrical function can be built. This is also beneficial in improving design
capacitance per unit volume. Compared to the alternative of interleaving dielec-
tric films between the plates, the coated-plate technique offers the advantages of
simplicity in assembly as well as reliability of the unit. Uniformity and thickness
control are of paramount importance in this case.

The Bathythermograph. The thermistor sensing probe of a disposable
bathythermograph is coated with parylene. This instrument is used to chart the
ocean water temperature as a function of depth. Parylene provides the needed
insulation resistance and is thin and uniform enough to permit a rapid and accu-
rate response to the temperature of the surrounding salt water (70).

Miniature Electrical Components. In the manufacture of miniature
transformers and motor armatures, it is often necessary that the winding be elec-
trically isolated from the bobbin. The insulating varnish of fine copper wire often
does not survive the rigors of the winding operation, and, particularly in the case
of the smaller devices, the bobbin requires insulation. However, a thicker insula-
tion than is absolutely necessary takes up space that otherwise could be used for
more turns of wire. Thus, thickness control in the coating of the bobbin means
better performance of the finished device. Parylene is used in the manufacture of
high quality miniature stepping motors, such as those used in wristwatches, and
as a coating for the ferrite cores of pulse transformers, magnetic tape-recording
heads, and miniature inductors, where the abrasiveness of the ferrite is partic-
ularly damaging. In the coating of complex, tiny objects such as these, the VDP
process has an extra labor-saving advantage. It is possible to coat thousands of
such articles simultaneously by tumbling them during the VDP operation (71).

Medical Uses. Under the auspices of the National Institutes of Health
Artificial Heart program (72), Parylene C received considerable attention as a
component of a novel scheme for achieving blood compatibility in a flexible pump
chamber wall by anchoring the endothelial tissue of the host to it. A microfiber
nonwoven fabric anchored to the flexible wall by an overcoating of Parylene C
provides scaffolding for cellular ingrowth (73). Although the scheme is not used
today, the program contributed a significant amount of favorable biocompatibil-
ity data on Parylene C, particularly in the area of cytotoxicity (74). Parylene’s
minimal perturbance of cells growing in its vicinity can be ascribed to its high
purity and its ability to slow down impurity species that might otherwise diffuse
out of a substrate material. The corrosive biological environment does not affect
parylene, which cannot be hydrolytically degraded.

Parylene’s use in the medical field is linked to electronics. Certain pace-
maker manufacturers use it as a protective conformal coating on pacemaker cir-
cuitry (75). The coated circuitry is sealed in a metal can, so that the parylene
coating serves only as a backup should the primary barrier leak. There is also
interest in its use as an electrode insulation in the fabrication of miniature elec-
trodes for long-term implantation to record or to stimulate neurons in the central
or peripheral nervous system, as the “front end” of experimental neural prosthe-
ses (76). One report describes the 3-year survival of functioning parylene-coated
electrodes in the brain of a monkey (77).

Artifact Conservation. As books age, the paper of their pages becomes
brittle. A relatively thin coating of parylene can make these embrittled pages
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stronger (78). Parylene coats the fibers conformally and welds them together at
crossing points, providing added structural strength. Although parylene does lit-
tle to retard the chemical processes that make the paper brittle, it restores some
physical strength. Furthermore, the parylene coating can be applied to the ex-
isting book without disturbing the binding, thus saving the labor of disassembly.
The concept has been extended to other fragile artifacts, such as fabrics.

Laser Fusion Targets. In the search for new energy sources, some re-
search is directed toward the thermonuclear fusion of deuterium–tritium (DT)
mixtures. In laser-driven inertial confinement fusion, a single laser pulse crushes
a target containing the DT fuel to one thousandth of its normal volume and
achieves a temperature of 108 K. The energy per pulse in current lasers is small,
which limits the experimental targets to a diameter of about 100 µm. The outer
layer of the spherical target absorbs the omnidirectionally incident laser energy
and ablates as it is thermally destroyed, imparting a reactive compressive force
on the inner portions of the target, thus compressing it. The dimensions of the
outer layer are central to achieving hydrodynamic stability during the implosion
process. Concentricity, sphericity, and thickness (ca 10 µm) must be better than
5%, and surface roughness must be no greater than 0.1 µm. Parylene is a lead-
ing contender for the outer layer, and considerable ingenuity has been applied in
several methods for experimental target fabrication (79,80).

Contamination Control. In a number of developing technologies, con-
tamination by small particles is a serious problem. To the extent that the gen-
eration of freely mobile particles is reduced by securing them to their initial
locations, parylene coating of critical system components can be useful. In the
manufacture of Winchester disk drive units, large magnesium castings are coated
with parylene. This increases system reliability (81), presumably because the
large surface within the sealed unit, if not coated, is capable of producing parti-
cles of the same destructive potential that the system seal is supposed to prevent
from entering.

Barrier Coating. The bulk permeabilities of parylenes, although finite,
are generally lower than those of most other types of plastic materials. The fur-
ther advantage of coating continuity inherent in the VDP process allows the
parylenes to realize the benefits of their low permeabilities to the fullest, without
leakage of the permeant through coating defects such as cracks or pinholes. Thus
the parylenes are uniquely suited as protective encapsulants or barrier coatings
(see BARRIER POLYMERS).

Where pieces of lithium metal are coated with Parylene C, and their sub-
sequent reaction to water vapor follows, the steady-state generation of hydrogen
can be controlled exactly by the rate of water transport through the coating (82).
Pellets of nitronium perchlorate, a potent oxidizer useful as a solid-rocket propel-
lant component, can be rendered less moisture-sensitive and compatible with or-
ganic binders by applying a coating of Parylene C (83). The absorption of water by
particulate ammonium nitrate could be reduced tenfold by as little as a 0.7%
coating of Parylene C (84). Particles of ammonium nitrate remain free-flowing
after long exposures to ambient conditions of temperature and moisture when
coated with as little as 0.2% Parylene C. The thermal sensitivity of Parylene C–
coated ammonium nitrate (time to explosion) is unaffected by the coating. On
the other hand, the 1.5–8% coating of particulate military-grade RDX explosive,
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cyclotrimethylene trinitramine, produced significant changes in physical and ex-
plosive properties. The changes were attributed to the chemical properties of the
protective Parylene C coating and to the virtual absence of encapsulated agglom-
erates of RDX crystals (85).

In a recent report (86), a 150–200 mg/cm2 Parylene C coating provided pro-
tection against moisture uptake by three-phase—polyimide, microballoons, and
air—syntactic foams. In a previously reported coating of a similar foam, the
stated purpose was strengthening (87).

Corrosion Control. The oxygen and water permeability and thinness of
the parylene coatings notwithstanding, the rate of corrosion of a coated surface
is often significantly reduced. In one case, the corrosion of a plated wire memory
was reduced to the point where no bits were lost during 30 cycles of a MIL STD
202D-106C test by overcoating the permalloy plating, which had been previously
coated with a Ni–P anticorrosive layer, with Parylene N (88).

Dry Lubricant. The static and dynamic coefficients of friction for the
parylenes are low and virtually the same. This feature is an advantage in the
use of a parylene coating as a dry lubricant on the bearing surfaces of minia-
ture stepping motors. Coating a threaded ferrite core significantly reduces the
abrasion to coil forms (89).

Pellicles and Membranes. By separating the coating from the substrate
after deposition, the unique coating features of parylenes, especially continuity
and thickness control and uniformity, can be imparted to a free-standing film.
In practice, a sheet of smooth glass is coated with a layer of a hygroscopic sub-
stance before being coated with parylene. The film is then lifted from the glass
by water immersion to activate the release agent. In this manner, uniform, con-
tinuous, free-standing parylene films with thicknesses of less than 0.1 µm can
be prepared. Applications of such films include optical beam splitters (90), a win-
dow for a micrometeoroid detector (91), a detector cathode for an X-ray streak
camera (92), windows for X-ray proportional counters (93), a charge stripper for
converting a portion of the H-output beam of a 50 MV LINAC to neutral H0 for
diagnostic purposes (94), and a massless support for projectile abrasion testing
(95); proposals have included the membrane structure for a solar sail (96).

Health and Safety

In a world increasingly conscious of the dangers of contact with chemicals, a
process that is conducted within the walls of a vacuum chamber, such as the
VDP process for parylene coatings, offers great advantages. Provided the vac-
uum pump exhaust is appropriately vented and suitable caution is observed in
cleaning out the cold trap (trace products of the pyrolysis, which may possibly be
dangerous, would collect here), the VDP parylene process has an inherently low
potential for operator contact with hazardous chemicals.

To an experienced operator trained in the handling of industrial chemicals,
the dimers present little cause for concern in handling or storage. The finished
polymer coating presents even less of a health problem; contact with the reac-
tive monomer is unlikely. In the ancillary operations, such as cleaning or adhe-
sion promotion, the operator must observe suitable precautions. Before using the
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process chemicals, operators must read and understand the current Material
Safety Data Sheets, which are available from the manufacturers.
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YIELD AND CRAZING IN POLYMERS

Introduction

Polymers serve increasingly in structural applications as lightweight replace-
ments for more traditional materials such as metals and wood. In light of this
it is important to understand and be able to characterize the engineering or me-
chanical properties over the likely service conditions. Typically when a material
fails in service it is thought of in terms of a catastrophic brittle failure and these
modes have been partially discussed elsewhere (see FRACTURE; FATIGUE). How-
ever, polymers (both thermoplastics and thermosets) can also fail by yielding,
and while generally this is not necessarily a catastrophic event (ie the material
remains intact) it does mean the material retains a degree of permanent deforma-
tion and is usually considered a failure criterion in terms of structural integrity.
Furthermore, the yield response of polymers affects the plastic zone at the crack
tip and this is important in fracture events.

Another deformation mechanism common to many polymers is that of craz-
ing. Crazes are generally a precursor to brittle failure, though on the local scale
they are the result of highly localized yielding phenomena. As such they provide
a significant source of energy absorption and, further, since the crazes remain
load bearing, the time for their initiation and growth can be a significant portion
of the overall lifetime of the material.

The present article focuses on yield and crazing in polymers and does not
deal directly with the viscoelastic response, though it is recognized that yield
and viscoelasticity share many of the same features—strain rate and temper-
ature dependence (1) and even concepts such as time–temperature superposi-
tion (2) (see VISCOELASTICITY; AGING, PHYSICAL). We first present a summary
of conventional yield criteria, these being methods to quantify the yield stress
as a function of the applied stress field, ie uniaxial vs biaxial. Following this
the phenomenology of yield is addressed by considering a number of models
of the yield process in polymers, including the observation of strain softening
and strain hardening. A brief overview of craze structure and morphology is

449
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given and several criteria for the initiation, growth, and failure of crazes are
described.

Yield

A general definition of yield is the point at which a material ceases to deform
elastically in a recoverable manner and undergoes permanent (irreversible) plas-
tic deformation. Historically, the study of yield and the theories describing it
were developed for metals (3) and, there, this definition works well, with elas-
tic deformation arising from lattice distortions and plastic deformation from the
motion of dislocations. In polymers the molecular processes involved in defor-
mation cannot be so easily split into such distinct mechanisms. Further, it has
long been recognized that polymers exhibit a viscoelastic response to deforma-
tion (4–7) and consequently the general mechanical properties are both rate and
temperature dependent. Such a viscoelastic response is evidenced not only on de-
formation but also on recovery. The time-dependent nature of the recovery means
that for polymers the determination of permanent (plastic) deformation can de-
pend on how long one is prepared to conduct the relevant measurements. That
said, general aspects of the large deformation behavior of amorphous glassy and
semi-crystalline polymers can be usefully discussed in terms of conventional yield
criteria.

We begin by examining general stress (load per unit area)–strain (fractional
change in length) responses for polymers under uniaxial tensile loading and de-
velop what is essentially an elastic–plastic analysis of the material behavior.
Loading under compressive and shear forces is then considered. This is followed
by general yield criteria: these can be considered macroscopic criteria relating
the applied stress to some critical value for yielding (generally a critical shear
stress) and their modification to introduce pressure dependence. While such cri-
teria are useful engineering concepts, it is perhaps more satisfying to be able
to describe yielding from a microscopic perspective, and this is addressed in the
section on yield theories. Subsequent to the discussion of yield phenomena we
present a section on another important aspect of polymer mechanical behavior,
that of crazing. Crazing is a localized yielding process that may be dilatational in
nature. It results in essentially load-bearing cracks that are generally a precursor
to macroscopically brittle failure when the craze density is low.

Before describing the yield response of polymers in the next section, we re-
mark here that polymer mechanical behavior depends strongly not only on the
time (rate) and temperature, but also on the morphology of the material (8,9).
Hence the yield phenomenology described below will approximately describe the
behavior, but the details of the behavior will depend strongly on the morphol-
ogy and where one is relative to the glass-transition temperature, Tg. For ex-
ample, above the Tg, an amorphous polymer such as polystyrene does not yield
but undergoes viscous flow. On the other hand, a material such as polyethylene,
which is semi-crystalline, will undergo a yield process above the glass transi-
tion. Below Tg, both glassy amorphous and glassy semi-crystalline polymers can
undergo yielding, though the processes may differ between the two types of ma-
terials. Much of the development of the present article deals with yield of glassy
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amorphous polymers, though some discussion of yielding in semi-crystalline ma-
terials is also presented.

General Stress–Strain Curves under Uniaxial Tensile Loading. In
uniaxial extension or compression, the true axial stress, σT, is given by the cur-
rent load (P) divided by the current cross sectional area (A):

σT = P/A (1)

If it is assumed that the deformation takes place at constant volume (a reason-
able assumption under most conditions of plastic deformation where the volume
changes are small compared to the total strain), then the instantaneous area (A)
and length (l) are related to the original cross sectional area and length (A0, l0
respectively) by

Al = A0l0 (2)

We now define the engineering (or nominal) stress, σE, as

σE = P/A0 (3)

and the engineering strain, ε, as

ε = (l − l0)/l0 (4)

so that

l/l0 = (l + ε) (5)

From equations 1–5 we find that

σE = σT/(l + ε) σT = σE(l + ε) (6)

The deformation response of a material to a given loading regime is described
by generalized equations known as constitutive relations. For uniaxial loading
in the limit of small strains, the simplest of these is known as Hooke’s Law and
linearly relates the stress to the strain:

E= σ

ε
(7)

where E is Young’s modulus.
The extreme temperature and rate sensitivity of polymers means that they

can display a wide range of mechanical behaviors depending on the precise con-
ditions under which they are tested. Figure 1 shows a set of typical engineering
stress–strain curves that an amorphous polymer might be expected to exhibit as a
function of rate or temperature in a uniaxial tensile test (10,11). At low tempera-
tures or high rates polymers tend to fail in a brittle manner (Curve A)—the strain
to failure is low (of the order of a few percent) and the modulus high (of the order
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Fig. 1. Typical engineering stress–strain curves for an amorphous polymer as a function
of temperature or strain rate.

of a few GPa). As the temperature increases (or the strain rate decreases) the
curves progress such that the material passes through a softening regime (Curve
D), characterized by low moduli, an indistinct (or nonexistent) yield point, and
large strains to failure (>100 percent). Ultimately, at a sufficiently high tempera-
ture (or low enough strain rate), the material may show a pure rubbery response
with a modulus some orders of magnitude lower than those indicated in Figure 1
(curve omitted for clarity).

Of particular interest in this discourse is the behavior shown in Curves B
and C. At small strains (typically <1%), the stress rises approximately linearly
with increasing strain, ie the material displays Hookean-like behavior (note that
this is not strictly true for polymers because of viscoelastic effects; however if the
applied strain rate is faster than the relaxation time for the material then lit-
tle relaxation will occur and it is a reasonable approximation). At larger strains
(above the proportional limit) the engineering stress will continue to rise with
strain, though less rapidly. Eventually, at a certain strain, the stress reaches a
maximum and then falls with increasing strain. It is this peak stress which is
generally taken to be the yield stress, σ y, and the strain at which it occurs as
the yield strain, εy. The nature of the load drop and the postyield behavior are
discussed subsequently. Here it is sufficient to note that the peak in engineering
stress is normally accompanied by macroscopic changes to the sample geometry.
The plastic deformation is concentrated locally to a small portion of the specimen.
This section is seen to reduce in width and to form what is called a “neck.” Be-
cause of the change in cross-sectional area, the local stresses in the neck region
can be significantly higher than the engineering stress and indeed may be rising
while the load or engineering stress is falling (12,13). Accordingly it is instruc-
tive to look at the true stress–strain behavior. This is important because while
strain localization is often associated with yield behavior, such localization is not
necessary for yielding to occur.

Considère Construction (14). Referring back to equation 6 for the true
and engineering stresses,

σE = σT/(1 + ε); σT = σE(1 + ε)
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Fig. 2. Engineering (σ E) and true stress (σ T) as a function of strain in uniaxial tension.
The Considère criterion for necking, that is the ability to draw a tangent to the true stress
curve from ε = −1, is also shown.

we see that for all finite strains under uniaxial tensile loading, the true stress
is greater than the engineering stress (for uniaxial compressive loading, the true
stress is always lower than the engineering stress).

Figure 2 compares the engineering stress, σE, and true stress, σT, as a func-
tion of engineering strain for uniaxial tensile loading. As noted above, the neck is
seen to form at the point where the load (or engineering stress) ceases to rise, ie
where

dσE

dε
= 0 = 1

(1 + ε)
dσT

dε
− σT

(1 + ε)2 (8a)

or

dσT

dε
= σT

(1 + ε)
(8b)

In practice then, the point at which a polymer will form a neck is given by
drawing a tangent to the true stress–strain curve from the point ε = −1, as illus-
trated in Figure 2. [We note here that in this condition, yielding is a localization
phenomenon. It is also possible that yielding can be a material property unrelated
to localization and this is touched upon in a subsequent section.]

Necking and Cold Drawing. Before further discussion of the Considère
construction it would be useful to discuss the phenomenology of the yield and
necking processes. As discussed above, yield in a material under uniaxial tensile
loading is characterized by highly localized plastic deformation within the spec-
imen and a corresponding decrease in the engineering stress. The exact position
at which yield occurs on a nominally isotropic and uniform sample is impossible
to predict. However, a small change in the local properties at some segment in
the sample can lower the local yield stress such that yield will initiate there first.
Alternatively, a flaw or inclusion can cause a stress concentration such that the
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Fig. 3. Engineering stress–strain curves for a material showing, with increasing strain,
strain localization(necking), cold drawing, and strain hardening. Also shown are schemat-
ics of the sample geometry at each stage.

local stress is higher than the yield stress. After this point one of two things may
happen (refer to Fig. 3).

(1) The material in the neck may continue to draw down. As it does so, the true
stress continues to rise in the segment, which leads rapidly to failure. This
is the case shown in Curve A in Figure 3.

(2) The yielded material can undergo strain hardening. As the material yields
and draws down, the polymer chains align along the stress direction, in-
creasing the local stiffness (hence strain hardening is also known as ori-
entation hardening). If the rate of strain hardening is greater than linear,
this is sufficient to offset the increase in local stress due to area reduction,
and the neck can stabilize. This is the case shown in Curve B in Figure 3.
Also shown in Figure 3 are sketches of the deformation that would be seen
in a typical tensile specimen as a function of cross-head displacement. Once
the yielded material has hardened sufficiently to offset the increase in local
stress, the stress (load) stabilizes to a constant value (the draw stress, σD)
and the neck is seen to propagate along the remaining gage length of the
sample until the whole sample has yielded. This process is known as cold
drawing.

The oriented material in the strain-hardened section draws down to a char-
acteristic extent under any given conditions and is known as the natural draw ra-
tio, λD, and is given by the ratio of the length of the drawn section to its length be-
fore deformation. Further deformation can cause additional extension and hence
further orientation and strain hardening, and the stress is seen to once again
rise until eventually it exceeds the ultimate strength of the material and failure
occurs.

In terms of the Considère construction, the criterion for a material to neck
and cold draw is indicated by the ability to draw a second tangent to the true
stress–strain curve from the point ε = −1 (Fig. 4). Another important aspect of
yielding is that, while there is a clear drop in the engineering stress at (or near)
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Fig. 4. True stress (σ T) as a function of strain in uniaxial tension. The Considère criterion
for cold drawing, that is the ability to draw a second tangent to the true stress curve from
ε = −1, is also shown.

the yield point, there may also, though not necessarily, be a drop in the true stress
after yield (Fig. 4). This drop in true stress is commonly referred to as strain
softening. At the point of the second tangent, molecular orientation is sufficient
to stiffen the material and strain hardening occurs.

Compressive Loading. The discussion above has been developed specif-
ically for uniaxial tensile loading conditions, and this is still the most widely used
method for testing of polymers. However, the formation of a localized neck means
that it is difficult to measure the true strain at any given point and hence de-
termine the true stress–true strain behavior. Moreover, because tests are gener-
ally carried out at a constant cross-head displacement rate, the spatially varying
strain means the strain rate is poorly defined. G’Sell and co-workers (15,16) have
gone some way to resolving this difficulty by using an optical system to moni-
tor the local strain and a feedback mechanism to adjust the imposed deforma-
tion rate to perform constant true strain rate experiments. Alternatively, others
(17,18) have used a video system to monitor the neck profile and so back-calculate
the true stress–true strain rate profile in the neck region.

Some of the shortcomings of tensile testing are mitigated by the use of com-
pressive loading, typically performed on cylindrical specimens. Since the localiza-
tion seen when the sample necks is suppressed in this geometry it is experimen-
tally easier to ensure a more uniform strain field; however, some care needs to be
exercised to prevent buckling or barreling of the specimens. Barreling is caused
by lateral constraint on the cylinder ends due to friction with the loading plates.
A suitable (inert) lubricant or a thin PTFE film applied to the cylinder ends is
often sufficient to prevent barreling. Buckling will occur if the aspect ratio of the
cylinder (height-to-diameter) is too large—aspect ratios of 0.5 to 1 are typically
used.

From tests conducted on polymer glasses under both tension and com-
pression (19–23) the true stress versus true strain rate response can be deter-
mined and typical plots are shown in Figure 5 (19). As can be seen, qualitatively
the true stress–true strain behaviors are similar for both deformation modes.
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Fig. 5. True stress–strain curves for a polycarbonate under tension and compression.
After Boyce and Arruda (19) with permission.

Importantly they both show a drop in true stress at the yield point. The obser-
vation of a drop in true stress without the localization (necking) seen in tensile
tests confirms that the material is undergoing intrinsic strain softening. Impor-
tantly this shows that localization is not a necessary requirement for yield and
further that the load drop seen in tensile tests is not necessarily simply the result
of geometric changes.

While the true stress–true strain response is qualitatively similar in both
compression and tension, the resulting deformation states are very different.
Tensile loading leads to uniaxial molecular orientation along the loading axis.
Compression on the other hand results in a biaxial orientation state in a plane
perpendicular to the loading direction and so it is expected that quantitatively
different stress–strain curves are seen. In addition, as discussed below, the hydro-
static pressure difference between tension and compression leads to differences
in yield strength because yield in polymers is pressure dependent.

The preceding is a general overview of the main features of yield in poly-
mers. From a practical point of view, structures are rarely subjected to simple
uniaxial or shear loads and it is instructive to be able to determine when a mate-
rial might yield under more complicated stress states. The following yield criteria
attempt to do this from a phenomenological point of view, that is they do not ad-
dress the fundamental mechanisms of yield but rather provide yield criteria for
multiaxial loading conditions.

Yield Criteria. A practical yield criterion needs to describe the conditions
under which yield will occur for a general stress state (eg tension, compression,
shear, or some combination). Before we consider the various yield criteria which
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have been proposed, it is useful to very briefly recap the definition of the princi-
pal stress components as these are generally the terms which are used to define
the yield criteria (see VISCOELASTICITY for a more thorough introduction to the
generalized stress and strain definitions).

If we take a small representative cube within a body, then the general stress
state is given by the stress tensor of the forces acting on the faces of the cube:

σi j =
⎡
⎣σ11 σ12 σ13

σ21 σ22 σ23
σ31 σ32 σ33

⎤
⎦ (9)

and the generalized strain tensor as

εi j =
⎡
⎣ ε11 ε12 ε13

ε21 ε22 ε23
ε31 ε32 ε33

⎤
⎦ (10)

where i refers to the axis normal to the plane on which the stress is acting and j
the direction in which the stress acts.

For an isotropic, elastic material two elastic constants are sufficient to de-
scribe the material response, the elastic modulus E (eq. 7) and the Poisson’s Ratio
(ν), defined as the ratio of the axial to the (negative) transverse strain (−ε11/ε22).

Other mechanical functions such as the bulk modulus, K, and the shear
modulus, G are interrelated by the following expressions:

G= E
2(1+ν)

K = E
(1 − 2ν)

E= 9KG
3K+G

(11)

From equation 9, it is seen that the general stress state is described by nine inde-
pendent components. However, if we assume that the sample is not undergoing
rigid body rotation, then the shear components must give a net torque of zero,
that is,

σ12 = σ21:σ13 = σ31:σ23 = σ32: (12)

Thus the stress state is defined by six independent components. Further, if the
body is in equilibrium, then it is possible to define a set of orthogonal axes such
that the shear components are zero. Such axes are termed the “principal axes”
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and the resulting stress components the “principal stresses”:

σi =
⎡
⎣σ1 0 0

0 σ2 0
0 0 σ3

⎤
⎦ (13)

The sum of the three principle stresses is known as the first stress invariant (or
trace), I1,

σ1 + σ2 + σ3 = constant

and the related quantity, the mean stress, σM

σM = σ1 + σ2 + σ3

3

Tresca Yield Criterion. The earliest proposal for a yield criterion in met-
als is due to Tresca (24), and it stated that yield occurs when the maximum shear
stress reaches a critical value. With σ 1 > σ 2 > σ 3 the criterion can be written as

1/2(σ1 − σ3) = τs (14)

For the simplest loading situation of a tensile test at a stress level of σ 1, with
σ 2 = σ 3 = 0 we have

τs = σ1/2 (15)

so that yield occurs when the applied tensile stress reaches twice the shear yield
stress.

Von Mises Yield Criterion. The Von Mises yield criterion (also known as
the maximum distortional energy criterion or the octahedral stress theory) (25)
states that yield will occur when the elastic shear-strain energy density reaches
a critical value. There are a number of ways of expressing this in terms of the
principal stresses, a common one being

(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2 = constant (16)

If we again look at the case of simple tension, then we have σ 2 = σ 3 = 0. Defining
the tensile yield stress as σY, we see that the constant in equation 16 is 2σ 2

Y.
If we look now at the case of pure shear, where we have σ 1 = −σ 2 = τ and

σ 3 = 0, we find that

4σ 2
1 + σ 2

1 + σ 2
1 = 6σ 2

1 = 6τ 2 = constant = 2σ 2
Y

ie

τ = σY√
3

(17)
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Fig. 6. The Tresca and von Mises yield criteria for plane strain conditions (σ 3 = 0).

Compare this to the prediction of σY/2 from the Tresca criterion. The yield criteria
for both the Tresca and Von Mises theories are shown graphically in Figure 6. For
simplicity, the plots are shown for conditions of plane stress (ie σ 3 = 0). We can
see that the Von Mises criterion describes an ellipse in stress space, with the
Tresca criterion consisting of a series of straight lines bounded by the Von Mises
limits.

Coulomb Yield Criterion. In 1773, Coulomb (26) identified two compo-
nents important in the strength of building stone—cohesion and friction. He ob-
served that the shear stress, τ , necessary to cause shear failure across a plane is
resisted by the cohesion of the material S0 and by the product, µσN, across that
plane, where the constant µ is called the coefficient of internal friction and σN is
the force normal to the shear plane:

τ = S0 + µσN (18)

This criteria is often expressed in the form

τ = τc + σN tan φ (19)

where τ c is now the critical shear stress for yield and

φ = 2θ − π

2
(20)

and θ is the angle between the normal to the shear plane and the direction of
the applied stress. Data from tensile, compressive, and torsional tests on a range
of polymers under imposed hydrostatic pressure (20,27) have been successfully
described by the Coulomb criterion, though it should be noted that the modified
Von Mises criteria (see below) was equally successful.

Pressure-Modified Criteria. One major shortcoming of the criteria de-
scribed above is that they predict that the yield stresses in tension and compres-
sion are the same. However, in practice it is generally found for polymers that
the yield stress in compression is higher than that in tension. This effect is usu-
ally considered to be a consequence of the fact that the yield stress depends on
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Fig. 7. Yield stress as a function of imposed hydrostatic pressure for polyethylene and
polypropylene. Data from Ref. 28. ◦, polyethylene, •, Polypropylene.

the hydrostatic pressure that develops under load. The hydrostatic pressure com-
ponent of the load in tension is negative, while in compression it is positive. In
fact, experiments in which measurements were made under imposed hydrostatic
pressures exhibit a strong pressure dependence of the yield stress in polymers
(27–29 see also the extensive review in Reference 30). In general it was seen that
the yield stress increased linearly with imposed hydrostatic compression (Fig. 7).

Modified Tresca Criterion. A simple way to modify the Tresca criterion
to allow for a pressure dependence is to make the critical shear yield stress a
linear function of hydrostatic pressure:

τT = τ 0
T + µT P (21)

where τ 0
T is the critical shear stress with no hydrostatic pressure, P is the hydro-

static pressure, given by P = −(σ 1 + σ 2 + σ 3)/3 and µ is a constant. Substituting
into equations 14 and 15, we find that the yield stresses in tension σYt and com-
pression σYc are given by

σYt = 2τ 0
T/(1 + 2µ/3) (22)

σYc = 2τ 0
T/(1 − 2µ/3) (23)

Modified Von Mises Criterion. In the same manner as the modification
to the Tresca yield criterion one can modify the Von Mises criterion by introducing
a linear dependence of the critical shear stress on the hydrostatic pressure:

τM = τ 0
M + µM P (24)

where τ 0
M is the critical shear stress with no hydrostatic component, P is the

hydrostatic pressure, and µM is a material constant.
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It can be seen from the above criteria that for polymers under uniaxial load-
ing, yield is essentially characterized as a shear-controlled process. There is good
experimental evidence for this being the case, and is shown most clearly by the ob-
servation of the formation of shear bands on uniaxially loaded specimens. These
are regions of locally strained material running at an angle to the applied load,
typically at approximately 45◦. For isochoric deformation in an isotropic mate-
rial the angle is precisely 45◦, which corresponds to the angle of maximum shear
stress. Any preorientation in the material (which introduces an anisotropy to the
material) or dilatation during deformation can cause the angle to change. Dilata-
tion generally causes the angle to decrease in the loading direction, while the
change due to preorientation depends on the direction of the applied load to the
orientation direction.

The criteria discussed above are certainly useful from an engineering point
of view and offer a method to estimate the likelihood of failure for a given load-
ing situation. However, from a fundamental viewpoint, they are lacking as they
provide no insight into the microscopic or molecular mechanisms that give rise to
yield. The following section examines a number of theories that seek to explain
yield to varying degrees of complexity.

Theories of Yield

Adiabatic Heating. As far back as 1949 (31–33) it was postulated that
local adiabatic heating in polymers causes a temperature rise in the neck region,
thereby lowering the local yield stress. While this may be a factor at high rates of
deformation where the heat generated cannot be dissipated, experiments using,
for example, thermal imaging techniques have shown that the temperature rise is
not sufficient to account for yielding. In addition, experiments conducted at rates
low enough such that the system is essentially under quasi-isothermal conditions
still show yield behavior (34) and therefore simple heating is not an adequate
explanation for polymer yield.

Strain-Induced Dilatation. An alternative view of yield in polymers
comes from the fact that a tensile strain induces a hydrostatic tension in the ma-
terial and a corresponding increase in the sample volume. This in turn translates
to an increase in the free volume, which increases the polymer mobility and effec-
tively lowers the glass-transition temperature (Tg) of the polymer (alternatively
it can be looked upon as increasing the free volume to the value it would have
at the normal measured Tg). The increased mobility results in a lowering of the
yield stress. Knauss and Emri (35) used an integral representation of nonlinear
viscoelasticity with a state-dependent variable related to free volume to model
the yield behavior, with the free volume a function of temperature, time, and
stress history. This model uses the concept of reduced time (see VISCOELASTICITY),
where application of a tensile stress causes a volume dilatation and consequently
causes the material time scale to change by a shift factor related to the magnitude
of the applied stress. Yield occurs because the free-volume shift factor causes the
molecular mobility to increase in such a way that yield can occur.

However yield and plastic deformation are also observed in uniaxial com-
pression and shear (19–23). In the former case the hydrostatic component of
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stress is compressive and this leads to a reduction in free volume. Further, as
was shown above when discussing the yield criteria, yielding in either tension
or compression seems, for polymers, to be associated with the deviatoric (shear)
component of the stress tensor, and this intrinsically involves no volume change.
Thus, it seems unlikely that strain-induced changes in volume are the underlying
cause of yield.

Models of Yield Based on Activated Processes

Models put forward in the in the late 1960s and early 1970s (eg Robertson (36),
Haward and Thackray (37), Argon (38)) suggested that for yield and large-strain
plastic deformation to occur two distinct sources of resistance must be overcome.
First, yield is thought to occur when the polymer is stressed sufficiently to be able
to overcome intermolecular resistance to segmental motion. Once the material
has started to flow, molecular alignment occurs and changes the configurational
entropy of the system. This change in entropy of the system causes the second
resistance and is seen physically as a strain-hardening effect.

Yield is generally taken to be an activated process, and the first three of
the following theories address this aspect. Models are then presented which ad-
dress not only the yield of the material but the subsequent strain-softening and
strain-hardening events that are observed. The first of these is the Haward and
Thackray (37) one-dimensional model, which, while not physically realistic, laid
the groundwork for many of the theories that followed it. This is followed in some
detail by the BPA model of Boyce, Parks, and Argon (39), which addresses the
rate, temperature, and pressure dependence of the intermolecular resistance and
also the temperature dependence of entropic hardening. The model proposed by
Tervoort and co-workers (40) is then discussed as this addresses some of the
shortcomings of the BPA model, specifically the omission of a spectrum of re-
laxation times to describe the material behavior. The section is finished by ex-
amining the model of Caruthers and co-workers (41,42), which approaches yield
from the framework of Rational Thermodynamics and seeks to explain a range of
behaviors using a set of unified constitutive equations.

Internal Viscosity Model (Eyring Model). If we think of amorphous
polymers as essentially viscous fluids then it is reasonable to think of yield and
plastic deformation as viscous flow. Eyring (43) in 1936 developed a theory for
flow in viscous fluids based on transition-state theory and it is instructive to look
at this in more detail as it shows the temperature and rate dependency of the
flow process. The Eyring model treats segmental motion as an activated process
in which for a given segment to “jump” to an alternative position it needs to cross
an energy barrier of height E∗. In the unstrained state the likelihood of either
a forward jump or backward jump is equal, ie the stable states on either side of
the barrier are at the same energy level (Fig. 8). The rate at which the segments
cross the barrier is given by the Arrhenius equation:

ν0 = A exp
[

− E∗

kT

]
(25)
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Fig. 8. Schematic of the energy landscape for an unstrained polymer for Eyring’s model
of viscous flow.

Fig. 9. Schematic of the energy landscape for a strained polymer for Eyring’s model of
viscous flow.

where A is a constant, E∗ is the energy barrier height, k is Boltzmann’s constant,
and T the absolute temperature. According to the theory, application of a stress
causes an asymmetric change in the stable energies on either side of the barrier
of +τV and −τV for the forward and backward motions, respectively (Fig. 9). V
is the Eyring activation volume and τ the applied shear stress. It is difficult to
relate the activation volume V to a physical volume in the polymer, though the
term τV in the model notionally represents the work required to move a polymer
segment during flow. Under applied stress then, the frequency with which the
segments jump in the forward direction is given by

νf = A exp
(

− E∗ − τV
kT

)
(26)

and the frequency they jump in the reverse direction is given by

νb = A exp
(

− E∗ + τV
kT

)
(27)

So, the net rate at which the segments jump is simply the difference in the for-
ward and backward rates:

νf − νb = A exp
(

− E∗

kT

) [
exp

(
τV
kT

)
− exp

(
− τV

kT

)]
(28)
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Fig. 10. Yield stress normalized to temperature as a function of logarithmic strain rate
for polycarbonate. After Bauwens-Crowet and co-workers (44) with permission.

In a solid, the backward jump rate is negligible in comparison to the forward jump
rate (the term τV being sufficiently large such that the term e− τV/kT becomes
small), and taking the net jump rate (νf − νb) to be proportional to the strain
rate,

.
ε, then

.
ε = A∗exp

(
− E∗

kT

)
exp

(
τV
kT

)
(29)

As shown earlier, a simple criterion for yield is that the maximum shear stress
reaches a critical value given by τ = σ y/2, where σ y is the tensile yield stress (ie
the Tresca yield criterion). Substituting and rearranging equation 29 gives

σY =
[
k In

( .
ε

A∗

)
+ E∗

T

]
2T
V

(30)

Equation 30 shows that the yield stress is both rate and temperature dependent,
hence it captures some important features of yield in polymers. For example,
Figure 10 (44) shows a plot of σY/T (or σ e/T in the notation of Reference (44)) as a
function of log strain rate and, as predicted by equation 30, a linear relationship is
seen at each temperature. It is worth noting that the Eyring equation (typically
in the form of two activated processes acting in parallel) has been successfully
applied not only to the yield behavior of polymers but also to the creep rupture
behavior of isotropic and oriented polymers (45–48).
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Fig. 11. Schematic of the Robertson (36) model for a shear-induced conformation change.

Robertson Model. The model developed by Robertson in 1966 (36) is also
based on an activated process. He stated that the rigidity of a glass is a result
of the intermolecular forces between adjacent chains, though for polymer glasses
they suppose that the intramolecular forces are also important. Thus, to cause
a glassy polymer to move into the liquid state it is necessary to reduce the effect
of either the intramolecular or intermolecular forces. Robertson posited that a
shear stress alone could achieve this and so induce Newtonian flow in the mate-
rial. A shear stress field set up in the material can increase the number of flexed
bonds (conformations) to a level above the preferred level of the equilibrium
glass and may increase to the level that would be typically seen in a polymer
liquid.

The model introduces the strain energy as a bias on the energy difference
between bonds in the preferred (trans) and flexed (cis) conformations, with the
simplifying assumption that the bonds can only exist in one of these two stable
states. A polymer below the glass-transition temperature has a fixed, or “frozen-
in,” distribution of bond conformations in either the high energy (cis) or low en-
ergy (trans) states, with the difference in energy between the two states denoted
as 	E. Application of a stress causes conformations to shift from the trans to the
cis state, effectively increasing the mobility to liquid-like levels. At sufficiently
high stress levels the mobility is sufficiently increased such that yield can occur.
More specifically the shear component of the stress (τ ) causes a change in the en-
ergy difference between the two states by an amount τv cos φ, where v is the “flex
volume” and is approximately the average volume of chain segments containing
two bonds, and φ is the angle between the applied stress and vector displace-
ment of the flexed bond (Fig. 11). The resulting energy difference between the
two states (	E∗) is now given by

	E∗ = 	E− τv cos φ (31)

An assumption is then made that the material can be described by a term θg,
which is the temperature at which the polymer structure in the glass would be
an equilibrium structure and can be conveniently set to Tg. By performing a sta-
tistical average, the maximum number of flexed bonds for a given applied stress
can be calculated and the current structure related to an “equivalent tempera-
ture,” θ1.

Using the WLF (49) equation to model the effect of temperature on the ma-
terial viscosity Robertson went on derive an equation for the maximum shear
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strain rate,
.
γ MAX, induced by the shear stress, τ , as

.
γ MAX = τ

ηg
exp

{
− 2.303

[(
cg

1cg
2

θ1 − Tg + cg
2

)(
θ1

T

)
− cg

1

]}
(32)

where cg
1 and cg

2 are the “universal” constants from the WLF equation, ηg is the
“universal viscosity” at Tg, and θ1 is as discussed above.

The model can be used to predict the shear rate as a function of shear stress
for a range of temperatures. In the original paper a lack of shear stress data
meant that the predictions were compared to tensile stress–strain data by de-
composing the tensile data into shear and biaxial components. The point on the
tensile stress–strain data that Robertson took to be the most appropriate stress
to compare with the computed strain rate was the yield point. The model gives
values for the yield stress and the temperature dependence of the yield stress
that agree well with experiment for a number of polymers.

The model is attractive since the six parameters required above can be ob-
tained independently and thus no fitting to the data is required. Of these six
parameters, only two relate directly to the individual polymer, namely the glass-
transition temperature, Tg, and the parameter v, the average volume of chain
segments containing two bonds (though in practice Robertson took this to be the
volume of a monomer unit in the glassy state at room temperature).

The Robertson model was extended by Duckett and co-workers in 1970 (29)
to account for the pressure dependence of the yield stress. By their argument, if
the two states are trans and cis and the effect of stress is to increase the number
of cis conformations, then this implies a lower resulting density since the packing
is less efficient. This in turn implies the change in conformations has an impact
on the hydrostatic component of the applied stress. They further suggest that the
hydrostatic component of the stress, p, will do work during the activation process
leading to an overall energy difference between the two states of

	E− τv + p� (33)

where p is positive in compressive loading and negative in tensile loading. The
term � has units of volume. Using this modification they successfully correlated
the torsional yield stress dependence of PMMA under hydrostatic pressure with
the variation in the yield stress under compressive and tensile stresses as a func-
tion of temperature and strain rate.

Argon Model. Argon in 1973 (38) developed a molecular model for the
initial yield based on the Gibbs free energy of the system. Again it considers that
yield does not occur until the resistance to segmental rotation can be overcome by
the application of stress. Strain in the sample is proposed to occur by the rotation
of small molecular segments from an initially random orientation to a preferen-
tial orientation along the load axis. Such a process is modeled by introducing a
“kink pair” into the molecule. The resistance to this kink formation is primarily
from the surrounding molecular chains, and is modeled as an equivalent elastic
medium. Argon derived an expression for the change in free energy, dG∗, required
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to produce segmental rotation:

dG∗ = 3πGω2α3

16(1 − ν)

⎡
⎣1 −

(
τ

0.077G
1 − v

)5/6
⎤
⎦ (34)

where G is the temperature-dependent shear modulus, ν is Poisson’s ratio, ω is
the net angle of rotation between the two configurations, α is the mean molecular
radius, and τ is the applied shear stress. This leads to an energy maximum as a
function of the distance between molecular kinks and defines an energy barrier
for kink formation. The rate of transfer between the ground and activated states
is then modeled in a manner similar to that of a thermally activated Arrhenius
process.

This leads to a plastic strain rate given by

.
γ P = .

γ 0 exp
( − dG∗

kT

)
(35)

where
.
γ 0 is a pre-exponential factor having the units of s− 1, k is Boltzmann’s

constant, and T the absolute temperature.
Equation 35 can be rewritten as

.
γ p = .

γ 0 exp

{
− As0

T

(
1 −

(
τ

s0

)5/6
)}

(36)

where

A= 39πω2α3/16κ

and

s0 = 0.077G/(1 − ν)

s0 is termed the athermal shear yield strength and is the value of the shear yield
strength as the temperature approaches absolute zero (and assuming finite strain
rates). The above equation can be rearranged to give

τ = s0

[
1 − T

As0
ln

( .
γ 0
.
γ P

)]6/5

(37)

Equation 37 thus captures both rate and temperature dependencies of the shear
yield stress.

Haward and Thackray Model. In 1968 Haward and Thackray (37) de-
veloped a one-dimensional model for yield using a spring in series with a parallel
arrangement of a spring and dashpot (Fig. 12). The dashpot, rather than being
Newtonian as with the standard Maxwell/Kelvin models, was instead an Eyring
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Fig. 12. Schematic of the one-dimensional model of Haward and Thackray.

dashpot. The standard Hookean-type spring was replaced with a Langevin (fi-
nite extensible) spring to account for the strain hardening (entropic resistance)
observed at larger strains. The initial elastic response remains modeled with a
Hookean spring in series. While the model correctly gives the dependence of the
yield stress on strain rate it gives only a somewhat simple approximation to the
realistic stress–strain response. Also, in common with all the previous models
(Eyring, Robertson, and Argon), it does not address the issue of strain soften-
ing. However, the general principle of the model has been widely accepted and
has been further refined and extended to address some of the shortcomings as
discussed in the following sections.

Boyce, Parks, and Argon model (BPA Model). In a fashion that is
conceptually the same as the Haward and Thackray (37) model, the BPA (39)
model assumes that after an initial elastic response, the plastic resistance can be
separated into a resistance to flow due to an activated process and an entropic
resistance due to molecular alignment. The model builds on the Argon model to
describe the initial yield in terms of the resistance to segmental motion and ex-
tends it to include pressure and strain-softening effects. It then goes on to model
the second component of resistance to (large-strain) deformation, that of entropic
resistance, in terms the “three chain” non-Gaussian (inverse Langevin) statistical
model of Wang and Guth (50).

In the BPA model, it is the athermal shear strength given in the Argon
model, s0, which is modified to explain the observed strain-softening behavior.
The reasoning behind this is that as the material undergoes the initial stages of
plastic flow some restructuring of the molecular chains is assumed to occur and
these changes are in turn assumed to cause a reduction in the athermal shear
resistance. The evidence for this is discussed in detail in the paper by Boyce
and co-workers (39). Briefly, tests carried out on polycarbonate after different
thermal treatments and tested under identical conditions give different peak
yield stress levels. However, the post-yield strain softening generally brings the
stress levels down to the same value and this is interpreted as the material
achieving a “preferred structure” during plastic flow. The decrease in the ather-
mal shear resistance with strain is modeled phenomenologically by the following
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expression:

.
s = h

(
1 − s

sss

)
.
γ P (38)

where s is the current value for the athermal shear resistance and is a function
of the instantaneous structure, sss is the value s reaches at steady state, ie in the
preferred structure, and

.
γ P is the plastic strain rate. Note that sss can itself be

temperature and rate dependent. h is the slope of the yield drop with respect to
strain, with the yield drop defined as the difference in the maximum stress before
softening and the lowest stress level after plastic flow. The yield drop depends on
temperature and strain rate and varies with strain as a function of structure and
strain rate.

As noted above in discussing yield criteria, the shear yield strength gener-
ally increases linearly with applied hydrostatic pressure. Similar to the modified
Tresca or von Mises yield criteria, where the shear yield stress is modified by a
term linearly dependent on pressure, the BPA model introduces a term to modify
the current athermal shear yield strength, s:

s̃ = s + αP (39)

where α is the pressure coefficient, P the hydrostatic pressure, and s the athermal
shear resistance modified for strain softening.

Thus the term s0 in the original Argon model for yield (eq. 36) is replaced by
s̃ to give

.
γ P = .

γ 0 exp
{

− As̃
T

[
1 −

(τ

s̃

)5/6
]}

(40)

where the pressure and strain-softening effects are contained in the s̃ term.
The second part of the BPA model concerns the entropic resistance result-

ing from molecular orientation and which leads ultimately to strain-hardening
behavior. This is strictly a postyield phenomenon and indeed the physics of the
development of chain orientation and subsequent material behavior alone is the
subject of books (eg Ward I.M. (51)). The BPA model uses the development of
three-dimensional entropic resistance as first modeled by Parks and co-workers
(52). Consider an amorphous polymer that is plastically deformed below its glass-
transition temperature (Tg). If this material is then heated to above Tg it will
recover to its original undeformed state. In order to prevent the material return-
ing to the undeformed state at temperatures above Tg, it would be necessary to
impose a stress on the sample. This restraining force then acts to counteract the
shrinkage force or ‘back stress’ Bi. For the plastically deformed material below
Tg, this back stress can be considered to be frozen-in to the deformed polymer at
temperatures below Tg and is the source of resistance to further deformation. The
recovery of the material deformation above Tg clearly has parallels with rubber
elasticity and the orientation hardening is modeled using the statistical mechan-
ics theories of rubber elasticity (Treloar 1975 (53)). For low stretch ratios, the
standard Gaussian statistical model of Treloar (53) is sufficient. However, the
BPA model as originally developed used the non-Gausssian statistical mechanics
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network (Three-chain model) of Wang and Guth (50). This gave an expression for
the back stress, Bi, as a function of the number of statistical segments between
entanglements, the plateau rubber modulus (through which the temperature ef-
fects are taken into account) and the change in entropy as a function of the prin-
cipal plastic stretches. The reader is referred to the original paper (39) for the
specific details and development of this aspect of the model. The model has since
been incorporated into commercial finite element codes (ABAQUS).

The model has been subsequently refined (Arruda and co-workers (54))
to more accurately describe the three-dimensional spatial orientation of the
stretched molecular network using the eight-chain model (though comparison of
the predictions from the eight-chain model with experimental results from natu-
ral rubber and polydimethylsiloxane has called into question the physics of that
model (55)). The BPA model has been further developed (56) to account for ag-
ing effects (see, eg Reference 57). A model using the same underlying concepts,
but again developed to improve the description of the strain hardening (entropic
resistance), has been given by Wu and van der Giessen (58) using a “full chain”
model.

Tervoort and co-workers Model. While the above models make reason-
able predictions of the stress–strain behavior in monotonic loading conditions,
a main drawback to them is that they use only a single stress-dependent char-
acteristic (relaxation) time. As a consequence, the predicted behavior tends to
show a sharp transition between elastic (solid-like) and plastic (fluid-like) behav-
ior. However, it is found in practice that all polymers exhibit behavior consistent
with a spectrum of relaxation times and this is clearly going to affect the stress–
strain response at constant strain rate. In an effort to address this inconsistency
Tervoort and co-workers (40) have developed a “modified compressible Leonov
model.”

The model is based on an earlier one by the same authors, the “compress-
ible Leonov model” (59). In this, the behavior is modeled with a single Maxwell
element where the dashpot and spring now have a relaxation time that is a func-
tion of the applied shear stress. This is similar in principle to the change seen
in the relaxation time with a change in temperature (time–temperature superpo-
sition, (see VISCOELASTICITY), leading to the concept of time-stress superposition
and a “stress clock” within the material. The model is developed with thermody-
namically consistent constitutive equations by assuming that the free energy of
the system (a measure of the stored energy) is given by two state variables, the
relative volume deformation and the isochoric strain tensor. The volume deforma-
tion is coupled to the hydrostatic component of stress while the isochoric strain
is determined by the deviatoric stress. It is assumed that the volume deforma-
tion remains elastic, whereas the accumulated isochoric elastic strain is reduced
over time because of a plastic strain rate. This plastic strain rate is described by
a three-dimensional Eyring equation. The single-element model is essentially an
elastic–plastic model and still exhibits a sharp transition between the two behav-
iors. To make the model more realistic, it was extended (40) to include a discrete
relaxation spectrum by using an array of 18 Leonov modes, each with a unique
relaxation time.

Tervoort and co-workers tested the multimode model using polycarbonate
since it could be described with a single relaxation mechanism having a distribu-
tion of relaxation times at the temperature of interest. The model parameters for
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the Eyring term were determined from plateau creep rates and the linear Leonov
parameters from a linear shear relaxation curve (obtained from inversion of the
creep compliance curves). The resulting model predictions agreed excellently with
stress–strain curves over a range of strain rates up to approximately 8% strain.
However, the model lacks any term to account for the entropic resistance (strain
hardening) and so is valid only up to the yield point.

In subsequent work, Govaert and co-workers (60,61) specifically address the
postyield large-strain phenomenon of strain hardening, again for a polycarbon-
ate. In an effort to minimize the effects of a localized, inhomogeneous strain de-
formation (neck), they adopted a technique of mechanical preconditioning. This
technique aims to reduce the strain-softening characteristics of the material by
conditioning the material through plastic deformation (61,62). The resulting true
stress–true strain curves show a markedly reduced yield drop, while maintaining
the same large-strain response. Interestingly, the authors found that the large-
strain data could be modeled as simple neo-Hookean behavior and this was true
up to the failure point (at a draw ratio of approximately 3). As the authors ob-
served, this is in contrast with the results of eg Arruda and co-workers (63)
for a different grade of polycarbonate where there was a deviation from neo-
Hookean behavior indicating finite extensibility effects (ie a rapid upturn in the
true stress–true strain response).

Caruthers and co-workers Model. The group of J.M. Caruthers at
the Chemical Engineering Department of Purdue University has, over the last
decade or so, been developing a set of unified constitutive equations that aim to
realistically model a wide range of rheological and mechanical properties (41,42).
A detailed description of the model is beyond the scope of this article and we
mention here only the main ideas behind the development of the model (see also
VISCOELASTICITY). The model addresses the time, temperature, and history (ther-
mal and mechanical) dependence of the material behavior using a set of thermo-
viscoelastic constitutive equations based on Rational Thermodynamics (64,65).
The model introduces a material (or reduced) time, where the material timescale
is determined by the instantaneous thermodynamic state of the material, us-
ing the Adam–Gibbs (66) model, which relates the relaxation time to configu-
rational entropy. This is a potentially important development in the context of
this article, as it allows the prediction of nonlinear mechanical behavior includ-
ing yield. The model is still in development, but has successfully predicted a
range of behaviors including specifically isobaric volume relaxation, yielding un-
der uniaxial extension, shear thinning, and stress overshoot in transient shear
(42).

A particularly appealing aspect of the model is that all the model parame-
ters can be determined from independent experiments and further that they are
relatively few in number. Thus a material can be characterized in a relatively
short period of time, though the mathematical framework of the model is some-
what intensive.

Dislocation Plasticity

The observation of microscopic shear bands in polymeric materials, coupled with
the highly successful application of dislocation theory to plasticity in ductile
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metals, has led to the concept of dislocation plasticity in polymeric materials.
The first application of dislocation mechanisms was, not surprisingly, to semi-
crystalline polymers (67). Predeki and Statton (68,69) looked at the effect of chain
ends on crystalline regions and introduced the idea of screw and edge dislocations
occurring in nylon-6,6 (68). They further examined the effect of shear stress on
such dislocations in polyethylene (69). Direct evidence for the presence of dis-
locations in polymer crystals was obtained by Petermann and Gleiter (70) from
the electron microscopy of single crystals of polyethylene. Gilman (71,72) further
suggested that dislocation mechanisms can be applied to amorphous solids such
as glasses and polymers. Bowden and Raha (73) developed a model of yield in
which micro–shear bands are created by the formation and growth of dislocation
loops, the energetics of which are influenced by the shear stress and the thermal
energy. Unlike metals, where the dislocations or defects are inherent, the disloca-
tions in polymers are formed under the action of an applied stress. Once formed,
they may grow with the aid of thermal activation, ultimately leading to yield.
The authors emphasize that the dislocation process they envision as occurring in
an amorphous solid is not the same as in the classic concept of crystal plasticity,
though it is a close analogy.

The energy U of a dislocation loop of radius R is

U = (2π R)
Gb2

4π
ln

(
2R
r0

)
− (π R2)τb (41)

where r0 is the radius of the dislocation core, τ the applied shear stress, G the
shear modulus and b the Burgers vector (essentially equal to the magnitude of
the shear displacement). The first term in equation 41 is the elastic strain en-
ergy associated with a loop of length 2πR and the second term the work done
by the applied stress to expand the loop to radius R (of the order of 1 nm). As
the loop expands the energy at first increases then reaches a maximum at some
critical radius (Rc), then will monotonically decrease. As expected, the height
of this energy barrier decreases with increasing shear stress. The Bowden and
Raha model is thus a thermally activated model whereby both the rate and tem-
perature dependence are captured in the term U/kT. Interestingly, the model
also implicitly accounts for strain softening—as the dislocation loop overcomes
the peak in the energy barrier, further growth leads to a lower energetic state
with the implication of reduced resistance to further extension. As the model
is presented, the reduction in resistance (and hence the degree of strain soften-
ing) is monotonic, that is there is no limit to the extent to which the material
will strain soften. This is clearly a major limitation of the model, though the au-
thors have suggested a number of mechanisms that may limit the degree of strain
softening.

The above model based on dislocation-type defects in polymer glasses is at-
tractive in that it allows one to put some order and physical interpretation to
the (obviously complicated) processes occurring during deformation. Care must
be exercised though in taking the analogy with dislocations in metals too far—
the ordered structure of metals is not seen in polymers, hence the meaning of a
defect such as a dislocation is unclear.
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Ultimate Shear Strength

The maximum theoretical strength of a crystal had been estimated by Frenkel as
far back as 1926 (74), and the same general ideas have been applied to amorphous
polymers (73,75,76). Briefly, if an equilibrium crystal lattice is sheared to a strain
of 1, each atom will have moved to a new equilibrium position. At a strain of
0.5, the atoms will be between one equilibrium position and the next and the
shear stress required to hold it in position will be zero (albeit in an unstable
state). Consequently, the maximum shear stress is assumed to occur at a shear
strain of approximately 0.25. Since the initial slope of the stress–strain curve is
the shear modulus G, this gives an estimate of the maximum shear stress to be
approximately G/6. While the structure of an amorphous polymer is far from that
of an ideal crystal it is reasonable to suppose that the molecular segments are
at some equilibrium position and at a high enough shear stress most, if not all,
will fall into a new equilibrium position (though the energy landscape, and hence
equilibrium potentials, will not be as uniform as those in a crystal). The model as
proposed did not allow for thermal fluctuations (ie it was effectively for a material
at 0 K) and it is expected that taking account of such fluctuations would reduce
the theoretical strength.

Other estimates of the ultimate shear strength of amorphous polymers have
been made by a number of authors and generally all fall within a factor of 2 of
each other (38,77,78). Stachurski (79) has expressed doubt as to the validity of the
concept of an intrinsic shear strength based on the value of the shear modulus,
G, for an amorphous solid. He questions which modulus is the correct value to
use—the initial small strain value or the value at higher strain (the yield point
or the ultimate extension). Further, the temperature and strain-rate dependence
of both the yield strength and modulus (however defined) suggests that perhaps
the ratio of yield strength to modulus is not a true intrinsic material property.
We remark however that the temperature and strain-rate dependence of both the
yield stress and the shear modulus are often similar.

A related issue is that the modulus is a viscoelastic property, as evi-
denced by the temperature/strain-rate dependence, and that for most polymers
(at least those without a large beta transition near the alpha transition) time–
temperature superposition of, for example, the shear relaxation modulus is valid
(80). Further, G’Sell and McKenna (81) have shown that the yield stress vs strain
rate also seems to obey time–temperature superposition. Hence there is a cor-
relation between the viscoelastic properties and the yield response of polymers,
though one that is not generally stated explicitly. We note that some of the models
mentioned previously, such as those of Caruthers’ group (41,42), Tervoort and co-
workers (40), and Knauss and Emri (35), are (nonlinear) viscoelastic models that
have yield arising due to the nonlinear response induced by the material clock
(see VISCOELASTICITY).

Calorimetry and Dilatometry

When a polymer is deformed, work is necessarily done in the material. On sub-
sequent unloading, the stress–strain curve does not generally follow the loading
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curve and the difference in the areas under the two curves gives the net work
done on the material (W). This work can be subdivided into work done in chang-
ing the internal energy of the material (dU) and heat liberated (Q):

W = dU + Q (42)

By measuring both the heat flow generated during deformation (Q) and the en-
gineering stress–strain data (and from this the quantity W) it is possible to esti-
mate the change in the internal energy of the sample. A pioneer in this field of
study is Oleinik (also spelled Oleynik) (82). In a series of experiments, samples of
polystyrene placed in a calorimeter were compressed to varying levels of strain
(up to approximately 40%) and unloaded, and the W and Q were calculated. The
total work (W) rises somewhat linearly with applied stress while the amount of
heat liberated (Q) rises at an initially slower rate then increases to become par-
allel to the W curve at a strain of approximately 25%. This means that the stored
internal energy (dU) rises at lower strains then plateaus out at strains above
25%, with an inflection point at or near the yield strain of 12%.

The same effect can be observed by performing DSC tests on previously
strained samples. Hasan and Boyce (83) subjected annealed polystyrene to com-
pressive strains up to 170% followed by DSC scans up to and through the glass-
transition temperature (Tg). Comparing the results to freshly annealed samples,
it was seen that for samples that had been strained, a pre-Tg exotherm ap-
peared that increased with increasing compressive strain. This pre-Tg exotherm
increases in magnitude up to a strain of 25% and remains constant thereafter up
to the maximum strain of 170%, in excellent agreement with the data of Oleinik.
They also note that the exotherm is spread over a wide temperature range (start-
ing at approximately Tg − 35◦C), which they attribute to the distributed nature
of the structural state. In addition, there appears to be a similar inflection point
at a strain near the yield strain (within the range 10–15%).

The exact nature of the storage mechanism that is reflected in the increase
in internal energy remains unclear. Indeed it is not clear that the energy term dU
can be considered simply as a storage term, especially at the higher strains where
energy could be expended on chain scission or processes akin to phase changes
occurring at and above yield.

Polymers are inherently viscoelastic, compressible materials and under con-
ditions of dilatational deformation (eg uniaxial tension or compression) a full de-
scription of their behavior needs to take into account the volume changes due to,
at least, the hydrostatic component of the stress (84). One of the earliest works on
volume effects on yielding in glassy polymers was by Whitney and Andrews (85),
who examined a range of polymers under uniaxial compression. In the study, the
authors observed a volume contraction upon loading up to the yield point, after
which the volume remained approximately constant. More recently (86), subyield
tension and compression tests were performed on two commercial grades of poly-
carbonate (PC). These tests were performed under stress relaxation conditions
and showed that under tension the volume increased somewhat monotonically
with strain while under compression the reverse was true, ie the volume de-
creased monotonically. While the volume at a small strain was found to recover
toward the initial state, at strains approaching yield and in tension the material
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actually densified to a state of higher density than the undeformed polymer. It
was postulated that the mobility that allowed the material to densify was related
to its propensity to yield rather than fail in a brittle manner. A number of stud-
ies have been performed on the volume evolution during mechanical deformation
[eg (87–89)]. Also studies on the changes in “free volume” with deformation using
positron annihilation spectroscopy (PALS) (90–92), have been carried out. The
reader is referred to the texts for further details.

Computer Modeling

With the advent in recent years of increasingly powerful and cheap computing
power, molecular modeling of the deformation response of polymers has come
to be of increasing importance (76). Molecular mechanics uses the Newtonian
equations of motion to calculate the step-wise displacement of individual atoms
within a molecule in small time intervals (typically of the order of femtoseconds).
On each step, the atom’s position is modified with reference to its previous state
(position, velocity, etc) and taking into consideration, for example, its bond length
and bond angle (bonded interactions) and Van der Waals forces (nonbonded inter-
actions) with its nearest neighbor. The system as a whole is then optimized using
potential energy functions to determine the equilibrium conformation. Molecular
mechanics calculations are performed on systems that are generally considered to
have little, if any, thermal energy (ie at low temperature). As such, the optimiza-
tion procedure may only find the conformation representing the local minimum in
the energy landscape and this will not necessarily (indeed rarely) be the lowest
possible energy. Molecular dynamics, on the other hand, considers not only the
force interactions but also the thermal motions of the molecule. By doing so, the
molecule is allowed to overcome energy barriers and so explore its surroundings
more effectively, assisting in finding the global energy minimum. Importantly, in
molecular dynamics the thermal motion is always active and the molecules tend
to oscillate about the energy minimum, giving additional information about the
time-dependent motion of the molecules.

As noted, the field of molecular simulation is relatively new, and a detailed
review of it is beyond the scope of this text and we introduce here a few of the
more relevant references. One of the first applications of molecular mechanics to
polymers was by Theodorou and Suter (93,94), who modeled atactic polypropy-
lene as an amorphous cell subjected to a range of stress conditions (hydrostatic
pressure, pure strain, and uniaxial strain). Such modeling generally gives reason-
able estimates of the elastic constants of a material [within 15% (79)], providing
the density of the glass is correctly modeled.

Argon and co-workers (95,96) have developed an atomistic mechanics model
of polypropylene and related it to experiments performed at a temperature of
10◦C below the glass-transition temperature. Stress–strain curves calculated af-
ter small strain increments showed a series of generally monotonically increasing
stress versus applied strain sections (elastic response), interspersed with sudden
step-wise drops in the load (plastic events). Significantly, the authors note that
the plastic events are not associated with any deformation process invoked by
many of the molecular theories discussed above (ie a sudden conformation or
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configuration change, a dislocation motion or kink propagation). However, be-
cause this was an athermal model, the meaning of these events for a real vis-
coelastic or viscoplastic polymer is unclear.

Computer modeling can clearly help in the understanding of the deforma-
tion and yield behavior of polymeric systems by giving an insight into the indi-
vidual molecular, indeed atomic, movements that occur. However, the simulations
are typically run over a few tens of picoseconds at most and in a volume of a few
cubic nanometers—such scales of time and dimensions cannot fully capture the
processes involved in yield at the present state of development.

Semicrystalline Materials

The propensity of a polymer to crystallize is chiefly determined by its molecular
architecture, specifically the regularity of the polymer chain. Polymers consisting
of the same repeat unit, the simplest example being linear polyethylene, can fit
together neatly to form the ordered crystalline phase and typically have 70–80%
crystallinity. For polymers where a hydrogen from the ethylene monomer is
replaced by a bulky side group [for example the methyl group ( CH3 ) in
polypropylene or the phenyl group ( C6H5) in polystyrene], the polymer chain
can exist in one of three forms of handedness, or tacticity. If all the side groups
lie on the same side of the main chain the material is called isotactic; if they lie
in a regularly alternating fashion left and right of the main chain the material
is termed syndiotactic; and finally, if they occur randomly positioned along the
main chain they are termed atactic. The least regular, atactic form generally does
not crystallize to any degree, while both the isotactic and syndiotactic forms can
crystallize, though the degree to which either form does so depends on the
structure, polarity of the side group, etc.

Early X-ray studies on the structure of Semicrystalline Polymers (qv)
showed that the longest dimension of the crystallites was typically of the order of
a few tens of nanometers. This is a small fraction of the length of a typical poly-
mer chain, which may be of the order of several thousands of nanometers, and
it was originally thought that the polymer chain moved successively between dif-
ferent regions of amorphous and ordered crystalline phases in what is termed the
“fringed micelle model.” However, later work on single crystals grown from dilute
solutions revealed that the polymer backbone was perpendicular to the longest
dimensions of the crystal. Such a structure could only be produced if the polymer
chains were folding back upon themselves.

The current prevailing view is that the crystalline regions in semi-
crystalline polymers are made up of plate-like structures formed from mostly
chain-folded molecules. These plate-like structures are termed lamella and are
typically some 10–20 nm thick. As the molecules forming the lamella chain fold,
they may either reenter adjacent to the current position, reenter at some position
farther along the lamella, or stay in the amorphous region. Ultimately, farther
along the molecular chain, such molecules may enter another lamella thus form-
ing “tie molecules,” akin to entanglements in amorphous polymers. These lamel-
lae may in turn form supramolecular structures called spherulites—aggregations
of lamellae forming and growing from a central nucleation point.
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Fig. 13. Representative engineering stress–strain curves for a semicrystalline polymer
as a function of temperature.

Below the crystalline melting point, semi-crystalline polymers are then
essentially two-phase systems consisting of a stiff, rigid crystal phase embed-
ded in a more flexible amorphous phase. The amorphous phase may be either
above its glass-transition temperature (semi-crystalline/rubber) or below it (semi-
crystalline/glass). The yield behavior of semi-crystalline polymers depends criti-
cally on a number of factors, eg the degree of crystallinity, the lamellar thickness
and interlamellar spacing, spherulite size, the number of tie molecules and, of
course, temperature. That said, however, they still show the same general behav-
ior as depicted in Figure 1: brittle at low temperatures, yield and possible strain
hardening at intermediate temperatures, and rubbery or viscous flow behavior at
higher temperatures.

At temperatures below the Tg of the amorphous phase, the crystallites and
associated tie molecules can severely reduce the mobility of the polymer chains
and thus tend to embrittle the material. This generally leads to a brittle-like
failure (Fig. 13, curve A) though at slow enough rates yielding and drawing may
be observed (Fig. 13, curve B).

At temperatures above the Tg of the amorphous phase, the crystallite re-
gions still act to prevent the free movement of the amorphous region and the
material does not behave in a rubber-like fashion as would be expected for a
pure amorphous polymer. Under these conditions, where the amorphous fraction
would not be expected to show a yield point, yield is associated purely with the
crystallites. On initial deformation, the crystallites act as hard inclusions, and
the strain in the material is carried predominantly within the amorphous frac-
tion. Given that the yield strain in these materials is typically of the order of
0.25 it is unlikely that the (rubbery) network has been sufficiently stretched and
strain hardened to load the crystallites to yield. However, it is expected that the
network has been sufficiently stretched, such that the tie molecules associated
with the lamellae have become taut and so are able to transfer the load to the
crystallites. The precise mechanisms associated with the subsequent yield of the
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Fig. 14. Schematic of the strain recovery with respect to the double yield point observed
in some semicrystalline materials (stress removed at time 0).

crystallites are still not well understood. However, the observation of two yield
points (double yield) in polyethylene (97–99) has provided some insight into the
molecular processes at work. Up to the first yield point, the material is elastic
and deformations are fully recoverable (Fig. 14). The first yield point occurs at
low strains (∼5%) and marks the onset of recoverable deformation. This process
has been associated with an interlamellar shear process or martensitic trans-
formation within the lamellae and leads to a reorientation of the lamellae, with
little or no destruction of the lamellae themselves. The second yield point occurs
at a higher strain (20–50%) and marks the onset of permanent plastic deforma-
tion and is generally associated with the formation of a neck. At this point coarse
slip occurs within the lamellae leading to fragmentation and destruction of the
lamellae themselves. The post-yield behavior is largely associated with the amor-
phous regions and, like a pure amorphous polymer, is controlled by the entangled
network. As such, phenomena such as strain hardening and cold drawing are
commonly observed as discussed previously (Fig. 13, curve C).

Phenomenologically, the rate and temperature dependence of the yield
stress of semi-crystalline polymers can be described by the Eyring activated state
model, as discussed earlier, with either one (100,101) or two (46,102) activated
processes. However, developing a theory for the yield of semi-crystalline poly-
mers is clearly complicated by the presence of two distinct phases. It is unclear
at present whether the models discussed above are even applicable to the amor-
phous phase present in semi-crystalline polymers because of the topological con-
straints that the crystalline regions impose. Nevertheless, in light of the fact that
above the Tg of the amorphous region, it is the crystallites that dominate the
yield behavior the ideas of classical crystal plasticity are obviously attractive.
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Young (103) developed a theory along such lines in which the energy required to
initiate a screw dislocation in the crystal lamellae determines the yield stress.
The model correctly predicts the observed linear relation between yield stress
and lamellar thickness, though the quantitative agreement with experiment is
controversial (104–107). A model has been recently developed (108) wherein the
driving force for the screw dislocations are thermally activated “chain twist” de-
fects that transfer along the chain backbone.

In the early 1990s Bartczak, Argon, and Cohen conducted a series of tests on
what they termed “single-crystal textured high density polyethylene” (109,110).
These were samples that had been compressed under plain strain conditions, pro-
ducing an axisymmetric texture that approximated to a macroscopic single crys-
tal. X-ray scattering studies were conducted on the material at various stages
of deformation (up to a strain of 1.86, after recovery) to monitor the structural
evolution. The resulting material showed distinct crystallographic features indi-
cating unique crystallographic planes, with the c-axis of the crystallites aligned
along the flow direction (indicating that the lamellae are, broadly speaking, ori-
ented perpendicular to the flow direction). Samples were then cut from the tex-
tured samples at particular orientations in order to investigate specific deforma-
tion mechanisms. Significant differences in the stress–strain response of samples
tested at differing angles to the chain axis were observed under both tension and
compression. The papers offer considerable insight into the contribution from dif-
ferent crystallographic deformation mechanisms. Interestingly, when such mech-
anisms could be isolated, it was found that the Coulomb criterion was an ade-
quate description of the yield surface. The specifics of the various deformation
mechanisms and their relation to the specific crystallographic planes is beyond
the scope of this article, and the reader is referred to the original papers (109,110)
for details.

Crazing

The previous section was concerned with what may be termed “macroscopic
yield,” which is the shear yield over an entire sample ligament area (albeit lo-
calized in the case of neck formation). Another mode of deformation that is com-
monly observed in thermoplastics is that of crazing. Unlike the shear yielding
discussed above, crazing is a microscopically localized phenomenon. The crazes
that result from the localized process can be looked upon as load-bearing cracks,
where the load-bearing capacity is provided by highly drawn fibrils of material
spanning the two interfaces. This is a unique aspect of crazing in polymers as the
fibrils can support the crack and help prevent or delay failure.

Crazing generally occurs where the stress on the sample has become highly
concentrated owing to, for example, surface defects such as flaws, scratches, or
inclusions within the material such as dust or other contaminants. Crazes can
also occur in homogenous polymers, ie those without any contaminants or ad-
ditives and which are flaw-free. An elegant series of experiments by Argon and
co-workers (111) using samples carefully prepared from single pellets has shown
that crazing can still occur without any tell tale origins relating to contaminants,
a behavior denoted as “intrinsic crazing.” While no obvious cause for the craze
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nucleation may be evident, it must nevertheless originate at a particular point
because of an intrinsic local heterogeneity in the molecular structure, such as a
local density variation. The stress required to craze such samples is higher than
that observed in bulk (and implicitly contaminated) samples and indicates that
while flaws or inclusions are not a necessary condition for crazing, they do lead
to premature crazing.

The appearance of crazes in a material is generally a precursor to brittle
failure. While such a mode is normally to be avoided, the presence of crazes can
provide some beneficial effects. Because the crazes contain highly drawn fibrils
of material, considerable plastic deformation and hence energy goes in to their
formation and this can be a major source of fracture toughness. Indeed, the de-
liberate inclusion of small, typically rubber, particles into inherently brittle poly-
mers is commonly undertaken to produce tough materials (112–115), because the
presence of the particles dramatically increases the craze density.

The following is a brief overview of the subject matter which introduces the
reader to the main features of craze morphology and current theories on their
initiation, growth, and failure. The reader is pointed in particular to excellent
reviews on many aspects of crazing by Kramer (116), Kramer and Berger (117),
Kambour (118), and Donald (119,120), and much of the subsequent discussion
follows the development in those reviews.

Crazing in polymers follows three distinct stages: craze initiation where the
craze is nucleated, craze growth where the craze continues to grow in a direction
perpendicular to the applied stress, and finally craze failure, the precursor to
ultimate failure. Before discussing these three aspects of crazing, a general
overview of craze morphology is given to familiarize the reader with the struc-
ture of the craze and the salient features involved in craze growth. The specific
details and evolution of the structures are discussed in the relevant subsequent
sections.

Craze Morphology. Figure 15 shows a schematic of craze nucleation and
growth. The presence of an intrinsic or extrinsic heterogeneity causes the bulk
stress to be locally modified. This results in an increase in the local triaxial stress
field and forms a localized plastic zone (Fig. 15a). Small voids form in this plas-
tic zone and, as the voids grow, they eventually coalesce with the original ma-
terial between the voids forming the fibrils (Fig. 15b). The final craze structure
(Fig. 15c) consists of the two surfaces bridged by a network of fibrils of drawn
(highly anisotropic) polymer with a voided region at the craze tip from which
craze growth may continue. Such fibrils typically have a diameter of a few tens of
nanometers and a length (craze thickness) of the order of a micron. As the craze
continues to grow, the fibrils extend by either a creep mechanism or by drawing
in additional material from the bulk–fibril interface (Fig. 16) under the influence
of the local stress at the craze boundary (σCR), which is typically slightly lower
(∼5%) than the applied bulk stress (σB) (Fig. 17, after Reference 121—the data
shown is for an isolated craze in an “infinite” sheet, points on the x-axis denoting
the distance from the centerline of the craze and is of course symmetrical about
that line). Eventually a failure criterion is reached and the fibrils fail. The loss
of the load-bearing capacity of the failed fibrils means the neighboring fibrils are
subjected to an additional load and this can, under certain circumstances, lead
to a runaway failure of the fibrils, true crack formation, and ultimately brittle
failure.
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Fig. 15. Schematic of (a) void formation, (b) craze initiation, and (c) craze growth.

Crazes also normally occur at surface crack tips. The presence of a crack
causes a geometrically imposed increase in the local stress (stress concentration),
which results in a dilatational stress field. This in turn leads to the formation of
a local plastic zone and, in a manner similar to the above, to cavitation and the
formation of a craze. The general features of a surface craze are the same as those
of an internal craze (Fig. 15), though with the obvious lack of symmetry owing
to the presence of the crack. Such crazes tend to stabilize a crack by blunting
the crack tip, reducing the stress concentration while retaining a load-bearing
capacity.

We now look in more detail at the individual stages of craze formation and
subsequent growth.

Craze Initiation

Unlike the shear yield process, crazing is an inherently non-isovolume event.
Cavitation of the material requires a dilatational component of the stress tensor,
such as occurs in triaxial stress systems that may be found in samples subjected
to plane strain conditions. In addition, it is found in practice that there is a time
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Fig. 16. Craze morphology and possible growth mechanisms.

Fig. 17. Craze surface stress as a function of position from the craze centre for
polystyrene. After Lauterwasser and Kramer (121), with permission of Taylor and Francis
Ltd., http://www.tandf.cp.uk/journals.

dependency on the appearance of crazing. That is, there is generally a time delay
between application of the load and the first visible appearance of a craze. A
number of models have been proposed which require either a critical cavitation
stress, a critical strain, or the presence of inherent microvoids, which can grow
under the applied local stress or strain.

Sternstein and Ongchin (1969). Considering that cavitation was re-
quired for craze nucleation, Sternstein and Ongchin (122) postulated that it is
the dilatational component of the stress tensor along with a stress bias σ b (flow
stress) that controls craze initiation:

σb = A + B
I1

(43a)
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where for plane stress, σ b = σ 1 − σ 2, and

I1 = σ1 + σ1 + σ1 = 3p > 0 (43b)

where I1 is the first stress invariant ie the dilatational component of the stress
tensor. A and B are temperature-dependent constants. We note that under this
criterion, crazing will not occur under pure hydrostatic tension (σ 1 = σ 2 = σ 3),
pure shear stress [(σ 1 + σ 2 + σ 3)/3 = 0, I1 = 0], or compressive stress states (I1
< 0). The model was extended beyond the specific case of plane (or biaxial) stress
conditions to a general three-dimensional case by Sternstein and Meyers (123).
Because they are essentially empirical, the Sternstein et al models have several
shortcomings: (1) the stress bias, σ 1− σ 2, is related to the shear stress and it is
difficult to reconcile a shear stress component controlling initiation of a craze in a
direction perpendicular to the principal stress component σ 1, (2) the parameters
A and B have no direct or obvious physical interpretation, (3) no time dependency
for the initiation of crazes.

Gent (1970). Gent (124) proposed a model in which the hydrostatic ten-
sile stress at an inclusion or local heterogeneity increases the free volume and
therefore effectively reduces the Tg of the material. At a sufficiently high stress
concentration, the reduction in Tg is sufficient to reduce the local Tg to the test
temperature. The reduced yield stress of the material in this rubber-like phase
and the hydrostatic tensile stress then leads to cavitation and craze initiation.
Implicit in this free-volume approach is that an imposed hydrostatic pressure
will tend to prevent the formation of crazes in accordance with experimental ob-
servation. The criterion is summarized in the equation for the critical applied
stress for initiation, σ c:

σc = β(Tg − T ) + P
k

(44)

where Tg is the glass temperature of the material, T is the test temperature, P is
the bulk hydrostatic pressure, k is the stress concentration, and β is a constant
related to the pressure dependence of Tg, and has a value of approximately 5
MPa/K. However, the inferred stress concentrations, k, required to induce craz-
ing at room temperature were unrealistically large (of the order of 20) and the au-
thors acknowledge it is a factor not easily accessible to experimental techniques.
In addition, Lauterwasser and Kramer (121) calculated the reduction in Tg at the
crack tip due to the imposed hydrostatic stress. Using the data in Figure 15 they
calculated the hydrostatic pressure term to be one third of the bulk stress (σ bulk
= approximately 30 MPa) plus the additional surface stress at the craze tip of
approximately 5 MPa, giving a total of 15 MPa. Using a value of 1◦C/5 MPa for
the pressure dependence of Tg, they estimated the reduction in Tg at the crack
tip to be a modest 3◦C, certainly not enough to reduce the local Tg to the test
temperature.

Oxborough and Bowden (1973). Addressing the lack of generality in
terms of the usable stress states in the original Sternstein and Ongchin paper
(122), which was limited to plane stress conditions, and concerns as to the physi-
cal interpretation of the critical stress (stress bias σ b = σ 1 − σ 2) Oxborough and
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Bowden (125) proposed a criterion for craze initiation based on a critical strain.
The form of the criterion is identical to that in the Sternstein and Ongchin paper,
with the critical stress σ b replaced by a critical strain εc:

εc = X
′ + Y

′

I1
(45)

where I1 is again the first stress invariant and X ′ and Y ′ are time- and
temperature-dependent variables. Noting that under a general stress state the
maximum strain is in the direction of the principal stress and is given by

ε1 = 1
E

(σ1 − νσ2 − νσ3) (46)

ν is the Poisson’s ratio and assuming that crazing occurs at the critical strain
given by equation 45, they derived a criterion for crazing that is written in terms
of the principal stresses:

σ1 − νσ2 − νσ3 = X
σ1 + σ2 + σ3

+ Y (47)

where X = EX ′ and Y = EY ′.
Using this criterion, Bowden and Oxborough could successfully fit the craz-

ing data of Sternstein and Ongchin as well as their own data on four grades of
polystyrene. Further, their data showed that the critical strain for crazing de-
creased with an increasing component of tensile hydrostatic stress and also de-
creased with increasing load time. Both the X and Y fitting parameters were
shown to decrease with increasing temperature. The Y parameter also decreased
with increasing load time, though the X parameter appeared to be relatively in-
sensitive to loading time. Ultimately however, the X and Y parameters remain
curve-fitting variables and offer little insight into the mechanisms or underlying
structural parameters controlling craze initiation/growth.

Argon and Hannoosh (1977). The apparent time dependence for craze
initiation after initial loading suggests the possibility that a thermally activated
process may control initiation. Argon and co-workers (111,126,127) suggested
a mechanism which considered that craze initiation occurs when a critical
porosity is reached. The initial microscopic pores are formed when thermally
activated micro-shear bands are blocked, the resulting local strain energy
being sufficient to provide the surface energy for the formation of a microcrack.
Allowing for additional free energy to form a stable pore, Argon and co-workers
(111,126) derived the following expression for the free energy required for pore
formation:

	G∗
pore = (0.15)2

π (G/τ )(µφ3) + αL3σY (48)

where G is the shear modulus at the test temperature, τ the shear stress, ϕ

a dimension related to the size of the sheared region (typically of the order of
a molecular diameter), σY the yield strength, L a length scale related to the
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spacing of molecular inhomogeneities, and α a factor of the order of 0.1. By
considering the local stress field at an inclusion or groove and by taking the
deviatoric stress, s, to be largest for a groove perpendicular to the maximum
principal tensile stress, an expression was derived for the increase in the local
porosity β as a function of time t, given by

β = .
β0 t exp(−	G∗

pore(s)/kT ) (49)

where
.
β0 is a pre-factor characteristic of the vibrational frequency of the sheared

region. Following these arguments, two criteria for the negative pressure p
and the critical initial porosity β i required for the expansion of the pores was
determined (126):

p=
(

2σY

3

)
ln

(
1
β

)
Q (50a)

βi <
1

(1+2G/σY )
(50b)

where σY is the yield stress, and Q a normalization factor. By further considering
the negative pressure required to expand the porous region, an expression was
derived for the initiation time, tin, of craze nucleus formation (111):

tin = 1
.
β0

exp
(

	G∗
pore

kT
− ξ

Q

)
(51)

where ξ is (σ 1+σ 2)/2 σY, with σ 1 and σ 2 the principal stresses and σY and Q are
as before. The authors also recognized that while the craze may have initiated,
it requires additional time for the craze to grow before it becomes visible (this
is an inherent problem when discussing initiation times for crazes as it almost
inevitably includes a period of craze growth for the crazes to be detectable).
An estimate for the growth time, 	tgrowth was derived based on a power law
relationship between effective strain rate,

.
εe, and effective stress, σ e:

( .
εe
.
εeo

)
=

(
σe

σe0

)m

(52)

where
.

εe0, σ e0, and m are temperature-dependent material constants.
Thus, the total time for craze nucleation is the sum of the time to initiation

and the growth time to the point where the crazes are visible:

tcraze nucleation = tin + 	tgrowth

For small negative pressures, the growth time can be a significant proportion
of the total time for nucleation. The model also predicts that under pure shear
stress (an isovolume deformation), though considerable pore formation is present,
no craze nucleation will occur because of the lack of a dilatational component of
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the stress. The authors went on to derive expressions to model the time depen-
dence of the density of pore formation and subsequent craze saturation density
(where the crazes have relieved the stress sufficiently that further craze nucle-
ation is stopped) and expressions for biaxial craze nucleation. A set of such data
from reference (111) is shown in Figure 18, where the surface density of crazes
is plotted as a function of initiation time for polystyrene samples subjected to a
combination of deviatoric stresses and negative pressures. The general features
under each set of conditions are the same, with an increase in the craze density
with time followed by saturation. It is also seen that the saturation density in-
creases with increasing deviatoric stress and also with increasing negative pres-
sure. The solid lines are the results from the model developed in reference (111).
While the model captures the broad features of the material response, it should
be noted that a number of parameters in the model cannot be easily determined
from independent experiments. Consequently, a number of the parameters have
been determined by optimizing the fit to experimental data such as that shown
in Figure 18. These parameters, however, compare favorably with the expected
ranges for such values. The reader is referred to the original paper for further
discussions (111).

Kambour [1978]. Kambour, one of the pioneers in the area of crazing
from as early as the mid-60’s, has made significant contributions to the field and
his thorough review article has already been mentioned (118). In 1978 Kambour
and Gruner (128) reported a set of data for eight resins which showed a correla-
tion between the critical strain for crazing in air, εc, and a combination of three
factors, σ y, the yield stress in tension, 	T, the difference in the glass-transition
temperature and the test temperature (Tg-Ttest), and the solubility parameter
(δp), [reported here in terms of the cohesive energy density, CED (=δ2

p)]:

ec ∝
[

CED·	T
σY

]
(53)

In a follow-up paper in 1983 (129) it was shown that the correlation held for a
further 29 polymers and copolymers, though in this case an additional correlation
was used:

ec ∝
[

CED · 	T
E

]
(54)

where E is the elastic modulus, and an implicit correlation between E and σY
is assumed. Figure 19 shows the data from the 1983 paper (129) and, while the
correlations are shown to be satisfactory, the author acknowledges that the un-
derlying source of the correlation is open to interpretation. [Note: In the 1983
paper (129), it appears that the abscissa labels have been inadvertently swapped
between Figures 1 and 2, though the captions are correct. The abscissa has been
corrected here.] Experimental craze growth studies as a function of temperature
and aging time are compared with the general predictions of this and two of the
models discussed above (Sternstein et al and Argon et al) in Reference (130).
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Fig. 18. Craze density as a function of initiation time for polystyrene subjected to a com-
bination of deviatoric stresses (s) and negative pressures (σ ). After Argon and Hannoosh
(111), with permission of Taylor and Francis Ltd., http://www.tandf.cp.uk/journals.

Craze Growth

After initiation the craze starts to grow. There are two aspects to consider when
considering craze growth:
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Fig. 19. Correlation between the critical strain for crazing, εc, and the product of the
cohesive energy density (CED), the difference between the test temperature and the glass-
transition temperature 	T, and the elastic modulus E. Reprinted from Ref. 129, with
permission from Elsevier.

(1) Growth of the craze in the plane perpendicular to the load direction and in
the direction of the craze tip (direction X in Fig. 16).

(2) Craze thickening, ie opening of the craze–bulk interfaces and extension of
the fibrils in the Y direction (Fig. 16).

Craze Tip Advance. The earliest explanation for the advance of the craze
tip was the continued nucleation of isolated voids ahead of the craze tip and their
subsequent expansion (127).

However, experimentally it has been observed that craze growth occurs
faster than craze initiation and so it is difficult to explain growth with such a
model as it is essentially the same mechanism as initiation. Also, some of the fea-
tures of the craze predicted from such a mechanism, such as a closed cell structure
formed from the formation of isolated voids, are inconsistent with experiments
that clearly show that the craze has an open structure.

The currently accepted model for craze tip advance is that proposed by Ar-
gon and Salama (131) and based on the Taylor meniscus instability mechanism
(132,133). This is the same phenomenon that is observed when two wetted plates
are pulled apart and is shown schematically in Figure 20. In this scenario, the
craze–bulk interface is treated as the solid boundary, and the plastically de-
formed, strain-softened matter at the craze tip is the liquid. As the boundary
layers separate an instability is set up owing to a negative pressure gradient in
the “fluid.” Small fingers propagate into the craze tip at a characteristic spacing
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Fig. 20. Schematic for the Taylor meniscus instability mechanism for craze front ad-
vance. After Argon and Salama (131)

of λc. The fingers expand as shown in Figure 20, eventually joining up to leave
isolated columns of polymer. It is possible to calculate the minimum spacing, λM,
necessary for the instability to grow (116):

λM = 2π

√
�

dσ0/dx
(55)

where dσ 0/dx is the hydrostatic stress gradient ahead of the craze and � is the
surface energy. The fastest growing wavelength, λc, is given by (131,134)

λc =
√

3λM (56)



490 YIELD AND CRAZING IN POLYMERS Vol. 15

Though a somewhat idealized picture of craze growth, the basic premise of
the Taylor meniscus instability model has been verified by Donald and Kramer
(135), who measured a critical wavelength in polystyrene crazes that was in close
agreement with the interfibrillar distance. Further, following the procedure of
Fields and Ashby (134) a steady-state craze tip velocity may be estimated by
assuming a non-Newtonian fluid of the form

( .
ε
.
εF

)
=

(
σ

σF

)n

(57)

where
.

εF, σF, and n are material constants, leading to the expression for the tip
velocity V0:

V0 =
√

3
2

.
εF h

(n+2)

[√
3h(β∗St)

2

8σF�

]n (
1 − 2�

β∗Sth

)2n

(58)

where h is the thickness of the craze at the crack front and β∗St is the hydrostatic
pressure between the void fingers.

The (relatively) simple form of equation 58 leading to a constant craze
growth rate belies the complicated nature of craze growth in practice. While a lin-
ear growth in the craze length has been observed (136), equally a linear growth
of the craze has been observed with logarithmic time (137–139). Undoubtedly the
complicated, and possibly changing, nature of the stress field at the craze tip and
even subtle differences in the morphology of the polymer can dramatically affect
craze growth.

Craze Thickening. As indicated in Figure 16, two mechanisms exist for
craze thickening:

(1) Drawing in of isotropic material from the bulk–craze interface
(2) Creep of the fibrillar material

Both processes can of course occur simultaneously, though it is generally
accepted that it is the drawing in of fresh material that dominates the thicken-
ing of the craze in amorphous polymers. Evidence for this comes from a number
of experiments aimed at examining either the volume fraction of craze mate-
rial or the draw ratio of the fibrils as a function of position in the craze. If fibril
creep occurred to any significant extent, then the fibrils farther from the craze
tip, which are naturally older and hence have been subjected to the interface
stress for longer, would have a higher draw ratio. Evidence from crazes in PS
(121) and poly-tert-butylstyrene (140) show an essentially constant draw ratio
along the craze length, rising slightly at the craze tip owing to the locally high
craze stresses present when they form (117)—this actually leads to a narrow band
along the center line of the craze where the draw ratio is higher and volume frac-
tion lower (127). Hence, the main mechanism of craze thickening is from material
drawing in at the craze–fibril interface in a manner analogous with that of cold
drawing under tensile loading. The material that is drawn in comes from what
is termed the “active zone,” a thin layer of material at the bulk–craze interface
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consisting of strain-softened material and which is typically of the order of a fibril
diameter in size.

As noted, once the material has been drawn into the craze it appears to
stabilize, and little, if any, further extension takes place. As with cold drawing,
the fibrillar material is seen to take on a natural draw ratio, λN, the value of
which is characteristic of the individual polymer. Kramer (116,141) found that
the natural draw ratio correlated well with the maximum theoretical extension
expected for an entangled network, λmax:

λmax = Lc

k(Me)1/2 and Lc = LMMe

Mm0
(59)

where Me is the molecular weight between entanglements, LM the monomer unit
length, Mm0 the monomer molecular weight, and k a constant. The molecular
weight between entanglements, Me, is a characteristic of any given polymer and
can be determined experimentally from

Me = ρRT/GN (60)

where GN is the measured rubbery plateau shear modulus, ρ the density, T the
temperature, and R the gas constant. It is interesting to note that in polymers
with a molecular weight less than approximately half the entanglement molec-
ular weight, stable crazes are not seen to form and it seems then that entangle-
ments are a necessary feature for stabilizing the craze–fibril structure.

During the surface drawing process in the active zone, it is inevitable that
material that is destined to go into two neighboring fibrils can share a common
molecule. Thus, as the fibrils form, the molecule must either disentangle such
that the molecule flows into only one fibril or the chain must break. As we noted
above, entanglements appear to be necessary for the formation of stable fibrils
and, if the molecule is unable to disentangle, then it is inevitable that chain scis-
sion must occur during craze growth. On this basis Kramer (116,117) suggests
that the energy required to create new surface (�) is given by the standard sur-
face energy plus a component due to the energy required for chain scission:

� = γ + Uvd
4

(61)

where γ is the Van der Waals surface energy, U the polymer backbone bond en-
ergy, v the network strand density, and d is the root mean square end-to-end
distance between entanglements. Kramer also estimated the force required to
break a molecule, f b, given approximately by

fb = U
2a

(62)

where a is the bond length. If, during the fibril formation, the force should rise
above this level breakage will obviously occur. If the force remains below this
level then fibril formation can proceed via disentanglement.
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Fig. 21. Block-and-tackle arrangement for disentanglement at the craze boundary as
proposed by McLeish and co-workers. Reprinted from Ref. 142, and 144, with permission
from Elsevier.

Disentanglement of the polymer chains is generally accepted to occur by the
mechanism of reptation as proposed by Doi and Edwards (142) and by deGennes
(143). In this model, the movement of the chain is taken to be confined to a tube,
the confinement coming from neighboring chains. The molecule moves through
this tube in a snake-like motion by a series of cooperative steps. McLeish (144)
has introduced the concept of “forced reptation” with regards to craze formation.
Here, one end of the molecule is locked into a formed fibril and as material contin-
ues to be drawn in to the fibril, the molecule is pulled through its confining tube
at a velocity vf. From such considerations they determined that the maximum
force acting on the molecule, f d, is given by

fd = vfξ
M
M0

(63)

where ξ is a monomeric friction coefficient, M the molecular weight, and M0
the monomer molecular weight. Thus, if f d < f b disentanglement will occur in
preference to chain scission. It is worth noting also that if we assume that the
velocity of the chain through the confining tube, vf, is proportional to the applied
strain rate and further that the monomeric friction coefficient is a thermally ac-
tivated process (proportional to e(1/T)) then equation 63 indicates that disentan-
glement is favored by low molecular weights, low strain rates, and high temper-
atures. However, while this approach correctly accounts for the dependence of
craze growth on these parameters, in practice the majority of polymers are of a
sufficiently high molecular weight (and hence chain length) that a single molecule
will cross between the prefibril regions several times. Again, following the argu-
ment of McLeish this results in the polymer chain being pinned at several points
along its length in what has been described as a ‘block and tackle’ arrangement
(Fig. 21). This has the effect of increasing the velocity the chain must move at
through the confining tube for a given macroscopic strain rate. On the basis of
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these concepts, Kramer (117) derived an expression for the maximum force on
the chain (at its center) of

fmax = ξvf
M2

16M0Me
(64)

where Me is the average molecular weight between the entanglements. It is seen
then that the maximum force on the chain is proportional to the square of the
molecular weight. During the formation of the fibril the chain is assumed to
break randomly along its length, thereby reducing M, until the maximum force
in the chain falls below the level required for scission. The concept of entangled
molecules and the competition between chain scission and disentanglement is im-
portant not only for the growth kinetics but also, as we will see in the following
section, for the ultimate failure of the fibrils/craze.

Craze Failure

Craze breakdown is obviously of fundamental importance since it is the mecha-
nism by which the crack grows and so leads ultimately to failure. However, the
mechanism of craze failure is still unclear. The two main mechanisms that have
been proposed are

(1) Failure in the fibril, or
(2) Failure at the active zone

It is likely that both occur depending on the conditions and morphology of
the material. The first step in considering the likelihood of fibril failure is to look
at the stress levels within the fibril. Because of the reduced cross-sectional area
in the craze region, the true stress on the fibrils (σCT) can be considerably higher
than the stress at the craze boundary (σCR) by a factor given by the draw ratio of
the fibril (λ):

σCT = λσCR (65)

λ is typically of the order of 2 to 4 for amorphous polymers and as noted above
can be somewhat higher at the midrib of the fibril. Though at these stresses the
creep contribution to the fibril length is minor, any small inhomogeneities in the
local structure can lead to localized creep. Further, as discussed above, the mate-
rial which forms the fibril has passed through the active zone at the craze–bulk
boundary and has undergone chain scission. This results in the fibrillar material
having a lower molecular weight and a reduced entanglement density. These con-
ditions can then lead to chain disentanglement by essentially plastic flow. Such
a mechanism can be facilitated by the small diameter of the fibrils leading to
a reduction in the constraints that a polymer chain might otherwise see in the
bulk. However, if fibril failure were the dominant mechanism in the breakdown
of the craze, then it would be reasonable to expect failure to occur at the fibril
midpoint where the fibril is oldest and has been subjected to the highest stresses
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for the longest length of time. While this has indeed been observed (145,146), it
is more generally seen that the point of failure is at the craze–bulk interface, ie
at the active zone. This in turn would imply that, for the majority of polymers,
the reduction in entanglement density on traversing the active zone during fibril
formation is not sufficient to destabilize the fibril.

We saw above that the material that flows into the active zone, and which
may go on to form fibrils, has to undergo a degree of disentanglement or chain
scission. This results in the material within the active zone having a lower en-
tanglement density than the bulk material. Further the material in the active
zone is in a strain-softened state, characterized by more liquid-like dynamics. If
the entanglement density is low enough and the polymer strands dwell within
the active zone for a sufficiently long period of time then the strands may fully
disentangle. The material then loses its load-bearing capacity, and that particu-
lar fibril element will fail. In practice, because polymers generally have a broad
distribution of molecular weights, there is a chance that the material destined
to form a fibril will consist of relatively short chains with a low entanglement
density. Thus, the likelihood of a given fibril failing is ultimately governed by
a statistical distribution (note that, although not included in this analysis, the
presence of inhomogeneities, inclusions, flaws etc can also lead to a breakdown in
the active zone owing to a decreased load-bearing capacity). Kramer and Berger
(117) developed such a statistical model and the reader is referred to the original
paper for the full mathematical development. In brief, they based their calcula-
tions on the number of effectively entangled strands, ne, that survive during the
formation of the active zone, ie those which do not undergo chain scission. From
this they formulated an expression for the probability that a given fibril would
fail, PF, given by the product of the probability that a strand survives fibril for-
mation, Psurvive, and the probability that it then disentangles, Pdis, summed over
the total number of chains which go into fibril formation. The probability of a
chain i surviving, Psurvive(i), is given by a normal distribution:

Psurvive(i) = 1√
2πne(1 − q)

exp

(
(i − ne)2

2(1 − q)ne

)
(66)

and where q is the fraction of originally entangled strands which do not undergo
chain scission. The probability of disentanglement Pdis is given by

Pdis(i) ≈ exp
( − tdis(i)

τres

)
(67)

τ res is a measure of the time the strand spends within the active zone and tdis
is the time for disentanglement, and is a function of strand molecular weight,
the molecular weight between entanglements, the force on the strand, and the
monomeric friction coefficient. Though the τ res term is a fitting parameter, the
model captures many of the features observed with craze stability such as
the molecular weight dependence (117).
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Other Considerations for Crazing

The preceding sections only touch upon the main characteristics of crazing and
many of the additional factors that go into determining the initiation, growth, and
failure of the craze have been omitted. Without elaboration, we mention several
such factors and refer the reader to the relevant references.

The structure of the craze as discussed above has been idealized as a uni-
form array of isolated fibrils bridging the boundaries of the craze. In reality it
is found that the main fibrils are connected to their neighbors by small “cross-
tie” fibrils (117,147). The formation of these cross-tie fibrils has been modeled
by Tijssens and van der Giessen (148), interestingly using many of the concepts
presented in the section on yield. The presence of such cross-tie fibrils gives the
craze some tangential load-bearing capacity, and a modeling of such a structure
shows that their presence can lead to an increase in the stress on the main fibril,
at times sufficient to cause failure of the polymer backbone (149,150).

A common, and potentially serious, drawback of polymers is their suscep-
tibility to environmental factors, causing a greater likelihood to form crazes. In-
deed, it has been estimated that environmental-stress cracking is responsible for
as much as 30% of failures in engineering polymers in service (151). Environmen-
tal stress cracking (ESC), as the phenomenon is known, occurs predominately
(though not exclusively) in amorphous polymers in contact with organic solvents.
The other prerequisite for ESC is the presence of a stress since ESC is a result of
the physical interaction of the polymer and solvent and is not due to a chemical
interaction (ie no chemical degradation occurs).

One view of how the ESC agents act on the polymer is that they can diffuse
into the polymer and cause it to swell. This in turn will increase the polymer
chain mobility and so cause an effective decrease in the local Tg, leading to an
increase in the propensity to craze ie crazing occurs at lower stresses or strain.
An alternative view is that the liquid can wet the surface, reducing the energy
required to create new surfaces and so aiding the formation of voids. This lat-
ter effect may be important in the early stages of craze initiation. The reviews
by Kambour (118), Volynskii (152), Wright (153), and the work of, for example,
Arnold (154–156) cover this area in detail and are briefly discussed in the chapter
Fracture (qv)Fracture in this encyclopedia.

Just as crazing tends to be a precursor to failure under static loading, it
is also seen to develop under cyclic loading conditions. The area of cyclic or fa-
tigue failure of polymers has been extensively investigated, with much of the
early work carried out by Hertzberg and co-workers (157–160) and Döll and co-
workers (161–163). The reader is referred to the chapter Fatigue (qv)Fatigue in
this encyclopedia for a detailed review.
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ZIEGLER–NATTA CATALYSTS

Introduction

Ziegler–Natta catalysts have had enormous impact on the polymer industry in
the past 50 years, with current world production of polyolefins using Ziegler–
Natta catalysis amounting to more than 50 million tons per annum. The vast ad-
vances made during the past decades stem from breakthrough discoveries made
by Karl Ziegler and Giulio Natta in the early 1950s. It was in 1953 that Ziegler
and co-workers, at the Max Planck Institute in Mülheim, were investigating the
“Aufbau” reaction in which triethylaluminum reacts with ethylene to give higher
aluminum trialkyls (1). Unexpectedly, one experiment led not to the oligomer-
ization of ethylene via the Aufbau reaction, but to the formation of 1-butene. It
turned out that this dimerization reaction had been catalyzed by traces of nickel
present as a contaminant in the reactor. Soon afterwards, a revolutionary break-
through was achieved when combinations of transition-metal compounds and alu-
minum alkyls were found that could polymerize ethylene under mild conditions,
yielding high density polyethylene (2,3). In 1954 Giulio Natta and co-workers at
Milan Polytechnic succeeded not only in polymerizing propylene with the Ziegler
catalyst combination TiCl4/Al(C2H5)3, but also in fractionating the resulting poly-
mer to obtain and characterize isotactic polypropylene (4–6). This demonstration
of stereoregular polymerization led to an explosive growth of new polymers and
industrial applications as the full scope of Ziegler–Natta catalysis was realized
(7–9); Ziegler and Natta were jointly awarded the Nobel Prize for Chemistry in
1963.

Ziegler–Natta catalysts for polyethylene and polypropylene have progressed
from first-generation titanium trichloride catalysts, used in the manufacturing
processes of the late 1950s and the 1960s, to the high activity magnesium chlo-
ride supported catalysts used today. Improvements in catalyst performance have
facilitated the development of efficient gas-phase and bulk processes for polyethy-
lene and polypropylene, and at the same time have led to ever-increasing control
over polymer composition and properties.

504



Vol. 15 ZIEGLER–NATTA CATALYSTS 505

Early Catalysts

Titanium Trichloride. One of the first catalysts found by Ziegler to be
effective in ethylene polymerization was the product of the reaction of titanium
tetrachloride with triethylaluminum. At low Al/Ti ratios, this reaction yields ti-
tanium trichloride as a solid precipitate. TiCl3 exists in four crystalline modifica-
tions, the α, β, δ, and γ forms, of which the β-modification has a linear (chain-like)
structure and the α, δ, and γ forms have a layered structure (10,11). The reaction
product of TiCl4 and AlR3 is β-TiCl3, which can be converted to the γ form by
heating. The latter catalyst has much higher stereoregulating ability in propy-
lene polymerization, while β-TiCl3 is an effective catalyst for the production of
cis-1,4-polyisoprene. α-TiCl3 can be prepared by reduction of TiCl4 with hydro-
gen or with aluminum powder. The δ form can be prepared by prolonged grinding
of γ - or α-TiCl3 and has a more disordered structure as a result of sliding of Cl–
Ti–Cl triple layers during mechanical activation (12).

The first-generation Ziegler–Natta catalysts used in early manufacturing
processes for polypropylene (PP) comprised TiCl3 and cocrystallized AlCl3, re-
sulting from reduction of TiCl4 with Al or an aluminum alkyl. The cocatalyst
used in the polymerization process was Al(C2H5)2Cl (DEAC). Catalyst activity
was relatively low, giving polymer yields of around 1 kg PP/g cat., necessitating
removal (deashing) of catalyst residues from the polymer. In many cases, extrac-
tive removal of atactic polymer was also required.

Other Early Developments. In addition to the breakthrough by Ziegler,
two other discoveries of ethylene polymerization catalysts were made in the
early 1950s. A patent by Standard Oil of Indiana, filed in 1951, disclosed re-
duced molybdenum oxide or cobalt molybdate on alumina (13). At the same time,
Phillips discovered supported chromium oxide catalysts, prepared by impregna-
tion of a silica–alumina support with CrO3 (14–16). Both the Phillips catalyst
and titanium chloride based Ziegler catalysts are widely used in the production
of high density polyethylene (HDPE).

The various discoveries made independently by different industrial research
groups in the early 1950s resulted in intensive patent litigations (8,17,18), which
in the case of PP continued up to the 1980s, when a composition of matter
patent on PP was awarded in the United States to Phillips, because a frac-
tion of crystalline PP was found to be present in a polymer prepared using a
CrO3/Al2O3/SiO2 catalyst (19). However, despite the importance of the Phillips
catalyst for HDPE, it was unsuitable for PP, which is produced entirely using
Ziegler–Natta catalysts and (to a much smaller extent) metallocene-based cata-
lysts.

Second-Generation Catalysts. In the 1970s, an improved TiCl3 cata-
lyst for PP was developed by Solvay (20). Catalyst preparation involved reduc-
tion of TiCl4 using DEAC, followed by treatment with an ether and TiCl4. The
ether treatment results in removal of AlCl3 from TiCl3 · nAlCl3, while treatment
with TiCl4 effects a phase transformation from β- to δ-TiCl3 at a relatively mild
temperature (<100◦C) (21). Using catalysts of this type, it was possible to obtain
PP yields in the range 5–20 kg/g cat. in 1–4 h of polymerization in liquid monomer
(22). Commercial implementation of second-generation catalysts was, however,



506 ZIEGLER–NATTA CATALYSTS Vol. 15

TiCl

R

Cl
Cl

Cl

TiCl

R

Cl
Cl

Cl CH2

CH2

Ti CH2-CH2-RCl

Cl
Cl

Cl

TiCl

Cl
Cl

Cl
CH2

R CH2

Fig. 1. Cossee–Arlman mechanism for polymerization.
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Fig. 2. Chain transfer in ethylene polymerization.

overshadowed by the advent of third- and later-generation magnesium chloride
supported catalysts (discussed under Ziegler–Natta Catalysts for Polypropylene).

Polymerization and Particle Growth

Polymer Chain Growth. The essential characteristic of Ziegler–Natta
catalysis is the polymerization of an olefin or diene using a combination of a
transition-metal compound and a base-metal alkyl cocatalyst, normally an alu-
minum alkyl. The function of the cocatalyst is to alkylate the transition metal,
generating a transition-metal–carbon bond. It is also essential that the active
center contains a coordination vacancy. Chain propagation takes place via the
Cossee–Arlman mechanism (23), in which coordination of the olefin at the vacant
coordination site is followed by chain migratory insertion into the metal–carbon
bond, as illustrated in Figure 1.

Regulation of polyolefin molecular weight is effected by the use of hydrogen
as chain-transfer agent. Chain transfer can also occur via β-hydrogen transfer
from the growing chain to the transition metal or to the monomer, and to a lesser
extent via alkyl exchange with the cocatalyst (Fig. 2).

In propylene polymerization using titanium chloride catalysts, chain prop-
agation takes place via primary (1,2-) insertion of the monomer. For isospecific
propagation, there must be only one coordination vacancy and the active site
must be chiral. Corradini and co-workers have demonstrated that the asymmetric
environment of the active site forces the growing chain to adopt a particular ori-
entation so as to minimize steric interactions with (chlorine) ligands present on
the catalyst surface (24). This in turn leads to one particular prochiral face of the
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Fig. 3. Model for stereospecific polymerization of propylene. The orientation of the grow-
ing chain is influenced by the chlorine atom marked with an asterisk.

incoming monomer being preferred, as illustrated in Figure 3, leading to isotactic
polymer.

An elegant demonstration of the above mechanism has been provided by
Zambelli and co-workers (25), who showed that the first insertion of propylene
into a Ti CH3 bond generated by chain transfer with Al alkyl using the sys-
tem TiCl3/Al(CH3)3 is not stereospecific, whereas the second insertion (ie into
Ti–isobutyl) is stereospecific. The importance of the combined effects of the steric
bulk of the Ti–alkyl group and the halide ligand is apparent from the very high
stereospecificity observed using TiI3 (26). Particularly high stereospecificity (but
low activity) was also found by Natta when TiCl3 was used in combination with
Al(C2H5)2I (27).

In contrast to the isospecific titanium-based catalysts, vanadium-based cat-
alysts give predominantly syndiotactic PP. At very low polymerization tempera-
ture (−78◦C), living polymerization can be obtained using homogeneous catalysts
obtained by reaction of a vanadium compound (eg VCl4 or a V(III) β-diketonate)
with R2AlCl (28,29). With these catalysts, syndiospecific propagation occurs via
secondary (2,1-) insertion of the monomer. The overall stereo- and regioregularity
of the polymer is poor, comprising not only syndiotactic blocks resulting from sec-
ondary insertions but also short, atactic blocks arising from sequences of primary
insertions. This polymer has not been developed commercially, but vanadium cat-
alysts are used in ethylene (co)polymerization (outlined under Ziegler–Natta Cat-
alysts for Ethylene (Co)polymerization). Cs-symmetric metallocene catalysts (30)
have been developed for the production of syndiotactic polypropylene having sig-
nificantly higher chain regularity.

Polymer Particle Growth. A very important feature of any heteroge-
neous catalyst used in slurry and gas-phase processes for polyolefin production
is particle morphology. Heterogeneous Ziegler–Natta catalysts are microporous
solids, with particle sizes typically in the range 10–100 µm. Each particle com-
prises millions of primary crystallites with sizes of up to about 15 nm. On con-
tacting the catalyst components, at the start of polymerization, cocatalyst and
monomer diffuse through the catalyst particle and polymerization takes place on
the surface of each primary crystallite within the particle. As solid, crystalline
polymer is formed, the primary crystallites are pushed apart as the particle
grows, analogous to the expanding universe. The particle shape is retained, and
this phenomenon is therefore referred to as replication (Fig. 4). Ideally, the cat-
alyst particle should have spherical morphology and controllable porosity. It is
important that the mechanical strength of the catalyst is high enough to prevent
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Fig. 4. “Replication” phenomenon during polymerization.

disintegration but low enough to allow progressive expansion as polymerization
proceeds (31). Further implications of particle morphology and porosity are dis-
cussed under Ziegler–Natta Catalysts for Ethylene (Co)polymerization and also
under Reactor Granule Technology.

Ziegler–Natta Catalysts for Ethylene (Co)polymerization

Ziegler–Natta catalysts are widely used in the production of high density and
linear low density polyethylene (HDPE and LLDPE). More than half the world
production of HDPE is based on Ziegler–Natta catalysts, chromium catalysts
also being widely used. Less than 1% of HDPE production utilizes metallocene
or other single-site catalysts. In LLDPE production, Ziegler–Natta catalysts oc-
cupy a dominant position, accounting for more than 90% of the total production.
Single-site catalysts currently account for less than 10% of this market, but in-
creased use of such catalysts is expected throughout the next decade.

The most important titanium-based catalysts for HDPE and LLDPE are
those comprising a titanium component on magnesium chloride or on a magne-
sium chloride containing support. Toward the end of the 1960s, catalysts obtained
by reaction of TiCl4 or a derivative thereof with a magnesium compound such as
Mg(OH)Cl, Mg(OH)2, or MgCl2 were found to give very high activity in ethylene
polymerization, eliminating the need for deashing of the polymer (31,32). The
most effective support was found to be active magnesium chloride, prepared by
co-milling of MgCl2 and titanium halides or by chlorination of organomagnesium
compounds (32). Numerous catalyst systems and methods of preparation have
been disclosed (33), and the characteristics of magnesium chloride as a support
for Ziegler–Natta catalysts are discussed in depth under Ziegler–Natta Catalysts
for Polypropylene. Magnesium chloride can also be used in combination with a
silica support, for example by impregnation of the porous support with a solution
of MgCl2 and TiCl4 in tetrahydrofuran (34).

An important manufacturing process for HDPE that makes use of high
mileage catalysts is the cascade process, in which polymerization reactors in
series are used to give reactor blends with improved properties for film and
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pipe applications (35). Broad molecular weight distribution (MWD) can be ob-
tained by the use of different hydrogen concentrations in each reactor. In addi-
tion, the process can be designed to give low molecular weight homopolymer in
the first reactor and a high molecular weight copolymer in the second. The high
molecular weight copolymer chains function as tie molecules linking the crys-
talline, homopolymer domains, thereby leading to high stress crack resistance
of the polymer. This process allows an “inverse” comonomer distribution to be
obtained, in the sense that the comonomer is in the high molecular weight frac-
tion, counteracting the general tendency of Ziegler–Natta catalysts to incorpo-
rate the comonomer mainly in the low molecular weight chains. The latter fea-
ture is an important consideration in Ziegler–Natta catalyst design for LLDPE.
Comonomer incorporation is highest at the most open catalytic centers, whereas
sterically hindered centers will tend to give polyethylene chains with little or no
comonomer. The best catalysts for LLDPE are therefore those that have relatively
uniform active center distribution, lacking excessively hindered or unhindered
active sites.

Vanadium catalysts have also been developed for polyethylene and ethylene-
based copolymers, particularly ethylene–propylene–diene rubbers (EPDM). Ho-
mogeneous (soluble) vanadium catalysts produce relatively narrow MWD
polyethylene, whereas supported vandium catalysts give broad MWD (36). Poly-
merization activity is strongly enhanced by the use of a halogenated hydrocarbon
as promoter in combination with a vanadium catalyst and aluminum alkyl cocat-
alyst (36,37).

Ethylene polymerization, in contrast to the polymerization of propylene and
other alpha-olefins, is often affected by diffusion limitations, which occur if the
monomer reactivity in polymerization is high relative to diffusivity through the
catalyst particle. This can result in the formation of an “onion” particle structure
as polymerization first takes place at the external surface of the particle, particle
growth occurring step by step as the monomer reaches the inner parts of the
catalyst particle. This mechanism of particle growth is associated with a kinetic
profile in which an initial induction period is followed by an acceleration period,
after which, in the absence of chemical deactivation, a stationary rate is obtained.

Ziegler–Natta Catalysts for Polypropylene

Worldwide manufacture of PP, currently around 30 million tons per annum, is
dominated by high activity MgCl2-supported Ziegler–Natta catalysts. The first-
and second-generation TiCl3 catalysts have all but disappeared, and the recently
developed metallocene catalysts still account for less than 1% of all PP produced,
although they are likely to grow in importance. The development and imple-
mentation of MgCl2-supported catalysts in bulk (liquid monomer) and gas-phase
processes has led to the advent of simple, low-cost (nondeashing, nonextracting)
manufacturing processes for PP (18).

The basis for the development of the high activity supported catalysts lay
in the discovery, in the late 1960s, of “activated” MgCl2 able to support TiCl4
and give high catalyst activity, and the subsequent discovery, in the mid-1970s,
of electron donors (Lewis bases) capable of increasing the stereospecificity of the
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catalyst so that (highly) isotactic PP could be obtained (32,38,39). A further fea-
ture that has contributed greatly to the commercial success of MgCl2-supported
catalysts is the development of spherical catalysts with controlled particle size
and porosity (40), which not only replicate their morphology during polymeriza-
tion as the polymer particle grows, but which have now opened the way to a broad
range of homo- and copolymers and multiphase polymer alloys via what has been
termed Reactor Granule Technology (41).

Catalyst Structure and Composition. In the early stages of MgCl2-
supported catalyst development, activated magnesium chloride was prepared by
ball milling in the presence of ethyl benzoate, leading to the formation of very
small (≤3 nm thick) primary crystallites within each particle (21). Nowadays,
however, the activated support is prepared by chemical means such as complex
formation of MgCl2 and an alcohol or by reaction of a magnesium alkyl or alkoxide
with a chlorinating agent or TiCl4. Many of these approaches are also effective for
the preparation of catalysts having controlled particle size and morphology. For
example, the cooling of emulsions of molten MgCl2 · nC2H5OH in paraffin oil gives
almost perfectly spherical supports, which are then converted into the catalysts
(18). A typical catalyst preparation involves reaction of the MgCl2 · nC2H5OH
support with excess TiCl4 in the presence of an “internal” electron donor. Temper-
atures of at least 80◦C and at least two TiCl4 treatment steps are normally used,
in order to obtain high performance catalysts in which the titanium is mainly
present as TiCl4 rather than the TiCl3OC2H5 generated in the initial reaction
with the support. Catalysts obtained via chemical routes generally have a BET
surface area of around 300 m2/g and pore volumes in the range 0.3–0.4 cm3/g (18).

High activity Ziegler–Natta catalysts comprising MgCl2, TiCl4, and an in-
ternal donor are typically used in combination with an aluminum alkyl cocat-
alyst such as Al(C2H5)3 and an “external” electron donor added in polymeriza-
tion. The first catalyst systems containing ethyl benzoate as internal donor were
used in combination with a second aromatic ester such as methyl p-toluate as
external donor (39). These were followed by catalysts containing a diester (eg
diisobutyl phthalate) as internal donor, used in combination with an alkoxysi-
lane external donor of type RR′Si(OCH3)2 or RSi(OCH3)3 (42). The combina-
tion MgCl2/TiCl4/phthalate ester–AlR3–alkoxysilane is currently the most widely
used catalyst system in PP manufacture. The most effective alkoxysilane donors
for high isospecificity are methoxysilanes containing relatively bulky alkyl groups
branched at the position alpha to the silicon atom (43–46). Typical examples in-
clude cyclohexyl(methyl)dimethoxysilane and dicyclopentyldimethoxysilane (47).
Of these, the latter gives particularly high stereospecificity (48) and broader
MWD (49). High PP stereoregularity and broad MWD have also been obtained
by the use of dimethoxysilanes containing polycyclic amino groups (50,51).

The function of the internal donor in MgCl2-supported catalysts is twofold.
One function is to stabilize small primary crystallites of magnesium chloride;
the other is to control the amount and distribution of TiCl4 in the final catalyst.
Activated magnesium chloride has a disordered structure comprising very small
lamellae. Giannini (32) has indicated that, on preferential lateral cleavage sur-
faces, the magnesium atoms are coordinated with four or five chlorine atoms, as
opposed to six chlorine atoms in the bulk of the crystal. These lateral cuts corre-
spond to (110) and (100) faces of MgCl2, as shown in Figure 5.
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Fig. 5. Model of a MgCl2 layer showing the (100) and (110) lateral cuts. Based on Ref. 31.

Fig. 6. Model showing dimeric and monomeric Ti species on a (100) lateral cut of MgCl2.
Based on Ref. 31.

It has been proposed that bridged, dinuclear Ti2Cl8 species can coordinate
to the (100) face of MgCl2 and give rise to the formation of chiral, isospecific active
species (Fig. 6), it being pointed out that Ti2Cl6 species formed by reduction on
contact with Al(C2H5)3 would resemble analogous species in TiCl3 catalysts (52,
53). Accordingly, it has been suggested (18) that a possible function of the internal
donor is preferential coordination on the more acidic (110) face of MgCl2, such
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that this face is prevailingly occupied by donor and the (100) face is prevailingly
occupied by Ti2Cl8 dimers.

Analytical studies (54) have indicated that a monoester internal donor such
as ethyl benzoate is coordinated to MgCl2 and not to TiCl4. In the search for
donors giving catalysts having improved performance, it was considered (55) that
bidentate donors should be able to form strong chelating complexes with tetraco-
ordinate Mg atoms on the (110) face of MgCl2, or binuclear complexes with two
pentacoordinate Mg atoms on the (100) face. This led to the development of the
MgCl2/TiCl4/phthalate ester catalysts, used as indicated above in combination
with an alkoxysilane as external donor. The requirement for an external donor
when using catalysts containing a benzoate or phthalate ester is due to the fact
that, when the catalyst is brought into contact with the cocatalyst, a large pro-
portion of the internal donor is lost as a result of alkylation and/or complexation
reactions. In the absence of an external donor, this leads to poor stereospecificity
because of increased mobility of the titanium species on the catalyst surface.
When the external donor is present, contact of the catalyst components leads
to replacement of the internal donor by the external donor, as has been shown
(56,57) with MgCl2/TiCl4/ethyl benzoate–Al(C2H5)3–methyl p-toluate and with
MgCl2/TiCl4/dibutyl phthalate–Al(C2H5)3–C6H5Si(OC2H5)3. The most active and
stereospecific systems were those which allowed the highest incorporation of ex-
ternal donor (58), the effectiveness of a catalyst system depending more on the
combination of donors rather than on the individual internal or external donor.
For example, the use of a monoester rather than an alkoxysilane as external
donor with a phthalate-containing system is ineffective (59), as in this case very
little of the external donor is adsorbed (58). Further studies (60,61) showed that
a phthalate-containing catalyst adsorbed alkoxysilanes to a greater extent than
a catalyst without internal donor.

Recently, research on MgCl2-supported catalysts has led to systems not re-
quiring the use of an external donor. This required the identification of biden-
tate internal donors that not only had the right oxygen–oxygen distance for ef-
fective coordination with MgCl2 but that, unlike phthalate esters, were not re-
moved from the support on contact with Al(C2H5)3 and that were unreactive
with TiCl4 during catalyst preparation. It was found (55,62–64) that certain
2,2-disubstituted 1,3-dimethoxypropanes met all these criteria. The best perfor-
mance was obtained when bulky substituents in the 2-position resulted in the
diether having a most probable conformation (65) with an oxygen–oxygen dis-
tance in the range 2.8–3.2 Å. The successive “generations” of high activity MgCl2-
supported catalyst systems for PP are summarized below:

(1) MgCl2/TiCl4/ethyl benzoate–AlR3–aromatic ester
(2) MgCl2/TiCl4/phthalate ester–AlR3–alkoxysilane
(3) MgCl2/TiCl4/diether–AlR3

Catalyst performance has improved considerably with each generation. The
PP yield obtained under typical polymerization conditions (liquid monomer, in
the presence of hydrogen, 70◦C, 1–2 h) has increased from 15–30 kg/g cat. for
the third-generation ethyl benzoate containing catalysts to 30–80 kg/g cat. for



Vol. 15 ZIEGLER–NATTA CATALYSTS 513

the fourth-generation phthalate-based catalysts. With the recently developed
fifth-generation catalysts containing a diether as internal donor, yields of 80–
160 kg/g cat. can be achieved. These different catalysts also display different
kinetic profiles in propylene polymerization. The catalysts containing a diether
as internal donor exhibit very stable activities during polymerization. A low
rate of catalyst decay during polymerization is also obtained with the cata-
lyst system MgCl2/TiCl4/phthalate ester–AlR3–alkoxysilane, whereas the system
MgCl2/TiCl4/ethyl benzoate–AlR3–aromatic ester has a very high initial polymer-
ization activity but also a high decay rate, limiting the final polymer yield. The
rapid decay in activity can at least partially be ascribed to the use of an ester as
external as well as internal donor, the ester being able to react with titanium–
hydrogen bonds formed in chain transfer with hydrogen, generating Ti O bonds
inactive for chain propagation (66).

Most recently, a further family of MgCl2-supported catalysts has been devel-
oped (67,68), in which the internal donor is a succinate rather than a phthalate
ester. As is the case with the phthalate-based catalysts, an alkoxysilane is used
as external donor. The essential difference between these catalysts is that the
succinate-based systems produce PP having much broader MWD (discussed un-
der Catalyst/Polymer Relationship).

Mechanistic Aspects. It is well established that effective external
donors not only increase the isotactic index of the polymer (the proportion of
polymer insoluble in boiling heptane or in xylene at 25◦C), but can also in-
crease in absolute terms the amount of isotactic polymer formed. This has been
demonstrated by Kashiwa (69) for the catalyst system MgCl2/TiCl4–Al(C2H5)3.
An increase in the molecular weight and stereoregularity of the isotactic frac-
tion was also noted. Similar trends are apparent with catalyst systems of type
MgCl2/TiCl4/phthalate ester–AlR3–alkoxysilane (70). Kakugo (71) has used elu-
tion fractionation to demonstrate that the external donor not only decreases “at-
actics” formation but also increases the degree of steric control at isospecific sites.
Soga has reported that an almost aspecific MgCl2/TiCl3 catalyst, with a very low
content of (probably isolated, monomeric) Ti species, could be rendered isospecific
by the addition of ethyl benzoate as external donor (72) or by using Cp2Ti(CH3)2
as cocatalyst (73). It was suggested (74) that in both cases aspecific sites having
two coordination vacancies could be converted to isospecific sites by blocking one
of the two vacancies.

A powerful technique to study the effects of electron donors on site selectiv-
ity in Ziegler–Natta catalysts is the determination of the stereoregularity of the
first insertion step in propylene polymerization. Sacchi and co-workers (60,75)
have investigated the effect of Lewis bases on the first-step stereoregularity re-
sulting from propylene insertion into a Ti C2H5 bond formed via chain transfer
with 13C-enriched Al(C2H5)3. First-step stereoregularity is particularly sensitive
to the steric environment of the active center, because the stereospecificity of the
first monomer insertion is always lower than that of the following propagation
steps. For example, with a MgCl2/TiCl4/diisobutyl phthalate catalyst it was found
(60) that the mole fraction of erythro (isotactic) placement in the isotactic poly-
mer fraction was 0.67 with no external donor, 0.82 with CH3Si(OC2H5)3, and 0.92
with C6H5(OC2H5)3. It could be concluded that the alkoxysilane external donor
was present in the environment of at least part of the isospecific centers (Fig. 7).
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Fig. 7. Erythro (isotactic) and threo (syndiotactic) placement resulting from insertion
into a Ti–ethyl unit.

Subsequent studies (76,77) indicated that similar considerations apply to diether
donors.

Recently, significant advances have been made in understanding the funda-
mental factors determining the performance of state-of-the-art MgCl2-supported
catalysts. Studies by Busico and co-workers (78) have shown that the chain irreg-
ularities in isotactic PP prepared using heterogeneous catalysts are not randomly
distributed along the chain but are clustered. The chain can therefore contain, in
addition to highly isotactic blocks, sequences that can be attributed to weakly iso-
tactic (isotactoid) and to syndiotactic (syndiotactoid) blocks. This implies that the
active site can isomerize very rapidly (during the growth time of a single poly-
mer chain, ie in less than a second) between three different propagating species.
The same sequences are present, but in different amounts, in both the soluble
and the insoluble fractions. The polymer can therefore be considered to have a
stereoblock structure in which highly isotactic sequences alternate with defective
isotactoid and with syndiotactoid sequences. A mechanistic model has been for-
mulated in which the relative contributions of these sequences can be related to
site transformations involving the presence or absence of steric hindrance in the
vicinity of the active species. 13C NMR studies have indicated (79) the presence
of C1-symmetric active species in MgCl2-supported catalysts, with a mechanism
of isotactic propagation which is analogous to that for certain C1-symmetric met-
allocenes, in the sense that propylene insertion at a highly enantioselective site
tends to be followed by chain “back-skip” rather than a less regio- and stereose-
lective insertion when the chain is in the coordination position previously occu-
pied by the monomer. The probability of chain “back-skip” will increase with de-
creasing monomer concentration, and it has indeed been confirmed that increased
polymer isotacticity is obtained at low monomer concentration. It is proposed (78)
that a (temporary) loss of steric hindrance from one side of an active species with
local C2-symmetry, giving a C1-symmetric species, may result in a transition from
highly isospecific to moderately isospecific propagation. Loss of steric hindrance
on both sides can lead to syndiospecific propagation in which chain-end control
becomes operative. The model is illustrated in Figure 8.

If it is considered that the steric hindrance in the vicinity of the active
species can result from the presence of a donor molecule, and that the coordina-
tion of such a donor is reversible, the above model provides us with an explanation
for the fact that strongly coordinating, stereorigid donors typically give stereo-
regular polymers in which the highly isotactic sequences predominate. Several
types of active species in which the presence of a donor in the vicinity of the ac-
tive Ti atom is necessary for high isospecificity have been proposed (80), although
the exact structure of the active species is still by no means resolved. Isospecific
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Fig. 8. Model of possible active species for (a) highly isotactic, (b) isotactoid, and (c)
syndiotactic propagation (78).

active species not requiring the presence of a donor for high stereospecificity have
also been proposed (81).

In PP production, hydrogen is used as a chain-transfer agent for polymer
molecular weight (melt-flow rate) control. The effect of hydrogen (concentration)
on polymer molecular weight is dependent on the catalyst system. An advantage
of catalysts containing a diether donor, in addition to very high activity, is high
sensitivity to hydrogen, so that relatively little hydrogen is required for molecular
weight control. This effect can be ascribed to chain transfer after the occasional
secondary (2,1-) rather than the usual primary (1,2-) insertion, a 2,1-insertion
slowing down a subsequent monomer insertion and therefore increasing the prob-
ability of chain transfer (82). Reactivation of “dormant” (2,1-inserted) species via
chain transfer with hydrogen also explains the frequently observed activating ef-
fect of hydrogen in propylene polymerization, giving yields which may be around
three times those observed in the complete absence of hydrogen. These conclu-
sions have been based on the 13C NMR determination of the relative proportions
of i-C4H9 and n-C4H9 terminated chains, resulting from chain transfer with hy-
drogen after primary and secondary insertion respectively:

Ti CH2 CH(CH3) [CH2 CH(CH3)]nPr + H2 → Ti H + i−C4H9 CH(CH3)[CH2(CH3)]n− 1Pr

Ti CH(CH3) CH2 [CH2 CH(CH3)]nPr + H2 → Ti H + n−C4H9 CH(CH3)[CH2(CH3)]n− 1Pr

Other studies have demonstrated that chain transfer is dependent not only
on regio- but also on stereoselectivity (48). This is in keeping with the ten-
dency that, with catalyst systems of type MgCl2/TiCl4/phthalate ester–AlR3–
alkoxysilane, the silanes that give the most stereoregular isotactic polymer also
give relatively low hydrogen response.

Catalyst/Polymer Relationship. By varying the catalyst composition,
and in particular the nature of the electron donors (esters, silanes, diethers)
present in the catalyst system, it is possible to control the PP tacticity, molec-
ular weight, and MWD to produce a range of polymers having the processing and
end-use properties required for very different applications. Ziegler–Natta cat-
alysts typically give broader MWDs than are obtained with homogeneous
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(metallocene) catalysts. This is because Ziegler–Natta catalysts contain a range of
different active centers, each center giving different relative rates of chain propa-
gation and chain transfer. Each individual site produces a Schulz–Flory distribu-
tion with Mw/Mn = 2 and Mz/Mw = 1.5, and the overall polymer MWD represents
a combination of these individual distributions. The dominant effect of active cen-
ter distribution has been demonstrated by the use of stopped-flow polymerization
(83), where the polymer MWD was shown to be unaffected by the polymeriza-
tion time. Stopped-flow polymerization has also been used to determine active
site concentration (C∗) and propagation rate constants, kp. For MgCl2-supported
catalysts, C∗ values of around 4% (of total Ti present) have been obtained from
stopped-flow experiments (84). C∗ values obtained by other techniques, notably
14CO quenching of propylene polymerization, have ranged from 1% or less (85)
to more than 20% (86). Clearly, there are large differences in C∗ values obtained
by different groups, but it is consistently found that the major proportion of the
Ti present in Ziegler–Natta catalysts is inactive. The kp values for isospecific ac-
tive sites are around an order of magnitude greater than those for weakly specific
sites (85,86). The value of kp increases significantly in the presence of hydrogen
(87), in accordance with the reactivation of “dormant” (2,1-inserted) centers by
chain transfer.

Recent work by Terano and co-workers (88) has shown that, under stopped-
flow conditions, hydrogen is only effective as chain-transfer agent when cata-
lyst and cocatalyst have been precontacted. These and subsequent (89,90) results
indicated that effective chain transfer with hydrogen requires the presence of
species able to promote the dissociation of H2 to atomic hydrogen.

The donors present in the catalyst system play an active role in the forma-
tion or modification of isospecific sites, and the polymer MWD depends on the
relative contribution and hydrogen response (ie sensitivity to chain transfer with
hydrogen) of each type of active site. The incorporation of an external donor into
the catalyst system generally leads to an increase in molecular weight, the mag-
nitude of the MW increase depending on the nature of the donor. The character-
istics of different catalyst systems with regard to PP MWD are as follows (68):

Internal donor External donor Mw/Mn

Diether — 5–5.5
Phthalate Alkoxysilane 6.5–8
Succinate Alkoxysilane 10–15

It can be seen that the diether-based catalysts give relatively narrow MWD.
A narrow MWD, and relatively low molecular weight, is advantageous in fiber
spinning applications. In contrast, extrusion of pipes and thick sheets requires
high melt strength, and therefore relatively high molecular weight and broad
MWD. A broad MWD, along with high isotactic stereoregularity, is also benefi-
cial for high crystallinity and therefore high rigidity. The new succinate-based
catalysts enable very broad MWD PP homopolymers to be produced in a single
reactor and are also of interest for the production of heterophasic copolymers
having an improved balance of stiffness and impact strength, taking into account
that the incorporation of a rubbery (ethylene/propylene) copolymer phase into a
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PP homopolymer matrix increases impact strength but leads at the same time to
decreased stiffness.

The relatively narrow PP molecular weight distributions obtained using
diether-based catalysts can be attributed to the fact that in these systems even
the most highly stereospecific active sites are not totally regiospecific. A propor-
tion of approximately one secondary insertion for every 2000 primary insertions
at highly isospecific sites has been noted for the system MgCl2/TiCl4/diether–AlR3
(82). The probability of chain transfer with hydrogen after a secondary insertion
is such that this is sufficient to prevent the formation of very high molecular
weight chains, taking into account that the highest molecular weight fraction
of the polymer is formed on the active species having the highest isospecificity.
The broader MWDs obtained with catalysts containing ester internal donors are
likely to be due to the presence of (some) isospecific active sites having very high
regiospecificity and therefore lower hydrogen sensitivity. Such results illustrate
the profound effect of catalyst regio- and stereospecificity distribution on both
molecular weight control and polymer MWD and properties.

Reactor Granule Technology. As indicated in the section Polymer Par-
ticle Growth, particle morphology and porosity are very important features of a
Ziegler–Natta catalyst used in modern bulk (liquid monomer or gas-phase) poly-
merization processes. Under appropriate polymerization conditions, polymer par-
ticles can be obtained that have an internal morphology that can range from a
compact to a porous structure (91). In what is termed Reactor Granule Technol-
ogy (RGT), porous polymer particles can be produced, which can then function as
a microreactor for the polymerization of other monomers within the solid matrix.
A polypropylene skin encloses the second polymer phase, thereby preventing co-
alescence of particles in which the second phase is an amorphous, low-melting
material (92). RGT has been defined as “controlled, reproducible polymeriza-
tion of olefinic monomers on an active MgCl2-supported catalyst, to give a grow-
ing, spherical granule that provides a porous reaction bed within which other
monomers can be introduced and polymerized to form a polyolefin alloy” (93).

Today, RGT is able to provide products ranging from superstiff, high fluid-
ity PP homopolymers to stiff/impact or clear/impact heterophasic copolymers and
supersoft alloys, produced using the Catalloy process (31,68). The feasibility of
producing heterophasic alloys containing up to 70% of multimonomer copolymers
arises from the use of a controlled porosity catalyst and the ability to control the
porosity of the growing polymer particle during the early stages of polymeriza-
tion. Prepolymerization is applied to give the particles sufficient heat capacity to
withstand injection into a gas-phase polymerization step.

Several models have been put forward to explain the mechanism of particle
growth during polymerization. One of the most popular models is the “multigrain
model,” put forward by Ray and co-workers (94), in which the monomer diffuses
into the catalyst macroparticle and polymerizes on the surface of the micropar-
ticles within, causing the macroparticle to expand progressively as polymeriza-
tion proceeds. An investigation by Kakugo and co-workers (95) of nascent poly-
mer morphology obtained using a TiCl3 catalyst showed that the polymer par-
ticle comprised numerous globules, each of which contained some tens of much
smaller primary particles. Recently, a model for particle growth with MgCl2-
supported catalysts has been proposed by Cecchin (68,96), who has also provided
evidence for polymer “subglobule” formation within the growing particle. Again,
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Polymer grain Polymer
subglobule

Fig. 9. Particle growth model for propylene polymerization with a MgCl2-supported cat-
alyst (96).

these subglobules originate from clusters of primary crystallites, but the crys-
tallites themselves are pushed to the surface of each subglobule as the polymer
forms. This model, illustrated in Figure 9, explains the fact that, in the prepa-
ration of heterophasic copolymers via propylene homopolymerization followed by
ethylene/propylene copolymerization, the rubbery ethylene/propylene copolymer
is formed at the surface of the homopolymer subglobules, gradually filling up the
pores within the particle. Clearly, the higher the porosity of the homopolymer ma-
trix, the greater the proportion of (rubbery) copolymer that can be incorporated
into the particle without running into problems of stickiness if the rubber phase
blooms to the surface. Evidence for drifting of catalyst microparticles to the sur-
face of polymer (sub)globules has been provided by scanning electron microscopy
studies of prepolymerized catalyst particles (97).

Polymerization of Other Monomers Using Ziegler–Natta Catalysts

In addition to their widespread use in the production of polyethylene and
polypropylene, Ziegler–Natta catalysts play an important role in the production
of poly-1-butene and are also widely used in the manufacture of synthetic rubbers
such as cis-1,4-polybutadiene and cis-1,4-polyisoprene, the synthetic equivalent
of natural rubber. Ziegler–Natta catalysts for the manufacture of butadiene rub-
ber, based on titanium, cobalt, nickel, or neodymium systems, are described else-
where (see BUTADIENE POLYMERS). Isoprene rubber is produced using β-TiCl3 (98),
typically prepared by reaction of approximately equimolar quantities of TiCl4 and
Al-i-(C4H9)3 in the presence of a small quantity of an ether. Increased catalyst
activity can be obtained by incorporation of a sterically hindered phenoxyalu-
minum cocatalyst component (99). The latter component also gives increased ac-
tivity in propene polymerization using TiCl3 (100); in both cases the improvement
in catalyst performance can be attributed to selective complexation of the catalyst
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poison RAlCl2. In addition to aluminum alkyls, poly(N-alkylaluminoxanes) have
been found to be effective cocatalysts in isoprene polymerization (101). These
components have cage structures (eg [HAlN-i-C3H7]6) in which both Al and N
atoms are tetracoordinated (102).

Cis-1,4-polymerization of conjugated dienes requires the presence of two co-
ordination vacancies on the transition-metal atom, allowing bidentate coordina-
tion of the diene. β-TiCl3 has a fiber-like structure in which the titanium atoms in
the lattice are octahedrally coordinated to six chlorine atoms. The terminal tita-
nium atoms are, however, incompletely coordinated and are linked to four or five
chlorine atoms. Alkylation of the tetracoordinated titanium atoms will generate
the double-vacancy species active in isoprene polymerization. Stereospecificity in
diene polymerization can change dramatically if one of the coordination vacan-
cies is blocked by a Lewis base. An interesting illustration of this (103) is that the
addition of an external donor in isoprene polymerization with TiCl4–Al(C2H5)3
or MgCl2/TiCl4–Al(C2H5)3 changes the catalyst stereospecificity to give mainly
trans-1,4- rather than cis-1,4-polyisoprene. At the same time, a notable increase
in isospecificity in propylene polymerization is observed.

TiCl3-based and MgCl2-supported catalysts have been developed for the pro-
duction of poly-1-butene. TiCl3 catalysts are used with dialkylaluminum halide
cocatalysts, Al(C2H5)2I giving higher isotacticity than Al(C2H5)2Cl (104). Very
high isotacticity has been obtained using TiCl3 in combination with Cp2Ti(CH3)2
(105). Much higher polymerization activity, as well as high isotacticity and broad
MWD, is obtained using MgCl2-supported catalysts, for example the catalyst sys-
tem MgCl2/TiCl4/diisobutyl phthalate–Al(C2H5)3–alkoxysilane (106).

Ziegler–Natta catalysts have also been developed for the polymerization of
4-methyl-1-pentene (107) and higher alpha-olefins. Polymerization activity de-
creases with increasing steric bulk of the monomer. For example, with the cat-
alyst system MgCl2/TiCl4/ethyl benzoate–Al(C2H5)3–ethyl benzoate the relative
activities in propylene, 1-butene, and 4-methyl-1-pentene polymerization were
100:80:15 (108). For catalyst systems of type MgCl2/TiCl4/phthalate ester–AlR3–
alkoxysilane, the type of silane required is dependent on the steric bulk of the
monomer. An active center having high stereospecificity in propylene polymer-
ization may be too sterically hindered for effective polymerization of a bulkier
monomer, propylene/1-butene copolymerization studies having shown (109) that
the incorporation of 1-butene into the polymer chain decreases with increasing
site stereospecificity. This phenomenon is also illustrated by the fact that non-
bulky alkoxysilanes such as (CH3)3SiOCH3 are effective donors in 4-methyl-1-
pentene polymerization (110), whereas such donors are relatively ineffective in
propylene polymerization.

Concluding Remarks

The dominant position of Ziegler–Natta catalysts in the manufacture of poly-
olefins, in particular PP, is likely to continue for a considerable length of time,
despite the many developments taking place in the field of metallocene and other
single-site catalysis. Indeed, the range of polymer types and grades is so varied
that there is ample scope for further development and implementation of both
Ziegler–Natta and single-site catalysts.
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It will be clear that the composition and characteristics of a Ziegler–Natta
catalyst must be tailored such that the required polymer molecular structure and
properties are obtained. Different catalysts are required for different polymer ap-
plications, and the recent development and implementation of MgCl2-supported
catalysts containing diether and succinate donors, for the production of narrow
and broad MWD PP respectively, illustrates the ongoing activity in Ziegler–Natta
catalyst research. The ability to control catalyst particle size, morphology, and
porosity has allowed the development of advanced and versatile polymerization
process technologies, so that the characteristics of the catalyst can be tuned to
both process and product requirements.

Ziegler–Natta catalysts are complex systems and are still by no means fully
understood, but significant advances in basic understanding have recently been
made. This will continue, with both experimental and molecular modeling studies
providing additional mechanistic insight, which in turn can be applied in the
further development and implementation of these catalysts.
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ZWITTERIONIC POLYMERIZATION

Introduction

Zwitterionic polymerization is defined (1–4) as an ionic polymerization (or copoly-
merization) in which both cationic and anionic sites are located at each of the two
chain ends of one propagating species (1).

It is assumed that the zwitterionic propagating species in the reaction mix-
ture takes an intramolecular cyc1ic form (2) or a form of intermolecular associa-
tion (3).

There are two possibilities for the propagating reactivities of the cationic
and anionic sites. In the first case, propagation takes place at only one site, either
cationic or anionic. In the second case, propagation is achieved by the cation–
anion reaction between two zwitterions. It is often that these two patters take
place simultaneously. There is an additional pattern that zwitterion is formed
to activate a monomer successively. The types of monomers involved in zwitteri-
onic polymerization include polar olefinic, heterocyclic, and divalent carbon group
element compounds.

The category of spontaneous polymerization covers the wider range of com-
binations of donor and acceptor monomers, since it involves not only the zwitte-
rion but also the biradical mechanisms (5). It is sometimes difficult to distinguish
between these two mechanisms.

Propagation via One Site

An initiating zwitterion, (4) or (5), is generated by the reaction between the ini-
tiator and monomer (eqs. 1 and 2). In the zwitterion (4) (eq. 1), only the anionic
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site is directly involved in causing anionic propagation (eq. 3). The zwitterion (5)
(eq. 2), on the other hand, causes cationic propagation (eq. 4).

(1)

(2)

(3)

(4)

Propagation via the Anionic Site. Vinyl monomers having electron-
withdrawing substituents, such as acrylonitrile (6–10), methacylonitrile (11),(12),
nitroethylene (13),(14), 2,4,6-trinitrostyrene (15), methylenemalonate (16),(17),
and α-cyanoacrylate (18–21), have been polymerized by phosphine, phosphite,
and tertiaryamine initiators; for example

In some of these polymerization systems, mechanisms of propagation via the
anionic site of zwitterions have been established. The cationic sites of these zwit-
terions are phosphonium or quaternary ammonium structures that do not add to
the monomer. Poly(ethylene oxide) end-functionalized with a triphenylphosphine
group acts as the macroinitiator for the polymerization of α-cyanoacrylate to yield
the block copolymer (Mn = 10,000–20,000) (22).

The polymerization of the less electron-deficient olefin, that is, methyl
methacrylate (MMA), requires sterically hindered aluminum Lewis acid as the
monomer activator in the combination with enamine (Mn < 16,000, Mw/Mn =
1.2–1.9) or phosphine (Mn < 40,000, Mw/Mn = 1.4–2.3) as the initiator (23,24a).
N-Heterocyclic carbene (NHC) initiates the anionic addition polymerization of
not only exomethylene lactone (Mn < 90,000, Mw/Mn = 1.5–2.1), which is more re-
active, but also MMA in dimethylformamide as the crucial solvent (Mn = 33,000,
Mw/Mn = 2.0) (24b). Equation 5 shows the polymerization mechanism involving
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the zwitterion.

(5)

Ring-opening polymerizations also take place via zwitterion mechanisms.
For the lactone monomer, tertiary amines are used as an initiator (25–27). An
ammonium carboxylate zwitterion (6) is the growing species (eq. 6).

(6)

When the initiator is a cyclic tertiary amine such as quinuclidine (7), N-
alkylaziridine, and N-methylazetidine, the ammonium site is no longer inac-
tive; that is, it participates in the ring-opening polymerization with the lactone
monomer to produce a copolymer. For example, a zwitterion (9) from (7) and pi-
valolactone (8) is responsible for the copolymerization (eq. 7) (28).

(7)
The reaction of equation 7 corresponds to the key step of “No Catalyst

Copolymerization via Zwitterion Intermediates” to be described later. As men-
tioned below in the section of Polymerization of Isolated Zwitterions, analogous
zwitterions having the quinuclidinium cation are isolated and polymerized.

Amino acid N-carboxyanhydride (NCA) shows various kinds of polymeriza-
tion mechanisms depending on the initiator. Sarcosine NCA with pyridine forms
the zwitterion, and there are two ways for the polymer formation (eq. 8) (29).
One is the chain growth where the anionic site attacks the NCA for the prop-
agation along with CO2 liberation, and the other is the step growth where the
reaction between the zwitterions takes place liberating pyridine and CO2. Under
the appropriate conditions, cyclic polysarcosine is almost exclusively produced by
the backbiting attack of the anionic site to the carbonyl group adjacent to the



Vol. 15 ZWITTERIONIC POLYMERIZATION 527

pyridinium cation in the macro zwitterion.

(8)

Analogous reactions are also proposed for the spontaneous polymerization
of sarcosine NCA without any additive in DMF, which promotes the zwitterionic
dissociation of NCA (29). Also in the thermal polymerizations of NCA as well as
dithiolane-2,4-dione, there are proposed the zwitterion intermediates generated
by the reactions between two monomer molecules (29).

N-Heterocyclic carbenes (NHCs) initiate the ring-opening polymerizations
of ethylene oxide (30), propylene oxide (31), lactide (32), ε-caprolactone (33),
and N-alkylglycine N-carboxyanhydride (N-RNCA) (34). The polymerizations
of ethylene and propylene oxides show the living nature, producing α,ω-
heterodifunctionalized polymers (Mn < 13,000, Mw/Mn = 1.02–1.18) by the in
situ treatment with Nu-E (eq. 9) as well as forming the block copolymer with
ε-caprolactone by the sequential addition.

(9)

The cyclic polymers are exclusively obtained by the NHC-initiated poly-
merizations of lactide, ε-caprolactone, and N-RNCA. In a similar manner with
a scheme presented in equation 8, the propagation end of the alkoxy anion back-
bites the carbonyl group of the initiating end, giving high molecular weight
cyclic polylactide (Mn = 4200–15,000, Mw/Mn = 1.15–1.35) or poly(ε-caprolactone)
(Mn = 41,000–114,000, Mw/Mn = 1.4–2.2) and simultaneously releasing NHC.
On the other hand, the backbiting reaction in the polymerization of the cyclic
N-RNCA does not liberate NHC but produces cyclic poly(α-peptoide) incorpo-
rating the NHC residue (Mn = 3000–27,000, Mw/Mn = 1.04–1.12) (eq. 10). The
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treatment of this cyclic polymer with acetyl chloride gives the linear polymer,
whereas NHC residue is excluded from the cyclic polymer by the reaction with
sodium hexamethyldisilazide (34e). In addition, the living nature allows the
preparation of cyclic block copoly(α-peptoide) (34c, f).

(10)

DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) is also an effective initiator to pro-
duce cyclic polylactide (Mn = 32,000–53,000, Mw/Mn < 1.6) by the ring-opening
polymerization and the subsequent backbiting reaction (35). As mentioned above
from the old literature (eq. 6), amines are known to initiate the ring-opening
polymerization of lactone. Cyclic polyester may also be produced in these cases.
Recent progress in polymer structure analyses can make it possible to study that.
The one site propagation process from the zwitterion, which is generated by the
reaction of an initiator with a monomer, would be generally an effective tool to
prepare cyclic polymers.

Propagation via the Cationic Site. An example for a zwitterion mecha-
nism where a cationic site works for the propagation (eq. 4) is the polymerization
of trioxane with BF3 initiation, which may be shown as equation 11. The cation
produced by ring opening is stabilized by the resonance between two canonical
forms. The propagation is not simple, however, because the polyoxymethylene
cation at the growing end is in equilibrium with the significant concentration of
formaldehyde; that is, a formaldehyde monomer splits from the cationic growing
end (36).

(11)

Highly electron-deficient olefins such as tetracyanoethylene, dimethyl 2,2-
dicyanoethylene-1,l-dicarboxylate, and tetracyanoquinodimethane initiate the
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cationic polymerization of cyclohexene oxide (Mn < 17,000) (37) or of electron-
rich olefins such as N-vinylcarbazole and alkyl vinyl ether (38) by forming the
zwitterionic species (eq. 12). This topic is discussed again in the section No Cata-
lyst Copolymerization.

(12)

Monomer Activation

Some of ionic polymerizations proceed via the reaction of a neutral propagat-
ing end with an ionic species generated from monomer, that is, a monomer
activation mechanism. Zwitterion is one of such species (29,39). The typical
example is the ring-opening polymerization of lactide (LA) in the presence of
4-(dimethylamino)pyridine (DMAP) and alcohol (eq. 13) (40). LA is activated by
forming 4-(dimethylamino)pyridinium alkoxide in equilibrium and reacts with al-
cohol to give the insertion product into the RO H bond, releasing DMAP, which
activates another LA. The successive reactions of the zwitterion with the hy-
droxyl group at the polymer end give poly-LA (DPn < 120, Mw/Mn = 1.06–1.19).

(13)

Phosphine and NHC also conduct similar mechanisms for the polymeriza-
tion of LA and produce the well-defined linear polymer. In contrast, as mentioned
in the above section for NHC, cyclic poly-LA is obtained in the absence of alcohol.
In addition, it is noteworthy that NHC with alcohol performs the stereoselec-
tive polymerizations of racemic and meso LA, respectively, at low temperatures.
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Racemic LA yields the stereoblock copolymer of L- and D-LA, whereas meso LA
yields heterotactic poly-LA (39). An analogous monomer activation mechanism is
also proposed for the NHC-catalyzed polymerizations of propylene oxide, cyclic
carbonate, and cyclic siloxane in the presence of alcohol or trimethylsilyl ether
(31,39).

Propagation by Cation–Anion Reactions

Polymerization of Isolated Zwitterions. A group of polymerizable zwit-
terions consisting of cyclic sulfonium cations and arene oxide anions has been
prepared and isolated; they polymerize on heating (Mn = 6300–46,000) (41–44).
For example,

The isolation of the above zwitterion is possible due to the decreased reac-
tivities (stabilization) of both cyclic sulfonium and phenoxide anions.

Several substituted phenoxides (41–43) and 4-naphthoxide (44) have been
employed as arene oxide anions.

A reaction similar to the above polymerization is the alternating copoly-
merization between benzene-1,4-diazo-oxide (10) and tetrahydrofuran (45,46), al-
though the zwitterion (11) directly involved in propagation is not isolated.

The combination of sulfonium naphthoxide with quinuclidine affords the
new zwitterion, quinuclidinium naphthoxide, which is isolable (eq. 14) (47).
The thermal polymerization yields the three-component polymer (Mn = 8,500–
13,000).
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(14)

Quinuclidinium carboxylate is also isolable, and its thermal polymerization
involves not only ring opening but also elimination reactions of the quinuclidine
moiety (Mn = 4,000–17,000) (48).

No Catalyst Copolymerization via Zwitterion Intermediates. A large
number of zwitterionic copolymerizations that proceed without any added cat-
alyst have been explored (1,4,49–57). A monomer having nucleophilic reactivity
MN is mixed with another monomer electrophilic reactivity ME to generate a zwit-
terion +MN – ME

− (12) called a genetic zwitterion, “Two molecules of (12) react
with each other to produce the first propagating zwitterion (“macrozwitterion”)
(13) that grows by successive reactions with (12).

(15)

(16)

(17)

As the reaction proceeds, the concentration of macrozwitterions of various
sizes (13) and (14) is increased and reactions among macrozwitterions take place
to increase the molecular weight sharply.

(18)
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Intramolecular cation–anion reactions in a single zwitterion sometimes oc-
cur to produce “macrocycles,” although this contribution is small or at least minor.
A series of the consecutive reactions, equations 15–18, leads to the formation of
so-called “1:1 alternating copolymers”. In addition to the above elementary reac-
tions, the reaction of a free monomer, MN or ME, with the ionic growing site of a
zwitterion may sometimes occur, disturbing the alternating arrangement of the
two monomeric units.

When the functional groups of the monomers are highly polarizable, dipole–
dipole reactions between two monomers occur, in preference to the ion–dipole
reactions between monomers and zwitterions, producing 1:1 alternating copoly-
merization.

On the basis of the above concept, many combinations of copolymeriza-
tions have been explored. A typical example is the copolymerization between
2-oxazoline (15) and β-propiolactone (16) (Mn = 1100–4000) (58), which pro-
ceeds at room temperature to produce an alternating copolymer (18) in an almost
quantitative yield. A zwitterion (17) is the key intermediate (eq. 19). Opening
of the oxazolinium ring by the nucleophilic attack of the carboxylate anion in
the reaction between zwitterion molecules is the elementary step of propagation
(eq. 20).

(19)

(20)

When the 15:16 feed ratio is less than 1.0, the composition of the product
copolymer is not 1:1. Homopropagation of 16 at the anionic site takes place to
produce a 16-rich copolymer. Copolymerizations of 2-oxazoline (MN) with other
substituted β-propiolactones have been found to proceed in a similar way (59,60).

Table 1 shows combinations between representative MN and ME. The char-
acteristics and scope of this copolymerization may be taken from the table.

Copolymerization of ME monomers of acrylic acid and acrylamide with some
MN monomers presented in Table 1 is of vital interest. Copolymerization (Mn <

13,000) between acrylic acid (19) and 2-oxazoline (15) proceeds through a genetic
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zwitterion (20) that is a tautomer of excluded 17 in the copolymerization between
2-oxazoline and β-propiolactone (see eq. 19). The addition of 15 to the electron-
deficient olefinic bond of acrylic acid produces a transient species that is quickly
converted by hydrogen transfer into a zwitterion (17). Since the key intermediate
is common to both copolymerizations of 15 + 16 and 15 + 19, the structures of
the product copolymers are identical.

The above scheme showing 15 + 19 copolymerization is supported by the
successful isolation of a zwitterion (21) in a related system of copolymerization.

Copolymerization (Mn < 1500) of acrylamide (22) with 2-oxazoline (15) takes
place similarly (70), that is, by the addition of 15 to the electron-deficient olefinic
bond of 22 followed by hydrogen transfer to form a transient species of 23. The
anionic site of 24 is of ambident character: The oxygen atom reacts.

Similar behavior of β-hydroxyethyl acrylate (25) as the ME monomer in the
copolymerization with 2-oxazoline (15) has been observed (Mn < 2400), that is
the addition of 15 to 25 followed by hydrogen transfer from the hydroxy group to
the enolate anion (71). An oxazolinium-alkoxide zwitterion (27) is the key inter-
mediate of copolymerization.
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Spontaneous copolymerization (Mn = 30,000, Mw/Mn = 3.0) between 2-
methyl-2-oxazoline and methyl maleate takes place, involving the proton trans-
fer process, at room temperature in DMF, whereas the zwitterion intermediate is
isolable in the reaction in acetone and characterized well (eq. 21) (76).

(21)

The cyclic trivalent phosphorus compound, 2-phenyl-1,3,2-
dioxaphospholane (28), has been successfully copolymerized with several
ME monomers such as β-propiolactone (16) (77), propanesulfolactone (78,79),
acrylic acid (19) (77), acrylamide (77), ethylenesulfonamide (79), alkyl acrylates
(81), vinyl ketones (81), β-hydroxyethyl acrylate (82), o- and p-formylbenzoic
acids (83,84), and vinylphosphonic acid (85) to give the corresponding 1:1
alternating copolymers (Mn < 4400). Copolymerization of 28 with 16 and with
19 gives copolymers of an identical structure (30), as explained in the following
by the common zwitterion (29).

Propagation proceeds by the nucleophilic attack of the carboxylate anion of
one zwitterion on the phosphonium ring of another zwitterion according to the
pattern of the Arbusov reaction.
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The trivalent phosphorus atom in the monomer (28) is converted into the
pentavalent state during the above examples of copolymerization. This is also
the case when the monomer (28) is copolymerized with other ME monomers.

The copolymerization of 28 with 19 takes place only at temperatures higher
than 100◦C (77). At room temperature, these two monomers yield a pentavalent
phosphorus compound of the spiro-ring structure (31) in an almost quantitative
yield (86). On heating, 31 polymerizes to 30. This result has been taken to support
the above scheme involving a zwitterion (29).

In the cases of combinations of 28 with the ME monomers acrylate and vinyl
ketone, the corresponding spiro-ring compounds (32) are formed instead of linear
polymers at lower temperatures (room temperature to 50◦C) (81).

When the copolymerization of 28 with methyl acrylate (33) is carried out
under CO2, a 1:1:1 periodic terpolymer (35) (Mn < 2800) is produced (87). The
following scheme explains this sequence-regulated terpolymerization, in which a
zwitterion of a 1:1:1 three-component adduct is the key intermediate. Two out-
standing points should be mentioned concerning the periodic terpolymerization:
Copolymerization of carbon dioxide and the sequence regulation of three differ-
ent monomeric units occur. An isolated sample of a spiro-ring compound (32) (R
= OCH3) dissolved in acetonitrile has been copolymerized with CO2 at room tem-
perature to produce 35.
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The cyclic phosphite of 2-phenoxy-1,3,2-dioxaphospholane (36), not included
in Table 1, has exhibited an interesting polymerization behavior; that is, it readily
copolymerized with ketoacid (37) at temperatures above 120◦C without any added
catalyst (Mn < 7500) (88).

The trivalent phosphorus in 36 has been oxidized to the pentavalent state
in the unit of copolymer (40), and correspondingly the ketoacid has been reduced
to an ester of a hydroxyacid in the copolymer. The term “redox copolymerization”
has been proposed to express this copolymerization in which one monomer is
reduced, and the other is oxidized. In the binary mixture of 36 and 37 at a lower
temperature, for example, –20◦C, a pentaoxyphosphorane (41) has been isolated
as a crystalline material, which is polymerized to 40 at a higher temperature,
for example, 120◦C (89). Thus, the intermediacy of a zwitterion (39) has been
supported.

Cyclic acylphosphonite (42) (R = C6H5) and acylphosphite (43) (R = OC6H5)
have been found to copolymerize with electron-deficient olefinic monomers such
as vinyl ketone (90), acrylate (90), and acrolein (90), benzoquinone (44) (91), and
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4,4′-diphenoquinone (92) (Mn < 8600). One of their reactions is shown in equation
22, which affords another example of redox copolymerization.

(22)
A patent (93) describes the alternating copolymerization of a cyclic phospho-

rus compound (45) with benzoquinone that is well explained by the intermediate
zwitterion (46).

The combination of a cyclic trivalent phosphorus compound as MN with
ME possessing two electrophilic sites performs ring-opening–closing alternating
copolymerization (Mn < 6500). Cis, trans- and cis,cis-muconic acids (94), α,ω-
dialdehydes (95), and methacrylic and acrylic anhydrides (96) are such as MEs.
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From divalent tin or germanium compounds, that is, stannylene (97) or
germylene (98,99), with benzoquinone (97,98) or thietane (99) are formed the
alternating copolymers (Mn < 780,000), involving redox processes. The copoly-
merization with benzoquinone is proved to proceed via the biradical intermediate
(98), whereas two kinds of zwitterion mechanisms are proposed for the copoly-
merization of germylene with thietane (99).

There are only two examples for cyclic ether, which is less nucleophilic
than nitrogen or phosphorus compounds, to act as MN (eq 23). Ethylene ox-
ide or oxetane with 2,4-bis(4′-methoxyphenyl)-1,3,2,4-dithiadiphosphetane-2,4-
disulfide (Lawesson’s reagent) produces the copolymer (Mn = 5,000–20,000) hav-
ing the 1:1/2 (cyclic ether : Lawesson’s reagent) composition in the alternating
arrangement, regardless of the feed ratio (100). The combinations of oxiranes
with 1,1,2,2-tetracyano-3-ethoxycyclobutane give the copolymers (Mn < 70,000)
having the alternating structure or the higher content of the unit from the cy-
clobutane, depending on the oxirane employed and the reaction conditions (101).

(23)
There are reported other interesting copolymerization reactions that pro-

ceed through zwitterion intermediates, for example, triazoline (47) with vinyl
ethers (48) (X = OR) and with vinyl carbamates (49) (X = NHCOOR) (Mn <

4400) (102–104). Therein electron-rich olefins behave as MN.
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Similarly, the combinations of electron-rich olefins with highly electron-
deficient olefins conduct spontaneous polymerization (5). It is proposed that poly-
merization mechanisms are governed by electron disparity between the donor
and acceptor monomers; the very small electron disparity conducts a biradical
mechanism for alternating copolymerization, and the enlarging electron disparity
promotes a zwitterionic initiation of homopolymerization (see the section “Prop-
agation via One Site”), finally leading the zwitterionic alternating copolymeriza-
tion. The combination of p-methoxystyrene with 7,7-dicyanobenzoquinone me-
thide produces the alternating copolymer (Mn = 7200–9500) via the zwitterion
intermediate (105) (eq. 24). On the other hand, the biradical mechanism is pro-
posed for the alternating copolymerization, when cyclohexadiene is the partner
for 7,7-dicyanobenzoquinone methide (106).

(24)

A more electron-rich olefin, cyclic ketene acetal, has enough nucleophilicity
for generating the zwitterion intermediate with carbon disulfide and producing
the alternating copolymer, which reacts further with cyclic ketene acetal (107).



Vol. 15 ZWITTERIONIC POLYMERIZATION 541

Aziridine and carbonyl sulfide also gives the alternating copolymer (108).

Electron-rich and electron -deficient allenes work as MN and ME, respec-
tively. The zwitterion intermediate, which is detected as the methanol adduct, is
formed by the reaction between methoxy- and cyano-allenes, and the alternat-
ing copolymer (Mn = 50,000) composed of four isomeric units is obtained (109).
It is noteworthy that an excess amount of one of two monomers remains to be
unreacted.

The combination of methoxyallene with aryl isocyanates gives the copolymer
via the zwitterion intermediate (110). The copolymer compositions are dependent
on the reaction conditions; 4-chlorophenyl isocyanate produces the alternating
copolymer with methoxyallene (Mn < 1300) (eq. 25). In contrast, the reactions
in DMF promote the formation of the cyclic trimers of aryl isocyanates, which
are given by the backbiting of the homopropagating terminals of aryl isocyanates
from the anionic sites of the zwitterions (111).

(25)
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There is the report that these zwitterionic polymerizations are applied for
the cross-liking reactions. When polystyrene having allenyl ether groups as the
pendants is treated with cyanoallene or 4-chlorophenyl isocyanate, the cross-
linking polymers are spontaneously obtained (112)
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José Carlos Pinto, Universidade Federal do Rio de
Janeiro, Rio de Janeiro, Brazil, Suspension Polymer-
ization Processes

Martina C. C. Pinto, Universidade Federal do Rio de
Janeiro, Rio de Janeiro, Brazil, Suspension Polymer-
ization Processes

Stergios Pispas, Theoretical and Physical Chemistry
Institute, National Hellenic Research Foundation,
Athens, Greece, Living Polymers

M. Pitsikalis, University of Athens, Athens, Greece,
Graft Copolymers

D. J. Plazek, University of Pittsburgh, Pittsburgh, Penn-
sylvania, Amorphous Polymers

John F. Plummer, Emerson & Cuming, Inc., Micro-
spheres

Riccardo Po, EniChem SpA Research Center, Novara,
Italy, Engineering Thermoplastics, Overview

Thomas J. Podlas, Hercules Inc., Wilmington,
Delaware, Cellulose Ethers

J. C. Poler, University of North Carolina, Charlotte,
North Carolina, Atomic Force Microscopy

Malcolm Polk, Georgia Institute of Technology, Decatur,
Georgia, High Performance Fibers
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et Technologies de Bordeaux, Pessac, France, Interca-
lation Polymerization

Steve R. Reznek, Cabot Corporation, Billerica, Mas-
sachusetts, Carbon Black

Richard M. D’Sidocky, The Goodyear Tire & Rubber
Company, Akron, Ohio, Rubber Chemicals

Douglas S. Richart, D.S. Richart Associates, Reading,
Pennsylvania, Coating Methods, Powder Technology

Carson Riche, Mork Family Department of Chemi-
cal Engineering and Materials Science, University of
Southern California, Los Angeles, California, Chemi-
cal Vapor Deposition of Polymer Films

Maria Rikkou-Kalourkoti, University of Cyprus,
Nicosia, Cyprus, Group-Transfer Polymerization

John A. Rippon, CSIRO Textile and Fibre Technology,
Belmount, Victoria, Australia, Wool

A. K. Rizos, University of Ioannina, Ioannina, Greece;
Foundation for Research and Technology-Hellas, In-
stitute of Electronic Structure and Laser, Heraklion,
Crete, Greece; University of Crete, Heraklion, Crete,
Greece, Amorphous Polymers

Ezio Rizzardo, CSIRO Molecular and Health Tech-
nologies, Clayton, Victoria, Australia, Reversible
Addition–Fragmentation Chain Transfer Polymeriza-
tion

Josepha Maria Merida Robles, Institut de Chimie de
la Matière Condensée de Bordeaux, CNRS & Univer-
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to polyamide plastics, 10:283–285
to styrene polymers, 13:248, 249
to fiber, 10:255, 256
wet-end, 1:538

Additives, for plastics compounding
antistatic agents, 3:552
colorants, 3:552
flame retardants, 3:552
processing aids, 3:551
stabilizers, 3:551

Additives, for rubber compounding, 3:552
plasticizers, 3:553
small chemicals, 3:553

Additivity principle, 6:68
Adducts, dehydrocoupling of, 7:46
Adherends, 1:400
Adhesion, 1:362–396

atomic force microscopy and, 1:780, 781
bond classification and, 1:365–372
defined, 1:362
epoxy resins, 5:375
fiber, 10:523
interfaces, interphases, and boundary layers and,

1:364, 365
intermolecular forces of, 11:703
intrinsic, 1:385–388
of LDPE copolymers, 5:518
strength of, 1:388–396
surfaces and, 1:363, 364
surface treatment and, 1:374–378
tack and, 1:378–385
theories of, 1:404, 405
thermodynamics of, 1:372–374
work of, 11:703

Adhesion promoters, 5:635
in plastics compounding, 3:551

Adhesion science, 1:404
Adhesive bond failure, 1:405
Adhesive bond testing, 1:408
Adhesive bonding, 1:0, 401

classification of, 1:365–372
of polysulfones, 11:198

Adhesive compounds, 1:400–431. See also Adhesion;
Adhesives

direct bonding and, 1:430
market economics of, 1:402, 403
principles related to, 1:403–408

Adhesive die attach, 5:65
Adhesive dispensers, 1:403
Adhesive formulation, principles of, 1:403–408
Adhesive hardening, 1:410
Adhesive joints, 1:362, 363

defined, 1:362
Adhesive laminations, 9:472
Adhesive layers, shear failure of, 1:391, 392
Adhesive systems, reactive, 1:410
Adhesive transfer processes, release agents in, 11:706,

707
Adhesives industry, 1:401, 402
Adhesives. See also Glue; Pressure-sensitive adhesives

bulk properties of, 1:405
cellulose nitrate applications, 2:609
classification of, 1:409
cyanoacrylate, 1:422, 10:432, 433
defined, 1:400–401
die attach, 5:82–85
epoxy resin applications, 5:407, 408
failure modes of, 1:388–396
forms and types of, 1:410
formulation and design of, 1:430, 431
free radical photopolymerization applications, 9:742
high performance, 1:426, 427
hot-melt, 1:412–414
made from natural products, 1:427–429
melamine-formaldehyde resin applications, 7:735
methods of applying, 1:403, 404
phenolic resins, 9:604, 605
polychloroprene latex applications, 1:415, 416, 3:77,

78
poly(ethylene oxide) applications, 5:457
poly(vinyl alcohol), 14:714, 715
processes for thermoset, 14:205, 206
silicone application, 12:465, 506, 507
strength of, 1:388–396
testing, 1:406–408
vinyl acetal polymers, 14:646
vinyl acetate polymer applications, 14:673–678
wood adhesives, 15:283–290

Adiabatic
calorimeter, 14:23
calorimetry, 14:23

Adiabatic calorimetry (AC), 2:743
Adiabatic heating

and yield, 15:461
Adjacent phase separation, 8:416
Adjustable grooved feed extruder (AGFE), 5:645
ADMET

-block and graft copolymers, 8:166
polycarbosilane, 8:168
polymerization, 8:161, 166
reaction, 8:165

Adsorbed polymer layers, 1:435
dynamics of, 1:439–441
structure of, 1:437–439
surface charge, 1:441
thickness of, 1:439
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Adsorption, 1:434–452
adsorbed layer, 1:435
adsorbed monolayers to multilayers, 1:445
adsorption isotherms, 1:437
applications of, 1:448, 449
at liquid-liquid and air-liquid interfaces, 1:445
at solid-liquid interfaces, 1:437–443
biomedical applications, 1:448, 449
bioselective and chemiselective, 3:44
bound fraction, 1:436
concentration measurements, 1:446
conformations and, 1:436
definition, 1:434, 435
dispersions, measurements on, 1:446
ellipsometry, 1:447
ESR technique, 1:446
evanescent wave/spectroscopic techniques, 1:447
flat surfaces, measurements on, 1:446, 447
flocculation, 1:448
friction and lubrication, 1:448
measurements at liquid-liquid and liquid-air

interfaces, 1:447, 448
NMR technique, 1:446
of biomacromolecules, 1:444
of block copolymers, 1:443
of copolymers, 1:443, 444
of homopolymers, 1:437–443
of neutral polymers, 1:437–441
of polyelectrolytes, 1:441–443
on complex-surface-topography substrates, 1:366
on planar substrates, 1:365, 366
optical reflectivity and, 1:447
scattering techniques, 1:446
stabilization of colloids, 1:448
surface excess and, 1:435
surface force measurements, 1:447
techniques to study, 1:446–448

Adsorption isotherms, 1:437
high affinity, 1:438

Advanced fiber information system (AFIS), 4:15
Advanced light source, 15:377
Advanced recycling technologies, 11:667
Advancement process, for solid epoxy resins, 5:307
ADVN (2,2′-azobis[2,4-dimethylvaleronitrile]),

acrylamide copolymers with, 1:134
Aerosol series, 5:175
Aerosol spray adhesives, 1:410
Aerospace

high performance fiber applications, 6:726
Aerospace industry adhesives, 1:427
AES materials. See Acrylonitrile-ethylene-styrene

(AES) materials
AES. See Acrylonitrile-EPDM-styrene (AES)
AETAC (acryloyloxyethyltrimethylammonium chloride)

acrylamide copolymers with, 1:131–134
economic aspects of, 1:145

Affine network model, 9:17, 4:655–659, 662
Affine shear modulus, 4:659. See also Shear modulus
Affinity chromatography, 3:44
AFIS. See Advanced fiber information system (AFIS)
AFM cantilever, 1:750
AFM imaging

Langmuir-Blodgett films and, 1:761–763
of biopolymers, 1:763, 764

of block copolymers, 1:777
of filled composites, 1:772, 773
of gels, 1:778, 779
of hybrid organic-inorganic polymers, 1:777, 778
of hyperbranched polymers and dendrimers, 1:771,

772
of IPNs, 1:774, 775
of latexes, 1:777
of liquid crystalline polymers, 1:770, 771
of microporous membranes, 1:773
of monolayers, 1:763
of polyethylene, 1:765, 766
of polymer blends, 1:773–777
of polypropylene and polystyrene, 1:766–768
of thermoplastics, 1:764–770
of thermosets, 1:764

AFM. See AFM imaging
Afterglowing durations, 6:88
Afterglow (AG) PE-CVD, 10:9

optimum plasma-substrate distance, 10:10
Aftertreated polymers

structural representation, 13:164
AFWAL. See Air Force Wright Aeronautical

Laboratories (AFWAL)
AG chain-oriented Teflon-like coatings, 10:11
Ag-containing polyethyleneoxide (PEO)-like films,

10:26
AG Teflon-like coatings, 10:10
Ag/PEO-like coatings

X-ray photoelectron spectroscopy (XPS) C1s signal,
10:26

Agar, 4:385
Ageless oxygen absorber, 2:58
Agents, 11:713
AGET. See Activators generated by electron transfer

(AGET)
Aggregation

emulsions, 6:626
molecular modeling, 8:600

Aggregation nucleation
heterophase polymerization, 6:598

Aging
chloroprene polymers, 3:69–71
epoxy resins, 5:372
physical, 1:452–476. See also Physical aging
and tire compounding, 12:258
viscose rayon, 2:680, 681

Agitation. See Mixing
Agostic complex, 8:112
Agricultural applications

for chitin and chitosan, 3:40
Agricultural controlled release formulation, 3:714–733
Agriculture

drag reduction application, 4:569–571
high performance fiber applications, 6:722

Agrochemicals, 8:396
A Guide to IUPAC Nomenclature of Organic

Compounds, 9:73
Ahagon-Kent analysis, of adhesion, 1:387
AIBN-initiated reactions, 4:50, 51, 53
AIBN. See 2,2′-Azobis(isobutyronitrile) (AIBN)
Air

acrylonitrile in, 1:271
metal oxide surface layer created from, 1:377
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Air drag, in fiber spinning, 10:525–527
Air filters

phenolic resin applications, 9:611
Air flotation dryers, 3:291
Air Force Wright Aeronautical Laboratories (AFWAL)
Air-gap spinning

acrylic fibers, 1:246
Air impingement dryers, 3:290–293
Air-knife coater, 3:273
Air-knife coating

nonwoven fabrics, 9:231
Air knife, 5:635
Air-set binders, 6:201
Airbags, nylon in, 10:264
Aircraft components

boron fiber in, 11:697
Aircraft sealants, polysulfide, 11:177
Alane-type catalysts, 7:302
Alanine

chemical structure, 15:186
composition in silk, 12:543
percentage composition in merino wool, 15:313

Albumin
controlled release, 3:753
in interpenetrating network, 7:143
toxicity and biocompatibility, 2:114

Alcaligenes eutrophus, 10:102
Alcaligenes faecalis, 10:103
Alcaligenes latus, 10:97, 109, 110
AlCl3-1-ethyl-3-methylimidazolium chloride [EMIM]Cl,

7:196
Alcohol and water separation, 8:18
Alcohols

nitrile group reactions with, 1:262
phosgene reactions with, 9:626

Alcoholysis, 10:658
of acrylonitrile polymers, 1:262

Alcotex A55, 14:731
Aldehyde, 8:173

nitrile group reactions with, 1:262
poly(acrylamide) reaction with, 1:129, 130

Aldehyde termination, 8:174
Aldol group transfer polymerization (AGTP), 7:630
Algal polysaccharides, 15:191, 192
Alginate-poly(L-lysine), 8:392
Alginates, 4:385
Alginic acid, 15:191

biodegradable natural polymer, 2:112
Aliphatic amines

advantages, disadvantages, and applications, 5:338
as epoxy curing agent, 5:338
coreactive curing agents for epoxies, 5:340–342
curing agents, 5:337

Aliphatic-aromatic polyesters, 7:93
Aliphatic fluorocarbons, as release agents, 11:704
Aliphatic isocyanates, 11:211–213
Aliphatic poly(monosulfide)s, 13:287–289
Aliphatic polyamides, 9:664

moisture effects, 13:839, 840
producers of, 5:208

Aliphatic polyester polyols, 11:224
Aliphatic polyesters

blending of starch, 13:64

hyperbranched polymer preparation from, 6:778
radiation chemistry, 11:464, 465

Aliphatic polyketones, 10:649, 663, 664, 667, 669
flame-retardant, 10:664, 666, 667
types of (table), 10:662

Aliphatic Polysulfides, 11:168
Aliphatic Polysulfones, 11:179

radiation chemistry, 11:465
Aliphatic polyurethane, 9:794, 795
Aliphatic resins

synthesis by carbocationic polymerization, 2:419
Alk-cell mercerizing, 2:677
Alkali lignins, 7:542, 543
Alkali metals

anionic polymerization initiators, 1:601–603
Alkali-soluble polymers, 1:156

acrylic and methacrylic acid, 1:165, 166
Alkaline earth metals

anionic polymerization initiators, 1:601–603
n-Alkanes

low frequency Raman spectra, 14:580
normal vibrations, 14:569

Alkenes
modeling parameterizations, 8:580
metallocene-based coupling with alkynes, 8:133–135
metallocene-based dimerization and trimerization,

8:136, 137
Alkoxyamine initiator, universal, 13:232
Alkoxyamine initiator, in situ in styrene

polymerization, 13:228–230
Alkoxysilane dye

in interpenetrating network, 7:144
Alkoxysilanes, 12:470
Alkyd-isocyanate no-bake binders, 6:201
Alkyd resins, 1:480–502, 3:332, 333

applications of, 1:499, 500
epoxy esters, 1:498, 499
fatty acid process, 1:494
fatty acids, synthesis from, 1:493–497
long oil, 1:480
medium oil, 1:480
modified alkyds, 1:491, 492
monoglyceride process, 1:493, 494
nonoxidizing alkyds, 1:492, 493
overview, 1:480, 481
oxidizing alkyds, 1:481–489
phenolic-modified alkyds, 1:492
polyamide-modified alkyds, 1:492
synthesis of, 1:493–497
urethane derivatives, 1:497
waterborne alkyds, 1:489–491

Alkyl-amine, 8:788, 795
Alkyl amines, phosgene reactions with, 9:625
Alkyl-carboxy, 8:788
Alkyl halides

chain transfer agents, 11:533, 534
tert-Alkyl hydroperoxide free-radical initiators,

6:851–853
Alkyl lithium initiator, in cold SBR production, 13:273
Alkyl methacrylates

monomer reactivity, carbanion stability, and suitable
initiators for anionic polymerization, 1:602

Alkyl peroxide radicals, scavenging of, 13:22
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tert-Alkyl peroxyester free-radical initiators, 6:846
Alkyl phosphite esters, as melt stabilizers, 13:26, 27
Alkyl-substituted fumaramate, 9:641
Alkylated hindered phenol

oxidant used in rubber, 12:192
Alkylation, 1:523

cyclopentadiene and dicyclopentadiene, 4:228
metallocene-based, 8:138

Alkylcarboxy ligands, 8:795
Alkylidene groups, 8:149
Alkyllithium catalysts, 7:332, 333
Alkyllithium compounds

anionic polymerization initiators, 1:604–607
Alkyllithium-initiated homopolymerization, 7:333
Alkylperoxyl radicals, 13:28
Alkylphenol disulfide oligmer, 12:176
Alkyltin stabilizers. See Organotin-based heat

stabilizers
Alkyne-silane polyhydrosilylation, 1:44
Alkynes

metallocene-based coupling with alkenes, 8:133–135
metallocene-based dimerization and trimerization,

8:136, 137
metathesis polymerization of, 8:153

All-C60 polymers, 6:338, 339
All-optical signal processing, 5:93
All-optical switching, 5:93
Allophanates, 11:215
Alloy rayons, 2:688, 689
Alloys. See Polymer alloys
Allyl coupling reactions

metallocene-based, 8:138
Allyl methacrylate (AMA), 13:310
Allyl resins, 14:169
Allyltrimethylsilane (ATMS)-oxygen plasmas, 10:23
Alpha-Olefins

metallocene-based copolymerization with ethylene,
8:107–111

Alpha polymorph, of PVDF, 15:63
Alpha-relaxation, 15:98
Alternating copolymers, 3:791

ATRP and, 1:733, 734
acrylonitrile, 1:276
structural representation, 13:164–166

Alternating-current (a-c) characteristics, of plastics,
4:714–737

correlation of physical and electrical properties,
4:726, 727

engineering applications and, 4:734–736
measurement techniques for, 4:736, 737
moisture, effect of, 4:727–731
temperature and frequency effect on, 4:721–726
theoretical aspects, 4:714–721
thermal aging, effect of, 4:734
voltage and time, effect of, 4:731–734

Alternating shear, 12:34–36
Alternative polymerization technique, 8:349
Alumina

specific modulus, strength, and CTE, 3:515
Alumina fibers

filler material, 5:785
Alumina membrane/support, 7:765
Alumina polycrystalline filaments, 11:697

Alumina trihydrate, 5:797
Aluminates

filled silicone networks, 12:486
Aluminosilicates

spontaneous polymerization, 7:79, 80
Aluminoxane metallocene cocatalysts, 8:84–91
Aluminum

bonding and, 1:377, 378
SiC-fiber-reinforced, 11:697
specific modulus, strength, and CTE, 3:515

Aluminum alkoxides
ring opening polymerization by, 12:140, 141

Aluminum alkyl cocatalyst, 5:559, 560
Aluminum alloys

fatigue crack propagation, 5:722
Aluminum blow molds, 2:240
Aluminum bonding, 1:406
Aluminum catalysts

for Ziegler-Natta polymerization, 15:504–519
Aluminum chloride, phosgene reactions with, 9:625
Aluminum phosphate, 5:489
Aluminum pigments, 3:473
Aluminum powder

filler influence on epoxy resin properties, 5:382
filler properties, 5:380

Aluminum sulfate
use in water treatment, 3:455

Aluminum trihydrate (ATH)
Aluminum trihydrate, 1:355, 356
Amalgam restorative sealants, 4:408, 409
AMBER model, 8:580
AMD. See Acrylamide (AMD)
American Conference of Governmental Industrial

Hygienists (ACGIH), 5:534
American Society for Testing and Materials (ASTM),

4:639, 675
American Society for Testing and Materials

International, 9:102
Amide and ether linkages, 8:510
Amide group, of poly(acrylamide), 1:121
Amides

hydrogen bonded, 4:447, 448
phosgene reactions with, 9:626

Amido-ferrocene dendrimers, 7:51, 52
Amidoamines

advantages, disadvantages, and applications as
epoxy curing agent, 5:338

coreactive curing agents for epoxies, 5:347
curing agents, 5:337

Amine-functional coupling agents, 12:421
Amines

coreactive curing agents for epoxies, 5:337–348
curing agents, 5:337
hindered, 13:14

Aminimide monomers
for chain-growth polymerizations (table), 1:504, 505
preparation of, 1:503–507
properties of, 1:508
reactivity ratios for (table), 1:510
for step-growth polymerizations (table), 1:506, 507

Aminimide polymers, 1:502–515
applications of, 1:513
monomers, properties of, 1:508
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overview, 1:502, 503
polymerization of, 1:509–511
preparation of monomers, 1:503–507
properties of, 1:511–513

Amino acid containing polymers, 8:168
α-Amino acid N-carboxyanhydrides (NCAs), 11:47, 50
Amino acids

chemical structures, 15:186
nonnatural amino acid incorporation, multisite,

6:381
nonnatural amino acid incorporation, wild-type

biosynthethic apparatus, 6:407–411
nonnatural amino acid incorporation, via

heterologous aaRS/tRNA pairs, 6:411–416
nonnatural amino acid incorporation, via

overexpression of mutant aminoacyl-tRNA
synthetases, 6:420–422

nonnatural amino acid incorporation, via
overexpression of wild-type aminoacyl-tRNA
synthetases, 6:418–420

phosgene reactions with, 6:416, 417, 9:626
side-chain protected for peptide synthesis (table),

11:68–79
in solid-phase peptide synthesis, 11:62, 63

Amino formaldehyde
curing agents, 5:337

Amino plastics, 1:517. See also Amino resins
Amino resin molding compounds, properties of, 1:529
Amino resins, 1:515–544, 3:321, 322, 14:168

chemistry of formation of, 1:521–524
coatings from, 1:528–531
cured, 1:528
economic aspects of, 1:544
history of, 1:516, 517
laminating resins, 1:526, 527
manufacture of, 1:524–526
molding compounds from, 1:527, 528
in the paper industry, 1:538–543
raw materials for, 1:517–521
regulatory concerns for, 1:543
as textile finishes, 1:531–538
uses of, 1:515, 516

Amino resins, cross linking of, 4:78–80
melamine formaldehyde resins, 4:80
urea-formaldehyde resins, 4:78–80

Aminoacyl-tRNA synthetases
nonnatural amino acid incorporation, via

heterologous aaRS/tRNA pairs, 6:381, 382
nonnatural amino acid incorporation, via

overexpression of mutant, 6:420–422
nonnatural amino acid incorporation, via

overexpression of wild-type, 6:418–420
Aminoalcohols, 6:416, 417
o-Aminobenzylamine (OABA)
4-Aminobutyltriethoxysilane (ABS)

coupling agent, 12:421, 429
2-Aminoethanethiol hydochloride

transfer coefficient to, 11:530
4-(2′-Aminoethyl)-2-methoxy-5-nitro-phenoxypropionic

acid, 11:78
N-γ-(Aminoethyl)-γ-

aminopropylmethyldimethyoxysilane,
12:187

N-2-Aminoethyl-3-aminopropyltrimethoxysilane
(AEAPS)

coupling agent, 12:421
N-Aminoethylpiperazine

curing agent, 5:345
5-(4-Aminomethyl-3,5-dimethoxyphenoxy)valeric acid,

11:78
3-Aminopropyltriethoxysilane (APS)

coupling agent, 12:421, 423, 424, 429
γ-Aminopropyltriethoxysilane, 12:187
5-(9-Aminoxanthen-3-oxy)valeric acid (XAL), 11:79
AMM mechanism. See Activated monomer mechanism

(AMM)
Ammonia separation, from ammonia reactor purges,

5:836
Ammonia, phosgene reactions with, 9:625
Ammonium perfluorooctanoate (APFO), applications,

6:148
Amoco chemicals, 9:458
Amorphous block copolymers, 7:318–321
Amorphous Carbon Treatment on Internal Surface

(ACTIS) technology, 2:53
Amorphous cell module, Materials Studio modeling

package, 8:585
Amorphous cellulose, 2:576, 579
Amorphous ductile polymers, yielding in, 8:480–482
Amorphous halo, 1:562
Amorphous homopolymers, plastic deformation

processes in, 8:477–482
Amorphous materials

sub-yield behavior of, 15:146
Amorphous matrix, toughened polymers with,

8:486–490
Amorphous phenylene polymers

β-relaxations, effect of moisture on, 13:842, 843
Amorphous piezoelectric polymers

examples of, 9:791–795
structure, polarization, and glass transition

temperature of, 9:792, 795
Amorphous poled polymer, 9:796
Amorphous polyacrylonitrile, 1:278
Amorphous polyesters, 4:218–220
Amorphous polymers, 1:547–590, 2:733, 5:202, 8:523

density fluctuations, 1:556–561
dielectric spectroscopy, 1:584, 585
effects of plasticizers and moisture, 13:839
enthalpy and heat capacity relaxation, 1:588
fractionation by molecular weight, 6:229–237
and glass transition temperature, 1:582, 583
isochronal experiments, 13:838
low frequency vibrational spectroscopy, 14:590, 591
molecular weight dependence, 1:572–574
NMR, 1:586–588
order in and associated dynamics, 1:561–566
photon correlation spectroscopy, 1:586
piezoelectricity in, 9:788–795
positron annihilation lifetime spectroscopy, 1:588
pressure dependence of dynamics, 1:589, 590
quasi-elastic neutron scattering, 1:547, 588
scattering methods for studying, 1:547–556
solid-state extrusion, 12:694, 695
temperature dependence, 1:566–568, 570–572
thermal characterization methods, 2:744, 745
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thermal conductivity, 14:28–30
thermoforming, 14:121, 122
ultrasonic attenuation, 1:586
viscoelastic behavior, 1:568–570
viscoelastic behavior and chemical structure, 1:583,

584
viscoelastic behavior of narrow molecular weight

distribution polymers, 1:574–581
Amorphous PVDF regions, 15:63
Amorphous rubbery polymers

transport properties, 14:298–313
Amorphous silica, 5:797, 798, 12:464

for rubber compounding, 12:224–226
Amorphous state, polymer behavior in, 15:93–103
Amorphous thermoplastics, 6:320, 321, 10:69
Amorphous, glassy polymers, crazing in, 8:478–480
Amosorb oxygen absorber, 2:59

amphipathic macro-RAFT agents, 11:743
Amphiphiles

critical micelle concentration (CMC), 14:516
Amphiphilic antifoams, 1:666, 667

calcium/magnesium salts of organic acids, 1:667
long-chain fatty alcohols, acids, and esters, 1:667
molecular defoamers, 1:667
surfactant antifoams, 1:666, 667

Amphiphilic block addition, for fouling prevention,
5:849

Amphiphilic block copolymer micelle, 8:272
application of, 8:273
self-assembly of block copolymer, 8:273, 274
structure of, 8:272

Amphiphilic block copolymer molecule, 8:281
Amphiphilic block copolymers, 8:159, 282, 274, 786, 790

gold nanoparticles, encapsulation of, 8:790
ligand exchange, 8:795, 796
magnetic nanoparticles and quantum dots, 8:792–795

Amphiphilic molecules, 8:790
Amphiphilic polymers, 8:187
Amphoteric macromolecules, 10:297
Amphoteric metal oxides, tuning sorption behaviors,

7:186–188
Amphoteric surfactents. See Surfactents
Amyloidosis, peptides in the condensed phase, 12:670
Amylopectin, 6:462, 15:190

polyacrylamide grafted, turbulent drag reduction,
4:561

Amylopectin molecules, submicronic layers, 13:63
Amylose, 2:82, 3:155–158, 5:229, 15:190

A-form of, 3:156
with alcohols and fatty acids, 3:158
B-form of, 3:156
with carbon nanotubes, 3:158, 159
chemical structure of, 3:156
and iodine clathrate, 3:157, 158
V-form of, 3:156, 157

ANA/AAA/3-fluorophthalic acid (FPA), 7:570
ANA/AAA/IA system, 7:569, 570
ANA/AAA/PA system, 7:569, 570
Anaerobic acrylic adhesives, 1:419, 420
Anaerobic pyrolysis, in mesophase, 6:43, 44
Analog-to-digital (A/D) conversion, 5:110
Analytical electron microscopy (AEM)

forensics applications, 6:178

Analytical methods. See also Testing
acrylonitrile, 1:269, 270
aromatic polyamides, 10:217
chitin and chitosan, 3:39
ethylene oxide polymers, 5:456, 457
forensic analysis, 6:177–181
hyperbranched polymers, 6:790, 791
LLDPE, 5:574–577
melamine-formaldehyde resins, 7:737–739
phosgene, 9:628, 629
polyacrylamides, 1:141–144
polycyanoacrylates, 10:432
SAN copolymers, 1:290
silicones, 12:512–516

Anatase titanium dioxide pigment, 3:470
Andrade creep, 1:582
Andrews-Kinloch analysis, of adhesion, 1:387
Anechoic coatings, 1:93
Angle-ply composites, 4:132
Anharmonic oscillator model, 9:124–126
Anhydrides

advantages, disadvantages, and applications as
epoxy curing agent, 5:338

curing agents, 5:337
3,6-Anhydro-α-L-galactopyranose, 15:188
Anhydrous aluminum chloride, phosgene reactions

with, 9:625
Aniline, 1:520

oxidative polymerization, 9:444, 445
polymerization to produce electrically active

polymers, 4:757
transfer coefficient to, 11:530

Aniline-formaldehyde resins, 1:518
Aniline, polymerization of, 5:273, 274
Anion-exchange membrane, 7:747, 788
Anion exchangers, with quaternary ammonium

functional groups, 7:188
Anionic acrylamide polymers, 1:118

mineral processing with, 1:119
Anionic catalysts

advantages, disadvantages, and applications as
epoxy curing agent, 5:339

curing agents, 5:337
Anionic copolymers of acrylamide, 1:132
Anionic homopolymerization, of acrolein polymers,

1:110, 111
Anionic latexes

anionic and cationic compared (table), 3:73
Anionic PAM (acrylamide-co-acrylic acid 30%)

drag-reducing additive, 4:553
Anionic polyacrylamide

drag-reducing additive, 4:553
Anionic polyelectrolytes

water-soluble polymers, 15:203–207
Anionic polymerization of styrene, 8:350
Anionic polymerization, 1:596–644, 2:191, 726, 727. See

also Living polymerization
in cold SBR production, 13:273, 274
copolymerization, 1:639–644
in hyperbranched polymer synthesis, 6:787
initiation by electron transfer, 1:601–604
initiation by nucleophilic addition, 1:604–608
living, 1:596, 597
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living polymerization as, 13:227, 228
macromers, 13:724
for macromonomers synthesis, 6:489
monomers, 1:599
polar monomers, 1:620–628
and polybutadiene macrostructure, 2:304
polybutadiene synthesis, 2:313–316
silicones, 12:475, 476
solvents, 1:600, 601
stereochemistry, 1:628–639
of styrene, 8:350, 13:189, 193, 195, 223–226
styrene and diene monomers, 1:609–620
telechelic polymers, 13:689–694

Anionic surfactents. See Surfactents
Anions, noncoordinating, 5:562
Anisole

solubility of poly(ethylene oxide) in, 5:447
Anisolvent coagulation

bulk and solution polymerization reactors, 2:292
Anisotropic micelles, 8:280, 281
Anisotropically conductive adhesives/films (ACA/ACF),

3:646, 647
Anisotropy, 9:387–389

aramid fibers, 11:694
assessment with vibrational spectroscopy,

14:607–612
in polystyrene injection molding, 13:246

“Annealed” polyampholytes, 10:297, 298
Annealing, 1:649–662

bisphenol A polycarbonate, 1:658, 659
economic aspects of, 1:659
effectiveness of, 1:658
equipment for, 1:655, 656
examples of, 1:658, 659
failure modes of, 1:653
growth of nuclei, 1:654, 655
medium for, 1:657, 658
methods of, 1:656, 657
overview, 1:649, 650
of polysulfones, 11:197
principles of, 1:653–655
stress distribution and, 1:652
theoretical background of, 1:650–653
volume-temperature behavior, 1:651

Annular dies, 5:672–674
ansa-Cs-symmetric metallocene catalysts, 13:94
Antagonism, among antioxidants, 1:703, 13:42–45
Anthracene

component in coal-tar fractions, 2:472
Anthraquinone dyes, 3:488
Anti-deposition coatings, 11:705
Anti-redeposition agents, 11:705
Anti-Stokes Raman scattering, 14:567
Antiblock agents, 11:700. See also Release agents

films, 5:807, 808
Antiblocking agents, in plastics compounding, 3:551
Antibodies

artificial, 8:684, 699–702
molecularly imprinted polymer applications,

8:699–702
Antibody enzyme catalysis, 5:223
Anticlined atoms, in semicrystalline polymers, 12:374,

375

Antidegradants
nonstaining and persistent for rubber, 12:191–200
rubber compounding, 12:230–235

Antiflammability, of fibers, 10:524. See also Fire
retardants; Flame retardants

Antifoaming agents, 1:662–684
amphiphilic antifoams, 1:666, 667
applications, 1:675–681
basic requirements for, 1:663, 664
categories (table), 1:665
components, 1:664–669
delivery systems, 1:667–669
droplets, 1:668
fermentation, 1:675–677
foam stabilization, 1:662, 672
Gibbs-Marangoni effect, 1:662, 669
health and safety factors, 1:683, 684
hydrophobic, 1:664–666
in adhesives and sealants, 1:680
in chemical processes, 1:680
in construction industry, 1:679
in fertilizer industry, 1:679
in food and beverages, 1:679, 680
in jet dyeing of textiles, 1:679
in leather processing, 1:680
in medical/pharmaceuticals, 1:680, 681
in metal working industry, 1:678
in oil and gas, 1:677
in pulp and paper industry, 1:675
laundry and automatic dishwashing, 1:677, 678
mechanisms of action, 1:669–675
organic-based, 1:665, 666
paints, coatings, and inks, 1:677
plateau borders, 1:669
pneumatic methods, 1:681
polymerization/latices, 1:678, 679
pour methods, 1:681, 682
recirculation method, 1:682
reduced gas diffusion, 1:670
shaking methods, 1:681
silicone-based, 1:666
stirring and blending methods, 1:682
surface tensions of (table), 1:671
testing methods, 1:681, 682
wastewater treatment, 1:678

Antifoams
for polychloroprene latex, 3:75, 76

Antimicrobial acrylic fibers, 1:253
Antimicrobial agents

for fiber, 10:257
films, 5:808

Antimicrobial peptides (AMPs), 10:753, 754
Antimicrobials, 1:350, 351
Antimony, 1:355
Antimony mercaptide stabilizers, 6:583
Antimony oxide

filler material, 5:785
Antioxidant blends, 1:702, 703
Antioxidants, 1:351–353, 687–718, 13:1, 2

in ABS polymers, 1:320
in acrylic elastomers, 1:187
antagonistic mixtures, 1:703
applications, 1:703–714
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biological, 13:39–42
chain-breaking, 13:11, 13, 14, 22–26, 30, 31
chloroprene polymers, 3:64, 65
color stability, 1:717
commercial (table), 13:12–15
commonly used by class (table), 1:705–709
compatibility, 1:716, 717, 13:19, 20
cost effectiveness, 1:717, 718
diffusion, volatility, and leachability of, 13:20
effective temperatures for, 1:701, 702
films, 5:807
health and safety factors, 1:717
higher molar mass, 13:36, 37
metal deactivators, 1:700
mixing in extruders, 10:71
nylon, 10:257
performance of, 13:18–20
peroxide decomposers, 1:697, 698
physical form, 1:717
for polychloroprene latex, 3:76
in polymer stabilization, 13:11–18
as polystyrene additives, 13:249
preventive, 13:16–18
for propylene polymers, 11:405
radical scavengers, 1:689, 690
reactive, 13:37–39
rubber compounding, 12:191–200
in SBR processing, 13:276, 277
synergism and antagonism among, 13:42–45
synergistic mixtures, 1:703
taste and odor, 1:717
test methods, 1:714–716, 13:760
uninhibited autoxidation, 1:687–689
use with UV stabilizers, 14:452
volatility, 1:716

Antiozants
for chloroprene polymers, 3:65, 66

Antiozonants, in SBR processing, 13:276, 277. See also
Rubber chemicals

Antiplasticization, 6:453, 10:44, 13:846
Antiplasticization effect, 13:841
Antiplasticizers, 13:844–846
Antirads, 11:484, 485
Antirestenotic agents

controlled release from stent coatings, 3:754
Antisoil fibers, 10:520
Antistatic agents

films, 5:807, 808
nylon, 10:257
as polystyrene additives, 13:249

Antistatic agents, 3:552
Antistatic fibers, 10:520
Antistatic polystyrene, 13:188
Antistats, 1:353, 354

poly(ethylene oxide) applications, 5:460
Antistick agents, 11:700. See also Release agents
Antox, 5:479
AOTP, 13:39, 40
Aperture angle, 8:110
Apparel applications

of nylon, 10:265
of polyester fibers, 10:510, 511

Aprotic polar solvents, 5:838

APTAC (acrylamidopropylacrylamide), acrylamide
copolymers with, 1:134

Aqueous-developed materials, 5:78–82
Aqueous dispersion polymerization

acrylonitrile, 1:234–237
Aqueous dispersions

polysulfide, 11:178
Aqueous emulsion polymerization

fluorocarbon elastomers, 6:166
Aqueous formaldehyde, 1:520
Aqueous phase kinetics, 5:174
Aqueous size exclusion chromatography

columns for, 3:112
secondary interactions in, 3:109

Arabidopsis, 4:7, 10:106
cellulose biosynthesis, 2:572, 573

β-D-Arabinofuranose, 15:188
Arabinose, 15:188
Arachidic acid

Langmuir-Blodgett films, 7:426
Aramid fiber reinforcement, 11:693, 694
Aramid fibers, 6:701, 10:212

chemical resistance of (table), 10:231
consumption of, 10:234
Dk and Df at 1 MHz, 5:403
economic aspects of, 10:232, 233
filler material, 5:785
properties of, 9:346, 10:229, 230, 11:693–695
specific modulus, strength, and CTE, 3:515

Aramid films
properties of, 10:233

Aramid honeycombs
phenolic resins, 9:578

Aramides, lyotropic liquid crystalline, 7:65
Arbuzov Cyclopolycondensation, 9:670
Arc-detection systems, 4:462
Arc resistance, 4:704, 13:780

and electric breakdown, 4:695, 696
of several plastics (table), 4:697

Aregic linkages, 11:518
ARGET. See Activators regenerated by electron

transfer (ARGET)
Arginine (2,2,4,6,7-pentamethyldihydrobenzofuran-5-

sulfonyl protected),
11:71

Arginine (4-toluenesulfonyl protected), 11:68
Arginine (mesitylene-2-sulfonyl protected), 11:68
Arginine

chemical structure, 15:186
composition in silk, 12:543
percentage composition in merino wool, 15:313

ArgoGel, 11:27, 28, 31
Argon-Hannoosh model, of craze initiation, 15:484–486
Argon model, of yield, 15:466, 467
ArgoPore, 11:23
Arm-first star polymers, 6:540
Aroma compounds

permeation, 2:25, 26
transport in various high and moderate barrier

polymers, 2:36
Aromatic amines

advantages, disadvantages, and applications as
epoxy curing agent, 5:338
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as antioxidants, 13:13
coreactive curing agents for epoxies, 5:343, 344
radical scavengers, 1:692–694

Aromatic compounds, oxidative coupling of, 11:186
Aromatic diamine monomers, chemical structures of,

5:70
Aromatic dianhydride monomers, chemical structures

of, 5:70
Aromatic dihalide intermediates, in polysulfone

polymerization, 11:185
Aromatic glycidyl amine resins, 5:318–320
Aromatic hydrocarbons

oxidative polymerization, 9:447, 448
Aromatic main-chain polymers, yields of formation of

free radicals (table), 11:478, 479
Aromatic monomers, hyperbranched polyester

synthesized from, 6:780
Aromatic nucleophilic displacement, for polyarylene

ethers synthesis, 10:626
Aromatic nucleophilic substitution, in polysulfone

polymerization, 11:185
Aromatic poly(ether-ketone)s, hyperbranched polymer

preparation from, 6:782
Aromatic polyamides, 10:211–234

commercial polymerization processes for, 10:219, 220
commercial products based on (table), 10:220
economic aspects of, 10:232, 233
examples of, 10:215
fiber and film properties of, 10:224–226
health and safety of, 10:233–235
history of, 10:211, 212
ingredient sources for, 10:213, 214
laboratory synthesis of, 10:217–219
nomenclature of, 10:213
photodegradation, 4:283
polymer properties of, 10:214–217
processing of, 10:220–224
uses for, 10:226–232

Aromatic polyamines
curing agents, 5:337

Aromatic polycarbonates, 9:664
Aromatic polyester polyols, 11:223
Aromatic polyesters

dielectric properties, 4:480
hyperbranched polymer preparation from, 6:778–781
photodegradation, 4:281, 283
polyarylates, 10:351
radiation chemistry, 11:482, 483

Aromatic polyethers, 10:571–591
photodegradation, 4:283

Aromatic polyimide (PI), 5:68, 8:23
Aromatic polyketones

photodegradation, 4:283
Aromatic polyamides, 10:211–235
Aromatic polymers, 11:475–483
Aromatic polysulfones, 11:179

key attributes of, 11:188
mechanical properties of, 11:187
photodegradation, 4:283
radiation chemistry, 11:477–480

Aromatic resin
mesophase pitch-based carbon fibers, 2:475, 476
synthesis by carbocationic polymerization, 2:419

Aromatic ring in polystyrene, hydrogenation of,
6:771

Aromatic rings, conversion to nonaromatic cyclic
structures, 7:529

Aromatics
SIMS spectra, 13:484

AROMP, 8:192
Arrhenius activation energy

of styrene polymer scission, 13:208, 209
Arrhenius equation

radiolysis reactions, temperature dependence,
11:485, 486

Arrhenius expression, 3:619
Arrhenius temperature dependence, 1:472
Arthropoda, 3:33
Artifact conservation

xylylene polymer applications, 15:442, 443
Artifact-free CPL spectra, 12:662
Artificial antibodies, 8:684, 699–701
Artificial proteins

representative consensus sequences for genetically
synthesized protein polymers, 6:403–407

Artificial silk, 2:673–674, 6:389
Artificial skin

biodegradable polymers for, 2:116
Artificial urushi, 9:437
Aryl amines, phosgene reactions with, 9:625
Aryl benzobisoxazole, 12:96
Aryl phosphite esters, as melt stabilizers, 13:26, 27
Arylamines, 9:760
Aryldimethoxyboranes, 7:45
Arylenediynes, cross-coupling polymerization of, 1:36
Arylyl amines

coreactive curing agents for epoxies, 5:344
ASA. See Acrylonitrile-styrene-acrylate (ASA)
Asbestos

filler material, 5:785
Asia

plastics recycling, 11:659, 660
Asparagine (9-xanthenyl protected), 11:68
Asparagine (triphenylmethyl protected), 11:71
Asparagine

chemical structure, 15:186
composition in silk, 12:543

Aspartic acid
allyl protected, 11:74
cyclohexyl protected, 11:68
chemical structure, 15:186
composition in silk, 12:543
(N-[1-(4,4-dimethyl-2,6-dioxocyclohexylidene)-3-

methylbutyl]-amino-benzyl protected),
11:74

fluorenylmethyl protected, 11:74
percentage composition in merino wool, 15:313
tert-butyl protected, 11:71

Aspergillus flavus, 4:9
Aspergillus niger

biodegradation by, 2:100
Asphalts

blends with styrenic thermoplastic elastomers,
14:154, 155

Assembly
nylons, 10:290
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“Associative” polymers (APs), 6:735
3D reversible network, intermolecular association,

6:736
critical micelle concentration (CMC), 6:735
flexible chains, 6:736
hydrophilic central chain, 6:736
macromolecular architecture (topology), 6:736
stickers (ABA-type block copolymers), 6:735

ASTM C1126–00, 9:617
ASTM C177, 5:374
ASTM D1003, 13:770
ASTM D1238, 13:770, 771
ASTM D1238E, 5:804
ASTM D1435, 13:770.777, 14:457
ASTM D149, 5:374, 13:770
ASTM D1499, 14:457
ASTM D150, 5:374, 13:770
ASTM D1505, 3:543, 13:770
ASTM D1525, 13:769, 770, 776
ASTM D1693, 13:776
ASTM D1709, 6:801, 809
ASTM D1729, 13:778, 779
ASTM D1755, 14:756
ASTM D1765, 2:427
ASTM D1783–01, 9:600
ASTM D1822, 6:800, 801, 809, 13:770
ASTM D1929, 13:770
ASTM D2132, 13:780
ASTM D2244, 13:770, 779
ASTM D228–95, 4:625
ASTM D2289, 6:801
ASTM D2302, 13:780
ASTM D2344, 5:374
ASTM D2444, 6:801
ASTM D2457, 13:779
ASTM D256, 5:374, 6:800, 801, 13:770, 773
ASTM D257, 5:374, 13:770
ASTM D2583, 5:374
ASTM D2656–92A, 14:457
ASTM D2734, 5:374
ASTM D2857, 13:770
ASTM D2863, 13:770, 781
ASTM D296, 5:374
ASTM D2990, 13:770
ASTM D3029, 6:801
ASTM D3123, 13:771
ASTM D3132, 13:770
ASTM D3379, 3:544
ASTM D3386, 4:625
ASTM D3410, 5:374
ASTM D3433, 5:374
ASTM D3638, 13:780
ASTM D3763, 13:770
ASTM D3795, 13:771
ASTM D3800, 3:543
ASTM D3801, 13:770, 781
ASTM D3814, 13:770, 780
ASTM D3835, 13:770, 781
ASTM D3985, 2:24
ASTM D4018, 3:544
ASTM D4065, 4:625, 5:374, 13:770
ASTM D4092, 4:625, 13:770
ASTM D4255, 5:374

ASTM D4362–94, 14:457
ASTM D4364, 13:770, 777
ASTM D4440, 4:625, 13:770
ASTM D4473, 4:625
ASTM D4617–96, 9:606
ASTM D4639–86, 9:600
ASTM D4674, 13:770
ASTM D4706–93, 9:598
ASTM D495, 13:780
ASTM D5023, 4:625, 13:770
ASTM D5024, 4:625, 13:770
ASTM D5026, 4:625, 13:770
ASTM D5045, 5:374, 6:801, 821, 13:770, 775
ASTM D5071, 13:770
ASTM D5209, 13:770
ASTM D5210, 13:770
ASTM D5229, 5:374
ASTM D523, 13:779
ASTM D5247, 13:770
ASTM D5271, 13:770
ASTM D5272, 13:770
ASTM D5279, 4:625, 13:770
ASTM D5338, 13:770
ASTM D5417, 13:770
ASTM D5418, 4:625, 13:770
ASTM D5420, 13:770
ASTM D5422, 13:770, 771
ASTM D543, 13:770, 776
ASTM D5509, 13:770
ASTM D5510, 13:770
ASTM D5511, 13:770
ASTM D5512, 13:770
ASTM D5525, 13:770
ASTM D5526, 13:770
ASTM D5528, 5:374, 13:770
ASTM D560, 13:770
ASTM D568, 13:781
ASTM D570, 5:374, 13:770
ASTM D578, 3:543
ASTM D579, 3:544
ASTM D5934, 4:625
ASTM D5988, 13:770
ASTM D6003, 13:770
ASTM D6058, 13:770
ASTM D6110, 6:800, 801, 806, 13:770
ASTM D6290, 13:770
ASTM D635, 13:770, 781
ASTM D6360, 13:770
ASTM D638, 5:374, 695, 702, 13:770, 772
ASTM D6382, 4:625
ASTM D6400, 2:74, 75
ASTM D648, 5:374, 13:770, 776
ASTM D671–71, 5:695
ASTM D695, 5:374, 13:770
ASTM D696, 5:374, 13:775, 824
ASTM D731, 13:771
ASTM D746, 6:801
ASTM D7729, 13:770
ASTM D785, 5:374, 13:770
ASTM D790, 5:374, 13:770
ASTM D792, 3:543, 5:374, 13:770
ASTM D903, 5:374
ASTM E1027, 13:770, 777
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ASTM E1363–97, 4:625
ASTM E1545–91(a), 4:625
ASTM E1640–99, 4:625
ASTM E176, 13:770, 780
ASTM E1824–96, 4:625
ASTM E1867–01, 4:625
ASTM E2254–03, 4:625
ASTM E381, 5:374
ASTM E473–94, 4:625
ASTM E831, 13:825
ASTM E831–86, 13:824, 825
ASTM E831–93, 4:625
ASTM E96, 2:24
ASTM F1249, 2:24
ASTM G152, 13:770
ASTM G153, 13:770
ASTM G21, 13:770, 777
ASTM G22, 13:770, 777
ASTM G24, 13:776, 14:457
ASTM G26, 13:770, 14:475
ASTM G53–93, 14:457
ASTM G90, 91, 14:457
ASTM international, 6:86
ASTM methods, 11:188

LDPE and, 5:531
summary of, 13:770

ASTM UL94, 13:770
ASTM. See American Society for Testing and Materials

(ASTM)
Asymmetric block copolymers, 2:199
Asymmetric field from helical chirality, 3:23–25
Asymmetric hydrogenation (reduction), 8:449
Asymmetric membranes, 7:746, 747

preparation and uses of, 7:752–768
Asymmetric PEO-PDMS-PMOX vesicles, 14:530
Asymmetric polymerization technique, 3:4, 5
Asymmetric porous membranes, 5:828, 829. See also

Symmetric porous membranes
Asymmetric SBS triblock copolymer, 12:295
Asymmetric triblock copolymer PAA-PS-P4VP vesicles,

14:530
Asymmetry parameter, 2:193
Asymptotic stability, 3:395
Asynchronous, 2D Raman correlation, 14:395
Atactic-isotactic stereoblock polypropylene, 13:104, 105
Atactic poly(methyl methacrylate)

conformation of polymer chain in melt and in theta
solvent, 9:56

Atactic poly(propylene oxide), 11:330, 331
Atactic polyketones, 10:652
Atactic polymers, 13:650
Atactic polyoxypropylene, 11:331, 332, 350

moderate barrier polymer, 2:46, 47
molecular modeling, 8:583
temperature dependence of terminal zone of

response, 1:571
Atactic polystyrene (aPS)

conformation of polymer chain in melt and in theta
solvent, 9:56

modulation spectroscopy, 14:626
Atactic trans-poly(methylene-1,3-cyclopentane) (PMCP)
ATCO oxygen absorber, 2:59
ATH. See Aluminum trihydrate (ATH)
Athermal mixing, 8:527, 528

Atlas Weathering Services Group, 15:254
Atom transfer radical polymerization (ATRP),

1:720–745, 3:4, 195–197, 5:257, 6:480, 482, , 7:416,
653–656, 8:166, 339,445, 9:648, 11:534–537

activators generated by electron transfer, 1:727
alternating/periodic copolymers, 1:733, 734
ARGET, 1:728
azoinitiators, 11:506, 507
biodegradable nanogel, formation of, 1:736
block copolymers, 1:734
catalyst concentration, decreasing, 1:728
catalytic activity, 1:724–726
chain end functionality and, 1:731
chain end functionality of, 1:731
components of, 1:721, 722
conducting, 1:728, 729
of cyclic polymers, 1:737
DBCPs synthesis by, 4:373, 374
development of, 7:650
free energy change in, 1:723
functional initiators for (table), 1:731, 732
functionality of, 1:729–732
functional monomers and, 1:730, 731
fundamentals of, 1:720, 721
graft or brush copolymer and, 1:735, 736
“green,” 1:737
hyperbranched/cross-linked networks in, 1:737
ICAR, 1:728
initiation systems of, 1:726–728
initiators for, 6:858, 859
materials for, 1:729–737
mechanism of transition metal complex-mediated,

1:721
mechanistic considerations in, 1:722–728
(meth)acrylate, 1:731
modification of polymer chain, 1:733
overview, 1:720
polymer composition and microstructure, 1:732–735
random/gradient copolymers, 1:732, 733
rate constants of activation and, 1:725
rate of activation in Cu-based, 1:725
rate of polymerization in, 1:721
rational catalyst selection, 1:724–726
relative KATRP values, 1:722, 723
reverse and normal, 1:726, 727
side reactions during, 1:726, 727
simultaneous reverse and normal initiation, 1:727
star copolymer and, 1:736, 737
of styrene, 13:228
subequilibria, 1:723, 724
surface-initiated, 9:650
tacticity/stereoblocks, control of, 1:735
telechelic polymers, 13:261–687
topology, 1:735–737
transition metal complex mediates, 1:722

Atomic force and scanning probe microscopy, 9:105
Atomic force microscopy, 1:746–783, 2:752, 10:734,

13:757
for composition and structure determination, 13:760,

761
design of, 1:748–753
developing techniques for, 1:757–761
mechanical analysis via, 1:753–757
poly(ethylene-co-styrene) blends, 5:438
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polymer system analysis and, 1:747–761
surface characteristics and, 1:779–782
systems in, 1:761–779
use in forensic analysis, 6:181

Atomic polarization, 4:480
Atomic spacing, in determining tensile strength,

11:682, 683
Atomization, 8:425
ATRP. See Atom transfer radical polymerization

(ATRP)
ATRP initiators, 8:344, 9:649
ATRP subequilibria, 1:723, 724
Attenuated total reflectance

use in forensic analysis, 6:181
Attenuation

and sound absorption, 1:62
Attenuation spectra, comparison of, 9:381
Attractive force microscope, 1:751
Attractive forces

polymer dispersions, 6:641–644
Aufbau reaction, 15:504
Auger spectroscopy

forensics applications, 6:179
AuNR surfaces, 8:798
Autocatalysis, 1:689
Autocatalytic polyols, 11:221
Autoclave processing

composite materials, 3:517, 518
Autoclave reactors

for LDPE, 5:519
stirred, 5:519

Autoclaving
thermosets, 14:206, 207

Autohesion, 1:367, 368, 382–385
rate and temperature effects on, 1:382–385

Autohesive tack, 1:379
Automatic folding machines, 3:584–588
Automobile airbags, nylon in, 10:265
Automobile electrocoat paint, ultrafiltration and, 7:780
Automobile tires

nylon reinforcing fibers in, 10:265
recycling of, 13:278
SBR used in, 13:276, 277

Automobiles, use of coated fabrics, 5:692
Automotive applications

phenolic resin applications in air and oil filters, 9:612
for polyamide plastics, 10:290, 291
polyarylates, 10:353
for polyketones, 10:664, 665
recycling, 11:670, 671

Automotive coatings
composite material test programs, 3:547
epoxy resins, 5:395–397

Automotive plastics and composites, 1:787–817
ABS polymers, 1:798, 799
automotive polymers, types of, 1:793
biobased thermoplastic resins, 1:812, 813
biobased thermoset resins, 1:813, 814
copolymers and blends, 1:798, 799
design considerations and, 1:791–793
directional price comparison for (table), 1:792
elastomers, 1:803–806
foam, 1:802, 803

global trends for, 1:787, 788
material selection for automotive applications, 1:792
molding compounds, 1:799, 800
natural fibers and fillers, 1:814
plastic resin costs, 1:791
polyamides, 1:797
polybutylene terephthalate, 1:798
polycarbonate, 1:798
polyesters, 1:797, 798
polyethylene terephthalate, 1:797, 798
polymeric composites, 1:801, 802
polymethyl methacrylate, 1:798
polyolefins, 1:793–797
polyurethanes, 1:800, 801
polyvinyl chloride, 1:798
processing considerations for, 1:792, 793
processing of, 1:806–811
recycled plastics, 1:815
reinforcement preparation for, 1:802
reinforcing agents for, 1:801, 802
styrene maleic anhydride, 1:799
sustainable materials, 1:811–815
thermoplastics, 1:793–799
thermosets, 1:799–801
usage of, 1:788–791
vehicle systems using, 1:790, 791

Automotive thermoplastics (table), and applications,
1:794–796

Autonomic healing, 12:340–367
dual-capsule systems, 12:355–362
ideal one-capsule self-healing system, 12:340, 341
one-capsule systems, 12:340

Autophotosensitive polyimides, structure of, 5:80
Autophotosensitive preimidized polyimides, 5:78
Autostepwise TGA, 13:821
Autosynergism, 13:44
Autoxidation, 1:687–689, 13:2–5
Autoxidation curve, 13:3
AvaSpire, 10:563
Average (dielectric) relaxation time, 4:480
Average molar mass

polymer characterization methods, 2:739, 740
(Z+1)-Average molecular weight, 8:660
Average stress, in fibers, 11:687
Avogadro’s number, 5:172
Avril, 2:685, 687
Awnings, 14:57
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Axial stress, 15:451
Axis crossing, 2:381, 383
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comonomer with diisocyanates, 7:254
Azeotrope compositions, of acrylonitrile (table), 1:264
Azide-bearing styrene, 8:459
Azide/alkyne click reaction, 3:187. See also Click

reactions
amino-ligands for, 3:192
catalysts for, 3:190–194
mechanism of, 3:188–190
side reactions, 3:192, 193

Azidodiyne, click polymerization of, 1:46
3-Azidopropyl methacrylate (AzMA), 6:473
Azine dyes, 3:489
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Azo compound reactions, of acrylonitrile polymers,
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Azo compounds, 1:817–832

alkyl branching (table), effect of, 1:822
alpha-substituent (table), effect of, 1:822
applications of, 1:828–830
commercial initiators (table), 1:818, 819
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free-radical initiators, 6:855–857
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Azo pigments, 3:474, 475
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transfer coefficient to, 11:528
2,2′-Azobis(isobutyronitrile) (AIBN), 1:204, 4:50, 9:639,
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efficiency, 11:515, 516
transfer coefficient to, 11:528

Azodicarbonamide (ADC), 2:264–266
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thermal decomposition of, 2:265, 266
thermogravimetric analysis graph of, 2:269

Azoinitiators, 11:506, 507
Azoisobutyronitrile (AIBN), 8:441
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Azotobacter beijerinckii, 10:102
Azotobacter vinelandii, 10:109
B-10 life, 5:632
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circular dichroism of, 5:49
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idealized structure of, 5:42

Bacillus amyloliquefaciens, 6:387
Bacillus megaterium, 10:102
Bacillus thuringiensis, 4:2
Back relieving, 5:671, 672
Back stress, 15:469
Backbiting reaction, 8:161
Backbiting, in LDPE synthesis, 5:524
Backbone

introduction of kinks into, 7:568–570
oxidative degradation of, 6:330

Backbone monomers, 1:176, 177
Bacteria

biodegradation of plastics in landfills by, 4:241
Baffles, vents in, 2:243
Bakelite, 3:565
Baker-Williams fractionation, 3:88
Bakery product packaging, 9:474
Balance, of energy, 6:299
Ball mills, 3:493
Banburry mixer, 3:494

Bancroft’s rule, emulsion stabilization, 6:640
Band gap, 9:148–150
Banded LCP texture, 7:567
Banded spherulites, 8:723–725
Bandwidth of device, 5:102
Barex resins, 1:284, 285, 2:37
Barium ferrite

filler material, 5:785
Barium lithol red, manufacture of, 3:474
Barium sulfate

in lithapones, 3:472
thermosetting powder coating filler, 3:241

Barrel coolers, 5:624
Barrel heaters, 5:624
Barrel temperature, in extruders, 5:644
Barreling, 15:455
Barrier coatings

xylylene polymer applications, 15:443, 444
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Barrier polymers, 2:1–61

barrier structures, 2:49–58
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chemical structure effects, 2:14–16
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2:33–44
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penetrant concentration effects, 2:19, 20
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condensible vapors, 2:26–32
property improvement, 2:49–60
temperature effects, 2:11–14
transport measurement techniques, 2:21–26

Barrier properties. See also Permeability
acrylonitrile copolymer, 1:274
glass-clear resins, 2:254
PET and PEN films, 10:506
polyacrylonitrile, 1:281
xylylene polymers, 15:430

Barrier screw, 5:650
Barrier structures, 2:49–58
Barytes, 5:793

effect on natural rubber properties, 12:227
effect on SBR properties, 12:228

BASF
anionic styrene polymerization research by, 13:224,

225
Bashforth-Adams equation, 13:595
Bast fibers, 2:569, 573, 14:496

processing, 14:498–504
supramolecular structure, 2:586

Batch emulsion copolymerization, 5:181, 192



Vol. 15 INDEX TO THE ENCYCLOPEDIA 587

Batch fractionation, 6:229–239
Batch reactors, 8:320
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xylylene polymer applications, 15:442
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electrically active polymers for, 4:773
poly(ethylene oxide) applications, 5:460

Bayer process, 1:119
Bayer reactor, 5:190, 191
BCB. See Benzocyclobutene (BCB)
BCF yarns. See Bulked continuous-filament (BCF)

yarns
BCMU. See 5,7-Dodecadiyne-1,12-

bis(butylcarboxymethylurethane)
(BCMU)

BCMU crystal structures, 4:449
BCP micelles, 3:214, 215
BCP microphase-separated nanostructures

nanolithography, 7:557
direct thermal annealing, 7:557

Bead-roll coater, 3:274
Bead vacuum, 3:283
Beads-on-string, 5:153, 155
Beam-bending problem, viscoelastic theory and, 15:91
Beam fanning, 9:767
Beam steering, 5:109
Beard formation, 5:647
Beech lignin, 7:528
Beer-Lambert Law, 5:40, 14:465
Behenic acid

Langmuir-Blodgett films, 7:426
Bell tunneling correction, 3:621
Bellows-type dilatometer, 4:530
Below-ground sealants, polysulfide, 11:177
Belting, 2:66–72

conveyor belts, 2:66–68
design and selection of, 2:71
elastomers in, 2:70, 71
flat belting, 2:68, 69
overview, 2:66
power transmission belts, 2:68–70
rubber compositions in, 2:70, 71
synchronous belts, 2:69
testing of, 2:71
V-belts, 2:69, 70

Belts
PEN fibers, 10:153

Bemliese nonwoven fabrics, 2:690
Bench-scale calorimeters, 6:92–95
Bench-top coater, 3:267
Bending, three-point, 6:314, 315
Bennett/Gibson/Brookhart single-site catalyst, 5:564
Benzaldehyde, 8:173

transfer coefficient to, 11:530
Benzenamine N-[4-(1,3-dimethyl(butyl)imino)]-2,5-

cyclohexadien-1-ylidene
(6-QDI)

oxidant used in rubber, 12:198
Benzene

component in coal-tar fractions, 2:472
oxidative polymerization, 9:447, 448
solubility of poly(ethylene oxide) in, 5:447
transfer coefficient to, 11:530

vapor deposition of carbon fibers from, 2:469, 482,
483

Benzenesulfonyl chloride
transfer coefficient to, 11:530

Benzenethiol
transfer coefficient to, 11:530

Benzimidazolone orange pigments, 3:478, 479
Benzimidazolone yellow pigments, 3:478, 479
Benzocyclobutene (BCB), 5:78

polystyrene polymerization and, 13:192
Benzocyclobutene cure reaction, 5:81
Benzodifurans (BDFs), 3:711
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Benzofuranones, 13:26

radical scavengers, 1:696, 697
Benzoguanamine, 1:518
Benzoguanamine-formaldehyde (BF) resins, 1:523
Benzoguanamine resins, 1:530
Benzoic acid (SL11) (67), 8:445
Benzophenone (SL10), 8:445
Benzophenone tetracarboxylic acid dianhydride,

5:77
comonomer with diisocyanates, 7:254

Benzophenone UV stabilizers, 14:452, 455
Benzophenonetetracarboxylic dianhydride

curing agent, 5:354
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retarder for radical polymerization, 11:580
Benzothiazyl disulfide (MBTS), 5:478
Benzotriazole UV stabilizers, 14:452
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manufacture, 9:591
Benzoyl peroxide, 14:776, 9:639, 11:507
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transfer coefficient to, 11:528
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Benzyl alcohol, 5:255
Benzyl butyl phthlate, 8:391
Bergman cyclization, 13:219, 220
Berkovich indenter, 6:556
Berlin blue, 3:471
Bernoullian distributions, 8:519, 520
Bernstein-Kearsley-Zapas (BKZ) constitutive equation,

1:468. See also K-BKZ model
Bernstein-Shokooh stress-clock model of solid-like

polymers, 15:157, 159, 161
Beryllium oxide

filler material, 5:785
BESP. See 1,4-Bis-(triethoxysilyl) benzene (BESP)
BESP aerogels, 4:60
Beta gauges, 2:385, 386
Beta irradiation, of polystyrene, 13:244
Beta polymorph, of PVDF, 15:63
Beta-relaxation, 15:98
Beta-Scission of polymer radicals, chain termination by,

5:526
Beta transition, 4:619
Bethge-Lindstrom procedure, 7:534
Beveled blade coater, 3:271
BF resins. See Benzoguanamine-formaldehyde (BF)

resins
BF3-Et2O initiation system, 7:202
BHET. See Bis(hydroxyethyl) terephthalate (BHET)
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BHT, antioxidants and, 13:22, 23, 25. See also
Butylated hydroxytoluene (BHT)

Biaxial extension flow, 12:2, 3
Biaxial extension studies, 9:12
Biaxial-orientated PLA bottles, 10:172
Biaxial orientation

films, 5:816–820
Biaxially oriented cast films, 5:590
Biaxially oriented nylon-6

permeability humidity effect, 2:21
Biaxially oriented polypropylene, 11:360, 403, 404
Bicomponent (Bico) fibers, 10:259, 260, 521, 522
Bicomponent acrylic fibers, 1:250
Bicomponent fibers

olefin fibers, 9:360, 361
Biconstituent fibers, 10:259, 260
Bidentate ligands, 10:655, 656
Bidim

physical properties, 9:181
Bifunctional epoxides, 5:293
Bilayer formation, thermodynamics of, 14:512, 513
Bilayer heterojunction solar cell, 12:632
Billow forming, 14:112, 113
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“Bimodal” elastomers, 9:7
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termination, 3:782–785
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compatibilization efficiency, 10:692
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flow-induced coalescence, 10:688, 689
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phase structure evolution during annealing, 10:691
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latex applications, 7:462
polychloroprene latex applications, 3:78
poly(ethylene oxide) applications, 5:459
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Bioalcohol recovery, 8:21
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Bioanalytical agents, 8:427
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Biochemical applications
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for polychloroprene latex, 3:77
Biocompatibility

biodegradable polymers for medical applications,
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Biodegradability
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Biodegradable oils, acrylamide polymerization and,

1:138
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Bioinspired polymers, 2:122–142
ABC block copolymers, 2:129
“artificial snail,” 2:132
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molecularly imprinted polymer applications,

8:693–696
smart polymers in, 12:620

Bioseparation processes, smart polymer in, 12:609, 610
Biostoning, 6:423
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Bis-MPA, hyperbranched polymer preparation from,
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oxidant used in rubber, 12:197
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NEXAFS spectra, 15:371
optical properties, 10:366, 367
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processing, 10:375, 376
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radiation chemistry, 11:481, 482
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spectroscopy and analysis, 10:359
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AFM imaging of, 1:777
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processing, 13:283
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Blocked isocyanates, 11:213
Blockiness, 8:107
Blood oxygenator, 7:804
Blooming process, 1:363
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of LDPE, 5:541

of LLDPE, 5:571
metals used in, 2:240, 241
of nylons, 10:289, 290
of polysulfones, 11:197
process compared to other thermoplastic processes

(table), 14:108
processes in, 2:217, 218
propylene polymers, 11:404
related operations in, 2:256–258
of resins, 2:216, 217
shrinkage in, 2:241
stretch, 2:250–255
of styrene polymers, 13:248
of thermoplastics, 1:807
thermoplastic resin processing, 10:85, 86
venting in, 2:241–247

Blow-molding machines
coextrusion, 2:249
manufacturers of, 2:235

Blow-molding resins, comparison of, 5:580
Blow molding, HDPE application in, 5:507, 508
Blow-up ratios (BURs), 2:237, 5:556

of polyethylene films, 5:553
Blowers, for extruder cooling, 5:624
Blowing agents, 2:259–271

chemical, 2:262–267. See also Chemical blowing
agents

expansion process by, 2:260
overview, 2:259
physical, 2:260–262. See also Physical blowing agents
properties of physical (table), 2:261
qualities of, 2:259
test methods for, 2:268–270
thermal analysis for, 2:269
thermomechanical analysis for, 2:270
thermoset polyester, 2:267, 268

Blowing agents. See also Cellular materials
environmental effects of, 13:213

Blown film
LDPE and LLDPE properties, 5:516, 517

Blown film dies, 5:571
Blown-film extrusion, 10:77

die geometry for, 5:675
of LLDPE, 5:569, 570

Blown film lines, 5:638
Blown film, from HDPE, 5:508–510
BLOX, 5:312
BLOX Adhesive and Barrier Resins, 2:42
Blue pigments, 3:471

phthalocyanine, 3:483, 484
Blunting growth, 6:315
BMCs. See Bulk molding compounds (BMCs)
[BMIM]PF6

heterogeneous ATRP, 7:197
methyl methacrylate (MMA) in, 7:197
chlorine-end-capped PMMA, 7:200
dendritic polyarylether 2-bromoisobutyrates, 7:200
heterogeneous ATRP in, 7:198, 199
reversible atom transfer radical polymerization of

MMA, 7:199
Boc group. See Nα-tert-Butyloxycarbonyl (Boc) group
Body force, 12:3
Bolaamphiphiles, 14:530
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Boltorn, 6:778, 779
Boltzmann constant, 5:96
Boltzmann equation, 4:650

modified, 15:155
Boltzmann superposition principle, 15:80, 86–92

and acoustic properties, 1:67
Bombyx mori

silk from, 12:542, 543, 547
Bond-angle restrictions on polymer chains, 4:648–650
Bond dissociation energy

free-radical initiators, 6:835, 838
Bond failure, 1:405
Bond fluctuation method, 8:597

applications, 8:601
Bond formation, adhesive, 1:404–406
Bond functionalities, in lignin, 7:530
Bond models, 8:577–579
Bond pads, 5:65
Bond vectors, sum of, 3:694–696
Bonding

direct, 1:430
involving diffusion and chemical reaction, 1:370–372
in ABS polymers, 1:333
methods of, 1:400–402
nonwoven fabrics, spun bonded, 9:193–196
technological compatibilizer, 1:370, 371

Bone
biodegradable polymers for fixation devices, 2:115
natural reinforcement of, 11:679

Bonse-Hart camera, 6:382
“Boomerang fixation”, 8:157
Bootstrap effect, 3:769, 770
Borane-THF complex, 13:555
Borazines

polymerization, 7:44
Born-Oppenheimer approximation, 14:568
Born repulsion, 6:645
Boron-containing polymers, 7:44–46
Boron-epoxy composites, 11:697
Boron fiber reinforcement, 11:696, 697
Boron fibers, 11:697

filler material, 5:785
Borosilicate Glass Filtered Xenon Arc Radiation, 15:246
Bottle blow molds, 2:245
Bottle design, plastic, 2:271–282

aesthetic requirements, 2:273
bottle dimensions (table), 2:280, 281
bottle requirements, 2:272, 273
bottle stability, 2:276
child-resistant closures, 2:277
computer utilization in, 2:279
design and development, basic steps in, 2:272
dispensing closures, 2:278
distribution requirements, 2:273
drain-back closures, 2:277
embossed or debossed decorations, 2:276
environmental concerns and, 2:280, 281
extrusion blow molding, 2:273, 274
filling and packing requirements, 2:274, 275
injection blow molding, 2:274
labeling and decoration, 2:277
manufacturing requirements, 2:273, 274
materials and colorants for, 2:278

molded information, 2:276
overview, 2:271, 272
pressure differentials in, 2:276, 277
product end-use and, 2:272, 273
recycling and, 2:280, 281
reduce waste during, 2:280
reuse of bottles, 2:280
roll-on finish, special, 2:278
sealing area, 2:276
secondary packaging, 2:273
sharp edges, 2:275, 276
specialty design, 2:277, 278
specifications for, 2:279
stretch blow molding, 2:274
tamper bands, 2:278
testing, 2:279
undercuts, 2:276
wall thickness, 2:276

Bottle reactors
for heterophase polymerization, 6:616

Bottom-blow core rod, 2:221
Bottom-spray or Wurster units, 8:387
Bound fraction, 1:436
Bound rubber, 2:438, 12:185
Boundary conditions, in molecular modeling, 8:586, 587
Boundary layer capacitors

carbon black applications, 2:460
Boundary layers, adhesion and, 1:364, 365
Bowden-Tabor model, of scratch behavior, 12:321
Bowstring hemp, 14:495
Box foams

rigid polyurethane, 2:551
Boyce-Parks-Argon model, of yield, 15:468–470
BPA-polycarbonate. See Bisphenol-A polycarbonate
Br-PCLA-PEG-PCLA-Br, 2:175
Brackish water reverse osmosis plant, 7:787, 788
Bragg reflection

thermochromic polymers baed on, 14:39–42
Bragg’s Law, 8:473
Branch density, durability and, 6:328
Branched polyethylene

P-V-T data, 14:79
Branched polystyrene, 13:188–193
Branching

chloroprene polymers, 3:54–56
degree of, 6:790, 791
dendrimers, 4:339
epoxies, 5:311

Brass/rubber bonding, 1:371, 372
Breakdown voltage

extreme value distribution for plastic film, 4:699
factors influence, 4:680
of poly(ethylene terephthalate) film, 4:698
of polytetrafluoroethylene films, 4:699

Breaker plate, of an extruder, 5:625
Breaking strength, of a fiber, 10:241, 242, 14:500
Breathe-and-dwell cycles, 3:573, 574
Brewster angle microscopy

Langmuir-Blodgett films, 7:430
Bricks, straw-reinforced, 11:679
Bridged metallocenes, 8:93–96

mono(cyclopentadienyl) complexes, 8:96–98
Bridged polysilsesquioxanes, 12:430
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Bridging mechanism, 8:484
Brillouin scattering

for acoustic measurements, 1:99
Brinell hardness test, 6:556
Brittle failure, 15:450
Brittle fatigue fracture, genuine, 6:291
Brittle fracture, 6:288, 289, 300

critical tensile stress for, 6:326
dynamic, 6:292
of PMMA, 6:319

Broad MMD homopolymers, 7:716–718
Broke, recovery of fiber from, 1:542
Brominated bisphenol A-based epoxy resins, 5:312, 313
Brominated butyl rubber, 2:349, 357–360, 366
Brominated epoxies, 1:416

average U.S. price, 5:299
Brominated epoxy oligomers (BEOs), 1:321
Brominated epoxy-phenolic system, dynamic cure,

13:860
Brominated hydrocarbons, 1:355
Brominated poly(isobutylene-co-p-mehtylstyrene),

2:354
curing, 2:366
structure, 2:362

Bromine compounds, as flame retardants, 13:258
Bromine containing monomers, 6:39
2-Bromo-3-hexylthiophene, dehydrohalogenative

polycondensation, 10:420, 421
2-Bromo-p-xylylene

threshold condensation temperature, 15:422
α-Bromophenacyl, 11:76
Bromotrifluoroethylene, 6:132
Bronsted acids

carbocationic polymerization, 2:395
Bronze pigments, 3:474
Brookhart single-site catalyst, 5:564
Broom corn, 14:495, 507
Broom root, 14:495, 507
Brown iron oxide pigment, 3:471
Brownian dynamics, 8:589
Brownian force, in DE model, 15:129
Brownian motion, 4:653
Brush copolymer, ATRP for, 1:735, 736
Brushing

nonwoven fabrics, 9:234
BS 2782, 6:802, 806, 807
BTSE. See Bis(trimethoxysilyl)ethane (BTSE)
Bubble jet technologies, 5:93
Bubble tear-offs, in LDPE production, 5:533
Bubblfil yarns, 2:687
Bubbling, devolatization via, 13:241–243
Buckminsterfullerene

retarder for radical polymerization, 11:581
Budium, 2:317
Buffable polishes, 6:112
Building materials, 6:88
Building products

polyarylates, 10:353
poly(vinyl alcohol), 14:716

Bulk adhesive testing, 1:407, 408
Bulk and solution polymerization reactors, 2:283–292

by-product removal, 2:286, 287
copolymerization, 2:288

kinetic models, 2:288
managing reaction exotherm, 2:283–286
solvent recovery, 2:292
stirred-tank, 2:287, 288, 291, 292
tubular, 2:286, 291, 292

Bulk density, 5:641, 642
Bulk heterojunction solar cells

charge carrier mobility and recombination, 12:643
Bulk material deformation, 8:471
Bulk modulus, 4:639, 15:78–80
Bulk molding compounds (BMCs), 3:587, 10:90

composite materials, 3:518
Bulk order-disorder temperature (ODT)

microdomain size miniaturization for lithographic
purposes, 12:302

Bulk polymerization, 3:126
acrylonitrile, 1:238, 239, 275
chloroprene, 3:44–47
heterophase polymerization prerequisites, 6:595
heterophase recipes, 6:620
heterophase technique, 6:582
polystyrene manufacturing, 13:179, 180, 241, 244
poly(vinyl chloride), 14:742, 743
vinyl acetate polymers, 14:665

Bulked continuous-filament (BCF) yarns, 10:252
Bulky rayons, 2:686–688
Bun stock

rigid polyurethane, 2:551
Buna 115, 2:293
Buna 32, 2:293
Buna S rubbers, 13:269
Bunsen Burner Ignition Test, 6:67
Buoyancy

cellular polymers, 2:545
for crystallinity determination, 4:159
subsea applications for composite foams, 3:511, 512

Burgers model, of viscoelasticity, 15:83, 84
Burkholderia sp., 10:110
Burned polymers

as evidence, 6:176
Burning temperatures, higher heat flux requirement,

6:60, 61
Burning velocity, in fuel active radicals, 6:37
Burning, of styrene polymers, 13:252, 254
BURs. See Blow-up ratios (BURs)
1,3-Butadiene, 2:293–296

anionic copolymerization, 1:640
anionic polymerization, 1:629–635, 2:312–317
cationic polymerization, 2:316, 317
free-radical polymerization, 2:304, 305
health and safety factors, 2:299, 300
heat and entropy of polymerization, 14:97
manufacture, 2:296–298
metallocene-based polymerization, 8:125
physical and thermodynamic properties, 2:294, 295
polymerization, 2:300–321
purification, 2:297
reactions, 2:295, 296
solubility in organic solvents, 2:296

Butadiene
aqueous solubility, 7:467
chloroprene reactivity ratios, 3:47
copolymerization with styrene, 13:193, 194, 234
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monomer for rubber compounding, 12:204
polymerization processes for, 13:269–276
water solubility for heterophase polymerization,

6:628
Ziegler-Natta polymerization, 15:518, 519

Butadiene-isoprene-butadiene (B-I-B)
block copolymers, 7:322, 323
triblock copolymers, 7:323

Butadiene-isoprene-styrene block copolymers, 7:322,
323

Butadiene monomer, 13:268, 269
Butadiene polymers, 2:293–391

economic aspects, 2:319–321
polybutadiene synthesis, 2:304–317
polymerization processes, 2:317–319
structure, 2:300–304

Butadiene-styrene copolymer, 2:293
n-Butane

C C bond in, 3:690, 691
dehydrogenation to produce butadiene, 2:297
Z for, 3:692, 693

Butanediol diglycidyl ether, 5:324
n-Butanethiol

transfer coefficient to, 11:530
tert-Butanol (TBA), 11:314
n-Butanol

solubility of poly(ethylene oxide) in, 5:447
2-Butanone

transfer coefficient to, 11:530
2-Butanone peroxide

transfer coefficient to, 11:528
n-Butene

dehydrogenation to produce butadiene, 2:297
Butene copolymer LLDPE, 5:554
Butene polymers, 2:332–345. See Polybutylene (PB)
1-Butene. See also Polybutylene (PB)

health and safety factors, 2:345
heat and entropy of polymerization, 14:97
manufacturing of, 2:333
metallocene-based copolymerization with ethylene,

8:107
physical properties of (table), 2:332, 333
transfer coefficient to, 11:526
Ziegler-Natta polymerization, 15:518, 519

t-Butoxy radicals, in polystyrene manufacture, 13:190,
191

Butter
as colloid, 3:440

n-Butyl acetate
solubility of poly(ethylene oxide) in, 5:447

n-Butyl acrylate
aqueous solubility, 7:467
in biodegradable shape-memory polymer networks,

12:418
copolymerization parameters with vinyl acetate,

14:654
water solubility for heterophase polymerization,

6:628
Butyl acrylate, 6:569

activation parameter for propagation step, 11:520
activation parameter for termination, 11:549
transfer coefficient to, 11:526

n-Butyl alcohol
transfer coefficient to, 11:530

tert-Butyl alcohol
chain-transfer constant, 14:667
polystyrene polymerization and, 13:191

Butyl cellosolve
solubility of poly(ethylene oxide) in, 5:447

Butyl elastomer. See also Butyl rubber
physical properties, 12:207

n-Butyl glycidyl ether, 5:324
tert-Butyl hydroperoxide

transfer coefficient to, 11:528
Butyl lithium initiator, in cold SBR production, 13:273,

274
n-Butyl mercaptan

chain-transfer constant, 14:667
n-Butyl methacrylate

percentage of termination by combination in
telechelic polymers, 13:674

water solubility for heterophase polymerization,
6:628

Butyl methacrylate
activation parameter for propagation step, 11:520
activation parameter for termination, 11:549
contribution of disproportionation to termination,

11:544
tert-Butyl peroxide

transfer coefficient to, 11:528
Butyl rubber, 2:349–370, 725

applications, 2:366, 367, 7:330
blends with polypropylene, 14:137
compounding, 12:211
cure systems, 12:248, 249
economic aspects, 2:368–370
elastomeric vulcanizates, 2:364, 365
halogenation, 2:358–360
health and safety factors, 2:368
manufacturing, 2:354–360
modification, 2:352–354
molecular structure, 2:360–362
permeabilities, solubilities, and diffusivities of gas

pairs in, 14:312
physical properties, 2:362–364
synthesis by carbocationic polymerization, 2:390,

391, 417, 418
for tire compounding, 12:254
vulcanization, 2:366

Butyl rubber, in belting, 2:71
N-tert-Butyl-2-benzothiazole sulfenamide (TBBS),

12:171
accelerated vulcanization, 12:243

Butylated hydroxytoluene (BHT)
4-tert-Butylcatechol (TBC), 13:221
n-Butyllithium (NBL), 13:223, 225

anionic polymerization initiator, 1:605, 609
Butyllithium-catalyzed cis-1,4-polyisoprene, 7:288
Nα-tert-Butyloxycarbonyl (Boc) group

amino acid protecting group, 11:65–70
cleavage, 11:85, 86

p-t-Butylphenol
phenolic resin monomer, 9:579

p-tert-Butylstyrene-isoprene-p-tertbutylstyrene
(bS-I-bS), 7:319

linear ABA-type triblock copolymers, 7:319
By-product removal

bulk and solution polymerization reactors, 2:286, 287
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C-glass (chemical glass), properties of, 11:689, 690
C polymers. See Crystalline (C) polymers
C4 stream

composition of typical crude, 2:297
C/W HIPEs, 10:599
C1-symmetric metallocene catalysts, 13:95, 105
C12-C14 Aliphatic glycidyl ether, 5:324
C16-IPDU-EO770-IPDU-C16 HEUR, 6:739, 740
C60-containing polymers, 6:338
C60-dispersed PPO-membranes, 6:349
C60-PEG copolymer, 6:350
C60-poly(1-phenyl-1-alkynes) star polymer, 6:345
C60-star-shaped polymers/flagellenes, 6:344, 345
(C60Pd)n polymers, 6:339
([C6Pyr][NTf2])/methanol, 7:203
CA Chemical Substance Indexes, 9:89
Caa o-chu (Mayan word for rubber), 6:583
Cabinets, 15:281
Cable coating, 10:81
Cable coating, nylon, 10:289
Cable insulation

LLDPE, 5:579, 580
Cables

LDPE, 5:540
PPTA fiber, 10:228

Cadillo, 14:495
Cadiot-Chodkiewicz coupling reaction, 4:446
Cadiot-Chodkiewizc-coupling reactions, 3:192
Cadmium orange, 3:472
Cadmium pigments, 3:472
Cadmium selenide pigments, 3:472
Cadmium sulfide pigments, 3:472
Cadmium yellow, 3:472
Cadmuim red, 3:472
Caffeic acid, 5:271
Cahn electrobalance, 13:809
Cahn-Hilliard theory, 8:600
CA Index Guide, 9:89
Cake fouling, 5:846, 847. See also Fouling; Organic

fouling
CalceneTM

effect on natural rubber properties, 12:227
effect on SBR properties, 12:228

Calcite, 5:793
Calcium carbonate, 5:793

filled silicone networks, 12:486
filler material, 5:785
for rubber compounding, 12:221, 222
in SBR processing, 13:277
thermosetting powder coating filler, 3:241

Calcium methoxide
ring opening polymerization by, 12:148

Calcium proprionate, 8:394
Calcium sulphate

filler material, 5:785
Calcium-zinc soaps, 6:579
Calcium/magnesium salts of organic acids, 1:667
Calender-roll deflections, 2:380–383
Calendering, 2:375–388, 10:88

of ABS polymers, 1:331
calender speed in, 2:386, 387
chloroprene polymers, 3:66–68
compensation for calender-roll deflections and,

2:381–383

definition, 2:375
embossing in, 2:387, 388
equipment for, 2:385, 386
films, 5:821, 822
for fluorocarbon elastomers, 6:171
finish in, 2:387
gauge products in, 2:387
health and safety factors, 2:388
nonwoven fabrics, 9:233
of elastomers and thermoplastics, 2:375–378
orientation in, 2:387
of paper and nonwoven fabrics, 2:378, 379
processing considerations, 2:386–388
progress in, 2:388
rolls-separating forces, estimation of, 2:383–385
specifications and standards, 2:388
temperature control in, 2:386
theory related to, 2:379–385
thickness control across web and, 2:379, 380
use of, 2:375

Caliber, 10:354
Calibration methods, in size exclusion chromatography,

3:121–123
California technical bulletins, 6:86
Calixarene, 11:134

based polyrotaxanes, 11:134
Callose

biosynthesis, 2:571
Calorimeter, 4:141, 142
Calorimetry, 14:62. See also Differential scanning

calorimetry
heterophase polymerization, 6:676–678
thermoset curing, 14:178–181
and yield, 15:473–475

Cambridge Structural Database (CSD), 4:447
Camphorsulfonic acid, 13:216
CAMPUS. See Computer Aided Material Preselection

by Uniform Standards (CAMPUS)
Can process, in polystyrene manufacturing, 13:179
Cancer treatment

controlled release technology, 3:755
Candida Antarctica lipase (lipase CA), 7:203
Candida rugosa, 8: 458
Candidate coating formulations, 8:388
Candy packaging, 9:474
Cannabis

species with fiber potential, 14:497
Cannizzaro reaction, 1:524
Canonical distribution function, 13:76, 77
Canonical ensembles, 13:77

in molecular dynamics modeling, 8:588
Canonical partition function, 13:76
Cantala, 14:495

dimensions of ultimate fibers and strands, 14:498
mechanical properties, 14:499
processing, 14:505
uses, 14:508

Caoutchouc, 6:583
Capacitance, 4:677
Capacitive dilatometry, 4:530, 531
Capacitors

xylylene polymer applications, 15:441, 442
Capillary chromatography, microscale, 3:90
Capillary instabilities, in coextrusion, 3:383, 384
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Capillary membranes, 5:829, 830
Capillary microreactors, 8:319
Capillary number, 3:276
Capillary rheometer, 12:8–10
Capillary-type microreactors, 8:319
Capillary-type thermal mass flow sensor, 8:355
Capping/trapping reaction, 8:352
Caprolactam disulfide, 12:176
Caprolactam, creation of, 10:238
Caprolactam, reaction extrusion, 11:646
ε-Caprolactone

anionic polymerization, 1:625
Capsule shell formation, 8:382
Capsule structures, 8:378
Capsules, 8:385, 386, 390
Car-Parinello method, 8:582
Carbamates, 4:450
Carbamide, 1:518
Carbazole

component in coal-tar fractions, 2:472
Carbazole dioxazine violet, 3:486
Carbenium ions, 2:391

stability, 2:392
Carbitol

solubility of poly(ethylene oxide) in, 5:447
Carbocationic polymerization, 2:390–420

controlled (living), 2:392, 413–416
copolymerization, 2:410–413
industrial processes, 2:416–420
initiating systems, 2:394–399
kinetics and mechanism, 2:402–410
monomers for, 2:392–394
polymerization media, 2:399–401

Carbocations, 4:56
Carbodiimides, 11:216
Carbohydrate-based adhesives, 1:428, 429
Carbon-13 (1C) NMR, 2:737, 8:523
Carbon

filler material, 5:785
Carbon-based nanostructured materials, 7:642
Carbon black dispersant, lignosulfonate, 7:541, 542
Carbon black, 2:426–463, 3:470, 553, 555

acetylene black process, 2:449
analytical test methods (table), 2:440, 441
applications, 2:453–460
atomic structure, 2:431
butyl rubber filler, 2:364, 365, 428
classification, 2:439–441
effects on sound speed in rubber, 1:83
environmental concerns, 2:463
as filler, 5:798, 799
filler for ethylene-propylene elastomers, 5:601, 602
formation, 2:441–444
health and safety factors, 2:461–463
impingement (channel, roller) process, 2:427, 450
lampblack process, 2:450
manufacture, 2:444–451
oil-furnace process, 2:427, 428, 444–448
production by grade in U.S (table), 2:454
properties and characterization, 2:428–439
recycle blacks, 2:451
for rubber compounding, 12:218–221
in SBR processing, 13:276, 277

silica-to-rubber coupling agent, 12:184, 185
surface modification, 2:451–453
thermal black process, 2:448, 449
thermal stability and, 13:37
as ultraviolet-screening pigment, 13:30, 31
UV stabilizing effects, 14:481

Carbon-carbon bond cleavage, in lignin, 7:529, 530
Carbon-carbon composites

phenolic resins, 9:578, 615
Carbon-carbon double bond addition, 6:835
Carbon-carbon double bonds, hydrogenation of, 6:775
Carbon-carbon free-radical initiators, 6:857, 858
Carbon-containing silicon dioxide-like films, 10:16
Carbon dioxide separation, from stack gases, 5:836
Carbon dioxide. See also Supercritical carbon dioxide

acrylonitrile as barrier to, 1:281
acrylonitrile copolymers of, 1:284
chain-growth polymerizations in supercritical,

4:49–57
diffusivity in polymers, 8:304
dispersion and emulsion polymerizations in, 4:53
molecular volumes (table), 14:301
permeabilities of various high and moderate barrier

polyhmers, 2:35
permeation, 2:24
polymerization in supercritical, 4:47–60
surfactants for, 4:51, 52
transport properties at 35◦C in liquid crystalline

polymer and polyacrylonitrile
Carbon fiber HTA-12K, 2:469
Carbon fiber K-11, 00

physical properties, 2:479
Carbon fiber P-100S

physical properties, 2:479
Carbon fiber P-120S

physical properties, 2:479
Carbon fiber P-25

physical properties, 2:479
Carbon fiber P-30X

physical properties, 2:479
Carbon fiber P-55S

physical properties, 2:479
Carbon fiber P-75S

physical properties, 2:479
Carbon fiber reinforcement, 11:691–693
Carbon fiber T-101F

physical properties, 2:473
Carbon fiber T-101S

physical properties, 2:473
Carbon fiber T-201F

physical properties, 2:473
Carbon fiber T-201S

physical properties, 2:473
Carbon fiber T-300

physical properties, 2:479
Carbon fiber T-650/35

physical properties, 2:479
Carbon fiber T-650/42

physical properties, 2:479
Carbon fiber-reinforced composites

phenolic resins, 9:614
Carbon fibers, 2:466–484, 5:681

acrylic fibers as precursor, 1:251, 252
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acrylonitrile in, 1:274
cyclopentadiene as feedstock, 4:236
electropolymerization on, 5:134–140
high performance fibers, 6:712–714
from high performance polymers, 2:469, 479
mechanical properties of, 11:692, 693
mesophase pitch-based, 2:469, 472–479
PAN-based, 2:469–472
production, 2:467
properties, 9:346
properties of commercial (table), 2:479
rayon-based, 2:469, 480–482
vapor-grown, 2:469, 482, 483

Carbon fillers, 5:798, 799
Carbon gel, 2:438
Carbon-hydrogen bonds

dissociation energies, 1:689
Carbon monoxide, 6:39. See also Polyketones

copolymerization with styrene, 13:195
in phosgene manufacture, 9:626–628

Carbon monoxide/ethene copolymerization
catalyst performance in, 10:654
discovery of, 10:649

Carbon monoxide/olefin terpolymers, 10:649, 652
Carbon nanofiber nanocomposites, 14:177, 178
Carbon nanohorns (CNHs), 7:642, 643
Carbon-nanotube fibers, 6:714
Carbon nanotubes (CNTs), 5:265, 7:642, 643, 11:698,

699, 14:177, 178
anionic and living free radical initiators, 7:643
covalent functionalization, 7:643
end-functionalized polymers, 7:643
filler material, 5:785, 799

Carbon tetrabromide
transfer coefficient to, 11:530

Carbon tetrachloride
in CSM preparations, 5:476, 477
solubility of poly(ethylene oxide) in, 5:447
transfer coefficient to, 11:530

Carbon whiskers, 11:692
Carbon/graphite fibers

filler material, 5:785
Carbonate-ester transesterification reaction, 5:261
Carbonate group

relationship between liquid Cp and temperature in
linear macromolecules, 14:76

Carbonium-imonium ion, 1:522
Carbonium ions, 2:391
Carbonization

mesophase pitch-based carbon fibers, 2:477
PAN-based carbon fibers, 2:471
rayon-based carbon fibers, 2:480–482

Carbonized PAN fibers, 2:471
Carbonizing

wool, 15:321
Carbonless copy paper, 8:389

phenolic resins, 9:605
Carbonyl compounds, 8:172

free-radical initiators, 1:688
Carbonyl group

relationship between liquid Cp and temperature in
linear macromolecules, 14:76

of insoluble polymers, 1:112

in lignin, 7:535
quantitative determination of, 1:114

Carbonyl monomers
anionic polymerization, 1:599

Carbonylamines condensation products
antidegradant for rubber, 12:234

Carboranes
replacing cylcopentadienyl in metallocenes, 8:99, 100

Carbosilane dendrimers, 10:394, 395
Carboxy methylcellulose (CMC)

drag-reducing additive, 4:553
Carboxy-terminated butadiene nitrile

elastomer modifier for epoxies, 5:322, 323
Carboxyl group

relationship between liquid Cp and temperature in
linear macromolecules, 14:76

Carboxyl group, in lignin, 7:535
Carboxylic acids

curing agents, 5:337
phosgene reactions with, 9:626

Carboxylic functional polyesters
coreactive curing agents for epoxies, 5:348–350

Carboxylicterminated polyesters
advantages, disadvantages, and applications as

epoxy curing agent, 5:339
Carboxymethyl cellulose, 2:649

applications, 2:655
economic aspects, 2:653–655
in interpenetrating network, 7:144
manufacture, 2:652, 653
properties, 2:651, 652
salt compatibility, 2:650
test methods, 2:654, 655
water-soluble polymer, 15:195, 196

Carboxymethylhydroxyethylcellulose, 2:658, 659
Cardanol, 5:268
Carilon polymer, 10:650
Carnahan-Starling equation, 2:201
Carnauba wax, 6:106
Caroa, 14:495

dimensions of ultimate fibers and strands, 14:498
processing, 14:505

Carothers principle, of functionality, 11:183
Carothers, Wallace H., 10:238, 510
Carpet fibers, nylon, 10:263, 264
Carpets

PTT in, 10:207
recycling, 10:264, 11:671, 672

Carr-Purcell-Meibom-Gill pulse sequences, 9:243
Carrageenan, 15:191
Carrier facilitated transport, 7:802
Carrier mobility

polysilanes, 11:161
Carriers

of colorants, 3:492
Carry-out bags, 9:477, 478
Cartesian coordinate system, for conformation

geometry, 3:695–697
Caruther model, 1:475, 476, 15:471
CAS Registry file, 13:157
CAS. See Chemical Abstracts Service (CAS)
Cascade defects, 3:277
Cascading, 9:132, 133
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Casein, 2:487–493
acid, 2:487
active groups in, 2:489
as adhesive, 2:492
amino acid content of, 2:488
chemical properties, 2:487, 488
for coatings, 2:492, 493
component fractions of, 2:489
cross-linking, 2:490, 491, 493
elemental composition of, 2:488
for fiber production, 2:493
in food processing, 2:492
health effects of, 2:493
manufacture of, 2:490, 491
for manufacture of plastics, 2:493
physical properties, 2:488–490
rennet, 2:487
for sizing of paper, 2:492
testing procedures, 2:492
uses, 2:492, 493
world production of, 2:492

Casein adhesives, 1:427, 428
Cashew nutshell liquid

phenolic resin monomer, 9:579
CASRN. See Chemical Abstract Service Registry

Number (CASRN)
CASSCF. See Complete active space self-consistent field

(CASSCF)
Cast film extrusion line, 5:635
Cast film extrusion, 10:77, 78

of LLDPE, 5:570
Cast films, 5:814

biaxially oriented, 5:590
propylene polymers, 11:403

Casting, 2:495–507, 5:688, 10:89
acrylic sheet, manufacture of, 2:495, 496, 501,

503–506. See also Acrylic
epoxy resin applications, 5:402–406
PET and PEN films, 10:503, 504

Casting alloys in dentistry, 4:410, 411
Casting knife, 7:748
Casting lines, 5:691
Casting operations, 11:701
Casting solution, composition pathway of, 7:758
Castor-oil-derived alkyds, 1:493
Castor oil-based interpenetrating polymer networks,

7:133–136
Castor oil-based polyurethane

in interpenetrating network, 7:143
Catalysis. See also Single-site catalysts; Ziegler-Natta

catalysts
biscyclopentadienyl, 5:562, 563
Chromox, 5:557, 558
constrained geometry, 5:562
embedded microgels, 8:439
evaluation/development, for polyketones, 10:653–655
for LLDPE production, 5:557–564
general aspects, 8:151
Grubbs-type catalysts, 8:155
homogeneous, 8:151
immobilization, 8:157
Katz-type catalyst, 8:153
metallocene, 5:544, 557, 560

molecularly imprinted polymer applications,
8:697–699

nickel(II)-based, 10:655
organochrome, 5:559, 560
polyketone, 10:653, 668
Piers-type, 8:158
prefunctionalization, 8:171
for propylene polymers, 11:368–373
Ruthenium-based catalysts, 8:155
single-site, 5:560–564
Standard of Indiana, 5:558
tantalum-based, 8:152
titanium-based, 8:152
tungsten-based, 8:153
with amphiphilic dendrimers, 4:353, 354

Catalyst immobilization, 8:157
Catalyst supports

metallocenes, 8:91, 92
Catalytic chain transfer isomerization, 11:532
Catalytic chain transfer, 11:531–533
Catalytic chain-transfer agents, in emulsion

polymerization, 5:175
Catalytic cracker residue

feedstock for oil-furnace black process, 2:446
Catalytic cure

epoxy resins, 5:358–362
Catalytic dehydrogenation, polysilanes via, 7:41
Catechin, 5:272, 273
Catechol, 5:270
Cation-exchange membranes, 5:834, 7:747, 788
Cation exchange reaction

idealized equilibrium constant, 7:153
Cation exchange resin, schematic structural view,

7:151
Cation exchangers

dispersed amphoteric metal oxides, 7:186
Cation pool technique, 8:345
“Cation pool”, 8:335
Cationic acrylamide polymers, 1:118

as dewatering aids, 1:119
Cationic carbonyl polymers, from poly(acrylamide),

1:128, 129
Cationic catalysts

advantages, disadvantages, and applications as
epoxy curing agent, 5:339

curing agents, 5:337
Cationic copolymers, of acrylamide, 1:131–135
Cationic grafting techniques, 6:479
Cationic homopolymerization, of acrolein polymers,

1:111
Cationic hydroxyethylcelluloses, 2:659, 660
Cationic photopolymerization, 9:695–714
Cationic polyelectrolytes

water-soluble polymers, 15:207–210
Cationic polymerization, 2:191, 725, 726

carbocationic polyermization contrasted, 2:390
chloroprene, 3:50, 51
macromers, 13:725–728
for macromonomers synthesis, 6:491
polybutadiene synthesis, 2:316, 317
reactions pathways, 8:341
silicones, 12:476, 477
styrene, 13:214, 223, 226
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in supercritical carbon dioxide, 4:54–56
telechelic polymers, 13:694–701

Cationic ring-opening photopolymerization, 9:703–705
in hyperbranched polymer synthesis, 6:787

Cationic surfactents. See Surfactents
Cationic urea resins, 1:541
Cationic wheat starch, reaction extrusion, 11:645
Cauchy-Green deformation tensor, 15:112, 120
Cauchy-Green strain tensor, for solid-like polymers,

15:162
Caulkability, 9:470
Cavitation-induced polymer scission, 14:429

mechanism, 14:427, 428
scission kinetics, 14:428
ultrasonic scission of, 14:429
antisolvent effect on, 14:429

Cavities, formation of, 6:332
Cavity mixers, 5:658, 659
Cavity transfer mixer, 5:659
CB-A antioxidants. See Chain-breaking acceptor

(CB-A) antioxidants
CB antioxidants. See Chain-breaking (CB) antioxidants
CB-D antioxidants. See Chain-breaking donor (CB-D)

antioxidants
CCTP. See Coordinative chain transfer polymerization

(CCTP)
CD-based polyrotaxanes, of rotor-polyaxis systems,

11:138
CD fluorocarbon plasmas, 10:7
CD polarization modulation spectroscopy, 12:666
CD polyrotaxanes, 11:128, 129
α-CD polyrotaxanes, 11:129
CD spectra

geometry of biphenyl A/C system and, 5:43
nondegenerate coupled oscillator, 5:46, 47
for polymers, 5:47
for proteins, 5:47–49

CD spectroscopy, 12:657
Jones and Stokes vectors, 12:657–659
Stokes-Mueller formalism, 12:657

CD. See Circular dichroism (CD)
CdS, 8:785
CDs

and cationic polymers, complex formation, 11:122
and polyamides and polyurethanes, complex

formation (table), 11:127
and polyamines, complex formation (table), 11:121
and polyethers, complex formation (table), 11:121
and polyolefins, complex formation (table), 11:126
and π-conjugated polymers, complex formation

(table), 11:124
chemical structure and properties of (table), 11:120
polypseudorotaxanes, 11:127, 128

CDs. See Compact discs (CDs), 6:383–386
CdSe, 8:785
CdTe, 8:785
CED. See Cohesive energy density (CED)
Ceiling temperature, 4:254, 255, 14:95
Celcon, 1:1
Celcon GC-25A, 1:14
Celcon LW90-SC, 1:14
Celcon U10, 1:13
Cell-cast acrylic sheet, 2:495

Cellobiose, 2:575, 576
Cellophane

environmentally degradable plastic, 2:81, 84
moisture proofing, 2:50

Cellosolve
solubility of poly(ethylene oxide) in, 5:447

Cellosolve acetate
solubility of poly(ethylene oxide) in, 5:447

Cellotetraose, 2:567
Cells, 12:645
Cellular ebonite, 2:523
Cellular materials, 2:511–559. See also Blowing agents

acoustic properties, 1:73
classification, 2:512
commercial products and processes, 2:546–558
decompression expansion processes, 2:520–524
expandable formulations, 2:515–520
expansion process, 2:512–514
frothing process, 2:524, 525
health and safety factors, 2:558, 559
manufacturing processes, 2:514–526
microcellular plastics, 8:300–315
phase separation, 2:525, 526
physical properties of selected commercial, 2:527, 528
properties, 2:526–546
syntactic, 2:525
test methods, 2:512

Cellular rubber, 2:512
manufacture, 2:522, 523

Cellulase, 2:568, 5:226
Cellulase/surfactant (CS) complex, 5:227
Celluloid, 2:609
Cellulon, 2:570
Cellulose, 2:566–592, 600, 617, 672

amorphous, 2:576, 579
biodegradable natural polymer, 2:111
biosynthesis, 2:570–573
blends with poly(ethylene oxide), 5:450
as cellular material, 2:511
chemical reactivity, 2:588, 589
component of vegetable fibers, 14:494
cross-linking, 2:587
crystalline, 2:576, 579, 580
direct dissolution, 2:691–694
dissolution, 2:680
environmentally degradable plastic, 2:80, 81
filler material, 5:785
irradiation degradation, 4:289
Langmuir-Blodgett films, 7:428
microcrystalline, 2:579, 588
physical properties, 2:620
polymer-supported reagents, 11:40–42
preparation, 2:573, 574
solvents for, 2:589–591
sources, 2:569, 570
structural isomers, 2:618
structure-property relationships, 2:575–588
thermoforming, 14:127
in viscose process, 2:676, 677

β-Cellulose, 2:569
γ-Cellulose, 2:569
Cellulose acetate, 2:590, 617–619

analytical and test methods, 2:632–637
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applications, 2:637–641
decompression expansion processes, 2:520
economic aspects, 2:632
environmentally degradable plastic, 2:81
fatigue thermal history effect, 5:742
manufacture and processing, 2:621–631]
membranes, 7:755, 794
physical properties, 2:527, 620, 621

Cellulose acetate butyrate
applications, 2:637, 639–641
liquid crystalline, 2:620, 621
manufacture, 2:624

Cellulose acetate butyrate succinate
manufacture, 2:624

Cellulose acetate isobutyrate
manufacture, 2:624

Cellulose acetate Loeb-Sourirajan reverse osmosis
membranes, 7:759

Cellulose-acetate membrane, 5:834
Cellulose acetate methacrylate

manufacture, 2:623
Cellulose acetate phthalate, 2:619

manufacture, 2:624, 625
Cellulose acetate propionate

applications, 2:637, 638–641
manufacture, 2:623

Cellulose acetate succinate
manufacture, 2:624

Cellulose acetate tape, 11:291
Cellulose acetate valerate

manufacture, 2:624
Cellulose acetates maleates

manufacture, 2:623
Cellulose acetates sorbates

manufacture, 2:623
Cellulose adhesives, 1:428
Cellulose aminoacetates

manufacture, 2:623
Cellulose-binding domain (CBD)-deleted mutant

cellulase, 5:228
Cellulose butyrate

manufacture, 2:622, 623
physical properties, 2:620

Cellulose butyrate valerate
manufacture, 2:624

Cellulose caprate
physical properties, 2:620

Cellulose-chitin hybrid polysaccharides, 5:235
Cellulose chloroacetates

manufacture, 2:623
Cellulose dansylate, 2:606
Cellulose deoxysulfonates, 2:607
Cellulose derivatives

water-soluble polymers, 15:195, 196
Cellulose diacetate

liquid crystalline, 2:620
physical properties, 2:620

Cellulose diacetate membranes, 7:784, 786
Cellulose dinitrate, 2:602
Cellulose esters, inorganic, 2:600–613

applications, 2:608–613
physical properties, 2:607, 608
preparation, 2:601–607

Cellulose esters, mixed, 2:619

Cellulose esters, organic, 2:617–641
analytical and test methods, 2:632–637
applications, 2:637–641
economic aspects, 2:632
health and safety factors, 2:637
liquid crystalline solutions, 2:620, 621
manufacture and processing, 2:621–631
physical properties, 2:619–621

Cellulose ethers, 1:428, 2:647–667
blends with poly(ethylene oxide), 5:450, 451
commercial, 2:651–667
hydrolytic degradation, 4:290

Cellulose fibers, regenerated, 2:672–706
applications, 2:675, 676
commercial aspects, 2:703–705
cuprammonium rayon, 2:689–691
direct dissolution processes, 2:691–694
lyocell applications, 2:686, 694–697
lyocell process, 2:692–694, 701, 702
other solvent routes, 2:697–699
production and consumption, 2:702, 703
properties, 2:699, 700
viscose process, 2:676–689
viscose process, environmental issues, 2:700, 701

Cellulose formate
manufacture, 2:621

Cellulose gum, 2:651
Cellulose heptylate

physical properties, 2:620
Cellulose hydrates, 2:585
Cellulose I, 2:568, 580–583, 584

biosynthesis, 2:571
x-ray diffraction pattern, 2:578

Cellulose II, 2:568, 583, 584
biosynthesis, 2:571
x-ray diffraction pattern, 2:578

Cellulose III, 2:584
Cellulose IV, 2:583, 585

biosynthesis, 2:571
Cellulose laurate

physical properties, 2:620
Cellulose liquid crystals, 2:591, 592
Cellulose mesylate, 2:606
Cellulose methanesulfonate, 2:606
Cellulose mononitrate, 2:602
Cellulose morpholinobutyrate

manufacture, 2:623
Cellulose myristate

physical properties, 2:620
Cellulose nanocrystals, 2:592
Cellulose nitrate, 2:600, 601, 673

applications, 2:608–613
film formation, 2:608
solubility, 2:608

Cellulose palmitate
physical properties, 2:620

Cellulose phosphate paper, 2:613
Cellulose phosphate, 2:607, 608

applications, 2:607, 608
solubility, 2:607
water-soluble polymers, 15:196

Cellulose propionate
manufacture, 2:623
physical properties, 2:620
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Cellulose propionate isobutyrate
manufacture, 2:624

Cellulose propionate valerate
manufacture, 2:624

Cellulose sponges, 2:525
Cellulose succinates, 2:619
Cellulose sulfate, 2:602–606

applications, 2:610–613
solubility, 2:608
water-soluble polymers, 15:196

Cellulose sulfonates, 2:606
applications, 2:611
solubility, 2:608

Cellulose synthase, 2:572
Cellulose synthesis, 5:226–228
Cellulose toluenesulfonate, 2:606, 607, 611
Cellulose tosylate, 2:606, 607

applications, 2:611
Cellulose triacetate

applications, 2:637
film properties, 5:806
liquid crystalline, 2:620
NMR chemical shifts and coupling constants, 2:634
physical properties, 2:620

Cellulose tributyrate
NMR chemical shifts and coupling constants,

2:634
Cellulose trinitrate, 2:602
Cellulose tripropionate

NMR chemical shifts and coupling constants, 2:634
Cellulose valerate

manufacture, 2:623
physical properties, 2:620

Cellulose x, 2:579, 585
Cellulose-xylan hybrid polysaccharide, 5:235
Cellulose N,N-diethylaminoacetate

manufacture, 2:623
Cellulosic fibers, 14:494
Cellulosics

processing, 10:69
Celquats, 2:659
Cement additives, 2:710–713

macrodefect-free cement products, 2:713
polymer-impregnated concrete, 2:711, 712
polymer portland-cement concrete, 2:712

CEN, 6:86
CENELEC, 6:86
Centrifugal devolatilizer, for styrene polymerization,

13:242, 243
Centrifugal force, 8:385, 388
Centrifugal pelletizers, 9:483, 484
Ceramic fiber reinforcement, alumina polycrystalline

filaments in, 11:698
Ceramic fibers, strength variability in, 11:685
Ceramic-like phases, sol-gel generation, 9:32
Ceramic membranes, 7:747, 763–765
Ceramic microspheres, 8:504
Ceramic molding, 7:10
Ceramics

advanced, 11:697
Poisson’s ratio, moduli, and density of, 4:643
silicon carbide in, 11:697

Cerex
physical properties, 9:181

Cetyl trimethylammonium bromide (CTAB), 8:790
drag-reducing additive, 4:553

CF yarns. See Continuous filament
CFx radicals, adsorption-desorption equilibrium, 10:9
CFCs. See Chlorofluorocarbons (CFCs)
CFF force field model, 8:578
CFM. See Continuous filament mat (CFM)
CFR. See Code of Federal Regulations (CFR)
CGCs. See Constrained geometry catalysts (CGCs)
CH4, physical properties, 8:5
Chain branching, in polymer oxidation, 13:4
Chain-breaking (CB) antioxidants, 13:11–16, 22–24
Chain-breaking acceptor (CB-A) antioxidants, 13:11,

12, 25, 26
Chain-breaking donor (CB-D) antioxidants, 13:11, 12,

25, 26
Chain configuration

vibrational spectroscopy, 14:575, 576
Chain conformation

geometry of individual, 3:694–697
neutron scattering studies, 9:55, 56
stereochemical composition and, 3:700
vibrational spectroscopy of disordered, 14:579–583
vibrational spectroscopy of ordered, 14:576–579

Chain copolymerization, 3:760
Chain dynamics, PVDF, 15:68
Chain effect

in template polymerization, 13:745
Chain end functionality, of ATRP, 1:731
Chain-end functionalized polymers. See End

functionalized chains
Chain-end initiation, of styrene polymers, 13:208
Chain extension and grafting, 8:511

oxidative polymerization, 9:435–437
Chain-folded lamellar structure, 5:549
Chain folding, 2:203

and crystal growth, 4:174
and crystallization kinetics, 4:167

Chain-growth polymerization, 13:82
in supercritical carbon dioxide, 4:49–57

Chain-growth polymers, 8:511
Chain initiation. See Initiation
Chain length

and phase transformation, 9:563
radical polymerization, 11:560–573

Chain-length-dependent termination (CLDT),
7:353–355

acrylates, 7:387
molecular weight distribution, 7:364, 365
number-average degree, 7:359, 360
NSSP, 7:371

Chain length distribution (CLD), 7:361
polydispersity index (or dispersity), 7:365

Chain-length-independent termination (CLIT), 7:355,
356

molecular weight distribution, 7:361–364
number-average degree, 7:358, 359
steady-state polymerization (SSP), 7:355, 356

Chain orientation
effects on permeation, 2:18, 19

Chain propagation. See Propagation
Chain-reaction polymerization, 2:717–730, 3:125, 8:523

copolymerization, 2:728, 729
ionic, 2:724–728



602 INDEX TO THE ENCYCLOPEDIA Vol. 15

products produced by, 2:717
radical, 2:720–724
and step-reaction polymerizations, 2:717, 718
stereochemistry, 2:729, 730
types and process of, 2:719, 720
types of, by unsaturated monomers, 2:719
utility of, 2:717

Chain scission
with depropagation, 4:254–258
during high-temperature polyolefin processing, 13:7,

8
telechelic polymers, 13:717–720

Chain stiffness, 6:441
Chain stopping events, 12:581
Chain structure

of LLDPE, 5:544
Chain termination. See Termination
Chain transfer agent, 1:164, 2:714. See also Chain

transfer
and chloroprene polymer brancing, 3:54–56
chloroprene polymerization, 3:46
in emulsion polymerization, 5:175
in free-radical polymerization, 13:221–223
latexes, 7:470
in LDPE synthesis, 5:525, 526
phosphite, 1:164
polyketone, 10:656–658
telechelic polymers, 13:679, 680

Chain transfer coefficient, 2:715
Chain-transfer reactions

butyl rubber synthesis, 2:351
carbocationic polymerization, 2:406–408–410
heterophase polymerization, 6:595
styrene/diene anionic polymerization, 1:619, 620

Chain transfer to solvent (CTS), in styrene
polymerization, 13:224

Chain transfer with chain-transfer agents/solvents,
chain termination by, 5:525, 526

Chain transfer with ethylene, chain termination by,
5:525, 526

Chain transfer, 2:714–716
applications, 2:716
cationic photopolymerization, 9:706–708
chain transfer agent in, 2:714
chloroprene polymerization, 3:45–47
degree of polymerization and, 2:714
effect on rate and molecular weight, 2:715
in free-radical polymerization, 13:221–223
to initiator, 11:527, 528
in ionic polymerizations, 2:715
latex manufacture, 7:470
to monomer, 11:525–527
to polymer, 11:541, 542
radical polymerization, 11:521–542
in radical polymerizations, 2:714, 715
telechelic polymers, 13:679–681
to transfer agents and solvents, 11:528–541
vinyl acetate polymerization, 14:668, 669

Chain transitions, intramolecular energy changes from,
4:657

Chain walking mechanism, 13:557, 565
Chainfolded lamellae from solution, 8:706–711

crystal habits, 8:706

lamellar thickness, 8:709–711
nonplanar geometries, 8:708, 709
nonplanar habits, 8:709
sectorization, 8:706–708
truncated lozenge, 8:707
uncollapsed polyethylene lamellae, 8:708, 709

Chains. See Polymer chains
Chalk, 5:793
Chalk powder

filler influence on epoxy resin properties, 5:382
filler properties, 5:379

Channel (impingement) process, for carbon black,
2:427, 450

Channel blacks, 2:427, 450, 3:470
Char yield

of polycarbonate (PC), 6:75, 76
polymers, 6:51–53

Char yield calculation, under anaerobic condition, 6:75
Characteristic heating rate, 6:45
Characterization of polymers, 2:732–756

density, 2:756
electrical properties, 2:755
epoxy curing and cured networks, 5:372–376
flammability, 2:755
molar mass and molar mass distribution, 2:739–742
molecular dynamics, 2:752–754
molecular organization and dynamic behavior,

2:742–749
molecular structure, 2:736–739
morphology visualization, 2:749–752
permeability, 2:755
sample preparation, 2:734–736
solubility, 2:756
stability, 2:755
thermosetting polymers, 2:754–756
uncured epoxy resins, 5:331–334

Charge-coupled device (CCD) camera, 12:10, 11
Charge-driven co-assembling hydrogels, 6:757–759

polyelectrolyte complex micelles, 6:758
Charge-driven coacervate hydrogels, 6:758, 759
Charge-driven hydrogels, 6:755–759

interpolyelectrolyte complex (IPEC), 6:756
Charge-driven self-assembling hydrogels, 6:756, 757
Charge extraction by a linear increase in voltage

(CELIV), 12:643
Charge-generation agents, 9:760
Charge stabilization

polymer dispersions, 6:645, 646
Charge-transfer materials, 4:742
Charge-transport agents, 9:761
CHARMM modeling package, 8:578
Charpy impact tester, 6:800, 803, 805, 806, 13:773
Charpy test, 2:749, 5:210
Charring polymers, 6:63

of fuel gases, 6:70
CHDM isomer ratio, 4:215
CHDM-modified PCT, 4:218–220
CHDM-modified PET, 4:218–220
CHDM. See 1,4-Cyclohexanedimethanol
Cheese packaging, 9:474, 479
Chelating agents, in ethylene polymerization, 5:566
Chemical

effect on polyamide plastics, 10:282



Vol. 15 INDEX TO THE ENCYCLOPEDIA 603

fractography and, 6:291–293
gel point, 6:370, 371

Chemical Abstract Service Registry Number (CASRN),
5:201, 202

Chemical abstracts nomenclature, 9:86–95
source-based nomenclature, 9:91–93
structure-based nomenclature, 9:93–95

Chemical Abstracts Service (CAS), 9:69
structural representation of polymers, 13:152–176

Chemical Abstracts, 1:276, 9:69
databases, 15:56

Chemical amplification (CA) concept, 7:587. See also
Lithographic resists

Chemical and analytical test methods
basic approaches, 9:112, 113
molecular mass distribution, 9:112
NDT monitoring, 9:113

Chemical blowing agents, 1:346, 2:262–267, 3:501, 502
azodicarbonamide, 2:264–266
decomposition range of commercial (table), 2:263
diisopropylhydrazodicarboxylate, 2:267
dinitrosopentamethylenetetramine, 2:263
5-pheny-3,6-dihydro-1,3,4-oxadiazin-2-one, 2:267
5-phenyltetrazole, 2:266, 267
p-toluenesulfonyl semicarbazide, 2:266
sodium bicarbonate, 2:263
sodium borohydride, 2:267
sulfonyl hydrazides, 2:263, 264

Chemical bonding
nonwoven fabrics, 9:226–228
spunbonded fabrics, 9:196

Chemical degradation
and drag reduction, 4:558

Chemical effects, of stabilizers and antioxidants, 13:18,
19

Chemical environments, polysulfone resistance to,
11:193–195

Chemical etching, 1:377. See also Acid etching;
Electrochemical etching; Etchants; Etching

Chemical exposure tests, 13:776
Chemical finishing

nonwoven fabrics, 9:231–233
Chemical grafting, post polymer manufacture, 13:39
Chemical modification

acrylic fiber, 1:248
PET fiber, 10:518–523

Chemical netpoints, of shape-memory polymers, 12:410
Chemical properties

acrylonitrile monomer, 1:264, 265
chitin and chitosan, 3:37
cyanoacrylate monomers, 10:426–428
elastomeric fibers, 5:779, 780
high barrier polymers, 2:33–44
lignins, 7:537, 538, 543
lignosulfonates, 7:540
LLDPE, 5:548
moderate barrier polymers, 2:44–49
natural rubber fibers, 5:779, 780
nylon-6 and nylon-6,6, 10:244, 245
olefin fibers, 9:349
organosolv pulping lignins, 7:544, 545
polyamide plastics, 10:280–282
poly(ethylene oxide), 5:451–453

poly(phenylene oxide)s, 10:574–576
polysulfides, 11:169–173
polysulfones, 11:188–190
propylene polymers, 11:362–364
SAN copolymers, 1:290
spandex fibers, 5:779, 780
vinyl alcohol polymers, 14:695–701
vinyl chloride polymers, 14:726, 727

Chemical reactions
bonding and, 1:370, 371

Chemical recycling, 4:442
Chemical resistance

of ABS polymers, 1:318, 319
of aramid fibers, 10:231
of engineering thermoplastics, 5:211, 217
of fluorocarbon elastomers, 6:163, 164
PEN, 10:143, 144

Chemical retting, 14:500
Chemical sensors

electrically active polymers for, 4:771, 772
Langmuir-Blodgett films, 7:434
molecularly imprinted polymer applications,

8:693–696
Chemical shrinkage

composite materials, 3:530–532
Chemical substitution, of a colorant, 3:468, 469
Chemical synthesis, of polynucleotides. See also

Biosynthesis; Polymerization
Chemical tests

composite materials, 3:543
Chemical treatment

effect on biodegradation, 2:102
Chemical valves, 12:613–616
Chemical vapor deposition (CVD), 2:762–782, 11:697

applications, 2:776–782
antimicrobial coatings and, 2:779
benefits of, 2:770–773
biocompatible coatings and, 2:776–779
capabilities, 2:773–776
conductive coatings and, 2:779, 780
functional parylene coatings and, 2:781, 782
hydrophobic coatings and, 2:776
initiated chemical vapor deposition, 2:765–768
light-responsive coatings and, 2:781
oxidative chemical vapor deposition, 2:768–770
pH-responsive coatings and, 2:780, 781
plasma enhanced chemical vapor deposition, 2:764,

765
thermally-responsive coatings and, 2:780
vapor deposition polymerization, 2:763, 764

Chemical wear, 13:516, 517
tribochemical reaction, 13:516

Chemically bound radiopacifier, 11:621–624
idio-polymer families, 11:624–626
polycarbonate-organopolysiloxane terpolymer, 11:622
spherical radiopaque hydrogel particles, 11:621

Chemically polymerized DC-polymer, 6:353
Chemically-resistant fibers, 6:718
Chemiluminescence

for antioxidant testing, 1:715, 716
Chemiselective adsorption, 3:44
Chemisorbed molecules, 10:5
Chemistry, host-guest, 4:450, 451
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Chewing gums
vinyl acetate polymer applications, 14:681

Chill roll casting, 5:635
Chill roll, 3:283
Chimassorb 119, 14:470, 477
Chimassorb 81, 13:40, 43
Chimassorb 944, 14:470
China clay, 5:794
Chinese jute, 14:495

dimensions of ultimate fibers and strands, 14:498
Chips, 5:62
Chipscale integration, 5:113
Chiral catalyst, 3:17, 18
Chiral chemistry, 12:655
Chiral discrimination, 3:18, 19
Chiral liquid crystalline (LC) materials, 5:749
Chiral polymers, 3:1–25

asymmetric alternating copolymerization, 3:7
asymmetric coupling polymerization, 3:7, 8
asymmetric synthesis polymerization, 3:4, 5
chiral amplification, 3:13, 14
chirality induction, 3:5–7
with chirality on side group, 3:2–4
from chiral monomers, 3:2, 3
with configurational backbone chirality, 3:4–9
with conformational backbone chirality, 3:9–17
definition, 3:1
enantiomer-selective polymerization, 3:3, 4
function and application of, 3:17–25
helicity induction, 3:14–17
helix-sense-selective polymerization, 3:10–13
one-handed helical polymer, 3:9, 10
overview, 3:1, 2
synthesis by repeated asymmetric reaction, 3:8, 9

Chiral Schrock-catalyst, 8:160
Chiral stationary phases (CSPs), 3:1, 18, 19, 8:684
Chirality, 8:514, 515
Chirality induction, 3:5–7
Chirality measurement, 12:656

chiroptical techniques, 12:656
circular birefringence (CB) spectroscopies, 12:656
circular dichroism (CD), 12:656
optical rotational dispersion (ORD)) spectroscopies,

12:656
Chiroptical switching, 3:20
Chitin, 2:91, 3:33–41, 5:229, 230

biodegradable natural polymer, 2:111
biosynthesis of, 3:33–35
chemical properties of, 3:37
economic aspects of, 3:38, 39
environmentally degradable plastics, 2:92
health and safety factors for, 3:39
hydrolysis of, 3:38
isolation of, 3:35, 36
processing of, 3:38
properties of, 3:36–38
sources of, 3:34
specifications and analytical methods for, 3:39
unit cell parameters for, 3:36
uses for, 3:39–41
water-soluble polymer, 15:197

Chitin-chitosan hybrid polysaccharide, 5:235, 236
Chitin deacetylase, 3:35

Chitin-xylan hybrid polysaccharide, 5:235
Chitinase catalysis mechanism, 5:230, 231
Chitosan, 3:33–42

biodegradable natural polymer, 2:105, 111
biosynthesis of, 3:33–35
chemical properties of, 3:37
economic aspects of, 3:38, 39
health and safety factors for, 3:39
in interpenetrating network, 7:143
isolation of, 3:33
processing of, 3:39
properties of, 3:36–38
sources of, 3:34
specifications and analytical methods for, 3:39
template for polymerization, 13:748
unit cell parameters for, 3:36
uses for, 3:39–41
water-soluble polymer, 15:197

Chitosan polyurethane networks, self-repairing
oxetane-substituted, 12:369

Chloranil
inhibition constants with selected monomers, 11:582

Chlorendic anhydride, 4:235
Chlorinated butyl rubber, 2:349, 357–360, 366
Chlorinated dodecahydrodimethanodibenzocyclooctene,

as nylon additive, 10:284
Chlorinated hydrocarbons, 1:355
Chlorinated poly(vinyl chloride), 14:754

glass-transition temperature, 10:69
Chlorinated polyethylene

physical properties, 12:207
for rubber compounding, 12:204, 213

Chlorine
content of chlorosulfonated polyethylene, 5:469–474
poly(acrylamide) reaction with, 1:131

Chlorine-capped poly(methyl methacrylate) arms, 8:443
Chlorine cure sites, of acrylic elastomers, 1:174, 175
Chlorine-sensitive interfacial composite membranes,

7:787
4-Chloro-4′-hydroxydiphenylsulfone, 11:182
2-Chloro-p-xylylene

threshold condensation temperature, 15:422
Chlorobutyl rubber, 7:330
Chlorofluorinated telomers, applications, 6:148
Chlorofluorocarbons (CFCs), 13:213, 11:258

phasing out of, 4:47
Chloroform

in CSM preparations, 5:475, 476
transfer coefficient to, 11:530

4-Chloromethyl resin, 11:76
Chloroprene

aqueous solubility, 7:467
copolymerization, 3:47–50
copolymerization with 2,3-dichloro-1,3-butadiene,

3:59
health, safety and environmental factors, 3:79, 80
physical properties, 12:207
polymerization, 3:43–51
water solubility for heterophase polymerization,

6:628
Chloroprene elastomers, 12:212, 213
Chloroprene polymers, 3:43–80

antioxidants, 3:64, 65



Vol. 15 INDEX TO THE ENCYCLOPEDIA 605

antiozants, 3:65, 66
caldendering, 3:66–68
commercial dry type, 3:71
commercial polymers, 3:59–61
compounding and processing, 3:63
curing mechanism, 3:63, 64
extrusion, 3:67, 68
global polychloroprene grades, 3:59
health, safety and environmental factors, 3:79, 80
latex or liquid dispersion, 3:71–75
manufacture, 3:56–59
microstructure, 3:51–56
mixing, 3:66
molding, 3:68
plasticizers, 3:66
polymerization processes, 3:43–51
properties, 3:68–71
vulcanization, 3:61–63

Chloroprene rubber, 3:43
Chloroprene-sulfur copolymers, 3:47–49

curing, 3:63, 64
manufacture, 3:56–59

3-Chloropropyltriethoxysilane, 12:187
Chlorosilanes, 12:420
p-Chlorostyrene

percentage of termination by combination in
telechelic polymers, 13:674

o-Chlorostyrene
transfer coefficient to, 11:526

Chlorostyrene beads, foaming-in-place, 13:256
Chlorosulfonated ethylene polymers, 5:467–483. See

also Chlorosulfonated polyethylene (CSM);
Chlorosulfonated polymers

health and safety factors for, 5:481
properties of, 5:468–474
uses for, 5:482, 483

Chlorosulfonated polyethylene (CSM), 5:467, 686. See
also Chlorosulfonated ethylene polymers

maleimide cure of, 5:478, 479
processing, 5:477–481
properties of, 5:469–474
for rubber compounding, 12:204, 213

Chlorosulfonated polymers, economic aspects of, 5:481
Chlorosulfonated polyolefins, preparation of, 5:475–477
Chlorosulfonation reaction, 5:475
Chlorosulfonyl polyethylene

physical properties, 12:207
Chlorotrifluoroethylene (F2C CFCl), 6:131, 161. See

also Fluorocarbon elastomers
2-Chlorotrityl chloride resin, 11:77
CHO-terminated polymers, 8:173
Cholesterol

Langmuir-Blodgett films, 7:428
Chondroitin (Ch), 5:234
Chondroitin

in interpenetrating network, 7:143
Chondroitin sulfate (ChS), 5:234, 235
Chondroiton, 15:194
Chondroiton sulfate, 15:194
Chopped fiber glass, 8:504
Chopped glass strand

filler influence on epoxy resin properties, 5:382
filler properties, 5:380

Choroselective polymerization, 5:228
Christmas tree module design, 7:788
Chromatograms, size-exclusion, 3:100
Chromatographic critical point, 6:273
Chromatographic software packages, 3:93
Chromatography

molecularly imprinted polymer applications,
8:689–693

for molecular weight distribution determination,
8:671–675

of SAN copolymers, 1:290
Chromatography, affinity, 3:44
Chromatography, HPLC, 3:88–103
Chromatography, size exclusion, 3:103, 102–123, 264
Chrome dyes, 15:332
Chrome green pigment, 3:471
Chrome yellow, 3:471, 472
Chromic acid, surface treatment with, 1:376
Chromism, polydiacetylene, 4:451
Chromium catalysts, 5:559–506. See also Chromox

catalysts; Organochrome catalysts
for HDPE production, 5:487–489
1,2-polybutadiene synthesis by Ziegler-Natta

polymerization, 2:311
Chromium oxide green pigment, 3:471
Chromium rutile yellow, 3:471
Chromocene, 8:102
Chromocene catalyst, 5:560
Chromophore dipole moment, 5:96
Chromophores, 9:138–140, 14:453

and photodegradation, 4:281–283
photodegradation from impurity, 4:283, 284
photodegradation from intrinsic, 4:279–281
in styrene polymerization research, 13:231

Chromotropism
polysilanes, 11:150–154

Chromox catalysts, 5:556, 558
Chrysene

component in coal-tar fractions, 2:472
Chymotrypsin-PEG conjugates, 11:436
CIE Color System, 13:778, 779
Circuit boards

xylylene polymer applications, 15:437–439
Circular dichroism (CD), 5:39, 40

absorption spectroscopy, 5:40, 41
in achiral chomophores, 5:42–46
of B-DNA dinucleotide, 5:49
coupled oscillator of, 5:43, 44
exciton coupling and, 5:42–46
to follow kinetic processes, 5:58–60
of helical peptides, 5:47
nondegenerate coupled oscillator, 5:46, 47
polymer, 5:47–49
protein, 5:47–49
in random sequence DNA polynucleotide, 5:49–51

Circular dies, 5:628
Circular hopper, 5:642
Circulating-oil heating systems, 3:579
Cis-to-trans isomeration, of poly(tert-butylacetylene)
cis-1,4-Microstructure, 7:303
cis-1,4-Polybutadiene, selective synthesis, 13:127–133

cyclopentadienyl-phosphido samarium complex,
13:132
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lanthanocenes, 13:132
organolanthanide complexes, 13:131
VOCl3/AlEt2Cl, 13:132, 133

cis-1,4-Polybutadiene, 2:302
synthesis by Ziegler-Natta polymerization,

2:306–310, 15:518, 519
cis-1,4-Polyisoprene, 7:270, 271, 12:262. See also

Natural rubber
activation energy in clustering system with water,

14:321
gel and branching, 7:288
glass-transition temperature, 1:80
uses, 7:337
Ziegler catalyst, 7:300

cis-Isotactic (cis-meso, cm), 8:163
cis-Poly(1-butenylene)

thermodynamic properties, 14:65
cis-Poly-1,4-(2-methyl-butadiene)

thermodynamic properties, 14:65
cis-Polybutadiene, 8:190
cis-Syndiotactic (cis-racemic, cr), 8:163
Cis-trans helical conformation, of isotactic

polythionylphosphazene, 7:49
Civil engineering

epoxy resin applications, 5:400, 401
high performance fiber applications, 6:723

Cladding layers, problems by, 5:104
Clam shelling, 5:676
Clamp tonnage, 2:237
Clarity, 9:399–401
Classical laminate theory, 3:544
Classical mechanics, 8:574

quantum mechanics contrasted, 8:590, 591
Classical polymerization processes, 8:403
Classical Rayleigh Mode, 5:148, 149
Classification of polymerization reactions, 3:124–127
Clathrates, 3:128–177

in active packaging, 3:176, 177
applications, 3:173–177
in chromophore and fluorescent materials, 3:174,

175
classification of, 3:128, 129
crystalline polymer-inclusion complexes, 3:166–169
crystalline-polymer molecular complex, 3:169, 170
crystal structure of, 3:135
definition, 3:128
formation of, 3:129
host and guest compounds in, 3:128
as inclusion compounds, 3:128
intercalates, 3:159–166. See also Polymer intercalates
low molecular mass, 3:135
in molecular sensors, 3:176
in molecular separations, 3:176
nanoporous polymer crystals, 3:170–173
overview, 3:128–131
in photoreactive materials, 3:175
polymer clathrates, 3:135–159. See also Polymer

clathrates
polymers- and biopolymers-forming host-guest

compounds, 3:132–134
Clausius-Mossotti equation, 9:789
Clay composites, reaction extrusion, 11:647
Clay nanocomposite poly-HIPE, 10:608

Clays
butyl rubber filler, 2:365
filled silicone networks, 12:486
filler material, 5:785
fillers, 5:794, 795
in SBR processing, 13:277
template polymerization on, 13:745
thermosetting powder coating filler, 3:241

CLD method, 11:590–592, 594–597
CLDT, 7:375, 376

molecular weight distribution, 7:379–382
radical concentration, 7:377

Cleaning, as a surface treatment, 1:405
Clear poly(vinyl chloride) layer, 6:119
Cleavage failure, 1:394
Cleavage stops, 6:289
“Click” chemistry in macromolecular synthesis,

3:186–220
“Click” reaction, 8:801
“Click” reactions, 3:186–220. See also Azide/alkyne

click reaction
azide/alkyne, 3:187
basic principles, 3:187
on biorelated polymers, 3:215–218
and block copolymers, 3:204, 205
cyclic polymers, synthesis of, 3:207, 210
dendrimers/hyperbranched polymers, synthesis of,

3:208, 210–213
examples of, 3:186, 189
gels and networks, formation of, 3:213–215
graft polymers, synthesis of, 3:207, 209
on linear polymers, 3:194–204
mechanism, 3:188–190
polymeric architectures via, 3:188
star polymers, synthesis of, 3:206–208
on surfaces and interfaces, 3:218–220

Closed-cell polyHIPE, 10:603
Closed-celled cellular material, 2:512
Closed-loop recycling, 11:674
Clothing, PPTA fiber, 10:228
Clustering effects, dendrimers and, 4:307
CMC. See Critical micelle concentration
CMOS. See Complementary metal oxide semiconductor

(CMOS)
CNS-drugs

controlled release technology, 3:755
Co-rotating twin screw extruders, 5:618
Co-solvents (table), 14:514, 515

glass-transition temperature, 14:524
glassy polymers, 14:524
leukocyte adhesion, 14:554, 555
mechanical properties, 14:535–538
membrane stability, 14:536
membrane stretching moduli, 14:535
organic co-solvents, 14:523, 524
P2VP-PEO vesicle bilayers, 14:542
packing parameter and curvature, 14:517, 518
permeation coefficient, 14:540, 541
permeation experiments, 14:541, 542
phagocyte stability, 14:548
phase diagram, 14:520
pH-induced release, 14:551
pH-triggered release, 14:551
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photopolymerization, 14:552
polymerizable block copolymers, 14:544
polymerizable counterions, 14:544
polymersome bilayers, thickness of, 14:535
preparation and size control, 14:523, 524
pulsed field gradient nuclear magnetic resonance

(PFG-NMR), 14:541
reducing agents, 14:551
self-assembled amphiphilic structures, 14:517
shape transitions, 14:519, 520
sialyl-Lewisx, 14:555
size control, 14:524
stealth layers, 14:547
sustained release, 14:550, 551
synthetic double-tail amphiphiles, 14:542
triggered release, 14:551
unsaturated lipid DPPC, 14:536

CO2, physical properties, 8:5
CO2 density profile, 4:48
CO2-selective polymeric materials, 8:16
CO2/CH4 selectivity, 8:6–9
CO2/CH4 separation

glassy polymeric membranes, 8:10
natural gas, 8:3, 4
poly(phenylene oxide) membranes, 8:6
polymeric membranes, 8:5–10
polymer-based membranes, 8:3–5
cryogenic distillation, 8:4

Coacervate capsule, 8:379
Coacervate extraction, 6:236
Coacervation process, 8:379

simple coacervation, 8:380
Coagulant diffusion, lattice model for, 8:556
Coagulant-polymer interface, 8:558
Coagulation, 3:440

films, 5:821
Coagulation section, of cold SBR production, 13:272,

273
Coal mining

acrylamide polymer applications in, 1:119
Coal tar fractions

feedstock for oil-furnace black process, 2:446
Coal tar pitch

graphite in composites from, 11:691
Coanda effect, 3:291
Coarse-grained chain, in DE model, 15:128, 132
Coat hanger die, 5:676, 677
Coatability, limits of, 3:269, 270
Coated-back/front sheets

phenolic resin applications, 9:605
Coated fabrics, 5:680–693

manufacture, 7:498
applications, 5:692
test methods, 5:693

Coated gas separation membrane, 7:760
Coating, 3:299–364. See also Coating methods; Stress

buffer coatings (SBCs)
abrasion and mar resistance, 3:307, 308
adhesion, 3:313–317
amino resin, 1:528–531
anti-deposition, 11:705
architectural, 3:299
cellulose acetate applications, 2:639

cellulose nitrate applications, 2:609
commercial availability of, 3:297
dirt retention, 3:312
dynamic mechanical analysis, 3:306
epoxy resin applications, 5:385–398
extrusion, 5:637
extensional flow, 3:304, 305
exterior durability, 3:309–313
films, 5:822
free radical photopolymerization applications, 9:742
film defects, 3:358–364
film formation, 3:300–303
flow properties, 3:303–305
formability and flexibility, 3:306, 307
gloss, 3:348–350
hiding, 3:346
hot-melt, 3:284
hydrolytic degradation, 3:311
hyperbranched polymers in, 6:792–794
introduction, 3:299, 300
latex applications, 7:462
less solvent for, 3:300, 301
marring, 3:308
mechanical properties, 3:305–309
metallic and interference colors, 3:346
paper, 1:542
phenolic resin applications, 9:602–604
photointitiated oxidative degradation, 3:309–311
pigment dispersion, 3:350–355
pigment volume relationships, 3:355–358
polychloroprene latex applications, 3:78
polyester films, 10:507, 508
poly(ethylene oxide) applications, 5:458
poly(vinyl alcohol), 14:715, 716
polyurethane use in, 11:252, 253
PVC plastisols, 14:753, 754
resins and cross-linkers, 3:320–345
scratch mechanisms, 12:328, 329
scratch visibility, 12:327
shear rates in, 3:295
silicone, 11:705, 706
silicone application, 12:465
stress buffer, 5:64
test methods for, 3:308, 309
thermochromic polymer applications, 14:57
transfer, 11:706
UV stabilizers, 14:482–491
vinyl acetal polymers, 14:646
viscosity, 3:303, 304
volatile organic compound emissions, 3:299, 300
waterborne, volatile loss from, 3:341, 342
wire and cable, 10:289
xylylene polymer applications, 15:443, 444

Coating dryers, air impingement, 3:290–293
Coating flow instabilities, predicting, 3:289
Coating line components, 3:266
Coating machines, 3:264, 265
Coating mechanisms, 3:288, 289
Coating methods, 3:230–258

application methods, 3:250–254
discrete surface-coating, 3:286, 287
drying and solidification, 3:289–297
dry blending, 3:250
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economic aspects, 3:254–256
electrostatic fluidized-bed coating, 3:251
electrostatic spray coating, 3:232
environmental and energy considerations, 3:256
fluidized-bed coating, 3:231, 250
health and safety factors, 3:257, 258
hot flocking, 3:254
manufacture, 3:248–250
melt mixing, 3:249, 250
multilayer, 3:285, 286
patch coating, 3:287, 288
powder technology, 3:230–258
test methods, 3:256
thermoplastic coating powders, 3:233–236
thermosetting coating powders, 3:234
types of, 3:265–285

Coating methods, 3:264–297. See also Coatings
Coating powders

thermoplastic, 3:233–236
thermosetting, 3:234

Coating process technology, industries based on, 3:264
Coating solvents, 3:289
Coating systems, storage stability of, 1:530
Coaxial electrospinning, 13:425
Coaxial jets, 8:408
Cobalt

metal-catalyzed oxidation by, 1:689
Cobalt blue, 3:471
Cobalt catalysts

cis-1,4-polybutadiene synthesis by Ziegler-Natta
polymerization, 2:306, 307

trans-1,4-polybutadiene synthesis by Ziegler-Natta
polymerization, 2:310, 311

1,2-polybutadiene synthesis by Ziegler-Natta
polymerization, 2:311, 312

Cobalt green, 3:471
Cobalt organic polymers, 7:64, 65
Cocondensation resins

melamine-formaldehyde resins, 7:733, 734
Cocrystallization, 10:98
Code division multiplexing, 5:102
Code of Federal Regulations (CFR), 1:271, 6:86, 11:708

on paper additives, 1:140
CODESSA method, 6:444
Coefficient of thermal expansion, 1:759, 3:286, 5:67,

13:767
cellular polymers, 2:538
composite materials, 3:514

Coehn’s rule, 6:645
Coexisting phases, 9:560–563

interfaces between, 9:573, 574
Coextrusion, 2:249, 250, 5:636. See also Multilayer

films
films, 5:811–813
flexible packaging via, 9:471, 472
polyester films, 10:508
PVDF, 15:70

Coextrusion dies, 5:629
Coextrusion of multilayer structures, 3:372–431

capillary instabilities in, 3:383, 384
compatible polymer system and, 3:373
conclusions and perspectives, 3:428–431
elastic instabilities in, 3:388, 389

fundamental aspects, 3:397–420
incompatible polymer system and, 3:373
industrial studies on, 3:391, 392
interdiffusion process, 3:398–409
interfacial instabilities, 3:373
interfacial phenomena in, 3:372–431
interfacial reactions, 3:412–419
interfacial slippage, 3:409–412
interphase, role of, 3:374, 420–428
linear stability theory, 3:392–396
mechanical approaches, 3:374–397
overview, 3:372–374
physicochemical affinity and, 3:374
viscous instabilities in, 3:384–388

Coextrusion process, 9:375, 471
Cofactor reconstitution, 11:439
Cohesion

forces of, 11:703
intermolecular forces of, 11:703

Cohesive bond failure, 1:405
Cohesive energy density (CED), 6:331, 8:529, 14:302,

303
Cohesive fracture, adhesion and, 1:386
Cohesive strength development, 5:186
Cohesive term (abrasive wear), 13:503–510

hard counterface, roughness of, 13:506, 507
Coil coatings

epoxy resins, 5:392–395
Coining, 7:7
Coinjection molding, 7:9, 10
Coir, 14:495

chemical composition, 14:498
dimensions of ultimate fibers and strands, 14:498
mechanical properties, 14:499
processing, 14:506
uses, 14:508

Coke oven gas
feedstock for thermal black process, 2:448

Cokneader, 3:563
Colback

physical properties, 9:181
Cold batch printing

wool, 15:335
Cold-box foundry cores, 6:199
Cold curing, 15:288
Cold drawing, 15:453–455

of shape-memory polymers, 12:409, 410
Cold emulsion process, for styrene-butadiene rubber,

13:270–273
Cold-emulsion SBR, 1:383
Cold forming, of ABS polymers, 1:332
Cold low-pressure plasma, 10:2
Cold molding, 3:568
Cold plasma treatments, 11:695
Cold plasmas, 10:2, 13:528, 529
Cold press molding

thermosets, 14:206, 207
Cold rolling, 2:375. See also Calendering
Cold SBR. See Cold emulsion process
Cole-Davidson function, 1:585
Collagen

biodegradable natural polymer, 2:106
structure, 6:382
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and tissue engineering, 14:222
toxicity and biocompatibility, 2:114

Collagen fibrils, 5:156, 157
Collagen-like proteins, 6:394–398
Colligative properties, 6:388, 389

for number-average molecular weight determination,
8:663, 664

Collodion, 2:609
Colloidal dispersants, 15:59
Colloidal gas aphrons, 3:460
Colloidal glass, 6:367
Colloidal solids, 3:457, 458
Colloids, 3:436–463. See also Heterophase

polymerization
applications, 3:457–461
cellulose liquid crystals, 2:592
chemical and surface analysis, 3:461
dispersed species characterization and

sedimentation, 3:441–444
and dispersity, 6:581
electrically active polymers, 4:759, 760
electrokinetics, 3:449–451
hazards, 3:461, 462
interfacial energy, 3:446–449
kinetic properties, 3:456, 457
preparation of dispersions, 3:437–441
PVC production additives, 14:730, 731
rheology, 3:444–446
stability, 3:451–456
stability of dispersions, 3:440, 441
steric stabilization of, 4:51–53
in supercritical carbon dioxide, 4:51
thermochromic, 14:39, 41
various combinations of matter, 6:582

Color blacks, 2:433, 439
applications, 2:456–458

Color compounds, as colorants, 3:490
Color concentrates

as colorants, 3:490
Color-forming reactions, with lignin, 7:530
Color houses, 3:490–492
Color index, 3:488
Color labs, 3:490, 491
Color matching, 3:490
Color mixing, 3:492, 493
Color stability

antioxidants, 1:717
problems caused by irradiation, 4:288, 289

Color. See also Chromism
of ABS polymers, 1:318
interference, 3:473
of polysulfones, 11:189
precompounded, 3:496
test methods, 13:778

Colorants, 3:468–489. See also Dyes; Pigments
cost of, 3:469, 470
FDA, 3:470
fiber, 10:256
incorporation of, 3:491, 492
light stability of, 3:469
migration of, 3:468
mixing in extruders, 10:71
in plastics compounding, 3:552

thermal stability of, 3:468, 469
use with UV stabilizers, 14:452

Colored cottons, 4:3, 4
Coloring processes, 3:490–498

during molding, 3:495–497
Coloumb yield criterion, 15:459
Column extraction, 6:236
Column packing materials, size exclusion

chromatography, 3:112, 113
Column performance parameters, size exclusion

chromatography, 3:110
Column technology, size exclusion chromatography,

3:111–113
Comamonas sp., 10:103
Comb branched polystyrene, 13:188, 189
Comb copolymers, 13:167, 168
Combination

termination mode, 11:542–545, 600
Combustibility. See also Antiflammability

of acrylonitrile, 1:271
fiber, 10:524

Combustion energy, dynamics, 6:42
Comfort cushioning

cellular polymers, 2:541, 542
Commercial cottons, 4:3, 4
Commercial drag reducer, 4:553

drag-reducing additive, 4:553
Commercial drawing processes, 10:532, 533
Commercial emulsion polymers, 5:187
Commercial fibers, strength of, 11:696
Commercial fluorocarbon elastomers, 6:162
Commercial polymerization. See also Bulk

polymerization
for aromatic polyamides, 10:219, 220
of styrene, 13:238–248

Commercial polymers
flame resistance, 6:79, 80
generic resistance, 6:79, 80

Committee D20 on plastics, 6:86
Common ion exchange resins, matrix structures,

7:154
Commonwealth Scientific Industrial Research

Organization (CSIRO), 9:456
Comonomer uniformity, LLDPE, 5:553–555
Comonomers. See also Monomers

in biodegradable shape-memory polymer networks,
12:418, 419

LDPE, 5:515, 516, 523
LLDPE, 5:543, 544

Compact discs (CDs), ethylene-norbornene copolymer,
5:591

Compact tension, 6:307
Comparative tracking index, 13:780
Comparison microscopes

use in forensic analysis, 6:180
Comparison microscopy

fiber forensics applications, 6:186
forensics applications, 6:178
paint forensics applications, 6:189

Compatibility
antioxidants, 1:716, 717

Compatible polymer blend, 10:674
Complement system, 2:154
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Complementary metal oxide semiconductor (CMOS)
technology, 8:355

Complete active space self-consistent field (CASSCF),
3:609, 610

non-full valence, 3:610
Complete extrusion lines, 5:633–640
Complex compliance, 1:569, 15:81
Complex conductivity, 4:481
Complex dielectric permittivity, 4:479, 481
Complex electrical modulus, 4:481
Complex modulus, 1:569
Complexing agents, lignosulfonate, 7:542
Composite fabrication

terminology for, 3:499
Composite fibers, 5:158, 159
Composite films

RF-powered electrode, 10:24
structure of, 10:26

Composite foams, 3:499–512
applications, 3:510–512
cell size, 3:505
processing and microstructure, 3:500–505
properties, 3:505–510

Composite ion exchangers (CIXs), 7:159
Composite latex particles, preparation of, 5:182, 183
Composite lumbers, 15:298–300
Composite materials, 3:513–548

cure kinetics, 3:522–526
glass transition model, 3:522–526
manufacturing techniques, 3:517–519
mechanical tests, 3:542–548
process modeling, 3:519–522
resin flow model, 3:538, 539
shrinkage, 3:526–532
structural analysis, 3:541, 542
structural relaxation, 3:534–538
thermomechanical properties, 3:532–534
void growth model, 3:539–541

Composite membranes
interfacial, 7:760, 761
multilayer, 7:762
solution-cast, 7:761, 762

Composite metal/polymer films, 10:24–26
Composite modulus, 11:686
Composite PolyHIPEs, 10:608, 609

exfoliated montmorillonite, 10:608
Composite polymer foams, 3:499
Composite restoration sealants, 4:409
Composite sample testing, 3:542
Composites, 9:102. See also Reinforcement

AFM imaging of, 1:772, 773
boron-fiber-reinforced, 11:696, 697
conducting electrochromic polymers, 4:807
electrically active polymers, 4:759, 760
environmentally degradable plastics, 2:87–91
ethylene copolymers as fillers, 5:439
fatigue, 5:742–744
imaging vibrational spectroscopy, 14:599–607
longitudinal Young’s modulus for, 11:683
natural fiber, 11:698
NEXAFS of elastomeric, 15:400–403
phenolic resins, 9:613–615
PPTA reinforced, 10:228

principles of reinforcement in, 11:683–687
self-reinforcing, 11:698
silane coupling agents, 12:419–430
types of reinforcement in, 11:688–698
wood composites, 15:281–303

Composition test methods, 13:757–763
Compositional uniformity, LLDPE, 5:553–555
Compostable plastic, 2:74, 75
Composting, 2:75, 76, 4:239
Compounding, 3:550–563

additives in, use of, 3:551–553. See also Additives, for
plastics

chloroprene polymers, 3:63
ethylene-propylene elastomers, 5:601, 602
fluorocarbon elastomers, 6:167–170
latexes, 7:462
polyamide plastics, 10:282, 283
polychloroprene latex, 3:74, 75
rubber, 12:203–259
styrenic thermoplastic elastomers, 14:154

Compounding extruders, 5:638–640
Compounding operation, for ABS polymers, 1:327
Compounding; Additives, for rubber compounding

aim of, 3:551
fillers and reinforcing agents in, use of, 3:553–555
machine concepts, 3:555–563. See also Machine

technology
overview, 3:550, 551

Comprehensive Descriptors for Structural and
Statistical Analysis (CODESSA) method, 6:444

Compressibility, of solid-like polymers, 15:149–153
Compressible Leonov model, of yield, 15:470
Compressible polymers

compressibility of solid-like polymers, 15:149–153
Compression

of gases, 4:646
isotropic, 4:639

Compression and transfer molding, 3:565–591
automatic machines for, 3:584–588
automatic mold changers for, 3:580
break-in procedures, 3:583
breathe-and-dwell cycles in, 3:573, 574
cavity design for, 3:581, 582
cold molding, 3:568
compression molding, 3:565
compression-molding presses for, 3:575–578
cure time in, 3:572, 573
economic aspects, 3:589, 590
ejector mechanisms for, 3:579, 580
elements of, 3:568–570
for encapsulation of electronic devices, 3:589
equipment for, 3:575–584
flash removal in, 3:580
hand tools for, 3:580, 581
heating devices for, 3:578, 579
machines in, 3:568, 570
maintenance process, 3:583, 584
material selection in, 3:568
for melamine dinnerware, 3:588, 589
mold design and construction in, 3:568
molding compounds, 3:570, 571
operators in, 3:570
outlook, 3:590, 591
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part design in, 3:568
part size and design in, 3:574, 575
postcure for, 3:580
preheaters for, 3:579
pressure for, 3:574
processing variables, 3:570–575
in screw closures, 3:589
speed in, 3:575
temperature and heat supply in, 3:572
thermoplastics and elastomers and, 3:571
transfer molding, 3:565–568
transfer presses for, 3:578
vacuum venting system for, 3:580, 581

Compression injection molding (CIM), 3:588
Compression molding

composite materials, 3:517, 518
of fluorocarbon elastomers, 6:171
thermosets, 14:207, 208
thermosetting resin processing, 10:89, 90

Compression-molding presses, 3:575
control system, 3:577–378
driving mechanism, 3:576–377
frame, 3:575–376

Compression set
cellular polymers, 2:535, 536

Compression-set resistance
effect of cure system on, 6:169
of fluorocarbon elastomers, 6:164, 165
long-term, 6:167, 168

Compressive loading
stress-strain curves, 15:455, 456

Compressive strength
cellular polymers, 2:532, 534
composite materials, 3:546

Compressive stress relaxation (CSR), 5:423, 424
Computational chemistry, 8:573
Computational fluid dynamics (CFD), 8:338
Computational graphics, 8:572, 573
Computational quantum chemistry for free-radical

polymerization, 3:591–639
“heavy hydrogen” approach, 3:631
ab initio molecular orbital theory, 3:595–597
absolute rate coefficients, prediction of, 3:631, 632
applications of, 3:631–639
barriers and enthalpies, 3:627, 628
basic principles of, 3:593–595
basis functions, 3:595
basis sets, 3:597–601
CBS procedures, 3:608, 609
chain transfer, 3:633, 634
chain-length effects in, 3:630, 631
chemical models, applicability of, 3:628–631
composite procedures, 3:605–609
configuration interaction, 3:596, 602–604
contracted Gaussians, 3:598
controlled radical polymerization, 3:634
copolymerization, 3:633
curve-crossing model, 3:634–639
density functional theory, 3:611–614
diffuse functions, 3:600
double zeta, triple zeta, and quadruple zeta basis

sets, 3:599
Dunning basis sets, 3:600, 601

effective core potentials, 3:600
eigenvalue problem, 3:593
electronic Schrödinger equation, 3:593, 594
extensions to transition-state theory, 3:620–624
future perspective, 3:639
G3 methods, 3:608
geometry optimizations, 3:627
Hartree-Fock method, 3:601, 602
hydrogen abstraction, 3:627, 628
LCAO scheme, 3:597–601
Möller-Plesset perturbation theory, 3:605
multireference methods, 3:609–611
overview, 3:591, 592
plane wave basis sets, 3:601
polarization functions, 3:599, 600
Pople basis sets, 3:600
potential energy surface, 3:594
primitive Gaussians, 3:598
quantum and classical reaction dynamics, 3:614–616
radical addition to bonds, 3:625–627
rate coefficients, 3:626
reaction rates from quantum-chemical data,

3:614–624
relative rate coefficients, prediction of, 3:632–634
semiempirical methods, 3:611
software for, 3:624, 625
solvent effects in, 3:628–630
spin contamination, 3:602
split-valence basis sets, 3:599
state-correlation diagram, 3:636, 638
theoretical procedures, accuracy and applicability of,

3:625–628
transition-state theory, 3:616–620
Wn methods, 3:608

Computed toughness, 6:314, 315
parameters, 6:313, 314

Computer-aided design
thermoforming parts, 14:124

Computer Aided Material Preselection by Uniform
Standards (CAMPUS), 10:294, 295

Computer code, for conformation geometry, 3:698
Computer-generated morphologies, 8:551
Computer modeling, of the coating process, 3:288
Computer simulations, 9:21, 22

rigid-rod polymers and, 12:101–104
single-chain simulations, 9:22

Concentrate houses, 3:493
Concentrated solutions, behavior of, 15:103, 104
Concentration detectors, in size exclusion

chromatography, 3:116
Concentration polarization

in membranes, 5:845, 846
ultrafiltration and, 7:781

Concrete additives
vinyl acetate polymer applications, 14:681

Concrete, lightweight, 13:257. See also Cement
Condensation cure

silicones, 12:482, 483
Condensation polymerization, 3:644–682, 7:203,

10:405
isocyanate-derived polymers, 7:254, 263–265
polyphosphazenes, 11:100, 101, 7:36–38
principles of, 10:399–402
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quasi-living Grignard metathesis (GRIM)
polymerization, 10:407

rod-rod aromatic copolyamide, 10:405
synthetic principles, 10:399

Condensation polymers, 7:93
degradation processes in landfills, 4:247, 248

Condensation reaction, 9:7
in lignin, 7:529

Condensation silicone structure/reaction, 4:387
Conductance, of polymers, 4:704–714
Conducting electrochromic polymers, 4:798–808
Conducting polymers, 5:118, 119, 14:394

chemical structures, properties and applications
(table), 5:121, 122

conjugated, 5:119–124
Conduction

in electrically active polymers, 4:760–762
Conduction coating dryers, 3:293
Conductive acrylic fibers, 1:253, 257
Conductive coatings

electrically active polymers for, 4:773, 774
Conductive filler powders, 3:650, 651
Conductive polymer composites, 3:646–682

adhesion improvements, 3:663–665
adhesion mechanisms, 3:662, 663
adhesion strength, enhancement of, 3:662–666
Ag nanoparticles, sintering of, 3:657–661
contact resistance, 3:666–669
die attach applications, 3:676, 677
electrical conductivity, improvement of, 3:654–661
electrically conductive adhesives, 3:646–648
flip chip applications, 3:677–681
isotropically conductive adhesives, 3:648–654
low cost, 3:671–676
one-dimensional conductive fillers, 3:655, 656
polymer matrix shrinkage, 3:654
reliability improvements, 3:669–671
short-chain diacids and reducing agents, 3:654, 655
transient liquid-phase sintering, low temperature,

3:656, 657
vs. solder (table), 3:648

Conductrol, 1:253, 257
Cone calorimeter, 6:92–94
Configuration interaction (CI), 3:596, 602–604, 596
Configuration, in K-BKZ model, 15:119, 120
Confined plasticity, 6:309–313
Confocal Raman microscopes, 14:565
Conformation

amorphous polymers, 1:548
averages over all, 3:697, 698

Conformation and configuration, 3:688–700. See also
Chain conformations

Conformation-dependent properties,
temperature-dependence of, 3:700

Conformational energy function, 3:689–691
Conformational partition function, 3:689–694
Conformational properties, effect of structural

properties on, 3:700, 701
Congealing, 8:386
Coniferaldehyde, 7:535
Coniferyl alcohol

in lignin, 7:525
Coniferyl alcohol, 5:269

Conjugated dienes
cis-1,4-polybutadiene, 13:126, 127
1,3-Butadiene (table), 13:126–129
polyisoprene, 13:134–140
polyisoprene, Trans-1,4 selective polymerization,

13:138
polymers, 13:126
stereoselective polymerization, 13:126–144
trans-1,4-Polybutadiene, selective synthesis, 13:132
1,2-polybutadiene, selective synthesis of, 13:134

Conjugated electroactive polymers, 13:550
Conjugated ester, 8:357
Conjugated organic semiconducting materials,

3:701–711. See also Furan-based
Conjugated polymer doping, 5:120
Conjugated polymers

furan and oligofuran as building blocks for, 3:702–704
thermochromic, 14:39, 42, 43

Consensus-based test standards, 6:85, 86
Considère construction, of yield behavior, 15:452, 453
Constant addition strategy, 5:181
Constant particle number, 5:166
Constant rate of deformation response, of entangled

polymer melts, 15:108, 109
Constant uniaxial load, times to fracture under, 6:330
Constituent testing, 3:542
Constitutional repeating unit, 13:152
Constitutive law for linear viscoelasticity, 15:86–89
Constitutive laws for nonlinear viscoelasticity, 15:105,

106
Constitutive models, of solid-like polymers, 15:145–163
Constrained-chain theory, 9:19, 20
Constrained geometry catalysts (CGCs)

CPSiNR ligand for, 5:562
Constrained-junction theory, 9:19
Constraint release (CR), 4:518
Construction

epoxy resin applications, 5:400, 401
high performance fiber applications, 6:723
poly(ethylene oxide) applications, 5:460

Construction plywood
characteristics and applications, 15:284

Construction sealants, polysulfide, 11:177
Consumer applications

for polyamide plastics, 10:292
for polyketones, 10:665–656

Consumption, of polyacrylamides, 1:148
Contact adhesives, 1:414, 415
Contact angle, 1:372, 373
Contact coating dryers, 3:293
Contact lenses, hydrogels in. See also Hydrogels
Contact mode atomic force microscopy, 1:751, 752
Contact resistance shifts, 3:668, 669, 674, 675
Contact resistance, 3:666–669
Contaminants, in fractography, 6:295, 296
Contaminated plastics (table), volume resistivity of,

4:712
Contamination

in polyacrylamide analysis, 1:142
in polystyrene production, 13:217

Contamination control
xylylene polymer applications, 15:442, 443

Contiguous solids melting (CSM), 5:647
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Continuous Boltzmann Biased Monte Carlo, 8:595
Continuous bulk polymerization, of acrylonitrile, 1:275
Continuous-cast acrylic sheeting, 2:496
Continuous dispersed phase, in composites, 11:688
Continuous extrusion blow molding, 2:231, 232, 253
Continuous filament glass fibers, 11:689
Continuous filament mat (CFM), for carbon composites,

11:692
Continuous-filament yarns, 10:530, 533

spinning, 10:248–257
Continuous-flow microprocess, 8:351
Continuous-flow RAFT polymerization, 8:352
Continuous heterophase polymerization, 6:678
Continuous lamination

thermosets, 14:208
Continuous loop reactors, 5:189
Continuous mass polymerization, of SAN copolymers,

1:294–297
Continuous mixer, 3:495
Continuous plug flow reactor (CPFR), 13:189, 238, 239,

241
for styrene polymerization, 13:224, 225

Continuous polymer fractionation, 6:267
Continuous polymerization (CP) process, 10:524
Continuous screen changers, 5:627
Continuous slurry polymerization, of acrylonitrile,

1:275
Continuous stiffness measurement (CSM) technique,

6:558
Continuous stirred tank reactors (CSTRs), 5:187–189,

13:189, 238–241
for bulk and solution polymerization, 2:286, 291, 292
for heterophase polymerization, 6:621, 682
for styrene polymerization, 13:224–227
supercritical carbon dioxide polymerization in, 4:51

Continuous tubular reactions, 5:190
Continuum configuration bias, 8:594
Continuum mechanics, 4:661
Continuum models, 8:572
Contour program, 3:778
Controlled aggregation

heterophase polymerization, 6:670–672
Controlled anionic polymerization, 8:349
Controlled composition reactors, 5:181
Controlled radical polymerization (CRP), 3:634, 7:627

techniques, 8:273
Controlled rate thermogravimetry (TGA), 13:820, 821
Controlled release formulation, 3:714–733

agricultural, 3:714–733
design and preparation, 3:722, 723
formulation, 3:719–722
microcapsule formulations, 3:727–730
reservoir-based formulations with membrane,

3:723–727
reservoir-based formulations without membrane,

3:730–733
Controlled release system, 7:804, 805
Controlled release technology, 3:736–757

antirestenotic agents from stent coatings, 3:754
cancer treatment systems, 3:754, 755
CNS-drug release, 3:755
degradation/erosion-based systems, 3:750, 751
design, 3:739–743

diffusion-controlled, 3:748, 749
dissolution-controlled, 3:749, 750
electrically stimulated systems, 3:753, 754
gene therapy, 3:755, 756
ion-exchange systems, 3:752
magnetically stimulated systems, 3:753
osmotic delivery systems, 3:751, 752
peptide and protein release, 3:754
photostimulated systems, 3:753
polymer fabrication and drug encapulsation,

3:745–747
polymeric prodrugs, 3:752, 753
polymers in formulations, 3:743–745
safety, 3:743–745
ultrasonically stimulated systems, 3:753

Controlled-rheology polypropylene, 11:630
reaction extrusion (REX), 11:636

Controlled/living polymerization, 8:349
Convection, 8:321
Convection drying, modeling, 3:294, 295
Convective heat transfer at incipient ignition, 6:57
Conventional dry-bright polishes, 6:110, 111
Conventional electronic χ(3) effects, 9:757
Convergent methods, of dendrimer synthesis, 4:301,

303, 304
Conveying elements, 3:558
Conveying solids, by extruders, 5:641–647
Conveyor belt reactors

for bulk and solution polymerization, 2:291
Conveyor belts, 2:66–68

breaker ply in, 2:68
carcass fabrics, 2:67, 68
fasteners and splicing of, 2:68
manufacturing of, 2:66, 67
surface of, 2:68

Convolution integral, 15:80
in viscoelastic theory, 15:88

Cookie packaging, 9:475
Cool-melt adhesives, 1:413
Cooling, 8:386

in blow molding, 2:255, 256
polymer precipitation by, 7:752, 753

Coordinate polymerization, 3:126, 8:452
Coordination macromolecular dyes, 4:590, 591
Coordination polymers, 7:59–63. See also

Metal-containing polymers
Coordinative chain transfer polymerization (CCTP),

12:581–583
Copoly(styrene-butylene glycol), 11:31, 32
Copoly(styrene-PEG), 11:29–31
Copoly(p-phenylene/3,4′-diphenyl ether

terephthalamide) (ODA/PPTA), 10:212, 213
polymerization process for, 10:220

Copolyesters, PCT amorphous, 4:220
Copolymer resins, low density, 5:539
Copolymerization, 2:728, 729, 3:760–806, 7:390. See

also Copolymers
of acrolein polymers, 1:110, 111
acrylic and methacrylic acids, 1:160, 161
acrylonitrile, 1:239–241, 276, 277
anionic, 1:639–644
of amine salts, 5:615
bulk and solution polymerization reactors, 2:287, 288
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butadiene and styrene, 13:269–276
carbocationic, 2:410–413
chain-end composition, 7:402
chloroprene polymers, 3:47–50, 53, 54
cross-linking, 3:804–806
depropagation, 3:770
electrocopolymerization, 5:133, 134
explicit penultimate model, 7:398
explicit penultimate unit effect (EPUE), 7:397, 399
Fukuda’s stabilization energy model, 7:399–401
geometric mean relationship, 7:402
heterophase, 6:653–659
implicit penultimate model (IPM), 7:394
implicit penultimate unit effect (IPUE), 7:394, 395
ionic, 3:800, 801
living radical, 3:786–800
modeling, 3:761–777
of monomers, 5:164, 614
penultimate model (PM), 7:393
polyketones, 10:650–655
during polymer manufacture, 13:38
propagation, 3:761, 762
radiation, effect of, 11:483
random, 7:567
reactivity ratio measurement, 3:777, 778
sodium ethylenesulfonate, 5:614
solvent effects, 3:764–770
of styrene/2-hydroxyethyl methacrylate (HEMA),

7:395
styrene polymers, 13:233–238
terminal model (TM), 7:391–394
termination, 3:762–764, 780–786
transition state theory (TST), 7:396

Copolymerization effect, 6:446
Copolymerization kinetics, 7:391
Copolymers, 2:733, 6:471, 12:294. See also

Copolymerization; Graft copolymers
acrylonitrile, 1:283–288
alternating acrylonitrile, 1:276
aromatic polyamide, 10:219
commercial overview of metallocene-based

cycloolefins, 8:139, 140
ethylene fillers, 5:439
ethylene-norbornene, 5:584–591
hexafluoropropylene, 4:50
high barrier poly(vinylidene chloride), 2:37–39
isocyanate-derived polymers, 7:260–262
LDPE, 5:517, 518
nonperfectly alternating, 10:653
nylon, 10:260–263
perfectly alternating, 10:650–653
perfluoropropyl vinyl ether, 4:50
PET fibers and, 10:512
of poly(acrylamide), 1:121, 122
poly(dichlorphosphazene), 11:101, 102
polyphosphazenes, 11:101, 102
poly(vinyl alcohol) (PVA), 14:708
PVDF, 15:57
rubber-modified styrene, 13:204
sample preparation for polymer characterization,

2:734
SAN, 1:288–290
structural representation, 13:162, 163

styrene, 13:193–195
styrene-butadiene, 13:268, 194, 195
styrene-butadiene block, 13:278–283, 198
tetrafluoroethylene, 4:50
vinyl acetate, 14:670, 671
vinyl alcohol polymers, 14:708

Copper
bonding and, 1:378
metal-catalyzed oxidation by, 1:689

Copper pigments, 3:473
Copper(II) chloride

retarder for radical polymerization, 11:580, 581
inhibition constants with selected monomers, 11:582
transfer coefficient to, 11:530

Coprinus cinereus peroxidase (CiP), 5:267
Cordage, 14:496

PEN fibers, 10:153
Cordage fibers, 14:504
Core material, 8:376, 386
Core-oil binders, 6:200
Core-shell particles, 8:487, 488, 488, 490
Coreactive curing agents

for epoxy resins, 5:337–358
Corey-Pauling-Koltun models, 8:572
Cork

filler material, 5:785
Corn stover, 2:569
Corn sweetener, 7:189
Corona discharge, surface treatment with, 1:375, 376
Corona extinction voltage (CEV), 4:690
Corona start voltage (CSV), 4:690
Corona tests, for electric breakdown, 4:700–702
Corona treatment, 3:297
Corovin

physical properties, 9:181
Corporate average fuel economy (CAFE) standards,

1:787
Corrected grain leathers, 7:491
Correlated intralamellar slip, 6:323
Correlation functions

amorphous polymers, 1:548
Correlation hole effect, 9:571
Corrosion control

xylylene polymer applications, 15:444
Corrosion inhibition

electrically active polymers for, 4:775
Corrosion inhibitors, 3:670
Corrosion resistance, of acrylic elastomers, 1:182
Corrosive stress cracking, 6:291, 292
CORSEMP system, 8:359, 360
Cosmetic bottles

PEN application, 10:156
Cossee-Arlman mechanism, 5:557, 558, 15:506
Cost effectiveness. See Economic aspects
Cotton, 4:1–38, 5:680, 14:495

advanced fiber information system, 4:15
air-jet spinning, 4:18
application (table), 4:36
cellulose biosynthesis, 4:6, 7
cellulose ethers, 4:28
cellulose from, 2:569, 570, 573
chemical composition and morphology, 4:19–22
chemical composition, 14:498
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chemical structure, 4:22, 23
classification, 4:13, 14
composites from, 4:33
conservation tillage systems, 4:7, 8
crop protection, 4:9, 10
cross-linking, 4:27
cyanoethylation, 4:29, 30
dimensions of ultimate fibers and strands, 14:498
direct dissolution, 2:673
economic aspects of, 4:33–36
ELS cotton, 4:14
enzymatic modification, 4:32
esterification, 4:31, 32
etherification, 4:26–30
fabric manufacturing, 4:18, 19
fertilization, 4:8, 9
fiber biosynthesis, 4:5–7
fiber length, 4:15
fiber maturity, 4:16
fiber quality, 4:13–15
fiber strength, 4:15, 16
field preparation for, 4:7, 8
flame resistance, 4:28, 29
ginning, 4:11–13
grafting with acrylonitrile, 1:286
harvesting, 4:10, 11
health and safety factors, 4:36, 37
high volume instrument systems, 4:14, 15
highest purity pulp comes from, 2:677
hydroxyl groups (table), availability of, 4:25, 26
insect-resistant transgenic, 4:10
insolubilization, 4:30, 31
irradiation, 4:30
irrigation, 4:8
limiting oxygen index, 1:232
limiting oxygen value, 6:713
marketing/merchandizing raw, 4:33
mechanical harvesting systems, 4:12
mechanical properties compared to silk and other

fibers, 12:547
mechanical properties, 9:216
mercerization, 4:26
metal content of (table), 4:20
Micronaire reading, 4:16
molecular and supramolecular structure, 4:23
new products, 4:32, 33
nonwoven manufacturing, 4:19
pest management, 4:9, 10
physical properties of staple, 1:229
physical properties, 4:15, 16
planting, 4:8
polyester displaces importance of, 2:672
pore structure and affinity for water, 4:23–25
practical objectives, reactions for, 4:25
production, 4:7–10
production, consumption, and exports, 4:33–36
reactive dyes, 4:28
resiliency, 4:27, 28
silicone lubricant as processing aid, 12:509
smart cotton-based wound dressings, 4:32, 33
supramolecular structure, 2:586
textile processing, 4:17–19
textile wet processing, 4:19, 20

textile-associated properties compared to polyester,
14:499

U.S. classification, 4:13, 14
water repellency, 4:29
weaving and knitting, 4:18, 19
world fiber production in 20th century, 2:704
yarn manufacturing, 4:17, 18

Cotton bale (table), 4:36
Cotton cards, 9:217
Cotton culture, 4:1
Cotton fiber, 4:1, 2, 5:680. See also Nylon fibers

biosynthesis, 4:5–7
chemical modification of, 4:22
computer-generated montage of, 4:21
mature, 4:21
quality, 4:13–15
single, 4:4, 5

Cottonseed, 4:2
Couette geometry, 12:7
Couette, Taylor reactors, 5:189
Coulomb forces, release agents and, 11:703
Coulox, 2:24
Coulter counter, measuring rubber particle size with,

13:251
p-Coumaryl alcohol, in lignin, 7:525
Counter-rotating twin screw extruders, 5:618–620
Coupled cluster theory (CC), 3:604
Coupled oscillator, of normal vibrations, 14:570–573
Coupled pyrolysis techniques, 4:267–269
Coupled transport, 7:777
Coupling

azo pigment manufacture via, 3:474
chain termination by, 5:525
oxidative, 4:59

Coupling agents, 1:347, 348
SAM used as, 3:666
silane (table), 1:371
structures of, 3:662
for styrene-butadiene block copolymers, 13:281

Covalent bonds
in shape-memory polymers, 12:415

Covalent grafting, for polymer brushes synthesis,
10:738–746

Covalent imprinting, 8:686
Covalent-organic-frameworks (COFs), 11:1
Covalent-type photosensitive polyimides, 5:74
Cox-Merz rule, 4:626
Cp anions. See Cyclopentadienyl (Cp) anions
CP process. See Continuous polymerization (CP)

process
CPFR. See Continuous plug flow reactor (CPFR)
CPSiNR ligand, 5:562
CPT. See Crystalline phase transition (CPT)
CR-39
Crack extension, energy release during, 6:302
Crack formation, special causes of, 6:294–296
Crack growth

environmental, 6:334
slow, 6:327–330
testing geometries, 6:313
viscoelastic creep, 6:311

Crack initiation, 6:308, 315, 318, 319
Crack layer theory, 5:721, 722
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Crack nucleation, 6:318
Crack propagation, 5:719–732

unstable, 6:319
Crack stop mechanisms, 8:484
Crack tip opening displacement (CTOD), 6:310
Crack tip, stresses around, 6:305–311
Cracker packaging, 9:475
Cracks. See also Fatigue
Crammer feeders, 5:623, 641
Crankshaft motion, 2:8
Craze failure, 15:493, 494
Craze growth, effects of physical aging on, 1:467
Craze initiation, 6:331
Craze structure, 8:479
Craze thickening, 15:490–493
Craze tip advance, 15:488–490
Crazes. See also Crazing

formation of, 6:310
secondary, 6:327

Crazing, 5:698, 6:287, 288, 293, 15:449, 479–482. See
also Creep craze; Macrocrazes; Yield and Crazing

as affecting polystyrene strength, 13:184, 185
in amorphous, glassy polymers, 8:478–480
block copolymer, 8:497
fibrillated, 8:482, 484
growth, 15:487, 488
initiation, 5:713–718, 15:481–487

CRD mixer, 5:665–667
CRD-NRV mixer, 5:666
Creep, 1:9

amorphous polymers, 1:569
Burgers model, 15:84
cellular polymers, 2:533
entangled polymer melts, 15:111, 112
and fatigue, 5:705
fiber, 10:242
olefin fibers, 9:348, 349
and recovery response of a fiber, 10:242
test methods, 13:774, 775

Creep compliance, 1:461–464, 466, 15:100
Creep constant, 6:550
Creep craze, 6:329
Creep curves, 1:462, 464
Creep fracture

dynamic, 6:289
vibration-induced, 6:289–291

Creep measurements, physical aging and, 1:461
Creep-recovery measurements, 1:466
Creep resistance

of PE fibers, 11:695
Creep tensile modulus, 4:99–102
Creep tests, 2:748, 12:17–19, 15:108

fully notched, 6:329
with solid-like polymers, 15:155
for styrene polymers, 13:183

Cresol
phenolic resin monomer, 9:579

Cresol epoxy novolac, multifunctional
average U.S. price, 5:299

o-Cresol glycidyl ether, 5:323, 324
Criminalistics, 6:175
Crin vegetal, 14:495, 507
Critical acoustic-emission event, 12:365

Critical Assessment of Techniques for Protein
Structure Prediction (CASP)

Critical chain length, 5:167
Critical coagulation concentration, 3:452, 454
Critical diehead pressure, 5:669
Critical gels, 6:367, 368

Nearly critical gels, 6:374, 375
rheology, 6:368–370

Critical isobaric temperature rising elution
fractionation (CITREF), 2:735

Critical micelle concentration (CMC), 2:201, 3:448,
5:166, 167, 6:591, 8:275, 276

fluorescence spectroscopic method, 8:276
importance of, 8:275
measurement of, 8:275, 276
stabilization of, 8:276
surface tension method, 8:276
UV-absorption spectroscopy method, 8:276

Critical overlap concentration, 5:153, 154
Critical phase polymerization, 4:47–60. See also

Chain-growth polymerization
Critical point of adsorption (CPA), 3:94
Critical point, 9:564–566

polymer solutions and blends, 9:568–573
Critical shear stress, 6:331
Critical stress intensity factor, 6:326

test methods, 13:775
Critical surface tension of wetting, for fluorocarbons

and hydrocarbons, 11:704
Critical temperature, 9:561
Cross-channel shear rate, 5:655, 656
Cross-channel shear strain, total, 5:656, 657
Cross equation, 15:107
Cross-flow filtration membranes, markets, 5:827
Cross-flow filtration, 7:779
Cross-fractionation chromatography, 6:274–276
Cross-hatching phenomenon, 12:390
Cross-link density (XLD), 3:306, 307, 4:99–102
Cross-linkable ferroelectric polysiloxanes, in FLCE

preparation, 5:751, 753
Cross-linkable resins, hyperbranching in, 6:794
Cross-linked aromatic polyamide, 5:841
Cross-linked block copolymer micelles, 8:272
Cross-linked carbonaceous layer, 13:555
Cross-linked ethoxylate acrylate resin (CLEAR), 11:39,

40
Cross-linked polyethylene

physical properties, 12:207
relaxation exponent, 6:369

Cross-linked polymers, DMA characterization,
13:847–851

glass transition, 13:847–849
thermoset vitrification, 13:850
thermoset cure, 13:849–851

Cross-linked resins, 6:322
Cross-linked rubbers, 6:433

transport properties, 14:324–331
Cross-linked shape-memory networks, 12:412
Cross-linked Star Polymer Networks, GTP, 6:540
Cross-linked vesicles, 14:544, 545
Cross-linked, in ATRP, 1:737
Cross linking

cured epoxy resins, 5:363, 364
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Cross-linking bonds, 8:427
Cross-linking effect, 6:445, 446
Cross-linking reactions, reaction extrusion, 11:648
Cross-linking, 4:63–104

and oxidative degradation, 4:279
in branched polystyrene, 13:192, 193
chemical, 4:64
copolymerization, 3:804–806
definition of, 4:63
determination of the degree of, 4:666, 667
effects of, on polymer properties, 4:63, 64, 99–104
elastomer, 4:64–73. See also Elastomers/rubber

cross-linking
fatigue cracking effect, 5:729
free radical photopolymerizations, 9:738–740
general-purpose rubbers, 12:168
initiators for, 6:836
mechanical properties, effect on, 4:99–102
origin of, 4:63
overview, 4:63, 64
peroxide, 4:71, 72
poly(vinyl alcohol), 14:700
in polymer blends, 4:95–97
in polymer hydrogels, 4:97–99
polymer modification by, 4:63
polyphosphazenes, 11:102, 103
property synergism in, 4:64
radiation, 4:72, 73
reactive group combinations for latex, 6:660
solution properties, effect on, 4:103, 104
structural representation, 13:169–171
thermal behavior, effect on, 4:102, 103
through polyaddition, 4:89–95. See also

Thermoplastics
through polycondensation, 4:73–88. See also

Thermosetting resins
Cross section

of bicomponent nylon fibers, 10:260
fiber forensics applications, 6:186
of nylon fibers, 10:254, 255
paint forensics applications, 6:189

Cross-tie fibrils, 15:495
Crosshead die, 5:674
Crosslinked polyHIPEs, 10:608
Crossover experiment, 1:456
Crotalaria

species with fiber potential, 14:497
Crotonaldehyde

chain-transfer constant, 14:667
Crotonic acid

copolymerization parameters with vinyl acetate,
14:654

Crown-cored dendrons, 4:338
Crown ethers (macrocyclic polyethers), 7:304,

11:131–138
Crown polysulfonic acid, 13:308
CRRP. See Controlled-rheology polypropylene
Crude beeswax, 6:106
Crude oil transport

drag reduction application, 4:568, 569
Cryogenic device for static and dynamic testing, 4:138,

139
Cryogenic distillation, 8:14

Cryogenic laser dilatometer with evaporator cryostat,
4:140, 141

Cryogenic properties, 4:113–145
and applications, 4:113, 114
of fibers and composites, 4:129–137. See also

Polymeric composites
nomenclature related to, 4:144, 145
of polymers, 4:114–129. See also Polymer properties
test methods and techniques, 4:137–143

Cryogenic transmission electron microscopy
(Cryo-TEM), 4:370

Cryoscopy
for average molar mass determination, 2:741
for number-average molecular weight determination,

8:665, 666
Cryovac Division of Sealed Air, 9:458
Cryovac OS1000 oxygen scavenging film, 9:459
Crystaf, 6:239–244, 248, 249
CRYSTAF. See Single-step crystallization fractionation

(CRYSTAF)
Crystal, 14:400
Crystal growth

of a colorant, 3:469
kinetics, 4:174–184

Crystal shift, of a colorant, 3:468, 469
Crystal structure

of BCMU, 4:449
of poly(trimethylene terephthalate), 10:203, 204
of PTS, 4:448

Crystal unit cells
semicrystalline polymers, 12:376–383

Crystalline block copolymers, 7:321, 322
1,4-dilithio-1,1,4,4-tetraphenylbutane, 7:321

Crystalline cellulose, 2:576, 577, 579, 580
Crystalline component, 8:512
Crystalline epoxy resins, 5:320, 321
Crystalline field splitting, 14:572
Crystalline multicomponent systems

thermodynamic properties, 14:92–94
Crystalline PCT-based polymers, processing of, 4:216
Crystalline phase transition (CPT), polyketone, 10:659
Crystalline plastics, injection molding of, 4:217
Crystalline-polymer molecular complex, 3:129–131,

169, 170
Crystalline polymer-inclusion complexes, 3:129–131,

166–169
Crystalline polymers, 2:733, 5:201, 202. See also

Semicrystalline polymers
glass-rubber relaxation, plasticizing effects, 13:839
relaxations, 13:838
CHDM-based, 4:215–218
molecular modeling, 8:617–619
thermal characterization methods, 2:745, 746
thermal conductivity, 14:30

Crystalline starch beads, 13:51
Crystallinity

effects on permeation, 2:16–18
ethylene oxide polymers, 5:445
films, 5:804, 805
of polyamide plastics, 10:274
polyphosphazenes, 11:105
polypropylene, 11:357, 358
semicrystalline polymers, 12:396–401
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silk, 12:545
xylylene polymers, 15:435, 436

Crystallinity determination, 4:148–164
solid-state nuclear magnetic resonance, 4:159–164
thermal analysis, 4:153–156
vibrational spectroscopy, 4:156–158
volumetric methods, 4:158, 159
x-ray diffraction, 4:148–153

Crystallinity index, 4:148, 12:396
Crystallization, 2:251

in block copolymers, 2:203–206
chloroprene polymers, 3:68, 69
of LLDPE, 5:550
of main-chain LCPs, 7:572
PEN, 10:143, 149, 150
of polyacrylonitrile, 1:278
of polystyrene, 13:187
of PVDF, 15:68

Crystallization analysis fractionation (Crystaf),
6:239–244, 248, 249

Crystallization kinetics, 4:167–196
crystal growth, 4:174–184
new approaches to, 4:190–194
nucleation, 4:168–174
of poly(trimethylene terephthalate), 10:201, 202

Crystallized block copolymers, morphology of thin films
of, 2:206

Crystallized PET, 4:217
Crystallography

polypropylene, 11:354–357
Cs-symmetric zirconocene catalyst, 13:94
CSD. See Cambridge Structural Database (CSD)
CSM cure chemistry, 5:478
CSM cure systems, comparison of, 5:480
CSM polymers

categorization of, 5:473
commercial, 5:474
dynamic properties of, 5:481
flow behavior of, 5:471

CSM. See Chlorosulfonated polyethylene (CSM);
Contiguous solids melting (CSM)

CSTR. See Continuous stirred tank reactors (CSTR)
CT. See Compact tension (CT)
CTA method, 8:176
CTAs. See Chain-transfer agents (CTAs)
CTE. See Coefficient of thermal expansion (CTE)
CTOD. See Crack tip opening displacement (CTOD)
CTS. See Chain transfer to solvent (CTS)
Cucurbit[n]urils, 11:133
Cumeme hydroperoxide, 11:507
Cumene

transfer coefficient to, 11:530
Cumulative damage rule, 6:329
Cumyl dithiobenzoate, RAFT polymerization, 11:741
Cumyl potassium

anionic polymerization initiator, 1:606
Cuprammonium rayon, 2:689–691
Cuprous ammonium acetate extraction

butadiene, 2:298, 299
Cuprous chloride-catalyzed polycondensation, in

polysulfone polymerization, 11:184
Curatives

for polychloroprene latex, 3:76

Curdlan, 15:193
Cure accelerators, 5:87
Cure characterization, DEA, 13:856, 857
Cure monitoring

thermosets, 14:202–204
Cure-site monomers, 1:174–176
Cure system, for fluorocarbon elastomer gum, 6:167
Cured adhesives, testing, 1:408
Cured EPDM coatings, 5:686
Curie temperature, 9:779, 795
Curing, 1:521. See also Vulcanization

butyl rubber, 2:365, 366
chloroprene polymers, 3:63, 64
of coatings, 3:290
composite materials, 3:522–526
dynamic mechanical analysis, 4:629–632
epoxy resins, 5:334–337, 369–376
ethylene-propylene elastomers, 5:604, 605
fatigue cracking effect, 5:729, 730
phenolic resins, 9:592–594
in SBR processing, 13:276
sound as probe of, 1:81, 82
thermosets, 14:161, 162, 178–200

Curing agents, 5:87
acid anhydride, 1:418
adhesive, 1:428
coreactive for epoxy resins, 5:337–358
epoxy/curing agent stoichiometric ratio, 5:366
health and safety factors, 5:408, 409
for polysulfides, 11:169–171
selection, 5:365, 366
substituted phenol, 1:418

Curtain coating, 3:284, 285
precision multilayer, 3:285

Curved crystals, 12:391, 392
Cut rubber fiber, 5:771
CVD. See Chemical vapor deposition (CVD)
Cyanate ester curing agents, 5:358
Cyanate ester phenolic resins

manufacture, 9:591
Cyanatol-750

drag-reducing additive, 4:553
2-Cyano-1,3-butadiene

chloroprene reactivity ratios, 3:47
2-Cyano-p-xylylene

threshold condensation temperature, 15:422
Cyanoacrylate adhesives, 1:421, 422
Cyanoacrylate monomers

chemical properties of, 10:426–428
manufacture of, 10:428, 429
physical properties of, 10:426
properties of, 10:426–428
reactivity, carbanion stability, and suitable initiators

for anionic polymerization, 1:602
Cyanoacrylic ester polymers. See Polycyanoacrylates
Cyanoethylation reactions, of acrylonitrile polymers,

1:265
Cyanoisopropyl dithiobenzoate (CPDB), 6:476
α-Cyanoprene

copolymerization, 3:47
β-Cyanoprene

copolymerization, 3:47
Cyanurotriamide, 1:519
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CYASORB THTTM 4611, 14:474
CYASORB UV-1084, 14:478–480
CYASORB UV-1164, 14:458
CYASORB UV-1164L, 14:482–491
CYASORB UV-2337, 14:482
CYASORB UV-2908, 14:479–481
CYASORB UV-3346, 14:478
CYASORB UV-3529, 14:471
CYASORB UV-3581, 14:467, 483
CYASORB UV-3638, 14:458
CYASORB UV-3853, 14:475
CYASORB UV-531, 14:458, 480, 481
CYASORB UV-5411, 14:458
Cyclic acetals

telechelic polymers, 13:708, 709
Cyclic acid anhydride, polymerization reaction, 5:259
Cyclic amidine curing agents, 5:357, 358, 360
Cyclic amines

telechelic polymers, 13:710
Cyclic carbonates

anionic polymerization, 1:625, 626
Cyclic ethers

telechelic polymers, 13:702–708
Cyclic molecules, 9:9
Cyclic neopentyl hydrogen phosphonate, 9:680
Cyclic olefin copolymers

cyclopentadiene and dicyclopentadiene, 4:233, 234
Cyclic oligomeric carbonates, 7:681
Cyclic oligomers, 7:674, 675, 681
Cyclic polyarylether oligomers, 7:689, 690

ether ketone macrocycle mixture via aryl-aryl
coupling, 7:690

Cyclic polybutadienes, 7:679
Cyclic polycarbonates, 7:680, 681

dual wavelength HPLC, 7:681
ring-strained cyclic dimer carbonate, 7:682

Cyclic polyesters, 7:682–687
Cyclic polymers

ATRP of, 1:737
synthesis of, 3:207, 210

Cyclic polystyrene, 7:679
Cyclic siloxanes

anionic polymerization, 12:475, 476
cationic polymerization, 12:476, 477

Cyclic sulfides
telechelic polymers, 13:709

Cyclic thermomechanical investigations, of
shape-memory polymers, 12:413–416

Cyclic thermomechanical tensile tests, 12:418
Cyclic ureas, 1:533
Cyclo diepoxy ERL-4221 (3′,4′-epoxycyclohexylmethyl-

3,4-epoxycyclohexanecarboxylate)
viscosity, 5:325

cyclo-Di-p-xylylene (DPX), 15:409
manufacture, 15:416, 417

Cycloaddition reactions, and optical loss, 5:104
Cycloaliphatic amines

advantages, disadvantages, and applications as
epoxy curing agent, 5:338

coreactive curing agents for epoxies, 5:342, 343
curing agents, 5:337

Cycloaliphatic epoxies
average U.S. price, 5:299

Cycloaliphatic epoxy resins, 5:324–327
Cyclodextrin (CD) polymers, applications of, 4:200–211

drugs, preparation of, 4:207, 208
essential oil, preparation of, 4:208–210
heavy metal ions from environment, removal of,

4:201–203
organic contaminants from environment, removal of,

4:203–206
preparation of, 4:200

α-Cyclodextrin, 11:120
Cyclohexane

azeotrope with vinyl acetate, 14:654
transfer coefficient to, 11:530

Cyclohexanedimethanol polyesters, 4:214–220
1,4-Cyclohexanedimethanol (CHDM), 4:214, 215

crystalline polymers based on, 4:215–218
Cyclohexene oxide reactions, in supercritical carbon

dioxide, 4:57
Cyclohexyl-2-benzothiazole-sulfenamide

accelerated vulcanization, 12:243
N-Cyclohexyl benzothiazole-2-sulfenamide, 12:171
Cyclohexyl methacrylate

activation parameter for propagation step, 11:520
Cyclohydrochlorination, 7:292, 293
1,4-Cyclooctadiene

ring-opening metathesis polymerization, 7:679
oxidation, 7:294

1,5-Cyclooctadiene, 8:168
Cyclooctenes, 8:190
Cycloolefins

commercial overview of metallocene-based
copolymers, 8:140

metallocene-based polymerization, 8:126, 127
Cyclopentadiene and dicyclopentadiene, 4:221–236

alkylation, 4:228
applications, 4:232–236
condensation via methylene group, 4:226, 227
Diels-Alder addition, 4:223, 224
halogenation, 4:228
health and safety factors, 4:231, 232
hydrogenation, 4:227
oxidation, 4:227, 228
physical properties, 4:222, 223
polymerization, 4:226
reactions, 4:223–228
source and production, 4:228–230
storage and handling, 4:231

Cyclopentadienyl compounds (metallocenes), 8:81–139,
135–140

Cyclopentadienylamide ligands, linked, 5:557
Cyclopentenes, 8:190

from cyclopentadiene hydrogenation, 4:234
metallocene-based polymerization, 8:126, 127

Cyclopolyphosphazenes, 11:110
Cyclosiloxanes

anionic polymerization, 1:627
Cyclotene, 5:78
Cycopac, 2:37
Cylinder block copolymers, lateral spacings in thin

films, 12:297, 298
Cylindrical ion exchange fibers (IX-fibers), 7:174
Cylindrical morphology polystyrene-block-poly(2-vinyl

pyridine) (PS-PVP)



620 INDEX TO THE ENCYCLOPEDIA Vol. 15

Cysteine
(acetamidomethyl protected), 11:74
chemical structure, 15:186
composition in silk, 12:543
(4-methylbenzyl protected), 11:69
(tert-butylsulfenyl protected), 11:75
(triphenylmethyl protected), 11:72
(9-xanthenyl protected), 11:72

Cystine
percentage composition in merino wool, 15:313

2D correlation spectroscopy (2DCOS), 14:381–407
4-methacryloyloxyazobenzene (PMAAz), 14:394
perturbation correlation moving window (PCMW),

14:382
bio- and natural polymers, 14:394–398
photoinduced orientation, 14:393
poly(hydroxyalkanoate) (PHA), 14:398

2D deep UV resonance Raman spectroscopy (2D
DUVRR), 14:395

D glass
Dk and Df at 1 MHz, 5:403

1D nanomaterials, 5:160
2D SERS (surface-enhanced Raman scattering),

14:396, 397
3D printing, 14:232
3D structure reconstruction

QIS-SFM imaging technique, 12:310
3-D tissue scaffolds, 14:215, 223–240
DAB-dendrimers, 4:312
DABCO. See also Tertiary amine catalyst
DADMAC (diallyldimethylammonium chloride)

acrylamide copolymers with, 1:132
economic aspects of, 1:145

Damage
and scratch behavior, 12:319, 320

Damage mechanisms, of thermoplastic polymers, 6:322
Damping

and sound absorption, 1:62
Damping function, 15:116

in DE model, 15:139
DAPI monomers. See Trimethylphenyl

diaminophenylindane (DAPI) monomers
Data analysis

in HPLC chromatography, 3:93, 94
in size exclusion chromatography, 3:120–123

Database of Polymer Properties, 1:160
Dative bonding, 8:640
Daughter lamellae, 12:390
Daughter polymer, 13:745
Davankov resins, 11:2
Davies ENDOR, 5:10
DB HBPs, 10:410–412
DBA. See 3,5-Dihydroxy benzoic acid (DBA)
DC, 990A resin, 12:465, 466
o-DCB, 7:685
DCB. See Dichlorobenzidine (DCB); Double-cantilever

beam (DCB)
DCDPS. See 4,4′-Dichlorodiphenylsulfone (DCDPS)
(2DCOS), 14:403, 404
DCPD. See Dicyclopentadiene (DCPD)
DE constitutive equations, 15:133–140
De Gennes dense packing, 4:306
DE model. See Doi-Edwards (DE) model

DE-NIA equations, 15:142, 143
DE tube model of reptation, 15:127–133
De Vries phase, of material, 5:762
Deacetylated chitosan, 3:37
Deactivation

metallocenes, 8:107
Dead-end filtration, 7:777, 779
Dead-end polymerization, 7:367, 11:555, 556, 584
Deaeration

viscose rayon, 2:680, 681
Deborah number, 4:515, 5:153
Debye approximation, 14:63, 64
Debye function, 9:54
Debye-Hückel relationship, 7:164
Decamethylcyclopentasiloxane

physical properties, 12:491
Decamethyltetrasiloxane

physical properties, 12:491
Dechlorane plus, as nylon additive, 10:284
Decitex, 10:522
Decking, 15:281
Decomposition products, of polyacrylonitrile, 1:282
Decomposition temperature

calculations, 6:74
PBI, 6:74

Decompression expansion processes, 2:520–524
Decomps, 5:535
Decorative coated fabrics, 5:692
Decorative plywood

characteristics and applications, 15:284
Decortication, 14:496
Deep dye fibers, 10:518, 519
Deep Quest submersible, composite foam application,

3:499
Defect-free membranes, preparation of, 5:840
Defect sites, 6:562
Defense

high performance fiber applications, 6:726
Deflagration. See Burning
Deflection temperature under load (DTUL), 5:210
Deflection, viscoelasticity and, 15:89–92
Defoamers, 3:460. See also Antifoaming agents

silicone application, 12:465
Deformation, 15:114–125

of bulk material, 8:471
degrees of, 8:495
elastic free energy of, 4:655
half-step, 15:144, 145
morphologies of, 8:550–552
rubber, 4:638–642
in solid-state extrusion, 12:691, 692
thermoplastic polymers, 6:322–327
transitions in, 8:482
uniaxial, 15:152, 153

Deformation dilatometers, 4:531, 532
Deformation experiments, 8:492
Deformation structures, 8:486, 491
Deformation temperature, 8:481, 482, 482
Deformation tensor, 15:112

relative, 15:120, 121
Deformation tests, 8:491
Degassing, 5:640, 648, 667–669
Degenerate four-wave mixing, 9:129, 130
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Degradable implants, 12:409
Degradable plastic, 2:73, 4:441, 442
Degradation, 2:73, 4:250–293

of backbone chains, 6:330
chloroprene polymers, 3:69–71
and drag reduction, 4:558–562
high energy radiation, 4:287–290
hydro-biodegradation, 4:291–293
hydrolytic, 3:266, 4:290, 291
initiators for, 6:836
liquid crystalline polymers, 7:571
olefin fibers, 9:350
oxidative degradation analytical methods, 4:285–287
oxidative degradation chemistry, 4:270–277
oxidative degradation mechanical effects, 4:278–281
oxy-biodegradation, 4:293
photodegradation and photo-oxidation, 4:281–284
poly(acrylamide), 1:127
poly(3-hydroxyalkanoates), 10:102–104
poly(trimethylene terephthalate), 10:200, 201
poly(vinyl alcohol), 14:700, 701
spatially resolved degradation from 1-D and 2-D

spectral-spatial ESRI, 5:27–33
styrene polymers, 13:208–213
telechelic polymers, 13:719, 720
thermal degradation analytical methods, 4:264–270
thermal degradation mechanistic studies, 4:251–264
xylylene polymers, 15:428–430

Degradation-based controlled release technology, 3:750,
751

Degradative chain transfer
carbocationic polymerization, 2:410

Degradative termination
carbocationic polymerization, 2:410

Degree of branching
hyperbranched polymers, 6:790, 791

Degree of crystallinity, 4:148, 8:704
absolute, 4:151, 152

Degree of dilution
morphology and, 8:553

Degree of polymerization (DP), 2:722, 4:298
of LDPE, 5:526
and phase transformation, 9:563

Degree of substitution (DS), 4:299
cellulose ethers, 2:649

DEHA. See Di-2-ethylhexyl adipate (DEHA)
Dehumidification systems, for blow molding, 2:239
Dehydration polycondensation, 5:238
Dehydrocoupling, 7:42

transition-metal-catalyzed, 7:46
Dehydrogenation, polysilanes via, 7:41
Delamination

silane coupling agents, 12:419–430
Delay rod technique

for acoustic measurements, 1:97, 98
Delayed gelation, 3:805
Delrin 100ST, 1:14
Delrin, 1:1

stress-strain behavior, 6:814
Delrin AF, 1:14
Delusterants, fiber, 10:256, 257
Demulsification, 3:459
Dendrimer assemblies, 4:336–341

Dendrimeric coordination polymers, 7:62, 63
Dendrimers, 4:321–355. See also Dendronized polymers

AFM imaging of, 1:771, 772
amido-ferrocene, 7:51
applications of, 4:306–309
as inverted micelles, 4:348–351
as micelles, 4:341–347
as nanoreactors, 4:307, 308
assembly based on hydrophobic interactions, 4:354,

355
biomimetic dendritic amphiphiles, 4:347, 348
catalysis with amphiphilic, 4:353, 354
clustering effects, 4:307
end-group analysis by neutron scattering, 9:56–58
for drug delivery and diagnosis in cancer therapies,

4:307
hierarchical, 4:309
host-guest interaction on amphiphilicity, 4:341–347
hydrogen bonding in dendritic periphery, 4:327–331,

351–353
hydrogen bonding with biomimetic materials,

4:331–335
hydrogen bonding with dendritic interiors,

4:325–327, 328
Janus, 4:304
and linear polymers, 4:306
light-harvesting, 4:308, 309
molecular recognition in, 4:321–355
molecularly imprinted, 4:328
nanoelement concept, 4:317, 318
photo-harvesting, 4:310
physicochemical properties, 4:305, 306
poly(aryl ether), 4:313
polyamidoamine, 4:309–311
polyester, 4:315, 316
polylysine, 4:313, 314
polypropyleneimine, 4:311–313
self-immolative, 4:308
sensors, 4:335, 336
structure, 4:301
synthesis of, 6:777
synthesis, 3:208–213, 4:301, 4:303, 304
synthesis, 4:322–324
synthetic polymers, 4:300–304

Dendrites
semicrystalline polymers, 12:392–396

Dendritic, 8:340
Dendritic box, 4:312, 330, 331
Dendritic chain reaction, 4:308, 309
Dendritic polymers, 6:783

structural representation, 13:169
Dendritic units, in hyperbranched polymers, 6:790
Dendrocleft, 4:327
Dendronized block copolymers (DBCPs), 4:371–374
Dendronized polymers, 4:300

graft from route of synthesis of, 4:361, 362
ionic-responsive, 4:377–380
macromonomer route of synthesis of, 4:361, 362
stimuli-responsive, 4:361–380
structure of, 4:361
synthesis of, 4:361, 362
thermoresponsive dendronized copolymers,

4:371–374
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thermoresponsive dendronized homopolymers,
4:363–371

thermoresponsive supramolecular dendronized
homo- and copolymers, 4:374–377

thickness of, 4:362
types of, 4:361

Dendronized polymers, 4:361–381. See also
Hyperbranched polymers

Dendrons, 4:338
Denisolv cycle, 14:465–491, 563–592, 588–627, 633–635
Dense symmetrical membranes, 7:748, 749
Density

cellular materials, 2:530
characterization methods, 2:756
composite foams, 3:506, 507
for crystallinity determination, 4:159
ethylene oxide polymers, 5:445
fillers, 5:787, 788
fluctuations in amorphous polymers, 1:556–561
LDPE, 5:532, 533
LLDPE, 5:552, 575
metals, ceramics, and polymers, 4:643
sound as probe of, 1:82

Density detector, 3:92
Density functional theory (DFT), 3:611–614, 8:602

exchange functional-correlation functional, 3:612
gradient-corrected, 3:613, 614
Hohenberg-Kohn theorem, 3:612
hybrid methods, 3:613, 614
Kohn-Sham theory, unrestricted, 3:612, 613

Density-gradient column
for crystallinity determination, 4:159

Density, of mesophase, 6:41, 41
DENT. See Double-edge notched tension (DENT)
Dental adhesives, 4:410–412
Dental applications, 4:383–412

autopolymerizing resin formulation, 4:397
dental adhesives, 4:410–412
denture resins/prosthetic materials, 4:388–396
impression/duplicating materials, 4:384–388
maxillofacial prosthetic materials, 4:396, 397
overview, 4:383, 384
restorative materials, 4:398–406
root-canal sealants, 4:397
sealants, 4:406–410

Dental ceramics, 4:411
Dental composites

free radical photopolymerization applications, 9:743
Dental restorative sealants, 4:408
Denture adhesives

poly(ethylene oxide) applications, 5:457
Denture resins/prosthetic materials, 4:388–396

autopolymerizing resins, 4:390, 391
biocompatibility, 4:392, 393
crown and bridge temporary resins, 4:395, 396
denture liner materials, 4:394, 395
denture repair resins, 4:394
heat-cured methacrylate formulations, 4:389, 390
low-viscosity, chemically cured resins, 4:391
mechanical properties, 4:393
mixing/working properties, 4:391, 392
mouth protectors, 4:396
physical properties of (table), 4:392
polymeric teeth for dentures, 4:393, 394

tissue conditioners, 4:395
visible light-cured resins, 4:391

Deoxyribonucleic acid. See DNA
Depolarization ratio

in Raman scattering, 14:567
Depolymerization, 4:419–442

characteristics of, 4:419
energetics of, 4:432–441
environmental applications, 4:441, 442
kinetics of, 4:421–424
mathematical model of degradation process,

4:424–428
medical applications, 4:442
overview, 4:419–421
and recycling, 4:442
thermodynamics of, 4:428–432

Depropagation
chain scission with, 4:254–258
in copolymerization, 3:770
random scission without, 4:254–258

Derivative fibers, 2:672
Derivative thermogravimetry, 13:765
Derivative TMA, 13:826, 827
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory,

7:459
Dermatan sulfate, 15:194, 195
Design

adhesive, 1:430, 431
of atomic force microscope, 1:748–753

Design for disassembly, 11:671
Design for recycling, 11:671
Desolvation, 8:389
Destructurized starch, 13:53–55
DETA. See Diethylenetriamine (DETA)
Detecting polyacrylamides, 1:144
Detectors

concentration, 3:115, 116
in HPLC chromatography, 3:91–93
molecular weight sensitive, 3:116, 117
size exclusion chromatography, 3:118
viscometric, 3:118

Deuterated polystyrene-based polyHIPEs, 10:609
Devolatilization, 1:295, 296, 5:622, 640, 667–669

bulk and solution polymerization reactors, 2:292
of styrene polymers, 13:241–243

Devolatilizer, centrifugal, 13:242, 243
Devolatilizing extruders, 6:103–105
Dew retting, 14:500
Dewatering aids, acrylamide polymers as, 1:119
Dewatering, polyacrylamides for, 1:139
Dex-SS-PCL, 8:284
Dextran, 15:193

in controlled drug release system, 3:753
Dextran-aldehyde polymer, 11:440
Dfrc (derivatization followed by reductive cleavage)

degradation method, 7:534
DFT. See Density functional theory (DFT)
DFWM experiment, 9:761
DGEBA/DDS epoxy, isothermal cure, 13:859
DGEBA/DDS resin, isothermal cure, 13:858
DGEBPA resins. See Diglycidyl ether of bisphenol A

(DGEBPA) resins
DH intermediate, in free-radical polymerization,

13:215, 216
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DHLA-appended PEG, 8:796
Di-methyl formamide (DMF), 5:838, 839
2,5-Di(t-butylperoxy)-2,5-dimethylhexane

cure agent for silicone rubber, 12:495
2,6-Di-tert-butyl-4-methylphenol (BHT), 7:325
Di(2,4-dichlorobenzoyl) peroxide

cure agent for silicone rubber, 12:495
Di(tert-alkyl) peroxide free-radical initiators, 6:849
2,6-Di-tert-butyl-p-cresol

antioxidant, 1:690
Di-n-propyl peroxydicarbonate, 11:507
Di-o-tolylguanidine, 12:175
Di-tert-amyl peroxide (TAPO), 2:766
Di-tert-butyl peroxalate, 11:507
Di-tert-butyl peroxide (TBPO), 2:764, 766, 11:507
1,1-Di(4′-methoxy-5′-methyl-phenyl)cyclohexane

(BKDE)
density fluctuations, 1:559–561

Diacetylene polymers, 4:445–456
monomer preparation, 4:446
topochemically controlled polymerization, 4:451,

452
Diacetylenes, topopolymerization of, 1:37
Diacyl peroxide free-radical initiators, 6:844–846
Dialkyl aliphatic esters, 10:49
Dialkyl peroxydicarbonate free-radical initiators,

6:849–851
Dialkyl sulfides, as antioxidants, 13:27, 28
Dialysis, 7:802
Diamine modification approach, 8:15
Diamine-modified PI membranes, 8:15
Diamines, 8:276

as curing agents, 6:167
1,4-Diaminobutane (DAB), 4:312
1,2-Diaminocyclohexane

curing agent, 5:345
4,4-Diaminodiphenyl sulfone

curing agent, 5:345
4,4-Diaminodiphenylmethane

curing agent, 5:345
3,4′-Diaminophenyl ether (3,4′-ODA), 10:213
Diaminotriazine

use in molecular self-assembly, 8:646
Diamond-like carbon

multilayer barrier structure, 2:52
Diamondback feed hopper, 5:642
Diapers

spunbonded fabric application, 9:207, 208
Diaryl-p-phenylenediamine

oxidant used in rubber, 12:196
Diatomaceous earth, 5:794
Diazepam

molecularly imprinted polymer-based assay, 8:701
Diazonaphthaquinone-containing photoactive

compounds (DNQ-PACs), 5:81
Diazotization, azo pigment manufacture via, 3:474
Dibasic lead phosphite, 6:582
DiBenedetto equation, 3:525
(Di)benzoyl peroxide (BPO), 7:349
Dibenzyldisulfide

transfer coefficient to, 11:530
N,N-Dibenzylhydroxylamine

transfer coefficient to, 11:530
Diblock copolymers, 1:167

Diblock copolymer membranes
electromechanical stability, 14:539

Diblock copolymer, self-assembling structures for, 2:127
Diblock copolypeptide hydrogels (DCHs), 11:434
Diblock cotelomers, applications, 6:148
Diblock SB copolymers, 13:281
Dicationic CP, 11:134
2,3-Dichloro-1,3-butadiene

chloroprene reactivity ratios, 3:47
copolymerization with chloroprene, 3:58

2-Dichloro-p-xylylene
threshold condensation temperature, 15:422

Dichlorobenzene
swelling of parylenes in, 15:436

Dichlorobenzidine (DCB), in pigments, 3:477, 479
2,3-Dichlorobutadiene

copolymerization, 3:47
health, safety and environmental factors, 3:79

4,4′-Dichlorodiphenylsulfone (DCDPS)
1,1-Dichloroethylene. See also Vinylidene chloride

in polysulfone synthesis, 11:181, 182, 184, 186, 187
Dichloromethane, 8:414

solubility of cellulose acetates in, 2:623
Dicumyl peroxide, 4:90

cure agent for silicone rubber, 12:495
Dicy material, 1:417
Dicyanate resins, 14:169–171
Dicyandiamide

coreactive curing agent for epoxies, 5:347, 348
curing agents, 5:337

Dicyandiamide epoxy coatings, 3:241–243
Dicyano compounds, 7:45
Dicyanodiamide (dicyandiamide), in 1K adhesives,

1:417
Dicyclohexyl-18-crown-6 (DCHE), 7:304, 305
Dicyclohexyl itaconate

activation parameter for propagation step, 11:520
contribution of disproportionation to termination,

11:544
N-Dicyclohexyl-2-benzothiazole sulfenamide, 12:171
Dicyclopentadiene (DCPD), 4:221–236, 8:188

ethylene-norbornene copolymers and, 5:586
ethylene-propylene elastomer monomer, 5:595, 596
polymerization, 4:225, 226

Dicyclopentadiene dicarboxylic acid, 4:236
Dicyclopentadiene diepoxide, 4:236
Dicyclopentadiene dioxide, 4:236
Dicyclopentadiene resins

synthesis by carbocationic polymerization, 2:419
Dicyclopentadiene, microencapsulation of, 12:341
Die attach adhesives, 5:82–85

dispense methods for, 5:85
formulation, 5:65, 86

Die attachment assembly, 3:679
Die drool, 5:647
Die-face pelletizers, 9:481, 482
Die forming

in extrusion, 5:669–678
size and shape changes in, 5:669–672

Die geometry, 5:675
Die swell. See also Die/weight swell
Die system, 3:376–379

feedblock systems, 3:377–379
multimanifold dies, 3:376
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Die/weight swell, 2:237. See also Die swell
Dielectric analysis (DEA) methods, 13:779, 829–834

periodic (or alternating) electric field, 13:832
with thermoplastics, 13:834
thermoset curing, 14:191–199

Dielectric applications, of rigid-rod polymers,
12:115–117

Dielectric behavior, 4:486–490
Dielectric breakdown. See Electric breakdown
Dielectric constant, 4:714–719

contour maps of, 4:725, 726
definition, 4:738
frequency, effect of, 4:716
relative, 4:678
schematic representation of, 4:715
static, 4:720

Dielectric constant, 5:209, 7:572
composite foams, 3:507–509

Dielectric elastomers, 2:132, 133
Dielectric-heating equation, 4:460

capacitance in, 4:463
dielectric constant in, 4:464
frequency in, 4:460, 461
loss tangent in, 4:464–467
voltage in, 4:461–463

Dielectric heating, 4:458–478
amount of heat needed for, 4:459
applications, 4:474–478
applicator section in, 4:472–474
equation for, 4:460–467. See also Dielectric-heating

equation
equipment, 4:471–474
generator section in, 4:471, 472
and microwave heating, 4:458
for preheating materials, 4:474, 475
process of, 4:458
shielding requirements, 4:469–471
theory related to, 4:458, 459
uniformity of heat generation in, 4:459, 460
for welding or sealing process, 4:475–477
woodworking application, 4:477, 478

Dielectric loss index, schematic representation of,
4:715

Dielectric loss, 4:479
Dielectric permittivity, 4:479
Dielectric properties, 4:479–483

aromatic polyesters, 4:480
glycerol, 4:481, 482
polycarbonates, 4:480
polyethylene, 4:479
poly(methyl methacryalate), 4:480
polyoxyethylene, 4:480
polyoxymethylene, 4:480
polypropylene, 4:479
polystyrene, 4:479
polytetrafluoroethylene, 4:479
poly(vinyl chloride), 4:480
test methods, 13:779, 780

Dielectric relaxation spectroscopy (DRS), 2:753, 6:437
Dielectric relaxation, 4:479–491

measurement techniques and applications, 4:490,
491

theory, 4:483–486

Dielectric relaxation strength, 9:789
Dielectric relaxation time, 4:716–718

addition of plasticizer and, 4:721
temperature effects on, 4:719

Dielectric spectroscopy
amorphous polymers, 1:584, 585
applications, 4:486–488

Dielectric strength. 13:779, 780. See also Electric
strength

Dielectric theory, of amorphous piezoelectric polymers,
9:788–790

Dielectric thermal analysis, 13:765, 769, 779
Dielectrically variable materials, 4:489, 490
Diels-Alder (DA) polymers, 4:493–504

anthracene and maleimide, DA reaction between,
4:496, 497

cyclopentadiene, DA reaction of, 4:497, 498
DA reaction, 4:493, 494
dithioesters and dienes, hetero-DA reaction of,

4:498
functions of, 4:499–504
furan and maleimide, DA reaction between,

4:494–496
healing of, 4:500–503
network polymers from, 4:503, 504
reversibility of, 4:499, 500

Diels-Alder condensation, ethylene-norbornene
copolymers and, 5:587

Diels-Alder dimer, 13:222
Diels-Alder reactions, 1:264, 429, 13:215–217
Diene monomers, RAFT polymerization, 11:729
Dienes. See also Vinyl monomers

anionic polymerization, 1:600, 609–620
metallocene-based polymerization, 8:125, 126
monomer reactivity, carbanion stability, and suitable

initiators for anionic polymerization, 1:602
Dienophile, 7:273
Dies

coextrusion, 5:629
design for microcellular plastics, 8:308–312
extrusion, 5:672
multimanifold, 5:636

Diethyl fumarate
chloroprene reactivity ratios, 3:47

Diethyl L-aspartate, 5:262
Diethyl maleate

copolymerization parameters with vinyl acetate,
14:654

Diethyl malonate, 14:441
Diethylaminobenzaldehyde-diphenylhydrazone (DEH),

9:760
Diethyldisulfide

transfer coefficient to, 11:530
Diethylenetriamine (DETA), 1:418

curing agent, 5:345
shrinkage when used as curing agent, 3:531

Diethyltoluenediamine
curing agent, 5:345

Diethynyl disulfide, polybisthiolation of, 1:45
Differential gravure coating, 3:277
Differential refractive index (DRI) detector, 3:116
Differential refractive index (DRI), 3:104
Differential refractometer, 7:451
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Differential scanning calorimeter (DSC), 1:759, 2:743,
746, 4:102, 6:434, 568, 13:765, 789, 792–794, 14:24,
25

for antioxidant testing, 1:715
for crystallinity determination, 4:153–156
described, 13:764–767
instrumentation, 13:792–794
phenolic resins, 9:597
PVDF homopolymer, 15:70
for in situ characterization of rate of cationic

photopolymerization, 9:708–710
Differential thermal analysis (DTA), 1:715, 2:743, 746,

4:102, 13:765, 789–792, 14:23, 24
applications for polymers, 13:792
described, 13:764
phenolic resins, 9:597

Diffraction efficiency, 9:756
Diffraction techniques, for investigating

micromechanical properties, 8:473, 474
Diffuse functions, 3:600
Diffused-constraints theory, 9:21
Diffusion, 4:510–521, 8:321

areas of importance, 4:519, 520
barrier polymers, 2:2–5
bonding and, 1:370–372
branched polymers and, 4:519
coefficient, 8:3
cross-linked polymers and, 4:519
crystalline polymers and, 4:519
dense barrier polymers, 2:5–8
diffusional coefficients, 4:516, 517
diffusional transport, 4:515, 516
gas, 4:511–515
gases in polymers, 8:305
Graham’s law of, 7:790
introduction, 4:510
molecular modeling, 8:607–612
polydisperse polymers and, 4:519
in solids, theoretical modeling of, 4:520, 521
of stabilizers and antioxidants, 13:20
theory of, 4:517–519
viscous, 4:510, 511

Diffusion coefficients, 7:791–793
in multicomponent systems, 14:296, 297
mutual, 14:293–296
self, 14:295, 296

Diffusion-controlled drug release technology, 3:748, 749
Diffusion-limited colloid aggregation (DLCA), 4:370
Diffusion- and convection-based micromixers, 8:422
Diffusional flux, 14:292
Diffusivity

barrier polymers, 2:8–21
dependence on fiber volume fraction, 8:568
normalized, 8:569

Difunctional initiators
anionic polymerization, 1:606, 607
in polystyrene production, 13:218–220

Digital data storage, 9:765
Diglycidyl ether of bisphenol A (DGEBA), 1:416

average U.S. price, 5:299
epoxy acrylates based on, 5:329
epoxy resins, 5:293, 296
health and safety factors, 5:408, 409

hydrogenated, 5:321
liquid epoxy resins, 5:300–305
solid epoxy resins, 5:305–312
viscosity, 5:325

Diglycidyl ether of tetramethyl bispohenol, 5:320
3,5-Dihydroxy benzoic acid (DBA), hyperbranched

polymers from, 6:780
α, ω-Dihydroxy polybutadiene-synthesis, 8:177
Dihydroxyethylene urea, 1:518
Diisocyanates, 7:45

polymers from, 7:253–267
polysulfide curing with, 11:171, 172

N,N-Diisopropylbenzothiazole-2-sulfenamide, 12:170
Diisopropylhydrazodicarboxylate, 2:267
Diisopropylnaphthalene, 8:391
β-Diketones, in stabilizer formulation, 6:577
Diketopyrrolo pyrrole pigment, 3:486, 487
Dilatant, 3:445
Dilatometry, 4:522–533, 6:434, 14:25

capacitive, 4:530, 531
for crystallinity determination, 4:159
deformation, 4:531, 532
direct imaging, 4:532, 533
equation of state, expansion coefficients, and

compressibility, 4:522–526
indirect imaging, 4:533
linear, 4:526, 527
noncontact, 4:532, 533
overview, 4:522
standards, 4:533
volume, 4:527–530
and yield, 15:473–475

Dilithioferrocene, 7:56
Diluents

for epoxy resins, 5:376, 377
fatigue effects, 5:736–740

Dilute solution viscometry
for average molar mass determination, 2:741

Diluted LC-polysiloxanes, 5:761
smectic elastomers, 5:761
smectic layer thickness, 5:761

Dilution, infinite, 8:557
Dimension, strength as a function of, 11:679, 680
Dimer contamination, in polystyrene production,

13:217
1,3-Dimercaptobenzene

oxidative polymerization, 9:445
Dimerization

chloroprene, 3:43
4-(2,′4′-Dimethoxyphenylaminomethyl)phenoxymethyl

resin, 11:78
4-(2′,4′-

Dimethoxyphenylhydroxymethyl)phenoxymethyl
resin, 11:77

Dimethyl-2,6-naphthalenedicarboxylate (2,6-NDC)
feedstock for PEN, 10:139
polymerization, 10:147–150

N,N-Dimethyl acetamide (DMAc), 11:181
acrylic fiber solution spinning solvent, 1:225, 241, 246

N,N-Dimethyl acetamide
transfer coefficient to, 11:530

Dimethyl Cellosolve
solubility of poly(ethylene oxide) in, 5:447
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N,N-Dimethyl formamide
transfer coefficient to, 11:530

Dimethyl itaconate
activation parameter for propagation step, 11:520

Dimethyl sulfoxide (DMSO), 7:540, 11:181
acrylic fibers solution spinning solvent, 1:241, 246

Dimethyl terephthalate (DMT), 4:214, 216, 10:198
5,5-Dimethyl-1,3-diox-2-one

anionic polymerization, 1:625
4-(N,N-Dimethylamino)pyridine. See DMAP (4-[N,

N-dimethylamino]pyridine)
Dimethylaminoethanol, 1:531
N-Dimethylaminoethyl methacrylate

template polymerization monomer, 13:748
2-Dimethylaminoethyl methacrylate, acrylonitrile

copolymers of, 1:283
4-Dimethylaminopyridine (DMAP), 13:316
2,3-Dimethylbutadiene, 2:293
N-(1,3-Dimethylbutyl)-N-phenyl-p-phenylenediamine

(6-PPD)
oxidant used in rubber, 12:197

Dimethylene ether, 1:523
N,N-Dimethylformamide (DMF)

acrylic fiber solution spinning solvent, 1:224, 241
Dimethylformamide, 5:684

solubility of poly(ethylene oxide) in, 5:447
Dimethylmethylene group

relationship between liquid Cp and temperature in
linear macromolecules, 14:76

Dimethylol propionic acid (DMPA)
Dimethyloldihydroxyethyleneurea (DMDHEU), 1:535,

537
Dimethylolurea, 1:532
2,6-Dimethylphenol

oxidative polymerization, 9:432–437
polymerization, 10:577–579

Dimethylphenylene group
relationship between liquid Cp and temperature in

linear macromolecules, 14:76
Dimethylstyrene

aqueous solubility, 7:467
water solubility for heterophase polymerization,

6:628
Dimineralization

hydroxide-form ion exchanger, 7:176
weakly acidic resins, 7:176

DIN 53453, 6:805
DIN 54900, 2:75
Dinitrosopentamethylenetetramine, 2:263
Dinnerware molding, 3:588, 589
Dinucleotide/intercalator system, geometry of, 4:51
Dioctyl phthalate (DOP)
Diol compounds, 9:643
Diorthotolyl guanidine (DOTG), 5:421
1,4-Dioxane

solubility of poly(ethylene oxide) in, 5:447
Dioxazine violet pigment, 3:486
Dip coating, 2:197, 5:840

dipping processes, 5:196
of irregular surfaces, 3:287

Dip-pen nanolithography (DPN) method, 5:271
DIP. See Dual in-line package (DIP)
Diphenols, 10:351

1,1′-Diphenyl-2-picrylhydazyl (DPPH), 13:215
Diphenylamines

antidegradant for rubber, 12:234
Diphenyldisulfide

transfer coefficient to, 11:530
Diphenylene oxide

component in coal-tar fractions, 2:472
Diphenylenesulfone group, in polysulfones, 11:179
Diphenylethylene

in living radical polymerization, 7:651, 668
1,1-Diphenylethylene

carbocationic polymerization monomer, 2:394
Diphenylguanidine, 12:173

accelerated vulcanization, 12:243
Diphenylmethane diisocyanate (MDI), 1:422
1,1-Diphenylmethylcarbanions

anionic polymerization initiators, 1:608
Diphenylpicrylhydrazyl, 11:579
Dipole-ion interactions

intercalation through, 7:75
Dipole moment

of amorphous piezoelectric polymers, 9:791
of carbon dioxide, 4:48
in nitrile-substituted polyimide, 9:794
vibrational motions associated with change, 14:564

Dipole moment vector, 3:696
Dipole polarization, 4:480, 481, 483
Dipped goods

latex applications, 7:462
polychloroprene latex applications, 3:78, 79

Dipping, 5:405
PVC plastisols, 14:754

Direct bonding, 1:430
Direct-drive extruder, 5:630, 631
Direct extraction, 6:235
Direct gravure coating, 3:277
Direct mass spectroscopy

thermal degradation studies, 4:269, 270
Direct pyrolysis mass spectroscopy, 4:268
Direct SSP, 12:702–705
Directed self-assembly (DSA), 7:617
Dirt retention, 3:312
Disazo condensation pigments, 3:479, 480
Disazo red pigment, 3:477, 478
Disazo yellow pigment, 3:477
Discharge-dependent breakdown, 4:680, 681
Discharge extinction voltage (DEV), 4:690
Discharge inception voltage (DIV), 4:690
Discharge printing

wool, 15:335
Discoloration

by antioxidants, 13:19, 22, 41, 42
of SAN copolymers, 13:233, 234

Discontinuous dispersed phase, in composites,
11:688

Discotic liquid-crystalline elastomers, 9:30
Discrete activators, 5:562
Discrete surface-coating methods, 3:286, 287
Discs

polystyrene supports, 11:33–36
Disilanes, 12:468
Disilyl chromate catalyst, 5:560
Dislocation plasticity, 15:471, 472
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“Disorder formalism”, 9:757
Dispersed material, in composites, 11:688, 699
Dispersed rubber phase, of ABS polymers, 1:312–315
Dispersed solids melting (DSM), 5:647–651
Dispersion forces

colloids, 3:451
of fluorocarbons and hydrocarbons, 11:705
release agents and, 11:704

Dispersion mechanisms, in size exclusion
chromatography, 3:109–111

Dispersion medium, 6:583
Dispersion methods

for liquids, 3:493, 494
for solids, 3:494

Dispersion polymerization, 5:163, 164, 186, 8:403
of acrylamide, 1:138
heterophase polymerization prerequisites, 6:594
heterophase polymerization techniques with

continuous fluid phases, 6:619
heterophase technique, 6:582
in supercritical carbon dioxide, 4:51–54

Dispersions. See also Polymer dispersions
chloroprene polymers, 3:71–75
filled polymers, 5:789, 790

Dispersity, 6:581
effect on heterophase polymerization, 6:607–610

Dispersive materials, 1:69
Dispersive mixers

comparison of, 5:662
drawbacks of, 5:665

Dispersive mixing, 3:496, 5:661–667
Displacement-to-load ratio, 9:105
Displacements, stress and strain and, 15:78–80
Disproportionation

termination mode, 11:542–545, 600
Dissipation

sound absorption, 1:62
Dissipation factor, 4:678, 714, 715

contour maps of, 4:725, 726
definition, 4:738
drying, effect of, 4:733
frequency-temperature contours of, 4:728
thermal breakdown and, 4:680
voids, effect of, 4:735
voltage stress, effect of, 4:734
vs. frequency, 4:722, 724, 731
vs. temperature, 4:723, 725

Dissipative materials, fracture mechanics of, 6:313–318
Dissipative particle dynamics, 8:599, 600
Dissociation energies, of polymers, 4:440
Dissolution-controlled drug release technology, 3:749,

750
Dissolved gases

in heterophase polymerization, 6:634
Dissolving pulps, 2:574
Distance of conformation, squared end-to-end, 3:106
Distillation/pervaporation plant, 7:800
Distortion temperature under load (DTUL), 6:435
Distribution/rheological properties, of LLDPE, 5:574
Distributive mixers, comparison of, 5:658
Distributive mixing, 3:496, 5:654–661

important characteristics for, 5:658
1,2-Disubstituted olefins, 8:169

2,6-Disubstituted phenols
oxidative polymerization, 9:432–437

Disulfide
accelerated vulcanization, 12:243

Disulfide reactions, 11:172, 173
Dithiobenzoate RAFT agents, 11:743
Dithiocarbamate (Z=N<) RAFT agents (table),

11:719
Dithiocarbamates, 4:70
4,4′-Dithiodimorpholine, 12:175
Dithioester (Z=Alkyl or Alkylaryl) RAFT agents (table),

11:716
Dithioester (Z=Aryl) RAFT agents (table), 11:715
Dithioic acids, as photostabilizers, 13:31, 32
Dithiolates, as photostabilizers, 13:31, 32
Ditopic Mebip ligands, chemical structure, 13:455
Divergent methods, of dendrimer synthesis, 4:301, 303,

304
Divinyl benzene (DVB), 7:157
Divinyl sulfone (DVS), 8:276
Divinylbenzene-styrene copolymers, 13:235

alternative cross-linkers, 11:29–32
polymer-supported reagents, 11:17–25

Divinylsiloxane-bis-benzocyclobutene (DVS-bis-BCB),
5:78

Divinyltetramethyldisiloxane (DVTMDSO)-oxygen
plasmas, 10:23

Diynes, 1:32–48
1,6-heptadiyne derivatives, 1:33
click polymerization of, 1:43
cross-coupling polymerization, 1:36
cyclopolymerization of, 1:34
Glaser-Hay coupling, 1:34
Grubbs-Hoveyda catalysts, 1:33
linear polymerizations, 1:32–42
metathesis polymerization of, 1:34
monomer structures, 1:32
nonlinear polymerizations, 1:42–48
polycoupling of, 1:44
polycoupling of terminal, 1:35
polycycloaddition of, 1:41
polycyclotrimerizations of, 1:46, 47
polyhydroboration of, 1:39
polyhydrosilylation of, 1:37, 38
polyhydrothiolation of, 1:40
Schrock tungsten-carbyne complex, 1:33
Sonogashira coupling, 1:35
structures of, 1:32

DLVO theory, 6:645, 7:459
and colloids, 3:451–454

DMA experiments, linear viscoelastic range, 13:832
DMA, determining Tg, 13:835–837
DMAc. See N,N-Dimethyl acetamide (DMAc)
DMAP (4-[N,N-dimethylamino]pyridine)
DMDHEU. See Dimethyloldihydroxyethyleneurea

(DMDHEU)
DMF. See N,N-Dimethylformamide (DMF)
DMF/water mixtures, PS-PAA, 14:517
DMSO, 8:426
DMSO. See Dimethyl sulfoxide (DMSO)
DMT. See Dimethyl terephthalate (DMT)
DMTZ, 13:33
DNA double helix, 15:182, 183
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DNA replication
and template polymerization, 13:744, 744

DNA strands, 8:323
DNA. See also Polynucleotides

as evidence, 6:174, 175
irradiation degradation, 4:289, 6:383–386
role in protein synthesis, 6:381
semicrystalline, 12:392
structure, 15:182, 183
turbulent drag reduction, 4:560

DNQ-novolac photoresists, 7:584
DNQ-PACs. See Diazonaphthaquinone-containing

photoactive compounds (DNQ-PACs)
Docetaxel-encapsulated (Dtxl) nanoparticles, 8:428
5,7-Dodecadiyne-1,12-bis(butylcarboxymethylurethane)

(BCMU), 4:447
Dodecamethylcyclohexasiloxane

physical properties, 12:491
Dodecamethylpentasiloxane

physical properties, 12:491
n-Dodecanethiol

transfer coefficient to, 11:530
Dodecyl acrylate

activation parameter for propagation step, 11:520
activation parameter for termination, 11:549

n-dodecyl methacrylate (DMA), 9:639
Dodecyl methacrylate

activation parameter for propagation step, 11:520
activation parameter for termination, 11:549

Doi-Edwards (DE) model, 15:99, 101, 127–146
experimental predictions of, 15:140–146

Doi Edwards theory, 4:517
Dolanit, 1:251, 253
Domain size theory, 7:119
Domains, in LCPs, 7:573
Dominant lamellae, 8:713
Doolittle equation, 3:525
DOP. See Dioctyl phthalate (DOP)
Doping

conjugated polymers, 5:120
electrically active polymers, 4:762–764
polysilanes, 11:162

Doppler-broadened annihilation radiation (DBAR)
method, 11:272

Doppler effect, 1:551
Double bond reactions, of acrylonitrile polymers, 1:264,

265
Double-Cable Polymers, 6:353–356
Double-cantilever beam (DCB), 6:304
Double-edge notched tension (DENT), 6:317
Double-emulsion precipitation, 8:417
Double-ended polystyrene, 13:219, 220
Double flighted screw, 5:649
Double glass transition, 12:400
Double metal cyanide (DMC) catalysis, 11:219
Double modulation spectroscopy, 14:623–627
Double networks, 9:5

structure, 9:4
Double-sided tapes, 1:411
Double-strand (ladder) polymers

structural representation, 13:173
Double-stranded DNA

turbulent drag reduction, 4:560

Double-torsion test, 6:311
Double wave screw, 5:661
Dow Chemical Corporation

anionic styrene polymerization research by, 13:224
polystyrene manufacturing by, 13:179, 180

Down-channel shear rates, 5:655
Down-channel shear strain, total, 5:656
Down-channel velocity profiles, 5:655
Down-jump volume recovery, 1:455
Downstack mode, 5:635
DOX-conjugated dendrimer, 4:314
DOX-loaded Dex-SS-PCL micelles, 8:284
DPPH. See 1,1′-Diphenyl-2-picrylhydazyl (DPPH)
Draft air oven, long-term stabilization of polymers in,

13:29
Drag, 4:535
Drag induced conveying, 5:641–643
Drag induced melt removal, 5:648
Drag-reducing additives, 4:553
Drag reduction, 4:535–572

applications, 4:568–571
degradation and shear stability mechanisms,

4:558–562
mechanism, 4:555–558
methods, 4:546–550
mixed systems, 4:562–567
poly(ethylene oxide) applications, 5:458
polymeric, 4:550–555
turbulent, 4:539–555
turbulent by surfactants, 4:567, 568

Drag, viscous, 5:651
Dragline silk, 12:542, 544

properties, 12:547
Dralon L930, 1:248
Draw-down bar, 5:670, 7:748
Draw ratio, 11:694, 695

high, 11:695
Draw-twist spinning process, 10:249, 250
Drawing, 8:548–556

commercial, 10:532, 533
new developments in, 10:250–252
olefin fibers, 9:356–358
PET and PEN films, 10:504
of shape-memory polymers, 12:409
of spun filaments, 10:531–534

DRDS. See Thiophosphoryl disulfide (DRDS)
DREIDING force field model, 8:578, 612, 619
DRI detector. See Differential refractive index (DRI)

detector
Drilling fluids, ionomers in, 7:237, 238
Drolet-Fredrickson molecular modeling method, 8:598
Drop calorimetry, 14:23
Droplets, 8:404

double emulsion droplets, 8:417
generator for the synthesis of core-shell particles,

8:410
in heterophase polymerization, 6:591
morphology, 8:407, 408
nonspherical, 8:410–412
size and distribution, 8:406, 407

Drug delivery systems
biodegradable polymers for, 2:117
controlled, 7:804, 805
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controlled release. See Controlled release technology
electrically active polymers for, 4:771, 772
poly(ethylene oxide) applications, 5:457
polyester dendrimers for, 4:316
use of chitosan for, 3:40, 41

Drug design, 8:573
Drug-loaded nanoparticles, 8:425, 427
Drug-loaded PLGA Nanoparticles, 8:428
Drug-loaded resonates, 7:188, 8:428, 429
Drugs, preparation of, cyclodextrin polymers in, 4:207,

208
Drum dryers, steam-heated, 5:477
Dry arc resistance, 4:704
Dry bead process, for acrylamide polymerization, 1:137,

138
Dry blending

powder coatings, 3:250
Dry-bright nonbuffable polishes, 6:111
Dry cycle time, 2:219
Dry die face pelletizers, 5:639
Dry-film adhesives, 1:414
Dry guayule rubber, 12:271, 272, 279, 280

applications, 12:281–283
Dry jet-wet spinning technique, 11:695, 12:64, 65
Dry-laid processes, 9:214
Dry-laid pulp, 9:222
Dry poly(acrylamide)s

degradation, 1:127
physical properties, 1:119

Dry prills, 3:468
Dry spinning, 3:498

acrylic fibers, 1:241–243
of MPDI, 10:222
Spandex, 5:773, 775–778

Dry thin films, CD spectroscopy of proteins, 12:667
Dry type chloroprene polymers, 3:71
Dryers, coating, 3:289–297
Drying

coatings, 3:289–297
poly(vinyl chloride), 14:748
viscose rayon, 2:683, 684

DSC. See Differential scanning calorimetry (DSC)
DSC enthalpy determination, 13:799, 800
DSC melting profiles, for ethylene polymers, 5:551
DSC, modifications and simultaneous techniques,

13:807, 808
DSM. See Dispersed solids melting (DSM)
DTA. See Differential thermal analysis (DTA)
DTUL. See Deflection temperature under load

(DTUL)
Dual-capsule systems, 12:355–362

corrosion-resistance performance, 12:358
hydroxyl end-functionalized poly(dimethylsiloxane)

(HOPDMS), 12:355
PDMS-based self-healing chemistries, 12:355
microencapsulation, 12:356
PDES, 12:355

Dual cure sites, of acrylic elastomers, 1:176
Dual in-line package (DIP), 5:63
Ductile failure, 6:300
Ductile fatigue fracture, genuine, 6:290
Ductile fracture, 6:288, 289
Ductile polymers, impact resistance of, 10:715

Ductility, 5:704
Dugdale model, 6:310
Dulmage mixer, 5:660, 661
Dunning basis sets, 3:600, 601
Dunova, 1:226
Durability

fracture and, 6:327–330
Durable biobased resins, 1:812
Durham-route, 8:181
DurimideTM materials, 5:74
Dust

as colloid, 3:437, 442
in polyacrylamide analysis, 1:142

Dust explosions, 3:461, 5:534
DVS-bis-BCB. See

Divinylsiloxane-bis-benzocyclobutene
(DVS-bis-BCB)

Dye dispersants, lignosulfonate, 7:541
Dyeability

ionic, 10:519
of polymaide fiber, 10:257, 258

Dyeing
olefin fibers, 9:351
PTT use in, 10:207, 208
theory of, 15:331
wool, 15:330–334

Dyes, 3:488. See also Deep dye fibers
anthraquinone, 3:489
azine, 3:489
azo, 3:488
as colorants, 3:490
defined, 3:469
embedded in thermochromic hydrogel, 14:45
fiber, 10:257, 258
selectivity in fiber, 10:259, 260
for wool, 15:330, 331
xanthene, 3:489

Dyes, macromolecular, 4:579–604. See also
Macromolecular dyes

Dynamic behavior
characterization methods, 2:742–746

Dynamic creep fracture, 6:289
Dynamic damping

butyl rubber, 2:362, 363
Dynamic effects, in polymer chromatography, 3:98, 99
Dynamic fatigue fracture

in brittle polymer, 6:292
propagation of, 6:292
radially propagating, 6:290

Dynamic fracture conditions
healing efficiency, 12:345, 346
mechanical characterization, 12:345–347
TDCB specimen geometry, 12:346

Dynamic heat extraction, 13:760
Dynamic kinetic resolution (DKR), 5:243, 256, 257
Dynamic light scattering, 2:201
Dynamic mechanical (DMA) methods/properties,

13:789, 829–834
thermoplastics, characterization of, 13:835–847

Dynamic mechanical analysis (DMA), 7:220,
4:610–634, 13:250, 677, 765

applications for polymer melts and solutions,
4:624–629
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applications for thermoplastic solids and cured
thermosets, 4:616–624

applications for thermosets, 4:629–634
described, 13:764, 766–768
forced frequency analyzers, 4:611–613
free resonance analyzers, 4:613, 614
frequency dependencies in transition studies, 4:624
instrumentation, 4:615, 616
for investigating micromechanical properties, 8:476
phenolic resins, 9:598
thermoset curing, 14:191–199

Dynamic mechanical properties
of poly(trimethylene terephthalate), 10:204, 205

Dynamic mechanical spectroscopy, 6:435
amorphous polymers, 1:569, 570
poly(ethylene-co-styrene) blends, 5:434–436

Dynamic mechanical thermal analysis (DMTA), 2:748
Dynamic modulus, 15:99
Dynamic rebound test, 6:555
Dynamic surface tension, 3:297
Dynamic time sweep test, 12:24, 25
Dynamic viscosity, 3:295
Dynamically formed membranes, 7:763
Dynel, 1:225, 251

emulsion polymerization, 1:239
E-beam irradiation. See Electron beam irradiation
E-glass (electrical glass)

Dk and Df at 1 MHz, 5:403
properties of, 11:689, 690

E-Glass-epoxy, cross-ply
specific modulus, strength, and CTE, 3:515

E-Glass-epoxy, unidirectional
specific modulus, strength, and CTE, 3:515

EAA copolymer, 13:57, 58
EAA-thermoplastic starch films, 13:55
EAA. See Acrylic acid (EAA)
Earthshell packaging, 2:88, 89
EastarBio, 2:78–80
Easy-care wool wovens, 15:329
Easy-flow polystyrenes, 13:186
Ebullient CSTR, 13:190
Ebulliometry

for average molar mass determination, 2:741
for number-average molecular weight determination,

8:665
ECA. See Electrically conductive adhesives (ECA)
ECH. See Epichlorohydrin
Eckart function, 3:621, 622
Eckart tunneling correction, 3:622
Eco-design, of plastics parts, 11:674, 675
Ecoflex, 2:79
EcoFoam, 2:83
Economic aspects. See also Market economics

of acrylonitrile monomer, 1:268, 269
of acrylonitrile polymers, 1:298–301
adhesive compounds, 1:402, 403
of amino resins, 1:544
antioxidants, 1:717, 718
of aromatic polyamides and aramids, 10:232, 233
butadiene polymers, 2:319–321
butyl rubber, 2:368–370
carboxymethylcellulose, 2:653, 654
cellular poly(vinyl chloride), 2:557

of chitin and chitosan, 3:38, 39
of chlorosulfonated polymers, 5:481
of colorants, 3:469
of engineering thermoplastics, 5:213, 214
epoxy resins, 5:296–300
ethylcellulose, 2:665
ethylene oxide polymers, 5:455
fibers, elastomeric, 5:780
fillers, 5:800
flexible polyurethane production, 2:549
free-radical initiators, 6:863–865
heterophase polymerization, 6:584–588
hydroxyethylcellulose, 2:657
hydroxypropylcellulose, 2:667
of LDPE, 5:528–230
of LLDPE, 5:571–574
melamine-formaldehyde resins, 7:739
methylcellulose, 2:663
olefin fibers, 9:362, 363
phenolic resins, 9:601, 602
plastics recycling, 11:662, 663, 674, 675
of polyacrylamides, 1:118
of polyamide plastics, 10:292–294
of polycyanoacrylates, 10:431
of polysulfides, 11:176
powder coating methods, 3:254–256
propylene polymers, 11:405–409
of release agents, 11:707, 708
rigid polyurethane production, 2:552
silicones, 12:520
of styrene-butadiene rubber, 13:283, 284
of styrene polymers, 13:249–251
superabsorbent polymers, 13:360, 361
syndiotactic polystyrene, 13:646
thermoplastic elastomers, 14:148
vegetable fibers, 14:506–509
vinyl acetal polymers, 14:644, 645
vinyl acetate polymers, 14:671
vinyl alcohol polymers, 14:708, 709
of vinylidene fluoride polymers, 15:71

Ecostar additive, 13:52
ECP. See Effective core potentials (ECP)
Eddy-current testing (ET), 9:109
Edge-effects, 6:317
EDTA. See Ethylenediaminetetraacetic acid (EDTA),

6:419, 420
Edwards tube model, 9:22
EEA. See Ethyl acrylate (EEA)
Effective coordination number, 9:571
Effective core potentials (ECP), 3:600
Effective heat of combustion

at firepoint (table), 6:57, 57
at flashpoint (table), 6:57, 57

EG. See Ethylene glycol (EG)
Egan mixing section, 5:663
Eicosamethylnonasiloxane

physical properties, 12:491
Einstein equation, 3:444–446
Ekkcel, 7:564
Elastane, 5:768
Elastic compliance, 15:81, 86, 91
Elastic constants

and acoustic properties, 1:63–65
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composite foams, 3:507
measurements, 1:89–92

Elastic diffusion, 4:515
Elastic force, 4:653
Elastic free energies, 9:18, 23
Elastic instabilities in coextrusion, 3:388, 389
Elastic limit, of a fiber, 10:241
Elastic material functions, 15:78–80. See also

Viscoelasticity
Elastic modulus, 12:418, 15:89

and fatigue, 5:704
of a fiber, 10:241
of shape-memory polymers, 12:414

Elastic recovery
of a fiber, 10:242
olefin fibers, 9:348, 349
of poly(trimethylene terephthalate), 10:205

Elastic sublayer, 4:542, 543
Elastic-viscoelastic correspondence principle, 15:86,

89–91
Elasticity, 4:638–668

conditions for rubber-like, 4:642–644
entanglements and rubber-like, 4:667, 668
of a fiber, 10:241
phenomenological theory of, 4:661–663
statistical treatment of rubber-like, 4:653–666
thermodynamics of rubber-like, 4:651–653

Elasticity experiments
elongation results, 9:11, 12
mechanical properties, 9:11–14
optical and spectroscopic properties, 9:14, 15
scattering, 9:5
sorption and extraction of diluents, 9:14
swelling, 9:13, 14

Elasticity theories, 9:15–17
phenomenological theory, 9:23, 24
stress-strain relationships, 9:24, 25
swelling and gel collapse, 9:25–27
theory vs. experiment, 9:27, 28

Elasticizers
polychloroprene latex applications, 3:79

Elastin
role in extracellular matrix, 6:382

Elastin chains, 9:31
Elastin-like polypeptides (ELPs), 11:434
Elastin-like proteins, 6:398–403, 423
Elastin-mimetic hybrid polymers (EMHPs), 11:434, 435
Elastohydrodynamic (EHL) lubrication, 13:517
Elastomer, 9:1
Elastomer-modified epoxy resins, 5:322, 323
Elastomeric adhesive formulations, 6:388
Elastomeric adhesives

adhesives for wood composites, 15:290
Elastomeric block polymers, 13:283
Elastomeric composites

NEXAFS, 15:400–403
Elastomeric fibers, 5:768–782
Elastomeric network, structural features of, 4:644, 645,

9:1–36
Elastomeric radial block copolymers, 7:321
Elastomeric stereoblock polypropylene, 13:106
Elastomeric vulcanizates

butyl rubber, 2:364, 365

Elastomers, 5:684–686, 685
antioxidant applications, 1:712–714
commercial overview of metallocene-based, 8:139,

140
cyclopentadiene and dicyclopentadiene, 4:233
extension of, 4:646
fluorocarbon, 6:161–172
IUPAC nomenclature for selected, 12:206
versus metals, 4:644, 645
nuclear magnetic resonance imaging, 9:299–309
open-pot analysis, 5:754
phosphazenes, 11:105
physical properties (table), 12:207
polymeric chains in, 4:642
for rubber compounding, 12:204–217
Schallamach waves, 13:513
shape-memory polymers as, 12:410
stretching of, 4:645
thermogravimetric analysis (table), 13:819
thermoplastic, 6:322

Elastomers, automotive, 1:803–806
fluoroelastomers and perfluoroelastomers, 1:806
processing of, 1:810, 811
properties of (table), 1:805
rubber compounding for, 1:810
rubber molding for, 1:810, 811
saturated, 1:805, 806
thermoplastic, 1:805
vulcanized, 1:805

Elastomers, in belting, 2:70, 71
Elastomers, thermoplastic, 14:133–158

applications, 14:148–157
commercial production, 14:144–148
economic aspects, 14:148
elastomer phase, 14:141, 142
glass transition and crystal melting temperatures,

14:141
hard phase, 14:142
hard phase proportion, 14:140
health and safety factors, 14:157
molecular weight, 14:139
reprocessing, 14:157, 158
structure, 14:134–137
structure-property relationships, 14:137–142
synthesis, 14:142, 143
trade names of styrenic, 14:150

Elastomers/rubber cross-linking, 4:64, 65
choice of modes of, 4:64
modes of, 4:64
modified sulfur vulcanization system, 4:68–71
stages and kinetics of, 4:64–67
sulfur vulcanization, 4:67, 68
vulcanization without sulfur, 4:71–73

Electrets, 1:95, 4:737, 738
Electric breakdown strength, 4:699, 700
Electric breakdown time (table), under discharge, 4:698
Electric breakdown, 4:679–704

arc resistance, 4:704
causes of, 4:681–699
corona tests for, 4:700–702
definition, 4:738
discharge-dependent breakdown, 4:680, 681
electrical discharge (corona) and, 4:689, 690
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electrical treeing, 4:681, 690
electric breakdown strength, 4:699, 700
electric strength, variability in, 4:696–699
frequency, effect of rise in, 4:693
geometry of plastics and, 4:681–684
intrinsic breakdown, 4:680
measurement techniques for, 4:699–704
moisture degradation and, 4:693, 694
physical defect caused, 4:680
surface arcs (arc resistance) and, 4:695, 696
temperature and, 4:690–692
thermal aging and, 4:692, 693
thermal breakdown, 4:680
thickness and spacing, 4:684–688
time and, 4:688, 689
tracking from moisture and contamination, 4:694,

695
tracking tests for, 4:703, 704
wet-treeing test for, 4:702, 703

Electric dipole transition moment, 5:40, 41
absorbance and, 5:54
degenerate transitions with, 5:44
from in-phase coupling of transitions, 5:48
nondegenerate coupled oscillator CD and, 5:46
orientation of, 5:53

Electric double layer
colloids, 3:449, 450

Electric-field-induced Birefringent materials, 9:759,
761

Electric field poling, and optical loss, 5:103
Electric field, in piezoelectric materials, 9:780–782
Electric spin interactions, in NMR, 9:241, 242
Electric strength

definition, 4:738
frequency effect on, 4:692
intrinsic (table), 4:689
moisture effect on, 4:694
short-time, 4:686
temperature effect on, 4:692, 691
variability in, 4:696–699

Electrical admittance, 4:481
Electrical applications

of LCPs, 7:574, 575
for polyamide plastics, 10:292
for polyketones, 10:666, 667

Electrical conductivity
typical insulators, semiconductors, metals, and

electrically active polymers, 4:743
Electrical discharge (corona) and, 4:689, 690
Electrical field gradient field flow fractionation (EFFF),

2:735
Electrical industry, chlorosulfonated polymers in, 5:482
Electrical insulation

cellular polymers, 2:545, 546
silicone application, 12:465

Electrical laminates
epoxy resin applications, 5:401, 402

Electrical product recycling, 11:671
Electrical properties, of polymers, 4:674–739

a-c characteristics of plastics, 4:714–737
ASTM test methods and specifications for (table),

4:676
characterization methods, 2:755

dissipation factor, 4:678
electric breakdown, 4:679–704. See also Electric

breakdown
electrical insulation of plastics, 4:674, 675
engineering thermoplastics, 5:209, 210, 215, 216
molecular modeling, 8:619
nylon-6 and nylon-6,6, 10:243
Ohm’s law, 4:675
PET and PEN films, 10:506
piezoelectric effect and electrets, 4:737, 738
poly(p-phenylenevinylene), 13:295
polyamide plastics, 10:276
polysilanes, 11:161, 162
polysulfones, 11:193
power loss, 4:678
relative dielectric constant, 4:678
relative loss index, 4:678
resistance, conductance, 4:704–714
resistivity (table), 4:677
silicone fluids, 12:490
silicone rubbers, 12:499
static charge and tribolelectrification, 4:738
test methods, 13:769, 770, 779, 780
theoretical aspects of, 4:675–679
xylylene polymers, 15:426–428

Electrical tapes, 11:291
Electrical treeing, 4:681, 690
Electrically active polymers, 4:741–774

applications, 4:766–775
conjugated ladder polymers, 4:757, 758
conjugation and conduction, 4:759, 760
doping, 4:762–764
properties, 4:764, 765
synthesis, 4:743–760
transport theory, 4:760–764

Electrically charged membranes, 7:746
Electrically conducting polymers, 4:453
Electrically conductive adhesives (ECA), 3:646–648

advantages of, 3:647
Electrically conductive blacks, 2:435, 439

applications, 2:459, 460
Electrically stimulated controlled release technology,

3:753, 754
Electro-Magnetic Brush (EMB) Technology, 3:254
Electro-optic Birefringent materials, 9:759
Electro-optic response, 9:751
Electroactive polymers, 6:416

acoustic properties, 1:94
Electrochemical etching, 7:763
Electrochemical polymerization, 7:204

X-ray photoluminescence spectroscopy, 7:204
Electrochemical potential values (table), for metals,

3:667
Electrochromic device, 4:791

electrically active polymers for, 4:767–769
Electrochromic polymers, 4:789–809

based on transition metal coordination complexes,
4:791–797

conducting, 4:798–808
viologen, 4:797, 798

Electrochromism, 4:797–769, 789, 790
Electrocoat paint, 7:779, 780
Electrocopolymerization, 5:133, 134
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Electrode sensor geometries, 13:853, 854
Electrodes, in dielectric-heating system, 4:472–474

dispersed-field electrode system, 4:473, 474
parallel-plate electrodes, 4:472, 473
stray-field system, 4:473

Electrodialysis, 5:834, 835, 835, 7:745, 775, 786–788
Electroinitated polymerization, 11:514
Electrokinetics

colloids, 3:449–451
Electroluminescence, 4:766

polysilanes, 11:161
Electroluminescent polymers, 7:516–519
Electrolytes, in emulsion polymerization, 5:175
Electromagnetic interference testing, 13:780
Electromagnetic radiation

carbocationic polymerization initiation by, 2:398, 399
degradation by high energy, 4:287–290
initiation by, 6:860–862

Electromagnetic test methods
CFRP laminates, 9:109
electrical conductivity measurements, 9:109
fractoluminescence, 9:109, 110
giant magnetoresistance (GMR), 9:109
superconducting quantum interference devices

(SQUID), 9:109
Electromechanical coupling coefficient, 9:781
Electron beam curing of rubber, 4:72
Electron-beam processing

polystyrene, 13:244, 245
thermosets, 14:208–210

Electron configuration, 3:603, 602
Electron confinement, 8:751
Electron-deficient metal alkyls, in styrene

polymerization, 13:225
Electron diffraction, 2:750, 751
Electron microprobe analyzer

fiber forensics applications, 6:186
forensics applications, 6:179
paint forensics applications, 6:189

Electron microscopy, 2:750, 751
for investigating micromechanical properties, 8:471,

473
of LDPE gel, 5:533
measuring rubber particle size with, 13:251
polymer interpenetrating networks, 7:115–118

Electron nuclear double resonance (ENDOR), 5:9–11
Electron paramagnetic resonance, 7:533
Electron scattering, for investigating micromechanical

properties, 8:473, 474
Electron spectroscopy for chemical analysis (ESCA)

forensics applications, 6:179
surface analysis applications, 13:469

Electron spin resonance (ESR) spectroscopy, 2:753, 5:2,
3

anisotropic g and hyperfine interaction, 5:3, 4
chain propagation studies, 11:517
double resonance methods, 5:9–11
isotropic hyperfine analysis, 5:4
line shape analysis for nitroxide spin probes, 5:4–8
multifrequency and high field, 5:7, 8
pulsed studies in ionically end-functionalized block

copolymers, 5:21–27
spatially resolved degradation from 1-D and 2-D

spectral-spatial ESRI, 5:27–33

spin probes in ion-containing polymers, 5:15–21
stationary polymerization, 11:585–587
time domain methods, 5:8, 9

Electron spin resonance (ESR), 5:1–35, 7:533
for composition and structure determination, 13:760,

761
investigating micromechanical properties via, 8:476

Electron spin resonance imaging, 5:2, 11–15
with field gradients, 5:13, 14
intensity profiling from 1-D, 5:14, 15
line shape profiling from 2-D spectral-spatial, 5:15

Electronic dichroism, 5:39–60
Beer-Lambert law, 5:40
circular dichroism, 5:39, 40
linear dichroism, 5:39, 40

Electronic electrooptic chromophores, 5:94
Electronic Kerr materials, 5:94
Electronic materials

polyester film application, 10:509
Electronic noses

electrically active polymers for, 4:771
Electronic packaging, 5:62–89. See also Stress buffer

coatings (SBCs)
hierarchy in, 5:62, 63
polymers in, 5:63–90

Electronic packaging materials, engineering uses for,
5:64

Electronic Pockels effect, 5:93
Electronic polyimides, 5:68, 69
Electronic product recycling, 11:671
Electronic tongues

electrically active polymers for, 4:771
Electronics

polysulfones in, 11:201
Electrooptic coefficient, 5:95
Electrooptic materials, stability of, 5:105, 106
Electrooptic operation, 5:93
Electrooptical applications, 5:93–114

bandwidth, 5:102
commercialization and cost, 5:112, 113
devices, 5:108–112
electrooptic activity, 5:96–101
future prognosis, 5:113
general theoretical principles, 5:93–96
mechanical properties, 5:107
optical loss, 5:103–105
processing and integration, 5:107, 108
related nomenclature, 5:113, 114
stability, 5:105–107

Electrophilic aromatic substitution
in carbocationic polymerization, 2:409

Electrophilic substitution reactions
lignin, 7:526, 527

Electrophoresis
for molecular weight distribution determination,

8:674
Electropolymerization, 5:118–140

on carbon fiber and HOPG, 5:134–140
conjugated polymer doping, 5:120
electrocopolymerization, 5:133, 134
enzyme immobilization, 5:120–124
heteroaromatics, 5:124, 125
nonconducting polymers, 5:119
polyanilines, 5:130–132
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poly(p-phenylenevinylene), 5:129, 130
polypyrroles, 5:125, 126
polythiophenes, 5:126–129
in water, 5:132, 133

Electropolymerized DC-polymer, 6:353
Electrospinnability, 5:153
Electrospinning, 5:144–160

associated process, 5:145, 146
associated process-dynamics, 5:153, 154
devices, 5:150–153, 151
devices-novel, 5:152, 153
inorganic nanofibers, manufacture of, 5:158
of fluids, in fibers, 5:153–155
of polyacrylonitrile, 5:158
of polymers, 5:152
of synthetic polymers, 5:158
physical activity, 5:147, 148
solution, 5:152
technology, 5:144, 145

Electrospinning jet, 5:145, 146, 146, 153
evolution of, 5:146, 146
physical behavior, 5:147, 148
fluid properties, 5:148
terminal radius, 5:150

Electrospray ionization (ESI) method, 7:703
as soft ionization methods, 7:704, 705

Electrospray mass spectroscopy (EMS), 2:739
Electrospraying, 5:144, 8:414, 415
Electrospun fibers, 5:145, 153

applications, 5:156–160
collagen fibers, 5:157
as drug release agents, 5:159
doping of, 5:159
pyrolysis of, 5:158
size and shape of, 5:153–156

Electrospun mats, 5:157
mechanical properties, 5:158

Electrospun polymer fibers, morphology of, 13:424
solvent nature and composition, 13:425

Electrospun polymeric nanofiber mats, 5:158
Electrospun products, 5:156–158
Electrostatic charge repulsion, 5:148, 149

conducting modes, 5:148, 149
Electrostatic fiber spinning. See Electrospinning
Electrostatic field impedimetric sensor, 8:355, 356
Electrostatic fluidized-bed coating, 3:251
Electrostatic forces, 8:640

colloids, 3:451
Electrostatic interaction, 9:332

release agents and, 11:703
Electrostatic layer-by-layer (ELBL), 5:274
Electrostatic priming, 3:283
Electrostatic spray coating, 3:231, 251–253
Electrostatic stabilization

latexes, 7:459, 460
polymer dispersions, 6:649, 650, 652, 654

Ellipsometry, 1:368, 447, 9:748, 763, 764, 10:734
Elmendorf test, 5:576
Elongatable carbonaceous fiber, 6:712–714
Elongation-at-break

of a fiber, 10:241
Elongational viscosity, 15:108
Elsinan

biodegradable, 2:105

Eluent selection, in size exclusion chromatography,
3:113, 114

Elution curves, 8:360
Elution temperature, for ethylene polymers, 5:545
EMA. See Poly(ethylene-co-methacrylic acid) (EMA)
Emanation thermal analysis, 13:765
Embossing

films, 5:822–824
Embrittlement

and degradation, 4:251
EMI shielding

composite foams, 3:512
Emissions. See also VOC emissions

acrylonitrile, 1:272
Emulsification, 8:416

methods, 8:425
of monomers, 5:164
energy input, 5:192

Emulsifier-free emulsion polymerization, 9:641
Emulsifier micelles, 5:164, 165

depletion of, 5:189
Emulsifiers, 14:774

heterogenous polymerization stabilization, 6:640–652
in heterophase polymerization, 6:599–603
in PVC production, 14:747

Emulsion copolymerization, 5:176–179
process strategies, 5:180, 181

Emulsion copolymers, 5:186
Emulsion degradation, 6:626–630
Emulsion-free terpolymerization

applications, 5:185
Emulsion homopolymerization, 5:179
Emulsion paints, 5:185
Emulsion polymerization (EP), 1:167, 2:724, 5:163–196,

7:402–416, 8:403, 14:419. See also Emulsion
polymers; Inverse emulsion polymerization

acrylonitrile, 1:239, 275
applications, 5:164, 165, 185, 186
characteristic particle size, 6:597, 598
chloroprene, 3:44, 45, 5:189, 190
compartmentalization effects, 7:409
CSTRs, 5:189
of acrylic elastomers, 1:178, 179
heterophase polymerization initiators, 6:620–625
heterophase polymerization particle size control,

6:625–631
heterophase polymerization prerequisites, 6:594
heterophase polymerization techniques with

continuous fluid phases, 6:619
heterophase recipes, 6:616–618
heterophase technique, 6:582
ingredients, 5:174, 175
instantaneous MWDs, 7:415
kinetics, 5:165
latexes, 7:457
living radical polymerization, 7:667, 668
Poisson distributions, 7:405, 406
monomer partitioning, 5:176
phases of, 5:163
plants, 5:187, 188
poly(vinyl alcohol), 14:715
poly(vinyl chloride), 14:743–754
polybutadiene, 2:318, 319
principles, 5:165, 166
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pseudo-bulk behavior, 7:408, 411
pseudo-bulk equation, 7:414
pseudo-first-order termination rate coefficient, 7:410
rate per growing particle, 5:170, 171
reactor types, 5:187, 188
SAN copolymers, 1:292–294
silicones, 12:477
Smith-Ewart equations, 7:403–405, 411
Smith-Ewart model, 7:411–413
solution SBR process contrasted, 13:274–276
stabilization of heterogenous, 6:640–652
styrene-butadiene rubber, 13:270, 272
in supercritical carbon dioxide, 4:51–54
three phases of, 13:270, 271
vinyl acetate polymers, 14:662–665

Emulsion polymerization reactions-Raman
spectroscopy, 14:406

Emulsion polymers, 1:162, 5:186
acrylic and methacrylic acid, 1:163
alkali-soluble, 1:165

Emulsion process, for ABS polymers, 1:322–324
Emulsion terpolymerization, 5:179
Emulsions

applications, 3:458, 459
colloids, 3:437, 447
latex, 7:457

EN, 13432, 2:75
Enantioselective polymerization. See also

Stereoselective polymerization
Encapsulated ammonium polyphosphate, 8:398
Encapsulated nanoparticles, 8:430
Encapsulation

epoxy resin applications, 5:405–408
Encapsulation phenomenon, in multiphase systems,

3:379–383
Encapsulation processes, 8:378, 379, 382, 388

flow diagram of, 8:379, 381
Encapsulation resins, 5:65, 85–89
Encapsulation technologies, 8:384, 389
Encyclopedia of Polymer Science, 7:714

polymerization, 15:413–415
threshold condensation temperature, 15:422

End-capped C60-polymers (EC-polymers), 6:342
End-capped polymers, 6:341–343
End-functional polymers, 13:589–591

ω-functionalization route, 11:733
RAFT polymerization, 11:732–734
α-functionalization approach, 11:732

End functionalized chains
anionic polymerization, 1:598
polybutadiene, 2:316

End-functionalized polymers, synthesis of, 5:250
initiator method, 5:250, 251
terminator method, 5:251, 252

End group analysis
for average molar mass determination, 2:741
dendrimers by neutron scattering, 9:56–58
number-average molecular weight determination,

8:663–665
End-linked elastomers, 9:3
End-linked Polymer Networks, GTP, 6:540
Endothermic overshoot, 1:458
Endotoxins, 2:149

Endurance
xylylene polymers, 15:428

Energetics
in gasophase, 6:50, 51
in gas phase combustion, 6:39–41

Energy balance, 6:299
Energy conservation

high performance fiber applications, 6:726, 727
Energy dispersive x-ray analysis

forensics applications, 6:179
Energy dispersive x-ray scanning, 6:296
Energy-release rate

in fracture, 6:301–304
relation to stress-intensity factor, 6:307–309

Engineered wood products, 15:298
Engineering alloys and blends

mixed waste streams, 11:670, 671
Engineering polymers, 5:201, 202
Engineering SSP polyamides, 12:701
Engineering strain, 15:451
Engineering stress, 15:451–453
Engineering thermoplastics, 5:200–220

chemical resistance of, 5:211, 217
defined, 5:200–202
electrical properties of, 5:208, 209
future of, 5:218
history of, 5:203, 204
interpolymer competition among, 5:212–217
mechanical properties of, 5:210, 211
price of, 5:213, 214
processing of, 5:211, 212
producers and trade names of (table), 5:205, 206
properties of, 5:212
related articles concerning, 5:218
rheological properties of, 5:209, 211
tensile strength versus HDT of, 5:216
thermal properties of, 5:208–210
types of, 5:201, 202

Engineering thermoplastics data sheets, WWW sites
containing, 5:214

Enhanced oil recovery, polyacrylamides for, 1:140,
141

Enhanced permeability and retention (EPR) effect,
4:307

Enroachment, 1:578
Entangled polymer melts, behavior of, 15:106–111
Entanglement, 8:479, 480

polymer chain dynamics of, 15:103, 104
rubber-like elasticity and, 4:667, 668

Entanglement density, influence of, 8:481
Entanglement network, 15:92
Entanglement segment, in DE model, 15:130, 131
Enthalpy, 14:75–77
Enthalpy change, 4:651
Enthalpy of gasification components

for PMMA, 6:50
for polyethylene, 6:50
for polystyrene, 6:50, 50
of polymers, 6:51–53

Enthalpy recovery, 1:458–461. See also Relaxation
Enthalpy relaxation, 1:458
Entropic springs, in Burgers model, 15:83, 84
Entropy, 4:651, 14:75–77
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and monomer structure in radical polymerization,
11:518–521

Environment. See also Outdoor environment
and chloroprene polymers, 3:79, 80
effect of blowing agents on, 13:213
and scratch velocity, 12:331, 332
styrene-butadiene rubber and, 13:278

Environmental agents, 6:334
Environmental aging

cellular polymers, 2:540
Environmental crack growth, 6:334
Environmental degradation, of styrene polymers,

13:209, 210
Environmental effects tests, 13:770, 775–778
Environmental effects, fracture and, 6:332–335
Environmental issues

acrylonitrile as, 1:272
cellular material manufacture, 2:558
LDPE, 5:534–536
lyocell process, 2:701, 702
phenolic resins, 9:598–600
poly(vinyl chloride), 14:755
powder coating methods, 3:256, 257
viscose process, 2:700, 701
water-soluble polymers, 1:165

Environmental Protection Agency (EPA), 8:18
plastics coding system and terminology, 11:660

Environmental protection, application of CD polymers
in, 4:201

heavy metal ions, removal of, 4:201–203
organic contaminants, removal of, 4:203–206

Environmental scanning electron microscopes (ESEM),
9:109

Environmental stress cracks, 6:291–294, 332
polysulfones, 11:193–195
and yield, 15:495

Environmental-stress crazing, 5:741
Environmental stress-crack resistance (ESCR), 5:497,

502
LDPE, 5:532
LLDPE, 5:556
polysulfones, 11:193–195

Environmentally degradable plastics, 2:72–96
blends and composites, 2:87–91
laboratory studies, 2:91–94
markets, 2:75, 76
petroleum-based, 2:76–80
renewable sources, 2:80–87
test methods, 2:74

Enzymatic degradation, of PHAs, 10:102–104
Enzymatic polymerization, 5:221–280

applications, 5:221
basic concept, 5:223–225
definition, 5:221
enzymes and enzymatic reactions, 5:222, 223
polyaromatics synthesis, 5:264–276
polycarbonates synthesis, 5:261–264
polyesters synthesis, 5:237–261
polysaccharides synthesis, 5:225–236
vinyl polymers synthesis, 5:276–279

Enzymatic ring opening polymerization, 12:150, 151
Enzyme-catalyzed polymerization, 7:203
Enzyme immobilization

electropolymerization, 5:120–124

Enzyme-substrate relationship, for enzymatic
reactions, 5:222, 223

Enzymes, 8:457, 458
classification of, 5:221
coating of, 8:458
conjugation of, 8:459
mimic reduction, 8:449
reaction mechanism, 5:221, 222

EP kinetics, 7:402
EP rates, 7:403
EPA. See Environmental Protection Agency
EPDM (ethylene-propylene-diene terpolymer), 6:513
EPDM polymers, 5:563
EPDM rubbers, 2:729, 5:482, 7:328
EPDM. See Ethylene-propylene-diene-modified rubber

copolymers (EPDM); Ethylene-propylene-diene
monomer (EPDM) elastomers

Epichlorohydrin
epoxy resins from, 5:294, 299, 300
liqud epoxy resins from, 5:300–302
physical properties, 12:207
preparation, 5:302
for rubber compounding, 12:204, 214
solid epoxy resins from, 5:305–307

Epichlorohydrin rubber, 1:806
Epimerization

of polyketones, 10:652
Epitaxy

polymer single crystals, 12:390, 391
Epoxide equivalent mass, 5:301
Epoxide equivalent weight, 5:301, 331, 332
Epoxide polymerization, 11:315

catalysts for (table), 11:325
Epoxides

copolymers of, 11:336
homopolymers of, 11:311

Epoxidized soya oilESO, 6:576
Epoxidized vegetable oils, 5:324–327
Epoxies, 5:293

elastic constants, 1:90
fatigue chemistry effect, 5:734
fatigue crack propagation, 5:722
in interpenetrating network, 7:144
sound speeds, 1:85
thermosetting powder coatings, 3:237, 238,

241–243
Epoxy acrylates, 5:329
Epoxy adhesives, 1:417

adhering to aluminum, 1:377, 378
Epoxy-based composite tougheners, hyperbranched

polymers as, 6:794
Epoxy-based floor toppings, 6:126
Epoxy-based thermoplastics, 5:312, 313
Epoxy composites, 5:399, 400, 11:694
Epoxy cresol novolac resins, 5:314, 316
Epoxy diluents

average U.S. price, 5:299
Epoxy esters, 1:498, 499, 3:334, 335, 5:327–331
Epoxy film adhesives, 1:417
Epoxy flexibilizers, polysulfide, 11:177, 178
Epoxy-modified PE, reaction extrusion, 11:648
Epoxy molding compounds, 5:86
Epoxy nanocomposites, 5:381
Epoxy novolac resins, 5:314–317
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Epoxy phenol novolac resins, 5:314
health and safety factors, 5:409, 410

Epoxy-phenolic adhesives, 1:425
Epoxy phosphate esters, 5:330, 331
Epoxy-polyester hybrid powder coatings, 3:243, 244
Epoxy-polyester powder coatings, 5:389
Epoxy powder coatings, 5:388
Epoxy resins, 5:293–351, 347–406, 9:678, 14:166, 167

catalytic cure, 5:358–362
characterization of uncured, 5:331–334
classes of and manufacturing processes, 5:299, 300
coatings applications, 5:385–398
coreactive curing agents, 5:337–358
cross linking of, 4:81–83
curing, 5:334–337
curing process, 5:368–376
cycloaliphatic epoxy resins and epoxidized vegetable

oils, 5:324–327
economic aspects, 5:296–300
epoxy/curing agent stoichiometric ratio, 5:366
epoxy esters and derivatives, 5:327–331
formulation development, 5:362–368
formulation modifiers, 5:376–385
halogenated epoxy resins, 5:312, 313
health and safety factors, 5:408, 409
industry overview, 5:296–298
inversion, 7:473
liquid epoxy resins, 5:300–305
monofunctional glycidyl ethers and aliphatic glycidyl

ethers, 5:323, 324
multifunctional epoxy resins, 5:314–320
polysulfide curing with, 11:171
relaxation exponent, 6:369
selection, 5:365, 366
solid epoxy resins, 5:305–312
specialty epoxy resins, 5:320–323
as structural adhesives, 1:416–419
structural applications, 5:398–409
structure-property relationship, 5:363, 364
structures of, 5:88

Epoxy resins, cellular
expandable formulations, 2:519

Epoxy vinyl ester composites, 5:400
Epoxy vinyl esters, 5:330

average U.S. price, 5:299
3,4-Epoxycyclohexanecarboxylate methyl ester, 5:326
3′,4′-Epoxycyclohexylmethyl-3,4-

epoxycyclohexanecarboxylate,
5:326

viscosity, 5:324, 325
3,4-Epoxycyclohexyloxirane, 5:326
EPS. See Expandable polystyrene

hyperbranching in, 6:793, 794
Equal channel angular extrusion, 12:695–697
Equation of state

acoustic properties, 1:70
molecular modeling, 8:619

Equilibrium chain folding, 2:203
Equilibrium char fraction, 6:45
Equilibrium constants, 8:165
Equilibrium modulus, of solid-like polymers, 15:155
Equilibrium statistical thermodynamics, 13:76, 77
Erosion-based controlled release technology, 3:750, 751

Erosion of polymers (table), from surface discharge,
4:697

Escherichia coli, 10:106, 109
expression plasmid for genetic polymer synthesis,

6:387–389
ESI. See Ethylene-styrene interpolymers (ESI), 6:385
ESPA (European Stabilizer Producers Association),

6:582
ESPI, 9:106

interferometric methods, 9:106
Moir’e methods, 9:106
optical and electronic equipment, 9:105
structured light methods comprise, 9:106

ESR. See Electron spin resonance (ESR)
Essential oil, preparation of, cyclodextrin polymers in,

4:208–210
Essential work of fracture (EWF), 6:315–318
Esterification equivalent

epoxy resins, 5:334
Et-Nb copolymers. See Ethylene-norbornene (Et-Nb)

copolymers
Etchants. See also Reactive ion etching (RIE)

techniques
Etching. See also Acid etching; Chemical etching;

Electrochemical etching
acid, 1:376
chemical, 1:377
electrochemical, 7:762

Ethane
molecular volumes (table), 14:301

Ethanol
chain-transfer constant, 14:667
physicochemical properties, 8:20
solubility of poly(ethylene oxide) in, 5:447

Ethene, 10:650
Ethene-vinyl acetate copolymers, 8:166
Ether bond cleavage, in lignin, 7:529
Ethyl acetate

solubility of poly(ethylene oxide) in, 5:447
transfer coefficient to, 11:530

Ethyl acrylate
aqueous solubility, 7:467
percentage of termination by combination in

telechelic polymers, 13:674
as polyethylene comonomer, 5:517
transfer coefficient to, 11:526
water solubility for heterophase polymerization,

6:632,–633
Ethyl bromoacetate

transfer coefficient to, 11:530
Ethyl ether

transfer coefficient to, 11:530
2-Ethyl hexyl acrylate

water solubility for heterophase polymerization,
6:628

Ethyl iodoacetate
transfer coefficient to, 11:530

Ethyl methacrylate
activation parameter for propagation step, 11:520
contribution of disproportionation to termination,

11:544
percentage of termination by combination in

telechelic polymers, 13:674
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water solubility for heterophase polymerization,
6:628

Ethyl peroxide
transfer coefficient to, 11:528

Ethyl tribromoacetate
transfer coefficient to, 11:530

Ethyl trichloroacetate
transfer coefficient to, 11:530

3-Ethyl-3-hydroxymethyloxetane, 7:202
2-Ethyl-p-xylylene

threshold condensation temperature, 15:422
Ethylbenzene, 8:391
Ethylcellulose

applications, 2:665
economic aspects, 2:665
liquid crystals, 2:592
manufacture, 2:664, 665
properties, 2:663, 664
test methods, 2:665

Ethylene. See also Polyethylene
anionic polymerization, 1:600
butadiene coproduction with, 2:297, 298
copolymerization parameters with vinyl acetate,

14:654
entropy, enthalpy, and celing temperature for

polymerization, 15:420
heat and entropy of polymerization, 14:97
in LDPE chain termination, 5:525
metallocene-based copolymerization with α-olefins,

8:107–111
metallocene-based copolymerization with styrene,

8:127, 128
metallocene-based polymerization, 8:81–139,

135–140
monomer for rubber compounding, 12:204
monomer reactivity, carbanion stability, and suitable

initiators for anionic polymerization, 1:602
transfer coefficient to, 11:526
water solubility for heterophase polymerization,

6:629
Ziegler-Natta (co)polymerization catalysts, 15:508,

509
Ethylene-acrylic

monomer for rubber compounding, 12:204
Ethylene-acrylic elastomers, 5:419–427

acid condensate resistance, 5:424
adhesion, 5:426, 427
commercial forms, 5:420, 421
compressive stress relaxation of, 5:423, 424
curing of, 5:421
dynamic mechanical properties, 5:425
economic aspects of, 5:427
extrusion and calendering, 5:426
flame resistance and smoke suppression, 5:425
fluid resistance, 5:422
heat resistance and aging properties, 5:421, 422
history, 5:419
low-temperature properties, 5:424, 425
mechanical properties, 5:422, 423
mixing of, 5:425, 426
molding of, 5:426
polymer composition, 5:420
polymer properties, 5:420–425

postcuring of, 5:426
processing of, 5:425–427
recent developments, 5:427
uses of, 5:427

Ethylene acrylic elastomers, 5:419–427
Ethylene and tetrafluoroethylene (ETFE) resins,

modified, 9:526–539
applications of, 9:538
bearing wear rate (table), 9:532
chemical resistance and hydrolytic stability of, 9:533
electrical properties of, 9:532, 533
fabrication of, 9:535, 536
forms of (table), 9:536
and glass-reinforced copolymer, 9:531, 532
health and safety, 9:538, 539
melting points of, 9:527
melt processing, 9:536, 537
physical and mechanical properties of, 9:530, 532
reactivity ratios of, 9:527
tefzel, typical properties of (table), 9:530
thermodynamic properties of (table), 9:531
vacuum outgassing and permeability, 9:533, 534

Ethylene carbonate
acrylic fibers solution spinning solvent, 1:241

Ethylene copolymers, 5:429–441. See also Ethylene
applications, 5:439, 440
filler composites, 5:439
manufacture by solution polymerization, 5:431, 432
materials engineering aspects, 5:437–439
metallocene-catalyzed polymerizations, 5:429–431
terpolymerization, 5:431

Ethylene cracker residue
feedstock for oil-furnace black process, 2:446

Ethylene cyanohydrin process, commercial acrylonitrile
via, 1:267

Ethylene dichloride
solubility of poly(ethylene oxide) in, 5:447

Ethylene glycol (EG), 4:214
Ethylene glycol diacrylate (EGDA), 2:774
Ethylene glycol dimethacrylate (EGDMA), 2:774
Ethylene-isoprene alternating copolymer, 7:333, 334
Ethylene-norbornene (Et-Nb) copolymers, 5:584–591

applications for, 5:590, 591
history of, 5:584
manufacturing of, 5:587
processing of, 5:587
properties of, 5:584–586

Ethylene-octene rubber
for rubber compounding, 12:205

Ethylene oxide (EO), 11:217, 220, 221
anionic polymerization, 1:622, 623
heat and entropy of polymerization, 14:97
polymerization, 5:454, 455

Ethylene oxide polymers, 5:444–460
analytical and test methods, 5:456, 457
applications, 5:457–460
blends, 5:450, 451
economic aspects, 5:455
health and safety factors, 5:457
manufacture, 5:454, 455
specifications, standards, and quality control, 5:455,

456
Ethylene oxide-isoprene (EO-I) diblock polymers, 7:322
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Ethylene oxide-isoprene-ethylene oxide (EO—I-EO)
block copolymers, 7:322
sulfide block copolymers, 7:319, 320

Ethylene polymers, 5:484–511, 515–541, 543–580. See
also Polyethylene (PE)

HDPE, 5:484–511
structural differences among, 5:545, 546

Ethylene production, 5:572
Ethylene-propylene copolymer rubber (EPR), 11:354
Ethylene-propylene-diene-modified rubber copolymers

(EPDM), 5:557. See also EPDM
Ethylene propylene diene monomer, 1:805, 4:73

antioxidant applications, 1:713, 714
applications, 5:607–609
blends with polypropylene, 14:136, 156
compounding, 5:601, 602
cure system, 12:248, 249
elastomers, 5:593–597
from dicyclopentadiene and ethylidene norbornene,

4:233
gas-phase polymerization, 5:600
health and safety factors, 5:607
manufacture, 5:596–601
metallocene-based preparation, 8:126
physical properties, 12:207
processing, 5:602–606
slurry polymerization, 5:599, 600
solution polymerization, 5:597–599
vulcanizate properties, 5:607
Ziegler-Natta polymerization, 15:509

Ethylene-propylene-diene terpolymer rubbers (EPDM),
7:328

Ethylene-propylene elastomers, 5:593–609, 14:136
applications, 5:607–609
commercial overview of, 8:139, 140
compounding, 5:601, 602
film properties, 5:806
health and safety factors, 5:607
manufacture, 5:596–601
NEXAFS spectra, 15:371
processing, 5:602–606
properties, 5:593–596
vulcanizate properties, 5:607

Ethylene-propylene rubber, 11:354
in belting, 2:71
compounding, 12:210, 211
for rubber compounding, 12:205
for tire compounding, 12:254

Ethylene-styrene interpolymers (ESI), 13:195
Ethylene-styrene-propylene terpolymers, 5:431
Ethylene-vinyl acetate copolymers

in controlled drug release system, 3:753
thermoforming, 14:126

Ethylene-vinyl alcohol (EVOH) copolymers, 13:59, 62,
14:708

high barrier polymers, 2:35, 36
permeability humidity effect, 2:21
permeability temperature effect, 2:13
properties of barrier, 2:34
properties of barrier in blends with PE, 2:56, 57

Ethylene, polymerization of, 12:565–567
Ethylenediamine

solubility of poly(ethylene oxide) in, 5:447

Ethylenediaminetetraacetic acid (EDTA), 7:542
3,4-Ethylenedioxythiophene (EDOT), 5:275, 276

polymerization to produce electrically active
polymers, 4:750, 753

Ethylenesulfonic acid, 5:611–613
polymerization, 5:613, 614
properties, 5:613

Ethyleneurea resins, 1:533, 534
Ethylenimine (aziridinyl), 1:511
2-Ethylhexyl acrylate

copolymerization parameters with vinyl acetate,
14:654

2-Ethylhexyl methacrylate
activation parameter for propagation step, 11:520

Ethylidene norbornene
EPDM rubbers from, 4:233

5-Ethylidene-2-norbornene
ethylene-propylene elastomer monomer, 5:595

Ethyllithium
anionic polymerization initiator, 1:605, 606

Ethylsilicones, 12:467
Ethyltriethoxysilane, 1:386
Eucalyptus grandis

cellulose for rayon manufacture from, 2:676
Europe

plastics recycling, 11:659, 660
polyacrylamides in, 1:147, 148

European Structural Integrity Society (ESIS), 6:317
European Synchrotron Radiation Facility (ESRF)
EVA. See Vinyl acetate (EVA, VA)
Evaporation

films, 5:821
Evaporative light scattering detector, 3:92
Evidence, 6:174–177
Evidence collection, 6:176, 177
EVOH. See Ethylene-vinyl alcohol
Evolved gas analysis (EGA), 2:743, 13:765
Ewald summation, 8:589
Exact graft copolymers, 6:505–507. See also Graft

copolymers
exafs. See Extended x-ray absorption spectroscopy

(exafs)
Excess heat, 5:192
Exchange functional-correlation functional, 3:612
Excited state quenchers, 14:479, 480
Exciton coupling, CD and, 5:42–46
Exciton diffusion length, 12:627
Exfoliation, in inorganic-reinforced styrene polymers,

13:205, 206
Exothermic polymerization reactions, 8:318
Expandable formulations, 2:515–520
Expandable polystyrene molding, 10:87
Expanded-film membranes, 7:750, 751
Expanded plastics, 2:511
Expanded polystyrene, 2:552–554

manufacture of, 13:255
moderate barrier polymer, 2:49

Expanded suspension polymerization, 13:603, 604
Expanding heat release capacities, 6:78
Expansion

in cellular materials, 2:512–514
Explosives

cellulose nitrate applications, 2:609
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Extended dendrimer architecture, 6:384–386
Extended Producer Responsibility, 11:675
Extended x-ray absorption spectroscopy (exafs)
Extenders

for tire compounding, 12:256
Extensibility, maximum, 4:640
Extension

of elastomers, 4:645, 646
fiber, 10:526
of networks cross-linked in the diluted state, 4:658,

659
simple, 4:656, 657
of swollen networks, 4:658
uniaxial, 4:639–641, 660, 661, 663

Extension ratios, 4:666
Extensional flow

in coating, 3:296
Extensional modulus, 15:78–80
Extensional rheometer, 12:10–13
Extensional viscosity fixture (EVF), 12:12
External antistatic agents, 3:552
External coefficient of friction, 5:641
External gas-assist injection molding, 7:8
External lubricants, 11:700. See also Release agents

poly(vinyl chloride), 14:756
Extra tough polymer

thermoforming, 14:125
Extracellular degradation, of PHAs, 10:103, 104
Extraction fractionation, 6:234, 235
Extraction, PHA and PHB, 10:107–109, 110
Extractive drying, 8:389
Extrudate swell, 5:670
Extruded articles, important parameters for, 6:169, 170
Extruded rigid foam, polystyrene, 13:254, 255
Extruded rubber fiber, 5:771
Extruder barrel, 5:621, 622

heating and cooling capability of, 5:623, 624
Extruder drive, 5:629–631
Extruder screw, 5:618–622

conveying along, 5:643
Extruders, 10:71–77, 11:632–634

components of, 5:621–633
functional zones in, 5:640
melting in, 5:647–651
reactor, 11:632, 633
screws, 11:632
single screw, 3:495, 5:618, 619
twin screw, 3:473, 495, 5:618–620
types of, 5:618–620
vented, 5:668

Extrusion, 3:495, 5:618–641. See also Coextrusion;
Film extrusion; Pultrusion

cast film, 5:570
chloroprene polymers, 3:67, 68
combination of materials in, 5:636–638
degassing in, 5:667–669
die forming in, 5:669–678
engineering thermoplastics, 5:212
ethylene-norbornene copolymers, 5:588
ethylene-propylene elastomers, 5:604, 605
film forming processes, 10:77–82
films, 5:808–820
fluorocarbon elastomers, 6:171

LLDPE, 5:571
melt conveying in, 5:651–654
mixing in, 5:654–667
nylon, 10:288, 289
olefin fibers, 9:352–355
PCT, 4:217, 218
pearlescent pigments and, 3:472
PET and PEN films, 10:503, 504
polysulfones, 11:197
poly(vinyl alcohol), 14:712
propylene polymers, 11:404, 405
PVC, 14:757
PVDF, 15:69
solids conveying in, 5:641–647
solid-state, 12:685–698
styrene polymers, 13:247
tasks of, 5:640, 641
thermoplastic resin processing, 10:70, 71

Extrusion blow molding, 2:217, 218. See also
Coextrusion

coloring during, 3:496, 497
formulas in, 2:236, 237
for plastic bottle design, 2:273, 274
troubleshooting, 2:247–249

Extrusion blow-molding machines, 2:230–232
Extrusion coating, 3:281–283, 5:637, 688, 10:80, 81

LDPE, 5:541
low density copolymer resins for, 5:539
low density resin for, 5:537, 538
multilayer, 3:286
nonwoven fabrics, 9:232

Extrusion compounding lines, 5:638–640
Extrusion dies, 5:628, 629, 672
Extrusion-formed webs, 9:214
Extrusion-grade compound, fluorocarbon elastomer,

6:170
Extrusion lamination, 5:637, 638, 9:472
Extrusion lines, complete, 5:633–640
Extrusion-molded neck process, 2:233, 234
Extrusion operations, 11:630
Extrusion temperatures

LLDPE, 5:569
SAN resin, 1:297

Exxpro, 2:355, 356, 359
Eyring kinetic theory of fracture, 8:549
Eyring model

rate processes, 14:302
and yield, 15:462–464

f-block metallocenes, 8:100, 101
F-HEURs, nonlinear rheological behavior, 6:744, 745
FA-functionalized MPC-DMA diblock copolymers, 8:283
FA-MPC-DMA block copolymer-structure of, 8:283
FA-MPC30-DMA50 block copolymer, 8:283
FA-targeting agent, 8:284
Fabricating colloidosomes technique, 8:421
Fabrication

of polysulfones, 11:195–198
of styrene polymers, 13:246–249
of vinylidene fluoride polymers, 15:68–71

Fabrication techniques, thermoplastic, 11:197
Fabrics, 14:496

calendaring, 5:687, 688, 687
coating materials, 5:683
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coating of, 5:680
construction of, 5:682
finishing of, 5:682, 683
processing of, 5:686, 687

Fabry-Perot interferometry
amorphous polymers, 1:549, 554

Facilitated transport process, 7:777, 802, 803, 14:365,
366

Failure
of adhesive joints, 1:388–396
as evidence, 6:176
effects of physical aging on, 1:467
from fatigue, 5:694, 695
and impact resistance, 6:799, 800, 816
model for, 5:705
oxidative degradation effect, 4:279
of plastics, 6:279
probability of, 11:679, 680

Failure modes, 6:299
Falling-dart impact test, 6:809
Falling-weight impact test, 2:749, 6:801, 806–809
Fanning friction factor, 4:540
Faraday rotators

metal-filled nanocomposite application, 8:762
Fast reaction kinetics, 4:55, 56
Fastening, in ABS polymers, 1:333
Fat-liquoring emulsions, 7:489
Fatigue, 5:694–744

damage initiation, 5:706–718
effect of chemistry in homogeneous polymers,

5:732–736
effect of diluents and plasticizers, 5:736–740
effect of surface finish and modification, 5:740,

741
effect of thermal history, 5:741, 742
fractography, 5:730–732
high cycle regime and polymer embrittlement,

5:701–703
hysteretic heating and low cycle regime, 5:698–701
Minor’s law, 5:703, 704
modeling studies, 5:703–706
Paris Law, 5:720
physical and morphological changes, 5:706–710
polymer alloys, blends, and composites, 5:742–744
in styrene polymers, 13:183, 184
terminology, 5:695–698
test methods, 5:695–698, 13:774
and tire compounding, 12:258
universal slopes equation, 5:704

Fatigue behavior, 5:694–744
Fatigue crack propagation, 5:719–732

effects of physical aging on, 1:467
Fatigue fracture, 6:603–605

brittle, 6:291
genuine ductile, 6:290

Fatigue life, 5:701
Fatigue loading conditions, ROMP-based reinforced

polymer composite, 12:350
Fatigue striations, 6:291
Fatigue wear, 13:515, 516
Fatty acid metal soaps, as release agents, 11:700, 702
Fatty acids

Langmuir-Blodgett films, 7:427
FDA colorants, 3:470

FDA requirements
for polysulfones, 11:199

6FDA-DAM/DABA
CO2/CH4 transport properties, 8:5
membranes, 8:6

FDA. See Food and Drug Administration (FDA)
FD&C food lake pigments, 3:487, 488
Federal fire and flammability test standards, 6:86
FeDRC complexes. See Iron dithiocarbamate (FeDRC)

complexes
Feed block coextrusion technique, 5:636
Feed hopper

of an extruder, 5:623
design of, 5:642

Feed housing, of an extruder, 5:622–624
Feed preparation section, of cold SBR production,

13:272, 273, 275
Feedblock systems, 3:377–379

fixed feedblock geometry, 3:377, 378
variable feedblock geometry, 3:377, 378

Felting, 15:326
Female forming, 14:112
Fencing, 15:281
FEP resin. See Perfluorinated ethylene-propylene

(FEP) resin
Fermentation

in PHB manufacture, 10:110
Fermi resonance, 14:592
Ferooelectric monodomains, 5:754

preparation of, 5:757
Ferrocene-based polymers, 7:50–52
Ferrocene dendrimers, 4:336
1,4-(1,1’-ferrocenediyl)

1,3-butadiene, 8:191
Ferrocenes, 7:55, 56, 8:81
Ferrocenophanes, 7:56–59
Ferrocenyl moiety, chemistry of, 7:51
Ferroelectric crystals, 9:749
Ferroelectric elastomers, elastic data retrieval, 5:756,

757
Ferroelectric hysteresis, 5:748, 749, 751, 749
Ferroelectric LC-elastomers (FLCE), 5:751, 752, 769

elastomer properties, 5:755–757
ferroelectric properties, 5:757–759
free-standing films, 5:762
one-pot hydrosilylation reaction, preparation

through, 5:754, 755
optical hysteresis, 5:757, 758
piezoelectric properties, 5:761
preparation of, 5:751, 752
shape variation, 5:761
sidegroup layers, 5:760, 761
synthesis of, 5:751–754

Ferroelectric liquid crystalline elastomers, 5:748–765
AFM-imaging of thin films, 5:759–761
characterization, 5:754, 755
elastomer properties, 5:755–757
ferroelectric properties, 5:757–759
piezoelectric properties, 5:761–765
properties, 5:755–764
synthesis, 5:751–754

Ferroelectric liquid crystals, 5:749–751
bistable switching, 5:749, 750
electric field, effect of, 5:762, 768
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Ferroelectric materials, 5:748, 749
Ferroelectric polymers

as dielectrically variable materials, 4:489
Ferroelectric polysiloxanes, 5:751, 753
Ferroelectricity, in semicrystalline polymers, 9:782
Feyman-Kac formula, 13:79
FFS packaging. See Form, fill, and seal (FFS)

containers
FG terminated polymer, 8:171
Fiber architecture

of composites, 11:688
Fiber breakage, weak link principle of, 10:530
Fiber composite materials, advanced, 11:688
Fiber crimping

acrylic fibers, 1:245
Fiber diameter, effect on strength, 11:681
Fiber extension, 10:526
Fiber finishing, 10:254, 255

silicone applications, 12:508–510
Fiber flexibility, strength and, 11:682, 683
Fiber friction, 10:523, 524
Fiber geometry, PET, 10:517, 518
Fiber length (L) fiber strength and, 11:685
Fiber materials, properties of, 11:689
Fiber-matrix adhesive bond, strength of, 11:687
Fiber-matrix interface, 11:683
Fiber processing, PTT in, 10:207
Fiber-reinforced composites

acoustic properties, 1:73
surface treatment, 11:687, 688

Fiber-reinforced foam, 3:499
Fiber-reinforced panels, 14:782
Fiber-reinforced plastic (FRP), 1:424, 8:504
Fiber-reinforced polymers, 3:499
Fiber spinning

process control, 10:529–531
Spandex, 5:771–780
viscose rayon, 2:681–683

Fiber spinning, of thermoplastics, 1:807, 808
Fiber volume fraction, of composites, 11:688
Fiberboard

phenolic resin applications, 9:612
Fibers, 5:680, 681. See also Industrial fibers;

Microfibers; Polyamide fibers
acrylic, 1:273
additives to, 10:256, 257
aramid, 10:229–232
aromatic polyamide, 10:224–226
bicomponent and biconstituent, 10:259, 260
coloring and, 3:497, 498
dye effect on properties, 10:258, 259
as evidence, 6:175
forensic analysis, 6:183–188
grafting on, 1:286
inextensible, 1:390, 391
LCP, 7:575
melt-spun, 7:766
MPDI, 10:227, 228
NEXAFS, 15:403
ODA/PPTA, 10:228–232
phenolic resin bonding applications, 9:612, 613
polyketones, 10:667, 668
poly(vinyl alcohol), 14:716

PPTA, 10:228–232
PPTA structure, 10:224, 225
shape parameters of, 11:685
solution-spun, 7:766
staple, 10:253, 254
statistical strength of, 11:684, 685
tensile strength of, 11:684

Fibers, elastomeric, 5:768–782
applications, 5:780–782
chemical composition, 5:769–771
chemical properties, 5:779, 780
economic aspects, 5:780
manufacture, 5:772–779
mechanical properties, 5:771, 772
producers, 5:781

Fibrillated acrylic fibers, 1:253
Fibrillated crazes, 8:482, 484
Fibrillation, 6:323
Fibrils, in LCPs, 7:573, 574
Fibrinogen

biodegradable natural polymer, 2:106
Fibrous layer, model construction of, 8:566
Fick first law, 4:510, 9:377
Fickian diffusion, in glassy polymers, 4:519
Field assisted orientation, 12:303
Field-emission scanning electron microscopy

(FE-SEM), 5:228
Field flow fractionation (FFF), 6:257–267

for sample preparation for polymer characterization,
2:734, 735

Field intensity programming, 6:259
Filament-stretching rheometer (FSR), 12:11
Filament winding

composite materials, 3:517
thermosetting resin processing, 10:90, 91

Filament-winding machines. See also Pulforming
Filaments

alumina polycrystalline, 11:697
HDPE use in, 5:510

Filled composites, AFM imaging of, 1:772, 773
Filled polyketone compounds, 10:663, 664
Filled polymers, 5:788–793

elastic constants, 1:90
molecular modeling, 8:602, 603
sound speed, 1:85

Filled rubbers, 6:322
Filled silicone networks, 12:486–489
Filled vinyl floors, 6:107
Filled vinyl tiles, 6:123, 124
Filler materials, 5:88–90
Fillers, 5:784–801

butyl rubber, 2:364, 365
economic aspects, 5:800
for epoxy resins, 5:377, 378
ethylene copolymers, 5:439
films, 5:807
flexible polyurethane, 2:548
fluorocarbon elastomer, 6:167
health and safety factors, 5:800, 801
latexes, 7:462
mixing in extruders, 10:71
physical properties, 5:785–788
for polychloroprene latex, 3:77
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for polyester films, 10:508, 509
poly(vinyl chloride), 14:756
for rubber, 12:217–230
in SBR processing, 13:276, 277
and scratch behavior, 12:332, 333
silica-to-rubber coupling agents, 12:184–191
spherical fillers from phenolic resins, 9:617, 618
styrenic thermoplastic elastomers, 14:149
thermosetting powder coatings, 3:240, 241
for tire compounding, 12:255
types, 5:793–800
use with UV stabilizers, 14:452
UV stabilizing effects, 14:481

Fillers, in rubber compounding, 3:553, 554
active and inactive fillers, 3:553

Film casting, PPTA, 10:223, 224
Film defects, 3:358–364

crawling and cratering, 3:360–362
floating and flooding, 3:362
foaming, 3:363, 364
leveling problem, 3:358, 359
popping, 3:363
sagging, 3:359, 360
wrinkling, 3:362, 363

Film die, 5:635
Film extraction, 6:236
Film extrusion

LLDPE, 5:569, 570
screw design for, 5:588

Film-forming ability of release agents, 11:701
Film-forming shell material, 8:385
Film lines

using chill roll casting, 5:635, 636
using the roll stack process, 5:634, 635

Film properties
latexes, 7:461

Film thermal stability, 5:67
Films, manufacture, 5:803–823

additives, 5:805–808
biaxial orientation, 5:816–820
calendering, 5:821, 822
casting, 5:813, 814
coagulation, 5:821
coating, 5:822
coextrusion, 5:811–813
embossing, 5:822–824
evaporation, 5:821
extrusion-based processes, 5:808–820
finishing operations, 5:822–824
metallization, 5:824
rheology, 5:808
rolling, 5:821
solvent-solution casting, 5:820
surface treatment, 5:824
tensilizing, 5:820
uniaxial orientation, 5:814–816

Films, polyimides, 10:634, 635
Films. See also Blown film; Coextruded films;

Copolymer films; Langmuir-Blodgett films;
Photographic films; Polyethylene film; Polyester
films; Polystyrene film; Polyurethane film;
Poly(vinyl fluoride) film; Thin films

aramid, 10:233
aromatic polyamide, 10:224–226

BCB derived, 5:79
block copolymer, 2:197–200
controlled drug release technology, 3:745–747
in flexible packaging, 9:471, 472
free radical photopolymerization applications,

9:742
lamination of, 13:247
LDPE, 5:535, 536
for LLDPE, 5:577–579
low density resin for, 5:536, 537
nylon, 10:288
polyamic acid, 5:71
poly(3-hydroxyalkanoate), 10:100
polystyrene supports, 11:34–36
PPTA, 10:226, 232
properties of polyimide, 5:76
propylene polymers, 11:403
recycling of plastics, 11:673
as release agents, 11:706
selected polymer properties (tables), 5:806
stress buffer coat, 5:67, 84

FilmTec, 5:841
Filter media, comparison of, 5:626
Filtration membranes, 5:826–851

high performance fiber applications, 6:722
types of, 7:775–783
viscose rayon, 2:680, 681

Fine fibers, 6:718, 719
Fingerprints

as evidence, 6:174, 175
Finishing

fiber, 10:254, 255
nonwoven fabrics, 9:230–235
of painted surfaces, 1:528
of polysulfones, 11:198

Finishing section, of cold SBR production, 13:272–275
Finite elasticity theory, 15:111–121
Finite element analysis, 5:651
Finite size effect, 2:194
Finitely extendable nonlinear elastic (FENE) model, of

bond stretching, 8:577, 600
Fire and flammability test standards, development of,

6:86
Fire behavior, flame resistance, 6:66
Fire calorimetry, for HRP, 6:61
Fire helmets

polyarylate applications, 10:353
Fire products collector, 6:97
Fire propagation apparatus, 6:94
Fire retardant chemicals, 6:84
Fire retardants, reactive or nonreactive. See also

Flame; Flammability
Fire safety codes, 6:85

associated strategies, 6:83
Fire tests, 6:84

quality assurance, 6:84, 85
response characteristic, 6:84
standards, 6:85–87
vs. flammability tests, 6:83, 84

Fire, impact management, 6:83
First law energy balance, during burning, 6:40
First law of thermodynamics, 13:76
First level packaging, 5:62

polymers in, 5:63–89
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First-order Markov theory, 8:109
First-order phase transitions, 9:561
First-order Thermal degradation, of main pyrolysis

products, 6:43
First-order thermodynamic transition, 14:24
First-order transitions, 14:80–83, 251
First stress invariant, 15:458
Fisheries

high performance fiber applications, 6:724
Fixed-cell vertical casting machines, 2:500
Fixed coions, 7:150
Flakes, in composites, 11:688
Flame extinction, 6:79

as LOI test criterion, 6:80
criteria, 6:66, 67
in flammability tests, 6:79

Flame heat flux, 6:37
Flame resistance, 6:34, 35, 35

defined, 6:79
vs. fire behavior, 6:79

Flame-resistant acrylic fibers, 1:251
Flame-resistant wool, 15:340
Flame-retardance composite, reaction extrusion, 11:647
Flame retardancy, 6:1–26, 11:647
Flame-retardant aliphatic polyketone compounds,

10:664, 666, 667
Flame-retardant effect, 9:659
Flame-retardant polyamide 6 composites, 11:647
Flame retardants, 1:354, 355, 6:35. See also Fire;

Flammability
as additives, 6:39
brominated, 6:6–11
cellulose phosphate applications, 2:610
char formers, 1:354
from cyclopentadiene and dicyclopentadiene, 4:235
in fiber, 10:257
halogenated, 6:5, 6
health and safety factors, 6:22–26
heat absorbers, 1:354
inorganic, 6:1–5
nitrogen-based, 6:21, 22
nylon, 10:284
phosphazenes, 11:109
phosphorus based, 6:11–21
in plastics compounding, 3:552
for polystyrene foams, 13:258
radical sources, 1:355
rayon, 2:688
sulfur-containing, 6:21
synergists with antimony oxides, 1:355
test methods, 13:760

Flame-retarded PCT, 4:217
Flame-spread index (FSI), 6:89
Flame treatment, of surfaces, 1:376
Flaming combustion dynamics, 6:76
Flaming combustion efficiency

vs. SEA, 6:81
phases, 6:36–53

Flaming combustion efficiency, 6:39
dependence on SEA, 6:82

Flammability, 6:34–97
cellular polymers, 2:538, 558
characterization methods, 2:755

composite foams, 3:510
olefin fibers, 9:351
phenolic resins, 9:600
polyamide plastics, 10:276
polysulfones, 11:191–193
self-extinguishing behavior, 6:80
self-propagating flame, 6:80
silicone foam rubbers, 12:502
test methods, 13:770, 780, 781
textile fibers compared, 1:231, 232
wool, 15:341

Flammability tests, 6:65–69, 83, 84
flame resistance, 6:65–67
for quality assurance, 6:85
standards, 6:85–87
vs. HRC, 6:79, 80

Flammability, ABS polymers and, 1:321
Flammable, defined, 6:84
Flash, 2:231
Flash devolatilization, 6:100–105

bulk and solution polymerization reactors, 2:292
equipment for, 6:105
extruder and wiped-film devolatilization,

6:103–105
staged flashes and induced foaming, 6:102, 103

Flashover voltage, 4:685–688
dependence of spacing and contamination, 4:688
as function of air pressure and electrode spacing,

4:687
Flashpoint. See also Ignition
Flashspun fabrics, 9:197, 198
Flat-bed xenon-arc, 15:260
Flat film die, 5:676
Flat film extrusion line, 5:634
Flat-sheet membranes, 5:829, 830
Flavin

use with recognition-induced polymersomes (RIPs),
8:650, 651

Flavonoid compounds, 5:271
Flavor compounds

permeation, 2:24, 25
transport in various high and moderate barrier

polymers, 2:38
Flavor-loaded macrocapsules, 8:396
Flax, 14:495

chemical composition, 14:498
dimensions of ultimate fibers and strands, 14:498
mechanical properties, 14:499
processing, 14:501
textile-associated properties compared to polyester,

14:499
uses, 14:508
world production, 14:507

FLCE. See Ferroelectric LC-elastomers
Flex fatigue

cellular polymers, 2:535
Flexed-beam impact resistance, 6:817–823
Flexibility

fiber strength and, 11:682
Flexibilizers, adhesive, 1:419

for epoxy resins, 5:381–385
Flexible-blade coater, 3:279
Flexible cellular polymers, 2:534–536
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Flexible chain polymer crystals, melting entropy,
14:253, 254

Flexible linkages, 7:570
Flexible packaging, 9:469–478

forms of, 9:469, 470
introduction of, 9:469
lamination, 9:471
manufacturing techniques for, 9:471–473
methods of producing, 9:472
performance requirements, 9:469
polymer materials, 9:470
sealant layers, 9:474
uses and types, 9:469, 473–478

Flexible poly(vinyl chloride) foam, 2:555
Flexible polyurethane foam (FPF), 6:362, 11:241

processing, 1:809, 810, 10:92
Flexible polyurethane, 2:546–549
Flexible PVC

automotive fogging and, 10:59
effect of plasticizer choice on properties of, 10:65, 66
high temperature performance of, 10:57, 58
low temperature performance of, 10:58
permanence of, 10:59, 60

Flexographic printing, release agents for, 11:707
Flexural fatigue test specimen, 5:696
Flexural modulus

of engineering thermoplastics, 5:209, 210
composite materials, 3:546

Flexural strength
composite materials, 3:546

Flight geometries, of extruders, 5:665
Flip chip attachment, with planarized bumps, 3:680
Float casting, 5:840
Floater dryer, 3:291
Floc, 10:223
Flocculants

acrylamide polymers as, 1:119
chitosan as, 3:40
poly(ethylene oxide) applications, 5:458

Flocculation, 1:448, 3:440
Flocking, 10:254
Floor-polish industry, 6:107
Floor polish, 6:106–113

alkali-soluble resins, 6:108, 109
ASTM and CSMAa testing methods, 6:113
development of, 6:107
dried polish films, testing of, 6:112
homologous copolymer series, 6:108
ingredients, 6:107–110
leveling aids, 6:109
linoleum, 6:107
plasticizers (qv), 6:109, 110
polymer latex, 6:107, 108
sealers, 6:112
surfactants, 6:110
synthetic alkali-soluble resins, 6:108
testing methods, 6:112, 113
waxes, 6:109
zinc-carboxyl bonds, 6:110

Floor wax, 6:106
Flooring, 15:281

epoxy resin applications, 5:400, 401
melamine-formaldehyde resin applications, 7:735

Flooring materials, 6:114–127
Flop

of color, 3:473
two-tone, 3:473

Flory diradical, 13:216
Flory-Erman theory, 4:664, 665, 9:19

entanglements in, 4:667, 668
Flory-Huggins interaction parameter, 1:366, 367, 5:177,

6:596, 8:622, 10:45
Flory-Huggins mean-field lattice model, 8:562
Flory-Huggins theory, 5:176, 8:535, 536

and phase transformation, 9:568–573
for polymer solutions, 5:179
shortcomings and extensions of, 538, 539

Flory-Rehner expression, 4:667
Flory-Schulz distribution function, 8:662, 10:658
Flory-Stockmayer equation, 3:805
Flory theory, 7:564
Flory-Vrij theory, 2:205
Flotation

for crystallinity determination, 4:159
Flow channel, square, 5:669, 670
Flow-induced structure

neutron scattering studies, 9:62–64
Flow linear dichroism, for structure analysis, 5:54–56
Flow rate

LDPE, 5:532
Flow rate ratio, LDPE, 5:532
Flow rate, in membranes, 5:842
Flow turbulence, 7:30
Fluctuation-dissipation relations, 13:78
Fluff, 5:570
Fluid-flow fractionation

for molecular weight distribution determination,
8:674

Fluid state. See also Polymer fluids
polymer behavior in, 15:93
in viscoelasticity theory, 15:99–103

Fluid, supercritical, 4:47, 48
Fluidized-bed coating, 3:231, 250, 8:387
Fluoranthene

component in coal-tar fractions, 2:472
Fluorel, 6:161
Fluorene

component in coal-tar fractions, 2:472
Fluorenyl carbanions

anionic polymerization initiators, 1:608
Nα-9-Fluorenylmethyloxycarbonyl (Fmoc) group

amino acid protecting group, 11:66, 67, 71–73
cleavage, 11:85, 86

Fluorescence imaging, 8:802
Fluorescence-labeled polynorbornene, 8:173
Fluorescence microscopy

fiber forensics applications, 6:186
forensics applications, 6:178

Fluorescent molecules, 9:766
Fluorescent pigments, 3:473, 474
Fluorescent UV lamps, 15:262
Fluorescent whitening agent

wool treatment with, 15:336–338
Fluorescent yield, 15:378
Fluorinated (meth)acrylic monomers, 6:132
Fluorinated block thermoplastic elastomers, 6:144, 145
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Fluorinated compounds, as release agents, 6:413, 414,
11:700, 702

Fluorinated copolymers, 6:128–159
properties of, 6:138–143

Fluorinated cyclic monomers, 6:132
hexafluoropropylene Oxide, 6:136
ring-opening homopolymerization, 6:136, 137

Fluorinated epoxy resins, 5:313
Fluorinated ethylene-propylene copolymers (FEP),

11:449
Fluorinated graft thermoplastic elastomers 6:145
Fluorinated homopolymers, properties of, 6:137, 138
Fluorinated monomers

controlled radical (Co)polymerization (CRP), 6:136,
137

copolymers of, 6:141, 142
Fluorinated olefins, 6:129

applications, 6:147–150
of elastomers, 6:149
poly(chlorotrifluoroethylene (PCTFE), 6:133
of polymers, 6:149, 150
polyvinylidene difluoride (PVDF), 6:133
PTFE, 6:133
radical homopolymerization, 6:133–136
synthesis of, 6:129–132
VDF-VDF chaining, 6:134

Fluorinated paints, 6:154, 155
lumiflon, 6:154

Fluorinated PEDOT morphology, 13:422
Fluorinated plastics, 6:128
Fluorinated poly(phosphazene), 6:142
Fluorinated polymers, 6:129

applications, 6:147–150
photocross-linkable formulations, 6:145
radiation chemistry, 11:470–474

Fluorinated silicones, 6:142, 143
applications, 6:147

Fluorinated surfactants, 14:774
Fluorinated thermoplastic elastomers

applications, 6:150
properties of, 6:143–145

Fluorination
in blow molding, 2:255

Fluorine-19 (19F) NMR, 2:737
2-Fluoro-1,3-butadiene

chloroprene reactivity ratios, 3:47
Fluoroalkylated end-capped polycarbobetaines, 10:312
Fluorobenzene, in CSM preparations, 5:476
Fluorocarbon elastomers, 6:161–172

commercial, 6:163
compression-set values of, 6:166
formulation of, 6:169, 170
manufacture of, 6:165–168
polymerization recipe for, 6:166
processing of, 6:168–171
properties of, 6:162–165
specifications for, 6:171
test methods for, 6:172
uses for, 6:172

Fluorocarbon fibers
properties, 9:346

Fluorocarbon films, 10:6–16
continuous discharge (CD) processes, 10:6

Dacron vascular grafts, 10:6
teflon-like coatings, 10:6
morphology of, 10:13
linear rod-like aggregates, 10:16

Fluorocarbon polymers, in surface treatment, 1:376,
377

Fluorocarbons
physical properties, 12:207

Fluoroelastomeric copolymers, 15:54
Fluoroelastomers, 1:806. See Fluorocarbon elastomers

for rubber compounding, 12:205, 214
radiation chemistry, 11:472, 473

Fluoroethene. See also Vinyl fluoride (VF)
Fluorohectorite

layered host structures exhibiting intercalation, 7:74
Fluoromonomers, 6:128

applications, 6:150–158
composites and polymer blends, 6:146, 147
ethylenic fluorinated monomers, copolymers of,

6:139–141
fluorinated blocks, 6:156–158
in “energy” domain, 6:151–153
hexafluoroacetone, 6:156
in optics, 6:153, 154
processing of, 6:147
properties of, 6:137–147
telechelic diiododerivatives, 6:158

Fluoropolymers, 11:456
radiation chemistry, 11:456
semicrystalline, 9:782–787
supercritical carbon dioxide synthesis of, 4:49, 50

Fluorosilicones, 6:143
as release agents, 11:706

Flushing process, 3:493
Fluted mixing sections, 5:663, 664
Fluxes, 14:292, 293
FM global research, 6:94, 95, 95

for coating applications, 5:184
Fmoc group. See Nα-9-Fluorenylmethyloxycarbonyl

(Fmoc) group
4-(4-Fmoc-aminomethyl-3,5-diethoxy-phenoxy)butyric

acid (BAL), 11:79
Foam bonding

nonwoven fabrics, 9:227
Foam breakers, 3:460
Foam destruction, 1:673
Foam extrusion, 10:76, 77
Foam-molding process, 1:13, 14
Foam products

latex applications, 7:462
Foam, automotive, 1:802, 803

polyurethane foams, 1:802, 803
thermoplastic foam, 1:803

Foamable PS and EPS beads, 13:255–257
Foamed polymers, 2:511. See also Cellular materials

acoustic properties, 1:73
phenolic resin applications, 9:616

Foamed sheet polystyrene, 13:258
Foamed vinyl-coated fabrics, manufacture, 7:499
Foaming (blowing) agents, 1:346, 347
Foaming-in-place (FIP) beads

rigid foam from, 13:255–257
Foaming volumes, of styrene copolymers, 13:256
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Foams, 3:499. See also Cellular materials
amino resin, 1:543
colloids, 3:437, 447
polychloroprene latex applications, 3:79
polystyrene, 13:252–258
silicone application, 12:465
wood-plastic composites, 15:303

Fog
as colloid, 3:437

Folic acid, 8:283
Food and beverage industry

chitin and chitosan in, 3:40
Food and Drug Administration (FDA), colorant

regulation by, 3:469. See also FDA
Food-grade xanthan gum products, 15:364, 365
Food lake pigments, FD&C, 3:487, 488
Food packaging, 9:473–476

bakery products, 9:474
candy and confectionery packaging, 9:474
case-ready meat, 9:473, 474
cheese, 9:474
ethylene-norbornene copolymer, 5:590
extrusion coating in, 3:281
fresh red meat, 9:473
fresh-cut produce packaging, 9:474
processed meat, 9:473
retortable pouches, 9:474

Foods
contact with LDPE, 5:534
release materials for, 11:707

Force-distance curves, 1:754
Force fields

models of, 8:577–582
Forced frequency dynamic mechanical analyzers,

4:611–613
Forced-vibration nonesonance techniques

for acoustic measurements, 1:101, 102
Forensic analysis, 6:174–192

analytical methods, 6:177–181
applications with general polymers, 6:181–183
evidence collection, 6:176, 177
fiber applications, 6:183–188
paint applications, 6:188–192

Forest Products Laboratory (FPL) process, 1:377
Forestry

high performance fiber applications, 6:722, 723
α-form s-PS, 13:665
β-form s-PS, 13:665
Form, fill, and seal (FFS) containers

thermoforming, 14:105, 109, 114
Formaldehyde, 1:2, 424, 425. See also Acetal resins

acrylonitrile copolymers of, 1:285
in amino resins, 1:519, 520
ceiling temperature, 4:255
health and environmental issues in phenolic resins,

9:600
heat and entropy of polymerization, 14:97
phenolic resin monomer, 9:578, 580, 581
poly(acrylamide) reaction with, 1:129, 130

Formaldehyde scavengers, 4:80
Formalin, 1:520
Formic acid, 1:523
Forming

for engineering thermoplastics, 5:212

Formulations
agricultural controlled release formulations,

3:719–722
die attach adhesives, 5:65
epoxy resin modifiers, 5:376–385
epoxy resins, 5:362–368
expandable cellular materials, 2:515–520
molecularly imprinted polymers, 8:685, 686
polymers in controlled release technology, 3:743–745
powder coatings, 3:239–241
vinyl acetal polymers, 14:643, 644

Fortisan, 2:568, 583
hydrazine swelling, 2:585

FORTRAN source code, for conformation geometry,
3:698

Forward recoil spectroscopy, 1:368, 369
Forward-roll coaters, 3:275, 276
Fossil-derived natural gas, 8:1
Fouling. See also Organic fouling; Cake fouling

in membranes, 5:844, 845
in NF membranes, 5:833
prevention, 5:848–850

Foundry resins, 6:195–202
cold-box process, 6:195, 196
hot-box processes, 6:196
inorganic binders, 6:195
no-bake process, 6:195
oven-bake process, 6:196
phenolic resin applications, 9:609, 610
phenolic-urethane cold-box process, 6:198
sand casting, 6:195
shell (croning) process, 6:196
warm-box processes, 6:196

Fountain blade coater, 3:272
Four-wave mixing, 9:748

experimental schematic, 9:762
Fourier transform infrared (FTIR) spectroscopy, 2:736,

8:357, 10:734, 13:757, 14:564, 597
applications to composition and structure

determination, 13:757–760
for crystallinity determination, 4:156–158
forensics applications, 6:179, 186
phenolic resins, 9:595
second derivative spectra, 13:58, 59
with SEC for molecular weight determination,

13:763
thermoset curing, 14:188–191
use in forensic analysis, 6:181

Fourier transform-NMR, 13:759
for crystallinity determination, 4:161

Fourier transform-Raman spectroscopy, 13:758
hyperbranched polymers, 6:792

Fourth level packaging, 5:63
Fox equation, 13:766
FP polycrystalline alumina yarn, 11:698
FPA. See ANA/AAA/3-fluorophthalic acid (FPA)
FPL process. See Forest Products Laboratory (FPL)

process
Fractal dimensionalities, measurement of, 6:214–217

two-point density-density correlation functions,
6:215

Fractal geometry, 6:203, 204
applications, 6:217–220
polymers, applications to, 6:217–219
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Fractals, 6:203–219
diffusion-limited aggregation (DLA) model, 6:204
self-similar, 6:204–208, 212

Fractional free volume, 2:8–11
Fractional mass loss rate, 6:45
Fractionation, 6:223–276, 509

batch, 6:229–239
continuous polymer fractionation, 6:267
crystallization analysis fractionation (Crystaf),

6:239–244, 248, 249
field flow fractionation, 6:257–267
mass spectrometry, 6:268
in polyacrylamide analysis, 1:143
polymer, 5:576
size exclusion chromatography, 6:250–257
temperature rising elution fractionation, 6:244–249
ultracentrifugation, 6:272

Fractography, 5:730–732, 6:279–297. See also Fracture
fracture mode classification in, 6:284–302
fracture surface evaluation and, 6:296
influence of chemicals in, 6:291–294
optical microscopy and, 6:280, 281
sample preparation in, 6:284
scanning electron microscopy and, 6:281–284

Fracture, 6:289–291, 299–322. See also Fractography;
Fracture mechanics

characterization and test methods for, 6:335
deformation and damage mechanisms and,

6:322–327
development of, 6:318–322
durability and, 6:327–330
energy-release rate in, 6:302–304
environmental effects and, 6:332–335
essential work of, 6:315–318
Eyring kinetic theory of, 8:549
fatigue, 6:289–291
and fatigue, 5:695
load, 6:284–289
multiaxial stress criteria and, 6:330–332
oxidative degradation effect, 4:279
test methods, 13:774

Fracture mechanics
admitting confined plasticity and viscoelasticity,

6:309–313
for bonds between stiff elastic adherends, 1:394–396
of dissipative materials, 6:313–318
linear elastic, 6:299–309
of simple joints, 1:388

Fracture mode, effect of loading rate on, 6:326
Fracture propagation, 6:281
Fracture stress, 6:325
Fracture surface analysis, 6:279. See also Fractography
Fracture surfaces, 5:702, 6:280, 296
Fracture toughness, 6:301, 314–316, 800

composite materials, 3:546
from flexed-beam impact tests, 6:820–823

Fractured knit line, 6:295
Fragmentation

during high-temperature polyolefin processing, 13:7
Fragmentation test, 11:687
Free bubble forming, 14:112
Free energy change, in ATRP, 1:723
Free energy function, 15:112

Free energy of mixing
composition dependence of, 8:532, 530
vs. composition curves, 8:533

Free energy. See Gibbs free energy; Surface excess free
energy

of products & reactants, 6:69
Free enthalpy, 14:75–77
Free-radical chain reaction, of polymer oxidation,

13:2–5
Free-radical chain theory, 13:2
Free radical copolymerization

of alkenes with unsaturated heterocyclic compounds,
13:677–679

reactivity, 3:778–780
termination, 3:780–786

Free-radical initiators, 1:688, 419. See Initiators,
free-radical

for styrene-butadiene rubber, 13:270
Free radical mechanism for sulfur vulcanization, 4:69
Free radical photopolymerization, 9:718–743
Free radical polymerization initiator, 12:356
Free radical polymerization, 5:192–194, 468, 6:789,

7:196–201, 7:627–630, 8:331, 11:501–558, 554–600,
14:419, 773. See also Heterophase polymerization;
Radical polymerization

atom transfer radical polymerization (ATRP), 7:197
chain transfer in, 13:221–223
chloroprene, 3:44
ethylene copolymers, 5:429
general chemistry of, 13:219
intercalation polymerization, 7:86–88
ionizing radiation source and photoinitiation, 6:860
iron-mediated ATRP, 7:199
living radical polymerization contrasted, 7:648
for macromonomers synthesis, 6:493, 494
moisture-sensitive ionic liquids, polymerization in,

7:197
nitroxide-mediated polymerization (NMP), 7:197
and polybutadiene macrostructure, 2:303
polybutadiene synthesis, 2:304, 305
radical addition-fragmentation and transfer (RAFT),

7:197
styrene polymers, 13:214–223
stringent reaction conditions, 7:196
thermal initiation, 6:835–838

Free-radical precipitation polymerization
in supercritical carbon dioxide, 4:50, 51

Free-radical process, for polyethylene development,
5:485

Free radical propagation, 1:734
Free-radical scavengers, 13:215
Free-radicals polymerization process, 13:613
Free radicals. See also Radicals

in cold SBR production, 13:273
in emulsion polymerization, 13:270, 271
preventive antioxidants and, 13:11, 12

Free resonance dynamic mechanical analyzers,
4:613–615

Free-volume-dependent clocks, for solid-like polymers,
15:159

Free-volume fluctuation model
amorphous polymers, 1:557

Free-volume theories, 14:305–308
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Free volume theory, of plasticizer action, 10:44
Free volume, 2:8–11
Freely jointed polymer chains, 4:646–648
Freestanding film preparation, un-cross-linked

polymers, 5:759–761
Freestanding films, 5:756
Freeze spray atomization

controlled drug release technology, 3:746, 747
French corona cell, 4:702
Freon

swelling of parylenes in, 15:436
Frequency factor

thermal free-radical initiation, 6:839
Frequency, sound waves, 1:62

acoustic property variation with, 1:70
Freshilizer oxygen absorber, 2:59
Freshpax oxygen absorber, 2:59
Fresnel reflector solar concentrator, 15:254, 255
Fresnel reflectors, 3:269, 270
Friction

atomic force microscopy and, 1:781
coefficients of, 11:701
internal and external coefficients of, 5:641
and scratch behavior, 12:330, 332

Friction factor, 4:540
Friction materials

phenolic resin applications, 9:609
Friedel-Craft alkylation, 11:2
Friedel-Crafts reaction, 11:185
Friedel-Crafts reagents

in styrene polymerization, 13:226
Fringed micellar model, 12:383
Fringed-micelle nucleus, 4:173
Fringed micelle structure, 5:550
Frothing process, 2:524
Frozen food packaging, 9:475, 476
Frozen foods, 9:475
FRP of styrene, 8:336
FRP. See Fiber-reinforced plastic (FRP)
β-D-Fructofuranose, 15:188
Fructose, 15:188
Fruit-hair fibers, 14:506
Frustrated crystals, 12:391, 392
FT-IR microspectroscopy, 6:184
FTIR flow cell, 8:357
FTIR-spectroscopy, 5:755
FTIR. See Fourier transform infrared (FTIR)
Fuel cell electrodes

carbon black applications, 2:460
Fuel cell membranes

phosphazenes, 11:107, 108
Fuel cell, membrane electrode assembly, 6:151
Fuel cells, ionomers in, 7:233
Fuel gases, heat of complete combustion, 6:62, 63
Fuel oils

feedstocks for oil-furnace black process, 2:444, 446
Fuel, active radicals, 6:37, 38
Fuels

antioxidant applications, 1:714
permeation, 10:665

Full adsorption-desorption/SEC coupling (FAD/SEC)
Fullerene polymers, 6:338–357

C60-based cross-linked polymers, 6:340

C60-based star-polymers, 6:344
C60-bound poly(vinylcarbazole) (PVK-C60), 6:350
cross-linked C60-containing-polyurethanes, 6:340
cross-linked copolymer exhibiting magnetic

behaviour, 6:340
cross-linked polymers, 6:339–341
doubly C60-end-capped aromatic poly(azomethyne)

rotaxane, 6:343
main-chain polymers, 6:345–347
ruthenium catalyzed ROMP technique, 6:350
ternary polymer-bound C60 films, 6:349

Fully fluorinated polymers, radiation chemistry,
11:470–472

Fully notched creep tests, 6:329
Fully oriented yarns, 10:251
Fulvenes, 4:227
Fuming nitric acid, LLDPE and, 5:548
Functional group labeling

for surface analysis, 13:476
Functional initiators, 8:171

for ATRP (table), 1:731, 732
Functional methacrylates, RAFT polymerization,

11:724
Functional microscale systems

by molecular self-assembly, 8:648–654
Functional monomers

ATRP of, 1:730, 731
various classes of, 1:730

Functional polyphosphazenes, 11:103, 104
Functional polysilanes, 11:157
Functionality, of a junction, 4:655
Functionalization

polystyrene resins, 11:17–20
telechelic polymer trends, 13:693

Functionalized initiators
anionic polymerization, 1:607, 608

Functionalized polyacetylenes, syntheses of, 1:31
Functionalized polyHIPEs, 10:609
Functionalized polymers, sacrificial synthesis of, 8:177
Fungi

biodegradation of plastics in landfills by, 4:241
Fungine, 3:33
Furan

polymerization to produce electrically active
polymers, 4:755

Furan-based conjugated polymers, 3:701–711
applications of, 3:707–711
metal-mediated cross-coupling for, 3:705–707
oxidative coupling for, 3:704, 705
synthetic approaches to, 3:704–707

Furan hot-box binders, 6:200
Furan No-bake binders, 6:199, 200
Furan resins, 6:199–202

based binders, 6:199
Furan-SO2 cold-box binders, 6:200
Furnace black pigment, 3:346
Furniture, 6:361–365, 15:281

calorimeter, 6:95, 96
construction, plastic use, 6:361, 362
plastics, applications of (table), 6:363
polystyrene components, decoration of, 6:364, 365
polyurethane foams, 6:362
reaction injection molding (rim), 6:362
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simulated wood parts, 6:362–364
stearate release agents, 6:364

Furniture industry, release agents in, 11:707
Fusarims solani (FsC), 5:260
Fusion

in PVC emulsion polymerization, 14:752, 753
Fusion process, for solid epoxy resins, 5:305, 307, 308
β-D-Galactofuranose, 15:188
Galactopyranose, 15:188
Galactose, 15:188
Gallium arsenide electroabsorptive modulators, 5:112
Galvanic corrosion, 3:666–669, 672
Galvinoxyl, 11:579
Gamma function, 11:687
Gamma irradiation, of polystyrene, 13:244
Gamma polymorph, of PVDF, 15:63
γ rays, elastomer cross-linking and, 4:73
Gamma relaxation, 15:98
Gamma transition, 4:619
Garbage Project, 4:240
Garlands, 5:156
Gas-antisolvent process (GAS), 13:372
Gas-assist injection molding, 7:7, 8
Gas chromatography (GC)

phenolic resins, 9:596
Gas-counter pressure injection molding, 7:8
Gas diffusion, 4:511–515

experimental determination, 4:511
factors affecting, 4:512–515
nonlinear behavior, 4:511, 512
permeability, 4:511
solubility, 4:511

Gas emissivity, 6:40
Gas inclusions, 6:295
Gas-liquid critical point, 9:561
Gas pack injection molding, 7:8
Gas permeability

in acrylic elastomers, 1:183
PEN, 10:143

Gas-phase assisted surface polymerization (GASP),
2:764

Gas-phase deposition polymerization (GDP), 2:764
Gas-phase manufacturing

LLDPE, 5:564, 565
Gas-phase polymerization, 5:468

ethylene-propylene elastomers, 5:600
heterophase technique, 6:582
polybutadiene processes, 2:319

Gas-phase processes, for manufacturing HDPE, 5:505,
506

Gas phase, 6:37–41
kinetics, 6:37–39, 38

Gas plasma, reaction with polymer surfaces, 13:530
dry etching, 13:530
plasma polymerization and deposition, 13:530
surface and interfacial reactions, 13:530

Gas separation, 5:835, 836, 7:775
Gas separation membranes, 5:842, 843

electrically active polymers for, 4:772, 773
phosphazenes, 11:106
selectivity, 5:843, 844

Gas separation technology, 7:745
applications for, 7:793–795

high-pressure, 7:773
using membranes, 7:760, 790–796

Gas sorption coefficient, 7:794
Gas-turbine engines, silicon carbide filaments in,

11:697
Gases

compression of, 4:646
dissolution in microcellular plastics, 8:302–305
dissolved in heterophase polymerization, 6:634
predicting transport properties in barrier polymers,

2:26–32
transport in amorphous rubbery polymers, 14:298,

299
transport in semicrystalline and cross-linked rubbery

polymers, 14:323–329
Gastification, enthalpy, 6:70
Gates, in injection molds, 10:83
Gauche states, 4:657
Gaussian and non-Gaussian elasticity, 9:14
Gaussian chain, 9:16
Gaussian conformation, in DE model, 15:127
Gaussian distribution function, 4:647–649, 8:661, 662
Gaussian theory, of elasticity, 4:654
Gaussian-type orbitals, 3:598
Gear predictor-corrector numerical integration

methods, 8:587
Gear pump, 3:497

in an extruder, 5:632, 633
Gearbox backlash, 5:631
Gegenion, 2:395
Gel coatings, 3:289
Gel effect, 13:191

and bulk and solution polymerization reactors, 2:289
heterophase polymerization, 6:610

Gel filtration, 3:103
Gel-free polyisoprene, 7:303, 306

with high cis-1,4 microstructure, 7:303
Gel level, LDPE, 5:533
Gel-permeation chromatography (GPC), 3:103, 7:287,

8:328, 14:563
distinguishing block polymers, 7:318
for molar mass determination, 2:739, 740
for molecular weight determination, 13:763
for molecular weight distribution determination,

8:671–674
phenolic resins, 9:595, 596
for sample preparation for polymer characterization,

2:735
Gel point, 6:367–378

chemical, 6:370, 371
epoxy resins, 5:369
physical, 6:372, 373
range of power law, 6:373, 374
rheological properties of critical gel, 6:368–370
vicinity, 6:374, 375

Gel polymers, acrylic and methacrylic acid, 1:166, 167
Gel-spun fibers

high performance fibers, 6:710, 711
Gel theory, of plasticizer action, 10:43, 44
Gel-type polystyrenes, 11:20, 21
Gel-type resins, 7:158, 11:17
Gelatin

biodegradable natural polymer, 2:106, 112
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in interpenetrating network, 7:143
toxicity and biocompatibility, 2:112

Gelatinized materials, 13:52
Gelation, 4:74–76, 6:367

delayed, 3:805
epoxy resins, 5:370, 371
measurement of instant of, 6:375–378
polymer interpenetrating networks, 7:122–126
in PVC emulsion polymerization, 14:752, 753
thermosets, 14:162, 163

Gellan, 15:193
Gels. See also Hydrogels

AFM imaging of, 1:778, 779
as colloids, 3:437, 458
formation of, 3:213–215
swollen, 1:156
thermochromic, 14:39

Gemini surfactants, 1:667
Gene expression, 10:674
Gene therapy

controlled release technology, 3:756, 757
tissue engineering, 14:215

General geometric mean rule, 3:783, 784
General performance carbon fibers, 2:467
General purpose acetal resins, 1:14
General purpose plasticizers (GP), 10:46

uses of (table), 10:48
General-purpose PS (GPPS), 13:186, 200, 201

manufacture of, 13:239
General-purpose rubbers

defined, 12:204
need for cross-linking, 12:168

Genetic engineering
silk, 12:548, 549

Genetic method of polymer synthesis, 6:380–424
artificial proteins designed de novo, 6:380–424
collagen-like protein polymers, 6:403–407
commercial viability, 6:394–398
elastin-like protein polymers, 6:422–424
multisite incorporation of nonnatural amino acids,

6:398–403
nonnatural amino acid incorporation employing

wild-type biosynthethic apparatus, 6:407–411
nonnatural amino acid incorporation via introduction

of heterologous aaRS/tRNA pairs, 6:411–416
nonnatural amino acid incorporation via

overexpression of mutant aminoacyl-tRNA
synthetases, 6:420–422

nonnatural amino acid incorporation via
overexpression of wild-type aminoacyl-tRNA
synthetases, 6:418–420

protein biosynthesis, 6:416, 417
silk-like protein polymers, 6:381–383
synthetic strategies, 6:386–394, 423

Genetic zwitterions, 15:531
Genetics, 6:383–386, 8:573
Genexol-PM, 8:290
Gent model, of craze initiation, 15:483
Geomembrane sheeting, 5:509
Geometry, of PET fibers, 10:517, 518
Geotextiles

spunbonded fabric applications, 9:206, 207
Germanium polymers, 7:42–44

Germany, rubber manufacturing in, 13:269
Giant amphiphiles, 11:439
Gibbs-Di Marzio equation, 14:91, 92
Gibbs-DiMarzio theory, 1:452, 453
Gibbs ensemble methods, 8:595, 596

phase transition modeling, 8:622, 623
Gibbs free energy, 1:364
Gibbs-Marangoni effect, 1:662, 669
Gibbs statistical mechanics, 13:76, 77
Gibbs-Thomson equation, 4:176
Gillham-Enns diagram, 4:633, 634
Ginny, 1:252
Ginsburg-Landau equation, 10:678
Ginzburg criterion, 9:570
Ginzburg parameter, 2:193
Glaser-Hay coupling, 1:34
Glass, 5:681

atomic structure of, 11:689, 690
enthalpy recovery in, 1:458–461
filler material, 5:785
physical aging of, 1:452, 453
as reinforcing material, 11:688–691
release agent use with, 11:705
specific modulus, strength, and CTE, 3:515

Glass and ceramic microspheres, 8:504
Glass-clear resins, gas and water vapor barrier

properties of, 2:254
Glass fiber

mechanical properties, 9:216
Glass fiber reinforcement, 11:688–691
Glass fiber-reinforced polysulfones, 11:195

physical and mechanical properties of, 11:192
Glass fibers

filler material, 5:785
properties of, 9:346

Glass fibers, nylon reinforcement with, 10:284, 285
Glass-filled polyesters, properties of, 10:208
Glass-forming polymer, 11:2
Glass-ionomer cements, 7:209
Glass microspheres, 8:503
Glass-reinforced composites

phenolic resins, 9:613, 614
Glass-reinforced flame-retarded PCT, 4:217
Glass-reinforced styrene polymers, 13:204, 205

mechanical properties, 13:181
Glass sealants, polysulfide, 11:176
Glass transition/vitrification, 14:256, 257

enhanced surface mobility, 14:284
Johari-Goldstein β-relaxation, 14:281
β-relaxation, 14:280, 281
β-transition, 14:280, 281
vesicle preparation, 14:524

Glass transition temperature (Tg)
and scratch behavior, 12:328

Glass-transition temperature, 1:565, 567, 4:514, 515,
6:432, 13:800–803

acrylonitrile homopolymer, 1:283
aging and, 1:452, 453
amorphous piezoelectric polymers, 9:788, 790, 795
amorphous polymers, 1:582, 583
chlorinated polyethylene polymer, 5:470
CO2 polymer plasticization and, 4:49
ethylene-norbornene copolymers, 5:585
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ethylene oxide polymers, 5:445
as material characterizing parameter, 1:582, 583,

582, 583
nonlinear viscoelastic polymer response below,

15:105, 106
polyacrylamide, 1:119
poly(ethylene terephthalate), 10:517
polysulfones, 11:180, 186, 187
poly(trimethylene terephthalate), 10:200, 201
propylene polymers, 11:362
PVDF, 15:63
release agents, 11:704
SAN copolymers, 1:289
selected homopolymers, 6:656, 657
shape-memory polymers, 12:412, 416
styrene-butadiene rubber, 13:277, 278
styrene derivatives, 13:195, 196
thermoplastic elastomers, 14:141
viscoelasticity and, 15:92–94, 94–97
viscoelastic properties near, 15:93–97
viscoelastic relaxation properties far below, 15:97, 98
viscoelastic response far above, 15:98–103

Glass transition, 14:83–85, 6:432–458
and acoustic properties, 1:70
and sound absorption, 1:65
and thermal stresses, 4:250
and yield, 15:450, 451
composite materials, 3:522–526
definition, 6:432, 433
detailed simulations of, 6:448, 449
distortion under load, 6:435, 436
double, in semicrystalline polymers, 12:400
dynamic mechanical analysis, 4:621
factors determining, 6:449–457
key aspects of physics of, 6:440, 441
measurement rate, role of, 6:437
melt viscosity, 6:438
molecular modeling, 8:616, 617
other properties, 6:436, 437
plasticized polymer properties, 6:439
polymer blend properties, 6:438, 439
polymer interpenetrating networks, 7:118, 119
practical importance and measurement methods,

6:432–440
quantitative structure-property relationships,

6:442–447
semicrystalline polymer processing, 6:439
semicrystalline polymer properties, 6:439, 440
sound as probe of, 1:76–80
tensile and shear elastic moduli, 6:434, 435
theoretical considerations, 6:441, 442
thermal conductivity, 6:437, 438
thermal properties, 6:434
thermoplastic elastomer properties, 6:440
volumetric properties, 6:433, 434

Glassy gels, 6:367
Glassy materials, structural recovery or physical aging

of, 15:159
Glassy multicomponent systems

thermodynamic properties, 14:90–92
Glassy phase (state)

polymer behavior in, 15:93
Glassy polymers

fatigue effects, 5:707

fatigue life model, 5:704, 705
fractography, 5:731
history effects in, 14:350–361
molecular modeling, 8:616, 617
sorption models for, 14:334–342
transport properties, 14:331–350

Glc permeation chromatography
fractionation, 6:250–257

Gliadel implant, 3:755
Glob-top coating, 5:67
Global frequency factor, 6:44
Global pyrolysis activation energy, 6:71
Gloss, 9:402

test methods, 13:778
Glucans, 15:191
β-D-Glucose residues

in cellulose, 2:567, 575
Glucose, from wood acid hydrolysis, 7:545
Glucose-β-D-hydroquinone (arbutin), 5:266
Glue, 1:427. See also Adhesives
Glue resin mixes, 7:736
Glulam beams

characteristics and applications, 15:284
Glutamic acid

allyl protected, 11:74
tert-butyl protected, 11:71
chemical structure, 15:186
composition in silk, 12:543
cyclohexyl protected, 11:68
(N-[1-(4,4-dimethyl-2,6-dioxocyclohexylidene)-3-

methylbutyl]-amino-benzyl protected),
11:74

fluorenylmethyl protected, 11:74
percentage composition in merino wool, 15:313

Glutamine
chemical structure, 15:186
composition in silk, 12:543
triphenylmethyl protected, 11:71
9-xanthenyl protected, 11:68

Glycerol, 6:787
dielectric properties, 4:481, 482

3-Glycidoxypropyltrimethoxysilane (GPS)
coupling agent, 12:421

γ-Glycidoxypropyltrimethoxysilane, 12:187
Glycidyl-based resins, 5:300
Glycidyl ester of versatic acid, 5:328
Glycidyl esters, 5:328, 329
Glycidyl ethers

of hydrocarbon epoxy novolacs, 5:316, 317
monofunctional and aliphatic, 5:323, 324
of tetrakis(4-hydroxyphenyl)ethane, 5:317, 318

Glycidyl methacrylate (GMA), 2:774, 775, 5:258, 329,
6:475

activation parameter for propagation step, 11:520
reaction extrusion, 11:646

Glycidyl methacrylate-acrylic powder coatings, 5:390
Glycine

chemical structure, 15:186
composition in silk, 12:543
percentage composition in merino wool, 15:313

Glycine-arginine-glycine-aspartic acid-serine (GRGDS),
8:186

Glycogen, 6:461–466, 15:191
biosynthesis, 6:462
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isolation, 6:463
metabolism in mammals, 6:465
occurrence, 6:461, 462
purification, 6:463
skeletal muscle, 6:466
structure and properties, 6:463–465
synthetase, 6:462
uses and functions, 6:465, 466

Glycol-modified PCT (PCTG), 4:214
amorphous, 4:218, 219
processing and applications of, 4:220

Glycol-modified PET (PETG), 4:215
amorphous, 4:218, 219
processing and applications of, 4:220

Glycolide
ring opening polymerization, 12:137, 138

Glycoluril resins, 1:524
Glycopolymer brushes, 10:750–753
Glycosaminoglycan hybrid polysaccharides, 5:236
Glycosaminoglycans (GAGs), 5:232–235
Glycosidase, 5:225
Glyoxal, 1:415

poly(acrylamide) reaction with, 1:129, 130
Glyoxal resins, 1:535, 536
Glyoxylic acid, poly(acrylamide) reaction with, 1:129,

130
GMA. See Glycidyl methacrylate (GMA)
Gold nanoparticles, 8:789
Gold pigments, 3:473
Gordon-Taylor-Wood equation, 13:766
Gore-Tex membrane, 7:750
Gore-Tex, 6:725
Gorham process, for parylenes synthesis, 2:763
Gossypium arboreum, 4:3
Gossypium barbadense, 4:3, 24
Gossypium herbaceum, 4:3
Gossypium hirsutum, 4:3
Governmental requirements, for isocyanates. See also

Regulation
GPC. See Gel-permeation chromatography
GPPS. See General-purpose PS (GPPS)
GPx mimic microgel, 8:449
Graded block copolymers

anionic polymerization, 1:641
Graded-index polymer optical fibers, development of,

9:74–375
Gradient copolymerization

living radical copolymerization, 3:790, 791
Gradient copolymers

ATRP and, 1:732, 733
RAFT polymerization, 11:731
syntheses by RAFT polymerization (table), 11:732

Gradient elution, 3:95, 96
Gradient reversed-phase elution, 3:100
Graetzel-type dye-sensitized solar cells, 12:649
Graft chemistry, of ABS polymers, 1:322
Graft copolymerization

metallocene-based, olefins with non-olefins, 8:131,
132

thermoplastic elastomers, 14:134
Graft copolymers, 3:794–804, 6:467–518, 8:182

architecture of, 6:511, 512
ATRP for, 1:735, 736

chloroprene polymers, 3:49–50, 51
comb structure, 8:178, 179
compatibilization of polymer blends, 6:514, 515
exact, 6:505–507
grafting from methods, 6:468, 477–488
grafting onto methods, 6:468–470
industrial application potential of, 6:517, 518
lithographic applications, 6:515–517
macromonomer method, 6:468, 488–505
mechanical properties, 6:512–514
molecular weight, constitution, and composition,

6:510
nomenclature of, 6:468
overview, 6:467, 468
production/consumption, 6:518
purification and molecular characterization of,

6:507–509
random, 6:468
regular, 6:468, 505
ring opening polymerization, 12:137
simple, 6:468
solution properties, 6:510, 511
structural representation, 13:167–169
synthesis of, 6:468–470
use of, 6:468
with two trifunctional branch points, 6:468

Graft polymerization, 1:166
chloroprene polymers, 3:49, 50

Graft polymers, 7:640, 641
acrylic and methacrylic acid, 1:167
nylon, 10:263
synthesis of, 3:207, :209

Grafted chemical vapor deposition (gCVD), 2:768
Grafted copolymers

NMR studies of segmental chain order, 9:260–263
Grafting

of PS onto PB, 13:238
in ABS polymers, 1:324, 325

Grafting from methods, 3:37, 795, 796
of graft copolymers synthesis, 6:468, 477–488

Grafting onto methods, 3:37
of graft copolymers synthesis, 6:468–470

“Grafting through” approaches, RAFT polymerization,
11:739

Graham’s law of diffusion, 7:790
Grain-type poromerics, 7:498

finishing, 7:503
manufacture, 7:502

Graphical computing, 8:572, 573
Graphite

atomic structure, 2:431
specific modulus, strength, and CTE, 3:515

Graphite-containing resins, as release agents, 11:705
Graphite-epoxy, cross-ply

specific modulus, strength, and CTE, 3:515
Graphite-epoxy, unidirectional

specific modulus, strength, and CTE, 3:515
Graphite fiber

limiting oxygen value, 6:714
Graphite fiber reinforcement, 11:691–693
Graphitizable carbon fibers, 2:468

mesophase pitch-based, 2:477
Graphitized carbon black, 2:433
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Graphitized submicrometer vapor-grown carbon fibers,
2:482, 483

Gravity induced conveying, 5:641–643
Gravity mixers, 3:555, 556
Gravure coating, 3:268

cell patterns in, 3:281
Gravure-print coating, 5:689, 689
Grazing incidence X-ray diffraction (GIXRD), 10:407
Greases

silicones, 12:464
Green design, of plastics parts, 11:673, 674
Green Dot system, 11:675
Green pigments, 3:471

phthalocyanine, 3:482
Green plastics, 2:72, 94, 95
Green polymer chemistry (GPC), 5:260, 261
Green tea, 5:272
Greenwood-Williamson model, of scratch behavior,

12:322, 323
Grela-type (R=NO2) (118) catalysts, 8:157
Griffith relationship, 2:713
Grignard reagents, 7:36, 46
GROMACS modeling package, 8:580
GROMOS modeling package, 8:580
Grooved feed extruders, 5:644–647
Ground whiting

effect on natural rubber properties, 12:227
effect on SBR properties, 12:228

Group additivity methods, in molecular modeling, 8:601
Group IIIB metallocenes, 8:100, 101
Group interaction modeling (GIM) approach, 6:444
Group IVB metallocenes, 8:92, 93
Group-transfer polymerization (GTP), 6:527–541, 7:630

bifunctional initiators, 6:532, 533
catalyst, 6:534–538
chemical structures, 5:535
conditions and typical procedure, 6:531, 532
glycidyl methacrylate (GMA), 6:528
initiator, 6:532–534
mechanism, 6:527
methacrylate monomers, 6:528
molecular weight, 6:539
N-heterocyclic carbenes (NHCs), 6:527
PMMA chain, tacticity of, 6:539
polymer architecture, 6:539, 540
prepared dispersing agents, 6:541
TASHF2, 6:534
tris(dimethylamino)sulfonium cation, 6:534
typical conventional systems (table), 6:529, 530

Group VB metallocenes, 8:101, 102
Group VIB metallocenes, 8:101, 102
Growth stage, of emulsion polymerization, 13:271
Grubbs catalyst, ruthenium-based, 4:56
Grubbs-Hoveyda- (R=H) (116, 8:117, 157
Grubbs-Hoveyda catalysts, 1:33
Grubbs-type catalysts, 8:155, 156
Grubbs/Johnson single-site catalyst, 5:564
Gruneisen parameter, 1:70, 74, 92
Guaiacyl lignins, 7:525, 534
Guar galactomannan, 15:359, 360
Guar gum

drag-reducing additive, 4:553
Guaran, 15:192

Guayule, 12:263
Guayule latex, 12:270–276

applications, 12:280, 281
Guayule rubber, 12:262–285

applications, 12:280–284
latex properties, 12:272–276
production, 12:270–272

Guide to Macromolecular Terminology and
Nomenclature, 9:69

Gum
effect on natural rubber properties, 12:227
effect on SBR properties, 12:228

Gum Arabic, 15:192
Gum ghatti, 15:192
Gum stocks, 7:326
Gum tragacanth, 15:192
Gum viscosity, 6:169
Gums, 1:429
Guth-Gold model, 5:790
Gynerium

species with fiber potential, 14:497
H-bonded supramolecular polymers, 13:448–458

self-regenerating gel, real-time imaging of, 13:451
H-branched polystyrene, 13:189
1H NMR spectroscopy, 7:533
H2

physical properties, 8:5
selective membranes, 8:14

H. polymorpha, 6:388
HA synthase, 5:233
HA. See Hyaluronic acid (HA), 6:388
Haake-Rheocord extruder (PS), 3:394, 395
Hackling, 14:500
Half-life

free-radical initiators, 6:840
pesticides, 3:716, 717
thermal initiator, 11:505

Half-step deformation
in DE model, 15:144–146
history, 15:124

Half-step torque, 15:160
Halobutyl rubber

compounding, 12:211
for tire compounding, 12:254

Halogen-boron polymers, 7:44, 45
Halogenated butyl rubber, 2:349, 357–360, 366

curing, 2:366
structure, 2:361
synthesis by carbocationic polymerization, 2:390,

391
Halogenated epoxy resins, 5:312, 313
Halogenated polythionylphosphazenes, 7:48
Halogenated resins, 3:337, 338
Halogenation

of acrylonitrile polymers, 1:262
cyclopentadiene and dicyclopentadiene, 4:228

Halogermanes, 7:42, 43
Halpin-Tsai equation, 11:683
HALS. See Hindered amine light stabilizers (HALS)
Hamaker constant, 6:643
Hamilton-Goodman model, of scratch behavior, 12:323,

324
Hand-casting knife, 7:748
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Handling
of acrylic and methacrylic acids, 1:159, 160
butadiene, 2:300
cyclopentadiene and dicyclopentadiene, 4:231

Hard clay
effect on natural rubber properties, 12:227
effect on SBR properties, 12:228

Hard-core repulsion bond models, 8:577
Hard-elastic fibers

olefin fibers, 9:361, 362
“Hard phase in softer matrix” composite, wear, 13:521
Hard-segment-determining blocks

in polyurethane shape-memory polymers, 12:416
shape-memory effect and, 12:413

Hardening
melamine-formaldehyde resins, 7:735–737

Hardness, 6:544–558. See also Microhardness
of blends, 6:553, 554
creep behavior, 6:550–552
crystallinity in, role of, 6:547–549
definition, 6:544
depth sensing measurements, 6:557, 558
fillers, 5:786, 787
microindentation, 8:475
indentation and, 6:545–547
indentation anisotropy of oriented polymers, 6:554,

555
and mechanical properties, 6:552, 553
microhardness technique, 6:544, 547–550
nanoindentation testers, 6:545
numbers, 6:544
test, 6:544
test methods, 6:555–557

Hardness testing, 13:775
Harmonic generation, 9:129

measurement, 9:157, 158
Harmonic mean method, 13:597
Harmonic oscillator approximation, 3:622
Hartmann function, 1:75
Hartree-Fock theory, 3:596
Harvesting

bast fibers, 14:500
guayule, 12:270

HAS. See Hindered amine
Havriliak-Negami model, 1:785, 85
Haward-Thackray model, of yield, 15:467, 468
Hazards in calendering facilities, 2:388
Hazards, acrylonitrile as, 1:264
Haze, 9:397, 398
HCl. See Hydrogen chloride
HCN. See Hydrogen cyanide (HCN)
HDA. See Hexamethylenediamine (HDA, HMDA)
HDI. See 1,6-Hexamethylene diisocyanate;

Hexamethylene diisocyanate (HDI, HMDI)
HDPE film blowing, 5:508–510
HDPE. See High density polyethylene (HDPE)
HDPE/VLDPE blend, 8:493
HE (high efficiency) colloid resins, 1:540
Headspace analysis, 13:760
Healing, 1:367
Health and safety factors. See Safety
Heat aging

chloroprene polymers, 3:69–71

Heat capacity
propylene polymers, 11:362
solids and liquids, 14:62–75

Heat capacity spectroscopy
amorphous polymers, 1:588

Heat deflection temperature, 6:435
Heat-deflection temperatures, 5:210, 216

high, 4:217
Heat distortion temperature (HDT), 6:435, 436
Heat extraction load, 2:237–240
Heat flux, 6:51

and burning, 6:60, 61
calibration of, 6:93

Heat of combustion, thermodynamical calculations,
6:69

Heat of polymerization
removal in heterophase polymerization, 6:595, 620

Heat release capacity, 6:34, 35
by combustion per degree, 6:76

Heat release rate
at firepoint, 6:57, 57
at flashpoint, 6:57, 57
for fire hazard quantification, 6:91, 92
in flaming combustion, 6:76
in steady flaming combustion, 6:61

Heat resistance, of acrylic elastomers, 1:181
Heat-resistant fibers, 6:717, 718
Heat seal strength, of ethylene polymers, 5:552
Heat setting

PET and PEN films, 10:504
Heat-shrinkable materials, 12:416, 417
Heat stabilizers, 1:356, 6:561–583

antimony mercaptide, 6:583
autoxidation, prevention of, 6:566, 567
development of, history of, 6:564–567
films, 5:807
hydrogen chloride, binding to, 6:564, 565
labile chlorine, replacement of, 6:565, 566
lead-based, 6:580–583
mixed metal, 6:574–579
organic, 6:579, 580
organotin-based, 6:568–574
polyunsaturated sequences, disruption of, 6:567
poly(vinyl chloride) and, 6:561–563
poly(vinyl chloride), 14:756, 757
use with UV stabilizers, 14:452

Heat transfer
as a reactor operation, 5:190–194
in emulsion polymerization, 5:192

Heat transfer fluid, 5:625
Heat-treatment temperature, 11:692
Heating (LCST), 12:756–763

temperature and molecular weight, influences of,
12:743

ternary interaction parameters, 12:753
Heating bars, 4:476
Heatsetting, after fiber drawing, 10:531, 532
Heavy duty shipping sacks, 9:476
Heavy-gauge thermoforming, 14:105, 106, 109–112
Heavy metal ions, removal of, cyclodextrin polymers in,

4:201–203
Hectrite, 5:795
Heel, 10:199
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Heisenberg’s uncertainty principle, 1:746
Helical chirality, 3:23–25
Helical crystals, 12:391, 392
Helical peptides, CD of, 5:47
Helical polymers, from disubstituted acetylenes
Helical protein myoglobin, CD of, 5:48
Helical supramolecular polymers, 13:448–450
Helium

acrylonitrile permeability, 1:281
molecular volumes (table), 14:301

Helix angle
of barrier flight, 5:663
for melt conveying, 5:651
of mixing and wiping flights, 5:665
of screw flight, 5:649, 651

Helix inversion, 3:20, 21
Helmholtz free energy, 4:650, 653, 13:76, 15:110, 111
HEMA. See 2-Hydroxyethyl methacrylate (HEMA)
Hemicellulose

biosynthesis, 2:569
in viscose manufacture, 2:677

Hemodialysis
chitosan in, 3:41

Hemp, 14:495
chemical composition, 14:498
dimensions of ultimate fibers and strands, 14:498
mechanical properties, 14:499
processing, 14:502
textile-associated properties compared to polyester,

14:499
uses, 14:508
world production, 14:507

Hencky strain, 12:4
Henequen, 14:495

dimensions of ultimate fibers and strands, 14:498
mechanical properties, 14:499
processing, 14:505
uses, 14:508

Henis-Tripodi membrane, 7:759
Henry’s law coefficient, 7:791, 792
Henry’s law, 1:281
Heparin, 15:194, 195
Heparin/chitosan multilayer films, 13:562
Hepatic glycogen, 6:466
1,6-Heptadiyne derivatives, 1:33
1,3,5,7,11, 13-Heptaethylcycloheptasiloxane

physical properties, 12:491
5-Heptafluoropropyl-1,3-bis[2-(2,3-

epoxypropoxy)hexafluoro-2-propyl]benzene,
5:313

Heptakis(2,6-di-O-methyl)-β-cyclodextrin (DIMEB)
n-Heptane

chain-transfer constant, 14:667
Heptane

azeotrope with vinyl acetate, 14:654
transfer coefficient to, 11:530

Herman orientation function, 14:610
Hertzian model, of scratch behavior, 12:321, 322
Heteroaromatic ladder polymers

nonlinear optical properties, 9:156
Heteroaromatics

electropolymerization, 5:124, 125
Heterocyclic aromatics

oxidative polymerization, 9:448, 449

Heterocyclic glycidyl amides, 5:321, 322
Heterocyclic glycidyl imides, 5:321, 322
Heterocyclic monomers

anionic polymerization, 1:599, 622–628
Heterogeneity, 6:581, 582
Heterogeneous binary blends

compliance of, 10:706, 707
ductile polymers, impact resistance, 10:715
shear yielding, 10:712, 713
yield and/or tensile strength, 10:707, 708

Heterogeneous catalytic hydrogenation, 6:774, 775,
13:372

Heterogeneous copolymerization
acrylonitrile, 1:240, 241

Heterogeneous nucleation, 4:168
Heterogeneous oxidation, 4:278
Heterogeneous polymer blends, morphology of, 10:679
Heterogeneous polymerization, 3:126
Heterogeneous polymers

toughness enhancement in, 8:483–501
Heterogeneous polypeptides, 8:417
Heterogeneous ring opening polymerization, 12:149,

150
Heterophase polymerization, 6:585–683. See Emulsion

polymerization
average number of radicals per particle, 6:603–607
compartmentalized polymerization kinetics,

6:603–612
competitive growth of particles of different size,

6:610–612
continuous operation, 6:678, 679
controlled aggregation, 6:670–673
copolymerization, 6:653–659
dispersity influence, 6:607–610
dissolved gases, 6:634
economic importance, 6:584–588
emulsifiers, 6:599–603
hybrid polymer dispersions, 6:671
initiators, 6:620–625
in-line methods for analyzing, 6:679
kinetics, 6:599, 600, 607–616
multilayered particles, 6:665
necessary prerequisites in liquid dispersion media,

6:594
novel developments, 6:673–679
particle formation, 6:596–603
particle morphology, 6:659–670
particle size control, 6:625–631
particle swelling, 6:634–638
peculiarities of, 6:588–595
polymerization chemistyr applied, 6:615
procedures, 6:618–620
process models, 6:675, 676
reaction calorimetry, 6:676–678
reactors, 6:614–618
recipes, 6:612–614
shrinkage of monomer-swollen particles, 6:640–642
stabilization and stabilizers, 6:624–629, 644–657
technique overview, 6:583
water solubility of monomers, 6:632, 635–637

Heterophase polymerization. See Emulsion
polymerization

Heterosynergism, 13:43
Heterotelechelic PB-b-PEO-b-PFPO terpolymer, 6:745
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Heterovalent ion exchange, 7:164, 167
Hevea brasiliensis tree, rubber from, 7:458, 12:262

biosynthesis of rubber, 12:263–270
Hexa(methoxymethyl)melamine (HMMM) resins, 1:538
Hexachlorocyclopentadiene, 4:234, 235
Hexachlorocyclotriphosphazene

polymerization, 11:98, 99
Hexadecamethylcyclooctasiloxane

physical properties, 12:491
Hexadecyltriethoxysilane, 12:189
1,4-Hexadiene

ethylene-propylene elastomer monomer, 5:595
Hexafluoroisopropylidene groups, 6:156
Hexafluoropropylene (F2C CFCF3), 6:131, 132
Hexafluoropropylene (HFP), 4:50, 6:161. See also HFP
Hexafluoropropylene, 9:487–489

copolymerization of, 9:489–491
MFR of, 9:489, 490
properties of HFP, 9:488, 489
safety precautions for, 9:497

Hexahydrophthalic anhydride
curing agent, 5:354

Hexamethylcyclotrisiloxane
physical properties, 12:491

Hexamethyldisiloxane (HMDSO)-oxygen plasmas,
10:16

Hexamethyldisiloxane
physical properties, 12:491

Hexamethylene bis-thiosulfate disodium salt
dihydrate, 12:182

Hexamethylene diisocyanate (HDI, HMDI). See also
HDI

Hexamethylene diisocyanate (HMDI), 4:210
1,6-Hexamethylene diisocyanate, 1:422
Hexamethylenediamine (HDA, HMDA), 4:211
Hexamethylenetetramine (hexa)

phenolic resin monomer, 9:581
1-Hexene

metallocene-based copolymerization with ethylene,
8:107

stereospecific polymerization (table), 13:110
Hexene copolymer LLDPE, 5:554
n-Hexyl acrylate

aqueous solubility, 7:467
water solubility for heterophase polymerization,

6:628
HFF device, 8:424
HFFS equipment, 9:472
HFFS packaging. See Horizontal form/fill/seal (HFFS)

packaging
HFP copolymers, 4:50
HFP. See Hexafluoropropylene (HFP)
Hi-Res TGA, 13:821
Hibiscus

species with fiber potential, 14:497
Hierarchical structures, natural reinforcement by,

11:679
High activity vapors

transport in semicrystalline rubbery polymers,
14:329–331

High barrier polymers
chemical structures and properties, 2:33–44

High-bulk acrylic fibers, 1:250

High clarity shrink film, 9:476–478
High color carbon blacks

surface area, DBP number, and applications, 2:458
High conversion polymerization, of styrene, 13:244
High cycle fatigue regime, 5:701–703
High density polyethylene (HDPE), 2:215, 4:54, 91, 92,

5:484, 511, 557. See also Ethylene polymers
blow molding, 10:85
catalysts used for, 5:487–491
chemical resistance, 5:502
commercial applications of, 5:507–511, 557
commercial grades, properties of, 5:494, 495
crystallinity of, 5:469
degradation, 5:502, 503
degradation processes in landfills, 4:245
demand for, 5:484, 486
elastic constants, 1:90
fatigue crack effect of molecular weight, 5:727
film properties, 5:806
flash devolatilization application, 6:100
fracture energy, 6:824
fracturing process, 5:493
gas diffusion in, 8:305
health and safety of, 5:511
history of, 5:485–487
impact resistance improvement, 6:831
intercrystallite links, role of, 5:501, 502
low molecular weight, 5:500, 501
manufacturing processes, 5:503–507
market comparison for, 5:529
mechanical properties, 5:499–502
melting temperature, 10:69
melt stabilization of, 13:21, 22
mixed waste streams, 11:668
moderate barrier polymer, 2:46
permeability prediction, 2:32
photo-oxidation of, 13:10
polymerization mechanism and reactor control,

5:491–493
polymerization reactors, 2:284
properties of barrier, 2:34, 35
recycling, 11:657–675
rheology and long-chain branching, 5:495–498
rotomolding applications, 5:511
short-chain branching, 5:493, 495
solid-state extrusion, 12:685, 689, 693
sound absorption, 1:88
sound speeds, 1:85
spherulites, 5:498
structure of, 5:493–499
synthesis by Ziegler-Natta polymerization, 15:508,

509
synthesis of, 5:468
temperature dependence of sound speed, 1:87
tensile strength, 5:500, 501
thermoforming, 14:121
times to failure of, 6:328
U.S. usage of, 5:485
worldwide usage of, 5:485

High density polyethylene, cellular
commercial products and processes, 2:557, 558
physical properties of commercial, 2:529

High diene rubbers (HDR), 7:330, 331
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High efficiency (HE) colloid resins, 1:540
High energy radiation

degradation caused by, 4:287–290
High energy radiation cure

silicones, 12:483, 484
High fiber volume fraction, strength of composites with,

11:684
High field electron spin resonance spectroscopy,

5:7, 8
High flux asymmetric cellulose acetate membranes,

5:827
High frequency oscillator, 5:111
High fructose corn syrup, 7:189
High genus vesicles, 14:534, 535
High heat-deflection temperatures, 4:217
High internal phase emulsions, 10:595
High impact polystyrene (HIPS), 6:518, 8:484, 13:196,

197, 201
anioxidant applications, 1:711
creation of, 13:185, 186
deformation of, 8:486
impact resistance improvement, 6:823–828
load-deflection behaviour, 6:819
manufacture of, 13:232, 238, 240, 248, 254
mechanical properties of, 13:181
moderate barrier polymer, 2:48, 49
oxidative degradation, 4:280, 281
photo-oxidation of, 13:9, 10
strain-energy release rates, 6:824
stress-strain properties of, 13:182, 183
styrene-butadiene block copolymers and, 13:283
tensile impact, 6:813–815
thermoforming, 14:125
thermoforming of, 13:247

High impact polystyrene, cellular
physical properties of commercial, 2:529

High-melt strength polypropylene, reaction extrusion
(REX), 11:637

High-mobility polymers, 9:754
High modulus carbon fibers, 2:467, 468
High molecular weight cyclic polymers, 7:678–680
High molecular weight isobutylene-isoprene copolymer

elastomers, 7:331
High molecular weight PLA, 10:166, 167
High molecular weight plastics, extrusion of, 5:645
High molecular weight polymers, 11:682, 694, 695,

12:417
in supercritical carbon dioxide, 4:58

High molecular weight polynorbornene, 12:417
High molecular weight polystannanes, 7:42
High ortho novolak phenolic resins

manufacture, 9:589
synthesis, 9:583, 584

High performance (HP) polymers, 5:200, 202, 203
High performance adhesives, 1:426, 427
High performance carbon fibers, 2:467, 468, 480
High performance fibers, 6:702–731

carbon nanotubes, 6:714, 715
classification by application, 6:720–727
gel-spun fibers, 6:710, 711
limiting oxygen value (table), 6:713
modified carbon fibers, 6:712–714
rigid-rod polymers, 6:698–710
silicon carbide ceramic fibers, 6:714

structure-property relationships, 6:716–720
vitreous fibers, 6:715

High performance liquid chromatography (HPLC),
3:88–101, 8:319

applications for, 3:99–101
for composition and structure determination, 13:759
forensics applications, 6:179
instrumentation for, 3:88–93
molecularly imprinted polymer applications,

8:689–693
for molecular weight distribution determination,

8:674
phenolic resins, 9:597
retention mechanism and modes of separation in,

3:93–97
stationary and mobile phases in, 3:90, 91
theory of, 3:97–99

High-pressure membrane modules, 7:770
High pressure polymerization, 5:468
High resiliency (HR) slabstock foam. See also Slabstock

foam
High shear impellers, 5:191
High shear mixing, of colorants, 3:492, 493
High shrink fibers, 10:520
High solids oxidizing alkyds, 1:488, 489
High solids solvent-borne epoxy coatings, 5:386
High speed burnishing, polishes for, 6:112
High speed graphical computing, 8:572, 573
High speed spinning, 10:528, 529
High strength acrylic fibers, 1:226, 251
High strength fibers, 5:681

high performance fibers, 6:717
olefin fibers, 9:361

High tenacity staple fibers
viscose rayon, 2:685

High tensile carbon fibers, 2:467, 468
High-throughput emulsificator. 413
High vinyl polybutadiene, 2:315, 316
High volume instrument systems, 4:14, 15
High wet modulus rayon, 2:676
Higher α-olefins, stereospecific polymerization,

13:107–111
Higher molar mass antioxidants, safer and more

efficient stabilization via, 13:36, 37
Highest occupied molecular orbital (HOMO), 12:627
Highest thermal transition, of shape-memory polymers,

12:413
Highly dispersable silicas

silica-to-rubber coupling agent, 12:185
Highly oriented pyrolytic graphite (HOPG)
Highly oriented yarns, 10:251
Highly sensitive optical sensor, creation of, 5:159
Highly structured, functional microscale systems

by molecular self-assembly, 8:648–654
Hildebrand solubility parameter, 10:44
Hildebrand’s solubility parameter, 8:529
Himicola insolens (HiC), 5:260
Hindered amine light stabilizers (HALS), 3:310, 485,

14:452, 465, 466, 474, 475
as antioxidants, 13:15, 17, 33, 34, 45
monomeric, 14:467
noninteractive, 14:477, 478
polymeric, 14:467, 475–477
triazine, 14:478
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Hindered amines
radical scavengers, 1:694, 695

Hindered bisphenols
antidegradant for rubber, 12:234

Hindered phenols
antidegradant for rubber, 12:234
as antioxidants, 13:13, 14, 20–26
radical scavengers, 1:690–693

Hindered piperidines, 13:45
Hindered thiobisphenols

antidegradant for rubber, 12:234
HIPE. See High internal phase emulsions, 10:595

chain-growth polymerization, 10:600, 601
formation and stability, 10:596–598
porous structure, 10:595
stability, 10:597, 598
two-phase structure, 10:595

HIPS resins, 13:196, 197
HIPS, “salami” rubber particles, 10:712
HIPS. See High Impact Polystyrene
HiSil 233

effect on natural rubber properties, 12:227
effect on SBR properties, 12:228

Histidine (benzyloxymethyl protected), 11:69
Histidine (triphenylmethyl protected), 11:72
Histidine

chemical structure, 15:186
composition in silk, 12:543
percentage composition in merino wool, 15:313

Histogram reweighting, 8:596
HIV treatment, polylysine dendrimers for, 4:314, 315
HMDA. See Hexamethylenediamine (HDA, HMDA)
HMDI. See 1,6-Hexamethylene diisocyanate;

Hexamethylene diisocyanate (HDI, HMDI);
Hydrogenated MDI (HMDI)

HMMM resins. See Hexa(methoxymethyl)melamine
(HMMM) resins

HO-BVT triblock terpolymer thin film, 3D
reconstruction, 12:310, 311

HOC. See Heat of Combustion
Hofmann reaction, of poly(acrylamide), 1:130, 131
Hohenberg-Kohn theorem, 3:612
Hollow-carbon spheres, 8:507
Hollow fiber artificial kidney dialyser, 7:802
Hollow-fiber membrane modules, 7:768, 769
Hollow fiber membranes, 5:829, 830

preparation of, 5:841
Hollow-fiber membranes, 7:765–768
Hollow-fiber modules, 7:793
Hollow-fiber systems, 12:363
Hollow fibers, 6:718, 10:522
Hollow-fine-fiber membranes, 7:784
Hollow glass fibers, 12:363
Hollow microspheres, 8:505

composition and physical properties of (table), 8:506
economic aspects, 8:509
effect of (table), 8:508
manufacture, 8:505
uses, 8:507

Holocellulose, 2:569
Hologen atoms, molar inhibition efficiency, 6:39
Hologram erasability, 9:757
Holographic interferometry, 13:781

Holographic time-of-flight (HTOF) measurements,
9:765

Homo-polypeptide sequences, 11:434
Homogeneous anionic polymerization, 7:307
Homogeneous batch free-radical polymerization, basic

rate equation, 5:169
Homogeneous catalysts, 8:151
Homogeneous catalytic hydrogenation, 6:772–774
Homogeneous copolymerization

acrylonitrile, 1:239, 240
Homogeneous nucleation model, 5:167, 168
Homogeneous nucleation, 4:168, 6:598
Homogeneous phase, 6:583
Homogeneous polymerization

in supercritical carbon dioxide, 4:49, 50
Homopolymer surface tension, 13:578–584

empirical prediction, 13:578–580
molecular weight dependence, 13:580, 581
theories of, 13:581–584

Homopolymerization
of acrylonitrile, 1:274, 275
of derivatives, 5:614

Homopolymers, 8:512
amorphous, 8:477–482
classification of types, 2:733
LDPE, 5:516
PVDF, 15:56, 61, 64–67
sample preparation for polymer characterization,

2:734
structural representation, 13:161, 162

Homosynergism, 13:44
Honeycombs

phenolic resin applications, 9:578, 617
Hooke’s law, 13:772, 15:451
Hookean material, 4:638. See also Neo-Hookean

material
Hoop ratio, 2:253
Hoop stress, 6:329
HOPDMS/PDES healing agent

blend, 12:357
system, 12:355, 356

HOPG. See Highly oriented pyrolytic graphite (HOPG)
Horizontal form/fill/seal (HFFS) packaging, 9:472
Horizontal form/fill/seal (HFFS), 9:472
Horn, natural reinforcement of, 11:679
Horse radish peroxidase

oxidative polymerization, 9:437
Horse shoe die, 5:676
Horse shoe manifold, 5:677
Horseradish peroxidase (HRP), 5:264
Hoses

PEN fibers, 10:153
Hosiery, stretch, 10:259
Host-guest chemistry, 4:450, 451
Host-guest strategy, 4:454, 455
Hostavin N-30, 14:471
Hostavin PR-31, 14:472
Hot-box binders, 6:198
Hot flocking, 3:254
Hot melt adhesives

for wood composites, 15:290
Hot-melt adhesives, 1:404
Hot-melt coatings, 3:284
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Hot-melt shell formulations, 8:388
Hot plasmas, 10:2, 13:528
Hot pressing, 1:524
Hot rolling, 2:375. See also Calendering
Hot runner tips, in injection molding
Hot stamping foils, 11:706
Hot tack, 9:470
Household floor polishes, 6:110, 111
Howard process, 7:539
HP polymers. See High performance (HP) polymers
HPIMM, 8:328, 339
HPLC instrumentation, 3:88–93
HPLC. See High performance liquid chromatography

(HPLC)
HQ. See Hydroquinone (HQ)
HRP. See Heat Release rate

for sustained burning, 6:67
HRP. See Horseradish peroxidase (HRP)
HRR. See Heat release rate

of plastics, vs. char yield of polymers, 6:65, 65
HUFT theory. See Homogeneous nucleation
Humidity

effects on permeation, 2:20, 21
Hyaluronic acid (HA), 5:232, 233, 15:194
Hyaluronidase (HAase), 5:232
HybraneTM, 6:781
Hybrid anion exchangers, 7:169
Hybrid coating processes, 3:268
Hybrid ion exchange resins, 7:169
Hybrid ion exchangers (HIXs), 7:159
Hybrid lipid polymeric nanoparticles, 8:432
Hybrid nanospheres, 8:277
Hybrid organic-inorganic polymers, AFM imaging of,

1:777, 778
Hybrid particles, 5:184
Hybrid polyHIPEs, calcination of, 10:611
“Hybrid polymer composites”, wear, 13:522
Hybrid solar cell, 12:649
Hydantoin-based epoxy resins, 5:322
Hydrated alumina

filler material, 5:785
Hydrated aluminum oxide

filler influence on epoxy resin properties, 5:382
filler properties, 5:380

Hydrated Nafion, 14:367
Hydration

nitrile group, 1:262
of polyacrylonitrile, 1:282

Hydraulic ejector systems, 3:580
Hydraulic screen changers, 5:627
Hydrazine, phosgene reactions with, 9:626
2-Hydrazinonicotinoyl (HYNIC), 8:801
Hydrazodicarbonamide, 2:264, 265
Hydro-biodegradation, 4:291–293
Hydrocarbon-bridged [2]ferrocenophanes, 7:58
Hydrocarbon-bridged [2]ruthenocenophanes, 7:58
Hydrocarbon epoxy novolacs, 5:316, 317
Hydrocarbon PEDOT derivatives, 13:420
Hydrocarbon removal, from methane, 5:836
Hydrocarbon resins

from dicyclopentadiene, 4:232
synthesis by carbocationic polymerization, 2:390,

419, 420

Hydrocarbons
oxidation of, 13:2
as release agents, 11:705
SIMS spectra, 13:483, 484

Hydrocellulose, 2:575
Hydrodimerization

acrylonitrile polymers, 1:265
Hydrodynamic volume, 2:735, 742, 15:175, 176

and fractionation, 6:253
Hydroentanglement, 9:226
Hydroformylation

acrylonitrile polymers, 1:265
Hydrogel polyHIPEs, 10:606
Hydrogel scaffold polymers, 14:223
Hydrogels, 4:97, 6:734–768, 9:2. See also Gels

cross-linking in, 4:97–99
free radical photopolymerization applications, 9:743
in vitro cross-linking, 4:98
in vivo cross-linking, 4:98, 99
thermochromic, 14:39, 41

Hydrogen abstraction, 6:836
during PS polymerization, 13:191, 237
ionizing source and photoinitiation, 6:861
thermal initiation, 6:835

Hydrogen bonded amides, 4:447, 448
Hydrogen bonded sheets, in nylons, 9:785
Hydrogen bonding

with dendritic interiors, 4:325–327, 328
in dendritic periphery, 4:327–331, 351
Lehn’s 3-point, in molecular self-assembly, 8:639, 640
of poly(acrylamide), 1:120, 121

Hydrogen chloride scavengers, as antioxidants, 13:15,
22, 24, 25

Hydrogen chloride, 5:479
Hydrogen cyanide

commercial acrylonitrile from, 1:267
phosgene reactions with, 9:625

Hydrogen-donating antioxidants, 1:690
Hydrogen fluoride, 14:768
Hydrogen uranyl phosphate

layered host structures exhibiting intercalation, 7:74
Hydrogenated block copolymers, 7:322–324
Hydrogenated nitrile rubber (HNBR), 8:189
Hydrogenated polymers, 6:768
Hydrogenated polystyrene, 13:195
Hydrogenation, 6:768–775

of acrylonitrile polymers, 1:264
cyclopentadiene and dicyclopentadiene, 4:227
metallocene-based, 8:135

Hydrolases, 5:222
Hydrolysis

of acrylonitrile polymers, 1:265
nitrile group, 1:262
phosphite esters and, 13:26–28
of poly(acrylamide), 1:127, 128
polyamide, 10:280, 281

Hydrolysis resistance
melamine-formaldehyde resins, 7:731–733

Hydrolytic degradation, 3:266, 4:290, 291, 13:6–8
of polyester fiber, 10:514

Hydrolytic depolymerization technique, 4:442
Hydrolytic stability

of pct-based polymers, 4:218
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Hydrolytically degradable plastic, 2:73
Hydrolyzable chloride

uncured epoxy resins, 5:332–334
Hydroperoxide concentration, in polymer oxidation,

13:2, 3
Hydroperoxide decomposer UV stabilizers, 14:479
Hydroperoxide decomposition, 13:16
Hydroperoxides

in cold SBR production, 13:273
free-radical initiators, 1:688
as photoinitiators, 13:9
role in oxidative degradation, 4:273, 274

Hydrophilic corona, 8:272
Hydrophilic-hydrophobic copolymers, 11:732
Hydrophilic nanoparticles, 8:786
Hydrophilic polyHIPEs, 10:600

scanning electron micrographs, 10:606
Hydrophilic “brush” layer, 5:849
Hydrophobe temperature, 1:527
Hydrophobic alkali-soluble polymers, 1:165, 166
Hydrophobic antifoams, 1:664–666

hydrophobic oil antifoams, 1:664
hydrophobic oil/particles antifoams, 1:664–666
organic-based antifoams, 1:665, 666
polyorganosiloxanes, 1:666
silicone-based antifoams, 1:666

Hydrophobic effect, 8:274
Hydrophobic ethoxylated urethane (HEUR) APs, 6:739
Hydrophobic flavors, 8:395
Hydrophobic forces, 8:640
Hydrophobic oil antifoams, 1:664
Hydrophobic oil/particles antifoams, 1:664–666
Hydrophobic rubbery polymers, 8:21
Hydrophobic silica

as release agent, 11:704
Hydrophobic zeolites, 8:22
Hydrophobically associating polymers, acrylamide

copolymers as, 1:141
Hydrophobically modifed ethylhydroxyethylcellulose

(HMEHEC), 2:660
Hydrophobically modified (HM) water-soluble

polymers, 6:735
Hydrophobically modified acrylics, 1:216
Hydrophobically modified polyampholytes, 10:304
Hydroquinone, 1:159

acrylonitrile copolymers of, 1:285
antidegradant for rubber, 12:234

Hydrosilylation, 12:469, 478, 479–482
Hydrosilylation self-healing chemistry, 12:361–363
Hydrostatic coextrusion, 12:686, 687
Hydrostatic effects

and nonideal transport effects, 14:313–319
Hydrostatic tensions, 6:321
Hydrotalcite, 5:478, 6:565

in stabilizer formulation, 6:577
Hydrous metal oxides

layered host structures exhibiting intercalation, 7:74
Hydroxy-crotonyl-aminomethyl resin (HYCRAM),

11:77
Hydroxy propyl

drag-reducing additive, 4:553
N-hydroxy succinimide (NHS)-ester, 8:796
β-Hydroxyalkylamide, 5:389
2-Hydroxyalkylamides, 3:339

Hydroxybenzophenone-based antioxidants, 13:38
2-Hydroxybenzophenone UV stabilizers, 14:456
2-Hydroxybenzophenone, as ultraviolet absorber, 13:17,

18, 30
Hydroxybutyl methacrylate

water solubility for heterophase polymerization,
6:629

Hydroxybutyl-terminated oligomers, 7:687
2-Hydroxyethyl methacrylate (HEMA), 8:445, 353
Hydroxyethyl methacrylate

activation parameter for propagation step, 11:520
water solubility for heterophase polymerization,

6:629
Hydroxyethylcellulose

applications, 2:658
cationic, 2:659, 660
economic aspects, 2:657
enzymatic stability, 2:650
hydrophobic, 2:660
manufacture, 2:657
mixed ether derivatives, 2:658, 659
properties, 2:655–657
test methods, 2:657, 658
water-soluble polymer, 15:196

Hydroxyethylethylcellulose, 2:663–665
applications, 2:665

1-(2-Hydroxyethylthio)-1,3-butadiene
chloroprene reactivity ratios, 3:47

Hydroxyhexyl methacrylate
water solubility for heterophase polymerization,

6:628
Hydroxyl-terminated hyperbranched polyurethanes

(HBPUs), 4:87, 88
Hydroxyl/vinyl end groups, 9:6
Hydroxylamines

as antioxidants, 13:13
peroxide decomposers, 1:700
poly(acrylamide) reaction with, 1:130
radical scavengers, 1:695, 696

9-(Hydroxymethyl)-2-fluoreneacetic acid (HMFA), 11:76
5-(4-Hydroxymethyl-3,5-dimethoxyphenoxy)valeric acid

(HAL), 11:77
Hydroxymethylation, 1:521
3-(4-Hydroxymethylphenoxy)propionic acid (PAB),

11:77
4-Hydroxymethylphenylacetic acid (PAM), 11:76
Hydroxyoctyl methacrylate

water solubility for heterophase polymerization,
6:628

2-Hydroxyphenyl-s-triazines UV stabilizers, 14:456
2-Hydroxyphenylbenzotriazole UV stabilizers, 14:456
Hydroxypropyl cellulose (HPC), 2:780
Hydroxypropyl methacrylate

activation parameter for propagation step, 11:520
water solubility for heterophase polymerization,

6:629
Hydroxypropylcellulose

applications, 2:667
economic aspects, 2:667
liquid crystals, 2:591
manufacture, 2:667
properties, 2:665, 666
test methods, 2:667
water-soluble polymer, 15:196
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Hydroxypropylmethylcellulose
water-soluble polymer, 15:196

Hydroxytelechelic polybutadiene, 2:305
11-Hydroxyundecanoic acid, 5:238
Hydrozirconation

metallocene-based, 8:133
Hygroscopic materials, extrusion of, 5:667
Hygroscopic plastics, 5:668
Hypalon, 40, 5:482
Hyper-cross-linked polymers

structural representation, 13:169
Hyperbranched networks, in ATRP, 1:737
Hyperbranched polydiynes, 1:53
Hyperbranched polymers, 4:300, 6:781–800 8:340. See

also Dendronized polymers
AFM imaging of, 1:771, 772
analytical and test methods for, 6:790, 791
constituents in, 6:790
monomers of, 6:778–782
properties of, 6:782–785
ring-opening procedures to, 6:786–788
structural representation, 13:169
synthesis of, 6:785–790
as tougheners for epoxy-based composites, 6:794
uses for, 6:791–795

Hyperbranched polystyrene, 13:189
Hyperbranched resins, 6:792, 793
Hyperbranched structures, 7:663
Hypercrosslinked polymers, 11:2
Hyperelastic material, 15:110
Hypersonic waves, 1:61
Hysteresis absorption, 1:71, 72

and acoustic properties, 1:71, 72
Hysteresis, in TMAFM, 1:754
Hysteretic behavior, of piezoelectric materials, 9:782
Hysteretic energy loss, 1:385
Hysteretic heating

and low cycle fatigue, 5:698–701
Hückel calculations, 7:65
I-joists

wood composite, 15:298, 299
i-PMMA and s-PMMA

binary blend, 13:658
with diblock- or triblockcopolymer, stereocomplexes

13:660
i-PMMA, 13:656
i-PMMA/PLLA blend, 13:657, 667
i-PP, 13:661
i-PP/s-PP, 13:662
i-PS, 13:664–668
i-PS/s-PS blends, 13:662, 663
I. G. Farben, 10:238, 13:269
IA. See Isophthalic acid (IA, IPA)
ICA. See Isotropically conductive adhesives (ICA)
ICAC. See International Cotton Advisory Committee

(ICAC)
ICAR. See Initiators for continuous activator

regeneration (ICAR)
Ice bags, 9:476
Ice packaging, 9:476
ICL. See Isophthaloyl chloride (ICL)
Icon, 3:728
iCVD. See Initiated chemical vapor deposition (iCVD)

Identical layers, Mueller matrix expression, 12:675–677
α-L-Idopyranosyl-uronic acid, 15:188
IEC 243–1, 13:770
IEC 250, 13:770
IEC 93, 13:770
Ignition properties

test methods, 13:770
Ignition-resistant polystyrene, 13:188
Ignition suppression agents, as polystyrene additives,

13:249
Ignition temperatures

for styrene polymers, 13:254
Ignition tests, 6:53, 56, 80, 86

at constant external heat flux, 6:60
chemical criteria, 6:56, 57
heat flux, sensitivity to, 6:72
higher heat flux requirement, 6:60, 61
resistance, 6:35
thermal criteria, 6:58, 59
thermal decomposition temperature, correlation

between, 6:71, 72
vs. decomposition temperature, 6:73, 73

Ignition, time to, vs. external heat flux, 6:60
ILSS test. See Interlaminar shear strength (ILSS) test
Image blur, in CA resists, 7:603, 604
Imaging SIMS, 10:14
Imaging, with AFM, 1:748–753
Immersion technique

for acoustic measurements, 1:95–97
Immiscible or partially miscible polymers

binary blends, 10:701, 702
heterogeneous blends, 10:701, 702

Immiscible polymer blend, 10:674
Immiscible polymers, compatibilization of, 10:680
Immobilization, 8:159
Impact jet, 8:330

microreactor setup, 8:324
online monitoring, 8:354–357
polymer synthesis, 8:324
split and recombine, 8:330

Impact modifiers, 1:349, 6:665
nylon, 10:284
use with UV stabilizers, 14:452

Impact polystyrene, 6:518
Impact properties

LLDPE, 5:576
Impact resistance, 6:803–836

flexed-beam impact, 6:817–823
flexed-plate impact, 6:815–817
improving, 6:823–832
product testing, 6:812, 813
tensile impact, 6:813–815
testing machines and techniques, 6:800–812, 13:773

Impact-resistant polypropylene, 11:354
Impact strength, of styrene polymers, 13:184–186
Impacting testing, 2:749
Impedance, 4:481
Impellers, 5:191
Impingement process, for carbon black, 2:450
Implant materials

shape-memory polymers in, 12:409
stimuli-sensitive, 12:409

Impregnation, 5:691
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Impression/duplicating materials, 4:384–388
agar, 4:385
alginates, 4:385
mechanical properties, 4:388
polyethers, 4:386, 387
polysulfides, 4:386
silicones, 4:387, 388
synthetic elastomers, 4:385, 386

Impurities
imaging vibrational spectroscopy, 14:599–607

IMR system
processes, 8:383
technology, 8:383

In-chain functionality, 13:484–486
In-line annular die, 5:673
In-line filtration, 7:777
In-line shaping, 5:639
In-line tubing die, 5:629
In-mold decorating, 7:9
In-mold labeling, 2:255
In-plane shear modulus

composite materials, 3:546
In situ diffuse reflectance (DR) CD, 12:660
In situ generated particles, 9:33
In situ generated silica fillers, 9:33
In situ polymerization, 8:458

of polymer blends, 4:54
In situ reaction, 8:151
In situ SFM measurements, 12:301
In vitro enzymatic reactions, 5:224
In vitro polymer synthesis, 5:221
In vivo enzymatic reactions, 5:224, 225
Incipient burning, at firepoint, 6:57, 57
Inclusion yielding, 8:485
Inclusions, gas, 6:295
Incompatible radiopacifiers, 11:618
Incompressible materials, 15:112, 153
Incorporation of colorants, 3:491, 492
Indene carboxylic acid photoproducts, 5:81
Indene-coumarone resins

synthesis by carbocationic polymerization, 2:419
Indentation

and scratch behavior, 12:326, 329
Indentation anisotropy values, 6:554, 555
Indentation testing, for polymers hardness, 6:544
Independent alignment assumption (IA), in DE model,

15:127, 138
Index of refraction, 3:472, 5:206, 9:751. See also

Refractive index
Indiana Stirring Oxidation Test (ISOT) JISK2514,

1:716
Indirect-drive extruder, 5:630, 631
Indium tin oxide (ITO), 7:510, 515
Induced elastic stress, in shape-memory polymers,

12:417
Induced shape-memory, 12:416
Induction period

oxidative degradation, 4:273
Inductively coupled plasma atomic emission

spectroscopy (ICP-AES), 8:443
Industrial applications

for polyamide plastics, 10:292
for polyketones, 10:667

Industrial cleaning, with lignosulfonates, 7:542
Industrial coated fabrics, 5:692
Industrial fibers, modulus tenacity map for, 10:234
Industrial filament yarns, PET, 10:512
Industrial hose, 5:482
Industrial lignins, 7:538–545
Industrial liners, LLDPE, 5:578
Industrial maintenance coatings

epoxy resins, 5:390–392
Industrial packaging, 9:476
Industrial plywood

characteristics and applications, 15:284
Industrial polishes, 6:111
Industrial suspension polymerizations, monitoring and

control, 13:625
Inelastic scattering, 2:750
Inextensible fibers, pullout of, 1:390, 391
Infacical polymerization, 5:840, 841
Infinite dilution, 8:557
Infinite sheet, 6:303
Infinite time modulus, of solid-like polymers, 15:155
Infinitesimal strain tensor, 15:78
Inflatable toys, fabrication of, 14:249
Infrared absorption spectroscopy, 14:564, 565, 15:367

imaging spectroscopy, 14:600
normal vibrations, 14:568–574
for structural characterization, 14:564, 565, 575,

594–599
Infrared electrochromics

electrically active polymers for, 4:768
Infrared spectroscopy, 2:736

for crystallinity determination, 4:157
Ingition temperature, of polymers, 6:46, 47, 49
Inherent hydrophobicity, 8:21
Inherent viscosity, 10:214–216
Inhibition

free radical photopolymerization, 9:736
radical polymerization, 11:577–583

Inhibitors, of styrene polymerization, 13:221
Inhomogeneities, 6:295
Inhomogeneous media

acoustic properties, 1:72, 73
Iniferters, 6:858, 9:740, 11:528, 13:680, 681
Initial modulus, of a fiber, 10:241
Initiated chemical vapor deposition (iCVD), 2:765–768.

See also Chemical vapor
Initiation

anionic polymerization by electron transfer,
1:601–604

anionic polymerization by nucleophilic addition,
1:604–608

butyl rubber synthesis, 2:350
carbocationic polymerization, 2:394–399, 402, 403
cationic photopolymerization, 9:706–710
crazing, 15:481–487
free radical photopolymerization, 9:732–734
heterophase polymerization, 6:599, 607, 608, 624–629
latexes, 7:464, 465
living anionic polymerization, 1:597
in polymer oxidation, 13:4
of propagation reactions, 13:2–4
radical polymerization, 11:504–516
styrene/diene anionic polymerization, 1:609–611
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uninhibited autoxidation, 1:687–689
vinyl acetate polymerization, 14:666

Initiator efficiency, 11:515, 516
Initiator fragment, in cold SBR production, 13:273
Initiators

latexes, 7:464, 465, 469, 470
oxidative degradation, 4:271
polyketone synthesis, 10:656–658
for polystyrene manufacture, 13:190, 217, 218
in PVC production, 14:732–735, 746
for styrene-butadiene block copolymers, 13:281
for telechelic polymers, 13:672–676
Injection blow mold, 2:223

Initiators for continuous activator regeneration (ICAR),
1:728

Initiators, free radical, 6:838–869
activation paramaters, 6:839
tert-alkyl hydroperoxides, 6:851–853
tert-alkyl peroxyesters, 6:846
azo compounds, 6:855–857
carbon-carbon, 6:857, 858
diacyl peroxides, 6:844–846
di(tert-alkyl) peroxides, 6:849
dialkyl peroxydicarbonates, 6:849–851
diperoxyketals, 6:848, 849
economic aspects, 6:863–865
half-life, 6:840
inorganic peroxides, 6:854
ketone peroxides, 6:853, 854
for mediated radical reactions, 6:858–860
monoperoxycarbonates, 6:846–848
organic peroxides, 6:840–854
peroxide safety, 6:854
photoinitiators, 6:860–863
radiation initiation, 6:860–863
radical formation and use, 6:835–838
structure-reactivity relationships, 6:838, 839

Initiators, in emulsion polymerization, 5:174
Injection blow molding, 2:216, 7:7

coloring during, 3:497
tooling for, 2:221–230
troubleshooting, 2:226–230

Injection blow molding, for plastic bottle design, 2:274
Injection blow-molding machine, three-station, 2:218,

219
Injection compression, 7:7
Injection-molded HDPE, 5:507
Injection molding, 7:1–32. See also Reaction injection

molding
in ABS polymers, 1:329, 330
components of, 7:10–32
economic aspects, 7:2, 3
coloring and, 3:495, 496
composite materials, 3:518
CRD-NRV mixer used in, 5:667
of crystalline plastics, 4:217, 218
of engineering thermoplastics, 5:211, 212
of ethylene-norbornene copolymers, 5:588
of fluorocarbon elastomers, 6:171
of LDPE, 5:541
of LLDPE, 5:570, 579
material selection and handling for, 7:13–15
microcellular plastics, 8:312–314

of nylon, 10:286–288
overview, 7:1, 2
part design, 7:11–13
phenolic resin applications, 9:616
plastic processing, 7:19–30
of polysulfones, 11:196, 197
process and machine, 7:3–7
process compared to other thermoplastic processes

(table), 14:108
propylene polymers, 11:400, 401
PTT use in, 10:207, 208
stability, 10:89
of styrene polymers, 13:246
testing and validation, 7:30–32
thermoplastic resin processing, 10:81–85, 89, 90
of thermoplastics, 1:806, 807
tool design and construction, 7:15–19
variations and extensions to, 7:7–10

Injection molding resins
comparison of, 5:579

Injection molding techniques, 1:11, 13
Injection-molding temperatures

for polyamide plastics, 10:287
Injection stretch blow molding

PEN bottles, 10:157–159
Injection systems, in size exclusion chromatography,

3:115, 116
Inks, 3:493

cellulose acetate propionate application, 2:640, 641
cellulose nitrate applications, 2:609
as colloid, 3:437
epoxy resins, 5:397, 398

Inner film structure, SFM-based tomographic
reconstruction, 12:292

Inner fracture zone, 6:316
Inorganic cellulose esters, 2:600–613
Inorganic fillers, 8:10
Inorganic ion exchangers, 7:150
Inorganic materials, as release agents, 11:702
Inorganic peroxide free-radical initiators, 6:854, 855
Inorganic polymers, 7:33–65

based on main group elements, 7:33–50
based on transition elements, 7:50–65
boron-containing polymers, 7:44–46
coordination polymers, 7:59–63
face-to-face metallocene polymers, 7:59
ferrocene-based, 7:50–52
polycarbophosphazenes, 7:46, 47
polyferrocenylenes, 7:52, 53
polyferrocenylsilanes, 7:53–57
polygermanes and polystannanes, 7:42–44
polyoxothiazenes, 7:49, 50
polyphosphazenes, 7:33–39
polysilanes, 7:39–42
riqid-rod organometallic polymers, 7:63–65
structural representation, 13:172, 173
sulfur-nitrogen-phosphorus, 7:47–49

Inorganic-reinforced styrene polymers, 13:204–207
Inorganic rubber, 7:34
Inorganic water-soluble polymers, 15:197
Insect-resistant wool, 15:338–340
Insert injection molding, 7:9
Insertion polymerization, 2:730, 3:126
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Insertion-type ring-enlarging polymerization,
7:679

INSITE technology, 5:429
Instantaneous copolymer heterogeneity, 5:179

instantaneous termination, 5:170
Instationary polymerization, 11:556–558

chain length distribution, 11:568, 569
Institute of Electrical and Electronics Engineers

(IEEE), 4:675
Instrinsically conducting polymers, 4:742
Instron capillary rheometer, 7:290, 291
Insulation

composite foam application, 3:512
polysulfide, 11:176
wire and cable, 5:579, 580

Insulators
electrical conductivity of typical, 4:743

Integrated circuits, environmental stresses on, 5:62
Integrated pest management

and controlled release formulation, 3:719
Intelligent materials, 12:409
Intelligent pumps, 3:89
Interaction chromatography, 6:271–274
Interaction parameters, in plasticization, 10:44, 45
Intercalation, 7:71, 10:285

driving forces, 7:73, 74
in inorganic-reinforced styrene polymers, 13:205

Intercalation polymerization, 7:71–90
direct intercalation of preformed macromolecules,

7:76–79
inorganic layered hosts, 7:73–75
monomer intercalation and simultaneous

polymerization, 7:79–86
monomer intercalation and subsequent controlled ins

situ polymerization, 7:86–90
Interdiffusion, 1:366–369

effect on joint strength, 1:367–369
Interdiffusion process, 3:398–409

diffusion in coextrusion, 3:408, 409
measurements by rheology, 3:403–408
mutual diffusion, 3:400–402
self-diffusion, 3:398–400
techniques, use of, 3:402, 403

Interdigital micromixer (IMM), 8:424
Interdigital-type micromixer, 8:340
Interdigitated or comb electrode, 13:854
Interface shear strength, 11:686
Interfaces

adhesion and, 1:364, 365
molecular modeling, 8:606

Interfacial adhesion, 11:687
Interfacial bonding, perfect, 11:684
Interfacial composite membranes, 7:760, 761
Interfacial defects of coextrusion, 3:379

encapsulation, 3:379–383
experimental studies, 3:390–397
interfacial instabilities, 3:383
theoretical studies, 3:383–390

Interfacial energy
colloids, 3:446–449

Interfacial fracture energy, 1:362
Interfacial free energy, 6:582
Interfacial-Gel Polymerization Technique, 9:375

Interfacial interaction, strength as a function of,
11:680, 681

Interfacial polycondensation, 4:588, 7:94, 13:85
cohesive films, 7:95
with stirring, 7:98

Interfacial polymerization, 7:760, 93–107, 8:413, 420
applications, 7:96
of aromatic polyamides, 10:219, 221
bisphenols, 7:102
completely random copolymers, 7:102
copolymerization, 7:102
film-formation rate, 7:95
health and safety factors, 7:106, 107
melt-condensation process, 7:93
microencapsule preparation for controlled release

formulations, 3:724, 725
organic solvents, polycondensation without, 7:103
polyamide preparation, 7:96
polycarbonate, 10:369–371
polycondensation with stirring, 7:97
polyhexamethyleneisophthalamide, preparation of,

7:96
polymer formation, mechanism of, 7:95, 96
polymeric substrates, 7:105
unstirred polymerization system, 7:96
water-insoluble reactants, 7:102
with stirring, 7:97
with water-immiscible solvents, 7:97–99

Interfacial properties. See Surface properties
Interfacial reactions, 3:412–419
Interfacial slippage, 3:409–412

experimental observations, 3:409–411
suppression or elimination of, 3:412
theoretical interpretations, 3:411, 412

Interfacial tension, 9:573, 13:575, 576
colloids, 3:446, 447

Interfacial term (adhesive wear), 13:511, 512
Interfacially polymerized composite membranes, 5:827
Interference colors, 3:473
Interference contrast microscopy

forensics applications, 6:178
Interference optics

for investigating micromechanical properties, 8:474,
475

Interferometers
for infrared spectroscopy, 14:565

Interferometric dilatometers, 4:533
Interlaminar shear strength (ILS), 4:134, 11:687

composite materials, 3:546
Intermediate-Scale Calorimeter (ICAL), 6:96, 97
Intermediate wet modulus rayon, 2:676
Intermeshing rotor system, 3:562
Intermeshing twin screw extruders, 5:620
Intermittent extrusion blow molding, 2:231
Intermolecular forces

release agents and, 11:703
Internal absorption, 9:397
Internal antistatic agents, 3:552
Internal coefficient of friction, 5:641
Internal cooling in blow molding, 2:255–56
Internal fouling, 7:782
Internal lubricants

poly(vinyl chloride), 14:756
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Internal main chain mobility, 6:324–327
Internal mixers, 3:557, 562
Internal olefins, polyketone copolymerization with,

10:652
Internal reflectance spectroscopy

use in forensic analysis, 6:181
Internal release agents, 11:700
Internal viscosity model, of yield, 15:462–465
International Cotton Advisory Committee (ICAC), 4:14
International Electrotechnical Commission (IEC),

4:675, 6:86
International Organization for Standardization (ISO),

6:86
International Telecommunications Union (ITU), 4:461
International Union of Pure and Applied Chemistry

(IUPAC), 9:69
nomenclature, 13:151
structural representation of polymers, 13:151–176

Interpenetrating elastomeric networks, 7:131, 132
Interpenetrating polymer networks (IPN), 2:133, 4:64,

96, 97, 7:110–144, 10:595
AFM imaging of, 1:774, 775
applications, 7:138–144
castor oil-based, 7:133–136
chloroprene copolymerization, 3:49
full IPN, 4:96
glass transition, 7:118, 119
isocyanates in, 7:257
latex, 7:131, 132
morphology, 7:115–126
natural rubber latex-based, 7:136, 137
nomenclature, 7:111
phase continuity in sequential, 7:121
physical properties, 7:115–126
polysaccharide-based, 7:137
semi-IPN, 4:96
sequential IPN (seq-IPN), 4:96
simultaneous IPNs (SIN), 4:96
sound and vibration damping behavior, 7:132, 133
synthesis and structure, 7:111–115
thermoplastic, 7:126–131

Interphase, 1:405
adhesion and, 1:364, 365

Interphase, role of, in coextrusion, 3:374, 420–428
Interpolymer competition, among engineering

thermoplastics, 5:212–218
Interunitary linkages, in lignins, 7:529
Intracellular degradation, of PHAs, 10:102, 103
Intractable plastics, 5:620
Intralamellar slip, correlated, 6:323
Intramicellar structure, 2:201
Intramolecular energy changes, elasticity and, 4:657
Intramolecular repulsive interactions, 8:542–544
Intrinsic adhesion

joint fracture energy and, 1:385–388
Intrinsic breakdown, 4:680
Intrinsic crazing, 15:479, 480
Intrinsic electric strength (table), 4:689
Intrinsic interaction energy, adhesives and, 1:362, 363
Intrinsic isotherms, 1:454
Intrinsic viscosity, 5:211, 10:513, 514

of polyacrylamide solutions, 1:122–124
Intrinsic width, of an interface, 9:573

Intrinsically conductive polymers (ICPs), 2:133, 134
Inverse emulsion polymerization

of acrylamide, 1:136
acrylic and methacrylic acid, 1:167

Inverse heterophase polymerization, 6:588
Inverse Langevin distribution, 4:648, 649
Inversion point group opertions, 12:374
Inverted rule of mixtures, 11:683, 684
Iodonium photoinitiators, 9:697–700
Ion-dipole interactions, 8:542
Ion exchange (IO) membranes, 5:834, 835
Ion exchange

intercalation through, 7:75
Ion-exchange controlled release technology, 3:752
Ion exchange kinetics, 7:171, 172

affecting factors, 7:172
electroneutrality, 7:172
film diffusion-controlled situation, 7:171
interdiffusion, 7:171
intraparticle diffusion-controlled reaction, 7:172
intraparticle diffusion-controlled reaction, 7:172
stoichiometry, 7:171

Ion exchange membranes
electrically active polymers for, 4:772, 773
in electrodialysis, 5:835, 835

Ion exchange reactions, 7:162
Ion exchange resins, 7:153, 154, 72, 8:192

accompanying chemical reactions, 7:180–182
acid cation exchange resin, 7:172
anion exchange process, 7:152
applications, 7:172–190
capacities, 7:162
catalysis, 7:189
cation exchange reaction, 7:151
cellulose ester (inorganic) applications, 2:610
chromatography, 7:177, 178
cross-linked resins, 7:154
demineralization, 7:175–177
Donnan coion exclusion effect, 7:186
Donnan Effect, 7:178–180
equilibria, 7:162–167
fixed-bed ion exchange process, 7:173
fixed ionic groups or functional group, 7:155–157
food processing, 7:189, 190
heavy metal separation, 7:182–184
ion-dipole interaction, 7:154
isotherm, 7:164
isothermal supersaturation (IXISS), 7:181
kinetics, 7:171, 172
Lewis acid-base interaction, 7:182
pharmaceutical industry, 7:188
phenolic, 9:579
redox reaction, 7:182
resinate, 7:188
target metal cations and anions, simultaneous

removal of, 7:184–186
water softening, 7:172–175

Ion-exchange technology, 7:150–191
anion exchange process, 7:152
equilibrium constant of reaction, 7:152
equilibrium constants, 7:153
exchanging counterions, 7:153
homovalent exchanges, 7:152
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polymer matrices, 7:154, 155
pseudo-anion exchange, 7:152
pseudo-cation exchange, 7:152

Ion exchanger phase
thermodynamic activity, 7:153

Ion exchangers, 7:150, 160–162
aromatic ions, 7:168
Bronsted Lowry acid base, 7:168
calcium-saturated ion exchange resins, 7:167
Ca-Na selectivity coefficient, 7:166, 167
charge density, 7:169
Donnan effect/ion exclusion, 7:168, 169
electrostatic ion exchange, 7:168
functional groups, acid-base characteristics, 7:160
hardness removal/softening process, 7:166
hydrophobic ion exchange, 7:168
Lewis acid base, 7:168
mechanical, thermal, and chemical stability, 7:162
regeneration, 7:167
selective ion exchange, 7:168
separation factor, 7:165
steric effect/ion sieving, 7:169
synthesis of, 7:156–158
target ions, 7:167, 168
waste regenerant solution, disposal of, 7:167
water content and swelling, 7:160

Ion flotation processes, cyclodextrin polymers in, 4:201,
202

Ionic chain-reaction polymerizations, 2:724–728
anionic polymerization, 2:726, 727
cationic polymerization, 2:725, 726
features of, 2:727, 728

Ionic copolymerization, 3:800–804
Ionic dyeability, 10:519
Ionic initiation, for styrene-butadiene rubber, 13:270
Ionic liquids (ILs), 7:194, 10:64
Ionic liquids, polymerization in, 7:194–205

heterogeneous ATRP, 7:199
hydrophilicity/lipophilicity, 7:194
iron-mediated ATRP, 7:199
moisture-sensitive, 7:197

Ionic polymer-metal composites (IPMCs), 7:234
Ionic polymerization, 3:126, 7:201, 202, 8:338, 345
Ionic-responsive dendronized polymers, 4:377–380
Ionic telechelic APs, 6:746–755

cationic poly(dimethyloamino ethyl methacrylate),
6:752, 753

core-shell-type micelles, 6:749
dynamic strain sweep experiments, 6:751
finite-sized microgels (clusters), 6:749
micellar-type aggregates, 6:748, 749
monte carlo simulations, 6:746, 747
neutral telechelic systems, 6:748
oscillatory shear flow experiments, 6:751
sol-gel transition, 6:746, 747
telechelic polyelectrolyte (TP), 6:746, 747
zero-shear viscosity (η0), 6:751

Ionic-type photosensitive polyimides, 5:74, 78
Ionically conducting polymers, 4:742
Ionomeric coatings, 7:238
Ionomeric systems, self-healing, 12:366
Ionomers, 4:742, 7:208–238

applications of, 7:232–238

blends, 7:230–232
block, 7:225, 226
glass transition temperatures, 7:216–218
LDPE, 5:518
multiplet/cluster concepts, 7:212–216
overview, 7:208–212
physical properties of, 7:218–228
plasticization, 7:228–229
polyethylene-based, 7:218–221
polystyrene, 7:223–225, 13:186, 187
polytetrafluoroethylene-based, 7:221–223
spin probes in ion-containing polymers, 5:15–21
star, 7:227, 228
telechelic, 7:226, 227

Ionophores, 14:554
Ionox, 901, 14:480
IPA. See Isophthalic acid (IA, IPA)
IPDI. See Isophorone diisocyanate (IPDI)
IPNs. See Interpenetrating polymer networks, 9:5
Ipp, crystalline melting, 11:487, 488
iPP. See Isotactic polypropylene (iPP)
iPS. See Isotactic polystyrene (iPS)
Iraq-Turkey pipeline

drag reduction application, 4:536, 569
IRCmax procedure, 3:606, 607
Irgafos 168, 13:44
Irganox 1010, 14:480
Irganox 1076, 13:40, 43, 44, 189
Iron blue pigments, 3:471
Iron catalysts

for LDPE, 5:530
Iron compounds, 8:394
Iron dithiocarbamate (FeDRC) complexes,

photoactivation of, 13:35, 36
Iron oxide

filler material, 5:785
Iron oxide nanoparticles, 8:788
Iron oxide pigments, 3:471
Iron(III) chloride

inhibition constants with selected monomers, 11:582
retarder for radical polymerization, 11:580, 581
transfer coefficient to, 11:530

Iron. See also Ferrocenes
metal-catalyzed oxidation by, 1:689

Irradiance distribution, 9:754
Irradiated PEEK, thermal properties, 11:481
Irradiated Ultem, ESR spectrum, 11:480
Irradiation membranes, 7:749, 750
Irradiation. See also Radiation-induced polymerization

degradation caused by, 4:287–290
of polystyrene, 13:244, 245
of PVDF, 15:72, 73

Irreversible hydrocolloids, 4:385
Irwin model of plasticity, 6:309, 310
(I—S—I—A—I), 7:320
ISISTM program, 13:153, 157

structure retrieval, 13:158, 159
ISISTM/Base, 13:158
ISISTM/Draw, 13:158
ISO 1133, 13:770
ISO 11357 1–3, 13:770
ISO 11443, 13:770
ISO 11507, 13:770
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ISO 1183, 13:770
ISO 1210, 13:770
ISO 13648 1, 2, 13:770
ISO 14040, 2:73
ISO 14133, 13:771
ISO 14782, 13:770
ISO 14851, 13:770
ISO 14852, 13:770
ISO 14853, 13:770
ISO 14855, 2:75, 13:770
ISO 15985, 13:770
ISO 1628 1–5, 13:770
ISO 175, 13:770, 776
ISO 178, 13:770
ISO 179, 13:770
ISO 180, 13:770
ISO 2039–2, 13:770
ISO 2578, 13:770, 775
ISO 2782, 13:770
ISO 306, 13:769, 770, 776
ISO 4589, 13:770, 781
ISO 4599, 13:770, 776
ISO 4600, 13:770
ISO 4607, 13:770, 777
ISO 4665, 13:770
ISO 4892, 13:770
ISO 527 1–4, 13:770, 772
ISO 572, 13:770
ISO 604, 13:770
ISO 62, 13:770
ISO 6252, 13:770, 776
ISO 6603–1, 13:770
ISO 6603–2, 13:770
ISO 6721 1–10, 13:770
ISO 75, 13:769, 776
ISO 8256, 13:770
ISO 846, 13:770, 777
ISO 871, 13:770, 780
ISO 877, 13:770, 776
ISO 899, 13:770
ISO 9705, fire tests, full-scale room test for surface

products, 6:95
Iso-poly(methyl methacrylate)

template for polymerization, 13:748
Isobaric glass transitions, 6:449
Isobornyl methacrylate

activation parameter for propagation step, 11:520
Isobutylene, 2:349

carbocationic polymerization, 2:394, 416–418
heat and entropy of polymerization, 14:97
metallocene-based polymerization, 8:127
monomer for rubber compounding, 12:204
polymerization in butyl rubber, 2:349–370
polymerization mechanism, 2:350–352

Isobutylene-isoprene-divinylbenzene terpolymers,
2:353

Isochoric glass transitions, 6:449
Isochronal data, 15:108, 110
Isochronal values, for solid-like polymers, 15:147
Isochrones, 15:93
Isoclined atoms, in semicrystalline polymers, 12:374,

375
Isocyanate, 11:205–216, 14:435

in adhesives, 1:422, 423

advantages, disadvantages, and applications as
epoxy curing agent, 5:339

aliphatic, 11:211–213
blocked, 11:213, 14:439–442
metallocene-based polymerization, 8:132
methylene bis (phenyl diisocyanate) (MDI),

11:209–211
polymeric MDI (pMDI), 11:209–211
polyurethane technology and, 11:206

Isocyanate adhesives
for wood composites, 15:289

Isocyanate cross-linkers, 1:480
Isocyanate-derived polymers, 7:253–267

addition/condensation polymers, 7:265–267
addition polymers, 7:262, 263
condensation polymers, 7:254, 263–265
copolymers, 7:260–262
homopolymerization, 7:257–260
monomers, 7:255–257
reactions of, 11:215, 216
toluene diisocyanate, 11:206–209
toxicity, 11:258–260
used in coatings, 14:435–437

4-Isocyanatophenyl. See Bis(4-isocyanatophenyl)
methane (MDI)

γ-Isocyanatopropyltriethoxysilane, 12:188
Isocyanurate curing agents, 5:358
Isodecyl methacrylate

activation parameter for propagation step, 11:520
Isodesmic polymerization mechanism, 13:442–444
Isodimorphism, 10:98
Isolated stress concentration

elastomer, damage created on the surface, 13:514
Isolated Zwitterions

intramolecular cation-anion reactions, 15:532
polymerization of, 15:530, 531
Quinuclidinium carboxylate, 15:531
sulfonium naphthoxide with quinuclidine, 15:531

Isoleucine
chemical structure, 15:186
composition in silk, 12:543
percentage composition in merino wool, 15:313

Isomerases, 5:222
Isomorphic monomers, 10:261, 262
Isophorone diamine

curing agent, 5:345
Isophorone diisocyanate (IPDI), 1:422
Isophthalate-modified PCT polymers, 4:217
Isophthalic acid (IPA), 1:487, 4:214, 7:568, 569

comonomer with diisocyanates, 7:254
polyarylates from, 10:351

Isophthaloyl chloride (ICL), 10:214
Isoprene (2-methyl-1,3-butadiene), 7:270

acetone-acetylene process, 7:282, 283
acid dimerization, 7:278
amine modification, anionic polymerization of, 7:312,

313
atactic polymer, 7:284
Bromination in different solvents, 7:276
butadiene copolymers, 7:332, 333
carbanions, 7:276
cationic polymerization, 7:313, 314
chemical properties, 7:273
coordinated catalytic addition, 7:278–280
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copolymers, 7:330–334
cycloaddition, 7:273
cyclopolyisoprene polymer, 7:285
Diels-Alder reaction, 7:273, 274
electrophilic addition, 7:275, 276
free-radical addition, 7:277
free-radical polymerization, 7:313
glass-transition temperature, 7:288, 289
health and safety factors, 7:336
hydrogen halide addition, 7:275
initiation, 7:309, 310
isobutylene copolymers, 7:330, 331
isobutylene-formaldehyde condensation, 7:282
isotactic polymers, 7:283
manufacture, 7:280–283
molecular-weight distribution, 7:287
naphtha cracking, by-product of, 7:280
natural hevea rubber, 7:285
nucleophilic addition, 7:276
organometallic catalysis, 7:279, 280
physical properties, 7:271, 272
polymer structure, 7:283–286
polymers, 7:270–337
propagation, 7:310
properties, 7:283–292
Propylene dimerization, 7:280, 281
stereospecific polymerization, 7:303
styrene copolymers, 7:331, 332
syndiotactic polymer, 7:284
tertiary amylenes, dehydrogenation of, 7:281, 282
thermal dimerization, 7:278
trans-1,4-polyisoprene, 7:284, 302
vapor pressure, 7:272

Isoprene polymers, 7:270–337
anionic copolymerization, 1:640
anionic polymerization, 1:628–635
in butyl rubber, 2:349, 350
chloroprene reactivity ratios, 3:47
entropy, enthalpy, and celing temperature for

polymerization, 15:420
first polymerization, 6:584
heat and entropy of polymerization, 14:97
metallocene-based polymerization, 8:125
monomer for rubber compounding, 12:204
polymerization, 2:350–352
purification, 2:356, 357
Ziegler-Natta polymerization, 15:518, 519

Isopropenylphosphonic acid polymers, 9:667, 668
Isopropyl alcohol

swelling of parylenes in, 15:436
1-Isopropyl cyclopentene, 8:160
N-isopropylacrylamide (NIPAM), 8:286, 352
Isopropylbiphenyl, 8:391
Isopropylidene-bridged C2-symmetric zirconocene,

13:116
Isoregic linkages, 11:518
trans-isotactic (trans-meso, tm), 8:163
Isotactic poly(1-butene), 2:332

P-V-T data, 14:79
Isotactic poly(methyl methacrylate) (iPMMA),

11:449
Isotactic poly(methyl methacrylate)

conformation of polymer chain in melt and in theta
solvent, 9:56

Isotactic polybutadiene, 2:301
Isotactic polyketones, 10:652
Isotactic polypropylene (iPP)

acoustic properties, 1:76
craze initiation, 5:713, 716
fractography, 5:732, 733
longitudinal acoustic mode, 14:584
metallocene-based stereoselective polymerization,

8:119–122
moderate barrier polymer, 2:49
polarized Raman spectra, 14:613
semicrystalline, 12:372–374, 379, 389, 391, 398
single crystals, 12:387
synthesis by Ziegler-Natta polymerization,

15:509–518
Isotactic polypropylene (iPP), 8:521, 11:351, 449

polymorphism, 11:356, 357
properties, 11:361–368
P-V-T data, 14:79
tacticity microstructures, 11:352

Isotactic polystyrene (iPS), 13:187
Isotactic polythionylphosphazene, 7:49
Isotactic PPO, 11:334, 335
Isotactic PVME (i-PVME), 13:656
Isotropic compression, 4:639
Isotropic microporous membranes, 7:746
Isotropic moldings, of polystyrene, 13:246
Isotropically conductive adhesives (ICA), 3:648–654

adhesive matrix, 3:648, 649
conduction mechanisms of, 3:652–654
conductive filler powders, 3:650, 651
contact resistance of, 3:666–669
corrosion inhibitors, 3:670
electrical resistivity of, 3:674
electrically conductive fillers, 3:649–652
filled with Ag-coated Cu flakes, 3:672–676
impurities, 3:669
low cost, 3:671–676
metal hydroxide or oxide formation, 3:667
organic corrosion inhibitors and, 3:675, 676
oxygen scavengers, 3:670
PAE-2 based, strength of, 3:663, 664
polymer matrices, 3:669, 670
resistivity of, 3:652
sacrificial anode, 3:670, 671
schematic illustration of, 3:647
surfactant-treated Ag nanoparticles and (table),

3:661
Istle, 14:495

dimensions of ultimate fibers and strands, 14:498
mechanical properties, 14:499
processing, 14:505

Iterative process, 6:506
Iterative tandem catalysis (ITC), 5:256
ITO-coated glass, 7:515
ITO. See Indium tin oxide (ITO)
IUPAC nomenclature, 9:73–86

formats for copolymers (table), 9:76
of copolymers (table), 9:75
source-based nomenclature (table), 9:73–77, 78–80
structure-based nomenclature, 9:77–86

IUPAC structural representation, 13:152–176
IUPAC. 11:1. See International Union of Pure and

Applied Chemistry (IUPAC)
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Iupilon, 10:354
Izod impact strength, of PS-PB rubber, 13:236, 237
Izod impact tester, 6:800–806, 13:773
Izod test, 2:749, 5:210

notched, 5:215
J-integral, 6:315, 316
Jamming, 6:367
Janus dendrimers, 4:304
Janus particles, 8:409, 411
Jarzynski’s equality, 13:77
Jet bending, 5:150
Jet radius, 5:149
JKR (Johnson, Kendall, Roberts) technique, 1:387
Johnson-K-R (JKR) model, of scratch behavior, 12:322
Joining, in ABS polymers, 1:333
Joint fracture energy, intrinsic adhesion and, 1:385–388
Joint strength, effect of interdiffusion on, 1:367–369
Joints

adhesive, 1:04, 00
fracture mechanics of, 1:388
strength of, 1:388–396

Joo’s model, 5:149
Junction fluctuations, 4:664
Junctions

entanglements as, 4:667, 668
functionality of, 4:655
in phantom network, 4:660

Jute, 14:495, 497
chemical composition, 14:498
dimensions of ultimate fibers and strands, 14:498
mechanical properties, 9:216, 14:500
processing, 14:502
textile-associated properties compared to polyester,

14:499
uses, 14:508
world production, 14:507

K-BKZ model, 15:105–139. See also
Bernstein-Kearsley-Zapas (BKZ) constitutive
equation

experimental predictions of, 15:121–127
history of, 15:120
for solid-like polymers, 15:147–153

1K (one-part) adhesives, 1:403
anaerobic, 1:419, 420
epoxy film, 1:417
paste, 1:417
urethane, 1:423, 424

K-resin block copolymers, 13:81–83
K-resins, 13:284, 199–202
K-TEMPO probes, 5:22–25
2K (two-part) adhesives, 1:403

epoxy, 1:417
non-aerobic acrylic, 1:420
urethane, 1:424, 425

Kahlbaum polymerized methyl acrylate, 1:195
Kambour model, of craze initiation, 15:486, 487
Kaminsky activator, in single-site catalysis,

5:560–562
Kanekaron, 1:251
Kaolin clay, 5:794

for rubber compounding, 12:221–223
Kaolinite

layered host structures exhibiting intercalation, 7:74
Kapitza resistance, 4:135, 136

Kapok, 14:495
chemical composition, 14:498
dimensions of ultimate fibers and strands, 14:498
mechanical properties, 14:499
processing, 14:506
uses, 14:508

Kappa numbers, 7:532
Kapton, 10:588
Kapton polyimide, 11:480, 481
Karakul wools, 15:338
Karate Zeon, 3:728
Kariet MC, 3:728
Kaufmann extruder, 3:394, 395
Kauzmann temperature, 1:452
Kelburon, 7:139
KELTROL-T, 15:361
Kelvin equation, 3:447
Kelvin-Voigt model

generalized, 15:84–86
of viscoelasticity, 15:82, 83

Kenaf, 14:495, 497
chemical composition, 14:498
dimensions of ultimate fibers and strands, 14:498
mechanical properties, 14:499
processing, 14:502, 503
uses, 14:508

Kepler’s conjecture, high solids polymer dispersions,
6:630

Keratan sulfate (KS), 5:235
Keratins

in wool, 15:312, 314, 315
Kerr effect, 5:93
KetaSpire polyetheretherketone (Solvay), 10:563
Ketimines, 3:340

coreactive curing agents for epoxies, 5:342
Ketoalcohol, photodegradable polystyrene and, 13:212
Ketone groups, in photodegradable polystyrene,

13:211–213
Ketone peroxide free-radical initiators, 6:852, 853
Ketones, phosgene reactions with, 9:626
KetonexTM, 10:659
Ketoprofen-loaded nanoparticles, 8:428
Kevlar-29, 6:382

carbon fibers produced from, 2:480
Kevlar, 6:702–705, 7:564, 10:222, 11:693, 694

carbon fibers produced from, 2:480
mechanical properties, 9:216
mechanical properties compared to silk and other

fibers, 12:547
NEXAFS spectra, 15:403
photodegradation, 4:283

Kevlar fibers, 4:129
Key and lock theory, enzymatic reactions, 5:222, 223
Kharasch reaction, 7:650
Kidney dialysis, 7:802
Kimwipes, 2:771
Kinetic chain length, 4:257, 5:170

average time of growth, correlation with, 5:171
zip length, 6:46

Kinetic incompatibility, 1:240
Kinetic modeling

of flaming combustion, 6:37
in mesophase, 6:42–51
of polymer thermal degradation, 6:43
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Kinetic models, 8:549
Kinetic theory of fracture, 6:330
Kinetically controlled chain folding, 2:203
Kinetics of radical polymerization, 7:349–419

bulk and solution polymerization reactors, 2:288
carbocationic polymerization, 2:402–410
cationic photopolymerization, 9:706–714
composite material curing, 3:522–526
crystallization, 4:167–196
fast reaction, 4:56
free radical photopolymerization, 9:732–741
heterophase polymerization, 6:599, 600, 607–616
latex manufacture, 7:463–466
LDPE, 5:526
microemulsion polymerization, 8:368–374
in PVC production, 14:735, 736
radical polymerization, 11:553–560
thermoset curing, 14:181–186

Kinin system, 2:153
Kink bands, 12:87–89
Kink pair, 15:466
Kirkwood-Fröhlich factor, 4:484
Kiss coaters, 3:274
Klason lignin contents, 7:531, 532
Knauss-Emri model, of solid-like polymers, 15:160
Kneading blocks, 3:558
Knife coating, 3:270–273
Knife over roll coating, 5:689, 690
Knit line, fractured, 6:295
Knitted fabrics, 5:682
Knoop test, 6:556
Knot tenacity, of a fiber, 10:240, 241
Knox out 2FM, 3:728
Kodel II, 10:517
Koelsch’s radical, 11:579
Kohlraush-Williams-Watts (KWW) function, 1:464, 555,

585
and composite material relaxation, 3:533
and dielectric relaxation, 4:483

Kohn-Sham theory, unrestricted, 3:612, 613
KORRIGAN, 2:572, 573
Kovacs-Aklonis-Hutchinson-Ramos (KAHR) model,

1:473
of solid-like polymers, 15:159

Kraft black liquors, compositions of, 7:543
Kraft lignins, 7:536, 538, 542–544

applications of, 7:544
properties of, 7:543

Kramers-Kronig relations, 1:69
Kraton IPN, 7:139
Kraton rubber, 8:496, 13:283
Kuhn-Grün theory, 4:655
Kuhn-Roth procedure, 7:534
Kynol, 9:618
L-glutamic acid diethyl ester (GADE), 5:262
Labeling, in-mold, 2:255
Labels

polyester film application, 10:509
pressure-sensitive adhesives in, 11:291

Laccaes enzymes, 4:32
Laccase-mediator system (LMS), 5:277
Lacquers

cellulose acetate applications, 2:638, 640

Lactide, 5:248
ring opening polymerization, 12:137, 138

Lactone stabilizers, 13:24, 26
Lactones

anionic polymerization, 1:624, 625
as antioxidants, 13:13
metallocene-based polymerization, 8:130, 131
monomer reactivity, carbanion stability, and suitable

initiators for anionic polymerization, 1:602
ring opening polymerization, 12:137, 138
telechelic polymers, 13:710–712

Ladder polymers
structural representation, 13:173

Ladder polysilanes, 11:149
Lake-Thomas analysis, of adhesion, 1:386
Lame constants, 1:63, 15:80, 82
Lamellar structure, of inorganic-reinforced styrene

polymers, 13:205, 206
Lamellar surfaces, 8:717, 718
Laminaran, 15:191
Laminate formulations, 3:726, 727
Laminated glass

vinyl acetal polymers, 14:645, 646
Laminated strand lumber, 15:298

characteristics and applications, 15:284
Laminated veneer lumber, 15:298, 299

characteristics and applications, 15:284
Laminates

imaging vibrational spectroscopy, 14:599–607
phenolic resin applications, 9:610, 611

Laminating resins, 1:526, 527
Lamination, 9:471

extrusion, 5:637, 638
PVDF, 15:70
rigid polyurethane, 2:551
of styrene polymer films, 13:247

Lamination coating, 5:688, 688
Laminations, types, 9:472
Lamp blacks

surface area, DBP number, and applications, 2:458
Lampblack, 2:427
Lampblack process, 2:450
Land region, 5:669
Landau-Ginzburg approach, 2:194
Landau-Placzek ratio, 1:553
Landfills

biodegradable polymers and plastics in, 4:239–248
degradation processes in, 4:241–243
trash composition, 4:240, 241

Landfills, polystyrene in, 13:209, 211
Landscaping

spunbonded fabric applications, 9:207
Langevin distribution, inverse, 4:648, 649
Langevin equations, 9:789, 13:78
Langevin methods (molecular modeling), 8:599
Langmuir-Blodgett films, 7:424–435

AFM imaging and, 1:761–763
applications, 7:433–435
film characterization, 7:432, 433
film-forming molecules and polymers, 7:426–428
monolayer formation, 7:428–430
vibrational spectroscopy, 14:615, 618

Langmuir-Blodgett-Kuhn films, 7:425
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Langmuir-Blodgett trough, 7:425, 426
Langmuir film balance, 7:426
Langmuir isotherm, 1:281
Langmuir monolayers, 7:424

formation, 7:428–430
Lanthanide-containing polymers, 7:60
Lanthanoecenes, 8:101
Lap shear, 1:389, 390
Laplace transforms, 15:89–91
Laplace-Young equation, 5:756
Large-angle beam steering, 5:109, 110
Large gas burner turbulent diffusion flame, 6:84
Large scale calorimeters, 6:95–97
Laser-assisted magnetron sputtering method, 13:417
Laser Doppler anemometry

drag studies, 4:538
Laser fusion targets

xylylene polymer applications, 15:442, 443
Laser light scattering (LLS), 7:437–455

combining static and dynamic, 7:442–447
dynamic, 7:439–442
practice of, 7:447–452
static, 7:438, 439

Laser photometer, 6:93, 94
Laser spot deflection, 1:751
Laser ultrasonics

for acoustic measurements, 1:99
Latent heat of gastification, of polymers, 6:51–53
Latent Lewis acidity, 8:86
Lateral contraction ratios

composite materials, 3:546
Lateral groups, LCP melting points and, 7:570, 571
Latex, 3:320, 321. See also Heterophase polymerization

AFM imaging of, 1:777
anionic and nonionic compared (table), 3:73
applications, 7:462, 463
chloroprene polymers, 3:71–75
compounding of polychloroprene, 3:74, 75
development of artificial, 6:585, 586
heterophase polymerization product, 6:585
manufacture, 7:463–473
polymer interpenetrating networks, 7:131, 132
properties, 7:459–462
reactive group combinations for cross-linking, 6:660
stabilization of polychloroprene, 3:72–75

Latex adhesives, 7:462
Latex application, on polypropylene multifilaments,

13:37
Latex foam rubber, 2:512

manufacture, 2:524
physical properties of commercial, 2:528

Latex particles, 5:165, 165, 167, 177
monomer concentrations, 5:172, 178, 178
morphology, 5:183, 184

Latex technology, 7:457–473
applications, 7:462, 463
manufacture, 7:463–473
properties, 7:459–462

Lattice hardening chemical reactions, 5:103, 104
Lattice model

for coagulant diffusion, 8:557
Lauroyl peroxide

chain-transfer constant, 14:667

Lavender, 4:208, 209
Layer-by-layer (LbL) technique, 8:420
Layer-by-layer assembly, of nanocomposites, 8:735–745
Layered nanocomposites, 7:72, 73
Layered structure, of inorganic-reinforced styrene

polymers, 13:205
LB film. See Langmuir-Blodgett (LB) film techniques
LbL-employing inorganic nanoparticles, 13:431
LC building blocks, 7:551, 552

cholesterol, 7:552
cholesteryl moieties, 7:552
polypeptide, 7:552
side-chain cholesteryl mesogens, 7:552, 553

LC-homopolysiloxane, 5:761
LC-MS. See Liquid chromatography-mass spectroscopy

(LC-MS)
LCBCP, nanolithography, 7:558
LCD window, 9:766
LCE balloons, 5:756
LCE. See Liquid crystalline elastomers
LCST-poly(N-isopropylacrylamide) (PNIPAM), 14:391
LCSTs. See Lower critical solution temperatures

(LCSTs)
LD blends. See Low density copolymer resins
LD signals, of polymer, 5:41
LD. See Linear dichroism (LD)
LDPE comonomers, 5:516–518

reactivity ratios for, 5:523, 524
LDPE composition, 5:545, 546
LDPE copolymers, 5:516–518
LDPE homopolymer, 5:516
LDPE ionomers, 5:518
LDPE kinetics, 5:526
LDPE melt index, 5:531
LDPE monomer, 5:515
LDPE polymerization, peroxide initiators for, 5:522
LDPE production, rate-limiting factor in, 5:519
LDPE properties, effect of molecular weight on, 5:532
LDPE. See Low density polyethylene (LDPE)
Leachability, of stabilizers and antioxidants, 13:20
Leaching pads, 5:509
Lead-acid battery expanders, lignosulfonate, 7:542
Lead-based stabilizers, 6:563
Lead chromate pigments, 3:472
Lead compounds, 1:356
Lead molybdate pigments, 3:472
Lead oxide, 11:169
Lead stabilizers, 6:580–583

application of, 6:581, 582
commercial stabilizers, 6:581
health and safety aspects, 6:582, 583
pricing of, 6:582
stabilization mechanism, 6:580, 581
synthesis of, 6:581

Lead stain phenomenon, 6:58
Leaf fibers, 14:494

processing, 14:504–506
Leap-frog numerical integration methods, 8:587
Leather, 7:478–492

acidic chrome-tanned, split, and shaved stock, 7:489
air-drying, 7:490
Aldehyde tannage, 7:488
by-products, 7:492
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chemical composition, 480
coatings, 7:490, 491
Collagen (qv), 7:480
color, retanning, and fat-liquoring (CRF), 7:488, 489
drying, 7:490. See also Drying
dyeing, 7:489, 490
dyestuffs, 7:489, 490
economics and applications, 7:506
elastic flow, 7:478
fat-liquoring, 7:489
finishing, 7:490–492
glutaraldehyde, 7:488
latex coatings, 7:491
latex polymers, 7:491
manufacture and processing, 7:483–492
microstructure, 7:480–483
mineral tannage, 7:488
Nitrocellulose or vinyl chloride copolymer lacquers,

7:491
oil tannage, 7:488
physical properties, 7:478
physical properties, 7:505
plastic flow, 7:478
polyurethanes, 7:491
posttreatment, 7:488, 489
raw materials, 7:479, 480
retanning materials, 7:489
syntans, 7:488
synthetic retanning agents, 7:489
uniformity, 7:492
vacuum drying, 7:490
vegetable retanning agents, 7:489
water vapour, transmission of, 7:478, 479
water-vapor permeability, 7:504

Leather goods-use of coated fabrics, 5:692
Leather-polymer composites, 7:492
Leather, manufacture and processing, 7:483–492

chrome tanning, 7:484–486
hair-save process, 7:484
hides, 7:483
salt-cured hides, 7:483
soaking stage, 7:483
tanned hides, 7:484, 485
vegetable tanning, 7:486, 487
vegetable-tanned leather, 7:486

Leatherlike materials, 7:496–506
carrier materials, 7:497
carrier-free foam, 7:497
coated fabrics, 7:497
coated fabrics, properties of, 7:504
direct-coating method, 7:499
film synthetic leathers, 7:496
finishing, 7:503
knit fabrics, properties of, 7:504
leather substitutes, 7:497
manufacture, 7:498–502
microfiber nonwovens, 7:497
physical properties, 7:505
polyisocyanate, 7:500
poromerics technology, 7:498
Poromerics, 7:497
properties, 7:504–506
raw materials, 7:497

Urethane-coated fabrics, 7:497, 498
vinyl-coated fabrics, 7:497
wet method manufacture, 7:500
woven fabric substrates, properties of, 7:504
woven fabrics, 7:497

Leatherlike suedes, 7:503
Leathermaking, 7:480

collagen, 7:482, 483
elastin, 7:480
fibrils, 7:483
keratin, 7:480
mammalian skins, 7:480
myosin, 7:480
pigskin, 7:480–482

LED devices, from rigid-rod polymers, 12:96
LEDs. See Light-emitting diodes (LEDs)
LeRoy mixer, 5:663
Leucine

chemical structure, 15:186
composition in silk, 12:543
percentage composition in merino wool, 15:313

Leuko-polymersomes, 2:129
biodegradable, 2:105

Levelling acid dyes, 15:332
Lewis acid catalysts, 5:87
Lewis acids, 1:286–288, 2:725, 7:49

carbocationic polymerization, 2:395–397
carbon dioxide as, 4:48
catalytic curing agents for epoxies, 5:360, 361
Latent Lewis acidity, 8:86

Lewis bases, 7:573
catalytic curing agents for epoxies, 5:358–360
effect on anionic polymerization, 1:613

Lexan, 10:354
stress-strain behavior, 6:814

Life cycle assessment, 2:73
and plastics recycling, 11:674, 675

Lifshitz point, 2:208, 9:572
Ligand-based catalysts, 5:564
Ligases, 5:222
Light duty vehicles, 1:788
Light-emitting diodes (LEDs), 7:508–523, 8:356. See

also LED
device structure and operating principle, 7:509, 510
efficiency of, 7:510–513
electrically active polymers for, 4:766, 767
materials in, 7:513–520
polysilanes, 11:161
polymers in, 7:508, 509
technological exploitation of, 7:520–522

Light-emitting electrochemical cells
electrically active polymers for, 4:766, 767

Light-emitting F8TBT transistors, 12:648
Light-harvesting dendrimers, 4:308, 309
Light-induced polymerization reactions, 9:695
Light intensity

cationic photopolymerization, 9:712
Light reflectance fibers, 10:522, 523
Light-responsive micelles, 8:284–286
Light-responsive polymer micelles, 8:285
Light scattering techniques, 14:563

amorphous polymers, 1:548–556
for molecular weight determination, 13:763
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Light scattering, 2:201. See also Laser light scattering
for average molar mass determination, 2:741
colloids, 3:442
for investigating micromechanical properties, 8:474
in polyacrylamide analysis, 1:142, 143
for weight-average molecular weight determination,

8:669
Light stability, of colorants, 3:469
Light stabilizers, 1:356–358, 13:1, 2
Light transmission, through amorphous and crystalline

polymers, 5:202
Lightweight concrete, 13:257
Lignified materials, lignin content of, 7:531, 532
Lignified wood, 7:526
Lignin, 7:525–545

absorptivity values of, 7:533
in adhesives, 1:429
analytical methods for, 7:530–536
carboxyl contents of, 7:535
cellulose in, 2:566, 568
characterization of, 7:532–534
content determination, 7:531, 532
conversion of cyclic to acyclic structures in, 7:529
described, 7:525, 526
detection of, 7:530
for environmentally degradable plastics, 2:94
functional group analysis for, 7:534–536
hardwood, 7:526, 529
hydroxyl content of, 7:535
industrial, 7:538–545
interunitary linkages in, 7:529
laboratory-prepared, 7:545
manufacturers of, 7:539
normal softwood, 7:526, 529
organosolv pulping, 7:544, 545
properties of, 7:536–538
structure and reactions of, 7:526–530
sulfonate content of, 7:536
as wood adhesive, 15:290–292

Lignin technology, 7:541
Lignosulfonates, 7:539–542

properties of, 7:543
toxicology of, 7:544
uses for, 7:542

Lignum, 7:525
Limestone, 5:793
“Limited extensibility”, 9:9
Limited Oxygen Index (LOI) test, 1:231, 2:755, 5:204

vs. HRC, 6:80, 81
selected fibers (table), 1:232
test, 6:67, 68, 87, 90, 91, 92

Line zone model, 6:310, 311
Linear ABA-type triblock copolymers, 7:319
Linear amorphous polymers, 13:830
Linear block copolymers, 2:190

as shape-memory polymers, 12:412
Linear combination of atomic orbitals (LCAO) scheme,

3:597–601
contracted Gaussians, 3:598
diffuse functions, 3:600
double zeta, triple zeta, and quadruple zeta basis

sets, 3:599
Dunning basis sets, 3:600, 601

effective core potentials, 3:600
polarization functions, 3:599, 600
Pople basis sets, 3:600
primitive Gaussians, 3:598
split-valence basis sets, 3:599

Linear density (tex), of a fiber, 10:240
Linear dichroism (LD), 5:39, 40

absorption spectroscopy, 5:40, 41
of cytoskeletal proteins, 5:57, 58
to determine polymer bending, stiffening, and

relaxation, 5:60
of DNA, 5:54–56
of DNA-bound ligands, 5:56, 57
to follow kinetic processes, 5:58–60
polymer, 5:47–49
polymer films, molecules embedded in, 5:51–54
reduced, 5:53, 55, 56
spectral analysis, 5:51–54
for structure analysis, 5:54–56

Linear elastic fracture mechanics, 6:300–309
Linear-flow reactor, 1:295
Linear low density polyethylene (LLDPE), 5:515–517,

543–580. See also LLDPE
moderate barrier polymer, 2:46, 47
permeability, 2:26
recycling, 11:658–674
analytical and test methods for, 5:574–577
applications for, 5:577–580
blow molding of, 5:579
blown film mechanical properties for, 5:553
catalysts for production of, 5:557–564
chemical properties of, 5:548
compositional uniformity of, 5:575, 576
crystallinity of, 5:469
degradation processes in landfills, 4:245
described, 5:543
economic aspects of, 5:571–574
film applications for, 5:577–579
health and safety for, 5:577
history of, 5:543
hyperbranching in, 6:795
injection molding of, 5:579
low pressure manufacturing processes for, 5:564–567
market comparison for, 5:529
mechanical properties of, 5:552–556, 576
molecular orientation of, 5:556
molecular structure and properties of, 5:544–552
molecular weight of, 5:546–548
physical properties of, 5:549–552
processing of, 5:567–571
rotational molding of, 5:571, 579
shear thinning and strain hardening of, 5:526, 527
shipment and specification for, 5:574
structure and composition of, 5:575
synthesis of, 5:468
viscosity behavior of, 5:527

Linear polyacrylamides, in solution, 1:122
Linear polymers, 5:468

anionic and cationic polymerization, 3:202, 203
atom transfer radical polymerization, 3:195–197
click reactions on, 3:194, 195
melting transition, acoustic properties as probe of,

1:81
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NMP methods, 3:198, 199
polyaddition and polycondensation, 3:203, 204
P-V-T data, 14:79
RAFT, 3:199–201
ROMP and ROP, 3:201, 202
semicrystalline, 12:402
viscosity and, 5:533

Linear strain, 12:4
Linear thermal expansivity, 14:5–7, 25

polymer properties, 14:35, 36
Linear units, in hyperbranched polymers, 6:790
Linear variable differential transducers (LVDT), 4:526,

527, 14:25
Linear viscoelasticity, 15:77–81, 92–104

constitutive law for, 15:86–89
theory of, 15:86–91

Liners, 9:477
Liners, trash, 9:477
Linkages, in lignin molecules, 7:529. See also

Cross-linking
Linoleum, use in floor coatings, 6:124, 125
Linseed oil epoxy

viscosity, 5:325
Lipase (triacylglycerol acylhydrolase), 5:237
Lipase, 5:260

ring opening polymerization by, 12:150, 151
Lipase CA (CALB), 5:240, 241
Lipase-polystyrene conjugates, 11:440
Lipid domains, photopolymerization of, 14:551
Lipid-free synthetase, 14:552, 553
Lipid membrane disruption properties, 8:186
Lipid monolayers, 4:452
Lipid vesicles

bilayers of, 14:545
pharmaceutical applications, 14:542

Lipids, 14:511
Lipophilic ketoprofen, 8:428
Liposome, 14:511
Liposomes, 2:125
Liqiuid membranes, 7:747
Liquid aerosol, 3:437
Liquid butyl rubber, 2:353
Liquid chromatography-mass spectroscopy (LC-MS),

13:757
Liquid contact media, antioxidants and stabilizers and,

13:20
Liquid crystal formation, 11:698
Liquid crystal polymer

melting temperature, 10:69
Liquid crystal polymers

free radical photopolymerization, 9:731
Liquid crystal-induced CD (LCICD), 12:672, 673
Liquid crystalline block copolymers(LCBCP),

7:549–560
ABA triblock copolymer, 7:550
artificial muscles, 7:558
bottom-up” self-assembly, 7:558
coil-coil AB type BCPs, 7:550
ferroelectric LC mesogens, 7:558
LC building blocks, 7:551, 552
LC ordering, 7:550, 551
liquid crystalline (LC) structures, 7:549
Lyotropic LC phase, 7:550, 551

mesogens, ordering of, 7:551
mesomorphous morphology, 7:551
photolithography, 7:549
self-assembling “bottom-up” strategy, 7:558
thermotropic LC phase, 7:551
top-down” lithography, 7:558

Liquid crystalline elastomers (LCE), 5:749–751
preparation options, 5:749, 750

Liquid-crystalline elastomers
introduction, 9:28, 29
main-chain elastomers, 9:29
rigid-rod networks, 9:29
cholesteric phases, 9:29
nematic phases, 9:29
smectic liquid-crystalline phases, 9:29
side-chain, 9:29, 30

Liquid crystalline hydrogels
thermochromic, 14:39, 40

Liquid crystalline polymers, 7:564–575, 9:786
Liquid crystalline polymers (LCPs), mesophase

transitions, 14:285
AFM imaging of, 1:770, 771
applications of, 7:574, 575
cellulose, 2:591, 592
crystallization of, 7:572
dielectric spectroscopy, 4:488
high barrier polymers, 2:41
high performance fibers, 6:698–701
main-chain, 7:564–575
modification of, 7:567
morphology and microstructure of, 7:573, 574
rheology and blends for, 7:574
surface energy of main-chain, 7:573
synthesis of, 7:565–571
textures of, 7:567
thermal characterization methods, 2:745, 746
thermal stability and degradation of, 7:571, 572
thermochromic, 14:39
vibrational spectroscopy, 14:615, 616

Liquid crystals, 9:761
alignment, 9:761

Liquid epoxy resins, 5:300–305
average U.S. price, 5:299

Liquid-expanded phase
Langmuir-Blodgett films, 7:429

Liquid-injection molding
phenolic resin applications, 9:616

Liquid injection molding, 7:10
Liquid-liquid dispersions, 13:610
Liquid-liquid reactions, 8:319
Liquid membranes, 7:765
Liquid multicomponent systems

thermodynamic properties, 14:85–90
Liquid polysulfide polymers, properties of (table),

11:170
Liquid polysulfides

effect as flexibilizer, 5:383
Liquid silicone rubber, 12:500
Liquid-solid elution chromatography, 7:287
Liquid surface tension, 1:372
Liquid surfaces, 1:363, 364
Liquids

dispersion methods for, 3:493, 494
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heat capacity, 14:62–75
mixing, 3:493

Lithapones, 3:472
Lithium (Li)-ion polymer batteries, 7:234, 235
Lithium

in styrene polymerization, 13:225
Lithium niobate, 5:93, 103, 113
Litho-etch-litho-etch, 7:610
Litho-freeze-litho-etch, 7:610
Lithographic resists, 7:579–619

chemically amplified resists, 7:585–590
dissolution in aqueous base, 7:597–599
DNQ-novolac, 7:584
essential attributes of, 7:580, 581
film transparency and energy absorption, 7:594–597
image blur in CA resists, 7:603, 604
image collapse, 7:605–607
inorganic and composite resists, 7:613, 614
limits of extendibility for, 7:603–608
line-edge roughness, 7:604, 605
lithographic exposure technology, evolution of,

7:582–584
modern, 7:584–594
nanoimprint lithography, 7:614–616
negative acting, 7:579
negative-tone development processes, 7:608, 609
pattern doubling, 7:609–613
photoacid generators, 7:590–594
physics of image formation, 7:581, 582
plasma etch resistance, 7:597
positive acting, 7:579
postexposure bake temperature control, 7:600, 601
processing delay time effects, 7:601–603
radiation sensitivity, 7:607, 608
self-assembly, 7:616–619
substrate and interfacial effects, 7:599, 600
tool contamination due to film components, 7:599

Lithography, 6:515–517, 7:579
tissue engineering application, 14:235

Lithol red, manufacture of, 3:475
Living anionic polymerization, 1:596, 597, 7:201
Living carbocationic polymerization, 2:392, 413–416
Living free radical photopolymerization, 9:740
Living free-radical polymerization

nanocomposites from, 13:206
of styrene, 13:227–233

Living polymerization of olefins, 12:579–581
Living polymerization, 2:726, 7:625, 626. See also

Anionic polymerization
defined, 13:227
metallocene-based, 8:115

Living polymers, 7:625–644
ABC triblock copolymers, 7:633
Anionic polymerization, 7:626, 627
applications, 7:631–645
atom transfer radical polymerization (ATRP), 7:628
BAB-type block copolymers, 7:633
block copolymers synthesis, 7:631–636
block copolymers, applications in, 7:634
carbon nanostructures, functionalization of,

7:641–644
cationic polymerization, 7:627–630
complex polymer architectures, 7:638–640
end-functionalized polymers, synthesis of, 7:636–638

glass-sealed reactors, 7:626
inorganic nanoparticles, surface functionalization of,

7:641
macromonomers, homopolymerization of, 7:637
macromonomers, synthesis of, 7:637, 638
polymacromonomers, 7:637, 638
reversible addition fragmentation transfer

polymerization (RAFT), 7:628
reversible chain transfer agent (CTA), 7:628, 629
surface modification, 7:640–642

Living radical copolymerization, 3:786–800
Living radical polymerization (LRP), 2:191, 192, 7:627,

648–668, 13:681–689
of acrylonitrile, 1:287
advanced architectures, 7:661–666
atom transfer radical polymerization, 7:653–656
combined mechanisms, 7:666, 667
in emulsions, 7:667, 668
nitroxide-mediated polymerization, 7:651–653
reversible addition-fragmentation chain transfer,

7:657, 658
scope and limitations, 7:658–661

Living ring opening polymerization
catalyzed by organometallics, 12:139–150

Living/controlled polymerization methods, 3:194, 195
LLDPE blow molding, 5:571
LLDPE blown film extrusion, 5:569, 570
LLDPE capacity, global, 5:573
LLDPE chain structure, 5:544
LLDPE comonomer, 5:544
LLDPE composition, 5:545, 546
LLDPE extrusion temperatures, 5:569
LLDPE extrusion, 5:571
LLDPE film extrusion, 5:569, 570
LLDPE films, 5:556
LLDPE injection molding, 5:570
LLDPE manufacturing, 5:564–567
LLDPE processing, 5:567–571
LLDPE production costs, 5:572
LLDPE production, catalysts for, 5:557–564
LLDPE resins, super-hexene, 5:556
LLDPE rheology, 5:567–569
LLDPE rotational molding, 5:571
LLDPE. See Linear low density polyethylene (LLDPE)
LLS. See Laser light scattering (LLS)
Load cell, 6:93
Load fracture, 6:284–289
Loading

fillers, 5:787
Loading modes, 6:306
Loading rate

effect on fracture mode, 6:326
effect on thermoplastic polymers, 6:324
effect on toughness, 6:327

Loading state, 6:306
Local chain motions

molecular modeling, 8:614–616
Local plastic deformation, 6:331, 8:477, 478
Local segmental anisotropy, 9:263
Local stresses, magnitude of, 6:306
Locard’s Exchange Principle, 6:174
Lock and key selectivity

and molecular self-assembly, 8:639, 648
Lodge-Meissner relationship, 15:137
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Loeb-Sourirajan asymmetric membranes, 7:746, 759,
784

Loeb-Sourirajan membrane casting machine, 7:745,
752, 757, 759, 779

Loeb-Sourirajan membranes, 5:829, 834
Loeb-Sourirajan process, 5:834

polymer membrane, precipitation of, 5:838, 839
Loeb-Sourirajan reverse osmosis membranes, 7:759
Loeb-Sourirajan ultrafiltration membrane, 7:757
“Log CLD” approach, 7:363
Log-normal distribution function, 8:662
Logarithmic normal polymer distribution, 2:739
London dispersion forces, 8:640
London forces, release agents and, 11:703, 704
Long-chain alkyl derivatives, as release agents, 11:700,

702
Long-chain branching

bushy, 5:519
of LDPE, 5:517, 524, 532, 533
metallocene-based polymerization, 8:115, 116
in styrene polymerization, 13:192, 193

Long-chain fatty alcohols, acids, and esters, 1:667
Long-fiber reinforced PPS composites, 10:137
Long fibers, 11:683–685
Long flow carbon blacks

surface area, DBP number, and applications,
2:458

Long glass fiber reinforced thermoplastics (LFRT),
1:802

Long oil alkyds, 1:480
Long oil varnishes, 1:480
Long-staple ring-spinning, 15:322
Long-term thermal stabilizers, 13:28–30
Longitudinal acoustic mode, vibrational spectroscopy,

13:758, 14:583–590
Longitudinal sound speed, 1:63
Longitudinal waves

acoustic, 1:62
Loop reactors, 5:189, 191
Loop tenacity, of a fiber, 10:240, 241
Lorenz-Lorentz theory, 9:391
Loss factor

dielectric property, 4:479
and sound absorption, 1:62, 68

Loss index
Cole-Cole circular plot of, 4:718
definition, 4:738
at different temperatures, 4:720
frequency-temperature contours of, 4:727
polar polymers and, 4:715, 716
of poly(vinyl acetate), 4:726
relative, 4:678

Loss modulus, 3:306
Loss tangent, 3:306, 15:99

and sound absorption, 1:62
Low activity vapors

transport in amorphous rubbery polymers,
14:298–301

transport in semicrystalline and cross-linked rubbery
polymers, 14:323–329

Low-angle light scattering
for molecular weight determination, 13:763

Low color carbon blacks
surface area, DBP number, and applications, 2:458

Low cycle fatigue regime, 5:698–701
Low density copolymer resins, 5:538
Low density polyethylene (LDPE), 2:215, 216, 4:47,

5:484, 486, 515–541. See also Ethylene polymers
degradation processes in landfills, 4:245
analytical and test methods for, 5:531–533
antagonistic and synergistic effects on photostability

of, 13:43, 44
density of, 5:532
described, 5:515
economic aspects of, 5:528–530
environmental impact of, 5:534, 535
extrusion coating from, 5:539
fatigue crack propagation, 5:722
film properties, 5:806
food contact with, 5:534
gas diffusion in, 8:305
gel level of, 5:533
health and safety factors for, 5:534, 535
high pressure synthesis, 4:47
impact resistance improvement, 6:831
lignin filler, 2:94
manufacturers of, 5:530
market comparison for, 5:529
melt stabilization of, 13:21, 22
mixed waste streams, 11:668
moderate barrier polymer, 2:46
monomer and comonomers for, 5:515, 516
permeability, 2:12, 26
permeability prediction, 2:32
photodegradation of, 13:35
photo-oxidation of, 13:10
polymerization mechanism for, 5:521–526
polymerization reactors for, 5:518–521
processing of, 5:527–529
properties of, 5:516–518
properties of barrier, 2:34
recycling, 11:658–674
sound speeds, 1:86
specifications and standards for, 5:530, 531
supply/demand for, 5:530
synthesis by Ziegler-Natta polymerization, 15:508,

509
thermoforming, 14:126
uses for, 5:535–541
viscosity behavior of, 5:527

Low-density polyethylene (LDPE), 4:91, 9:485
solid-state extrusion, 12:693

Low density polyethylene
melting temperature, 10:69

Low density polyethylene, cellular
commercial products and processes, 2:557, 558
decompression expansion processes, 2:521

Low density, high pressure polyethylene
flash devolatilization application, 6:100

Low fiber volume fraction, strength of composites with,
11:684

Low frequency techniques
for acoustic measurements, 1:100

Low melt fibers, 10:521
Low molecular weight liquid crystals (LMWLCs), liquid

crystallinity of, 7:564
Low-molecular-weight organogelators (LMWGs),

13:450, 451
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Low molecular weight polyacrylamides (LMPAM),
commercial preparation of, 1:136

Low orientation yarns, 10:250
Low pill fibers, 10:518
Low pressure catalytic process, 5:486
Low pressure manufacturing processes, LLDPE,

5:564–567
Low pressure polymerization, 5:468
Low radical fluxes, 5:192–194
Low shear mixing, of colorants, 3:492, 493
Low solids solvent-borne epoxy coatings, 5:386
Low speed spinning, 10:527, 529
Low temperature relaxation transition, 14:283
Low temperature resistance, of acrylic elastomers,

1:181, 182
Low temperature solution polymerization

MPDI preparation via, 10:221
PPTA preparation via, 10:223

Low thermal stability aromatic polymers, with high
SEA, 6:83

Low vinyl polybutadiene, 2:315
Low-voltage scanning electron microscopes, 6:284
Low wet modulus rayon, 2:676
Lower critical solution (LCS), 8:535
Lower critical solution temperature (LCST), 2:780,

4:363–370, 8:535, 9:564–566, 14:90. See also
Dendronized

Lower flammability limit (LFL), 6:40, 41
Lowest unoccupied molecular orbital (LUMO), 12:627
Lubricants, 1:358, 359

antioxidant applications, 1:714, 716
for easy-flow polystyrenes, 13:186
nylon, 10:283
poly(vinyl chloride), 14:756
and scratch behavior, 12:332, 333
silicone application, 12:465
test methods, 13:760
wool processing, 15:321
xylylene polymer applications, 15:444

Lubricants, in plastics compounding, 3:551
Lubrication efficiency, fluid/polymer adhesion, 13:518
Lubrication theory, of plasticizer action, 10:43
Lumber, 15:281
Lumbert, 3:728
Luminescence

characterization methods, 2:753, 754
Luminous power efficiency, 7:513
Lupron Depot, 3:754, 755
Lustig-Shay-Caruthers model, of solid-like polymers,

15:152, 161–163
Lutradur

physical properties, 9:181
LVDT-based instruments, 13:823, 824
Lyases, 5:222
Lygerum

species with fiber potential, 14:497
Lyocell process, 2:692–694

applications, 2:686, 694–697
environmental issues, 2:701, 702

Lyophilic colloids, 3:436, 440, 448, 449
Lyotropic liquid crystalline aramides, 7:65
Lysine

chemical structure, 15:186

composition in silk, 12:543
percentage composition in merino wool, 15:313

Lysine (2-chlorobenzyloxycarbonyl protected), 11:69
Lysine (4,4-dimethyl-2,6-dioxocyclohex-1-ylidene

protected), 11:75
Lysine (allyloxycarbonyl protected), 11:75
Lysine (tert-butyloxycarbonyl protected), 11:73
M3EH-PPV:CN-ether-PPV polymer blend devices,

12:647
mABA. See m-Acetoxybenzoic acid (mABA)
MABS. See Methacrylate acrylonitrile butadiene

styrene (MABS)
MAC. See Methacryloyloxyethyltrimethylammonium

chloride (MAETAC)
Mach Zehnder modulator, 5:108, 109
Machine direction

of polyethylene films, 5:553
Machine technology, 3:551, 555

internal mixers, 3:557, 562
mixing and metering units, 3:555, 557
other machines, 3:563
twin-screw extruders, 3:557, 560

Macro-RAFT agent (table), 11:727, 735, 736
Macrocapsules, 8:376, 395
Macrocrazes, 8:488, 489
Macrocycle, 7:674, 11:119
Macrocyclic aramid oligomers, 7:688, 689
Macrocyclic aramids (aryl aryl amides), 7:689
Macrocyclic arylates, 7:687, 688
Macrocyclic polymers, 7:674–690

critical monomer concentration (CMC), 7:676
cyclization techniques, 7:675–678
cyclization, probability of, 7:676
end-to-end cyclization reactions, 7:677
end-to-end cyclization, 7:677
Gaussian statistics, 7:676, 677
Intramolecular polycondensation, 7:677
Jacobsen-Stockmayer theory, 7:676
reversible transesterification, 7:675
ring-chain equilibration, 7:675

Macrocyclic polythioethers, 13:291–293
Macrodefect-free (MDF) cement, 2:711, 713
Macroheterobicyclic compounds, 7:305
Macroinitiator, 2:192
Macromers, 13:724, 725
Macromolecular dyes, 4:579–604

addition polymerization routes, 4:581, 582
alternating-copolymerization, 4:582
applications, 4:604
biologically derived polymeric colorants, 4:584
chronological development of, 4:592–603
classifications of, 4:580
health, safety and environmental impact of, 4:591,

604
pendent coloring groups, 4:582–584
polymerizable dyes, 4:585–591. See also

Polymerizable dyes
synthesis strategies, 4:580–585
totally chromophoric macromolecular dyes, 4:584,

585
Macromolecular structure, of polymers, 10:239
Macromonomer method, of graft copolymers synthesis,

6:468, 488–505
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Macromonomer RAFT agents, 11:710
Macromonomers, 13:724–729
Macrophase separation, 2:206
Macroporous anion exchangers, 7:158, 159
Macroporous-type polystyrenes, 11:21–24
Macroscale batch reactions, 8:345
Macroscale reactors, 8:320
Macroscopic analysis, of fractures, 6:282
MADIX (macromolecular design via interchange of

xanthates), 7:650
MAETAC (methacryloyloxyethyltrimethylammonium

chloride), acrylamide copolymers with, 1:133, 134
Magnafloc, 866A, 4:553

drag-reducing additive, 4:553
Magnesia

filler material, 5:785
Magnesium

SiC-fiber-reinforced, 11:697
Magnesium carbonate

filler material, 5:785
Magnesium chloride Ziegler-Natta catalysts,

15:508–520
active site models for polypropylene, 11:379–383
electron donors, 11:383–388
for polypropylene, 11:368, 371

Magnetic fields
electron spin resonance imaging with gradients, 5:13,

14
Magnetic ion exchangers, 7:159
Magnetic nanocrystals, 8:786
Magnetic nanoparticles. 8:798
Magnetic polymers, 7:692–703

categories, 7:692
cross-conjugated polyradical molecules, 7:692–694
definition, 7:692
diradicals to pendant-type polyradical molecules,

extension of, 7:696, 697
head-to-tail linkage, 7:697
high-spin exchange interaction, 7:695
m-phenylene-connected, 7:697–699
nanometer-sized magnetic dots, 7:699–701
non-disjoint diradical organic molecules, 7:694–696
non-Kekulé organic molecule, 7:694–696
overview, 7:692–694
pendant-type polyradicals, 7:697
poly(1,2-phenylenevinylene)s, 7:697
triarylmethine radical, 7:699
two-dimensionally extended poly(aminium cationic

radical)s, 7:699–701
Magnetic resonance imaging, 5:12, 8:801, 9:238–241
Magnetic spin interactions, in NMR, 9:238
Magnetically stimulated controlled release technology,

3:753
Magnetization relaxation, 9:242–244

transverse, 9:263–268
Magneto-optic devices

metal-filled nanocomposite application, 8:762, 763
Magnitude of local stresses, 6:306
Main-chain aromatic polymers, 11:477
Main-chain LCBCPs, 7:553
Main-chain liquid crystalline polymers, 7:564–575. See

also Liquid crystalline (LC) polymers
synthesis of, 7:565–571

Main chain mobility, internal, 6:324–327
Main-chain polymers, 6:345–347
Main-chain supramolecular polymers, 8:640–642
Makrolon, 10:354
MALDI-TOF mass measurements. See Matrix-assisted

laser desorption/ionization (MALDI)
applications of, 7:715–723
broad MMD homopolymers, 7:716–718
end groups, 7:718
narrow MMD homopolymers, 7:715, 716
of copolymers, 7:718, 719
of poly(alkylthiophenes), 7:718
of polystyrene, 7:704
size exclusion chromatography, 7:716–718

Male forming, 14:112
Maleic anhydride

copolymerization parameters with vinyl acetate,
14:654

copolymerization with styrene, 13:193, 195, 235
Maleic anhydride-grafted polymers, 10:678, 680
Maleimide cure system, 5:478, 479
Maltooligosaccharide-specific channel LamB, 14:553,

554
Mammalian glycogen, biosynthesis of, 6:462
Man-made vitreous fibers, 6:715
Mandrel die, spiral, 5:675
Manganese

metal-catalyzed oxidation by, 1:689
Manganese dioxide, 11:169
Manila maguey, 14:495

processing, 14:505
Mannich base adduct

coreactive curing agents for epoxies, 5:342
Mannich reaction, of poly(acrylamide), 1:128, 129
Manually-induced healing, 12:339
Manufacturing techniques, 9:471
MAO activator, 5:557
MAO. See Methylaluminoxane (MAO)
MAPTAC (methacrylamidopropylacrylamide),

acrylamide copolymers with, 1:132
Marangoni effect, 8:426
Marble, 5:793
Marble flour, dolomitic

filler influence on epoxy resin properties, 5:382
filler properties, 5:379

Marching modulus, 12:238
Marijuana, 14:502
Marine coatings

epoxy resins, 5:390–392
Mark-Houwink constants, 7:55

for poly(ethylene oxide), 5:448
for PTT, 10:203

Mark-Houwink equation, 2:650, 742, 3:103, 10:514, 202
Mark-Houwink parameters, 14:771
Mark-Houwink plots, 3:120
Mark-Houwink-Sakurada equation

hyperbranched polymers and, 6:782
of polyacrylamide solutions, 1:122–124

Market economics. See Economic aspects
Markovian chain, 8:519
Marring, 3:308
MARS-III (Multifunction Axial Rheometer System)
MAS, 2000 Organic Vapor Permeation Test System, 2:25
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Masking tape, 11:291
Mass flux, 6:51

at ignition, 6:58
Mass loss rate (MLR)

at firepoint, 6:57, 57
at flashpoint, 6:57, 57

Mass polymerization, of ABS polymers, 1:325, 326
Mass spectrometers, 3:92
Mass spectrometry (MS), 2:738, 739, 7:703–723,

14:563. See also MALDI
choice of salts, 7:710, 711
detectors, 7:709
electrospraying sample preparation, 7:712
fractionation, 6:268
hand spotting, 7:711, 712
ion formation, 7:705–715
MALDI methods, 7:704, 705
MALDI process, 7:707
mass axis calibration, 7:713
matrices for MALDI process, 7:709, 710
for molecular weight distribution determination,

8:674
nebulizing sample preparation, 7:712
of synthetic polymers, 7:705
paste method, 7:713
sample preparation methods for solid matrices,

7:711–713
separation process, 7:707–709
signal axis quantification, 7:713–715
solvent-free grinding method, 7:712, 713
thermal degradation studies, 4:269, 270

Mass-suspension or semisuspension polymerization,
13:605

Master curves, 1:78, 15:93, 95
Masterbatch color, 3:490
Mater-Bi films, 13:66, 67
Mater-Bi starch-based materials, 13:66, 4:292
Material configuration, in K-BKZ model, 15:120
Material defects, fracture and, 6:299
Material functions, 15:78–81

defined, 15:78
Material handling and drying, ABS and, 1:328, 329
Material resistance, 6:303
Material Safety Data Sheets (MSDS), 1:160, 5:577
Material selection and handling, in injection molding

materials, 12:309
SFM-based in-depth profiling, 12:308
SFM-based nanotomography approach, 12:308
SFM imaging, 12:306–311

Materials. See also Polymer materials
mechanical performance of, 11:679
reinforcement of, 11:679–699, 700

Matrimid/PSf dual-layer hollow fiber membranes,
8:30

Matrimid/PSf dual-layer, 8:30
Matrix-assisted laser desorption/ionization (MALDI),

7:703
ionization time of flight mass spectrometry, 2:738
as soft ionization methods, 7:704, 705
electrospraying sample preparation for, 7:712
mass spectrometry, 2:738, 14:563
matrices for, 7:709, 710
nebulizing sample preparation for, 7:712

polymer architecture elucidated by, 7:720–723
process, 7:707
to elucidate polymer chemistry, 7:720

Matrix ELDOR (electron-electron nuclear double
resonance), 5:10, 34

Matrix ENDOR (electron nuclear double resonance),
5:9

Matrix material, reinforcement of, 11:679
Matrix polymerization, 13:744
Matrix shear yield strength, 11:686
Matsen-Schick molecular modeling method, 8:598
Mauritius, 14:495

dimensions of ultimate fibers and strands, 14:498
Mauritius hemp

processing, 14:505
Maxillofacial prosthetic materials, 4:396, 397

latexes, 4:396
polyurethanes, 4:397
silicones, 4:396, 397
vinyl plastisols, 4:396

Maximum extensibility, 4:640
Maximum fuel generation rate, 6:45
Maxwell model

conjugate, 15:85
generalized, 15:84, 85
stress-strain plot for, 15:90
of viscoelasticity, 15:81, 82, 88

Mayo dimer, 13:216
Mayo-Lewis equation, 6:224
Mayo mechanism, 13:215
Mayo method, 11:589, 590
Mayonnaise

as colloid, 3:437
McBain spring balance

for permeation measurement, 2:26
McConville single-site catalyst, 5:564
MCL PHAs. See Medium-chain-length PHAs (MCL

PHAs)
MCSCF. See Multireference self-consistent field

(MCSCF)
MD. See Machine direction (MD); Molecular dynamics
MDA. See Methylenedianiline (MDA)
MDF cements. See Macrodefect-free (MDF) cement
MDI. See Diphenylmethane diisocyanate
MDMO-PPV:PCBM solar cells, 12:633
MDs. See Metal ion deactivators (MDs)
Meals ready to eat (MRE), 9:459
Mean square radius, of polyacrylamides, 1:122
Mean square step length, 3:688
Measurement

properties, units, and standard methods of, 5:209
Meat packaging, 9:473, 474
Mechanical analysis, via atomic force microscopy,

1:753–757
Mechanical bonding, 1:401
Mechanical constitutive models, of solid-like polymers,

15:154
Mechanical degradation

and drag reduction, 4:558–562
Mechanical energy, adhesives and, 1:362
Mechanical performance, of materials, 11:679
Mechanical properties

cross-linking on, effect of, 4:99–102



Vol. 15 INDEX TO THE ENCYCLOPEDIA 681

Mechanical properties. See also Micromechanical
properties

Barex resins (table), 1:285
block copolymers, 8:496
composite foams, 3:507–509
elastomeric fibers, 5:771
engineering thermoplastics, 5:209–211, 214–217
filled polymers, 5:790–793
hyperbranched polymers, 6:784, 785
Kapton, 10:588
LLDPE, 5:552–556, 576
molecular modeling, 8:620
nanocomposites, 8:741–745
natural rubber fibers, 5:771
PEN, 10:146, 147
PET and PEN films, 10:506
polyamide plastics, 10:277–280
polyarylates, 10:352
polyimides, 5:69
polyketones, 10:659–664
polysulfones, 11:190, 191
of poly(trimethylene terephthalate), 10:205–205
silk, 12:548
and solid-state extrusion, 12:692–695
spandex fibers, 5:771
test methods, 13:770, 772–775
thermally bonded nonwovens, 8:566–568
and tire compounding, 12:257, 258
Ultem polyetherimide, 10:590
vegetable fibers, 14:500
vinyl acetal polymers, 14:640
vinyl alcohol polymers, 14:692–695
and vulcanization of rubber, 12:238, 239
wood-plastic composites, 15:303
xylylene polymers, 15:425, 426

Mechanical relaxation tests, dynamic, 8:476
Mechanical test methods

compliance, 9:105
dynamic mechanical analysis (DMA), 9:105
dynamic thermal mechanical analysis (DTMA), 9:105
quantitative evaluation, 9:105

Mechanical testing. See Test methods
Mechanical tests

composite materials, 3:542–548
Mechanics, rational, 15:160
Mechanophores, 4:503
Media mills, 3:494
Mediated radical reactions

initiators for, 6:858–860
Medical applications. See Biomedical applications

PEN, 10:156
xylylene polymers, 15:442

Medical device packaging, 9:476
Medical devices

silicone application, 12:465
Medical packaging, 9:476

ethylene-norbornene copolymer, 5:590
Medical tapes, 11:291
Medical test strips

polyester film application, 10:510
Medium-chain-length PHAs (MCL PHAs), 10:96, 109

biosynthesis of, 10:105, 106
Medium color carbon blacks

surface area, DBP number, and applications, 2:458

Medium density fiberboard, 15:297, 298
characteristics and applications, 15:284

Medium density polyethylene
moderate barrier polymer, 2:46

Medium oil alkyds, 1:480
Medium oil varnishes, 1:480
Medium oriented yarns, 10:251
Medium-speed spinning, 10:527
Medium vinyl polybutadiene, 2:315, 316
Mega-reactors, for LDPE, 5:519
MEH-PPV. See

Poly[2-(2-ethylhexyl)oxy-5-methoxy-p-phenylene
vinylene] (MEH-PPV)

MEHQ. See Methyl ether of hydroquinone (MEHQ);
Monomethylhydroquinone (MEHQ)

MEK. See Methyl ethyl ketone (MEK)
MEKO. See Methyl ethyl ketone oxime (MEKO)
Melamine

in amino resins, 1:519
Melamine dinnerware, 1:528
Melamine-formaldehyde (MF) resins, 1:516, 531, 536,

539, 426
manufacture of, 1:525
water-soluble, 1:543

Melamine formaldehyde (MF) resins, 4:80
Melamine-formaldehyde

advantages, disadvantages, and applications as
epoxy curing agent, 5:339

Melamine-formaldehyde adhesives
for wood composites, 15:286, 287

Melamine-formaldehyde resins, 7:727–739
analytical methods, 7:737–739
applications, 7:735
cocondensation resins, 7:733, 734
composition and basic reactions, 7:728–734
economic aspects, 7:739
hardening, 7:735–737

Melamine-formaldehyde, 3:588, 589
Melamine-glass cloth laminate, 4:693, 694
Melamine molding compound, 1:517
Melamine resins, 1:526. See also Amino resins; Plastics
Melamine-urea

in interpenetrating network, 7:143
Melamine-urea-formaldehyde (MUF) resins, 1:426
Melanine-formaldehyde resins

curing agents, 5:355, 356
Meloxicam-loaded nanoparticles, 8:433
Melt behavior, of polyester fibers, 10:513, 514
Melt blowing

propylene polymers, 11:402
Melt conveying zone, 5:651
Melt conveying, 5:651–654
Melt-crystallized lamellae, 8:711–718

dominant lamellae, 8:713–715
lamellar surfaces, 8:717, 718
lateral habits, 8:715–717
permanganic etching, 8:713
subsidiary lamellae, 8:713

Melt-crystallized polypropylene spherulitic structure of,
6:321

Melt-fed extruder, 5:618
Melt film, thickness of, 5:648
Melt flow behavior

characterization methods, 2:754
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Melt flow index (MFI), 4:94, 5:211
Melt-flow rate, LDPE, 5:531, 532
Melt flow ratio, 5:469
Melt fracture, 11:352
Melt index, 5:495

of CSM polymers, 5:471
of LDPE, 5:532
of LLDPE, 5:546

Melt index range, of LLDPE, 5:578
Melt index ratios, 5:573

for LLPDE, 5:547
Melt matrix, 5:647
Melt mixing

powder coatings, 3:249, 250
Melt-phase condensation polymerizations, of

bisphenols, 4:58, 59
Melt-phase polymerization

2,6-NDC, 10:147–149
Melt processable polyimides, 10:636, 637
Melt processed polyferrocenylsilanes, 7:55
Melt processibility

modification with flexible segments and, 7:570
Melt processing

of polysulfones, 11:195–197
thermal degradation during, 13:5, 21–28

Melt-processing stabilizers, 13:21–28
Melt properties, of styrene polymers, 13:183, 184
Melt removal, drag induced, 5:648
Melt rheology, 7:321
Melt rheology, of poly(trimethylene terephthalate),

10:205. See also Rheology
Melt spinning apparatus, 10:250
Melt spinning, 3:498, 5:841, 7:765, 767

acrylic fibers, 1:247
mesophase pitch-based carbon fibers, 2:472–479
olefin fibers, 9:351
of PET fibers, 10:524–531
of polyamide fiber, 10:247
propylene polymers, 11:401, 402
Spandex, 5:773, 774
of thermoplastics, 1:807, 808

Melt swelling, 5:670
Melt temperature, 5:651–654

nonuniform, 5:657
of shape-memory polymers, 12:412

Melt viscosity
LLDPE, 5:567
of amorphous polymer, 6:438

Meltblown fabrics, 9:196, 197
Melting point

of polyacrylonitrile, 1:278
propylene polymers, 11:361, 362

Melting processes, PVDF, 15:68–71
Melting transition

sound as probe of, 1:81
Melts

block copolymer, 2:192–197
entangled, 15:106–110

Membrane
AFM imaging of, 1:773
bioreactors (MBRs), 5:832
casting bath parameters, 5:839
cellulose nitrate applications, 2:610

cleaning, for fouling prevention, 5:850
coating, for fouling prevention, 5:848, 849
defined, 5:826
electrically active polymers for, 4:772, 773
interpenetrating polymer networks, 7:141
in liquid filtration, 5:831
material choice, 5:844
microporous, 7:790
performance characteristics of, 7:784
permeation control, 5:830
phosphazenes, 11:106
preparation by phase inversion, 5:839, 840
preparation of, 7:747–773
types of, 7:745–747
xylylene polymer applications, 15:444

Membrane casting machines, 7:766, 768
Membrane contactors, 7:803, 804
Membrane electrode assemblies (MEAs), 12:112
Membrane fouling, 7:781, 782
Membrane material, 7:793, 8:32
Membrane module designs, characteristics of, 7:771
Membrane modules, 7:768–770

selection of, 7:770–774
Membrane osmometry

for average molar mass determination, 2:741
for number-average molecular weight determination,

8:668
Membrane pervaporation, 8:20, 32
Membrane phenomena, 5:826

studies, 5:826, 827
Membrane porosity, 7:749, 750
Membrane preparation techniques, less widely used

(table), 7:763
Membrane processes, classification, 5:830–836
Membrane processes, cyclodextrin polymers in, 4:201,

202
Membranes for energy applications, 8:1–33
Membrane selectivity, 7:791
Membrane separation plants, 7:795
Membrane separation technologies, 7:774
Membrane separation, 7:775

polysulfones in, 11:201
Membrane technology, 7:743–805, 8:1, 8:3, 8:14

applications of, 7:773–803
future of, 7:805
historical development of, 7:744, 745
for membrane and membrane module preparation,

7:747–774
membrane types in, 7:745–747
uses of, 7:743

Membrane tortuosity, 7:749, 750
Memory effect

composite materials, 3:537, 538
Memory experiment, 1:456, 457
MEMS. See Micro-electro-mechanical-systems (MEMS)
Meniscus coater, 3:275
MEP. See Minimum energy path (MEP)
Mercaptan regulators, use of, 2:716
Mercaptans

curing agents for epoxies, 5:356, 357
Mercaptans, in cold SBR production, 13:273
Mercaptoacetic acid methyl ester

transfer coefficient to, 11:530
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Mercaptobenzothiazole
accelerated vulcanization, 12:243

4-(α-Mercaptobenzyl)phenylacetic acid, 11:79
Mercaptopropionic acid, 8:785
γ-Mercaptopropyltrimethoxysilane, 12:188
Mercaptothiazolines (RMTZ), 13:32
Mercerization

in viscose process, 2:677, 678
Merino wool

amino acid composition (table), 15:313
Merrifield method, 11:434
MesoDyn, 8:599
Mesogens, 6:36, 41, 42

directional orientation, 5:754
fuel generation kinetics, 6:41
in cross-linked FLCE samples, 5:763
network interactions, 5:769
profiles, 6:41
pyrolysis vs. char mass fraction, 6:44, 45
temperature dynamics, 6:44

Mesophase pitch
graphite in composites from, 11:691

Mesophase pitch-based carbon fibers, 2:469, 472–479
tensile strength versus modulus for commercial,

2:467
Mesophase spherule, 2:473
Metakaolin, 5:794
Metal alkyl cocatalysts, 5:488
Metal alloys

fatigue crack propagation, 5:722
Metal-bearing microgel catalysts

catalysis with, 8:446
One-Pot Metal Encapsulation, 8:442–444
synthesis of, 8:442

Metal-bearing star polymer catalysts, 8:450
Metal catalysts, 8:442
Metal-catalyzed oxidation, 1:689
Metal-catalyzed polymerization, 5:557, 558

in supercritical carbon dioxide, 4:56, 57
Metal chalcogenides

layered host structures exhibiting intercalation, 7:74
Metal cleaning

for powder coating, 3:254
Metal complexes, 8:442

as photostabilizers, 13:31–33
Metal container coatings

epoxy resins, 5:392–395
Metal-containing PIMs, 11:9
Metal containing polymers, 8:192
Metal-containing polymers, 8:39–70
Metal deactivators, 1:700
Metal fibers

filler material, 5:785
Metal-filled nanocomposites, 8:748–764
Metal Halide Lamps, 15:263
Metal halides

layered host structures exhibiting intercalation, 7:74
Metal hydrogen phosphates

layered host structures exhibiting intercalation, 7:74
Metal ion deactivators (MDs), as preventive

antioxidants, 13:16–18
Metal ions, 8:452
Metal matrix composites, boron-fiber-reinforced, 11:697

Metal-mediated cross-coupling, 3:705–707
Metal membranes, 7:747, 762, 763
Metal molding, 7:10
Metal nanoparticle, 8:455

bearing microgels, synthetic methodologies, 8:453
Metal-organic-frameworks (MOFs), 11:1
Metal oxide, 8:786

layered host structures exhibiting intercalation, 7:74
for rubber compounding, 12:224

Metal oxy-halides
layered host structures exhibiting intercalation, 7:74

Metal phosphates
layered host structures exhibiting intercalation, 7:74

Metal powder
filler material, 5:785

Metal salts, 8:442
Metal-working techniques, polysulfones and, 11:197
Metallacyclobutane, 8:150

intermediate, 8:164
Metallacyclopentadiene moieties, 7:64
Metallation

metallocene-based of unsaturated hydrocarbons,
8:136

Metallic pigments, 3:473
Metallic soaps, as release agents, 11:701
Metallization, 9:472

azo pigment manufacture via, 3:475
films, 5:824

Metallized azo orange pigment, 3:476
Metallized azo red pigment, 3:476
Metallized azo yellow pigment, 3:476, 477
Metallized films, 9:472
Metallizing, for ABS polymers, 1:332
Metallo-supramolecular polymers, 13:454–458

ditopic bisterpyridines (btpy), 13:455
Metallocene-based catalysts, 12:553–557
Metallocene catalysts, 5:560, 561. See also

Metallocenes; Single-site catalysts
single-site, 5:591

Metallocene catalysts, for HDPE production, 5:490, 491
Metallocene-catalyzed LLDPE (mLLDPE), 5:544, 568,

569, 572, 579
hexene copolymer of, 5:554
single-site-catalyzed, 5:547

Metallocene-catalyzed polyethylene (mPE), 5:568
Metallocene-catalyzed polymerization

ethylene copolymers, 5:429–431
ethylene-propylene elastomers, 5:600, 601

Metallocene-catalyzed polymerization, stereselectivity,
13:94

Metallocene-catalyzed resins, 5:568, 569, 572, 576, 579
Metallocene nucleus, organic chemistry of, 7:50, 51
Metallocene polymerized polyethylene (mPE), 6:297
Metallocene polymers

face-to-face, 7:59
Metallocene polypropylene, 5:563
Metallocene VLDPE, 5:563
Metallocenes, 8:81–140

activation, 8:105–107
additive effects on polymerization, 8:104, 105
alkene and alkyne dimerization and trimerization,

8:136, 137
alkylation, 8:138
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allyl coupling reactions, 8:138
alternate modes of catalyst physisorption, 8:91, 92
aluminoxane cocatalysts, 8:84–91
assisted metallation of unsaturated hydrocarbons,

8:136
bis(cyclopentadienyl) complexes, 8:92, 93
bridged metallocenes, 8:93–96
chain termination, 8:111–115
chemical reactivity, 8:83, 84
commercialization of, 5:561
commercial overview, 8:138–140
complexes with dianionic ligands, 8:99, 100
complexes with open pentadienyl ligands, 8:99
coupling of alkenes and alkynes, 8:133–135
cycloolefin polymerization, 8:126, 127
cyclopentadienylchromium compounds, 8:102, 103
deactivation, 8:105–107
diene polymerization, 8:125, 126
graft and block copolymerization of olefins with

non-olefins, 8:131, 132
Group IIIB and f-block metallocenes, 8:100, 101
Group IVB metallocenes, 8:92, 93
Group VB and VIB metallocenes, 8:101, 102
hydrogenations, 8:135
hydrozirconation, 8:133
isobutylene polymerization, 8:127
isocyanate polymerization, 8:132
lactone polymerization, 8:130, 131
long-chain branching, 8:115, 116
methathesis, 8:137
methylenecycloalkanes polymerization, 8:127
methyl methacrylate polymerization, 8:129, 130
mixed, 8:128, 129
mono(cyclopentadienyl) complexes, 8:96–98
polar comonomers, 8:127–129
polymerization using, 8:105–129
polymerizing monomers other than alkanes,

8:129–132
porous silica supports, 8:91
preparation, 8:84
propylene polymers, 11:388–395
reactions not involving polymerization, 8:132–138
reductions, 8:135
side reactions, 8:116–118
silane polymerization, 8:131
stereoselective, 8:118–125
structure and bonding, 8:82, 83
styrene copolymerization with ethylene, 8:127, 128
styrene polymerization, 8:129
supports as part of ligand set, 8:92
trends in polymerization, 8:103, 104

Metallophthalocyanine electrochromic films, 4:794–797
Metals

versus elastomers, 4:644, 645
electrical conductivity of typical, 4:743
oxide surface layer on, 1:377
phosgene reactions with, 9:625
Poisson’s ratio, moduli, and density of, 4:643
properties of nanosized, 8:752–755
release agent use with, 11:705
in surface treatment, 1:377, 378
used in blow molds, 2:240, 241

Metathesis catalysts, 8:151, 158, 173

Metathesis polymerization, 8:149–194
metallacyclobutane mechanism, 8:150, 151
telechelic polymers, 13:714–717

Metathesis reactions, 8:151
Metathetical polymerization of amide, 8:191
meta-Xylene diamine

curing agent, 5:346
Methacrylamides, RAFT polymerization, 11:727
Methacrylate

free radical photopolymerization, 9:728, 729
Methacrylate acrylonitrile butadiene styrene (MABS),

8:226
Methacrylate-butadiene-styrene (MBS) copolymers,

1:349, 8:226
Methacrylate esters, RAFT polymerization (table),

11:724
Methacrylate monomers, 8:212–214

common functional (table), 8:217
handling, 8:214
health and safety factors, 8:214
manufacture of, 8:212
physical properties of (table), 8:213
properties of, 8:212
thermodynamic properties of (table), 8:214

Methacrylates ( MMA), RAFT polymerization,
11:722–724

Methacrylates
cationic photopolymerization, 9:695

Methacrylic acid polymers, 1:156–167
block and graft, 1:167
characteristics of, 1:163–167
inverse emulsion polymerization and, 1:167
monomers of, 1:156–160

Methacrylic acid, 1:156–160
chloroprene reactivity ratios, 3:47
handling and storage of, 1:159, 160
heat and entropy of polymerization, 14:97
history of, 1:158
manufacture of, 1:159
physical properties of (table), 1:157
polymerization, 1:160–162
template polymerization monomer, 13:748
water solubility for heterophase polymerization,

6:629
Methacrylic ester polymers, 8:206–231

analytical test methods and specifications, 8:228
applications, 8:230, 231
bulk polymerization, 8:216–219
chain-transfer constants for (table), 8:220
chemical-resistance properties, 8:211, 212
electrical properties (table), 8:211, 212
emulsion polymerization, 8:221–224
emulsion polymers, 8:228
glass-transition temperature (table), 8:207–208, 209
graft polymerization, 8:225, 226
health and safety factors, 8:228–230
in fiberoptics, 8:230
in glazing, 8:230
in medicine, 8:230
ionic polymerization, 8:226, 227
living polymerization, 8:227
mechanical properties (table), 8:210, 211, 210
methacrylate monomers, 8:212–214
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modulus-temperature curve of, 8:209
molding powder, 8:219
molecular weight, 8:209, 210
nonaqueous dispersion polymerization, 8:225
oil additives, 8:230, 231
optical properties, 8:211
overview, 8:206
photoresists, 8:230
physical properties of (table), 8:208
plastic sheet, 8:228
radical polymerization, 8:214–216
relative outdoor stability of (table), 8:212
sheet production, 8:218, 219
solution polymerization, 8:219–221
solution polymers of, 8:228
suspension polymerization, 8:224, 225
suspension polymers, 8:228
synthetic marble, 8:219
synthetic marble fixtures and bathtub, 8:231

Methacrylic polymers, lipase-catalyzed acetylation of.
See also Methacrylic ester polymers

Methacrylonitrile
contribution of disproportionation to termination,

11:544
percentage of termination by combination in

telechelic polymers, 13:674
transfer coefficient to, 11:526

3-Methacryloxypropyltrimethoxysilane (MPMS)
coupling agent, 12:421, 422

γ-Methacryloxypropyltrimethoxysilane, 12:188
2-Methacryloyloxyethyl phosphorylcholine (MPC),

9:638
functional groups, 9:649, 650
reversible addition-fragmentation chain transfer

(RAFT), 9:646, 646
2-(3,4-Epoxycyclohexyl)-5,1-spiro-3,4-

epoxycyclohexane-1,3-dioxane,
5:326

Methane
molecular volumes (table), 14:301
vapor deposition of carbon fibers from, 2:469, 482

Methane enrichment, 8:3
Methanol

activation energies of clustering systems in, 14:321
azeotrope with vinyl acetate, 14:654
chain-transfer constant, 14:667
solubility of poly(ethylene oxide) in, 5:447
transfer coefficient to, 11:530

Methanol, in polyketone synthesis, 10:656
Methanolysis, 10:656
Methionine (sulfoxide protected), 11:69
Methionine

chemical structure, 6:411–413, 15:186
composition in silk, 12:543
percentage composition in merino wool, 15:313

Methoxyl groups, in lignin, 7:536
2-Methoxymethanol

solubility of cellulose acetates in, 2:623
Methoxymethylurea, 1:533
p-Methoxystyrene

percentage of termination by combination in
telechelic polymers, 13:674

Methyl-2-[2′-(trimethylammonium)ethyl
phosphoryl]ethyl fumaramate (MTPFA), 9:640

Methyl acetate
chain-transfer constant, 14:667

Methyl acrylate
acrylonitrile copolymers of, 1:284
activation parameter for propagation step, 11:520
activation parameter for termination, 11:549
aqueous solubility, 7:467
chloroprene reactivity ratios, 3:47
contribution of disproportionation to termination,

11:544
copolymerization parameters with vinyl acetate,

14:654
inhibition constants of selected inhibitors, 11:582
percentage of termination by combination in

telechelic polymers, 13:674
as polyethylene comonomer, 5:517
standard polymerization enthalpy and entropy,

11:574
transfer coefficient to, 11:526
water solubility for heterophase polymerization,

6:629
Methyl acrylate partitioning, 5:177
Methyl Cellosolve

solubility of poly(ethylene oxide) in, 5:447
Methyl ether of hydroquinone (MEHQ), 1:203
Methyl ethyl ketone (MEK)

solubility of poly(ethylene oxide) in, 5:447
Methyl ethyl ketone oxime (MEKO), 14:440
Methyl hexahydrophthalic anhydride

curing agent, 5:354
Methyl himicanhydride

curing agent, 5:354
Methyl hydroxyethyl cellulose

in controlled drug release system, 3:750
Methyl isopropenyl ketone, in photodegradable

polystyrene, 13:212
Methyl methacrylate (MMA), 1:159, 6:473, 8:333, 9:638.

See also Poly(methyl methacrylate) (PMMA)
acrylonitrile copolymers of, 1:285
activation parameter for propagation step, 11:520
activation parameter for termination, 11:549
anionic polymerization, 1:620–622, 635–638
aqueous solubility, 7:467
atom-transfer radical polymerization, 7:654, 656
bulk polymerization in, 2:496–498
casting of, 2:495, 496. See also Casting
ceiling temperature, 4:255
chloroprene reactivity ratios, 3:47
comonomer with acrylonitrile, 1:234, 239, 240
contribution of disproportionation to termination,

11:544
density of monomer and corresponding polymer in

heterogenous polymerization, 6:639
entropy, enthalpy, and celing temperature for

polymerization, 15:420
equipment and procedure, 2:498–501
heat and entropy of polymerization, 14:97
heterophase polymerization solubility effects, 6:631,

632
heterophase polymerization swelling effects, 6:637
heterophase polymerization with emulsifier, 6:602
heterophase polymerization, 6:609
in polymer-impregnated concrete, 2:711
inhibition constants of selected inhibitors, 11:582
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metallocene-based polymerization, 8:130, 131
percentage of termination by combination in

telechelic polymers, 13:674
polymerization, 4:53
RAFT polymerization, 7:658
standard polymerization enthalpy and entropy,

11:574
template polymerization monomer, 13:748
transfer coefficient to, 11:526
water solubility for heterophase polymerization,

6:628
Methyl phenyl sulfoxide, 13:304
N-methyl pyrrolidone (NMP), 5:838, 839
Methyl rubber, 2:293
Methyl tuads, 5:478
Methyl vinyl ketone, in photodegradable polystyrene,

13:210–213
Methyl tert-butyl ether (MTBE), 11:314
6-O-Methyl-β-cellobiosy fluoride, 5:228
4-Methyl-1-pentene

Ziegler-Natta polymerization, 15:519
N-Methyl-2-pyrrolidinone (NMP), 11:181
3-Methyl-4-oxa-6-hexanolide (MOHEL), 5:255
4-Methyl-containing hindered phenols as antioxidants,

13:23, 25
2-Methyl-p-xylylene

threshold condensation temperature, 15:422
Methylaluminoxane (MAO), 11:391, 392, 12:553,

13:637. See also MAO
cocatalyst, 5:490
ethylene polymerization and, 5:560–563
metallocene cocatalyst, 8:81, 85–91
polybutadiene synthesis by Ziegler-Natta

polymerization, 2:312
Methylation

amino resins, 1:530
4-Methylbenzhydrylamine resin (MBHA), 11:78
Methylbicyclo[2.2.1]heptene-2,3-dicarboxylic anhydride

benzyldimethylamine
curing agent, 5:367

Methylcellulose, 1:428
applications, 2:664
economic aspects, 2:663
manufacture, 2:661–663
properties, 2:661
test methods, 2:663
thermal gelation, 2:650
water-soluble polymer, 15:196

Methylchlorodisilanes, 12:466–468
4-Methylcyclopentene, 8:163
Methylene bis(phenyl diisocyanate) (MDI), 11:209–211
Methylene bridge formation, 1:521
Methylene butyrolactone polymers, 8:235–265
Methylene chloride, 11:258
Methylene di-p-phenylene isocyanate (MDI)

polymerization, 7:253–267
Methylene dichloride

solubility of poly(ethylene oxide) in, 5:447
Methylene group

relationship between liquid Cp and temperature in
linear macromolecules, 14:76

2-Methylene-4-oxa-12-dodecanolide, 5:254
2,2′-Methylene-bis-(4-methyl-6-t-butylphenol)

oxidant used in rubber, 12:193

Methylenebisacrylamide (MBAA), 8:441
Methylenecycloalkanes

metallocene-based polymerization, 8:127
4,4-Methylenedianiline

curing agent, 5:367
Methylethylamine

curing agent, 5:367
2-Methylimidazole, 5:360
Methylnaphthalene

component in coal-tar fractions, 2:472
feedstock for mesophase-pitch bases carbon fibers,

2:474
Methylol carbamates, 1:537
Methylol compounds, 1:521

nitrile group reactions with, 1:262
Methylolation, 1:521
Methylolurea monomers, 1:533
Methylolurea resins, 1:533
N-methylpyrrolidone (NMP), 7:602
p-Methylstyrene (PMS)

polymerization in butyl rubber, 2:349
α-Methylstyrene

ceiling temperature, 4:255
contribution of disproportionation to termination,

11:544
copolymerization with styrene, 13:193
entropy, enthalpy, and celing temperature for

polymerization, 15:420
standard polymerization enthalpy and entropy,

11:574
transfer coefficient to, 11:526

α-Methylstyrene dimer, 13:222, 223
Methylsulfonioarylene polymers, 13:304
Methyltetrahydrophthalic anhydride

curing agent, 5:354
Methyltriethoxysilane, 12:189
Methyltrimethoxysilane, 12:189
Metropolis criterion, in Monte Carlo, 8:595
Metton resin, 8:188
MF resins. See also Melamine-formaldehyde (MF)

resins
MFFT. See Minimum film-formation temperature

(MFFT)
Mg2+-sulfonated poly(phenylene oxide) membrane, 8:9
Mica, 5:795
Mica flour

filler influence on epoxy resin properties, 5:382
filler properties, 5:379

Micas, oxide-coated, 3:473
Micellanoic acid, 4:342
Micellar benzyl ether dendrimer, 4:343
Micellar laccase, 5:274
Micellar nucleation theory, 6:597
Micelle concentration, critical, 2:201
Micelles, 8:272–295

dendrimers as, 4:341–347
dendrimers as inverted, 4:348–351
in emulsion polymerization, 1:239
in rubber production, 13:271

Michael-type additions, to acrylonitrile polymers,
1:265

Michaelis-Menten kinetics, 5:253
Michealson Interferometer, FLCE measurement,

5:762
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Micro-electro-mechanical systems (MEMS), 5:93
Micro-Fourier transform infrared spectroscopy

fiber forensics applications, 6:186
forensics applications, 6:179
paint forensics applications, 6:189

Micro-gravure technique, 3:280
Micro-Raman spectroscopy

fiber forensics applications, 6:186
forensics applications, 6:179
paint forensics applications, 6:189

Micro reaction technology (MRT), 8:317
Micro-Sect, 3:728
Micro- and nanoparticles, 8:402–434
Microballoons, 3:503, 8:505
Microbial polyesters, 2:85
Microbial polyhydroxyalkanoates

environmentally degradable plastic, 2:85–87
Microbond test, 11:687
Microbubbles, 8:505
Microcantilever techniques, 12:619
Microcapsule formulations

controlled release formulations, 3:727–730
Microcapsule induced toughening, 12:347

EPON 828 epoxy resin system, 12:347
Microcapsules, 8:389, 391, 412, 413
Microcellular foamed talc reinforced polypropylene,

SEM of, 1:804
Microcellular foams, 2:522
Microcellular plastics, 8:300–315

cell density and size, 8:307, 308
cell growth, 8:307
design, 8:301, 302
dissolution of gases in polymers, 8:303–305
equipment and die design, 8:308–312
injection molding advantages, 8:312–314
nucleation, 8:305–307
performance and applications, 8:314, 315

Microcellular polyurethane foams, 4:60
Microchannel confined surface-initiated

polymerization, 8:354
Microcracks, 5:694, 698, 706
Microcrystalline cellulose, 2:579, 588
Microcrystalline wax, as release agent, 11:704
Microdenier acrylic fibers, 1:252
Microdenier fibers, 10:259
Microdevices, 8:317–362

for polymers and copolymers synthesis, 10:331
Microdomains, dewetting and shear-induced

deformation, 12:298–301
Microdroplet test, 1:392
Microelectronics adhesives, 1:427
Microemulsion, 5:164

polymerization, 5:164
Microemulsion polymerization, 8:366–374

acrylamide, 1:137, 138
characteristic particle size, 6:593
formation and microstructure of microemulsion,

8:366–368
free radical photopolymerization, 9:740, 741
heterophase polymerization initiators, 6:620–625
heterophase polymerization particle size control,

6:626
heterophase polymerization prerequisites, 6:594

heterophase polymerization techniques with
continuous fluid phases, 6:619

heterophase technique, 6:582
mechanism and kinetics, 8:368–374
stabilizers, 6:593

Microemulsions, 2:208, 3:449
Microencapsulation, 8:376–398

applications, 8:389, 390
biomedical and biotechnology, 8:392
consumer and industrial products, 8:397–399
controlled release formulations, 3:724–726
food ingredients, 8:393, 394
pharmaceuticals, 8:391, 392

Microencapsulation-based self-healing
polymeric materials, characteristics required for

designing (table), 12:342, 343
system, 12:340

Microencapsulation, of particles, 5:184, 185
Microfibers, 10:522, 523
Microfibrillated cellulose, 2:574
Microfibrils, in LCPs, 7:573, 574
Microfiltration, 5:831, 832, 7:744, 745, 777–779
Microfiltration membranes, 5:831, 832, 7:775
Microfluidic devices, 8:347
Microfluidic emulsification, 8:404
Microfluidic particle synthesis, advances in, 8:404
Microfluidic production of micro- and nanoparticles,

8:402–435
“Microfluidic pinball” technique, 8:420
Microfluidic reactors, 8:319
Microfluidic systems, 8:403, 412
Microfluidics, 8:403, 429, 12:619–621
Microfoams, 3:460
Microfriction

and scratch behavior, 12:330
Microgel-core star polymers, 8:459
Microgel polystyrenes, 11:24, 25
Microgels for catalysis, 8:439–464
Microgranules, 8:376
Microheat exchangers, 8:317
Microindentation hardness, investigating

micromechanical properties via, 8:475
Microion exchangers, 7:159
Micromachined bumps, assembly via, 3:681
Micromechanical deformation mechanisms, 8:496
Micromechanical properties, 8:469–501. See also

Mechanical properties
classification of, 8:476, 477
enhancing heterogeneous polymer toughness and,

8:483–500
interference optics and, 8:474, 475
microindentation hardness and, 8:475
microscopic methods for investigating, 8:471
microscopic techniques and, 8:471, 472
plastic deformation processes and, 8:477–482
scattering (diffraction) techniques and, 8:473, 474
spectroscopic techniques (rheooptical methods) and,

8:475
Micromechanics, 8:469, 470
Micrometer-sized particles, 8:403
Micromixer-assisted ionic, 8:349
Micromixers, 8:317, 326, 341, 342, 422

characteristics of (table), 8:348
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Micromolding, 7:10
Micronutrient complexing agents, lignosulfonate, 7:542
Microparticles, 8:412, 413
Microparticles– SEM images, 8:418
Microphase separation transition, 2:206, 9:565
Microporous membrane casting machine, 7:756
Microporous membrane equipment, 7:754
Microporous membranes, 7:790

AFM imaging of, 1:773
isotropic, 7:746

Microporous metal membranes, 7:763
Microporous resins, 7:158
Microporous symmetrical membranes, 7:749–752
MicroRaman spectroscopy, 11:687
Microreactor-based polymerization, 8:351
Microreactors, 8:317, 322, 323

setup for the synthesis of triblock copolymers, 8:353
Microscale capillary chromatography, 3:89
Microscale particles, 8:402, 403
Microscale systems

highly structured functional, by molecular
self-assembly, 8:649–656

Microscopic bubbles, 14:414
Microscopy, 15:367. See also Atomic force microscopy

fiber forensics applications, 6:186
forensics applications, 6:178
for investigating micromechanical properties,

8:471–473
optical, 6:280
scanning electron, 6:281–284
scanning tunneling, 4:451
use in forensic analysis, 6:180, 181

Microspectrophotometry
forensics applications, 6:179, 186

Microspheres, 8:503–509
hollow, 8:505
solid, 8:503

Microstructure, 8:510–525
carbon black, 2:431, 432
chloroprene polymers, 3:51–56
composite foams, 3:500–505
defined, 8:511
liquid crystalline polymers, 7:573, 574
microemulsion, 8:366–368
molecular structure/microstructure, 8:511–513
PET fiber, 10:514
polybutadiene, 2:301–303
poly(p-phenylenevinylene), 13:295
radiation, 8:511
repeat units, 8:510

Microstructured, 8:320
reactors, 8:320

MicroSupreme, 1:252
Microsuspension polymerization, 13:605, 606

characteristic particle size, 6:593
heterophase polymerization prerequisites, 6:594
heterophase polymerization techniques with

continuous fluid phases, 6:619
heterophase technique, 6:582

Microsystems, 8:422
Microtubular polymerization process, 8:359
Microwave electrochromics

electrically active polymers for, 4:768, 769

Microwave free-radical initiation, 6:835
Microwave heating, 4:458
Microscopy-FTIR, 13:758
Migration modeling

of polymer additives into packaged foods and
beverages, 2:32, 33

Migration, dye or pigment, 3:470
Miktoarm star copolymer, 6:467
Milk

as colloid, 3:437, 442
Milkweed floss, 14:495
Milling

poly(vinyl chloride), 14:748
Milling acid dyes, 15:332
Mills

ball, 3:493
media, 3:494
three-roll, 3:493, 494
two-roll, 3:494

Millwork, 15:281
Mims ENDOR, 5:10
Mineral-filled epoxy composites, 5:400
Mineral fillers, 5:793–795

for rubber compounding, 12:221–223
Mineral oil plasticizers, 3:553
Mineral oils, as release agents, 11:705
Mineral processing

acrylamide polymer applications in, 1:118, 119
polyacrylamides for, 1:139, 140

Mineral wool
filler material, 5:785

Minerals
butyl rubber filler, 2:365
in environmentally degradable plastics, 2:88

Miniature electrical components
xylylene polymer applications, 15:442

Minicryostat, 4:143
Miniemulsion polymerization

characteristic particle size, 6:593
heterophase polymerization prerequisites, 6:594
heterophase polymerization techniques with

continuous fluid phases, 6:619
heterophase technique, 6:582

Minimum allowable WVTR, 10:20
Minimum energy path (MEP), 3:607
Minimum film-formation temperature (MFFT), 3:301,

302
Minimum fracture energy (G0), adhesion and,

1:385–388
Mining

acrylamide polymer applications in, 1:119
polyacrylamides for, 1:139

Minisuspension polymerization
heterophase polymerization techniques with

continuous fluid phases, 6:619
Minor’s law, 5:703, 704
MIPs. See Molecular imprinting polymers (MIPs)
Miscibility, 8:526–545

athermal mixing, 8:527, 528
biopolymer blends, 8:544
cohesive energy density, 8:529
conditions for, 8:532–534
determination of polymer, 8:539, 540
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Flory-Huggins theory, 8:535, 536, 538, 539
glass transition, 8:539, 540
Hildebrand’s solubility parameter, 8:529
intramolecular repulsive interactions, 8:542–544
overview, 8:526, 527
phase behavior and morphology, 8:541–544
phase diagrams, 8:534–536
phase equilibria, 8:531–536
polymer blends, thermodynamics of, 8:536–538
polymer solutions, thermodynamics of, 8:530, 531
solutions of small molecules, thermodynamics of,

8:527–530
solvent-coagulant, 8:559, 560
specific interactions, 8:541, 542

Miscible polymer blend, 10:674, 13:585–589
Miscible s-PS/a-PS or s-PS/PPO, 13:665
Mist control

poly(ethylene oxide) applications, 5:460
Misting

as colloid, 3:437
Mitsubishi ageless sachets, 9:457
Mixed arm block copolymers, 2:190
Mixed echo delay, in NMR, 9:269
Mixed-matrix membrane (MMM), 8:9, 10
Mixed metal oxide (MMO) pigments, 3:471
Mixed metal salts (or soaps), 1:356
Mixed metal stabilizers, 6:566, 574–579

commercial stabilizers, 6:575, 576
costabilizers for, 6:576, 577
health and safety aspects, 6:578, 579
pricing of, 6:578
stabilization mechanism, 6:574, 575
synthesis of, 6:575

Mixed metallocenes, 8:128, 129
Mixed microstructure polyisoprenes, 7:315
Mixed solvent systems, 8:563–566
Mixed waste streams, 11:670–673
Mixers

Banburry, 3:494
continuous, 3:494, 495
stirred-tank reactors for bulk and solution

polymerization, 2:291, 292
tubular reactors for bulk and solution

polymerization, 2:289–291
Mixing

chloroprene polymers, 3:66
of color concentrates and compounds, 3:492, 493
dispersive, 5:661–667
distributive, 5:654–661
effect on heterophase polymerization kinetics, 6:617
ethylene-propylene elastomers, 5:604
in extruders, 10:74
in extrusion, 5:654–667
filled polymers, 5:789, 790
of fluorocarbon elastomers, 6:171
during molding, 3:496

Mixing breaker plate, 5:625
Mixing flights, multiple, 5:665
Mixing sections, desirable characteristics for, 5:658
Mixing, as a reactor operation, 5:190–194
MJCLP, poly

2,5-bis[(4-methoxyphenyl)oxycarbonyl]styrene
(PMPCS), 14:389

mLLDPE. See Metallocene-catalyzed LLDPE
(mLLDPE)

MM3 force field model, 8:578
MMA. See Methyl methacrylate (MMA)
MMD polystyrene, 7:704
MMD. See Molecular mass distribution (MMD)
MMO pigments. See Mixed metal oxide (MMO)

pigments
Mo-based catalysts, 8:154, 182
Mo-containing active chain

termination, 8:174
Mobile counterions, 7:150
Mobile phase, in HPLC chromatography, 3:90, 91
Modacrylic fibers, 1:225, 226, 250, 251, 272

analysis, 1:232, 233
limiting oxygen index, 1:232
physical properties of staple, 1:229

Mode mismatch loss, 5:104
Model networks

silicones, 12:485, 486
Modeling, 8:548–570. See also Bernstein-Shokooh

stress-clock model; Burgers model; Constitutive
models; Cossee-Arlman model; DE tube model of
reptation; Doi-Edwards (DE) model; Dugdale
model; Flory-Huggins mean-field lattice model;
Group interaction modeling (GIM) approach; Irwin
model of plasticity; K-BKZ model; Kelvin-Voigt
model; Kinetic model; Knauss-Emri model;
Kovacs-Aklonis-Hutchinson-Ramos models;
Lattice-based mean field model; Lattice fluid
model; Lattice model; Line zone model;
Lustig-Shay-Caruthers model; Maxwell model;
Mechanical constitutive models; Molecular
modeling; Monte Carlo lattice models; Plasticity
model; Reptation model; Rotational isomeric state
model; Tool-Narayanaswamy-Moynihan (TNM)
model; Viscoplasticity model; Zapas strain-clock
model

of the coating process, 3:288
composite materials, 3:519–522
of convection drying, 3:294, 295
copolymerization, 3:761–777
of piezoelectric polymers, 9:795–797
of polymer processing and properties, 8:548–570
structural recovery, 1:473–476
transport in amorphous polymers, 14:371–375

Moderate barrier polymers
chemical structures and properties, 2:44–49

Modern GTP systems (table), 6:536–538
Modern Plastics World Encyclopedia, 11:701
Modes of separation, in HPLC chromatography, 3:93–97
Modification reactions, 5:259, 260
Modified alkyds, 1:491, 492, 481
Modified nylon-6,6 fibers, 10:259–263
Modified sulfur vulcanization system, 4:68–71
Modifiers, 1:343, 345–350

coupling agents, 1:347, 348
foaming (blowing) agents, 1:346, 347
impact, 1:349
latex applications, 7:463
nucleating/clarifying agents, 1:349, 350
organic peroxides, 1:348, 349
plasticizers, 1:345, 346
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Modulated differential scanning calorimetry (MDSC),
2:743

Modulated discharges
HFPO as gas feed, 10:12
ribbon-like structured coatings, 10:15, 16

Modulated PE-CVD processes, 10:11, 12
Modulated temperature differential scanning

calorimetry
thermoset curing, 14:186–188

Modulated temperature DSC (MTDSC), 13:805–807
Modules. See Membrane modules
Modulus, 1:365, 2:747, 4:638, 639, 643

cellular polymers, 2:532
Poisson’s ratio and, 4:642
of rubber-modified PS, 13:201
of TIPS, 13:202

Modulus of elasticity, of superabsorbent polymers,
13:356, 357

Moisture absorption, of polyamide plastics, 10:276
Moisture curing, 1-component polyurethane systems,

11:255, 256
Moisture proofing

cellophane, 2:50
Moisture properties, of nylon-6 and nylon-6,6, 10:243
Moisture resistance

cellular polymers, 2:539
Molar heat release capacity, 6:77
Molar mass

characterization methods, 2:739–742
Molar mass distribution

characterization methods, 2:739–742
free-radical polymerization, 7:648

Molar sound speed, 1:75
Molar substitution

cellulose ethers, 2:648
Molar volume, permeability and, 7:791–793
Mold-release agents, 11:700. See also Release agents

as polystyrene additives, 13:249
Molded articles, compounding of, 6:169
Molded foam, 11:242–244
Molded-in stress, 11:197
Molded parts

fractured knit line of, 6:295
voids in, 6:295

Molding compounds, 1:799, 800, 3:570, 571
amino resin, 1:527, 528
composition of, 5:87
phenolic resin applications, 9:606, 607
physical properties of (table), 1:799
semiconductor, 5:89
SMC, 1:800

Molding operations, 11:701. See also Blow molding;
Extrusion; Injection molding; Reaction injection
molding (RIM); Reinforced reaction injection
molding (RRIM); Thermoforming

release agents in, 11:706
Molding techniques, PVDF, 15:69
Molding temperatures, SAN resin, 1:297
Molding. See also Injection molding; Molds

chloroprene polymers, 3:68
coloring during, 3:495–497
of encapsulation resins, 5:87
fluorocarbon elastomers for, 6:170, 171

polyarylates, 10:353
PVC plastisols, 14:754
rigid polyurethane, 2:551
shrinkage stresses, 4:250

Molds
amino resins in, 1:543
for thermoforming, 14:124
venting, 2:241, 242

Molecular assemblies, 11:119
Molecular assisted homolysis, 13:215
Molecular biology

cellulose biosynthesis, 2:572, 573
Molecular composites, rigid-rod polymers, 12:104–107
Molecular defoamers, 1:667
Molecular dynamics, 8:574, 575, 587–589

applications, 8:601–625
bond fluctuation and other lattice methods, 8:597
Brownian dynamics, 8:589
characterization methods, 2:752–754
parallel tempering, 8:596, 597
placing molecules in containers, 8:582–586
transport in amorphous polymers, 14:371–373
yield, 15:475

Molecular electronics
electrically active polymers for, 4:769, 770

Molecular genetics
cellulose biosynthesis, 2:572, 573

Molecular imprinting polymers (MIPs), 4:209, 210,
14:394

Molecular mass distribution (MMD), 7:703
Molecular mechanics, 8:591, 592

yield, 15:475
Molecular modeling, 8:572–626. See also Molecular

dynamics; Monte Carlo simulations
applications, 8:601–625
bond fluctuation and other lattice methods, 8:597,

598
Brownian dynamics, 8:589
classical vs. quantum mechanics, 8:590, 591
construction methods, 8:582–587
continuum configuration bias, 8:594
Gibbs ensemble methods, 8:595, 596
group additivity methods, 8:601
histogram reweighting, 8:596
models and force fields, 8:577–582
moves for long-chain polymers, 8:594, 595
nonbond energy evaluation, 8:589, 590
objectives, 8:576, 577
parallel tempering, 8:596, 597
periodic boundary conditions, 8:586, 587
placing molecules in containers, 8:582–586
simulation methods, 8:587–601
transport in amorphous polymers, 14:371–375

Molecular motors, 2:131
Molecular nucleation, 4:177
Molecular organization

characterization methods, 2:742–746
Molecular orientation

LLDPE, 5:556
Molecular probes

acoustic property applications, 1:76–85
Molecular recognition in dendrimers, 4:321–355
Molecular reinforcement, 11:698
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Molecular self-assembly, 8:639–657
highly structured, functional microscale systems,

8:648–654
main-chain versus side-chain supramolecular

polymers, 8:640–642
plug and pluy polymers, 8:642–648
surface modification, 8:654

Molecular sieve membranes, 7:763
Molecular-sieving (NF) membranes, 5:833
Molecular size

separation by, for sample preparation for polymer
characterization, 2:736

Molecular size detectors, 3:104
Molecular structure

characterization methods, 2:736–739
Molecular structure, of polymers, 10:238, 239
Molecular theory of piezoelectric effect, 9:790
Molecular weight cutoff (MWCO), in membranes, 5:843
Molecular weight cutoff, 7:779
Molecular weight determination, 8:659–675
Molecular weight distribution (MWD), 9:466
Molecular weight distribution

anionic polymerization, 1:599
of aromatic polyamides, 10:216
cellulose ethers, 2:650
of CSM polymers, 5:472
determination, 8:670–673
ethylene-propylene elastomers, 5:604
flow rate ratio and, 5:532
gel-permeation chromatography and, 3:88
of LDPE, 5:516
of LLDPE, 5:546–548, 555, 556
in polyacrylamide analysis, 1:142, 143
polystyrenes, 13:186, 187
and scratch behavior, 12:332
SEC and, 3:103, 102–104
test methods, 13:763, 764
width, 8:661–663
Ziegler-Natta polymerization, 15:509, 516, 517, 519,

520
Molecular weight. See also High molecular weight

polymers; Ultrahigh molecular weight
polyethylene (UHMWPE)

anionic polymerization, 1:599
of aromatic polyamides, 10:216
cast film properties and, 5:555
and drag reduction, 4:558
effect on autohesion, 1:382, 383
effect on biodegradation, 2:102
of ethylene-norbornene copolymer, 5:591
guayule rubber, 12:276–280
of lignin, 7:536
of LLDPE, 5:574
natural rubber, 12:276–280
polymer morphology and, 8:552
of poly(trimethylene terephthalate), 10:202, 203
of SAN copolymers, 1:290
and scratch behavior, 12:332
sensitive detectors, 3:116–120
test methods, 13:763, 764
viscosity contrasted, 15:102

Molecularly imprinted dendrimers, 4:328
Molecularly imprinted polymers, 8:684–702

applications, 8:689–701

covalent imprinting, 8:686
noncovalent imprinting, 8:687
organic materials, 8:685, 686
polymer networks, 8:687–689

Mollusca, chitin in, 3:33
Molten blends, rheological properties of, 10:715, 716

Palierne model, 10:716
Molten state polymer deformation, 8:548
Molybdate red and orange, 3:472
Molybdenum catalysts, 8:154

1,2-polybutadiene synthesis by Ziegler-Natta
polymerization, 2:311

Monazo yellow pigment lakes, 3:476, 477
Mono(cyclopentadienyl) complexes, 8:96–98
Monochlorobenzene

swelling of parylenes in, 15:436
Monocyclopentadienyl complexes, 5:562
Monodisperse long n-alkanes, 8:722, 723
Monodisperse molecular weights, 8:554
Monoenergetic positron beams, 11:280
Monoenergetic slow positron beams, thin films and

surface-near layers, 11:279–281
Monofilament nylon, 10:289
Monofunctional initiator, in polystyrene production,

13:218, 219
Monohydric alcohols, 9:681
Monolayers, AFM imaging of, 1:763
Monolithic supports, 8:185
Monoliths

polystyrene supports, 11:33–36
Monomer-catalyst matching, 1:25
Monomer-Complex Dissociation (MCD) model, 3:768
Monomer droplets, 5:163, 165
Monomer-Monomer Complex Participation (MCP)

model, 3:767, 768
Monomer-polymeric particles, 8:404, 405
Monomer ratio, in main loci of polymerization, 5:179
Monomeric acrolein

chemical properties of, 1:108, 109
manufacturing of, 1:109
physical properties of (table), 1:108

Monomeric amino resins, 1:532
Monomeric hindered amine light stabilizers, 14:467
Monomers, 5:612–614, 9:316. See also Residual

monomers
addition rates, 5:181
chemical structure of, 9:644
chemically removing residual, 13:243–245
in emulsion polymerization, 5:174, 611
oil-soluble, 4:53
partitioning behavior, 5:177
properties, 14:765
properties, 9:414
reactivity ratio, 5:179
regulatory, 14:765, 766

Monomethylhydroquinone (MEHQ), 1:159
Monooxazolidines, 1:424
Monoperoxycarbonate free-radical initiators, 6:446, 448
Monoynes, 1:24–32

catalyst systems in, 1:24–27
living polymerization, 1:28–30
monomer-catalyst matching, 1:25
polymer reactions, 1:30–32
polymerization behaviors, 1:27, 28
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substrate, cocatalyst, and solvent, 1:27
substrate-catalyst matching, 1:26

Monsanto Prism gas separation membranes, 7:761
Monte Carlo calculations, 4:655
Monte Carlo lattice models, 8:548, 550, 570

applications, 8:601–625
bond fluctuation and other lattice methods, 8:597
continuum configuration bias, 8:594
Gibbs ensemble methods, 8:595, 596
histogram reweighting, 8:596
moves for long-chain polymers, 8:594, 595
OPLS force field, 8:577
parallel tempering, 8:596, 597
placing molecules in containers, 8:582–586
transport in amorphous polymers, 14:372

Monte Carlo simulations, 9:22
Montmorillonite (MMT)/PBO nanocomposites, 5:795,

6:583, 12:108
layered host structures exhibiting intercalation, 7:74
melt-intercalated sodium, 8:772
PS nanocomposite with, 13:206
strong protein binding, 13:745
structure of, 8:769

Mooney correction, 12:10
Mooney cure, 6:172
Mooney-Rivlin equation, 4:662
Mooney-Rivlin material, 15:114

stress plot for, 15:115
Mooney scorch, 6:169, 172
Mooney viscosity, 6:169, 11:169

of CSM polymers, 5:471, 472
of styrene-butadiene rubber, 13:278

Moore’s law, of computer speed improvement, 8:574
4-Morpholinyl-2-benzothiazole disulfide, 12:170, 175
Morphology, 8:704–730

advanced materials, 8:727, 728
AFM imaging of, 1:780
atomic force microscopy and, 1:764, 765
banded spherulites, 8:723–725
biodegradation effect, 2:100, 101
carbon black, 2:432–438
computer-generated, 8:551
crazing, 15:480, 481
and crystallization, 8:725, 726
degree of crystallinity, 8:704
distribution and, 13:19
effect on biodegradation, 2:100, 101
heterophase polymers, 6:659–670
lamellae, 8:705–718
liquid crystalline polymers, 7:573, 574
and mechanical properties, 8:726–730
monodisperse long n-alkanes, 8:722, 723
overview, 8:704, 705
polyacrylonitrile, 1:277
polymer interpenetrating networks, 7:115–118
propylene polymers, 11:354–361
spherulites, 8:718–726
spherulitic growth, 8:720, 721
of spinodal decomposition, 8:727
and tensile deformation, 8:728–730
as validation, 8:726
scratches, 12:328
visualization methods, 2:749–752

Morton-Kaizerman-Altier equation, 6:635
Mortreux-Mori-Bunz catalyst, 1:33
Mossbauer time scale, 7:53
Motionless mixers

for block copolymerization, 2:288
Motor-gearbox coupling, in an extruder, 5:630, 631
Motors, extruder, 5:629–631
Mountain peak, 1:554
Moving belts, acrylamide polymerization on, 1:136, 137
Moving web reactors

for bulk and solution polymerization, 2:291
Moynihan model, 1:473
MPC derivatives, chemical structure of, 9:641
MPD. See m-Phenylene diamine (MPD)
MPDI fibers, 10:227, 228
MPDI. See Poly(m-phenylene isophthalamide) (MPDI)
mPE. See Metallocene-catalyzed polyethylene (mPE);

Metallocene polymerized polyethylene (mPE)
MQ silicone resins, 12:502–504
mRNA, 15:184
MSDS. See Material Safety Data Sheets (MSDS), 6:381
MTBE. See Methyl tert-butyl ether (MTBE)
Mucoadhesives

poly(ethylene oxide) applications, 5:457
Mucor rouxii, 3:33
MUF resins. See Melamine-urea-formaldehyde (MUF)

resins
Mullins-Sekerker instability, 4:183
Multi-RAFT agent, 11:737
Multi-walled carbon nanotubes (MWCNTs), 2:780
Multiangle light scattering detector (MALDI)

for molecular weight determination, 13:763
Multiaxial stress criteria, 6:331, 332
Multiblock copolymers, 2:190

as shape-memory polymers, 12:412
thermoplastic elastomers, 14:155, 156

Multicavity molds, 7:16–18
Multichannel chips, 8:414
Multicore particles, 8:408
Multidimensional separation, 3:96, 97
Multifrequency electron spin resonance spectroscopy,

5:7, 8
Multifunctional epoxides, 5:293
Multifunctional epoxies

average U.S. price, 5:299
Multifunctional epoxy resins, 5:314–320
Multilamellar block copolymer vesicles, 14:546
Multilamination micromixers, 8:327, 328, 335, 351
Multilayer barrier structures, 2:49–54
Multilayer coating methods, 3:285, 286
Multilayer coating process, 3:269
Multilayer composite membranes, 7:762
Multilayer films, orientation of. See also Coextrusion
Multilayer polymer coextrusion, principle and

applications of, 3:374–397
applications, 3:374–376
die system, 3:376–379

Multileaf spiral-wound module, 7:770
Multimanifold coextrusion technique, 5:636
Multimanifold dies, 3:376, 5:636, 637
Multimanifold sheet die, 5:636
Multimodal distribution, 9:7
Multiple antigen peptide (MAP) system, 4:314



Vol. 15 INDEX TO THE ENCYCLOPEDIA 693

Multiple bond functionalities, in lignin, 7:530
Multiple echo technique

for acoustic measurements, 1:98, 99
Multiple holograms, 9:766
Multiple integral constitutive models, 15:121
Multiple-pulse PLP (MP PLP), 7:373–375

propagation rate coefficients, 7:373–375
termination rate coefficients, 7:382–385

Multiple screw flights, 5:649, 650
Multiple shears, 12:36–38
Multipolymers, acrylonitrile, 1:286
Multireference self-consistent field (MCSCF), 3:609
Multiresponsive polymeric micelles, 8:287
Multishot injection molding, 7:9
Multisorb Freshpax, 9:457
Multistage emulsion polymerization, applications,

5:182, 183
Multistage systems, 8:13
Multisteps convergent syntheses, 8:342
Municipal solid waste

plastic recycling, 11:657–661
Municipal solid waste landfills

RCRA requirements, 4:242, 243
Mushrooms, chitin in, 3:33
Mutations

editing sites, 6:418, 419
Mutual diffusion coefficient, 4:515
Mutual diffusion coefficients, 6:419, 420, 14:293–296
MXD-6 resin

high barrier polymer, 2:39, 40
permeability humidity effects, 2:21

Mäule color reaction, 7:531
Möller-Plesset perturbation theory, 3:605
n-Butanol, physicochemical properties, 8:20
N-heterocyclic carbene ligands (NHC), 8:155
NaAMP (sodium

2-acrylamido-2-methylpropanesulfonate)
acrylamide copolymers with, 1:132

Nadic methyl anhydride
curing agent, 5:354

Nafion
transport properties, 14:367, 368

Nafion N115 membrane, 7:232, 233
Nano- and microparticles, 8:403
Nanocolays, 5:794, 795
Nanocolloids, 8:735
Nanocomposite gels, 9:5
Nanocomposite polyHIPEs, 10:609
Nanocomposites, 1:746

barrier properties, 2:57, 58
nylon, 10:285
phenolic resins, 9:615
of PS and Montmorillonite clay, 13:206, 207
thermoset applications, 14:174–178

Nanocomposites, layer-by-layer assembly, 8:735–745
mechanical properties and testing, 8:741–745
ultrastrong materials, 8:736–741

Nanocomposites, metal-filled, 8:748–764
applications, 8:760–764
characterization, 8:758–760
nanosized metal properties, 8:752–755
preparation, 8:755–758

Nanocomposites, polymer-clay, 8:767–783
barrier properties, 8:779, 780

characterization microstructure, 8:769–773
cone calorimetric data (table), 8:778
crystal organization, 8:777
elastic behavior, 8:780, 781
fire-retardant behavior, 8:777–779
kinetics of heat release rate, 8:779
mechanical behavior (table), 8:780, 781
montmorillonite, structure of, 8:769
nanofiller dimensions (table), 8:768
plasticity and rupture, 8:781, 782
polymer-layered silicate, 8:768–773
polymer-organoclay nanocomposites, 8:773–775
pristine MMT, 8:782
processing, role of, 8:782
stress-strain response in tension, 8:782
structure development in, 8:775, 776
thermal stability, 8:776, 777
volume-strain response in tension, 8:782
water-aided melt-dispersed organoclay, 8:772

Nanocomposites, rigid-rod polymers, 12:107, 108
Nanocrystals surface functionalization, 8:785–804
Nanoelement concept, 4:317, 318
Nanofiber, 5:145
Nanofillers, 2D correlation spectroscopy (2DCOS),

14:404
Nanofiltration, 5:832–834

mechanisms, 5:830
membranes, 5:832–834, 841

Nanoimprint lithography (NIL), 6:516, 7:614–616
Nanoindentation testers, 6:545
Nanometer-sized magnetic dots, 7:699–701
Nanomolding, 7:10
Nanoparticles, 8:376, 403, 421, 735, 786

development of, 8:430
phase contrast image of, 434
synthesis of, 8:431

Nanoporous polymer crystals, 3:170–173
Nanoprecipitation, 8:422
Nanoreactors, 2:202, 8:810–835
Nanoscale oxides, 5:798
Nanoscopic systems

molecular modeling, 8:620
Nanosized metals, 8:752–755
Nanostructured materials, 8:272
Nanostructures, 10:34
Nanotechnology, 5:145

and colloids, 3:463
Naphtha

component in coal-tar fractions, 2:472
Naphthalate dicarboxylic acid (2,6-NDA)

feedstock for PEN, 10:139
Naphthalene

component in coal-tar fractions, 2:472
feedstock for mesophase-pitch bases carbon fibers,

2:474
2-Naphthol, 5:269
Naphthol derivatives

oxidative polymerization, 9:444
Naphthol red pigment, 3:477
Naphthylamines

antidegradant for rubber, 12:234
Naphthylene group

relationship between liquid Cp and temperature in
linear macromolecules, 14:76
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Napping, 9:233, 234
Narayanaswamy-Moynihan expression, 3:538
Naringin (NG), 4:209, 210
Narrow MMD homopolymers, 7:715, 716
Nata di Coco, 2:570
National Automotive Paint File, 6:189
National Center of Manufacturing and Science

(NCMS), 3:666
National Electrical Manufacturers Association

(NEMA), 4:675
National Fire Protection Association (NEPA)

Committee E05 on Fire Tests, 6:86
National Highway Traffic Safety Administration

(NHTSA), 1:787
National Institute of Science and Technology (NIST),

8:406
National Institute of Standards and Technology

(NIST), 15:119
National Plastics Recycling Company (NPRC), 13:210
National Synchrotron Light Source, 15:378
Natural fiber composites, 11:698
Natural fibers and fillers, 1:814
Natural gas

feedstock for thermal black process, 2:448, 449
Natural iron oxides, as pigments, 3:470, 471
Natural oil polyol, 11:226
Natural organic matter (NOM), 5:833, 834
Natural pearlesence, 3:472
Natural polymers, 2:732, 9:102
Natural polysaccharides, synthesis of

via polycondensation, 5:226–229
Natural rubber fibers

applications, 5:780–782
chemical composition, 5:769–771
chemical properties, 5:779, 780
economic aspects, 5:780
manufacture, 5:772, 773
mechanical properties, 5:771
physical properties, 5:771

Natural rubber latex-based interpenetrating polymer
networks, 7:136

Natural rubber, 11:302, 303
activation energy in clustering system with

methanol, 14:321
in adhesives, 1:429
applications, 12:280–284
in belting, 2:70
biology and biosynthesis, 12:263–270
biosynthesis, 6:618, 621
blends with polypropylene, 14:137
compounding, 12:204–206
guayule rubber, 12:262–285
heterophase polymerization product, 6:587–588, 589
in interpenetrating network, 7:144
permeabilities, solubilities, and diffusivities of gas

pairs in, 14:312
physical properties, 12:207
selected categories of visually inspected, 12:208
via ring-opening polyaddition, 5:229–235

NBC. See Nickel dibutyl dithiocarbamate (NBC)
NBE derivatives, 8:188
NBE-endcapped polyphosphazene, 8:179
NBL. See n-Butyllithium (NBL)

NBR rubbers, 13:38
NBR. See Nitrile rubber (NBR)
NBR/PP copolymer. See Nitrile rubber/polypropylene

(NBR/PP) copolymer
NC-6004, 8:291
NCA

polymerization, 11:47
ring opening polymerization, 11:47, 434
synthesis, 11:48, 49
polypeptide copolymers, 11:51
star polypeptides, 11:51

NCMS. See National Center of Manufacturing and
Science (NCMS)

Near-critical fluid conditions, acrylamide
polymerization under, 1:138

Near edge x-ray absorption fine structure spectroscopy
(NEXAFS), 15:368–376

applications, 15:382–395
fibers, 15:403
instrumentation and analysis tools, 15:376–382
microscopy, 15:376–382
multicomponent, multiphasic polymers, 15:395–403
quantitative image analysis, 15:380–382
quantitative microanalysis, 15:380

Nearly critical gels, 6:374, 375
Neck pinch-off insert, 2:244
Necking behavior, 10:528, 15:453

and cold drawing, 15:453–455
Needle punched nonwovens, 5:682
Needle-punching, 9:223–225
Negative forming, 14:112
Negative HRR, 6:65
Negative tone aqueous developable materials, 5:80
Negative tone materials, 5:78, 79
Negative tone relief patterns, 5:80
NEMA. See National Electrical Manufacturers

Association (NEMA)
Nenophase separation, in smectic elastomers, 5:761
Neo-Hookean material, 15:114, 115

stress plot for, 15:115
Neocarzinostatin (NCS), 11:435
Neodymium catalysts

cis-1,4-polybutadiene synthesis by Ziegler-Natta
polymerization, 2:308–310

trans-1,4-polybutadiene synthesis by Ziegler-Natta
polymerization, 2:311

Neopentylglycol diglycidyl ether, 5:324
Neoprene (polychloroprene) rubber, 7:330
Neoprene

discovery, 3:43
Neoprene-phenolic contact adhesives, 9:605
Neoprene rubber, in belting, 2:71
Nephilia clavipes

silk from, 12:542, 543, 547
NERD force field, 8:577
Netpoints, of shape-memory polymers, 12:412
Nettle

dimensions of ultimate fibers and strands, 14:498
Network-PIM, 11:12
Network polymers, 4:503, 504
Networked polysilanes, 11:149
Networks, elastomeric

affine network model, 9:17
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“bimodal” elastomers, 9:7
chains in, 9:22
chain length distribution, effects of, 9:6, 7
chain length, effects of, 9:6
dangling chains, effects of, 9:8, 9
entanglements, effects of, 9:8
junction functionality, effects of, 9:7, 8
interpenetration of networks, 9:4
multimodal distribution, 9:7
non-gaussian behavior of, 9:18
phantom network model, 9:17, 18
physical aggregation, 9:3
polymerizations with multifunctional monomers, 9:3
preparation, 9:2
preparation under unusual conditions, 9:3, 4
random cross-linking, 9:2, 3
specific chemical end linking, 9:3
structure, 9:5, 6
trapped cyclics, effect of, 9:9
ultimate properties, effects on, 9:9–11
vinyl-terminated PDMS chains, 9:4

Networks, formation of, 3:213–215
Networks. See also Interpenetrating polymer networks

(IPNs); Polymer networks; Real networks
affine, 4:655–659, 662
cross-linked, 4:658, 659
elastomeric, 4:644, 645
phantom, 4:660, 662, 665, 666
swollen, 4:658
tetrafunctional, 4:660

Neutral screw, 5:624
Neutron diffraction, 2:750
Neutron scattering, 9:46–66

amorphous polymers, 1:547
conformation of polymer chain in melt, 9:55, 56
constrast matching, 9:49
constrast variation, 9:65, 66
experiments, 9:109
flow-induced structure in polymers, 9:62–64
for investigating micromechanical properties, 8:474
Langmuir-Blodgett films, 7:432, 433
location of end groups in dendrimers, 9:56–58
polymers blends, 9:59–62
protein structure by constrast variation, 9:65, 66
radius of gyration of polymers in ultrathin films,

9:58, 59
structure from scattering curve, 9:53–55
techniques, 2:193

New Tafel, 1:253
Newcell, 2:692
Newtonian fluids, 1:568, 12:5
Newtonian plateaus, 15:106
Newtonian polymers, 10:526
Newtonian solutions, of polyacrylamides, 1:122–124
Newtons per square meter, 4:638
NEXAFS. See Near edge x-ray absorption fine structure

spectroscopy (NEXAFS)
Nextel, 11:698
Ngai model, 1:475
NHC ligand, 8:156, 158
NHC/phosphane-substituted Ru-based catalysts, 8:156
NHTSA. See National Highway Traffic Safety

Administration (NHTSA)

Ni-catalyzed Polycondensation, 10:419
Nicalon, 6:714, 11:697
Nickel-based complexes

photostabilization by, 13:31–33
Nickel catalysts

coupling of aryl dihalides, in polysulfone
polymerization, 11:185

for LDPE, 5:530
cis-1,4-polybutadiene synthesis by Ziegler-Natta

polymerization, 2:307, 308
trans-1,4-polybutadiene synthesis by Ziegler-Natta

polymerization, 2:311
polyketone, 10:650

Nickel dialkyldithiophosphate (NiDRP), 13:28, 32
Nickel dibutyl dithiocarbamate (NBC), 5:478
Nickel dithiocarbamate (NiDRC) complexes,

photoactivation of, 13:35
Nickel dithiophosphate, 13:32
Nickel organic polymers, 7:64
Nickel rutile yellow, 3:471
Nickel(II)-based catalysts, 10:655

for polyketones, 10:651
NiDRP. See Nickel dialkyldithiophosphate (NiDRP)
NIMBY (not-in-my-backyard) syndrome, and plastics

recycling, 11:665
Niobium

metallocenes based on, 8:101, 102
Niosomes, 14:511
NIPAM, 8:441
Nippon Zeon’s Zeonex, 8:189
NIR-emitting QDs, 8:803
NIR radiation, 15:260
NIST. See National Institute of Standards and

Technology (NIST)
Nitocellulose membranes, 5:826
Nitrate-selective resins, 7:158
Nitric acid

acrylic fibers solution spinning solvent, 1:241
Nitric acid, LLDPE and, 5:548
Nitrile

physical properties, 12:207
Nitrile butadiene rubber

anioxidant applications, 1:713
Nitrile-butadiene rubber, in belting, 2:71
Nitrile elastomers, 1:262
Nitrile group, reactions, 1:262, 264, 265
Nitrile-phenolic adhesives, 1:426
Nitrile polymers

high barrier polymers, 2:36, 37
Nitrile rubber (NBR), 1:274

blends with polypropylene, 14:137
compounding, 12:214–216
blends with PVC, 14:137

Nitrile rubber/polypropylene (NBR/PP) copolymer,
1:370, 371

Nitrile-substituted polyimide, 9:793, 794
Nitrilo-phosphoranylide, 11:98
Nitro-displacement polymerization, 10:589
3-Nitro-4-aminomethylbenzoic acid (Nonb), 11:79
3-Nitro-4-hydroxymethylbenzoic acid (ONb), 11:77
Nitroalkenes

monomer reactivity, carbanion stability, and suitable
initiators for anionic polymerization, 1:602
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Nitrobenzene
inhibition constants with selected monomers, 11:582

4-Nitrobenzophenone oxime resin, 11:76
Nitrocellulose, 2:601, 602, 673, 674, 3:339

applications, 2:608–613
Nitrogen-15 (15N) NMR, 2:737
Nitrogen

diffusivity in polymers, 8:304
molecular volumes (table), 14:301

Nitrones, 13:24
4-Nitrophenol, reduction of, 8:457
Nitroxide mediated living radical polymerization

telechelic polymers, 13:687, 688
Nitroxide-mediated polymerization (NMP), 7:416
Nitroxide-mediated polymerization, 7:651–653

development of, 7:649, 650
initiators for, 6:858–860
styrene, 13:228, 229, 229–231

Nitroxide-mediated radical polymerization (NMRP),
7:628

Nitroxide mediated radical polymerization (NMRP),
8:345

Nitroxide spin probes
with ionomers, 5:15–21
line shape analysis, 5:4–8

NK911, 8:290
nanocarrier, 8:290

NLO properties. See Nonlinear optical properties
NMP methods, 3:198, 199
NMP solvent, 5:69
13C-NMR techniques, 8:163
NMR. See Nuclear magnetic resonance (NMR)

spectroscopy
integrals, 8:520
spectrometers, 8:520
microprocess, 8:360

No-wax flooring, 6:107
No-wax vinyl flooring, 6:115
Nodax, 2:91
Nomenclature, 13:151

elastomers, 12:206
IUPAC commission publications on polymer

nomenclature (table), 9:578–619
polymer interpenetrating networks, 7:111

Nomenclature of polymers, 9:69–98
abbreviations and acronyms for polymers (table),

9:96–98
basic definitions, 9:69–71
chemical abstracts nomenclature, 9:86–95
commission publications on (table), 9:70, 71
common names and CA equivalents, 9:91, 90
for irregular single-strand organic polymers (table),

9:87, 88
IUPAC nomenclature, 9:73–86
overview, 9:69
source-based nomenclature, 9:71, 72
structure-based nomenclature, 9:73
subcommittee projects on (table), 9:72
trade names and abbreviations, 9:95–98

Nomex, 6:701, 8:558
limiting oxygen value, 6:713
mechanical properties, 9:216
photodegradation, 4:283

Non-aerobic acrylic adhesives, 1:420
Non-autonomic healing, 12:340, 367, 368
Non-disjoint diradical organic molecules, 7:694–696
Non-Fickian transport behavior, 14:361–365
Non-Gaussian effects, 9:10
Non-Gaussian theories, 4:651, 654
Non-Kekulé organic molecule, 7:694–696
Non-Newtonian fluid, 12:5, 6:407–411
Non-Newtonian polymers, 5:567, 568
Non-nitrosamine curatives, 12:168–177
Non-PHA biomass, separation of PHA and PHB from,

10:108–109, 110
Non-photosensitive stress buffer coatings, 5:75
Non-spherical filler particles, 9:36
Non-steady-state polymerization (NSSP), 7:371–416

emulsion polymerization (EP), 7:385
posteffect method, 7:385

Nonaffine tube model, 9:21
Nonaqueous oil-in-oil (O/O) HIPEs, 10:598
Nonaromatic cyclic structures, conversion of aromatic

rings to, 7:527
Nonbond energy evaluation, 8:589, 590
Noncentrosymmetric chromophore order, 5:95
Noncharring polymers, 6:51
Nonconducting polymers

electropolymerization, 5:119
Noncontact atomic force microscopy, 1:752
Noncoordinating anions, 5:562
Noncovalent imprinting, 8:687
Noncovalently connected micelles (NCCM), 8:276
Noncrystalline fluoropolymers, applications, 6:153
Nondegenerate coupled oscillator circular dichroism,

5:46, 47
schematic illustration of spectra, 5:47

Nondestructive testing (NDT), 9:101–116
adhesive joints, 9:114
basic approaches, 9:112, 113
chemical and analytical test methods, 9:112
classes of (table), 9:102, 103–104
composites, 9:102
detection, sizing, and evaluation of indications, 9:112
determination of geometry/size and reverse

engineering, 9:114
determination of structural integrity with, 9:113
electromagnetic test methods, 9:109, 110
literature on, 9:102
mechanical test methods, 9:104, 105
optical test methods, 9:105–107
penetrating radiation test methods, 9:107–109
polymer-matrix composites elements, 9:113
process monitoring and process control with, 9:114,

115
sonic and ultrasonic test methods, 9:110, 111
technical polymers, 9:101
thermal and infrared test methods, 9:111, 112

Nondestructive testing, 13:781
Nondipolar aprotic solvents, polysulfone polymerization

in, 11:184
Nonemulsification methods, 8:421, 422
Nonequilibrium molecular dynamics, 8:621
Nonequilibrium plasma technologies, 10:1
Nonequilibrium plasmas, 10:1
Nonequilibrium processes, 8:556



Vol. 15 INDEX TO THE ENCYCLOPEDIA 697

Nonequilibrium statistical thermodynamics,
13:77–79

Nonfluorinated monomers, copolymers of, 6:141, 142
Nonfouling hydrophilic polymer brushes, 10:746–755
Nongraphitizable carbon fibers, 2:468
Noninteractive hindered amine light stabilizers,

14:477, 478
Nonintermeshing twin screw extruders, 5:619
Nonionic acrylamide polymers, 1:118
Nonionic latexes

anionic and nonionic compared (table), 3:73
Nonionic poly(acrylamide), physical properties of,

1:119, 120
Nonionic surfactents. See Surfactents
Nonionic telechelic associative polymers, 6:739– 746

shear-thickening region, 6:740– 741
small-angle neutron scattering (SANS), 6:741, 742
transient network theory, 7:742, 743

Nonionic water-soluble polymers, 15:198–202
Nonlinear light scattering, 9:133
Nonlinear optical materials

electrically active polymers for, 4:770, 771
Langmuir-Blodgett films, 7:434, 435

Nonlinear optical properties, 9:123–166
advantages of NLO polymers, 9:133, 134
measurement techniques, 9:156–158
structure-property relationships, 9:140–156

Nonlinear relaxation modulus, in DE model, 15:136,
137

Nonlinear viscoelastic behavior, 15:105–163
solid-like polymers, 15:145–163

Nonlinear wave propagation
and acoustic properties, 1:73, 74

Nonmetallocene systems, 5:563
Nonnatural amino acids

incorporation via introduction of heterologous
aaRS/tRNA pairs, 6:411–416

incorporation via overexpression of mutant
aminoacyl-tRNA synthetases, 6:420–422

incorporation via overexpression of wild-type
aminoacyl-tRNA synthetases, 6:418–420

multisite incorporation, 6:416, 417
Nonnoble metal, 3:666–669
Nonoxidizing alkyds, 1:480, 492, 493
Nonperfectly alternating copolymers, 10:653
Nonpolymerization methods, 8:412
Nonporous dense membranes, 7:746, 747
Nonporous membranes, 5:827

preparation of, 5:836, 837
Nonreactive compatibilization, 10:679–681
Nonretum valve, 5:666
NonSolvent bath, polymer precipitation by immersion

in, 7:756–760
Nonstationary polymerization, 11:556–558

chain length distribution, 11:568, 569
Nonstereospecific Ti(III) site, 13:93
Nonstoichiometric polycondensation, 10:417–419
Nonwoven binders

vinyl acetate polymer applications, 14:680, 681
Nonwoven cards, 9:218
Nonwoven fabrics, 5:682, 9:177–211

applications, 9:201–211
bonding, 9:193–41, 96

finishing, 9:230–235
flashspun fabrics, 9:197, 198
meltblown fabrics, 9:196, 197
processes, 9:214, 215
production, 9:235
spun bonded, 9:177–211
staple fibers, 9:213–236
testing, 9:198–200
web formation, 9:185–193, 216–218
web consolidation, 9:223–230
web layering, 9:218–223

Nonwovens
Bemliese, 2:690
thermally bonded, 8:566–570

p-Nonylphenol
phenolic resin monomer, 9:579

Norbornenes. See also Ethylene-norbornene (Et-Nb)
copolymers

free radical photopolymerization, 9:731
Normal grade carbon blacks

surface area, DBP number, and applications, 2:458
Normal mode relaxation processes, 2:754
Normal stress fracture, 6:286
Normal stress response, in DE model, 15:143–146
Norrish photocleavage processes, 13:9, 212
Norrish-Smith effect, 11:552
Norrish-Trommsdorff effect, 11:552
Norrish Type II, 9:721, 721
Norsorex, 8:187
Norsorex, shape-memory properties of, 12:417
Noryl, 10:572, 582–584
Nosé-Hoover thermostat, 8:599
Notch-sensitive material, 10:279
Notched Izod, 5:215
NovaGel, 11:27–29
Novamont’s Mater-Bi starch-based technology, 13:62,

63
Novasomes, 14:511
Novolac resins, 1:425. See also Phenolic resins

advantages, disadvantages, and applications as
epoxy curing agent, 5:339

applications, 9:603–619
curing, 9:592–594
curing agents, 5:337
decomposition of cured, 9:594
manufacture, 9:587
synthesis, 9:581–583

Novolac shell-molding binders, 6:197
Novolacs, 6:197

cross-linking of, 4:76
Nozzle processes, 8:385
Nucleants, nylon, 10:283
Nuclear magnetic resonance (NMR), 2:736–739, 8:357,

9:237–309, 285–290
for crystallinity determination, 4:159–164
contrast, 9:290–297
elastomers, 9:299–309
one-dimensional studies of molecular motions and

dynamic order, 9:251–257
relaxation time measurements, 2:752, 753
viscoelastic polymers by two-dimensional NMR

spectroscopy, 9:270–285
Nuclear magnetic resonance (NMR) imaging, 9:114
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29Si Nuclear magnetic resonance (NMR) spectroscopy,
12:485

Nuclear magnetic resonance (NMR) spectroscopy,
5:575, 7:532, 14:563, 15:367

amorphous polymers, 1:586–588
for composition and structure determination, 13:759,

760
investigating micromechanical properties via, 8:476
of poly(acrylamide), 1:127
silane coupling agents, 12:425, 426, 429

13C Nuclear magnetic resonance (NMR) spectroscopy,
7:533

for composition and structure determination, 13:759,
760

for crystallinity determination, solid-state high
resolution, 4:163, 164

phenolic resins, 9:595
1H Nuclear magnetic resonance (NMR) spectroscopy,

7:533
for crystallinity determination, 4:160, 161

Nucleation, 5:169
of cracks, 6:318, 319
in CSTR, 5:189
heterophase polymerization, 6:596–603
kinetics, 4:168–174
latex manufacture, 7:463–465
microcellular plastics, 8:305, 306
of secondary cracks, 6:319
secondary nucleation theory, 4:185–188, 194
and void growth in composite curing, 3:540, 541

Nucleation mechanism, above the CMC, 5:168, 169
Nucleation stage, of emulsion polymerization, 13:270,

271
Nucleation track membranes, 7:749, 750
Nucleation, elongation polymerization mechanism,

13:445–447
Nucleic acids, phosphorus in. See also DNA;

Polynucleotides
Nucleophilic substitution polycondensation route,

polysulfone synthesis via, 11:180–184
Number-average molecular weight, 8:660

determination, 8:661–668
Number-average zip length, 4:428
Number-CLD form, 7:362–364
Numerical integration methods, 8:587
Nutropin Depot, 3:754
Nutshell

filler material, 5:785
N-Vinylamide polymers, 9:315–341
NVP polymerization, RAFT polymerization, 11:731
Nylon-1

from anionic polymerization of monoisocyanates,
7:258

Nylon 11
melting temperature, 10:69
thermodynamic properties, 14:68
thermoplastic powder coatings, 3:234

Nylon 12
effect of additives on, 10:278
melting temperature, 10:69
thermodynamic properties, 14:68

Nylon, 5:203, 680. See also Polyamide plastics;
Polyamides

blends with poly(ethylene oxide), 5:450

even-numbered, 9:794
filler material, 5:785
grafting of polymers on, 10:262, 263
history of, 10:237, 238
impact strength vs. notch tip radius, 6:818
limiting oxygen value, 6:713
mechanical properties, 9:216
mechanical properties compared to silk and other

fibers, 12:547
microdenier, 10:260
nomenclature of, 10:239
pigmentation of, 3:497
predrying in processing, 10:70
properties, 9:346
properties of (table), 10:273, 275
thermoplastic powder coatings, 3:233–236
UV wavelength sensitivity, 14:454
world production of, 10:264, 265

Nylon 6, See also Modified nylon-6 fibers
casting, 10:89
fatigue absorbed water effect, 5:739
Hamaker constant, 6:644
high barrier polymer, 2:39
manufacture of, 10:247, 248
melting temperature, 10:69
moderate barrier polymer, 2:45
NEXAFS spectra, 15:371
polymerization reactors, 2:284
preparation of, 10:246, 247
properties of, 10:239–244
properties of barrier, 2:34
structure of, 10:238, 239
tensile properties of, 10:239–242
thermal degradation, 4:260
thermodynamic properties, 14:68
thermoplastic powder coatings, 3:234

Nylon 6,9
thermodynamic properties, 14:68

Nylon 6,10
thermodynamic properties, 14:68

Nylon 6,12
melting temperature, 10:69
thermodynamic properties, 14:68

Nylon-6,6-poly(oxymethylene), 4:54
Nylon 6,6. See also Modified nylon-6,6 fibers

creation of, 10:237, 238
effect of additives on, 10:278
effect of temperature on the shear modulus of, 10:279
fatigue absorbed water effect, 5:738, 739
fatigue chemistry effect, 5:734
fatigue crack effect of molecular weight, 5:726
fatigue crack speed, 5:724
fatigue damage, 5:707
fatigue thermal history effect, 5:742
high barrier polymer, 2:39
irradiation degradation, 4:289
manufacture of, 10:247, 248
moderate barrier polymer, 2:45
physical properties of staple, 1:229
predrying in processing, 10:70
preparation of, 10:246, 247
properties of, 10:239–244
strain-energy release rates, 6:824
structure of, 10:238, 239
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tensile creep of, 10:280
tensile properties of, 10:239–242
thermal degradation, 4:260
thermoplastic powder coatings, 3:234
melting temperature, 10:69
thermodynamic properties, 14:68

Nylon 6I/T, hydrophilic character of, 13:841, 842
Nylon-clay nanocomposites, 5:795
Nylon copolymers, 10:260–263
Nylon fibers, 5:681, 768. See also Cotton fibers

cross-section shapes of, 10:255, 256
limiting oxygen index, 1:232
properties of, 10:206
world production of, 10:238

Nylon film, 10:288
Nylon, cellular

physical properties of commercial, 2:529
Nylon, supertough

load-deflection behaviour, 6:819
O-ring compounds, 6:168, 169
O-ring specifications, 6:171
O-rings, 6:168
O/W HIPE, 10:598, 601
OABA. See o-Aminobenzylamine (OABA)
Obliquity angle, 8:111
Occlusion polymerization, 3:126
Occupational Safety and Health Administration

(OSHA), 5:535
Octadecamethyloctasiloxane

physical properties, 12:491
Octadecyl 3,5-di-tert-butyl-4-hydroxyhydrocinnamate

antioxidant, 1:704
Octamethylcyclotetrasiloxane

physical properties, 12:491
Octamethyltrisiloxane

physical properties, 12:491
3-Octanoylthio-1-propyltriethoxysilane, 12:188
1-Octene

metallocene-based copolymerization with ethylene,
8:107

n-Octyl acrylate
aqueous solubility, 7:467
water solubility for heterophase polymerization,

6:628
Octylated diphenylamine

oxidant used in rubber, 12:195
p-Octylphenol

phenolic resin monomer, 9:579
Octyltriethoxysilane, 12:189
oCVD. See Oxidative chemical vapor deposition

(oCVD)
ODA/PPTA fibers, 10:228–232
ODA/PPTA. See Copoly(p-phenylene/3,4′-diphenyl

ether terephthalamide) (ODA/PPTA)
Odor

antioxidants, 1:717
OEG-based dendronized polymers, 4:363, 364. See also

Dendronized polymers
Off-spec material, 5:187
Office of Saline Water (OSW), 7:745
Office tape, 11:291
Offset gravure coating, 3:277
Ohm’s law, 4:675

Oil and chemical resistance (table), of acrylic
elastomers, 1:181, 182

Oil extenders, in SBR processing, 13:276
Oil filters

phenolic resin applications, 9:611
Oil-furnace blacks, 2:427

composition, 2:429
Oil-furnace process, for carbon black, 2:427, 428,

444–448
Oil gels, 14:155
Oil recovery

acrylamide polymer applications in, 1:119
polyacrylamides for, 1:140, 141

Oil-resistant specialty elastomers, comparative
properties, 1:181

Oil-tanned chamois leather, 7:488
Oil-well cement retarders, lignosulfonate, 7:542
Olefin fibers, 9:345–364

applications, 9:363, 364
economic aspects, 9:362, 363
manufacture and processing, 9:351–362
physical properties of staple, 1:229
properties, 9:346–351

Olefin polymers, chlorosulfonated, 5:467
Olefinic polymerization, 1:341
Olefins

codimerization, 7:278, 279
π-metal carbene complexes, 8:151
Bi-, 8:191
metathesis, 8:149, 150, 168, 185
coloring, 3:497
internal, 10:652
metallocene-based graft and block copolymerization

with non-olefins, 8:131, 132
nitrile group reactions with, 1:262
polyketone copolymerization with, 10:650–653

α-Olefins, stereoselective isomerization polymerization,
13:112

Oligo(ε-caprolactone)dimethacrylate, 12:418
Oligo(ethylene glycol)s (OEGs), 4:363
Oligo(p-phenylenevinylene) (OPVPF), 13:461, 462
Oligomeric cyclic polycarbonates, 7:682
Oligomeric cyclic polyesters, 7:683
Oligomeric phosphoric/phosphonic anhydrides, 9:679
Oligomeric polycarbonate cyclic, polymerization of,

7:682
Oligomeric polyesters, 7:683, 684
Oligomers

self-assembly of, 1:763
structural representation of polymers, 13:175, 176
surface oligomer detection and imaging, 13:496–499

Oligophenylene ethynylene-tricarboxamides (OPE-TAs)
supramolecular polymerization, 13:449, 450

Oliver and Pharr’s (OP) approach, 6:557
One-component polyurethane systems, 11:255, 256
One-dimensional conductive fillers, 3:655, 656
One-part curing systems, for polysulfides, 11:171
One-pot hydrosilylation, application of, 5:763
One-pot multicomponent cascade reaction, 8:459, 461
One-pot synthesis, of elastomer, 5:754
One-step polycondensation, sequential control,

10:413–417
head-to-tail sequential polymers, 10:416
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head-to-head sequential polymers, 10:416
sequential polymers from two nonsymmetric

monomers, 10:416, 417
tail-to-tail sequential polymers, 10:416

One-way shape-memory effect, 12:410
Online monitoring

macromolecular characteristics, 8:358–360
reaction kinetics, 8:357

Onsager local field, 9:789, 790
Onsager model, 9:751
Onsager reciprocity, 13:78
Onsager’s principle, 13:78
Onset of vitrification

epoxy resins, 5:369
Onset thermal degradation temperature, of PAI, 6:46
Onset thermal temperature

of PAI, 6:46
of polymers, 6:46, 47, 49

Opal
as colloid, 3:437

Open-cell polyHIPE, 10:603
Open-celled cellular material, 2:512
Open-mold processing, 10:90, 91
Ophthamalic solutions

poly(ethylene oxide) applications, 5:457
OPLS force field, 8:577, 580
Optical data storage, 9:765
Optical devices

phosphazenes, 11:109
polysilanes, 11:160–162

Optical fibers, 9:367–384
absorption loss, 9:371, 372
bandwidth and modal dispersion, 9:374
concept and classification of, 9:368
cross-sectional views of, 9:370
cutback technique, 9:370
fiber attenuation, 9:370
“fiber-to-the-home” (FTTH) services, 9:367
fluoro materials for, 9:378, 379
gof backbone, 9:367
graded-index (GI) fibers, 9:368
information-carrying capacity of, 9:368
introduction, 9:367
low-loss step-index polymer, 9:374
oblique rays, 9:369
perfluorinated polymers, 9:380–384
ray trajectories, 9:369
scattering loss, 9:372–374
single-mode fiber, 9:369
step-index (SI) fibers, 9:368
total dispersion, 9:382
wentzel-kramers-brillouin method, 9:382

Optical loss, 5:103–105
Optical microscopy, 2:752, 6:280, 281
Optical polarizability, 9:387–389
Optical properties

filled polymers, 5:792
LLDPE, 5:577
nylon fiber, 10:244
polyarylates, 10:352, 353
polydiacetylenes, 4:451–453
polysilanes, 11:150–154
polysulfones, 11:188–190

test methods, 13:770, 778, 779
xylylene polymers, 15:430–433

Optical properties, 9:386–411
ab initio and semiempirical approximations, 9:389,

390
anisotropy, 9:387–389
birefringence, 9:402–409
definitions and computational prediction of,

9:387–390
finite-field method, 9:390
gloss, 9:402
internal absorption, 9:397
local field, 9:390, 391
Lorenz-Lorentz theory, 9:391
nonlinear, 9:409–411
optical polarizability, 9:387–389
optical storage media, 9:387
overview, 9:386, 387
reflectivity, 9:402
refractive index, 9:391–397
resonant case, 9:389
resonant two-level atom systems, 9:389
rotational isomeric state model, 9:403, 404
sum over states, 9:390
transmission and haze, 9:397, 398
transparency and clarity, 9:399–401
unsoeld approximation and charge models, 9:390

Optical sensors
metal-filled nanocomposite application, 8:761

Optical storage media, 9:387
Optical test methods

(digital) holographic interferometry, 9:106
digital photography/digitization, 9:106

Optically different layers, mueller matrix expression,
12:677–681

Optics
free radical photopolymerization applications, 9:742

OPTIMTM, 15:325, 326
Optimal addition profiles, 5:181

organic composites, 5:184
Orange pigments

benzimidazolone, 3:478
metallized, 3:475

Order-disorder transition, 9:565
Order parameter, 9:561, 562
Ordered polymers

amorphous polymers, 1:561–566
Organ failure

tissue engineering for, 14:214
Organic-based antifoams, 1:665, 666
Organic bromine compounds, as flame retardants,

13:258
Organic cellulose esters, 2:617–641
Organic electrooptic (OEO) materials, 5:94, 108
Organic field effect transistors (OFETS)

electrically active polymers for, 4:769, 770
Organic fouling, 5:846, 7:158. See also Fouling, Cake

fouling
Organic glass, 2:495
Organic heat stabilizers, 6:579, 580
Organic-organic separations, 7:801
Organic particles

metal particles, 9:36
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nanotubes, 9:35, 36
simulations on fillers, 9:36

Organic peroxide free-radical initiators, 6:840–854
Organic peroxides, 1:348, 349
Organic photoconductors

polysilanes, 11:161
Organic pigments, 3:474–489
Organic polymers, 5:62
Organic semiconductor

charge mobilities, 12:643
charge transport, 12:642

Organic solar cell, 12:627
accurate measurement and characterization,

12:635–638
advantages, 12:649, 650
air mass (AM)-solar spectra, 12:637
Anisotropic charge transport, 12:644
crossbar-type electrode geometry, 12:638
efficiency limiting factors, 12:650
encapsulation using plastic materials, 12:650
lamp’s age, 12:638
lifetime, 12:650
MDMO-PPV:PCBM blend, 12:639, 640
nanomorphology, 12:639
P3HT:PCBM films, 12:641, 642
polychromatic efficiencies, 12:636, 637
polyfluorene copolymers, 12:642
polymer blend morphology, 12:644
RR-P3HT, 12:641
solar simulator calibration, 12:638

Organic solvents
porogenic, 4:60

Organic vapor/air separation membranes, 7:761
Organically modified ceramic (ORMOCER)

multilayer barrier structure, 2:52
Organo-nanoclays

filler material, 5:785
Organoalkali compounds

anionic polymerization initiators, 1:605–607
Organochrome catalysts, 5:559. See also Chromium

catalysts
Organocobalt polymers, 7:64

thermotropic liquid crystalline, 7:65
Organolithium compounds, 7:308, 309
Organolithium reagents, 7:36
Organolithiums, 7:307
Organometallic complexes

carbocationic polymerization initiation by, 2:398
Organometallic polymers, rigid-rod, 7:63–65. See also

Metal containing polymers
Organometallic precursors, 8:786
Organonickel polymers, 7:64
Organophilic membrane materials, 8:21
Organosilicon films, 10:16–24

C-free SiO2-like coatings, 10:18
CH radicals in the plasma, 10:18
single barrier layer, water vapor transmission rate

(WVTR), 10:20
Organosilicone coating products, 12:506, 507
Organosolv pulping lignins, 7:544, 545
Organotin-based heat stabilizers, 6:568–574

alkyltin intermediates and, 6:568, 569
commercial stabilizers, 6:570–572

costabilizers for, 6:570
health and safety aspects, 6:573, 574
pricing of, 6:571–573
stabilizer synthesis, 6:570

Organotin catalysts, 14:438
Organotins, 1:356
Organozirconium polymers, 7:64
Orientation

of styrene polymers, 13:246–248
Orientation hardening, 15:454
Orientation-induced history effects, 14:358–361
Orientational enhancement effect, 9:751
Oriented film, 9:471. See Oriented PS film
Oriented gas model, 9:751
Oriented PS film, 13:258–260
Oriented strandboard, 15:296, 297

characteristics and applications, 15:284
Oriented, high clarity shrink film, 9:476
Orlon, 1:225

chemical properties, 1:230, 231
Ormosil, 3:337
Ornstein-Zernike function, 1:561
Orowan-Polanyi formula, 11:690
Orthokinetic flocculation, 6:646–648
OSHA. See Occupational Safety and Health

Administration (OSHA)
OSM-PCGA-PEG-PCGA-OSM block copolymers, 2:175
OSM-PCLA-PEG-PCLA-OSM block copolymers, 2:175

biomedical applications of, 2:182, 183
chemical structure of, 2:174

Osmosis, 5:826, 7:744, 745
Osmotic delivery controlled release technology, 3:751,

752
Osmotic pressure, 7:744
Osmotic shock, 7:162

properties of, 7:158–160
resin matrix, 7:154
synthesis of, 7:156–158

Ostwald ripening, 6:626–630
OSW. See Office of Saline Water (OSW)
Outdoor environment. See also Environmental issues;

Weathering
AES and ASA materials for, 13:204
oxidative degradation in, 13:9–11
styrene polymer degradation in, 13:209–213

Outer plastic zone, 6:316
Oven-drying core oils, 6:200
Over-curing, 5:370
Overlap concentration, 15:178
Ox-Tran, 2:24
Oxanorbornene polymerization, 8:153
7-Oxanorbornenes, 8:191
Oxazaborolidine-bearing microgels, 8:449
Oxazolidines, 1:424

telechelic polymers, 13:713, 714
Oxbar oxygen absorber, 2:59
Oxborough-Bowden model, of craze initiation, 15:483,

484
Oxbow effect, 2:383
Oxetane polymers, 9:413–429

3-hydroxyoxetane derivatives (3), 9:417
acylium ion salts, 9:419
aluminum alkyl-based initiators, 9:419
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cationic initiators, 9:419
cyclic oligomers, 9:421, 422
DMOX polymerization, 9:420
electrophilic reagents, 9:418
fluorosulfonates and trifluoromethanesulfonates,

9:419
health and safety factors, 9:428
hydroxyterminated polymer, 9:427, 428
kinetics of, 9:421
lewis acids, 9:418
mechanistic considerations, 9:419, 420
microstructure, 9:422, 423
oxetane copolymerizes, 9:424
polymerization, 9:416, 417
polyoxetane glycols, 9:423, 424
preparation of, 9:416, 417
properties of (table), 9:424–426
ring and the structure, 9:413
spectroscopy, 9:427
titration, 9:427
trialkyl oxonium ion salts, 9:418
triethyl and trimethyl tetrafluoroborate, 9:418
uses, 9:428, 429

Oxidation, 4:271
cyclopentadiene and dicyclopentadiene, 4:227, 228
of hydrocarbons, 13:2
polyamide plastic, 10:281
of polymers, 13:2–11

Oxidation reactions, during flaming combustion, 6:44
Oxidative chemical vapor deposition (oCVD),

2:768–770. See also Chemical vapor
Oxidative coupling, 3:704, 705

of aromatic compounds, 11:186
in supercritical carbon dioxide, 4:59

Oxidative curing, two-part, 11:169–171
Oxidative degradation

analytical methods, 4:285–287
chemistry, 4:270–278
mechanical effects, 4:278–281
of polymers, 13:9–11
spatially resolved degradation from 1-D and 2-D

spectral-spatial ESRI, 5:27, 28
Oxidative doping, 7:53
Oxidative induction time (OIT), 1:715, 716
Oxidative polymerization, 9:432–449

2-, and/or 6-unsubstituted phenols, 9:437–444
anilines, 9:444, 445
aromatic hydrocarbons, 9:447, 448
2,6-disubstituted phenols, 9:432–437
heterocyclic aromatics, 9:448, 449
intercalation polymerization, 7:86
pyyroles, 9:448, 449
thiophenes, 9:449
thiophenols, 9:445–447

Oxidative stability, 1:715
Oxidatively degradable plastic, 2:74
Oxide-coated micas, 3:473
Oxide layer on metal surfaces, 1:377
Oxidized polyacrylonitrile

limiting oxygen value, 6:713
Oxidizing alkyds, 1:481–489

dibasic acid selection, 1:487, 488
film formation, 1:481–485

high solids, 1:488, 489
monobasic acid selection, 1:485, 486
polyol selection, 1:486, 487

Oxidizing treatments, for carbon composites, 11:692
Oxidoreductases, 5:222
Oxiranes

monomer reactivity, carbanion stability, and suitable
initiators for anionic polymerization, 1:602

telechelic polymers, 13:702–704
Oxy-biodegradation, 4:293
N-Oxydiethylene benzothiazole-2-sulfenamide, 12:170
N-Oxydiethylenethiocarbamoyl-N′-

oxydiethylenesulfenamide,
12:175

Oxygen, 15:249
acrylic adhesives and, 1:419
acrylonitrile and, 1:271
acrylonitrile as barrier to, 1:281
inhibition constants with selected monomers, 11:582
molecular volumes (table), 14:301
permeabilities of various high and moderate barrier

polyhmers, 2:35
permeation, 2:24
relationship between liquid Cp and temperature in

linear macromolecules, 14:76
retarder for radical polymerization, 11:581

Oxygen absorbers, 2:58, 59
Oxygen-barrier food packaging, 3:375
Oxygen consumption calorimetry, 6:92
Oxygen index, 1:231, 2:755
Oxygen-plasma-treated PTFE, XPS composition of

(table), 13:532
Oxygen scavengers, 3:670, 9:456–464

applications, 9:460
bakery products, 9:460, 461
in cold SBR production, 13:272
components (table), 463
future considerations, 9:462, 463
designing, 9:458, 459
history, 9:457
introduction, 9:455
iron-based systems, 9:458
low-oxygen condition, 9:460
meat packaging, 9:459, 460
metmyoglobin, 9:459
other products, 9:461
oxygen absorbers, 9:461
oxygen sachets, 9:458
oxygen scavenging polymer materials, 9:458, 459
polymers, 9:457
regulations, 9:462, 463
sponge cakes, 9:460
types and mechanisms of action, 9:458, 459
vacuum-controlled atmosphere packaging, 9:460

Oxygen-scavenging systems
for barrier polymers, 2:58–60

Oxygen transmission rate (OTR), 9:473, 474
Oxygen-vinyl acetate adduct

chain-transfer constant, 14:667
Oxygenated fuels, smoke-forming tendency, 6:83
Ozonation, 7:534
Ozone and UV light resistance, of acrylic elastomers,

1:182
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p-n-type organic solar cells, 12:634
P(S-co-DVB) polyHIPEs, 10:603
P(VDF-TrFE). See Poly(vinylidene

fluoride-trifluoroethylene and tetrafluoroethylene)
(P[VDF-TrFE])

P2VP-PEO vesicles, 14:551
P3HT:PCBM cells, 12:645
PA 66 post-SSP kinetics, 12:711, 715, 717, 718
PA. See Phthalic acid (PA); Phthalic anhydride, 6:387,

388
PAA coronas, 8:287
PAA microgel-coated enzymes, 8:459
PAA-MLT, 11:439
PAA oligomer; 8:800
PAA-PEG-PAA, chemical structure of, 2:176
PAA/polycation blending approach, 8:29
PAA/PVA IPN membranes, 8:29
Pacific region

plastics recycling, 11:659, 660
Packaged foods and beverages

barrier polymers in, 2:1
migration modeling of polymer additives, 2:32, 33

Packages, method, 9:472
Packaging flexible, 9:469–478
Packaging material, molecular weight, 9:466–478

chain entanglement, 9:468
effects of molecular weight, 9:467
molecular weight distribution (MWD), 9:466, 467
summation of forces, 9:468

Packaging materials, lowering styrene polymer
residuals for, 13:242

Packaging tapes, 11:291
Packaging. See also Electronic packaging

cellular polymers, 2:544
LDPE, 5:539
of membranes, 7:745
PEN/PET blends and copolymers, 10:154–164
pharmaceutical blister, 5:587–590
plastic, 5:65
polyester film application, 10:509
poly(ethylene oxide) applications, 5:460
spunbonded fabric applications, 9:209

Packed column supercritical fluid chromatography
(pSFC), 13:760

PAE-PCL-PEG-PCL-PAE, 2:175, 176
biomedical applications of, 2:183
chemical structure of, 2:176

PAE-PEG-PAE, chemical structure of, 2:176
PAI. See Polyamideimide
Paint and Coating Testing Manual, 3:309
Paint Data Query, 6:190
Painted surfaces, refinishing, 1:528
Paints

as colloid, 3:437
electrocoat, 7:779, 780
forensic analysis, 6:188–192
silicone application, 12:465
vinyl acetate polymer applications, 14:678–680

Pair correlation functions
amorphous polymers, 1:548

Palettes, 15:281
Palladium catalysts, 1:299
Palladium-diphosphine complexes, in polyketone

synthesis, 10:655, 656

Palladium membranes, 7:762, 763
Palladium(II) complexes, 10:653–655
Palladium(II) systems, for polyketone catalysis, 10:650,

651, 653
Palladium(II)-phenanthroline complexes, 13:195
Pallet wrap stretch film, 5:578
Palm, 14:507
Palm fibers, 14:495
Palmyra palm, 14:495
PALS. See Positron annihilation lifetime spectroscopy
PAM-Nonionic

drag-reducing additive, 4:553
PAM-PMA. See Poly(acrylamide/maleic acid) copolymer

(PAM-PMA)
PAMAM. See Poly(amido amine) (PAMAM)

dendrimers, 11:51, 52
based star polypeptides, 11:52

PAN-based carbon fibers, 2:469–472
tensile strength versus modulus for commercial,

2:469
PAN. See Acrylonitrile polymers; Polyacrylonitrile

(PAN)
Paneling, 15:281
Panlite, 10:354
Panox, 1:231
Paper

acrylamide polymer applications in, 1:119
amino resins in, 1:538–543
aramid, 10:233
MPDI fiber, 10:227, 228
polyacrylamides for, 1:140
two-component systems applied to, 1:539
vinyl acetate polymer applications, 14:680, 681

Paper coatings, 1:542
poly(vinyl alcohol), 14:715, 716

Paper release coatings
silicone applications, 12:507, 508

Paper, use of latex, 5:195
Papyrus, 14:496
Para-xylylene diradicals, 8:382
Paraffin waxes. See also Waxes
Paraformaldehyde, 1:520
Parallel strand lumber, 15:298–300

characteristics and applications, 15:284
Parallel strip, 6:305
Parallel tempering, 8:596, 597
Paramagnetic ions, electron spin resonance, 5:1
Parameters, 12:711, 712

end group diffusion, 12:708
Fickian diffusion, 12:709
Nanofillers, 12:710, 711
rate-controlling parameters, 12:709–712
rate-controlling steps, 12:705–709
reaction temperature, 12:709
transesterification, 12:706

Parametric sonar, 1:74
Parclean, 1:253
Parent lamellae, 12:390
Parinello-Rahman method, 8:619
Paris blue, 3:471
Paris Law, 5:720
Parison, 2:215, 5:507

in blow molding, 10:85, 86
Parison-mold cavity, 2:222
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Parison molds, 2:225
Parison swell, 5:571
Partial discharges (PD), 13:530
Partial molar free energy, 5:176, 177
Partially fluorinated polymers, 9:379

radiation chemistry, 11:473, 474
Partially hydrolyzed polyacrylamides (PAMH)

drag reducers, 4:552
Partially oriented yarns, 10:251, 533, 534
Particle form factor, 9:54
Particle growth

in polymerization, 5:169–174
in polymerization, average time of growth, effect on,

5:172
Particle identification point (PIP), 13:603
Particle morphology, 5:182, 183

in emulsion copolymerization, 5:183
Particle nucleation, 5:165, 166–169, 189
Particle radiation, 9:107
Particle-reinforced foam, 3:499
Particle size

competitive growth of different sized in heterophase
polymerization, 6:610–612

control in heterophase polymerization, 6:625–631
heterophase polymerizations, 6:592–594

Particle size distribution, 5:188, 8:424
colloids, 3:442, 443
fillers, 5:785, 786
latexes, 7:461

Particle size growth, of a colorant, 3:469
Particle-stabilized surfactant-free Pickering HIPEs,

10:597, 598
Particle technology, PS/DVB, 3:112
Particle tracking velocimetry (PTV), 12:41
Particleboard, 15:297

characteristics and applications, 15:284
phenolic resin applications, 9:612

Particleboard adhesives, 1:426
Particulate-leaching technique

for tissue scaffold fabrication, 14:226, 227
Parting agents, 11:700. See also Release agents
Partition coefficient, 2:4
Parylene C, 15:410, 415

crystallinity, 15:435
engineering properties, 15:424
swelling in selected solvents (table), 15:436

Parylene D, 15:410, 415
crystallinity, 15:435
engineering properties, 15:424
swelling in selected solvents (table), 15:436

Parylene N, 15:409
crystallinity, 15:435
engineering properties, 15:424
swelling in selected solvents (table), 15:436

Parylenes, 2:763, 15:409. See also Vapor deposition
polymerization (VDP)

applications, 15:436–444
PAS. See Positron annihilation spectroscopy,

11:266–281
Passive barrier, 2:58
Passive thermography, 9:111
Paste adhesives, 1:417
Pastearella multocida HA synthase (pmHAS), 5:234

Patch coating, 3:287, 288
Pattern resolution, 5:72
PB-Li. See Polybutadiene lithium (PB-Li)
PB rubber. See Polybutadiene rubbers; PS-PB rubber
PBA. See Poly(butyl acrylate-co-styrene) (PBA);

Poly(p-benzamide) (PBA)
PBI fuel cell membranes, 12:112–115
PBI separatory membranes, 12:111, 112
PBI. See Polybenzimidazole.
PBO fibers. See Polybenzoxazole (PBO) fibers
PBO-PEO diblock copolymer, 6:746
PBO. See Poly(p-phenylene benzobisoxazole) (PBO)
PBT fibers. See Polybenzothiazole fibers
PBT. See Poly(butylene terephthalate) (PBT);

Poly(p-phenylene benzobisthiazole) (PBT);
Polyesters, Thermoplastic

PBZO (poly(benzo1,2-d:4, 5′-d′

bisoxazole-2,6-diyl)-1,4-phenylene), 11:97–111,
149–163, 657–675

PC-polyolefin polymers, 9:644
PCDTco-ET, 4:86
PCL. See Poly(caprolactone) (PCL)
PCLA-based hydrogels, biomedical applications of,

2:181
PCLA-PEG-PCLA, 2:174–176
PCMW

spectra, 14:387
synchronous spectrum, 14:387

PCR. See Post consumer reclaim (PCR)
PCT amorphous copolyesters, 4:220
PCT-based polymers, crystalline, 4:216
PCT melting point, 4:215
PCT polymers, isophthalate-modified, 4:217
PCT. See Polycyclohexylene terephthalate (PCT)
PCTA compositions, 4:220
PCTA. See Acid-modified PCT (PCTA)
PCTFE. See Poly(chlorotrifluoroethylene) (PCTFE)

properties of, 6:138
PCTG. See Glycol-modified PCT (PCTG)
Pd-catalyzed polycondensation, 10:419
PD. See Peroxide decomposers; Position-sensitive

detector (PD)
PDADMAC (poly[diallyldimethylammonium chloride]),

acrylamide copolymers with, 1:134, 135
PDEAEMA-PMPC-PDEAEMA triblock copolymer,

2:172
PDES elastomer, 9:29
PDI variations, 8:350
PDMA165-b-PNIPAM202 block copolymer, 8:282
PDMAEMA. See Poly(2-(dimethylamino) ethyl

methacrylate) (PDMAEMA)
PDMS film, 9:648
PDMS membranes, 8:21
PDMS networks, 9:8
PDMS superhydrophobic surfaces, 13:414
PDMS. See Poly(dimethyl siloxane) (PDMS)
PDO monomer. See 1,3-Propanediol (PDO) monomer
PE, thermokinetic properties, 6:72
PE. See Polyethylene (PE)
Pearl

as colloid, 3:437
Pearl polymerization, 13:603
Pearl suspension processes, 13:603
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Pearlescent pigments, 3:472
Pectate lyase, 4:32
Pectins, 2:82, 15:192
PECVD, 10:1. See Plasma enhanced chemical vapor

deposition (PECVD)
average electron energies, 10:4
ultralow-kfilms, synthesis of, 10:22
PEO-like films, 10:26
silica films, 10:22
X-ray photoelectron spectroscopy (XPS) spectrum,

10:7
X-ray porosimetry (XRP), 10:22

PEDOT. See Poly(3,4-ethylene dioxythiophene)
(PEDOT)

PEE-PEO
PEO (Pluronic L31) surfactants, 14:540
vesicles, 14:540

PEEK, 10:563, 11:481. See Poly(etheretherketone)
(PEEK)

screw configurations for processing, 10:569
PEEK matrix, 1:756
Peel, 4:628
Peel force

of adhesives, 1:380, 381
Peel test, 1:388, 389
PEG-based conjugates, 11:421
PEG-based protein-polymer conjugates, 11:435
PEG-grafted resins, 11:25–29
PEG hydrophilic shell, 8:432
PEG-methacrylate, 11:40
PEG-modified membrane, 8:18
PEG moieties, 8:796, 797
PEG-PAU multiblock copolymers, 2:177

chemical structure of, 2:176
PEG-poly(ethyl-2-cyanoacrylate), 2:172
PEG-polyacrylamide, 11:38, 39
PEG-PPF-PEG triblock copolymer, 2:172
PEG-PTMC diblock copolymers, 2:171, 172
PEG. See Poly(ethylene glycol) (PEG)
PEG/PCL block copolymers, 2:166, 167
PEGA (PEG-polyacrylamide), 11:38, 39
(PEG-PCL-PAU)n multiblock copolymers, 2:176
PEGylated polylysine dendrimers, 4:314
PEK poly(ether ketone)s, 5:219
PEKEKK poly(ether ketone)s, 5:219
Pelletizing, 9:479–487
Pelletization process, for LDPE, 5:521, 522
Pelletized material, bulk density of, 5:641, 642
Pelletized urea, 1:519
Pelletizers, 5:638, 9:479–486

dicers, 9:480
die design, 9:484
die-face pelletizers, 9:481, 482
energy requirements, 9:485, 486
introduction, 9:479
rotary-knife pelletizers, 9:484, 485
safety, 9:486
selection chart (table), 9:485, 486
strand pelletizers, 9:480, 481
underwater pelletizers, 9:482, 483
water-ring pelletizers, 9:482

Pellicles
xylylene polymer applications, 15:444

PEMA. See Poly(ethyl methacrylate) (PEMA)
Pendant-type polyradicals, 7:697
Pendulum-type impact instruments, 6:800–806
Penetrant clustering, 14:319–323
Penetrant-induced history effects, 14:351, 352
Penicillium funiculosum, 10:104
Penncap-M, 3:728
Pennkinetic system, 3:752
Pentafluorophenyl methacrylate (PFPMA), 9:379
n-Pentane

C C bonds of, 3:691
Z for, 3:692, 693

Pentane effect, 3:691
Pentane, in foamable PS beads, 13:256, 257
2,4-Pentanedione

swelling of parylenes in, 15:436
Pentaphenylethane

transfer coefficient to, 11:530
PENTEX, 10:152
PEO-based membranes, 8:16
PEO-chain stabilizes, 8:184
PEO-PGMA-PDEA triblock polymer, 8:279
PEO-PPS

block copolymers, 14:552
vesicles, 14:552

C18H37-PEO-C2H4-C8F17 as heterotelechelic AP, 6:745
PEO-b-PTMSPMA block copolymer, 8:282
PEO. See Poly(ethylene oxide) (PEO)
Pepsin, 11:38
Peptide-based hydrogels, biomedical applications of,

2:182
Peptide-based supramolecular polymers, 13:451–454

confocal laser scanning microscopy image (CLSM),
13:453

Peptide conjugated polymer brush, 10:753, 754
Peptide nucleic acid (PNA)
Peptide-polymer conjugates, 11:433–435
Peptide synthesis, solid-phase method, 11:61–90
Peptides

controlled release, 3:754
solid-phase synthesis, 11:61–90

Peptosomes, 14:511
Percolation-to-cluster transition, 8:563
Perfectly alternating copolymers, 10:650–653
Perfluorinated emulsifying agents, 15:59
Perfluorinated ethylene-propylene (FEP) resin,

9:487–498
chemical properties of, 9:494, 495
crystallinity of, 9:491
dielectric strength of, 9:494
economic aspects, 9:495–497
electrical applications, 9:497, 498
electrical properties, 9:492, 494
ethylene-propylene copolymers, 9:487, 488
fabrication, 9:495–497
manufacturing, 9:488
mechanical properties of, 9:492, 493–494
monomers, 9:488, 489
optical properties, 9:495
permeation characteristics of, 9:495
properties of teflon, 9:490
and PTFE properties, 9:487
radiation, effect of, 9:492



706 INDEX TO THE ENCYCLOPEDIA Vol. 15

safety precautions for, 9:497
thermal degradation, 9:491, 492
transitions and relaxations of, 9:491
weather, effect of, 9:495

Perfluorinated polyethers, applications, 6:147, 148
Perfluorinated polymers, 9:487–498

ethylene-propylene copolymers, 9:487–498
polytetrafluoroethylene, 9:502–521
tetrafluoroethylene-ethylene copolymers, 9:526–539
tetrafluoroethylene-perfluorodioxole copolymers,

9:542–545
tetrafluoroethylene-perfluorovinyl ether copolymers,

9:547–557
Perfluorinated surfactants, applications, 6:148
Perfluoro(methyl vinyl ether), 6:162
Perfluoroalkoxy (PFA) fluorocarbon resins, 9:547–557

mechanical properties (table), 9:550
monomers of, 9:547, 548
properties (table), 9:548
teflon, properties of (table), 9:550

Perfluoroelastomer parts, 6:172
Perfluoroelastomers, 1:806
Perfluorooctane sulfonyl fluoride (PFOS), 2:766
Perfluorooctanoic acid (PFOA; C7F15CO2H),

applications, 6:148
Perfluoropolyether (PFPE), 4:54
Perfluoropropyl vinyl ether (PPVE), 4:50

properties of (table), 9:548
Performance

requirements of flexible packaging, 9:469
Performance based safety codes, 6:85
Performance plasticizers (PP), 10:46

subgroups of, 10:47
Perikinetic flocculation, 6:646–648
Perilendiimide, 13:444
Periodic boundary conditions, in molecular modeling,

8:586, 587
Periodic copolymers, ATRP and, 1:733, 734
Perkin-Elmer TMA module, 13:822

sample preparation and procedure, 13:824
Permanent press fabric, 1:532
Permanent radiopacity, 11:616
Permanent set

wool, 15:324
Permanganate number test, 7:532
Permanganic etching, 8:713
Permatran-C instruments, 2:24
Permatran-W instruments, 2:24
Permeability, 14:307, 308. See also Barrier properties

barrier polymers, 2:2, 8–21
butyl rubber, 2:362
cellular polymers, 2:540, 541
characterization methods, 2:755
colloids, 3:442
filled polymers, 5:792, 793
in gas separation membranes, 5:836
measurement techniques, 2:21–26
molar volume and, 7:792–794
selectivity membranes, 5:836
thermally bonded nonwovens, 8:568–570

Permeation, 2:2–5
chain orientation effects, 2:18, 19
chemical structure effects, 2:14–16

crystallinity effects, 2:16–18
flavor and aroma compounds, 2:25, 26
humidity effects, 2:20, 21
migration modeling of polymer additives into

packaged foods and beverages, 2:32, 33
oxygen and carbon dioxide, 2:24
penetrant concentration effects, 2:19, 20
predicting transport properties of gases and

condensible vapors, 2:26–32
temperature effects, 2:11–14
transport measurement techniques, 2:21–26
water vapor, 2:24, 25

Permethrin, 15:339
Permissible exposure level (PEL), lead, 6:582
Permittivity, 13:780
Peroxidase enzymes, 4:32
Peroxidase model catalyst, for oxidative

polymerization, 9:438
Peroxide cure-site monomers, 6:162
Peroxide cures, 5:479

for fluorocarbon elastomers, 6:168
silicones, 12:478, 479

Peroxide decomposers, 1:697, 698, 13:11, 12, 14, 15, 17,
26–28, 31–33

long-term stability against, 13:28–30
Peroxide initiators

inorganic, 6:853, 854
for LDPE polymerization, 5:522
organic, 6:840–854
for polystyrene manufacture, 13:190
safety, 6:854

Peroxide treatments, 8:511
Peroxide vulcanization, 4:71, 72
Peroxides

in polystyrene production, 13:217
Peroxidolysis, 13:18
Peroxydienones (PxDs), 13:22
Persistent radical effect, 7:652
Personal care products

poly(ethylene oxide) applications, 5:460
silicone application, 12:465

Pervaporation
molecular modeling, 8:620
phosphazenes, 11:106
process, 7:774–776, 796–802

Pervaporation-based hybrid systems, 8:20
Pervaporation-distillation hybrid systems, 8:31
Pervaporation membranes, 7:761, 797

interpenetrating polymer networks, 7:141
Perylene pigments, 3:485
PES hollow fiber, 8:9
PES. See Polyethersulfone (PES)
Pesticide-containing films, 3:731
Pesticide dispersants, lignosulfonate, 7:541
Pesticides

controlled release formulation, 3:714–733
from cyclopentadiene and dicyclopentadiene, 4:234,

235
PET-activated carbon black (ACB) nanocomposites,

SSP kinetics, 12:711
PET cyclic oligomers, 7:685, 687
PET films, 1:750
PET-silica (n-SiO2) nanocomposite SSP kinetics, 12:711
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PET SSP, 12:706
PET stretch blow molding, 2:237
PET. See Poly(ethylene terephthalate) (PET);

Polyesters, thermoplastic
PET/MA-PE blends, transesterification, 11:648
PETG. See Glycol-modified PET (PETG)
Petroleum

silicone oil properties compared, 12:492
PFOA homopolymer, 4:53
PFOA stewardship program, 6:149
PFOA. See Poly(1,1-dihydroperfluoroctyl acrylate)

(PFOA)
PFPE. See Perfluoropolyether (PFPE)
pH

dependence of acrylic and methacrylic acids on, 1:160
poly(acrylamide) hydrolysis and, 1:126, 127

pH-induced gelation, 3:748
pH-induced lysis, 14:551
pH-responsive block copolymer hydrogels, 2:172–174
pH responsive conjugate, 11:439
pH-sensitive smart polymer, 12:604
pH-thermoresponsive block copolymer hydrogels,

2:174–178
biomedical applications of (table), 2:180, 182–184

Ph2C-bridged zirconocene, 13:94
Phanerochaete chrysoporium, 4:604
Phantom chain growth method, 8:583
Phantom modulus, 4:667
Phantom network model, 4:660, 662, 665, 666, 9:17, 18
Pharmaceutical blister packaging, 5:587–590
Pharmaceutics and cosmetics, application of CD

polymers in, 4:206
drugs, preparation of, 4:207, 208
essential oil, preparation of, 4:208–210

PHAs. See Poly(hydroxybutyrate);
Poly(3-hydroxyalkanoate)s (PHAs)

Phase change materials (PCMs), 8:398
Phase contrast microscopy

forensics applications, 6:178
Phase diagrams, 9:563–566

of membranes, 7:757, 758
Phase-distribution chromatography

for molecular weight distribution determination,
8:674

Phase imaging, 1:756
Phase inversion casting, 5:838, 7:752

emulsions, 6:626
in PS-PB copolymers, 13:236, 237, 239, 240

Phase laser anemometry
drag studies, 4:538

Phase portrait, 13:587
Phase-separated HOPDMS/PDES healing agent,

12:356, 357
Phase-separated PDMS healing agents, 12:357
Phase separation

emulsions, 6:626
microencapsule preparation for controlled release

formulations, 3:726
polymer interpenetrating networks, 7:122–126

Phase-transfer agents
applications, 7:105, 106
mechanism, 7:103–105
polymers, reactions on, 7:105

Phase transformation, 9:560–574
critical phenomena in polymer solutions and blends,

9:568–573
interfaces between coexisting phases, 9:573, 574
at surfaces, 9:566–568
thermodynamics, 9:560–563
vibrational spectroscopy, 14:591–594

Phase transition, 14:251–285
cooperative glass transition, 14:280
cooperatively rearranging regions (CRR), 14:278
enthalpy relaxation, 14:272
fractional free volume, 14:265
free-volume theory, 14:264
GM configurational entropy model, 14:268
GM entropy model, 14:271
Gotlib-Ptizyn theory, 14:264
Kauzmann entropy paradox, 14:268
kinetic theories, 14:259–264
Kohlrausch-Williams-Watts (KWW) function, 14:277,

278
melting, 14:253–256
molecular modeling, 8:622–625
non-exponential relaxation, 14:273

Phases, 9:560, 561
PHB-based block copolymers, 2:167
PHB film, 10:103
PHB-PEG-PHB triblock copolymers, 2:167

chemical structure of, 2:168
PHB. See Poly(3-hydroxybutyrate) homopolymer

(PHB); Poly(β-hydroxybutyrate) (PHB)
Phenalkamines

coreactive curing agents for epoxies, 5:346
curing agents, 5:337

Phenathracene
component in coal-tar fractions, 2:472

Phenol
cocondensation with melamine-formaldehyde resins,

7:733
electropolymerization, 5:119
inhibition constants with selected monomers, 11:582

Phenol epoxy novolac, multifunctional
average U.S. price, 5:299

Phenol-formaldehyde adhesives
for wood composites, 15:287, 288

Phenol-formaldehyde novolac resins, 6:197
Phenol-formaldehyde resins

advantages, disadvantages, and applications as
epoxy curing agent, 5:339

curing agents, 5:337, 355, 356
Phenolic adhesives, 1:425, 426
Phenolic antioxidants, 6:576, 577, in VDC polymer

stabilization. See also Hindered phenols
Phenolic binders, 6:197
Phenolic compounds, oxidative polymerization of,

5:264–273
Phenolic dispersions

applications, 9:602–604
manufacture, 9:587

Phenolic fibers, 9:618, 619
Phenolic hydroxyl group, of lignin, 7:534
Phenolic microballoons

filler influence on epoxy resin properties, 5:382
filler properties, 5:379
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Phenolic-modified alkyds, 1:492
Phenolic polymer

elastic constants, 1:90
sound absorption, 1:88
sound speeds, 1:85
temperature dependence of sound speed, 1:88

Phenolic resin adhesives, 1:427
Phenolic resin, 6:197–199

acid-cured no-bake binder applications, 6:197
as curative of epoxy resin, 4:83
cross-linking of, 4:76–78
isocyanate cold-box system, 6:199

Phenolic resin-paper laminate, 4:685
effect of moisture on, 4:693, 694
short-time electric strength of, 4:686

Phenolic resins, 1:526, 3:335, 9:578–619, 14:167, 168
analysis and characterization, 9:594–598
applications, 9:603–619
cure, 9:592–594
curing agents, 5:337
economic aspects, 9:601, 602
environmental issues, 9:601, 602
health and safety factors, 9:598–602
manufacture, 9:587–591
monomers, 9:579–582
polymerization, 9:581–587
as release agents, 11:705

Phenolic triazine, thermokinetic properties, 6:72
Phenols

health and environmental issues in phenolic resins,
9:600

hindered, 13:,13, 14, 20–26
phenolic resin monomer, 9:578–580

Phenols, polymerization of, 5:264–270
Phenoxy anions, lignin and, 7:537–539
Phenoxy resins, 5:311

average U.S. price, 5:299
blends with poly(ethylene oxide), 5:450
P-V-T data, 14:79

4-Phenoxyphenol
oxidative polymerization, 9:438–443

5-Pheny-3,6-dihydro-1,3,4-oxadiazin-2-one, 2:267
[6,6]-Phenyl C61-butyric acid (PCBA), 6:350
1-Phenyl ethanol, 11:314
Phenyl ether

transfer coefficient to, 11:530
N-Phenyl urethanes, 4:448
N-Phenyl-N′-(1,3-dimethylbutyl)-p-phenylenediamine

antioxidant, 1:693
Phenylalanine

chemical structure, 15:186
composition in silk, 12:543
percentage composition in merino wool, 6:420–422,

15:313
Phenylchlorosilanes, 12:467
para-Phenylene

polymerization to produce electrically active
polymers, 4:747–749

m-Phenylene diamine (MPD), 10:213
p-Phenylene diamine (PPD), 10:213
p-Phenylene diisocyanate (PPDI)
Phenylene group

relationship between liquid Cp and temperature in
linear macromolecules, 14:76

Phenylene vinylene
polymerization to produce electrically active

polymers, 4:756, 757
m-Phenylenediamine

curing agent, 5:345
para-Phenylenediamines

antidegradant for rubber, 12:234
N,N′-m-Phenylenedimaleimide, 12:182
2-Phenylimidazole, 5:360
2-Phenylimidazoline, 5:358, 360
Phenylindenylidene ligands, 8:156
4-Phenylphenol, 5:267
p-Phenylphenol

phenolic resin monomer, 9:579
5-Phenyltetrazole, 2:266, 267
Pheromone-loaded microcapsules, 8:397
Phillips catalyst, 5:487, 12:551
Phillips Chromox catalyst. See Chromox catalysts
Phillips Triolefin process/Olefin conversion technology,

8:187
Phormium, 14:495

chemical composition, 14:498
dimensions of ultimate fibers and strands, 14:498
mechanical properties, 14:499
processing, 14:505

Phosgene, 9:623–632
analytical and test methods for, 9:628, 629
health and safety factors for, 9:630, 631
manufacture of, 9:626–628
properties of, 9:623–626
storage and handling of, 9:629
structure of, 9:624
uses for, 9:631, 632

Phosgene reactions, 9:624–626
Phosphate esters, 1:355
Phosphazene-triazine cyclomatric copolymers, 11:98,

111
Phosphine-borane adducts, 7:46
Phosphine oxide, 9:664
Phosphite chain transfer agents, 1:164
Phosphite esters, as preventive antioxidants, 13:11, 17,

26, 27, 41–43
Phosphites

antidegradant for rubber, 12:234
Phosphites, in stabilizer formulation, 6:577
Phosphocellulose paper, 2:613
Phospholipid micelles, 8:786
Phospholipid polymers, 9:635–655, 10:312

2-bromoisobutyrate (OEGBR), 9:651
biomedical characteristics of, 9:654, 655
biomedical functionalities of, 9:653, 654
cell membrane structure, 9:635, 636
chemical structure of, 9:636
ethyl 2-bromoisobutyrate (EBIB), 9:651
introduction, 9:635
methoxyologo(ethylene glycol), 9:651
monomers bearing, 9:638, 639
natural-based polymerizable, 9:637, 638
poly(MPC) brushes, 9:651, 652
polymerization in, 9:651

Phospholipids
Langmuir-Blodgett films, 7:427, 428

Phosphonic anhydride, 9:670
Phosphonitrile, 11:98
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Phosphoranimines, 7:38
Phosphorus-19 (31P) NMR, 2:737
Phosphorus, 9:678
Phosphorus acid groups, 9:676
Phosphorus-bridged [1]ferrocenophanes, 7:57
Phosphorus compounds, trivalent

peroxide decomposers, 1:699, 700
Phosphorus-containing isocyanate, 9:681
Phosphorus-containing polymers and oligomers,

9:659–684
cellulose, 9:682
cellulosic resins, 9:682
chemtura, 9:679
dimethyl 2-(methacryloyloxy)ethylphosphonate,

9:676
dopo ring system, 9:679
epoxy resins, 9:678
flame-retardant finishes on cellulosic fabrics, 9:683
flame-retarding polyester fibers, 9:677
flexible p-o-c linkages, 9:660
inorganic phosphorus polymers, 9:661, 662
introduction, 9:659, 660
oligomeric aromatic phosphates, 9:672
oligomeric phenyl dipropylene glycol phosphite, 9:665
phenolic and amino resins, 9:682
phosphinites and phosphonites, 9:665, 666
phosphites, 9:665
phosphonates, 9:666, 667
phosphonic anhydride, 9:670
phosphorus iminoimides, 9:662, 663
phosphorus-modified plastics, resins, and textiles,

9:675, 676
phosphorus-nitrogen polymers, 9:674
phosphorylated proteins, 9:683, 684
polyamides, 9:678
polycondensation of phosphoryl dihalides with diols,

9:672
polyester resins (thermoset), 9:677, 678
polymeric forms of, 9:660, 661
polymeric phosphine oxides, 9:663
polymeric phosphorus oxynitrides, 9:622–663
polyolefins, 9:675
polyurethanes and isocyanurate-modified

polyurethanes, 9:680, 681
starches, 9:683
thermoplastic polyesters, 9:676
vinyl and acrylic polymers, 9:676
vinylphosphonates, 9:667
water-resistant phosphorylated starch, 9:683

Phosphorus oxynitride, phospham, (PN2H)x, 9:662
Phosphorus–µ-nitrido, 11:98
Phosphorylase, 5:229
Photo-cross-linked FLCEs, 5:751, 755
Photo-oxidation, 4:281–284

initiators for, 13:10
of polymers, 13:9–11

Photo-oxidative degradation, of ABS polymers, 1:320,
321

Photoacid generators, 7:590
ionic, 7:591–593
nonionic, 7:593, 594

Photoacoustic spectroscopy, 14:565
Photoantioxidants, 13:1, 14, 15. See also Ultraviolet

absorbers

Photobleaching initiators, 9:726
Photocarrier generation effficiency, 9:755
Photochemical changes, 9:757
Photochemical cross-linking reaction, 5:755
Photochemical stability, 5:106, 107
Photochromism, 9:757
Photoconduction, 9:754, 755, 764, 765
Photocuring

dynamic mechanical analysis, 4:632
photo-curing technology, 4:72, 73

Photodegradable plastic, 2:74
Photodegradable PS, 13:210–213
Photodegradation, 4:281–284

of ABS, 1:320, 321
impurity chromophores, 4:283, 284
intrinsic chromophores, 4:281–283
process of UV, 14:453–455
of styrene polymers, 13:210–213

Photodestructable base (PDB), 7:603
Photodiode array detectors, 3:92
Photoelastic modulators, 14:623
Photoemission electron microscope, 15:379
Photogeneration sensitizers, 9:760
Photographic films

cellulose acetate applications, 2:637
coating, 3:273

Photoimageable polyimides, 10:631, 632
negative photoresists, 10:632, 633
positive photoresists, 10:633, 634

Photoimaging
free radical photopolymerization applications, 9:742

Photoinduced charge separation, 12:647
Photoinduced depolymerization, 4:437
Photoinduced electron-transfer (PET) processes, for

rigid-rod polymers, 12:94
Photoinitiated cationic curing

epoxy resins, 5:361, 362
Photoinitiated chemical vapor deposition (piCVD),

2:767
Photoinitiated radiation cure

silicones, 12:484, 485
Photoinitiation

carbocationic polymerization, 2:399
radical polymerization, 11:508–511

Photoinitiators, 6:860–863
cationic photopolymerization, 9:696–703
complex photoinitiation systems, 9:738–741
free radical photopolymerization, 9:719–728
polyolefin photo-oxidation, 13:9, 10

Photolithography
polysilanes for, 11:159

Photoluminescence (PL) spectra, 8:788
Photolytic properties, of nylon-6 and nylon-6,6, 10:245
Photometers, ultraviolet (uv) absorption, 3:92
Photomultiplier tubes (PMT), 7:449
Photon correlation spectroscopy (PCS)

amorphous polymers, 1:586
Photonic radiofrequency phase shifter, 5:111
Photopolymerization, 3:126, 4:98, 99, 9:695

cationic, 9:695–714
free radical, 9:718–743

Photopolymerization, cationic, 9:695–714
kinetics, 9:706–714
monomers, 9:703–706



710 INDEX TO THE ENCYCLOPEDIA Vol. 15

photoinitiation, 9:696–703
propagation, 9:710–714
termination, 9:710–714

Photopolymerization, free radical, 9:718–743
applications, 9:741–743
complex photoinitiation systems, 9:738–741
inhibition, 9:736
initiation, 9:732–734
kinetics, 9:732–736
monomers, 9:728–732
phoinitiators, 9:719–728
propagation, 9:734, 735
rate, 9:735, 736
rate measurement, 9:736–738
termination, 9:735

Photopolymerizations, 9:695
Photorefraction, 9:748–768

advantages of polymeric photorefractive materials,
9:749

agents, 9:760, 761
charge transport, 9:755–757
combinations with liquid crystals, 9:761
composition of, 9:758, 759
data storage, 9:765, 766
effect, 9:748
electro-optic and electric-field-induced birefringent

materials, 9:759
free charge lifetime, 9:755–757
history of polymeric photorefractive materials, 9:749
hologram erasability, 9:757
imaging through scattering media, 9:766
mobility, 9:755–757
novelty filtering, 9:766
optical correlation, 9:766
orientational enhancement effect, 9:751–754
phase shift of the index grating, 9:757
photocarrier generation efficiency, 9:755
photo-charge generation, 9:748
photoconduction, 9:754, 755
photoconductivity, 9:757, 758
photogeneration sensitizers, 9:760
photorefractive materials section, 9:748
photorefractive process, 9:749–751
plasticizers, 9:759, 760
polarization anisotropy, 9:758
recombination, 9:754
refractive index modulation, 9:751–754
schematic of, 9:751
scope of article, 748, 749
space-charge field, 9:754
test methods, 9:748
transport agents, 9:748
two beam coupling, 9:757
waveguides, 9:767, 768

Photoresists. See Lithographic resists
Photosensitive materials, solvent-developed, 5:74–78
Photosensitive precursor polymers, 5:76
Photosensitizers

free radical photopolymerization, 9:721–723
in photodegradable polystyrene, 13:210
with photoinitiators, 6:863

Photostabilization, 13:30–34
Photostimulated controlled release technology, 3:747

Photovoltaic cells-the p-i-n junction, synthesis of,
12:647

Photovoltaics
electrically active polymers for, 4:769

Phthalate ester
citrate, 10:47
extenders, 10:47
as plasticizers, 6:124, 10:46, 47
synthesis of, 10:47

Phthalates, 11:306
Phthalic acid (PA), 7:568
Phthalic anhydride, 4:85

curing agent, 5:354
Phthalocyanine-based network-PIM, 11:13
Phthalocyanine-based PIM, 11:12
Phthalocyanine-based polymers, 7:61
Phthalocyanine blue pigment, 3:483, 484
Phthalocyanine green pigment, 3:484
Phthalocyanine pigments, 3:482–484
Phthaloyl chlorides, 10:214
Physical adsorption, for polymer brushes synthesis,

10:735, 738
Physical aging, 1:452–476, 568, 2:745

composite materials, 3:534–538
current research on, 1:476
and degradation, 4:251
effect of large stresses on, 1:467, 468
effect on failure, 1:467
enthalpy recovery and, 1:458–461
epoxy resins, 5:372
and fatigue, 5:706–709
of glassy materials, 1:452, 15:159
relaxation time scales and, 1:468–471
of semicrystalline polymers, 1:473
structural recovery modeling and, 1:473–476
temperature dependence of relaxation time and,

1:471, 472
viscoelastic property evolution and, 1:461–467
volume recovery and, 1:453–458

Physical blowing agents, 1:346, 3:501, 2:260–262
gases, 2:262
liquids, 2:260–262
properties of (table), 2:261

Physical defects, electric breakdown by, 4:680
Physical dimension, of mesophase, 6:41
Physical effects, of stabilizers and antioxidants, 13:19,

20
Physical gel point, 6:372, 373
Physical modification

PET fiber, 10:518–523
Physical netpoints, of shape-memory polymers, 12:412
Physical Properties of Polymers Handbook, 9:393
Physical properties. See also Stress-strain properties;

Thermal properties
acrylonitrile-butadiene-styrene, cellular, 2:529
acrylonitrile monomer (table), 1:263, 264
affected by crystal structures and morphologies of

semicrystalline polymers, 12:401–404
Barex resins (table), 1:285
1,3-butadiene, 2:294, 295
butyl rubber, 2:362–364
cellular materials, 2:527, 528
cellulose acetate, 2:527
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chitin and chitosan, 3:36–38
composite foams, 3:505–510
cyanoacrylate monomers, 10:426, 427
cyclopentadiene and dicyclopentadiene, 4:222, 223
dicyclopentadiene, 4:222
engineering thermoplastics, 5:204–208
ethylene oxide polymers, 5:445–451
fillers, 5:785–788
high density polyethylene, cellular, 2:529
high impact polystyrene, cellular, 2:529
isocyanates in, 7:257
kraft lignins, 7:542–544
latex foam rubber, 2:528
lignosulfonates, 7:540
LLDPE, 5:549–552
nylon, cellular, 2:529
olefin fibers, 9:346
organosolv pulping lignins, 7:544, 545
polyamide plastics, 10:272, 274
polyarylates, 10:353
polycarbonate, cellular, 2:529
polyester, cellular, 2:529
polyethylene, cellular, 2:528
polyketones, 10:650, 659–664
polymer interpenetrating networks, 7:115–118
polymer morphology and, 5:202
poly(phenylene oxide)s, 10:572
polyphosphazenes, 11:105
polypropylene, cellular, 2:528, 529
polystyrene, cellular, 2:527, 529
polysulfides, 11:169
polysulfones, 11:188–190
polyurethane, cellular, 2:527
poly(vinyl acetate), 14:658, 659
propylene, 11:348
propylene polymers, 11:364–368
PVDF, 15:56, 57
RTV silicone, 12:512
SAN copolymers, 1:289, 290
silicone fluids, 12:490
silicone foam rubbers, 12:502
silicone gums, 12:498
silicone rubbers, 12:496, 497
spandex fibers, 5:771
styrene polymers, 13:180
test methods, 13:770
vegetable fibers, 14:498
vinyl acetal polymers, 14:635–644
vinyl acetate, 14:653
vinyl alcohol polymers, 14:687–692
vinyl chloride polymers, 14:726, 727
wood composite panels, 15:298
wool, 15:316–320

Physical separation methods, in polyacrylamide
analysis, 1:143

Physical structure, of polyester fibers, 10:512–518
Physical tests

composite materials, 3:543, 544
Physically adsorbed block copolymers 13:540
PI composite membranes, 8:30
Pi-pi (π-π) stacking, 8:640
PI. See Polyimides (PI), 8:29
Piassava, 14:507

PIB. See Polyisobutylene (PIB)
annealing of, 11:487

PIC. See Polymer-impregnated concrete (PIC)
Piers catalysts, 8:157
Piezocoefficient measurement, in FLCE, 5:761, 762
Piezoelectric constants, 9:780, 781, 790
Piezoelectric constitutive relationships, 9:779–781
Piezoelectric effect, 4:737, 738, 5:769
Piezoelectric effect, molecular theory of, 9:790
Piezoelectric materials, electrical response of, 9:781
Piezoelectric polymers, 9:776–797

acoustic properties, 1:94
amorphous, 9:788–795
characteristics of, 9:777
characterization and modeling of, 9:795–797
future of, 9:797
semicrystalline, 9:778–787
state of the art in, 9:782–787
structural requirements for, 9:777

Piezoelectric scanner, hysteresis, 12:312
Piezoelectricity, of PHAs, 10:100
Pigment agglomerates, 5:185
Pigment Black 22, 3:471
Pigment Black 28, 3:471
Pigment blacks. See Color blacks
Pigment Blue 15, 3:483
Pigment Blue 15:1, 3:483
Pigment Blue 15:2, 3:483
Pigment Blue 15:3, 3:483
Pigment Blue 15:4, 3:483
Pigment Blue 27, 3:471
Pigment Blue 28, 3:471
Pigment Blue 29, 3:471
Pigment Blue 36, 3:471
Pigment Brown 24, 3:471
Pigment dispersion, 3:468, 350–355

degree of, evaluation of, 3:354, 355
in aqueous media, 3:353, 354
in organic media, 3:350–353

Pigment Green 36, 3:483
Pigment Green 50, 3:471
Pigment Green 7, 3:483
Pigment Orange 13, 3:478
Pigment Orange 20, 3:472
Pigment Orange 34, 3:478
Pigment Orange 36, 3:479
Pigment Orange 46, 3:476
Pigment Red 104, 3:472
Pigment Red 108, 3:472
Pigment Red 122, 3:484, 485
Pigment Red 144, 3:480
Pigment Red 149, 3:486
Pigment Red 170, 3:477
Pigment Red 179, 3:486
Pigment Red 202, 3:484, 486
Pigment Red 254, 3:487
Pigment Red 259, 3:471
Pigment Red 38, 3:478
Pigment Red 48:2, 3:476
Pigment Red 5, 3:476
Pigment Red 57:1, 3:476
Pigment Red 60:1, 3:476
Pigment Violet 19, 3:484, 485
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Pigment Violet 23, 3:486
Pigment Violet 29, 3:486
Pigment volume relationships, 3:355–358
Pigment Yellow 109, 3:482
Pigment Yellow 110, 3:481
Pigment Yellow 119, 3:472
Pigment Yellow 12, 3:477, 478
Pigment Yellow 120, 3:479
Pigment Yellow 13, 3:477, 478
Pigment Yellow 138, 3:481
Pigment Yellow 139, 3:481
Pigment Yellow 14, 3:477, 478
Pigment Yellow 150, 3:482
Pigment Yellow 151, 3:478, 479
Pigment Yellow 154, 3:478, 479
Pigment Yellow 17, 3:477, 478
Pigment Yellow 180, 3:478, 479
Pigment Yellow 181, 3:478, 479
Pigment Yellow 34, 3:472
Pigment Yellow 35, 3:472
Pigment Yellow 53, 3:472
Pigment Yellow 83, 3:477, 478
Pigment Yellow 93, 3:480
Pigment Yellow 95, 3:480
Pigmented acrylic fiber, 1:250
Pigmented modacrylic fiber, 1:250
Pigments

azo, 3:474–476
benzimidazolone, 3:478, 479
as colorants, 3:490
defined, 3:468
diketopyrrolo pyrrole, 3:486, 487
dioxazine violet, 3:486
disazo, 3:477, 478
disazo condensation, 3:479, 480
FD&C food lake, 3:487, 488
inorganic, 3:470–472
metal-filled nanocomposite application, 8:761
metallized azo, 3:476, 477
organic, 3:474–489
perylene, 3:485
phthalocyanine, 3:482, 483
quinacridone, 3:484–486
special effect, 3:472–474
ultraviolet-screening, 13:30, 31
UV stabilizing effects, 14:481
yellow, 3:480–482

Pillararene, 11:1 34
Pilling

acrylic fibers, 1:248
Pilot coater, 3:267
Piloted ignition

measured surface temperature, 6:59
solid polymers, 6:58

PIM-1, 11:6, 7
permeability of, 11:11

PIM. See Powder injection molding (PIM)
PIMs. See Polymer inclusion membranes (PIMs);

Polymers of intrinsic microporosity, 11:1
Pin mixers, 5:659
Pina, 14:495
Pinch-offs, 2:244
Pinch-relief designs, 2:244

Pineapple, 14:495
β-Pinene

carbocationic polymerization monomer, 2:394
Pipe

drag reduction studies, 4:545, 546
extrusion, 10:74–76
fracture propagation in, 6:281
LLDPE, 5:580
nylon, 10:288

Pipe and tubing, HDPE use in, 5:510
Pipe dies, 5:629, 672–675
Pipe extrusion lines, 5:633, 634
Pipkin diagram, 12:24
Piringer migration model, 2:32
Pissava, 14:495
Pitch

graphite in composites from, 11:691
Pitch-based carbon fibers, 2:469, 474–479

tensile strength versus modulus for commercial,
2:467

Pivalactone
telechelic polymer, 13:710

PK-E polyketone, 10:659, 660
PK-EP-6 polyketone, 10:653, 654, 663. See also

Aliphatic
grades of (table), 10:660
properties of (table), 10:661

PLA-based hydrogels, biomedical applications of, 2:179
PLA bottles, 10:172
PLA infrared spectra, peak band assignments (table),

10:167
PLA microparticles, 8:414
PLA-PEG-PLA block copolymer, 2:164

ABA-type, 2:179
chemical structure of, 2:164
gel-sol transitions, 2:165

PLA-PNIPAM block copolymer vesicles, 14:544
PLA resins, 10:166
PLA. See Poly(lactic acid), 10:165–174

economic aspects, 10:172, 173
environmental concerns, 10:173, 174
foaming, 10:172
microwavable packages, 10:172
montmorillonite MMT, 10:172
optical, physical, mechanical, and barrier properties,

10:168
processing, 10:171, 172
properties, 10:167–170
thermoforming of, 10:172

Plain-strain, 13:774
Plain-stress, 13:774
Planar extension flow, 12:2, 3
Planar substrates, adsorption on, 1:365, 366
Plane-strain toughness values, 6:321
Plane strain, 6:310
Plane stress, 6:309, 317
Planetary gear mixers, 5:664, 665
Plant gums, 15:192
Plant productivity, poly(acrylic acid) and, 1:165
Plants, transgenic, 10:106, 107
Plasma

apparatus, 10:2
chemistry, 10:3, 4
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medium, 10:2
modification, 13:528–530
processing, 10:1–34
states, 10:2, 13:528
treatment, 10:1, 13:529, 530

Plasma-based reactive ion etching (RIE), 7:597
Plasma-enhanced chemical vapor deposition (PECVD)

for making multilayer barrier structures, 2:52
Plasma enhanced chemical vapor deposition (PECVD),

2:764, 765. See also Chemical vapor
Plasma polymerization, 7:763, 11:514

electrically active polymers, 4:759
silicones, 12:477, 478
xylylene polymers, 15:415

Plasma processing, 10:1–34
actinometric optical emission spectroscopy (AOES),

10:7
fluorocarbon coatings, 10:6
intra ocular lenses (IOLs), 10:6
ion bombardment, 10:5
optical emission spectroscopy (OES), 10:7
van der Waals bonding, 10:5

Plasma-surface interaction, 10:4, 5
Plasma-treated polymer surface, aging, effects of, 10:30
Plasma-treated polymers, Lewis acid-base character,

10:30
Plasmenylcholine vesicles, 14:551

bacteriochlorophyll-sensitized photooxidation, 14:552
Plastic antibodies, 8:684
Plastic deformation, in amorphous homopolymers,

8:477–482
Plastic dual in-line package, 5:63
Plastic film recycling, 11:673
Plastic films (table), voltage life of, 4:690
Plastic leaded chip carrier (PLCC), 5:66
Plastic melt

rolling bank of, 5:669
viscous heat generation in, 5:653

Plastic packages, types of, 5:66
Plastic pellets, environmental impact of, 5:535
Plastic three-point bending, 6:315
Plastic Waste Management Institute, 11:660
Plastic zone

contours of, 6:332
shape of, 6:333

Plastic-zone size, 6:313, 314
Plasticating extruder, 5:618, 640
Plasticity

confined, 6:309–313
fracture and, 6:313–315
Irwin model of, 6:309, 310
model of solid-like polymers, 15:163

Plasticization
and nonideal transport effects, 14:313–319

Plasticized vinyl polymers, 9:667
Plasticizers, 1:345, 346, 5:683, 9:31, 759, 760, 10:42–66,

11:306. See also Poly(vinyl chloride) (PVC)
in acrylic elastomers, 1:187
action, theory and mechanism of, 10:43–45
adhesive, 1:428
applications of, 10:55–60
biomedical applications, 10:60
blends with PVC, 14:137
butyl rubber, 2:365

chloroprene polymers, 3:66
composition, properties, and applications of (table),

10:53
distribution of, 10:65
economic aspects, 10:64–66
ethylene-propylene elastomers, 5:602
fatigue effects, 5:736–740
fire resistance in, 10:51
health aspects, 10:60, 61
history of, 10:42, 43
key performance grid (table), 10:46
leaching and migration of, 10:61
nylon, 10:284
performance of, 10:51, 53–55
as polystyrene additives, 13:249
poly(vinyl chloride), 10:43
properties of, 10:42
in PVC plastisols, 14:749–752
relative efficiency of, 10:58
research trends on, 10:61–64
rheological behavior of, 10:57
for rubber compounds, 3:553, 12:235, 236
for stabilizing function, 10:50, 51
test methods, 13:760
for tire compounding, 12:256
trimelliates, 10:49
types of, 10:45–51
use with UV stabilizers, 14:452
for vinyl acetal polymers, 14:642
worldwide market of (table), 10:64

Plastics, 1:515–544, 6:80, 81
biodegradable polymers and plastics in landfill sites,

4:239–248
cellulose acetate applications, 2:637
cellulose nitrate applications, 2:609
coloring, 3:490–492
drying, 5:668
equilibrium and allowable moisture content for, 5:667
extrusion of, 5:645
failure of, 6:174, 279
intractable, 5:620
load fracture in, 6:285
melamine, 1:517
photo- and biodegradable, 5:535
release agent use with, 11:705, 706
semicrystalline, 5:671

Plastics additives. See also Additives
Plastics extruder, 5:618
Plastics flammability, ranges, 6:80
Plastics processing, 10:68–92

blow molding, 10:85, 86
calendering, 10:88
casting, 10:89
extrusion, 3:495, 10:71–77
film forming processes in extrusion, 10:77–82
injection molding, 10:82–85
pultrusion, 10:91
rotational molding, 10:86, 87
thermoforming, 10:87, 88
thermoplastic resin processing, 10:70
thermoplastic resins, 10:68–70
thermosetting resin processing, 10:89–92
thermosetting resins, 10:89

Plastics recycling. See Recycling, plastics
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Plastics Technology, 5:214
Plastisols

poly(vinyl chloride), 14:749, 750
Plastomer blown film properties, 5:555
Plastomers, 5:542
Plate-and-frame electrodialysis stack, 7:789
Plate-and-frame membrane modules, 7:769, 771
Plate die, 5:677, 678
Plate-out, 3:474
Platelets

in inorganic-reinforced styrene polymers, 13:205, 206
in metallic pigments, 3:473

Platinum
polymers containing, 7:65

Platinum-catalyzed hydrosilylation, 12:359, 360
Platinum-polypyridyl systems, 7:63
PLEDs. See Polymer LEDs (PLEDs)
Plexiglas, 2:495
PLGA-b-PEG block copolymer, 8:428
PLGA-b-PEG nanoparticles, 8:430
PLGA-based hydrogels, biomedical applications of,

2:179–181
PLGA hydrophobic core, 8:432
PLGA nanoparticles, 8:428–430
PLGA particles, 8:414
PLGA-PEG-PLGA triblock copolymers, 2:166

chemical structure of, 2:166
insulin from, release of, 2:179–181

PLGA solution, 8:431
PLLA with tactic PMMAs, 13:657
Ploughing hardness, 12:325, 326
Plug and pluy polymers, 8:642–648
Plug assist forming, 14:111
Plugs

polystyrene supports, 11:36, 37
Plumbing, polysulfones in, 11:201
Plumping agent, 1:543
Plunger injection of thermosets, 3:587, 588
Plunger molding, 3:565–568. See also Compression and

transfer molding
Pluronic block copolymers, 2:167, 168

biomedical applications of, 2:181, 182
chemical structure of, 2:168

Pluronic-type PEO-PPO-PEO triblock copolymers,
14:546

PluronicF127 (PEO-PPO-PEO triblock copolymer),
11:433

Plywood, 15:296
amino resins in, 1:526

PMAAz films, 14:394
PMC elements, 9:105
PMCP. See Atactic

trans-poly(methylene-1,3-cyclopentane) (PMCP)
PMDA-ODA polyamic acid, 5:69, 71–73
PMMA, 8:334

arms, 8:446
BMIM]PF6 as efficient plasticizer, 7:200, 201
chemical compositions, 6:69, 70
pseudo-semi-interpenetrating polymer networks

(pseudo-SIPN), 6:342
thermokinetic properties, 6:72

PMMA-based photorefractive polymers, 9:765
PMMA cores, 8:487

181 s-PMMA helix, 13:659
a-PMMA, 13:654, 655
PMMA, racemization on radiolysis, 11:468, 469
PMMA, tacticity and crystalline properties, 13:655, 656
PMMA. See Poly(methyl methacrylate) (PMMA)
PMMA. See Polymethyl methacrylate (PMMA)
a-PMMA/PLLA, 13:657
PMOX-PDMSPMOX

triblock copolymer vesicles, 14:553
vesicles, 14:554

PMP. See Poly(4-methyl-1-pentene) (PMP)
pMS. See p-Methylstyrene (pMS)
PNA. See Peptide nucleic acid (PNA)
PNIPAAm, 11:437
PNIPAM

based block copolymer, 14:392
core micelles, 14:392
during heating, LCST-type phase transition, 1:393
hydrogel, 14:391

PNIPAM-based block copolymers, 2:168, 169
biomedical applications of, 2:182
chemical structure of, 2:169

PNIPAM-based network, 8:450
PNIPAM core, 8:287
PNIPAM-b-PAA diblock copolymer, 8:287
PO. See propylene oxide, 11:310–341

aluminum catalyst systems, polymerization with
(table), 11:323, 324

anionic mechanism, 11:315–319
base-catalyzed polymerization, 11:318
base-catalyzed PPO, 11:318
cationic mechanism, 11:319, 320
coordinate-type catalysts, 11:320, 321
economic aspects, 11:336–338
epoxides, 11:311
epoxides, ring-opening polymerization reaction of,

11:310, 311
head-to-tail isomer, 11:311
health and safety factors, 11:338
high molecular weight polymers, 11:310
low molecular weight polyethers, 11:310
manufacture, 11:313–315
monofunctional polyethers, 11:319
optically active, 11:315
polymeric derivatives, 11:310
polymerization mechanisms, 11:315–319

Pockels effect, 5:93
Pockels or Kerr effects, 9:749
Point group opertions

semicrystalline polymers, 12:374
Poisseulli’s law, 4:540
Poisson distribution function, 8:662
Poisson distribution, 1:598
Poisson polymer distribution, 2:739
Poisson’s ratio, 1:63, 4:640, 643, 6:,332, 15:78–80

moduli and, 4:642
Polanyi relation, 4:441
“Polar” monomers (MMA, MA), RAFT polymerization,

11:741
Polar monomers

anionic polymerization, 1:620–628
Polarity parameter, of plasticizer activity, 10:44, 45
Polarity reversal process, 7:789
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Polarizability, of amorphous polymers, 9:790,
791

Polarization
of piezoelectric polymers, 9:795
of polyacrylonitrile, 1:279–281

Polarization anisotropy, 9:751, 758
Polarization forces, release agents and, 11:703
Polarization functions, 3:599, 600
Polarization-insensitive modulators, 5:112
Polarized FT-IR spectroscopy, 5:758, 759
Polarizing light microscopes (PLM)

fiber forensics applications, 6:186
forensics applications, 6:178
paint forensics applications, 6:189
use in forensic analysis, 6:180

Poling conditions, 9:790, 791
Poling temperature, 5:96
Polishing

nonwoven fabrics, 9:234
silicone application, 12:465

Polivic S202, 14:731
Polivic S404W, 14:731
Pollution control, in coating drying, 3:293, 294
Poloxamer 188 (PEO-PPO-PEO), 8:433
Poly-1-hexene

thermodynamic properties, 14:65
Poly-1-pentene

thermodynamic properties, 14:65
Poly-1,3-butadiene

transfer-to-polymer constant, 11:541
Poly-3-hexylthiophene (P3HT), 3:707
Poly-3-octylfuran (P3OF), 3:707
Poly OX WSR-301

drag-reducing additive, 4:553
Poly OX WSR-303

drag-reducing additive, 4:553
Poly(N, N-diethylacrylamide) (PDEA), 2:780
Poly(α-deuterostyrene)

monomer yield in pyrolysis, 4:259
Poly(α-hydroxy acids)

scaffold for tissue engineering, 14:218
Poly(α-methylstyrene)

degradation of, 13:209
irradiation degradation, 4:289
monomer yield in pyrolysis, 4:259
thermodynamic properties, 14:66
time-temperature shift factors for, 15:96

Poly(α-methyl styrene) (PαMSTY), radiation chemistry,
11:477

Poly(β-hydroxybutyrate) (PHB)
biodegradable, 2:103–107
longitudinal acoustic mode, 14:583, 584
scaffold for tissue engineering, 14:218

Poly(β-propiolactone)
synthesis by anionic polymerization, 1:624
thermodynamic properties, 14:67

Poly(δ-valerolactone)
thermodynamic properties, 14:67

Poly(γ-butyrolactone)
thermodynamic properties, 14:67

Poly(ε-caprolactone), 12:137
biodegradable, 2:107, 108
environmentally degradable plastics, 2:78
glass transition temperature for solutions, 14:91

hydro-biodegradation, 4:292
in interpenetrating network, 7:143
scaffold for tissue engineering, 14:218
switching segment, 12:416
synthesis by anionic polymerization, 1:625
thermodynamic properties, 14:67

Poly((diethylamino)ethyl acrylate) (PDEAEA), 2:774,
779

Poly(1,1-dihydroperfluoroctyl acrylate) (PFOA), 4:49
Poly(1,2-phenylenevinylene)s, 7:697

extension to 4-radical-substituted, 7:696
Poly(1,3-phenylenedisulfide), 9:445
Poly(1,4-oxyphenylenecarbonyl-1,4-phenylene), 10:587
Poly(1,4-phenylene oxide)

thermal properties, 10:573
Poly(1,4-phenylene-1,4-butadiynylene), 9:449
Poly(1-butene)

dynamic mechanical spectra of, 2:337, 338
isotactic, 2:332
melt crystallization, 2:334
polymerization of, 2:340, 341
polymorphism of, 2:333, 334
polymorphs (table), 2:334
solution properties of, 2:333

Poly(1-butene)
film properties, 5:806
synthesis by Ziegler-Natta polymerization, 15:518,

519
thermodynamic properties, 14:65

trans-Poly(1-butenylene)
thermodynamic properties, 14:65

Poly(1-trimethylsilyl-1-propyne) (PTMSP), 5:836, 8:18
Poly(2,4,6-trimethylstyrene), 13:701
Poly(2,6-dichloro-1,4-phenylene oxide)

thermal properties, 10:573
Poly(2,6-dimethoxy-1,4-phenylene oxide) (PPO), 4:59,

5:264, 9:432–435, 10:572–576
blends with PS, 10:582–584
clathrates of, 3:147, 148
diffusion in, 2:7–9
extensional modulus and loss factor at room

temperature, 1:91
physical properties, 10:572
synthesis, 10:576–581
thermal properties, 10:573

Poly(2,6-hydroxynaphthoic acid)
thermodynamic properties, 14:69

Poly(2-(dimethylamino) ethyl methacrylate)
(PDMAEMA), 1:731, 2:172–174

Poly(2-(dimethylamino)ethyl methacrylate), 15:207
Poly(2-benzyl-6-methyl-1,4-phenylene oxide)

thermal properties, 10:573
Poly(2-chloroethyl vinyl ether), 13:695
Poly(2-hydroxybutyrate)

hydro-biodegradation, 4:292
Poly(2-hydroxyethyl methacrylate) (PHEMA),

2:776–778, 6:475
in interpenetrating network, 7:143

Poly(2-isopropyl-6-methyl-1,4-phenylene oxide)
thermal properties, 10:573

Poly(2-methacryloyloxyethyl phosphoryl chloride)
in interpenetrating network, 7:143

Poly(2-methyl-6-phenyl-1,4-phenylene oxide)
thermal properties, 10:573
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Poly(2-naphthyl-6-phenyl-1,4-phenylene)
thermal properties, 10:573

Poly(2-vinyl pyridine)
template for polymerization, 13:748

Poly(2-m-tolyl-6-phenyl-1,4-phenylene oxide)
thermal properties, 10:573

Poly(3,3,3-trifluoropropylmethylsiloxane)
activation energy in clustering system with

methanol, 14:321
activation energy in clustering system with water,

14:321
Poly(3,4-ethylene dioxythiophene) (PEDOT), 5:129,

9:449
electrochromic polymers, 4:802–804

Poly(3,4-ethylenedioxythiophene) (PEDOT), 2:768, 779,
780

Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS), 7:515

Poly(3-(4-fluorophenyl)thiophene) (PFPT), 7:204
Poly(3-alkylthiophene)s (P3AT), 3:704, 707
Poly(3-hexylthiophene) (P3HT), 6:350
Poly(3-hydrovalerate)

environmentally degradable plastic, 2:86
Poly(3-hydroxyalkanoate)s (PHAs), 10:96–112. See also

β-Hydroxyalkanoates
applications for, 10:100, 101
biodegradability of, 10:102
commercial production of, 10:109, 110
degradation of, 10:102–104
degradation processes in landfills, 4:240, 247, 248
effect of side-chain length on, 10:98
enzymatic degradation of, 10:102–104
future of, 10:110–112
medium-chain-length, 10:96
polymer blends incorporating, 10:98, 99
properties of, 10:96–99
separation from biomass, 10:107–109
short-chain-length, 10:95, 101
solvent extraction of, 10:107, 108
structures of, 10:97
synthesis of, 10:104–107

Poly(3-hydroxybutyrate) (PHB), 10:96, 98, 100
in bacterial cells, 10:97, 98
environmentally degradable plastic, 2:86
manufacture of, 10:110, 111
properties of, 10:100
recovery of, 10:108
synthesis of, 10:104–106
thermal degradation, 4:261, 262

Poly(3-hydroxybutyrate-co-hydrovalerate)
environmentally degradable plastic, 2:86, 87

Poly(4)-vinylpyridine) (PVPy), 8:276
Poly(4,4′-isopropylidene diphenylene carbonate)

thermodynamic properties, 14:70
Poly(4,6-di-n-butyl-1,3-phenylene), 9:447
Poly(4-(N, N-dimethylamino)methylstyrene)

(PDMAMS), 2:779
Poly(4-hydroxybenzoic acid)

thermodynamic properties, 14:69
Poly(4-methyl-1-pentene) (PMP), 4:54

elastic constants, 1:90
film properties, 5:806

permeability crystallinity effect, 2:17
P-V-T data, 14:79
semicrystalline, 12:391
single crystals, 12:387
sound absorption, 1:88
sound speeds, 1:85
synthesis by Ziegler-Natta polymerization, 15:519
temperature dependence of sound speed, 1:88
thermodynamic properties, 14:65

Poly(4-methylcyclopentene), 8:163
Poly(4-vinyl pyridine)

synthesis by atom-transfer radical polymerization,
7:653

template for polymerization, 13:748
Poly(4-tert-butylstyrene-b-poly(sodium

styrene-4-sulfonate) (PtBS-b-NaPSS), 13:541
Poly(5,5-dimethyl-1,3-diox-2-one)

synthesis by anionic polymerization, 1:625
Poly(5-alkylnorbornene), 8:164
Poly(acrylamide/maleic acid) copolymer (PAM-PMA),

2:178
Poly(acrylic acid)

blends with poly(ethylene oxide), 5:450
in controlled drug release system, 3:752
in interpenetrating network, 7:143
template for polymerization, 13:748
water-soluble polymer, 15:199, 200, 203, 204

Poly(acrylonitrile-butadiene-styrene) (ABS),
calendering and, 2:375

Poly(alkadienes), hydrogenation of 6:768–772
Poly(alkyl methacrylates)

density fluctuations in amorphous, 1:559–566
sound speed, 1:82
stereochemistry of anionic polymerized, 1:635–638

Poly(alkyl vinyl ethers)
telechelic polymers, 13:694

Poly(alkylaminocarbophosphazene)s, 7:47
Poly(alkylene glycols) (table), 9:95
Poly(allylamine hydrochloride)

template for polymerization, 13:748
Poly(amide-6-b-ethylene oxide) (Pebax), 8:17
Poly(amide-enamines)

biodegradable, 2:106
Poly(amideimide)/poly(ether imide), 8:27
Poly(amido amine)-PEG-poly(amido amine)

(PAAm-PEG-PAAm), 2:177
Poly(amidoamine) (PAMAM) dendrimers, 8:6
Poly(amino acid)s

in controlled drug release system, 3:753
vibrational spectroscopy, 14:617–622

Poly(aryl ether) dendrimers, 4:300, 302, 313. See also
Dendrimers

Poly(arylene sulfide)s, 10:115–137, 13:289–291
Poly(arylene-ether-sulfone) (PAES), 12:114
Poly(arylene-siloxane-ferrocene)s, 7:51
Poly(arylenesulfonium salt)s, 13:301
Poly(arylethersulfone)s, 11:179

commercial synthesis of, 11:180, 181
Poly(aryloxyphosphazene)

biodegradable, 2:104
Poly(benzo1,2-d:4, 5′-d′ bisoxazole-2,6-diyl)-

1,4-phenylene (PBZO). See PBZO
Poly(benzobisazole)s (PBX), 12:52
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Poly(benzoxazole) (PBO), 12:97, 98
Poly(benzo[1,2-d:4, 5-d’′]bisimidazole-2,6-diyl-

1,3-phenylene) (PBI), 12:54
Poly(bisphenol A carbonate) SSP (BPA-PC SSP),

12:724, 725
Poly(bromo styrene)

NEXAFS spectra, 15:368
Poly(butadiene-co-acrylonitrile) (NBR), hydrogenation

of, 6:770
Poly(butene-1-sulfone)

irradiation degradation, 4:289
Poly(butyl acrylate-co-styrene) (PBA), 8:486
Poly(butyl methacrylate)

activation energy in clustering system with water,
14:321

Poly(butyl methacrylate-stat-methyl methacrylate)
in interpenetrating network, 7:144

Poly(butylene adipate)
glass transition temperature for solutions, 14:91
thermodynamic properties, 14:67

Poly(butylene naphthalate), 10:140
Poly(butylene succinate) (PBS), 5:237, 242
Poly(butylene terephthalate) (PBT), 4:84, 86, 215,

10:198, 12:723, 724
double glass transition, 12:400
impact resistance improvement, 6:831
NEXAFS spectra, 15:375
polymerization reactors, 2:284
properties, 10:204
thermal degradation, 4:260
thermodynamic properties, 14:69

Poly(butyleneadipate-co-succinate) (PH), cross-linking
mechanism of, 4:84

Poly(caprolactone)
biodegradable, 2:107, 108
toxicity and biocompatibility, 2:113
vibrational spectroscopy of blends, 14:598

Poly(carbazole-co-acrylamide), 5:134–137
Poly(carbodiimide)

synthesis from isocyanates, 7:254
Poly(carborane siloxane)

acoustic properties, 1:66, 76
sound speeds, 1:86

Poly(chlorotrifluoroethylene) (PCTFE), 4:54, 55
high barrier polymer, 2:43
thermodynamic properties, 14:66

Poly(cyclodiborazane)s, 7:45
Poly(cyclohexane dimethylene terephthalate) (PCDT),

4:86
Poly(cyclohexyl methacrylate)

density fluctuations, 1:559
Poly(cycloolefin)s

commercial overview of metallocene-based
copolymers, 8:140

synthesis by metallocene-based polymerization,
8:126, 127

Poly(cyclosiloxanes)
synthesis by anionic polymerization, 1:627

Poly(di-n-heptyl itaconate)
thermodynamic properties, 14:68

Poly(di-n-octyl itaconate)
thermodynamic properties, 14:68

Poly(di-n-propyl itaconate)
thermodynamic properties, 14:68

Poly(diallyl dimethyl ammonium chloride)
in interpenetrating network, 7:144

Poly(dichlorophosphazene), 7:37, 38
copolymers, 11:101, 102
synthesis, 11:98–101

Poly(dicyclopentadiene) (poly-DCPD), 12:341
Poly(diethyl siloxane)

thermodynamic properties, 14:70
Poly(dimethyl itaconate)

thermodynamic properties, 14:67
Poly(dimethyl siloxane) (PDMS), radiation chemistry,

11:470, 12:464
activation energy in clustering system with water,

14:321
in interpenetrating network, 7:144
irradiation degradation, 4:289
manufacture, 12:471–489
silica reinforced, 3:501–503
sound speeds, 1:86
thermodynamic properties, 14:70
vibrational spectroscopy, 14:616–622

Poly(dimethyl siloxane) hydrogels
in interpenetrating network, 7:143

Poly(dimethyl siloxane)(PDMS), 5:836
Poly(dimethyl siloxane)-based products, 11:706
Poly(dimethylaminoethyl methacrylate)

macromonomers, 6:495
Poly(dimethylosiloxane) (PDMS), 6:517
Poly(dimethylsiloxane), 9:2
Poly(dimethylsilylene)

thermodynamic properties, 14:70
Poly(disulfide)s, 13:298–300
Poly(ester amide)s

biodegradable, 2:104
environmentally degradable plastics, 2:78
hydro-biodegradation, 4:292
hyperbranched polymer preparation from, 6:781
synthesis of, 7:565, 566

Poly(ether imide) (PEI), 1:459, 10:588–591
glass-transition temperature, 10:69

Poly(etheretherketone) (PEEK), 10:587
double glass transition, 12:400
impact resistance improvement, 6:831
melting temperature, 10:69

Poly(ethyl acrylate)
thermodynamic properties, 14:66

Poly(ethyl methacrylate) (PEMA)
acoustic properties as probe of relaxation, 1:80
blends with poly(vinyl acetate), 14:671
thermodynamic properties, 14:67

Poly(ethyl vinyl ether-g-ethyl oxazoline) graft
copolymers, 6:479

Poly(ethylene adipate)
glass transition temperature for solutions, 14:91

Poly(ethylene adipate), 4:84
Poly(ethylene glycol) ( PEG), 6:499, 10:520, 521

in interpenetrating network, 7:143
PEG-grafted resins, 11:25–29
scaffold for tissue engineering, 14:218
template for polymerization, 13:748
for tissue engineering, 14:223

Poly(ethylene glycol) (PEG), 3:18, 10:747, 748
Poly(ethylene glycol) (PEG)-modified dendrimers, 4:314
Poly(ethylene glycol) monododecyl ether, 5:265
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Poly(ethylene glycol)-polyester block copolymers,
2:163–167

PEG/PCL block copolymers, 2:166, 167
PEG/PLA block copolymers, 2:163–165
PEG/PLGA block copolymers, 2:165, 166
PHB-based block copolymers, 2:167

Poly(ethylene glycol)-b-poly(N-isopropyl acrylamide)
copolymers, 6:587

Poly(ethylene imine) (PEI)
gene-delivery polymer, 4:282
template for polymerization, 13:748
water-soluble polymer, 15:212

Poly(ethylene naphthalate) (PEN), 10:139–164
applications, 10:150–164
high barrier polymer, 2:40
manufacture, 10:147–150
properties, 10:140–147
properties compared to PET, 10:140–147

Poly(ethylene naphthalate) fibers
applications, 10:150–154

Poly(ethylene naphthalate) films, 10:501–511
coextrusion, 10:508
fillers, 10:508, 509
film process, 10:502–505
properties, 10:505–507

Poly(ethylene oxalate)
thermodynamic properties, 14:67

Poly(ethylene oxide) (PEO), 1:167, 5:444
blends with polyphosphazenes, 11:102, 103
in block copolymers, 2:203
chemical properties, 5:451–453
crystallization kinetics, 4:183
drag reducer, 4:552
drag-reducing additive, 4:553
electropolymerization, 5:127
glass transition temperature for solutions, 14:91
intercalation with clay, 7:76–78
in interpenetrating network, 7:143
irradiation degradation, 4:289
longitudinal acoustic mode, 14:583, 586
modeling parameterizations, 8:580
NEXAFS spectra, 15:373, 374
physical properties, 5:445–451
Raman spectra, 14:580–582
semicrystalline, 12:376, 386, 389, 391
single crystals, 12:386, 387
solid polymer electrolytes, 11:105
sound absorption, 1:88
sound speeds, 1:85
synthesis by anionic polymerization, 1:622, 623
vibrational spectroscopy of blends with PMMA,

14:598, 599
water-soluble polymer, 15:200

Poly(ethylene oxide) (PEO), 6:499
clathrates of, 3:148–152
with hydroquinone, 3:160, 161
with inorganic salts, 3:150
with LiCF3gSO3, 3:152
with mercuric chloride, 3:163
with 2-methyl resorcinol, 3:162, 163
with p-dihalogenobenzenes, 3:160
with p-nitrophenol, 3:149, 150
with resorcinol, 3:149

with sodium iodide, 3:150
with sodium perchlorate, 3:151, 152
with sodium thiocyanate, 3:150, 151
with thiourea, 3:161

Poly(ethylene oxide) (PEO), polymer-inclusion
complexes of

with cyclodextrins, 3:169
with urea, 3:167–169

Poly(ethylene oxide) blocks, 7:320
Poly(ethylene sebacate)

thermodynamic properties, 14:67
Poly(ethylene succinate)

crystallization kinetics, 4:170, 175
NEXAFS spectra, 15:371

Poly(ethylene terephthalate) (PET), 4:59, 215, 84, 86,
5:237, 10:510, 198, 199

acid-modified, 4:220
anioxidant applications, 1:712
Barrier Enhanced Silica Coated PET (BESTPET),

2:53
blends and copolymers with PEN, 10:139–164
blow molding, 10:85
in the blow-molding industry, 2:253
blow molding of, 2:216, 217
by-product removal, 2:287, 288
CHDM-modified, 4:218–220
conformation of polymer chain in melt and in theta

solvent, 9:56
crystallized, 4:218
dielectric spectroscopy, 4:488
double glass transition, 12:400
extensional modulus and loss factor at room

temperature, 1:91
film extrusion, 5:805
film stretching, 10:79
gas diffusion in, 8:305
glass-transition temperature, 10:69
Hamaker constant, 6:644
hydrolytic degradation of, 13:6–8
impact resistance improvement, 6:831
irradiation degradation, 4:289
melting temperature, 10:69
microspectroscopic studies of laminates, 14:608
modeling parameterizations, 8:581
moderate barrier polymers, 2:43, 44
multilayer barrier structures, 2:51, 52
NEXAFS of mechanically alloyed blends with Vectra

A950, 15:395, 396
NEXAFS spectra, 15:372
patenting of, 10:510–512
permeabilities, solubilities, and diffusivities of gas

pairs in, 14:312
permeability temperature effect, 2:13, 14
photodegradation, 4:282
polymerization reactors, 2:287
predrying in processing, 10:70
properties compared to PEN, 10:140–147
properties of, 10:,204
P-V-T data, 14:79
recycling, 11:657–675
self-leveling, 2:255
surface oligomer detection and imaging, 13:496, 497
thermal degradation, 4:253, 260
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thermodynamic properties, 14:69
thermoforming, 14:120, 121, 123

Poly(ethylene terephthalate) fibers, 10:516
melt spinning of, 10:524–531
properties of (table), 10:516
stress-strain behavior of, 10:531, 532

Poly(ethylene terephthalate) film, breakdown voltage
of, 4:698

Poly(ethylene terephthalate) films, 10:501–511
coextrusion, 10:508
fillers, 10:508, 509
film process, 10:502–505
properties, 10:505–507

Poly(ethylene terephthalate), MWD of, 8:513
Poly(ethylene terephthalate), radiation chemistry,

11:482
Poly(ethylene terephthalate), SSP (PET SSP),

12:720–723
recycling technique for food packaging applications,

12:722–3
Poly(ethylene-2,6-naphthalene dicarboxylate)

thermodynamic properties, 14:70
Poly(ethylene-co-propylene-co-diene) (EPDM) rubbers,

5:685
Poly(ethylene-alt-propylene) (PEP)

NEXAFS of mechanically alloyed blends with PI and
PMMA, 15:395–397

Poly(ethylene-alt-propylene) (PEP), hydrogenation of,
6:769

Poly(ethylene-alt-propylene)-b-poly(DL-lactide), 8:282
diblock copolymers, 8:282

Poly(ethylene-co-methacrylic acid) (EMA)
electron spin resonance, 5:18–21
surface morphology, 13:499–501

Poly(ethylene-co-propylene) (PE-co-PP), 6:500
Poly(ethylene-co-propylene-co-DCPD), 5:595
Poly(ethylene-co-propylene-co-ENB), 5:595
Poly(ethylene-co-styrene), 5:429–431

applications, 5:439, 440
as blend component, 5:438
blend miscibility, 5:438, 439
properties, 5:432–437

Poly(ethylene-g-styrene) copolymers, 6:478
Poly(ethylenecycloalkanes)

metallocene-based polymerization, 8:127
Poly(ferrocenylene persulfide)s, 7:59
Poly(ferrocenylsilane-ferrocenylgermane) random

copolymers, 7:57
Poly(fluoroolefin)s, 6:133
Poly(fumaric acid)

biodegradable, 2:105
Poly(glutamic acid)

biodegradable, 2:105
Poly(glycidyl methacrylate)-based polyHIPEs, 10:610
Poly(glycol amine)

curing agent, 5:345
Poly(glycolic acid)

biodegradable, 2:103, 104
environmentally degradable plastics, 2:77
for tissue engineering, 14:217–221, 224, 225

Poly(HEMA) hydrogels. See also 2-Hydroxyethyl
methacrylate (HEMA)

Poly(hexamethylene adipamide)
elastic constants, 1:90

film properties, 5:806
sound speeds, 1:86

Poly(hexamethyleneadipate) (PHA), 4:84
Poly(hexamethyleneterephthalate) (PHT), 4:84
Poly(hydroxy amino ether) (PHAE), 5:312

high barrier polymers, 2:41–43
Poly(hydroxybutyrate)

blends with poly(ethylene oxide), 5:450
crystallization kinetics, 4:177
for tissue engineering, 14:221

Poly(hydroxypropyl methacrylamide)
in controlled drug release system, 3:753

Poly(hydroxystyrene) (PHOST), 7:587
Poly(imidothioether)s, 13:289
Poly(isobutyl acrylate)

thermodynamic properties, 14:66
Poly(isobutyl methacrylate)

thermodynamic properties, 14:67
Poly(isobutyl vinyl ether), 13:695
Poly(isobutylene-co-isoprene), 2:349, 355
Poly(isobutylene-co-isoprene-co-divinylbenzene), 2:353
Poly(isobutylene-co-piperylene), 2:352
Poly(isobutylene-g-indene) copolymers, 6:480
Poly(isobutylene-g-styrene) copolymers, 6:480
Poly(isoprene)-poly(ethylene) blends

phase transformation, 9:562
Poly(isoprene-g-styrene) copolymers, 6:514
Poly(l,4-cyclohexylenedimethylene terephthalate)

(PCT), 4:215, 10:517. See also PCT
CHDM-modified, 4:218–220
crystallization of, 4:216
extrusion applications for, 4:217, 218
preparation of, 4:216

Poly(L-lactic acid) (PLLA) SSP, 12:725, 726
Poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG)

copolymers, 8:796
Poly(LA)-zwitterion ligand, 8:799
Poly(lactic acid) (PLA), 5:237, 8:413, 10:165–174

biodegradable, 2:102
blends with poly(ethylene oxide), 5:450
degradation processes in landfills, 4:248
environmentally degradable plastic, 2:84, 85
hydro-biodegradation, 4:292
for tissue engineering, 6:382, 14:217–221, 232, 237,

238
Poly(lactic acid-co-glycolic acid), radiation chemistry,

11:465
Poly(lactic-co-glycolic acid) (PLGA), 8:413
Poly(lactic-co-glycolide)

biodegradable, 2:103
toxicity and biocompatibility, 2:112, 113

Poly(lactide-co-glycolide)
scaffold for tissue engineering, 14:218
for tissue engineering, 14:217–221, 232, 237, 238

Poly(lysine)
biodegradable, 2:104

Poly(metaxylylenediamine-adipic acid). See MXD-6
resin

Poly(methacrylic acid). See also Methacrylic
sound speeds, 1:85
template for polymerization, 13:748
water-soluble polymer, 15:204, 205

Poly(methyl 4-(meth-acryloyloxy)cinnamate) (PMMCi)
polymers, 14:394
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Poly(methyl acrylate)
monomer yield in pyrolysis, 4:259
permeabilities, solubilities, and diffusivities of gas

pairs in, 14:312
thermodynamic properties, 14:66

Poly(methyl ether ketone)
NEXAFS spectra, 15:371

Poly(methyl methacrylate) (PMMA), 6:452, 8:318, 428,
480. See also Methacrylic ester polymers

adhesion and, 1:368
blends with poly(ethylene oxide), 5:450
brittle fracture of, 6:320
chain-transfer constant, 14:667
craze initiation, 5:713, 715
density fluctuations, 1:559
density of heterogenous polymerized, 6:638
dielectric properties, 4:480
elastic constants, 1:90
fatigue absorbed water effect, 5:739
fatigue crack effect of cross-linking, 5:729, 730
fatigue crack effect of molecular weight, 5:725–730
fatigue crack propagation, 5:722
fatigue life model, 5:703–706
fatigue plasticizer effect, 5:737
fatigue thermal history effect, 5:741
fiber reinforced composites, silane coupling agents

for, 12:427, 428
film properties, 5:806
fracture energy, 6:824
fracture surface, 5:702
frequency derivatives of Young’s modulus, 1:91
glass transition temperature for solutions, 14:91
glass-transition temperature and, 15:94–97
glass-transition temperature, 10:69
hydrolytic degradation, 4:290, 291
impact strength, 6:804, 805, 818
in interpenetrating network, 7:143
incipient crack characteristics, 5:712
irradiation degradation, 4:289
low frequency Raman bands, 14:590
macromonomers, 6:493, 494
metallocene-based polymerization, 8:130, 131
molecular mechanics, 8:591
monomer yield in pyrolysis, 4:259
NEXAFS of mechanically alloyed blends with PI and

PEP, 15:395–397
oxidative degradation, 4:277
permeation modeling, 2:30
photodegradation, 4:281
polymerization reactors, 2:284–286
preparation of, 13:229
PVDF blends with, 15:68
Raman spectroscopy, 14:565, 566
SIMS spectra, 13:479–487
sound absorption, 1:88
sound speeds, 1:85
stereochemistry of anionic polymerized, 1:635–638
strain rate sensitive modulus, 6:813
strain-clock model and, 15:157, 158
strain-energy release rates, 6:824
synthesis by anionic polymerization, 1:620–622
synthesis by atom-transfer radical polymerization,

7:654, 656

synthesis by heterophase polymerization with
emulsifier, 6:602

synthesis by heterophase polymerization, 6:609
synthesis by RAFT polymerization, 7:658
temperature dependence of sound speed, 1:88
thermal degradation, 4:256–259, 264
thermodynamic properties, 14:66
thermoforming, 14:104, 121, 125
time to failure under uniaxial stress, 5:710
transfer-to-polymer constant, 11:541
UV wavelength sensitivity, 14:454
vibrational spectroscopy of blends with PEO, 14:598
WAXS spectrum, 1:563–565

Poly(methyl methacrylate)
pyrolysis of, 4:419, 420

Poly(methyl methacrylate) sheet (table), 8:212
properties of commercial (table), 8:229

Poly(methyl methacrylate), 8:211
outdoor stability of (table), 8:212

Poly(methyl methacrylate), syndiotactic
dielectric spectroscopy, 4:488

Poly(methyl methacrylate)/poly(vinyl chloride)
thermoforming, 14:125

Poly(methyl methacrylate-alt-styrene), formation of,
1:734

Poly(methyl vinyl ether), 13:695
water-soluble polymer, 15:201, 202

Poly(methylene oxide)
frequency derivatives of Young’s modulus, 1:91

Poly(methylene(silacylohexanylene))s, 10:393
Poly(methylphenyl siloxane)

dependence of viscoelastic behavior on structure,
1:584

Poly(monosulfide ketone)s, 13:295–297
Poly(monosulfide)s, 13:286–300

aliphatic, 13:287–289
conjugated polymers, 13:294, 295
macrocyclic polythioethers, 13:291–293
poly(arylene sulfide)s, 13:289–291
poly(disulfide)s, 13:298–300
poly(monosulfide ketone)s, 13:295–297
polythiophene, 13:293
tetrathiafulvalene polymers, 13:293, 294

Poly(MPC) brush layer, characterization of, 9:652, 653
Poly(muconic acid) (PMA), 3:164–166
Poly(N-vinyl carbazole)-g-PI graft copolymers, 6:470
Poly(norbornene) side reactions, 8:175
Poly(orthoesters)

biodegradable, 2:109, 110
toxicity and biocompatibility, 2:103, 113, 114

Poly(oxy-1,4-phenylene)
thermodynamic properties, 14:69

Poly(oxy-1,4-phenylene-oxy-1,4-phenylene-carbonyl-
1,4-phenylene)

thermodynamic properties, 14:70
Poly(oxy-2,6-dimethyl-1,4-phenylene)

thermodynamic properties, 14:69
Poly(oxymethyleneoxyethylene)

thermodynamic properties, 14:66
Poly(oxyoctamethylene)

thermodynamic properties, 14:66
Poly(oxypropylene diamine)

curing agent, 5:345
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Poly(oxypropylene triamine)
curing agent, 5:345

Poly(oxypropylene)
thermodynamic properties, 14:66

Poly(oxytetramethylene)
thermodynamic properties, 14:66

Poly(oxytrimethylene)
thermodynamic properties, 14:66

Poly(p-phenylene), 9:2
Poly(PEG-phosphazene)

biodegradable, 2:104
Poly(perdeutero-styrene)
Poly(phenyl-acetylene) (PPA), 7:203
Poly(phenylacetylene)s, 3:23
Poly(phenylene ether ether ketone) (PEEK), 5:218, 219,

13:305, 306. See also PEEK matrix
properties of, 5:220

Poly(phenylene ether)s, 10:572
Poly(phenylene oxide) (PPO)

double glass transition, 12:400
elastic constants, 1:89
fatigue crack propagation, 5:722
health and safety factors, 10:576
limiting oxygen value of fiber, 6:713
photo-oxidation of, 13:10
properties, 10:572–576
sound speeds, 1:86
synthesis, 10:576–581
temperature dependence of sound speed, 1:88

Poly(phenylene oxide) copolymers, 10:581
Poly(phenylene oxide) membranes, 8:9
Poly(phenylene sulfide) (PPS)

blends and alloys with polysulfones, 11:198, 199
melting temperature, 10:69
synthesis by oxidative polymerization, 9:446

Poly(phenylene sulfide) (PPS), 13:287
Poly(phenylene sulfone)

double glass transition, 12:400
film properties, 5:806

Poly(phenylene vinylene), 4:445
Poly(phosphoester)s

biodegradable, 2:108
scaffold for tissue engineering, 14:218

Poly(phosphoric acid)
Poly(pivalolactone)

thermodynamic properties, 14:67
Poly(propionyl-ethyleneimine-co-ethyleneimine)

(PPEI-EI), 6:348
Poly(propylene fumarate)

biodegradable, 2:103
scaffold for tissue engineering, 14:218
for tissue engineering, 14:221

Poly(propylene glycol)
dependence of viscoelastic behavior on structure,

1:584
Poly(propylene glycol) diglycidyl ether

effect as flexibilizer, 5:383
Poly(propylene imine) dendrimer, 4:322, 350
Poly(propylene oxide) (PPO), 6:499

anionic polymerization, 1:623, 624
modeling parameterizations, 8:580
Nuclear Magnetic Resonance Spectra, 11:333, 334
radiation chemistry, 11:463
vibrational spectroscopy of blends, 14:598

Poly(propylene sulfide)
synthesis by anionic polymerization, 1:624

Poly(shape P-phenylenevinylene), 10:175–194
Poly(S-co-DVB) polyHIPE, 10:602
Poly(S-co-VBC) polyHIPEs, 10:610
Poly(silylene-2-butenylene)s, 10:389
Poly(silylenealkenylenearylene)s, 10:392
Poly(silylenealkylnylene)s, 10:390, 391
Poly(silylenealkynylenearylene)s, 10:392, 393
Poly(silylenearylene)s, 10:391
Poly(silyleneethylene)s, 10:388
Poly(silylenemethylene)s, 10:386–388
Poly(silylenetrimethylene)s, 10:388, 389
Poly(silylenevinylene)s, 10:390
Poly(sodium acrylate)

in interpenetrating network, 7:143
Poly(sorbic acid) (PSA), 3:164–166
Poly(styrene sulfonic acid) (PSSA)

in controlled drug release system, 3:752
water-soluble polymer, 15:205, 206

Poly(styrene-co-butadiene), 5:684, 685
Poly(styrene-co-diethyl vinylphosphonate), 9:668
Poly(styrene-block-ethene-co-butene-block-styrene)

(SEB-S) triblock copolymer, 10:695
Poly(styrene-b-1,4-isoprene) block copolymer

depolarized intensity correlation functions,
disordered state, 1:550, 551

Poly(styrene-b-butadiene-b-styrene) (S-B-S) block
copolymer, 8:496, 498, 14:141

blends, 14:152–154
commercial production, 14:144, 145
substitute for vulcanized rubber, 14:148

Poly(styrene-b-dimethyl siloxane) (PS-b-PDMS)
Poly(styrene-b-elastomer-b-styrene) block copolymer,

14:134, 135
commercial production, 14:144–148

Poly(styrene-b-ethylene-co-butylene-b-styrene)
(S-EB-S) block copolymer, 14:141

blends, 14:152–154
commercial production, 14:144
substitute for vulcanized rubber, 14:148

Poly(styrene-b-ethylene-co-propylene-b-styrene)
(S-EP-S) block copolymer, 14:141

commercial production, 14:144
substitute for vulcanized rubber, 14:148–151

Poly(styrene-b-isobutylene-b-styrene) (S-iB-S) block
copolymer, 14:141

commercial production, 14:147
Poly(styrene-b-isoprene-b-styrene) (S-I-S) block

copolymer, 14:141
commercial production, 14:144

Poly(styrene-co-acrylic acid)
synthesis by heterophase copolymerization, 6:653,

654
Poly(styrene-co-acrylonitrile) (SAN), 13:206

chemical properties of, 13:194, 195
mechanical properties of, 13:181

Poly(styrene-co-maleic anhyride)
blends with poly(ethylene oxide), 5:450

Poly(styrene-r-acrylonitrile) (SAN)
NEXAFS spectra, 15:368

Poly(sulfonic acid)s, 13:304–313
Poly(TDI urethane)

NEXAFS spectra, 15:371
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Poly(terephthalic-co-isophthalic acid)
biodegradable, 2:105

Poly(tetrafluoroethylene) (PTFE), 8:319
Poly(tetramethylene glycol)(PTMEG), 11:205, 225, 226
Poly(TFE-co-C3H6) copolymers, 6:154
Poly(THF)diols, polyurethane shape-memory polymers

and, 12:417
Poly(thio-1,4-phenylene)

thermodynamic properties, 14:69
Poly(thio-1,4-phenylene), 13:287
Poly(thioacetal)s, 13:323–325
Poly(thiocarbonate)s, 13:314–320
Poly(thioester)s, 13:320–323
Poly(thiourethane)s, 13:328–332
Poly(trimethylene carbonate), 2:171
Poly(trimethylene terephthalate) (PTT), 1:812,

10:198–209
crystallization kinetics of, 10:201, 202
crystal structure of, 10:203, 204
health and safety for, 10:208, 209
mechanical properties of, 10:204, 205
moderate barrier polymer, 2:44, 45
molecular weight of, 10:202, 203
polymerization, 10:199, 200
processing and applications of, 10:205–208
semicrystalline, 12:392, 396
side reactions and thermal degradation of, 10:200
thermal properties of, 10:201
thermodynamic properties, 14:69

Poly(trivinyltrimethylcyclotrisiloxane) (PV3D3),
2:778

Poly(tyrosine ester), 5:266
Poly(urethane urea)s, 7:253
Poly(vinyl acetate) (PVAc), 5:260, 14:651, 652. See also

Vinyl acetate
adhesives for wood composites, 15:290
aging of, 1:454–457
applications, 14:673–681
blends with poly(ethylene oxide), 5:450
chain-transfer constant, 14:667
conversion to poly(vinyl alcohol), 14:702–708
density of heterogenous polymerized, 6:638
dielectric spectroscopy, 1:584, 585, 4:486, 487
emulsions, 1:415
film properties, 5:806
in interpenetrating network, 7:143
manufacture, 14:662–669
physical properties, 14:658, 659
synthesis by RAFT polymerization, 7:658
temperature dependence of terminal zone of

response, 1:570
thermodynamic properties, 14:65
transfer-to-polymer constant, 11:541
in vinyl acetal production, 14:633–638

Poly(vinyl acetate) copolymers, 14:651, 670
Poly(vinyl alcohol) (PVA)/polystyrene, 8:27
Poly(vinyl alcohol), 14:686–717, 8:22. See also Vinyl

alcohol polymers
acetalization, 14:699, 700
acrylonitrile copolymers of, 1:285
applications, 14:712–717
blends with poly(ethylene oxide), 5:450
chain-transfer constant, 14:667

in controlled drug release system, 3:749
copolymers, 14:708
economic aspects, 14:708, 709
environmentally degradable plastics, 2:77
esterification, 14:696–698
etherification, 14:698, 699
free volume, 2:10
health and safety factors, 14:711
hydro-biodegradation, 4:292
in interpenetrating network, 7:143
manufacture, 14:702–708
processing, 14:711
properties, 14:687–701
semicrystalline, 12:372, 383
specifications and standards, 14:709, 710
test methods, 14:710, 711
thermodynamic properties, 14:65
in vinyl acetal production, 14:686, 695, 698, 699,

633–638
water-soluble polymer, 15:200, 201

Poly(vinyl alcohol), radiation chemistry, 11:463
Poly(vinyl alkane sulfonate)s, 14:696
Poly(vinyl butyral) (PVB), 14:,699, 633–646

properties (table), 14:641
solvent compatibilities (table), 14:643
sound speeds, 1:85

Poly(vinyl butyrate)
incipient crack characteristics, 5:712

Poly(vinyl carbazole)
iodine doped, 4:742

Poly(vinyl chloride) (PVC), 1:798, 2:728, 5:470, 8:398,
13:248, 14:725. See also Vinyl chloride polymers

antioxidant applications, 1:714
applications, 14:756–758
blends with poly(ethylene oxide), 5:450
blends with thermoplastic elastomers, 14:137, 157
bulk polymerization, 14:742, 743
calendering and, 2:375. See also Calendering
calendering, 10:88
chain-transfer constant, 14:667
chlorinated, 14:754
conformation of polymer chain in melt and in theta

solvent, 9:56
cross-linking of, 4:95
degradation processes in landfills, 4:247
density of heterogenous polymerized, 6:638
dielectric properties, 4:480
economic aspects, 14:758–760
elastic constants, 1:90
emulsion polymerization, 14:743–754
environmental issues, 14:755
extruded microcellular plastic, 8:312–314
fatigue chemistry effect, 5:733
fatigue crack effect of molecular weight, 5:724–727
fatigue crack speed, 5:723
fatigue plasticizer effect, 5:737
film extrusion, 5:805
film properties, 5:806
fracture behavior of, 6:323
gas diffusion in, 8:305
glass transition temperature for solutions, 14:91
glass-transition temperature, 10:69
health and safety factors, 14:760–762
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heat stabilizers for, 6:561–583, See also Heat
stabilizers

hydrogen chloride scavengers and, 13:24–26
hydrolytic degradation, 4:290, 291
impact resistance improvement, 6:829
impact strength effect of temperature, 6:820
impact strength vs. notch tip radius, 6:818
in belting, 2:71
in interpenetrating network, 7:144
incipient crack characteristics, 5:712
irradiation degradation, 4:289
long-term stabilization of, 13:28–30
moderate barrier polymer, 2:47, 48
molecular modeling, 8:584
morphology, 14:725, 726, 736–739
NEXAFS spectra, 15:373, 374
permeability temperature effect, 2:12
permeation modeling, 2:30, 31
photo-oxidation of, 13:10
plasticizer effects on sound speed, 1:83
polymerization reactors, 2:284, 285
processing, 14:756–758
properties of barrier, 2:34
properties, 14:726, 727
quality specifications and analysis, 14:755, 756
recycling, 11:657–675
sound speeds, 1:85
storage and transportation, 14:756
strain-energy release rates, 6:824
suspension polymerization, 14:728–742
synthesis by heterophase polymerization, 6:589, 591,

601, 621, 648
thermal degradation, 4:262–264, 13:5, 6
thermodynamic properties, 14:66
thermoforming, 14:121
thermoplastic powder coatings, 3:233, 234
UV wavelength sensitivity, 14:454
versatility, 14:726
vibrational spectroscopy of blends, 14:598
K-value (molecular mass), 14:739–741

Poly(vinyl chloride) fibers
limiting oxygen index, 1:232

Poly(vinyl chloride) resin
processing, 10:68, 69

Poly(vinyl chloride), cellular, 2:511
commercial products and processes, 2:554–557
decompression expansion processes, 2:521, 522
expandable formulations, 2:516
leaching process, 2:525

Poly(vinyl chloride), radiation chemistry, 11:463
Poly(vinyl ether) (PVE), chemical structure, 2:170
Poly(vinyl ether)-based block copolymers, 2:169, 170
Poly(vinyl ether)s. See also Vinyl ethers

synthesis by carbocationic polymerization, 2:390, 420
Poly(vinyl fluoride) (PVF), 14:765. See also PVF; Vinyl

fluoride polymers
film properties, 5:806
thermodynamic properties, 14:65

Poly(vinyl formal) (PVF), 14:,699, 633–646
properties (table), 14:640
solvent compatibilities (table), 14:643

Poly(vinyl methyl ether) (PVME), 2:780
vibrational spectroscopy of blends with PS, 14:598

Poly(vinyl nitrate), 14:696
Poly(vinyl phosphate)s, 14:697
Poly(vinyl pyrrolidinone-co-acrylamide)

template for polymerization, 13:748
Poly(vinyl pyrrolidone) (PVP), 2:778
Poly(vinyl pyrrolidone-co-ethylene dimethacrylate)

heterophase polymerization porous hydrogel beads,
6:668

Poly(vinyl sulfate), 14:696
Poly(vinylamine)-eosin system, 4:590
Poly(vinylcarbazole) (PVK), 7:516
Poly(vinylferrocene), 7:50
Poly(vinylidene chloride) (PVDC), 5:470, 9:791. See also

Vinylidene chloride polymers
film properties, 5:806
high barrier copolymers, 2:38, 39
properties of barrier, 2:34
thermodynamic properties, 14:66

Poly(vinylidene fluoride) (PVDF), 6:553, 8:29, 9:779,
783, 784, 12:114, 15:54–57. See also Vinylidene
fluoride

blends with polyphosphazenes, 11:102, 103
demand for, 15:54, 55
elastic constants, 1:90
fatigue crack propagation, 5:722
fatigue thermal history effect, 5:742
glass transition temperature for solutions, 14:91
homopolymers, design properties, 15:61
manufacturers of, 15:55
market, 15:54
modeling parameterizations, 8:581
physical properties of, 15:59, 60
piezoelectric, 9:779
polymorphs, 15:62, 63
polymorphs of, 15:63
rheological profiles for, 15:69
semicrystalline, 12:383, 391, 392
SIMS spectra, 13:490
single crystals, 12:387, 388
solid, 15:71
sound speeds, 1:85
thermodynamic properties, 14:65
vibrational spectroscopy of blends, 14:598

Poly(vinylidene fluoride) copolymers
applications profile, 15:64–67
properties of, 15:60

Poly(vinylidene fluoride-trifluoroethylene and
tetrafluoroethylene) copolymers, 9:784, 785

Poly(vinylidene fluoride-co-chlorotrifluoroethylene),
P(VDF-co-CTFE), 6:484

Poly(vinylpyrrolidinone). See also
N-Vinyl-2-pyrrolidinone

blends with poly(ethylene oxide), 5:450
template for polymerization, 13:748

Poly(vinylsulfonic acid)
water-soluble polymer, 15:205

Poly(xylenol ether), modified
impact resistance improvement, 6:823–828

Poly(ε-caprolactone) (PCL) nanoparticles, 5:237, 8:425
Poly(m-phenylene isophthalamide) (MPDI), 10:211, 218

commercial processes for, 10:219–220, 221
crystal lattice parameters of, 10:228
dry spinning of, 10:222
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resin and fibrid forms of, 10:232
wet spinning of, 10:222, 223

Poly(N,N-dimethyl acrylamide)
transfer-to-polymer constant, 11:541

Poly(N-alkyl substituted acrylamides), 12:605
Poly(n-butyl acrylate)

thermodynamic properties, 14:66
Poly(n-butyl acrylate-b-styrene), 8:345
Poly(n-butyl methacrylate)

density fluctuations, 1:559
thermodynamic properties, 14:67
WAXS spectrum, 1:563, 566

Poly(n-decyl methacrylate)
WAXS spectrum, 1:563, 565

Poly(n-hexyl methacrylate)
density fluctuations, 1:559
polarized Rayleigh-Brillouin spectrum, 1:554, 555
WAXS spectrum, 1:563

Poly(N-isopropylacrylamide) (IPA)
in interpenetrating network, 7:143

Poly(N-isopropylacrylamide) (PNIPAAm), 2:780, 4:372,
10:754, 755

Poly(N-isopropylacrylamide-co-N,N-
dimethylacrylamide),
8:286

Poly(N-isopropylacrylamide-stat-acrylic acid)
in interpenetrating network, 7:143

Poly(N-vinyl caprolactam) (PVCL), 2:780
Poly(N-vinyl-2-pyrrolidinone) (PVP), 9:326

adsorption isotherms, 9:333, 334
anionic surfactants, 9:335
applications, 9:339, 340
aqueous solutions of, 9:330
carboxylic groups, 9:339
complexation, 9:332, 333
copolymerization, 9:336
dyes, 9:334, 335
glass-transition temperature (table), 9:328, 329
iodine complexes, 9:334, 335
kinematic viscosity of, 9:331
kinematic viscosity (table), 9:332
molecular weight and K value, 9:326
osmometry molecular weights (table), 9:328
phenolics, 9:335
poly(vinylpyrrolidinone-co-vinyl acetate), 9:336, 337
polymer/polymer complexes, 9:335
properties of, 9:337
relative viscosity (table), 9:327
solubility, 9:329
specifications of technical (table), 9:328
specifications of (table), 9:328
swelling behavior, 9:329
swelling of cross-linked (table), 9:330
temperature-dependence of (table), 9:330
tertiary amine-containing copolymers, 9:337
weight-average molecular weight (table), 9:327

Poly(N-vinylalkylamides), 12:605
Poly(N-vinylcarbazole) (PVK), 9:760
Poly(N-vinylpyrrolidinone)

water-soluble polymer, 15:201, 202
Poly(o-chlorostyrene)/polystyrene blends

dielectric spectroscopy, 4:488
Poly(o-nitrobenzyl methacrylate) (PoNBMA), 2:781

Poly(p-benzamide) (PBA), 10:218
crystal lattice parameters of, 10:228

Poly(p-chlorostyrene) (p-CS), 3:145
Poly(p-dioxane-co-caprolactone)

biodegradable, 2:103
Poly(p-dioxane-co-glycolide)

biodegradable, 2:103
Poly(p-phenylene amineimine)

synthesis of electrically active, 4:757
Poly(p-phenylene benzobismidazole) (PBZI). See PBZI
Poly(p-phenylene benzobisoxazole) (PBO), 10:212

carbon fibers produced from, 2:479
Poly(p-phenylene benzobisthiazole) (PBT), 10:212,

11:695
Poly(p-phenylene terephthalamide) (PPTA), 7:66,

10:,211, 218. See also Kevlar
commercial process for, 10:219, 220
crystal lattice parameters of, 10:228
film casting of, 10:223, 224
resin and fibrid forms of, 10:232
spinning of, 10:222
theoretical modulus of, 11:693

Poly(p-phenylene vinylene) (PPV)
chemical structure, properties, and uses of

conducting, 5:121
electropolymerization, 5:129, 130
Langmuir-Blodgett films, 7:435
synthesis of electrically active, 4:756, 757

Poly(p-phenylene) (PPP), 13:305
Poly(p-phenylene)

hyperbranched polymer preparation, 6:777, 778
synthesis of electrically active, 4:747–749
thermodynamic properties, 14:69

Poly(p-xylylene) (PPX), 15:409, 418, 419
thermodynamic properties, 14:69

Poly(p-phenylene vinylene) (PPV), 7:509
Poly(tert-butoxycarbonyloxystyrene) (PTBOCST), 7:587
Poly(L-alanine)

thermodynamic properties, 14:68
Poly(L-arginine) hydrogen chloride

thermodynamic properties, 14:69
Poly(L-asparagine)

thermodynamic properties, 14:69
Poly(L-aspartic acid), sodium salt

thermodynamic properties, 14:68
Poly(L-glutamic acid),sodium salt

thermodynamic properties, 14:68
Poly(L-histidine)

thermodynamic properties, 14:69
Poly(L-histidine) hydrogen chloride

thermodynamic properties, 14:69
Poly(L-lactic acid)

thermodynamic properties, 14:67
Poly(L-leucine)

thermodynamic properties, 14:68
Poly(L-lysine) hydrogen bromide

thermodynamic properties, 14:69
Poly(L-methionine)

thermodynamic properties, 14:69
Poly(L-phenylalanine)

thermodynamic properties, 14:68
Poly(L-proline)

thermodynamic properties, 14:69
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Poly(L-serine)
thermodynamic properties, 14:68

Poly(L-tryptophan)
thermodynamic properties, 14:69

Poly(L-tyrosine)
thermodynamic properties, 14:69

Poly(L-valine)
thermodynamic properties, 14:68

Poly-n-BCMUs, 4:447, 448
Polyacetals

antioxidant applications, 1:712
fatigue damage, 5:707–710
fracture surface, 5:702
impact resistance improvement, 6:831
Wöhler plot, 5:698, 699

Polyacetylene (PA), 3:701, 702
Polyacetylene-based DC, 6:356
Polyacetylene derivatives, 8:160
Polyacetylenes

iodine doped, 4:742
nonlinear optical properties, 9:152, 153
structure of, 4:445
synthesis of electrically active, 4:744–747
thermochromic properties, 14:42

Polyacrolein, as reactive polymer, 1:112
Polyacrylamide (PAAM), 8:29
Polyacrylamide brushes, 10:750
Polyacrylamide/separan AP-30

drag-reducing additive, 4:553
Polyacrylamide/separan AP-302

drag-reducing additive, 4:553
Polyacrylamides, 1:118. See also Acrylamide polymers;

Polyacrylamides
analytical methods for, 1:142–144
applications of, 1:138–141
commercial preparation of, 1:135–138
consumption of, 1:148
degradation of, 1:126, 127
detecting, 1:144
drag reducers, 4:551
drag-reducing additive, 4:553
economic aspects of, 1:145–148
experimental, 1:145
in interpenetrating network, 7:143
physical properties of, 1:119–124
safety and health and, 1:145
solutions of, 1:122–125
specifications, shipping, and storage of, 1:144
structural modifications of, 1:126–131
suppliers of (table), 1:146, 147
supports, 11:38
synthesis by heterophase polymerization, 6:676
synthesis by microemulsion polymerization, 8:369
synthesis by RAFT polymerization, 7:658
water-soluble polymer, 15:198, 199

Polyacrylate macromonomers, 6:497
Polyacrylate superabsorbents

degradation processes in landfills, 4:247
Polyacrylates. See also Acrylic ester polymers

in interpenetrating network, 7:144
Polyacrylonitrile (PAN), 1:274, 8:28, 9:793. See also

Acrylonitrile polymers
amorphous, 1:278

blends with polyphosphazenes, 11:102, 103
in carbon composites, 11:691, 692
chemical reactions of, 1:281, 282
film properties, 5:806
free volume, 2:10
Hamaker constant, 6:644
high barrier polymer, 2:36, 37
hydrolytic degradation, 4:290, 291
monomer yield in pyrolysis, 4:259
phases in (table), 1:277
synthesis, 1:234–241
synthesis by heterophase polymerization, 6:600, 601
synthesis by RAFT polymerization, 7:658
thermal degradation of, 1:282
thermodynamic properties, 14:67
transfer-to-polymer constant, 11:541

Polyacrylonitrile (PAN)-based carbon fibers, 2:469
Polyaddition and polycondensation, 9:643
Polyamic acid

formation of, 10:618–622
polyimide formation via, 10:622–625

Polyamic acid solutions, 5:70
Polyamic acids, 5:69–73

preparation of films, 5:71
product suppliers, 5:73

Polyamic esters, photosensitive, 5:77
Polyamide 6, SSP, 12:719
Polyamide-6/montmorillonite nanocomposites, reaction

extrusion, 11:647
Polyamide 66, SSP, 12:715–719
Polyamide fibers, 10:237–266

applications for, 10:264–266
dyeability of, 10:257, 258
history of, 10:237, 238
manufacture of, 10:247, 248
preparation of, 10:246, 247
properties of, 10:239–244
spinning continuous-filament yarns from,

10:248–257
Polyamide-modified alkyds, 1:492
Polyamide plastics, 10:272–295

applications for, 10:290, 291
chemical properties of, 10:280–282
economic aspects of, 10:292–294
history of, 10:271, 272
manufacture of, 10:282–286
mechanical properties of, 10:277–280
physical properties of, 10:272–277
processing of, 10:286–290
recycling of, 10:290–292
specifications, standards, and quality control for,

10:294, 295
Polyamide resin matrix, for fluorescent pigments,

3:473, 474
Polyamide, amorphous

glass-transition temperature, 10:69
Polyamide/elastomer block copolymers, 14:135

applications, 14:155
commercial production, 14:147

Polyamideimide
glass-transition temperature, 10:69

Polyamides, 1:797, 3:645, 10:211–235, 237–266. See
also Aromatic polyamides
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advantages, disadvantages, and applications as
epoxy curing agent, 5:338

antioxidant applications, 1:710, 711
aromatic, 10:211–235, 237
biodegradable, 2:109
coreactive curing agents for epoxies, 5:344–347
curing agents, 5:337
dielectric spectroscopy, 4:488
film extrusion, 5:805
high barrier polymers, 2:39, 40
hydrolytic degradation, 4:290
impact resistance improvement, 6:831
interfacical polymerization, 5:841
oxygen permeability and free volume, 2:12
piezoelectricity in, 9:785, 786
prices of, 10:294
single crystals, 12:384
synthesis from isocyanates, 7:253–267
synthesis, 4:59
thermal degradation, 4:260, 261
thermoplastic powder coatings, 3:233–236
worldwide consumption, 10:291

Polyamides, plastics, 10:272–295
Polyamidoamine (PAMAM) dendrimers, 4:300–305,

309–311, 322. See also Dendrimers
Polyaminoamides

effect as flexibilizer, 5:383
Polyampholytes, 10:297–312, 15:215–217

adsorption, 10:305
antipolyelectrolyte effect, 10:302
application of, 10:309–312
at interfaces, 10:305, 306
blockpolyampholyte-cationic polyelectrolyte, 10:307
complexes of, 10:306–308
electrochemical properties, 10:299, 300
hydrodynamic and conformational behaviour,

10:303–305
in solutions, 10:300, 301
interpolyelectrolyte complexes (IPC), 10:306
isoelectric effect”, 10:308
polyelectrolyte interaction, 10:306
polyampholyte effect, 10:302
polyampholyte-metal complexes, 10:307
polyampholyte-surfactant complexes, 10:307, 308
polyelectrolyte effect, 10:302
salting-in” agents, 10:301
solubility and phase behaviour, 10:300, 301
surfactant complex particles– conformational

transition, 10:308
surfactant complex particles, conformational

transition of, 10:308
theory of, 10:298, 299
water, desalination of, 10:309–311

Polyanhydrides
biodegradable, 2:110
scaffold for tissue engineering, 14:218

Polyaniline (PANi), 2:133, 5:273, 274
Polyaniline, 8:23

chemical structure, properties, and uses of
conducting, 5:121

electrochromic polymers, 4:805–807
electropolymerization, 5:130–132
in interpenetrating network, 7:143
synthesis by oxidative polymerization, 9:444, 445

synthesis of electrically active, 4:757
thermochromic properties, 14:42

Polyaniline with urchin-like morphology surfaces,
13:419

Polyaromatics synthesis, enzymatic polymerization,
5:264–276

Polyarylate resins, 10:351
Polyarylates, 10:351–354

applications, 10:353
glass-transition temperature, 10:69
processing, 10:353
properties, 10:352, 353
P-V-T data, 14:79
UV wavelength sensitivity, 14:454

Polyarylsulfones, 11:180
glass-transition temperature, 10:69

Polyazines
nonlinear optical properties, 9:153, 154

Polyaziridines, 3:340
Polyazomethines

chemical structure, properties, and uses of
conducting, 5:122

Polyazulene
chemical structure, properties, and uses of

conducting, 5:122
Polybase ionenes

template for polymerization, 13:748
Polybenzimidazole (PBI)

decomposition temperatures, 6:75
pyrolysis, 6:42, 43

Polybenzimidazole fibers, 6:708, 709
properties, 9:346

Polybenzobisoxazoles (PBOs), 11:696
Polybenzothiazole fibers, 11:688
Polybenzoxazole (PBO) fibers, 11:688

carbon fibers produced from, 2:480
Polybenzylic ether phenolic cold-box binders, 6:198
Polybenzylic ether phenolic resins, 6:198, 199
Polybetaines, 10:298, 15:217–219
Polybisthiolation, of diethynyl disulfide, 1:45
Polyborazines, 7:44
Polybutadiene (PB), 11:474, 475. See also Butadiene

compounding, 12:209, 210
conformation of polymer chain in melt and in theta

solvent, 9:56
density fluctuations, 1:559
emulsion polymerization processes, 2:318, 319
gas-phase polymerization processes, 2:319
low vinyl, 2:315
macrostructure, 2:303, 304
medium and high vinyl, 2:315, 316
microstructure, 2:301–303
monomers, 13:276
monomer yield in pyrolysis, 4:259
physical properties, 12:207
solid-state 13C NMR, 11:474
solution polymerization processes, 2:317, 318
synthesis by anionic polymerization, 1:629–635,

2:312–316
synthesis by cationic polymerization, 2:316, 317
synthesis by free-radical polymerization, 2:304, 305
synthesis by Ziegler-Natta polymerization, 2:305–312

trans-1,4-Polybutadiene, 2:302
phase transformations, 14:593
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Raman spectra, 14:572, 578, 579
rotatory vibrational modes, 14:572
synthesis by Ziegler-Natta polymerization, 2:310, 311

1,2-Polybutadiene
in Aroclor, depolarized Rayleigh spectrum, 1:550
synthesis by Ziegler-Natta polymerization, 2:311, 312

1,4-Polybutadiene
modeling parameterizations, 8:581

Polybutadiene equilibria, 8:170
Polybutadiene lithium (PB-Li), in styrene

polymerization, 13:231
Polybutadiene rubbers

styrene copolymers with, 13:235–238
as styrene reinforcing agents, 13:241

Polybutadiene vesicles, 14:544
Polybutadiene, hydreogenation of, 6:768, 769
Polybutadiene, isotactic, 2:301
Polybutadiene, syndiotactic, 2:301
Polybutadiene-g-polystyrene (PBd-g-PS) graft

copolymers, 6:471
Polybutenes, 2:350. See also Butene polymers

structure, 2:361
synthesis by carbocationic polymerization, 2:391,

418, 419
Polybutylated bisphenol A

oxidant used in rubber, 12:192
Polybutylene (PB), 2:332–349

analytical and test methods for, 2:344
blown-film process for, 2:343
commercial resins properties, 2:337–340
economic aspects of, 2:343, 344
effect of injection molding, 2:343
extrusion die and auxiliary equipment for, 2:342
health and safety factors, 2:345
mechanical properties of, 2:336, 337
melt crystallization, 2:334
polymerization, 2:340–342
polymorphism, 2:333, 334
processing of, 2:342, 343
properties of, 2:333–337
solution properties, 2:333
specifications and standards for, 2:344
stress-strain behavior of, 2:336
transformation in solid state, 2:335, 336
usage of, 2:345

Polybutylene copolymer
burst hoop stress vs. time for, 2:340

Polybutylene film (table), properties, 2:341
Polybutylene resin

chemical properties of, 2:339, 340
film-grade, 2:339
properties of pipe-grade (table), 2:339
temperature effect on, 2:339

Polybutylene terephthalate (PBT), 1:798
Polycaproamide

incipient crack characteristics, 5:712
Polycaprolactam

elastic constants, 1:90
film properties, 5:806
sound speeds, 1:86

Polycarbazoles
chemical structure, properties, and uses of

conducting, 5:122

Polycarbodiimides, 3:340
Polycarbonate (PC), 1:798
Polycarbonate polyols, 11:224, 225
Polycarbonate shift factor, plot of, 15:98
Polycarbonate, cellular

physical properties of commercial, 2:529
Polycarbonates (PCs), 10:354–382. See also

Bisphenol-A polycarbonate; Tetramethyl
bisphenol-A polycarbonate

antioxidant applications, 1:712
biodegradable, 2:108, 109
blends, 10:381, 382
β relaxation, acoustic properties as probe, 1:80
copolymers, 10:378–381
dielectric properties, 4:480
dielectric spectroscopy, 4:488
elastic constants, 1:90
fatigue crack propagation, 5:722
fatigue damage, 5:706–710
fatigue in rubber-toughened, 5:742
film properties, 5:806
flame behavior, 10:362, 365, 366
fracture energy effect of test speed, 6:821, 822
free-volume hole distribution, 14:370
frequency derivatives of Young’s modulus, 1:91
glass-transition temperature, 10:69
health and safety factors, 10:376, 377
history of, 10:355, 356
hydrolytic behavior, 10:362, 365, 366
hydrolytic degradation, 4:291, 13:6–8
impact resistance improvement, 6:829–831
interfacial polymerization, 10:369–371
limiting oxygen value, 6:713
load-deflection behaviour, 6:819
low frequency Raman bands, 14:590
mechanical properties, 10:367, 368
melt behavior, 10:362
molecular modeling, 8:584
molecular weights of, 10:358, 359
NEXAFS of multilayers, 15:399
non-strain rate sensitive modulus, 6:813
optical properties, 10:366, 367
oxygen permeability and free volume, 2:12
P-V-T data, 14:79
photodegradation, 4:281
polymerization reactors, 2:284
preparation, 10:368–375
processing, 10:375, 376
production of, 10:376
solubility and solvent resistance, 10:356–358
sound speeds, 1:83, 85
spectroscopy and analysis, 10:359
strain-energy release rates, 6:824
stress-strain curve for, 10:367
stress-strain curves under tension and compression,

15:456
structure and crystallinity, 10:359, 361, 362
synthesis by anionic polymerization, 1:625, 626
temperature dependence of sound speed, 1:88
thermal behavior, 10:362, 365, 366
thermoforming, 14:121, 124
trade names, 10:354
transesterification or melt process, 10:371–374
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uses of, 10:377, 378
UV wavelength sensitivity, 14:454

Polycarbonates synthesis, enzymatic polymerization,
5:261–264

Polycarbonates, radiation chemistry, 11:481, 482
Polycarbophosphazenes, 7:46
Polycarbosilanes, 10:386–395

carbosilane dendrimers, 10:394, 395
poly(methylene(silacylohexanylene))s, 10:393
poly(silylenealkenylenearylene)s, 10:392
poly(silylenealkylnylene)s, 10:391, 392
poly(silylenealkynylenearylene)s, 10:392, 393
poly(silylenearylene)s, 10:391
poly(silylene-2-butenylene)s, 10:389
poly(silyleneethylene)s, 10:388
poly(silylenemethylene)s, 10:386–388
poly(silylenetrimethylene)s, 10:388, 389
poly(silylenevinylene)s, 10:390

Polycarbosilans, 8:167
Polycarboxylic polyesters

curing agents, 5:337
Polychloro chloromethyl sulfonamido diphenyl ether,

15:340
Polychloroprene, 3:43, 5:685, 686, 12:211. See also

Chloroprene polymers
commercial polymers, 3:59–61
compounding and processing, 3:63
glass-transition temperature, 1:80
global grades, 3:59
microstructure, 3:51–56
permeabilities, solubilities, and diffusivities of gas

pairs in, 14:312
properties, 3:68–71
vulcanization, 3:61–63

Polychloroprene latex adhesives, 1:415, 416, 3:78
Polychloroprene latex, 3:75–77

applications, 3:77–79
compounding, 3:74, 75

Polychloroprene, radiation chemistry, 11:475
Polychlorotetrafluoroethylene

semicrystalline, 12:391
Polychlorotrifluoroethylene (PCTFE), radiation

chemistry, 11:474
Polycondensates, 6:155, 156
Polycondensation, 5:238, 239, 10:398–423

AB monomers, condensative chain polymerization,
10:403

aminyl anion monomer, 10:403
Amphiphilic P3HT-b-poly(3-(2-(2-(2-

ethoxyethoxy)ethoxy)ethoxy),
10:407

in hyperbranched polymer synthesis, 6:785, 786
polyamide, 10:280, 281
reaction extrusion (REX), 11:634
silicones, 12:472–474
techniques, for macromonomers synthesis, 6:498
without stirring, 7:94, 95

Polycrystalline aggregates, 12:392–396
Polycyanoacrylates, 10:426–433

analytical and test methods for, 10:432
economic aspects of, 10:431
health and safety factors for, 10:432
monomers of, 10:426–429

polymer properties of, 10:430, 431
specifications and standards for, 10:431
uses for, 10:432, 433

Polycyclohexylene terephthalate (PCT), 10:517. See
also Cyclohexanedimethanol; PCT

Polycyclohexylethylene (PCHE), 6:771, 772
Polycyclopentane

cis/trans configuration, 8:162
metallocene-based polymerization, 8:126, 127
thermodynamic properties, 14:65

Polydiacetylene/silica composite, 4:453
Polydiacetylenes, 4:445–453. See also Diacetylene

polymers; Triacetylene polymers
nonlinear optical properties, 9:151, 152
preparation of, 4:446–451
properties of, 4:451–453
thermochromic properties, 14:42

Polydicyclopentadiene (PDCPD), 4:234, 8:188
synthesis of, 8:189

Polydienes
stereochemistry of anionic polymerized, 1:628–635

Polydienes, radiation chemistry, 11:474, 475
Polydimethylsiloxane (PDMS), plasma treatment of,

10:33
Polydispersity, 8:662, 663

and critical point, 9:564, 565
of lignin, 7:536
and thermodynamic properties, 9:560

Polydispersity index (PDI), 1:28, 29, 2:767, 5:469, 6:470,
9:467

free-radical polymerization, 7:648
Polydivinylbenzene

telechelic polymer, 13:695–697
PolyDVB polyHIPE, scanning electron microscopy

micrograph, 10:606
Polyelectrolyte, 8:27, 379

molecular modeling, 8:602, 620
Raman spectroscopy, 14:581–583
relaxation exponent, 6:369
water-soluble polymers, 15:202–210

Polyelectrolyte gels, 2:134
Polyelectrolyte membranes, 8:29
Polyelectrolytes, adsorption of, 1:441–443, 10:435–491,

14:545, 546
charge density, 1:442
salt concentration, 1:442, 443
surface charge, 1:441, 442
weak, 1:442

Polyelectrolytes, chemical structure of, 2:173
Polyester, 1:493, 797, 798, 5:681

amorphous, 4:218–220
antioxidant applications, 1:712
biodegradable, 2:102
blends with polyphosphazenes, 11:102, 103
cyclohexanedimethanol, 4:214–220
depolymerization of, 7:685
dielectric properties, 4:480
dielectric spectroscopy, 4:486, 488
filler material, 5:785
film extrusion, 5:805
film properties, 5:806
glass-filled, 10:209
high barrier polymers, 2:40
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hydrolytic degradation, 4:290
impact resistance improvement, 6:829
in interpenetrating network, 7:144
inversion, 7:473
longitudinal acoustic mode, 14:583, 584
mechanical properties, 9:216
microdenier, 10:260
moderate barrier polymers, 2:43–45
oxygen permeability and free volume, 2:12
pigmentation of, 3:497
predrying in processing, 10:70
single crystals, 12:384
in surface treatment, 1:374–376
synthesis of, 7:565, 566
textile-associated properties of bast fibers compared

to, 14:500
thermal degradation, 4:260
thermosetting powder coatings, 3:237, 238, 243–247
world production of, 10:264

Polyester adducts, aliphatic
effect as flexibilizer, 5:383

Polyester dendrimers, 4:300, 302, 314, 315. See also
Dendrimers

Polyester dicarboxylic acids
comonomer with diisocyanates, 7:254

Polyester fibers, 5:768, 10:510–534
chemical and physical structure of, 10:512–518
defined, 10:511
drawing of spun filaments, 10:531–534
future of, 10:533, 534
historical development of, 10:510–512
limiting oxygen index, 1:232
melt spinning of, 10:524–531
microdenier, 10:260
physical properties of staple, 1:229
properties, 9:346
world production of, 10:510

Polyester films, 10:501–511
coating, 10:507, 508
coextrusion, 10:508
film process, 10:502–505
film properties, 10:505–507

Polyester-hydroxyalkylamide cured powder coatings,
3:246

Polyester polyols, 11:222–224
Polyester resin matrix, for fluorescent pigments, 3:474
Polyester resins, 3:330, 331

in coatings, 14:168, 169
cyclopentadiene and dicyclopentadiene, 4:232, 233
cross linking of, 4:83–86
saturated polyesters, 4:84, 85
unsaturated polyesters, 4:85, 86

Polyester-triglycidylisocyanurate cured powder
coatings, 3:244, 245, 5:389

Polyester, cellular
physical properties of commercial, 2:529

Polyester/elastomer block copolymers, 14:135
applications, 14:155
commercial production, 14:147

Polyesters, fibers, 10:512–536
Polyesters synthesis, enzymatic polymerization,

5:237–261
Polyesters, thermoplastic. See also Poly(butylene

terephthalate); Poly(ethylene terephthalate)

Polyether blends, 10:582–584
Polyether impression material reaction, 4:386
Polyether polyols, 11:217–222, See also Polythioethers
Polyetheramines

coreactive curing agents for epoxies, 5:342
Polyetheretherketones, 10:563–570

chemical resistance, 10:567
electrical properties, 10:566
fiber reinforcement, 10:565
health and safety factors, 10:570
high melting point, 10:568
mechanical properties, 10:564–566
polymer composition, 10:563, 564
processing, 10:567–569
radiation resistance, 10:566, 567
specifications, 10:569, 570
thermal and flammability properties (table), 10:566
thermal properties, 10:566

Polyetherification, 10:585, 586
Polyetherimide (PEI), 12:111
Polyetherimide/polysiloxane block copolymers, 14:135

applications, 14:155
commercial production, 14:147

Polyetherketones, 5:218–220, 10:587
melting temperature, 10:69

Polyethers, 4:386, 387
aromatic, 10:571–591
film properties, 5:806
hyperbranched polymer preparation from, 6:781, 782
radiation chemistry, 11:462, 463

Polyethersulfones (PES), 10:584–587, 11:179
annealing of, 11:197
blends and alloys of, 11:198, 199
chemical structure of, 11:180
electrical properties of, 11:193
fatigue crack propagation, 5:722
flame resistance of, 11:191
glass-transition temperature, 10:69
hyperbranched polymer preparation from, 6:782
impact resistance improvement, 6:829
physical and mechanical properties of, 11:192
polymerization, 11:183, 184, 184–186
properties of, 11:186–188
resistance to chemical environments, 11:194
room-temperature mechanical properties of, 11:190
sound speed, 1:82
uses of, 11:200

Polyethylene (PE) waxes, 6:106
Polyethylene (PE), 1:793, 5:484. See also High density

polyethylene (HDPE); Ethylene polymers; High
density polyethylene; Linear low density
polyethylene; Low density polyethylene;
Metallocenes; Ultrahigh molecular weight
polyethylene

AFM imaging of, 1:765, 766
amorphous vibrational spectroscopy bands, 14:570
annual growth rates for, 5:572
antioxidant applications, 1:703, 704
barrier properties in blends with EVOH, 2:56, 57
blends with poly(ethylene oxide), 5:450
blends with styrenic thermoplastic elastomers,

14:152–154
in block copolymers, 2:203
blown film, 10:78
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blown film mechanical properties for, 5:553
C C bonds of, 3:693
commercial overview of metallocene-based, 8:138,

139
conformation of polymer chain in melt and in theta

solvent, 9:56
cross-linking of, 4:64, 90–93
cross-linking through grafting/copolymerization of

silane, 4:92, 93
crystalline field splitting, 14:572
crystallites, 2:204
crystallization kinetics, 4:169–183, 195
degradation processes in landfills, 4:240, 244, 246
dielectric properties, 4:479
dielectric spectroscopy, 4:488
extensional modulus and loss factor at room

temperature, 1:91
extensional sound speed vs. density, 1:83
extrusion coating, 10:80
fatigue life model, 5:704, 705
fatigue thermal history effect, 5:742
film extrusion, 5:805
in flexible packaging, 9:469, 470
frequency derivatives of Young’s modulus, 1:92
Hamaker constant, 6:644
heterogeneous oxidation, 4:278
high volume commodity polymer, 5:429
hydro-biodegradation of blends with starch, 4:292,

293
incipient crack characteristics, 5:712
infared and Raman spectra, 14:569
irradiation degradation, 4:288–290
longitudinal acoustic mode of single crystals, 14:588,

589
microspectroscopic studies of laminates, 14:608
moderate barrier polymer, 2:46, 47
molecular mechanics, 8:592, 593
molecular modeling, 8:586, 590, 599
monomer yield in pyrolysis, 4:259
multilayer barrier structures, 2:51, 52
NEXAFS spectra, 15:371
normal vibrations, 14:569
permeabilities, solubilities, and diffusivities of gas

pairs in, 14:312
permeability chain orientation effect, 2:18
permeability crystallinity effect, 2:16–18
permeability prediction, 2:32
permeation modeling, 2:29–31
peroxide cross-linking, 4:90, 91
polarized infrared spectra, 14:612
polymerization reactors, 2:284, 286, 290
properties, 5:468–474
properties of barrier, 2:34
pyrolysis of, 4:419, 420
radiation cross-linking, 4:91, 92
recycled, 6:294
relaxation response of, 15:105
semicrystalline, 12:372, 376, 382–384, 389–400, 402
single crystals, 4:179, 12:387
single-site-catalyzed, 5:545, 546
strain-energy release rates, 6:824
stress-strain curves of, 6:324
in surface treatment, 1:374–376

synthesis by anionic polymerization, 1:600
synthesis by metallocene-based polymerization,

8:81–140
synthesis by Ziegler-Natta polymerization, 15:508,

509
thermal degradation, 4:252, 13:6
thermodynamic properties, 14:65
transfer-to-polymer constant, 11:541
UV wavelength sensitivity, 14:454

Polyethylene, 9:675, 11:456, radiation chemistry,
11:456–460

Polyethylene bags, 9:477
Polyethylene-based ionomers, 7:218–221
Polyethylene fiber reinforcement, 11:694, 695
Polyethylene fibers, 9:345, 11:694, 695. See also Olefin

fibers
gel-spun, 11:695
limiting oxygen value, 6:713

Polyethylene-g-polystyrene, 8:167
Polyethylene-polyisoprene-polyethylene block

copolymers, 7:323
Polyethylene randomly modified with propylene, 11:354
Polyethylene resins

classifications of, 5:469
processing, 10:68

Polyethylene sheets, stress-strain curves for, 8:568
Polyethylene terephthalate (PET), 1:797, 798
Polyethylene terephthalate (PET), heat release

capacity, 6:79
Polyethylene waxes

as release agents, 11:702
Polyethylene, cellular

commercial products and processes, 2:557, 558
decompression expansion processes, 2:520, 521
expandable formulations, 2:516
leaching process, 2:525
physical properties of commercial, 2:528

Polyethylenedioxythiophene
chemical structure, properties, and uses of

conducting, 5:121
Polyethyleneimine (PEI), 8:789
Polyethylenesulfonate, concentration in water, 5:614
Polyfelt

physical properties, 9:181
Polyferrocenylenes, 7:52
Polyferrocenylgermanes, 7:57
Polyferrocenylphosphines, 7:57
Polyferrocenylsilanes, 7:53–57

melt processed, 7:56
ring-opening polymerization, 7:55–57
thermal stability of, 7:54
thermal transition and gpc molecular weight data for,

7:54
water-soluble, 7:55

Polyfunctional acrylate monomers, 1:489
Polyfunctional monomers, step-growth polymerization

reactions, 13:86
Polyfurans

chemical structure, properties, and uses of
conducting, 5:122

synthesis of electrically active, 4:755
Polygermanes, 7:42–44

ultraviolet-visible absorption data for, 7:43



Vol. 15 INDEX TO THE ENCYCLOPEDIA 731

Polyglycine II
thermodynamic properties, 14:68

Polyglycolide
scaffold for tissue engineering, 14:218
thermodynamic properties, 14:67

Polyglycols, 8:389
Polyhedral oligomeric polysilsesquioxanes, 12:430
Polyhedral oligomeric silsesquioxane nanocomposites,

14:176, 177
Polyhedral oligomeric silsesquioxanes (POSS), 12:430
Polyhedral oligomeric silsesquioxanes molecules, 9:34
Polyheterocycles

synthesis of electrically active, 4:749–757
Polyhexadiyne-1,6-diol-bis-p-toluene sulfonate (PTS),

4:447
crystal structure of, 4:448

PolyHIPEs, 10:595–611
applications, 10:609, 610
based systems, 10:608, 609
beads, 10:603, 604
liquid absorption, 10:605, 606
mechanical properties, 10:606, 607
morphology, 10:603, 604
preparation and functionalization, 10:599, 600
Silsesquioxane (SSQ) networks, 10:608
step-growth polymerization, 10:601, 602
SU500, 10:610
sulfonation of, 10:610
supercritical carbon dioxide (scCO2), 10:599
surface area, 10:604, 605
surface functionalization, 10:602
tetraethoxyorthosilane (TEOS), 10:609
void and interconnecting hole size, 10:603
with biodegradable moieties, 10:608

Polyhydrosiloxane, 5:751
Polyhydrosiloxanes, in FLCE preparation, 5:751, 754
Polyhydroxy ester ether (PHEE), 5:312
Polyhydroxyalkanoate (PHA) synthase, 5:238
Polyhydroxybutyrate, radiation chemistry, 11:464, 465
Polyimide films, physical properties of, 5:76, 778, 06
Polyimide films, plasma etching of, 10:31
Polyimides (PIs), 8:22
Polyimides, 5:203, 10:618–638

blends with polyphosphazenes, 11:102, 103
direct formed, 10:637
double glass transition, 12:400
electrical properties, 10:631
electronic interactions, 10:629, 630
environmental resistance, 10:630, 631
fibers, 10:635, 636
films, 10:634, 635
foams, 10:636
formation of, 10:618
in interpenetrating network, 7:144
by imide containing monomers, 10:626–629
by imide ring formation, 10:618–626
limiting oxygen value, 6:713
matrix composites and adhesives, 10:637, 638
mechanical properties, 10:631
melt processable, 10:636, 637
membranes from, 10:635
NEXAFS of thin films, 15:383, 384
nitrile-substituted, 9:793, 794

nonlinear optical properties, 9:154
pressure dependence of dynamics, 1:589, 590
photoimageable, 10:631–634
structural features, 10:630
structure-property relationships, 10:629–631
thermal stability, 10:630
tubes, 10:635
via polymer conversion, 10:629
in wires, 10:635
solvent-soluble, 5:73, 74
structure-property relationships in, 5:68, 69
synthesis from isocyanates, 7:254
thermal and mechanical properties of, 5:69

Polyimides, cellular, 2:511
expandable formulations, 2:519

Polyimides, radiation chemistry, 11:480, 481
Polyiminoalanes, 7:302
Polyindole

chemical structure, properties, and uses of
conducting, 5:122

Polyion complex (PIC) micelles, 7:237
Polyisobutene

monomer yield in pyrolysis, 4:259
Polyisobutylene (PIB) chains, 1:368

aging of, 1:466
shear rate dependence of, 15:107

Polyisobutylene (PIB), 11:176
conformation of polymer chain in melt and in theta

solvent, 9:56
dependence of viscoelastic behavior on structure,

1:583, 584
dissolved in benzene, has both LCST and UCST,

9:564
irradiation degradation, 4:289
metallocene-based polymerization, 8:127
modeling parameterizations, 8:580
NEXAFS spectra, 15:371
photon correlation spectroscopy, 1:586
sub-Rouse modes, 1:577
synthesis, 2:349, 350
synthesis by carbocationic polymerization, 2:391,

416, 417
telechelic polymer, 13:697–701
temperature dependence of viscoelastic behavior,

1:572, 573
thermodynamic properties, 14:65

Polyisobutylene, 11:305, 306
Polyisobutylene, high molecular weight, 2:355

volume-temperature cooling curve, 1:567
Polyisobutylene, radiation chemistry, 11:461, 462
Polyisocyanates

metallocene-based polymerization, 8:132
polysulfide curing with, 11:171, 172

Polyisocyanides, 3:12, 23
Polyisocyanurates, cellular

expandable formulations, 2:519
Polyisolutylene

drag-reducing additive, 4:553
Polyisopenyllithium, 7:309
Polyisoprene (PIP), radiation chemistry, 11:475
Polyisoprene

ABA block copolymers, 7:316, 317
Alfin catalysts, 7:306
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Alkali metal catalysts, 7:303–305
anionic polymerization, 7:306–13
binary lanthanide catalyst system, 7:303
block copolymers, 7:316–324
carbene additions, 7:298, 299
chemical modification of, 7:292–300
compounding, 7:325–330
cyclization, 7:299, 300
density-gradient ultracentrifugation, 7:318
economic aspects, 7:334, 335
epoxidation, 7:297
halogenation, 7:293, 294
homogeneous anionic polymerizations, 7:307
homopolymers, star-branched polymers, 7:320
hydrogenation, 7:297, 298
hydrohalogenation, 7:292, 293
macroheterobicyclic compounds, 7:305
microstructure, 7:314, 315
model polymers, 7:315
molecular weights, 7:286, 287, 310, 311
molecular-weight distribution, 7:310, 311
N, N, N , N -tetramethylethylenediamine (TMEDA),

7:312
Ozonolysis, 7:296, 297
polymer structure, 7:314–324
polymerization with Lithium, 7:306
polymerization, 7:300–314
Sodium naphthalene solutions, 7:307
stereoregularity, 7:314
triblock copolymers, 7:317
uses, 7:337

Polyisoprene
monomer yield in pyrolysis, 4:259
NEXAFS of mechanically alloyed blends with PEP

and PMMA, 15:395–397
physical properties, 12:207
synthesis by anionic polymerization, 1:629–635
synthesis by Ziegler-Natta polymerization, 15:518,

519
Polyisoprene rubbers, glass-transition temperature

(Tg), 7:288
Polyketone catalysis, 10:653, 668
Polyketone stereoisomers, 10:652
Polyketone terpolymer

fractography, 5:730
Polyketones, 10:649–669

aliphatic, 10:662–664
catalysis reaction mechanism for, 10:655–658
future of, 10:668, 669
manufacturing of, 10:658, 659
nature of the catalyst in catalysis of, 10:658
physical properties and monomer manufacture of,

10:650
properties of, 10:659–664
uses for, 10:664–668

Polylactides, 12:137
moderate barrier polymer, 2:45
scaffold for tissue engineering, 14:218

Polylactones
metallocene-based polymerization, 8:130, 131
synthesis by anionic polymerization, 1:624, 625

Polyleucine
biodegradable, 2:104

POLYLINK, 13:157, 161
Polylysine dendrimers, 4:300, 302, 313, 314. See also

Dendrimers
Polymacromonomers, conformational properties, 7:638
Polymer

properties of, 14:768–770
Polymer-additive systems, radiopacities of (table),

11:620
Polymer-air interphase, 13:575

polymer-air interphase, 13:575
Polymer alloys

alloy rayons, 2:688, 689
fatigue, 5:742–744
mixed waste streams, 11:670, 671
NEXAFS of mechanically alloyed blends, 15:395–397
polysulfones, 11:198, 199
PVDF, 15:59, 60

Polymer applications, release from, 11:705
Polymer backbone. See Backbone
Polymer-based photovoltaics, 12:647
Polymer bending, LD to determine, 5:60
Polymer blending, 2:733, 6:514, 515, 8:492–494,

10:674–722
acrylonitrile-butadiene-styrene (ABS) polymer,

10:720
AFM imaging of, 1:773–777
amorphous glassy polymers, 10:709, 710
amorphous PMMA, 10:698
barrier polymers, 2:54, 55
block copolymers, 2:208–210
block copolymer with one homopolymer, 2:207, 208
block copolymer with two homopolymers, 2:208
co-continuous morphology, 10:686
containing block copolymers, 2:206–210
compatibilization, 10:679–682
2D correlation spectroscopy (2DCOS), 14:401–403
differential scanning calorimetry (DSC), 10:698
droplet-within-droplet morphologies, 10:686
electrically active polymers, 4:759, 760
ELETTRA synchrotron, SAXS/WAXS measurements,

10:698
environmentally degradable plastics, 2:87–91
equilibrium phase behaviour, 10:674–679
equivalent box model (EBM), 10:702–704, 705
fatigue, 5:742–744
gases and vapors, permeability of, 10:717, 718
Ginsburg-Landau equation, 10:678
heterogenous, preparation of, 10:701, 702
HIPS, 10:718, 719
imaging vibrational spectroscopy, 14:599–607
impact resistance improvement, 6:832
liquid crystalline polymer, 7:574
liquid-liquid phase behaviour, 10:678
mechanochemistry, 10:682
melt mixing, 10:682, 683–687
miscible polymer pair, blend permeability, 10:717
mixed waste streams, 11:670, 671
molten state, phase structure development,

10:683–687
neutron scattering, 9:59–62
NEXAFS of thin films, 15:383–394
nonsolvent inducing precipitation, 13:427
nylon, 10:285
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Ostwald ripening mechanism, 10:674
PC/ABS blends, 10:721
PHA-incorporating, 10:98, 99
phase transformation in, 9:560, 568–573
physical properties, 10:701, 702
plastic lumber, 10:722
polyphosphazenes, 11:102
polysulfones, 11:198, 199
radiation, effects of, 11:483
sample preparation for polymer characterization,

2:733
scratch behavior, 12:333
segment-segment interaction parameters (table),

8:545
in situ synthesis of, 4:54, 55
thermochromic, 14:39
thermodynamics of, 8:536–538
vibrational spectroscopy, 14:598, 599
vinyl acetate polymers, 14:671

Polymer brushes, 10:732–755
applications of, 10:746–755
characterization of, 10:734, 735
classification of, 10:735
definition and general features of, 10:732–734
homopolymer, 10:735
mixed homopolymer, 10:735
random copolymer, 10:735
synthesis of, 10:735–746

Polymer burning, phenomenology, 6:42
Polymer-chain conformation, 8:512, 523
Polymer chain segment, 8:523
Polymer chain, stereoerrors, 13:92
Polymer chains, 15:101

with bond-angle restrictions, 4:648–650
with bond-angle restrictions and hindered rotations,

4:650
coarse-grained models of, 15:128
dynamics in entangled solution, 15:103, 104
end-to-end dimensions of, 4:646–651
equation of state for single, 4:650, 651
freely jointed, 4:646–648
single, 12:415

Polymer characterization. See Characterization of
polymers

Polymer chromatography, theory of, 3:97–99. See also
Chromatography

Polymer circular dichroism, 5:47–49
Polymer clathrates, 3:129–131, 135, 136

of amylose, 3:155–158
formation of, 3:135, 136
of poly(2,6-dimethyl-1,4-phenylene ether) (PPO),

3:147, 148
of poly(ethylene oxide) (PEO), 3:148–152
of polynorbornene, 3:155
of polyoxacyclobutane ( POCB), 3:153
of styrene-p-methyl styrene co-syndiotactic

copolymers, 3:146
of syndiotactic poly(methyl methacrylate), 3:153–155
of syndiotactic poly(m-methylstyrene) (s-PMMS),

3:146, 147
of syndiotactic poly(p-chlorostyrene), 3:145
of syndiotactic poly-p-fluoro-styrene, 3:146
of syndiotactic poly(p-methylstyrene) (s-PPMS),

3:141–145

of syndiotactic poly-p − n-butyl-styrene, 3:145
of syndiotactic polystyrene (s-PS), 3:136–141

Polymer coagulation, 8:556–561. See also Coagulant;
Coagulation

effect of additives in, 8:560, 561
skin and finger formation in, 8:558, 559
solvent-coagulant miscibility in, 8:558, 559

Polymer colloids. See Colloids
Polymer composites, wear, 13:520–522
Polymer cores, of dendronized polymers. See also

Backbone
Polymer crystal, melting enthalpy, 14:254
Polymer decomposition, by main chain scission, 6:70, 71
Polymer degradation. See Degradation
Polymer density

at room temperature, 6:53–55
temperature dependence, 6:51, 56

Polymer-dispersed liquid crystal (PDLC)
photorefractives, 9:761

Polymer-dispersed liquid crystal composites (PDLCCs),
9:766

Polymer dispersions, 6:585, 587. See also Colloids;
Heterophase polymerization

attractive forces, 6:641–644
charge stabilization, 6:645, 646
depletion interactions, 6:649, 650
economic importance, 6:584–588
electrostatic/steric stabilization, 6:650–652
high solids, 6:630, 631
hybrid, 6:671
in inorganic-reinforced styrene polymers, 13:205, 206
optimum stabilization, 6:652
perikinetic and orthokinetic flocculation, 6:646, 648
of pigment, 3:468
repulsive forces, 6:644, 645
in size exclusion chromatography, 3:104
stabilization by tethered polymers, 6:648, 649

Polymer electrolyte membrane (PEM), 7:212
Polymer electrolyte membrane fuel cells (PEMFCs),

12:108
Polymer-embedded nanstructures, 8:749
Polymer embrittlement, 5:701–703
Polymer films, 9:471. See Films

casting of, 5:839
crosslinking of, 5:186

Polymer films, water diffusion, 14:400, 401
diffusion experiment on ATR-FTIR with ATR (ZnSe)

Polymer flammability regulations, 6:34
Polymer flow. See also Flow rate
Polymer fractionation, 5:576. See also Fractionation
Polymer-fullerene bulk heterojunction solar cells,

12:641
Polymer-fullerene composite solar cells,

nanomorphology, 12:642
Polymer glasses, properties of, 14:256–259
Polymer Handbook, 1:160
Polymer heat capacity

at room temperature, 6:53, 54, 55
temperature dependence, 6:51, 56

Polymer heat release capacities, values, calculated vs.
measured, 6:78

Polymer-impregnated concrete (PIC), 2:710
benefits of, 2:712
monomers used in, 2:711
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properties, 2:711, 712
radiation-induced polymerization, 2:711
steps in manufacture of, 2:711
thermocatalytic polymerization, 2:711

Polymer inclusion membranes (PIMs), 4:201, 202
Polymer intercalates, 3:129–131, 159–166

of PEO, 3:160–163
of PSA and PMA, 3:164–166
of s-PS, 3:159, 160

Polymer lamellae, 8:705–718
chainfolded lamellae from solution, 8:706–711
inference of chainfolding, 8:705
melt-crystallized lamellae, 8:711–718

Polymer-layered silicate nanocomposites, 8:768–773
Polymer-layered silicate, 8:768–773
Polymer LEDs (PLEDs), 7:508. See also Light-emitting

diodes (LEDs)
Polymer ligands (SL3-SL6), 8:450
Polymer linear dichroism, 5:47–49
Polymer-matrix composites (PMC), 9:101

fiber optics, 9:113
NDT of polymers, 9:113
piezoelectric fibers, 9:113
PMC, 9:113

Polymer matrix shrinkage, 3:654
Polymer melts

constitutive description of behavior, 15:111–145
entangled, 15:106–110. See also Melt

Polymer melts, viscosity, 5:152
Polymer membranes, 5:826

applications, 5:826
phase separation, 5:839

Polymer microgel
for catalysis, 8:439–464
catalyst interchange, 8:444
design of, 8:440
general aspects of, 8:440–442

Polymer microspheres
controlled drug release technology, 3:745–747

Polymer microstructure, 8:525
Polymer molecules, 8:511, 513

amorphous and semicrystalline polymers, chain
conformations, 8:523, 524

average structures of, 8:513
chirality, 8:514, 515
molecular weight and end groups, 8:522, 523
repeat unit structures, 8:514
sequence distributions, 8:516, 517
topology, 8:513, 514
measurements, 8:522, 523

Polymer nanocomposite, electrospinning, 13:424
Polymer networks

biodegradable, 12:418
interpenetrating, 7:110–144
molecularly imprinted polymers, 8:687–689
shape-memory polymers as, 12:410–413
unoriented, 8:549

Polymer networks, GTP, 6:540
Polymer-organoclay nanocomposites, 8:773–775

emulsion polymerizationn, 8:774, 775
in situ polymerization, 8:773, 774
intercalation in solution, 8:773
melt intercalation, 8:775

Polymer-peptide hybrids, 11:434

Polymer-polymer incompatibility, 8:380
Polymer-polymer phase separation, 8:392
Polymer polyols, 11:221
Polymer portland cement concrete (PPCC), 2:710

production of, 2:712
properties of, 2:712

Polymer precipitation, 7:752. See also Precipitation
polymerization

by cooling, 7:753, 754
by immersion in nonsolvent bath, 7:756–760
by solvent evaporation, 7:754, 755
by water vapor imbibition, 7:755, 756

Polymer processing/properties modeling, 8:548–570.
See also Polymer properties

polymer coagulation and, 8:556–561
polymer drawing and, 8:548–550
polymer quenching and, 8:561, 562
thermally bonded nonwovens and, 8:566–570

Polymer prodrugs, 3:752, 753
Polymer properties, 4:114–129

elastic properties, 4:118, 119
fatigue, 4:123
low temperature ductility, 4:119–121
mechanical and dielectric loss, 4:116–118
radiation damage, 4:128, 129
specific heat, 4:123–125
strain-rate dependence, 4:121, 122
stress concentration factor and fracture energy,

4:122, 123
thermal conductivity, 4:127, 128
thermal diffusivity, 4:128
thermal expansion and Grùneisen parameter,

4:125–127
ultimate stress and strain, 4:119

Polymer-protein conjugates, applications, 11:435–441
biomaterials and tissue engineering, 11:436, 437
drug delivery systems, 11:435

Polymer quench, 8:561, 562
Polymer reactive extrusion, selected US Patents (table),

11:640–644
Polymer reference interaction site model (PRISM),

9:572
Polymer-related reactions, 2DCOS analysis, 14:404–406
Polymer repeated unit, topology of, 6:68
Polymer-SCF mixtures, thermodynamic behavior,

13:373
enthalpic effect, 13:373
lower critical solution temperature (LCST), 13:374
U-LCST behavior, 13:374
U-LCST curve, 13:374, 375
upper critical solution temperature (UCST), 13:374

Polymer-SCF mixtures, thermodynamic modelling,
13:375–377

Flory-Huggins interaction parameter, 13:376
perturbed-chain SAFT (PC-SAFT) model, 13:376, 377
perturbed hard-sphere chain theory (PHSC), 13:376
Sanchez-Lacombe EOS/Panayiotou-Vera EOS, 13:376
Simha-Somcynsky EOS, 13:376
statistical associated fluid theory (SAFT) model,

13:376
equation of state (EOS) models, 13:375

Polymer scission. See Chain scission
Polymer shell-liquid core microparticles, 8:417
Polymer single crystals, 12:383–392
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Polymer solar cells, using organometallic polyynes in
construction, 12:645

Polymer solubility, 12:733
Polymer solution film, water vapor exposure, 5:839
Polymer solutions. See also Solution polymerization;

Solutions
extensional thickening of, 3:296
optical heterogeneity, 7:287
phase transformation in, 9:568–573

Polymer-solvent phase equilibria, 8:562
Polymer spherulites, 8:718–726

banded spherulites, 8:723–725
deformation of, 8:729
growth of, 8:720, 721
immature, 8:729
lamellar texture of, 8:720
monodisperse long n-alkanes, 8:722, 723

Polymer stabilization. See Stabilization
Polymer stereochemistry, 2:729, 730
Polymer stretch ratios, 2:254
Polymer structure. See also Morphology

effect of solvent-coagulant miscibility on, 8:560
effect on biodegradation, 2:100–102
essential elements of, 6:320–323

Polymer structures, 8:274
Polymer-supported cyclization, 7:678
Polymer-supported reagents, 11:17–42

alternative cross-linkers for polystyrene-based
resins, 11:29–32

alternative formats for polystyrene supports,
11:33–37

nonpolystyrene matrices, 11:37–42
PEG-grafted resins, 11:25–29
styrene-DVD-based resins, 11:17–25

Polymer surface, glass transition, 14:284
surface-tension-induced stress, 14:284

Polymer surfaces
chemical modification, 13:549–554
chemical redox reactions, 13:554, 555
electrochemical redox reactions, 13:555–557
FEP copolymer film, photolysis by VUV radiation,

13:558
highly porous poly(styrene/divinylbenzene),

monolithic samples of, 13:557, 558
layer-by-layer coating, 13:561–563
ozone treatment, 13:550–554
photochemical reactions, 13:558–561
PTFE films, sulfonation of, 13:557
sulfonated poly(ether ether ketone) (SPEEK)

membranes, 13:558
surface physical structures, 13:563
surface-modified PET substrates, 13:562

Polymer surfaces, heterogeneous. See also Surface
Polymer suspension, 6:583
Polymer synthesis, 8:149
Polymer systems, 12:409, 410
Polymer thermal conductivity

at room temperature, 6:53–55
temperature dependence, 6:51, 56

Polymer thin layers, glass transition, 14:284
Polymer viscoelasticity. See Viscoelastic behavior
Polymer-water interactions, 8:21
Polymer in situ gels, 3:747

Polymer/fullerene BHJ solar cells, 12:646
Polymer/fullerene blend BHJ solar cells, 12:648
Polymercaptans

in adhesives, 1:417
advantages, disadvantages, and applications as

epoxy curing agent, 5:339
curing agents, 5:337
curing agents for epoxies, 5:356, 357

Polymeric brush, methods to obtain, 1:735
Polymeric composites, 4:129–137

bending strength, 4:134
elastic moduli, ultimate stress, and strain, 4:129–134
fatigue, 4:134, 135
interlaminar shear strength, 4:134
rate dependence of ultimate tensile strain, 4:134
thermal conductivity, 4:135–137
thermal contraction, 4:135

Polymeric dense membranes, 8:19
Polymeric diisocyanate (PMDI)

polymerization, 7:255
Polymeric drag reduction, 4:550–555
Polymeric drugs, 10:762–782
Polymeric electrooptic materials. See also Electrooptic;

Polymeric organic electrooptic materials
Polymeric foams. See Cellular materials; Foamed

polymers
Polymeric gas separation membranes, 5:827, 828, 836,

850
Polymeric interphase. See Interphase
Polymeric ion exchange resin, 7:168
Polymeric materials, 6:87, 11:446
Polymeric materials, thermal properties, 14:1–36

experimental techniques, 14:7, 8
unidirectional heat flow patterns, 14:9, 10
specimen-plate contact, 14:11
modified hot-plate design, 14:13, 14
specimen-primary heater-specimen sandwich, 14:13
biguarded hot-plate method, 14:14
guarded heat-flow-meter method, 14:14, 15
radial-heat-flow Method, 14:15, 16
line-source (or hot-wire) method, 14:16, 17
transient-heat-flow methods, 14:16–18
plane-source method, 14:17, 18
experimental considerations, 14:9–12
guarded hot-plate method, 14:12–14
flat-plate methods, 14:12–15

Polymeric materials, weathering of, 15:243–277
accelerated weathering exposures, 15:253
acceleration factor, 15:272, 273
atmospheric pollutants, 15:250
black-box exposures, 15:253
black-box under-glass exposures, 15:253, 254
broadband control”, 15:258
carbon arcs, 15:264
correlation, 15:271, 272
destructive effect of, 15:243
durations of exposure, 15:274, 275
dynamic exposures, 15:252, 253
evaluations of weathering, 15:275
factors and effect on polymeric materials, 15:243, 244
fluorescent ultraviolet devices, 15:261, 262
introduction, 15:243
irradiance, 15:267
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laboratory-accelerated versus natural weathering,
15:265

laboratory-accelerated weathering devices, 15:256
moisture, 15:269
open-flame carbon arc device, 15:264, 265
outdoor weathering tests, 15:250
service life predictions, 15:275, 276
sources, 15:266, 267
static exposures, 15:251
temperature, 15:268, 269
timing of exposures, 15:255
uv portion of, 15:245
weathering reference material (WRM), 15:255
xenon arc devices, 15:257, 258

Polymeric membranes, morphology, 5:827
Polymeric membranes, 8:2, 27, 31
Polymeric micelles, 8:272–295

applications, 8:287–291
characterization, 8:294
classification of, 8:279, 280
diblock copolymer core-shell morphology, 8:279
factors mediating the morphology, 8:280, 281
functionalization of, 8:278, 279
hydrophilic/hydrophobic ratio, 8:282
nanoreactors, 8:291–294
poly(4)-vinylpyridine) (PVPy), 8:276
problems and challenge, 8:294
stablization of, 8:276–278
summary and prospective, 8:294, 295
thermodynamic stability of, 8:277

Polymeric microcapsules, 8:404, 417
Polymeric organic electrooptic materials. See also

Polymeric electrooptic materials
Polymeric phosphines, 9:663
Polymeric phosphonates, condensation polymerization

routes, 9:668–670. See also Phosphonate
Polymeric phthalocyanine azo dyes, 4:590
Polymeric stabilizers, 5:175
Polymeric vat dyes, 4:589, 590
Polymeric vesicles, 8:273
Polymerizable dyes, 4:585–591

acrylated azo dyes, 4:586, 587
anthraquinone derivative-vinyl monomer

condensation products, 4:586
anthraquinone-glycidyl methacrylate systems, 4:585,

586
azo dye-glycidyl methacrylate systems, 4:587, 588
coordination macromolecular dyes, 4:590, 591
interfacial polycondensation, 4:588
novel polyviologens, 4:588, 589
polymeric phthalocyanines, 4:590
polymeric vat dyes, 4:589, 590
poly(vinylamine)-eosin system, 4:590
reactive vinyl sulfonyl dyes, 4:586
vinylanthraquinone chromophores, 4:587
vinyl basic dyes, 4:587

Polymerizable ionic liquids, Single-ion conductive
membrane material, 7:204

Polymerizable phoinitiators, 9:726, 727
Polymerization, 10:404, 11:730

of ABS polymers, 1:321–328
of acrolein, 1:110, 111
of acrylic elastomers, 1:177–179

block copolymers, synthesis and morphology of,
10:405–407

of butene polymers, 2:340–342
controlled molecular weight, 10:403–405
emulsion, 14:774
of formaldehyde, 1:4
graft, 14:775
hyperbranched polymer (HPB), controlled degree of

branch, 10:407–413
molecular weight and equilibrium, 10:400
molecular weight and reactivity, 10:399, 400
molecular weight control, 10:400, 401
molecular weight distribution, 10:401, 402
P3HT, phase-separated domains of, 10:407
and polymer characterization, 2:732
radiation-induced, 14:775
of trioxane, 1:4, 5

Polymerization inhibitors, 1:159
Polymerization of, 10:403
Polymerization processes, 14:414
Polymerization reactions, 8:317, 404
Polymerization reactions, classification of, 3:124–127

by mechanism of polymerization, 3:125, 126
by medium of reaction, 3:126
by method of initiation, 3:126
by nature of propagating species, 3:126
by nature of reactants, 3:127
by stoichiometry, 3:125
by structure of product, 3:127

Polymerization section of cold SBR production,
13:272–275

Polymerization variables, effect of, 14:776
Polymerization, ethylenesulfonic acid, 5:613, 614
Polymerization, interfacial, 8:380–382
Polymerization, ionic liquids, 7:196
Polymerization, stereoselectivity, 13:89, 90
Polymerized vesicles, mono-methacryloyl lipids, 14:544
Polymermolecules, 8:511
Polymers, 6:34, 8:331, 340, 511, 13:561

chemical structures of, 8:7
functional end groups, 8:170
physicochemical properties of, 8:29
synthesized via ROMP, 8:186, 187
average heat release capacity, 6:77
burning process, 6:36–53
char mass fraction vs. hydrogen mole fraction, 6:49
char yield, 6:51–53
continuum level treatment, 6:53
decomposition, 6:71
dissociation enthalpy, 6:50
enthalpy of gastification, 6:51–53
fire & flammability tests, 6:87
fire behavior, 6:53, 56
flaming combustion efficiency, 6:62, 63
fractal models, 6:218
heat transport, 6:69
hexafluoroacetone, 6:156
HOC, 6:62, 63
HRP, 6:61
HRR histories, 6:63, 65
HRR vs. HRC, 6:77
HRR, 6:64, 65
ignition temperature, 6:59
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incident heat flux, 6:84
individual molar decomposition functions, 6:74
latent heat of gastification, 6:51–53
molar HRC, 6:77
net heats of combustion, 6:70
parameters, 5:184
properties, 5:614, 615
SEA, 6:81, 82
smoke production tendency, 6:83
surface absorptivity, 6:54, 56
temperature dynamics, 6:44
thermal decomposition temperature, 6:72
thermal degradation of, 6:37, 70
thermal properties, 6:54, 69
thermal stability, 6:73
volatile fuel generation, 6:46
weight loss, 6:73

Polymers of intrinsic microporosity, 11:1–14
adsoprtion, 11:11, 12
gas separation membranes, 11:9–11
heterogeneous catalysis, 11:12, 13
hydrogen storage, 11:13, 14
processability, 11:8
properties, 11:4–9
structural and chemical diversity, 11:9
synthesis, 11:4
thermal and chemical stability, 11:8, 9
“ultrapermeable” glassy polymers, 11:10

Polymers under largescale deformations, fracture (qv)
behaviour, 13:843

Polymers, defined, 9:101
Polymers, hydrohalogenation, Markovnikov’s rule,

7:292
Polymers, plasma etching of, 10:30–34

highest occupied molecular orbital (HOMO), 10:32
HOMO-LUMO gap, 10:31
lowest unoccupied molecular orbital (LUMO), 10:32

Polymers, plasma treatment of, 10:27–30
chemical functionalization, 10:27, 28
cross-linking via activated species of inert gases,

10:27
metal-polymer adhesion, 10:27, 28
modified wettability, 10:30
nitrogen-containing moieties, grafting of, 10:29
plasma-treated PI, 10:28
surface cleaning, 10:27
etching, 10:27

Polymers, solubility of, 12:732–763
co-non-solvency, 12:753
co-solvency, 12:753
experimental methods, 12:742, 743
Flory-Huggins interaction parameter, 12:749–751
Flory-Huggins Theory, 12:746–749
flow influences, 12:744, 745
hypothetically molecularly disperse mixture, 12:741
liquid/liquid equilibria, 12:743–745
liquid/solid equilibria, 12:745, 746
molar quantities, 12:734
molecularly disperse mixture, 12:735
phenomenological thermodynamics, 12:734–742
pressure influences, 12:744
segment molar quantities, 12:734
solubility parameter theory, 12:748, 749
solvents/non-solvents (table), 12:736–740

Polymers, stereoregularity of
brittle fracture, cause of, 13:843, 844
controlling mechanism, 13:89, 90
ceiling temperature, 11:488
DSC applications, 13:799, 800
irradiation temperature, influence of, 11:485–488
lubrication effects, 13:517–520
oxygen effects, 11:483–485
secondary transitions, 11:486
s-PMMA, 11:486
tacticity and properties, 13:653
TGA/DTGA applications, 13:816–821

Polymersomes, 2:125–129, 8:419, 12:618, 14:511
dimension of, 2:125
fluorescently labeled vesicles, 14:548
interdigitation, 2:127
programmable disassembly of, 2:127, 128

Polymetallaynes, 7:63
physical properties of, 7:64
rhodium-containing, 7:64

Polymetallorotaxanes, 11:138
thermodynamic properties, 14:68

Polymethacrylates, radiation chemistry, 11:465–470
Polymethacrylates. See also Methacrylic ester polymers

in interpenetrating network, 7:144
Polymethacrylonitrile

monomer yield in pyrolysis, 4:259
Polymethyl methacrylate (PMMA), 1:798
Polymethylene

Fermi resonance interactions, 14:593, 594
flexible, 7:570
modeling parameterizations, 8:580

Polymorphism
polypropylene, 11:354–357

Polymorphonuclear (PMN) cells, 2:149
Polynorbornene, 3:155

for rubber compounding, 12:205
shape-memory properties of, 12:417
tacticity, 8:163

Polynorbornene-block-polyethylene-synthesis, 8:179
Polynorbornene-b-polyvinylalcohol, 8:179
Polynorbornene-g-polyphosphazene, 8:182
Polynosic rayons, 2:685, 686
Polynucleotides. See also DNA; Nucleic acids; RNA

water-soluble polymers, 15:181–185
Polyolefin block copolymers, 14:135

applications, 14:155
commercial production, 14:147

Polyolefin dust, 5:534
Polyolefin fibers. See Olefin fibers
Polyolefin modifications, comonomers and initiators

(table), 11:638
Polyolefins, 1:793–797, 11:306, 15:249
Polyolefins, cellular, 2:511

commercial products and processes, 2:557, 558
decompression expansion processes, 2:520, 521

Polyolefins, reaction extrusion (REX), 11:636–639
Polyolefins. See also Polyethylene (PE); Polypropylene

(PP)
antioxidant applications, 1:703, 704, 710
blends with thermoplastic elastomers, 14:137
degradation processes in landfills, 4:240, 244–246
environmentally degradable plastics, 2:76, 77
film properties, 5:806
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hydrolytic degradation, 4:290
metallocene-based graft and block copolymerization

with non-olefins, 8:131, 132
mixed waste streams, 11:668
moderate barrier polymers, 2:46, 47
oxidative degradation, 4:279, 280
photodegradation, 4:284
photo-oxidation photoinitiators, 13:9, 10
in surface treatment, 1:374–376
thermal degradation of, 13:6–9
thermoforming, 14:130
vulnerability to oxidation, 4:251

Polyols, 11:216, 217, 321–335
acrylic, 11:225
catalyst, removal of, 11:330
hydroxyl number determination, 11:329
KOH-catalyzed bulk polymerization, 11:321
manufacture of, 11:321–328
natural oil, 11:226
process, 11:328–330
properties, 11:330–336
polycarbonate, 11:224, 225
polyesters, 11:222–224
polyether, 11:217–222
in stabilizer formulation, 6:577
stabilization, 11:330
unsaturation value determination, 11:329, 330

Polyorganosiloxanes, 1:666
Polyoxacyclobutane ( POCB), 3:153
Polyoxazoline polymer brushes, 10:748
Polyoxides

single crystals, 12:384
Polyoxothiazenes, 7:49, 50
Polyoxyethylene, 2:200, 201

dielectric properties, 4:480
thermodynamic properties, 14:66

Polyoxymethylene (POM), 1:1. See also Acetal resins
dielectric properties, 4:480
elastic constants, 1:90
film properties, 5:806
hydrolytic degradation, 4:290
impact strength vs. notch tip radius, 6:818
longitudinal acoustic mode, 14:583, 585
radiation chemistry, 11:462
semicrystalline, 12:391
single crystals, 12:387
sound speeds, 1:86
thermal degradation, 4:256
thermodynamic properties, 14:66

Polyoxyphenylenes, 10:572
Polypentadecanolactone

thermodynamic properties, 14:67
Polypeptide-based block copolymers, 2:170, 171
Polypeptide synthesis, ring opening polymerization,

11:47–59
Polypeptide synthesis, solid-phase method, 11:61–90

procedures, 11:80–89
Polypeptides

naturally occurring biodegradable, 2:112
vibrational spectroscopy, 14:618, 619
water-soluble polymers, 15:185–188

Polyphenol, 5:264
cellular expandable formulations, 2:519
polymerization of, 5:270–273

Polyphenylene ether. See Polyether
Polyphenylene vinylene (PPV), 8:167
Polyphenylquinoxaline

elastic constants, 1:90
sound absorption, 1:89
temperature dependence of sound speed, 1:88

Polyphenylsulfone (PPSF). See also Polysulfone (PSF)
annealing of, 11:197
blends and alloys of, 11:198, 199
chemical structure of, 11:180
electrical properties of, 11:193
flame resistance of, 11:191
physical and mechanical properties of, 11:192
polymerization, 11:183–185
properties of, 11:187, 188
resistance to chemical environments, 11:194
room-temperature mechanical properties of, 11:190
uses of, 11:200

Polyphenylvinylene (PPV), 9:760
Polyphosphate ester

biodegradable, 2:104
Polyphosphates, 5:263
Polyphosphazenes, 7:33–39, 11:97–111

applications, 7:38, 39, 11:105–109
biodegradable, 2:104, 109
blends, 11:102
condensation polymerization, 7:36–38, 11:100, 101
copolymers, 11:101, 102
cross-linked, 11:102–104
cyclopolyphosphazenes, 11:110
functional, 11:103, 104
homopolymers, 11:101
hybrid, 11:109, 110
properties, 7:35, 11:104, 105
ring-opening polymerization, 7:34, 36, 11:98, 99
scaffold for tissue engineering, 14:218
synthesis, 11:98–101
for tissue engineering, 14:221
toxicity and biocompatibility, 2:113

Polypivalolactone-polyisoprene-polypivalolactone block
copolymers, 7:322

Polyplatinynes, 7:65
Polypropylene (PP)

cross-linking of, 4:93–95
radiation route, 4:94
silane cross-linking route, 4:94
crystallization of, 2:337

Polypropylene (PP). See also Atactic polypropylene;
Isotactic polypropylene (iPP); Metallocenes;
Propylene polymers; Syndiotactic polypropylene
(sPP)

AFM imaging of, 1:766–768
antioxidant applications, 1:703, 704
antioxidants and, 13:1
blends with poly(ethylene oxide), 5:450
blends with styrenic thermoplastic elastomers,

14:152–154
blends with thermoplastic elastomers, 14:137, 142,

156
commercial overview of metallocene-based, 8:139
degradation processes in landfills, 4:244, 245
dielectric properties, 4:479
elastic constants, 1:89
fatigue crack effect of molecular weight, 5:726
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film extrusion, 5:805
film properties, 5:806
film stretching, 10:79
frequency derivatives of Young’s modulus, 1:92
Hamaker constant, 6:644
heterogeneous oxidation, 4:278
impact resistance improvement, 6:831
incipient crack characteristics, 5:712
in interpenetrating network, 7:143
inversion, 7:473
irradiation degradation, 4:289
lignin filler, 2:94
long-term stabilization of, 13:28
melt-crystallized, 6:321
melting temperature, 10:69
melt stabilization of, 13:21, 22
moderate barrier polymer, 2:46, 47
monomer yield in pyrolysis, 4:259
multilayer barrier structures, 2:51, 52
NEXAFS spectra, 15:371
in nitrile rubber copolymer, 1:370, 371
normal vibrations, 14:569
oxidative degradation, 4:272, 273, 285
PHAs contrasted (table), 10:99
phase morphology of, 6:297
phosphite esters and, 13:27
photodegradation, 4:284
photo-oxidation of, 13:10
properties of barrier, 2:34
properties of filled homopolymer, 11:369
properties of impact copolymers, 11:367
properties of random copolymers, 11:366
recycling, 11:657–675
sound speeds, 1:86
synthesis by metallocene-based polymerization,

8:81–139, 135–140
synthesis by Ziegler-Natta polymerization,

15:509–518
temperature dependence of sound speed, 1:88
thermal degradation of, 13:6
thermodynamic properties, 14:65
thermoforming, 14:121, 124
UV wavelength sensitivity, 14:454

Polypropylene, 5:681
Polypropylene copolymer

burst hoop stress vs. time for, 2:340
Polypropylene fibers, 9:345

bicomponent, 9:360, 361
mechanical properties, 9:216

Polypropylene film membrane, 7:751
Polypropylene randomly modified with ethylene,

11:354
Polypropylene resin

processing, 10:68
Polypropylene, cellular

commercial products and processes, 2:558
decompression expansion processes, 2:520
physical properties of commercial, 2:528, 529

Polypropylene-g-polystyrene copolymers synthesis,
6:480, 481

Polypropyleneimine (PPI) dendrimers, 4:300, 302,
311–313. See also Dendrimers

Polypropylenes, 8:512

Polypseudorotaxanes, 11:120–128
containing polysebacate backbones and CEs,

11:132
with polyamines, 11:121, 122

Polypyridyl complexes
oxidative electropolymerization, 4:793, 794
reductive electropolymerization, 4:792, 793

Polypyrroles
chemical structure, properties, and uses of

conducting, 5:121
electropolymerization, 5:125, 126
synthesis in supercritical carbon dioxide, 4:59
synthesis of electrically active, 4:751, 752

Polyquinolines
nonlinear optical properties, 9:154

Polyrotaxanes, 11:119–142
β-CD molecules, 11:130
γ-CDs, 11:130
π-conjugated polymers, 11:123–126
cationic polymers, 11:122
CD molecular tubes, 11:129
cyclodextrins, 11:122
cyclophane/cyclobisparquat, 11:134
like assembly, 11:133
metal coordination chemistry, 11:134–138
polyesters, 11:122, 123
polyolefins, 11:126, 127
polypseudorotaxanes with polyesters, 11:122
preparation by Photoirradiation, 11:129

Polyrotor-axis systems
CD-based polypseudorotaxanes (table), 11:139
CD-based polyrotaxanes and polypseudorotaxanes

(table), 11:141
CE- and CP-based polypseudorotaxanes (table),

11:140
CE-based polyrotaxanes (table), 11:142

Polysaccharide-based interpenetrating polymer
networks, 7:137

Polysaccharide vesicles, 14:546
Polysaccharides synthesis, enzymatic polymerization,

5:225–236
general aspects, 5:225
natural polysaccharides, 5:226–235
unnatural polysaccharides, 5:235–237

Polysaccharides. See also Cellulose; Chitin; Chitosan
drag reducers, 4:552
naturally occurring biodegradable, 2:110–112
synthesis of, 3:33
water-soluble polymers, 15:188–197

Polysilanes, 7:39–42, 11:149–163
carrier mobility and organic photoconductors, 11:161
conductivity, 11:162, 163
electroluminescence, 11:161
functional, 11:157
hybrid-block copolymer, 11:158, 159
metallocene-based polymerization, 8:131
photoluminescence, 11:154
photoreactions, 11:159–161
synthesis, 11:154–157
UV absorption and chromotropism, 11:150–154

Polysiloxane-based photorefractive polymers, 9:765
Polysiloxanes, 7:679, 680

in interpenetrating network, 7:143
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structural representation, 13:173, 175
synthesis by anionic polymerization, 1:626–628

Polysiloxanes, radiation chemistry, 11:470
Polysilylenes, 11:149
Polysoaps, 15:221, 222
Polyspiroketal, 10:652
Polystannanes, 7:42–44

ultraviolet-visible absorption data for, 7:43
Polystyrene (PS). See also Atactic polystyrene (aPS);

General-purpose PS (GPPS); High impact
polystyrene (HIPS); Styrene polymers;
Syndiotactic Polystyrene (sPP); Transparent
impact polystyrene (TIPS)

AFM imaging of, 1:766–768
aging of, 1:466
antistatic, 13:188
blends with DMPPO, 10:582–584
blends with styrenic thermoplastic elastomers,

14:152–154
blends with thermoplastic elastomers, 14:137
branched, 13:188–193
chain-transfer constant, 14:667
commercial manufacture of, 13:179, 180
commercial overview of metallocene-based, 8:140
crystallization of, 13:187
degradation processes in landfills, 4:246
density of heterogenous polymerized, 6:639
dependence of viscoelastic behavior on structure,

1:583, 584
dielectric properties, 4:479
elastic constants, 1:89
extruded rigid foam, 13:254, 255
fatigue chemistry effect, 5:735, 736
fatigue crack effect of molecular weight,

5:726–729
fatigue crack propagation, 5:722
fatigue crack speed, 5:724
fatigue surface finish effect, 5:740
fatigue thermal history effect, 5:741
film extrusion, 5:805
film properties, 5:806
flash devolatilization application, 6:100
foamed sheet, 13:258
fractography, 5:731
frequency derivatives of Young’s modulus, 1:92
gas diffusion in, 8:305
general-purpose, 13:186
glass-transition temperature, 10:69
global consumption of, 13:250, 251
Hamaker constant, 6:644
heterophase polymerization product, 6:585
high volume commodity polymer, 5:429
history of, 13:179, 180
hydrogenated, 13:195
hydrolytic degradation, 4:290
ignition-resistant, 13:188
in interpenetrating network, 7:143
irradiation degradation, 4:289
isotactic, 13:187, 188
limiting oxygen value, 6:713
manufacture, economic aspects of, 13:249
mechanical tests on, 13:254
melt stabilization of, 13:22
metallocene-based polymerization, 8:129

miscibility with poly(α-methyl styrene)
moderate barrier polymer, 2:48, 49
molecular modeling, 8:584
monomer yield in pyrolysis, 4:259
Montmorillonite clay nanocomposite with, 13:206,

207
NEXAFS of thin films, 15:384, 389–395
NEXAFS spectra, 15:368, 373
NMR spectroscopy, 1:586–588
oriented film, 13:258, 259
oxygen permeability and free volume, 2:12
PEG-grafted resins, 11:25–29
permeation modeling, 2:30
photodegradation, 4:283
photon correlation spectroscopy, 1:586
photo-oxidation of, 13:10
physical effect of dispersion, 6:589, 592
polymerization reactors, 2:284
properties of, 13:180
properties of barrier, 2:34
P-V-T data, 14:79
Raman spectroscopy, 14:565, 566
as a raw material for rigid thermoplastic foams,

13:257
retardation spectra of narrow molecular weight

distribution, 1:574, 576, 580
sound speeds, 1:85
specialty, 13:186–207
stability diagram for bulk polymerization, 2:290
stabilized, 13:188
stereochemistry of anionic polymerizated, 1:638
strain-energy release rates, 6:824
strain rate sensitive modulus, 6:813
sub-Rouse modes, 1:577, 578
synthesis by anionic polymerization, 1:609–620
synthesis by heterophase polymerization, 6:592, 593,

597, 601
synthesis by heterophase polymerization with

emulsifier, 6:599, 600
synthesis by nitroxide-mediated polymerization,

7:651–653
synthesis by RAFT polymerization, 7:658
tactic, 13:187
telechelic polymer, 13:701
temperature dependence of sound speed, 1:88
temperature dependence of viscoelastic behavior,

1:570, 573
thermodynamic properties, 14:66
thermoforming, 14:121, 122
time to failure under uniaxial stress, 5:710
transfer-to-polymer constant, 11:541
tungsten particle refinforced, 3:500
UV wavelength sensitivity, 14:454
vibrational spectroscopy of blends with PVME,

14:598, 599
volume-temperature cooling curves for different rates

of cooling, 1:567, 568
Polystyrene (PSt)-core PNIPAM, 8:453
Polystyrene

radiation-induced cross-linking, 11:476
radiation chemistry, 11:475–477

Polystyrene beads, 13:253
Polystyrene-block-polybutadiene-block-polystyrene

(SBS) triblock copolymer, 12:293
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Polystyrene foams, 13:252–257
characteristic properties of (table), 13:255
flame retardants and, 13:257

Polystyrene ionomers, 7:223–225, 13:186, 187
Polystyrene macro-RAFT agent, 11:731, 735
Polystyrene nanoparticles, 11:25
Polystyrene-poly(acrylic acid)-polystyrene

(PS-PAA-PS), 2:173
Polystyrene-poly(bromo styrene) blends

NEXAFS of thin films, 15:389–391
Polystyrene-poly(methyl methacrylate) blends

NEXAFS of thin films, 15:391, 392
Polystyrene-poly(n-butyl methacrylate) blends

NEXAFS of thin films, 15:393
Polystyrene-polyisoprene block copolymers,

Star-branched polymers, 7:320
Polystyrene resins

alternative cross-linkers for polymer-supported
reagents, 11:29–32

alternative formats for polystyrene supports,
11:33–37

polymer-supported reagents, 11:17–25
processing, 10:68

Polystyrene sheet, 13:258–260
Polystyrene, cellular, 2:511

commercial products and processes, 2:552–554
decompression expansion processes, 2:520
expandable formulations, 2:515, 516
physical properties of commercial, 2:527, 529

Polystyrene-block-poly(2-vinylpyridine) (PS-b-PVP)
copolymers, 13:541

Polystyrene-block-polybutadiene-block-polystyrene
triblock copolymer (SBS), 12:295

Polystyrene-b-poly(methyl methacrylate)
Polystyrene-g-poly(ethylene oxide) (PS-g-PEO) graft

copolymers, 6:470
Polystyrene/divinylbenzene (PS/DVB), cross-linked,

3:103. See also PS/DVB
Polystyrene/polyisoprene blend

intensity correlation functions, 1:552
Polystyrenes, 9:663
Polystyryl carbanions, 13:224
Polysulfates, 13:313, 314
Polysulfide-based sealants, 11:174, 175
Polysulfides (PSs), 11:167–178

advantages, disadvantages, and applications as
epoxy curing agent, 5:339

chemical properties of, 11:169–173
curing agents, 5:337, 356, 357, 11:169–171
economic aspects of, 11:176
health and safety of, 11:175, 176
history of, 11:167, 168
manufacture and processing of, 11:173–175
physical properties of, 11:169
for rubber compounding, 12:205, 216
specifications and testing for, 11:175
uses for, 11:176–178

Polysulfides, 4:386
Polysulfobetaines, 10:312
Polysulfonates, 13:312, 313
Polysulfone (PSf), 8:23, 11:179–202. See also

Polyphenylsulfone (PPSF)
amorphous noncrystallizable nature of, 11:188–190

annealing of, 11:197
blends and alloys of, 11:198, 199
chemical structure of, 11:180
commercially available, 11:189
commercial suppliers of, 11:201, 202
elastic constants, 1:89
electrical properties of, 11:193
fabrication of, 11:195–198
fatigue crack propagation, 5:721
flammability of, 11:191–193
free volume, 2:10, 11
frequency derivatives of Young’s modulus, 1:92
glass-transition temperature, 10:69
health and safety of, 11:199
hydrolytic degradation, 4:290
impact resistance improvement, 6:829
irradiation degradation, 4:290
limiting oxygen value, 6:713
mechanical properties of, 11:190, 191
nomenclature of, 11:180
photo-oxidation of, 13:10
physical, chemical, and optical properties of,

11:188–190
physical and mechanical properties of, 11:192
polymerization, 11:180–186
polymerization reactors, 2:284
post-fabrication operations for, 11:197, 198
properties of, 11:179, 186–195
P-V-T data, 14:79
radiation resistance of, 11:195
resistance to chemical environments and solubility,

11:193–195
room-temperature mechanical properties of, 11:190
sound speeds, 1:82, 85
stress-cracking and, 11:193, 194
synthesis routes, 11:180–186
temperature dependence of sound speed, 1:88
tensile stress-strain curves for, 11:191
time-temperature conditions for annealing, 11:197
types of, 11:179
uses of, 11:200–202

Polysulfone resins, 11:201, 202
Polysulfonium salts, 13:302
Polysulfoxides, 13:325–328
Polysulfoximines, 13:341
Polyterpene resins

synthesis by carbocationic polymerization, 2:419
Polytetrafluoroethylene (PTFE), 1:376, 5:203,

9:502–521. See also Perfluorinated polymers; PTFE
impregnated nickel plating; Teflon

absorption properties of, 9:511, 512
acoustic properties, 1:76, 77
applications of, 9:518 (table), 518, 519
as teflon, 9:502
classification of, 9:520
depolymerization of, 9:503
dielectric properties, 4:479
dielectric relaxations, 9:509
discovery of, 9:502
economic aspects, 9:519
elastic constants, 1:89
electrical properties of, 9:513, 514
fabrication of, 9:514–517
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filled compounds, properties of (table), 9:511
film properties, 5:806
fracture energy, 6:824
frequency derivatives of Young’s modulus, 1:91
granular PTFE, 9:502
group vibration frequencies (table), 14:72
health and safety, 9:520, 521
hydrolytic degradation, 4:290
interactions of, 9:511, 512
irradiation degradation, 4:289
limiting oxygen value, 6:713
longitudinal acoustic mode, 14:582, 583
manufacturers of, 9:504–507
mechanical properties of, 9:508–510
melting temperature, 10:69
micropowders (waxes), 9:519
modeling parameterizations, 8:581
monomer yield in pyrolysis, 4:259
NEXAFS spectra, 15:373, 374
P-V-T data, 14:79
permeability to vapors (table), 9:513
permeation of, 9:511, 512
properties of, 9:503
radiation, effects of, 9:510, 511
semicrystalline, 12:372, 400
SIMS spectra, 13:490
single crystals, 12:387
solid-state extrusion, 12:685, 688
sound speeds, 1:85
standard specific gravity (SSG), 9:507
surface arc resistance of, 9:514
thermodynamic properties, 14:65
transitions in (table), 9:502
uses of, 9:503, 504
vacuum thermal degradation of, 9:510

Polytetrafluoroethylene films, breakdown voltage of,
4:699

Polytetrafluoroethylene ionomers, 7:221–223
Polytetrafluoroethylene resins, applications of, 9:514,

518
Polytetrafluoroethylene, cellular

production by sintering, 2:525
Polytetrahydrofuran (PTHF), 11:225, 226
Polythiazylphosphazenes, 7:49
Polythienylenevinylene

chemical structure, properties, and uses of
conducting, 5:122

Polythioester synthesis, by lipase-catalyzed
polycondensation, 5:261, 262

Polythionylphosphazenes, 7:48, 49
Polythiophene, 3:702
Polythiophene-metal complex hybrid polymers, 7:62
Polythiophenes, 13:293

chemical structure, properties, and uses of
conducting, 5:121

electrochromic polymers, 4:801–805
electropolymerization, 5:125, 126
nonlinear optical properties, 9:155
synthesis of electrically active, 4:752–755
thermochromic properties, 14:42

Polythiophosphazenes, 7:48
Polytriacetylenes, 4:445, 454–456. See also Diacetylene

polymers; Triacetylene polymers

preparation of, 4:454, 455
properties of, 4:454–456

Polytridecanolactone
thermodynamic properties, 14:67

Polytrifluoroethylene
thermodynamic properties, 14:65

Polyundecanoamide
film properties, 5:806

Polyundecanolactone
thermodynamic properties, 14:67

3-n polyunsaturated fatty acids (PUFAs), 8:395
Polyureas

NEXAFS of engineered, 15:397–399, 400
NEXAFS spectra, 15:368
piezoelectricity in, 9:786, 787

Polyurethane, 5:683, 11:204–260
Polyurethane adhesives, 1:423
Polyurethane catalysis, 11:244–246
Polyurethane-CD polypseudorotaxanes, 11:128
Polyurethane dispersion resins (PUDs)
Polyurethane dispersions (PUD), 3:302

combined aqueous, 3:325
Polyurethane fibers, 5:768
Polyurethane film, in transfer coatings, 11:706, 707
Polyurethane foams

microcellular, 4:60
processing, 10:92

Polyurethane foams, 1:802, 803
Polyurethane resin, cross-linking of, 4:86–88
Polyurethane rotaxanes, 11:132
Polyurethane rubber, in belting, 2:71
Polyurethane, cellular, 2:511

commercial products and processes, 2:546–552
decompression expansion processes, 2:523
expandable formulations, 2:517–519
flexible, 2:546–549
frothing processes, 2:524
physical properties of commercial, 2:527
rigid, 2:549–552

Polyurethane, polybutadiene-based
sound absorption, 1:88
sound speeds, 1:85

Polyurethane, polyether-based
sound speeds, 1:85

Polyurethane/elastomer block copolymers, 14:135
applications, 14:155
commercial production, 14:147

Polyurethanes (PU), 11:204–260, 14:169. See also
Isocyanates, 9:794, 795

Polyurethanes, automotive, 1:800, 801
acoustic properties, 1:66, 76, 78
adhesive and sealant applications, 11:252, 253
antioxidant applications, 1:712
application methods and formulations, 11:253–257
biodegradable, 2:106
blends with polyphosphazenes, 11:102
chemistry, 11:204, 205
coatings applications, 11:252
current trends in, 11:205
extensional modulus and loss factor at room

temperature, 1:91
flexible foams, 11:241–252
for tissue engineering, 14:222
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growth of, 11:204, 205
health and safety factors, 11:257–260
hydro-biodegradation, 4:292
in automotive components, 1:800
in interpenetrating network, 7:143
inversion, 7:473
isocyanates and, 11:205–216
linear systems and, 11:230–241
market size, 11:204
NEXAFS of engineered, 15:397–399
NEXAFS spectra, 15:368
photodegradation, 4:282
polyols in, 11:216–226
processing of, 1:809, 810
properties of (table), 1:801
reaction injection molding, 1:800
recycling of, 11:257
RRIM and SRIM, 1:800
SIMS spectra, 13:490
sound speed, 1:85
soy oil derived, 2:89
structure/property relationships, 11:217–230
synthesis from isocyanates, 7:253–267
thermal degradation, 4:260
thermoplastic polyurethane elastomers, 1:801
thermosetting powder coatings, 3:237, 246, 247
toxicity, 11:260
UV wavelength sensitivity, 14:454
vibrational spectroscopy, 14:595, 596
with poly(ε-caprolactone) switching segment, 12:416
with poly(tetrahydrofuran) switching segment,

12:416, 417
Polyurethanes, polyethers used in the preparation

(table), 11:326, 327
Polyvalent ligands, polymeric drugs
Polyvinyl alcohol (PVOH)–mositure effects, 13:839, 840
Polyvinyl chloride (PVC), 5:683

automobiles, applications in, 5:692
casting, 5:688
flexible covering, application in, 5:692
leather goods, applications in, 5:692

Polyvinylamine
water-soluble polymer, 15:212, 213

Polyvinylcarbazole (PVK), 9:760
Polyvinylenes

nonlinear optical properties, 9:154
Polyvinylidenes

NEXAFS spectra, 15:373, 374
Polyvinylidenfluoride, semicrystalline, 5:748, 749
Polyvinylpyridines

water-soluble polymers, 15:210, 211
Polyzwitterions

water-soluble polymer, 15:213–220
Poly[1-methoxy-4-(2-ethylhexyloxy)-p-

phenylenevinylene]
electropolymerization, 5:129, 130

Poly[2-(2-ethylhexyl)oxy-5-methoxy-p-phenylene
vinylene] (MEH-PPV)

Poly[2-(4-t-butyl)phenyl-6-phenyl-1,4-phenyleneoxide]
thermal properties, 10:573

Poly[methoxyoligo(oxyethylene) methacrylate]
in interpenetrating network, 7:143

Pom-pom branched polystyrene, 13:188, 189
Poole-Frankel model, 9:755

Popcorn polymerization, 9:322
chloroprene polymers, 3:50

Pople basis sets, 3:600
Pore structure

cellulose, 2:587, 588
Pore transport, in porous membranes, 5:830
Porins, OmpF channels, 14:553
Porogenic organic solvents, 4:60
Porogens, 6:667, 668
Poromerics, 7:498

abration resistance, 7:504
Clarino, 7:498
DMF-soluble thermoplastic polyurethane, 7:502
DuPont’s Corfam, 7:498
finishing, 7:503
islands-in-the-sea fibers, 7:502
islands-in-the-sea structure, 7:500
manufacture, 7:500
nonwoven fabrics, 7:500
Polyurethane, 7:502
scratch resistance, 7:504
Sofrina, 7:498
Ultasuede, 7:498
with microporous sponge, 7:502

Porosity
colloids, 3:441, 442
membrane, 7:749, 750

Porous polyHIPE membranes, 10:603
Porous polymer synthesis, in supercritical carbon

dioxide, 4:59, 60
Porous scaffold polymers, 14:217–222
Porphyrin dendrimer, 4:332
Portable particle sizer, 7:454
Position-sensitive detector (PSD), 7:451, 452
Positive forming, 14:112
Positive half RF cycle, 10:3
Positive tone aqueous developable materials, 5:80
Positron annihilation lifetime spectroscopy (PALS),

2:752
amorphous polymers, 1:588
for thermal analysis, 13:769
for transport property studies, 14:368–371

Positron annihilation lifetime spectroscopy, 11:267
multichannel analyzer (MCA), 11:270
photomultiplier tubes (PM), 11:269
structural properties, 11:275, 276
time-to-amplitude converter (TAC), 11:270

Positron annihilation spectroscopy, 11:266–281
age-momentum correlation (AMOC), 11:273
angular correlation of annihilation radiation,

(ACAR), 11:272, 273
annihilating electron-positron, 11:272
as a chemical probe for polymers, 11:278, 279
free volume and polymer dynamics, 11:276–278
fundamentals, 11:267–269

Positrons, annihilation of, 11:266
Post consumer reclaim, 5:641
Post-consumer waste, 11:660
Post-die processing of engineering thermoplastics,

5:212
Post-draw heatsetting, 10:532
Post-fabrication operations, for polysulfones, 11:197,

198
Post-industrial waste, 11:660
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Post-polymerization reactor branching, 13:192
Post-processing assembly of ethylene-norbornene

copolymers, 5:588
Post reactor process, for LDPE, 5:520, 521
Post-spinning processes, 10:223
Post-SSP, 12:705–712

by-product diffusion rate-controlling parameters,
12:712

catalysts’ performance, 12:709
Post-treated polymers, 9:92, 93
Post-yield behavior of solid-like polymers, 15:146
Postcuring

of fluorocarbon elastomers, 6:171
Postexposure bake (PEB) process, 7:600, 601
Postive piezoresponse, in FLCEs, 5:761
Postmetallocene-based catalysts, 12:557–559

cationic late transition metal catalysts, 12:557, 558
group 4 postmetallocene catalysts, 12:558, 559
neutral late transitionmetal catalysts, 12:557

Postpolymerization reactions, macromonomers
synthesis by, 6:501–503

Pot-type transfer molding, 3:566, 567. See also
Compression and transfer molding

Potable water delivery, polysulfones in, 11:199
Potassium peroxodisulfate (KPS), 8:441
Potassium peroxydisulfate (KPS), 9:639
Potassium titanate

filler material, 5:785
Potato chip packaging, 9:475, 476
Potato chips, 9:475, 476
Potential energy surface, 3:614
Potentials of mean force, 8:605
Potting

epoxy resin applications, 5:405–407
Pour-in-place

rigid polyurethane, 2:551
Pour test methods
Powder coating. See Coating methods
Powder coatings, 3:230

epoxy resins, 5:387–390
nylon, 10:290

Powder injection molding, 7:10
Powders

high shear mixing of, 3:492
low shear mixing of, 3:492, 493
solid-state extrusion, 12:691

Power compensation DSC, 13:792
Power conversion efficiencies (PCEs), 12:626, 627
Power density, 6:40
Power law LOI, 6:80
Power loss, 4:678
Power spectrum, 4:545
Power transmission belts, 2:68–70

flat belting, 2:68, 69
synchronous belts, 2:69
V-belts, 2:69, 70
V-ribbed belts, 2:69

Power ultrasound, 14:414
Poybutadiene (PB)-rich layer, 12:293
Poynting effect, 15:114–116
PP. See Polypropylene (PP)
PPCC. See Polymer portland cement concrete (PPCC)
PPD. See p-Phenylene diamine (PPD)
PPDI. See p-Phenylene diisocyanate (PPDI)

a-PP/i-PP blend, 13:662
PPO. See Poly(propylene oxide) (PPO)
(PPO/HIPS), 10:720

Poly(vinylchloride) (PVC), 10:721
polyamides (PA), 10:721
polyaniline doped with camphor sulfonic acid

(PANI-HCSA)
PPP. See Poly(p-phenylene) (PPP)
PPPs. See Poly(p-phenylene)s (PPPs)
PPS composites, 10:136, 137

Stampable sheet, 10:137
PPS compression molding, 10:131, 132
PPS injection-molding

flexural modulus, 10:129
resins, 10:127

PPS resins
coatings, 10:136

PPS-type resins, 10:115
PPS. See Poly(phenylene sulfide) (PPS)
PPS. See Poly(phenylene sulfide), 10:115

acute toxicity tests, 10:133
chemical resistance, 10:118
copolymers, 10:134
crystallinity, 10:123–125
curing changes, 10:116–118
economic aspects, 10:132
flame-resistance, 10:118, 119
free sintering, 10:132
general characteristics, 10:118
health and safety factors, 10:132–134
injection molding, 10:127–131
Macallum process, 10:134
manufacture and processing, 10:125–132
Modified polymers, 10:134, 135
Ocher, 10:137
Phillips process, 10:134
polymer production, 10:125–127
properties, 10:116–125
pyrolysis, 10:133
thermal stability, 10:120
uses, 10:136, 137

PPSF. See Polyphenylsulfone (PPSF)
PPSU, 11:180
PPTA fibers, 10:228–232
PPTA films, 10:233
PPTA. See Poly(p-phenylene terephthalamide) (PPTA)
PPV. See Poly(p-phenylene vinylene) (PPV)
PPVE copolymers, 4:50
PPVE. See Perfluoropropyl vinyl ether (PPVE)
PPX. See Poly(p-xylylene) (PPX)
Practical adhesion, 1:405
Prandtl-van Karman law, 4:540
Pre-crazes, 8:479
Precipitated calcium carbonate, 5:796

for rubber compounding, 12:224
Precipitation fractionation, 6:230–234
Precipitation polymerization, 3:126, 5:163, 164, 13:604.

See also Emulsion polymerization
heterophase polymerization prerequisites, 6:594
heterophase polymerization techniques with

continuous fluid phases, 6:619
heterophase technique, 6:582
in supercritical carbon dioxide, 4:50, 51

Precipitation, affinity. See also Polymer precipitation
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Precision multilayer curtain coating, 3:285
Precision nanocavity

catalysis, 8:461
molecular imprinting, 8:461
single-chain folding, 463, 464

Precompounded color, 3:496
Precursor polymers, photosensitive, 5:76
Predicted heat release capacity, of PET, 6:79
Prediction of Polymer Properties, 9:393
Preexpanded beads, 2:516
Prefinished hardwood flooring, 6:125–127
Prefinished parquet flooring, 6:126
Prefoamed beads, 2:516
Preformed titanium tetrachloride-triisobutylaluminum

catalyst, 7:301
Preforming, of fluorocarbon elastomers, 6:171
Preimidized polyimides, 5:73
Premetered coating processes, 3:268
Preparative-temperature rising elution fractionation

(P-TREF), 2:734–736
Prepreg, 3:519
Preshear, 12:34
Pressing

wool, 15:323, 325
Pressure

solid-state extrusion, 12:689, 690
and thermodynamic properties, 14:77–80

Pressure gradient, shear rates and, 5:655
Pressure-sensitive adhesives (PSAs), 11:288–307

additives to, 11:290, 291
glass transition temperature of, 11:292
manufacturing methods, 11:307
peel adhesion test for, 11:299, 300
and peel debonding, 11:297, 298
physical properties, 11:292–299
and probe debonding, 11:293–297
release surfaces, 11:290
rheological tests, 11:300, 301
shear holding power, 11:300
specialty materials in, 11:305, 306
structure, 11:298, 299
tackifiers and/or plasticizers in, 11:306
tack test for, 11:300
tape construction, 11:289–291
tape types, 11:291, 292
test methods for, 11:299–301
types, 11:301–305

Pressure-sensitive adhesives, 1:379, 409–412. See also
Pressure-sensitive adhesives

silicone applications, 12:465, 504, 506
Pressure-sensitive tapes, 1:404. See also

Pressure-sensitive adhesives
Pressure-volume-temperature (PVT) properties, 13:771
Pretreatment, for fouling prevention, 5:849, 850
Preventive antioxidants, 13:16–18
Prewetting transition, 9:568
Prilled urea, 1:519
Prima, 2:687
PrimaCel, 2:570
Primary amine initiated NCA polymerizations, 11:52
Primary nucleation, 4:185
Primary radical termination, 11:552, 553
Primary radicals, 7:349

Primary recycling technologies, 11:664
Primary relaxations/molecular relaxations, 14:252
Primary volatiles, through thermal degradation, 6:37
Primer coatings, 3:269
Primid, 5:389
Primitive path fluctuations, 15:101
Primitve path, in DE model, 15:131, 132
Principal stresses, 15:458

difference, 15:112, 113
Print bonding

nonwoven fabrics, 9:227
Printed wiring boards

epoxy resin applications, 5:401, 402
Printing

vinyl acetate polymer applications, 14:681
wool, 15:334–336

Printing inks/toners
vinyl acetal polymers, 14:646

PRISM, 8:602, 623
Pristine P3HT film, 10:407
Probability distributions, for conformation geometry,

3:692–695, 697, 698
Process control

thermoforming, 14:120
Process models

composite materials, 3:519–522
heterophase polymerization, 6:675, 676

Process optimization, for fouling prevention, 5:849, 850
Process zone, 6:301, 316
Processability

filled polymers, 5:788, 789
Processing aids

hyperbranched polymers as, 6:794, 795
poly(vinyl chloride), 14:756
rubber compounding, 12:235, 236
in SBR processing, 13:276, 277
for tire compounding, 12:256

Processing aids, 1:344, 345, 358–360
fatty alcohols, 1:358
fatty amides, 1:358
fluoropolymers, 1:359
lubricants, 1:358, 359
metal stearates, 1:358
polyethylene and paraffin waxes, 1:358
slip/antiblock agents, 1:359, 360

Processing aids, in plastics compounding, 3:551
Processing safety, effect of cure system on, 6:169
Processing stability, of ABS polymers, 1:319
Processing stabilizers, 13:26–28
Processing. See also Polymer processing/properties

modeling
bast fibers, 14:498–504
chloroprene polymers, 3:63
composite foams, 3:500–505
guayule, 12:270–272
leaf fibers, 14:504–506
olefin fibers, 9:351–362
polyamide plastics, 10:286–290
polyarylates, 10:353
polysulfides, 11:174, 175
poly(trimethylene terephthalate), 10:205–208
poly(vinyl chloride), 14:756–758
preventing residue buildup in, 11:701
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propylene polymers, 11:400–405
and scratch behavior, 12:333
seed- and fruit-hair fibers, 14:506
silk, 12:545–548
test methods for assessing, 13:771, 772
thermosets, 14:204–210
vinyl alcohol polymers, 14:711
wool, 15:320–323

Produce packaging, 9:474
Producer-dyed fiber

acrylic, 1:249
Product stability, polyketone, 10:663
Production control programs, 6:85
Production-size calenders, 5:687
Profile dies, 5:628, 677, 678
Profile extrusion lines, 5:640
Profile extrusion, 10:76
Profiles, nylon, 10:289
Programming

of shape-memory polymers, 12:410–412
Projection photolithography, 7:581
Proline

chemical structure, 15:186
composition in silk, 12:543
percentage composition in merino wool, 15:313

Propagation
butyl rubber synthesis, 2:351
carbocationic polymerization, 2:403–406
cationic photopolymerization, 9:710–714
chain scission with depropagation (thermal

degradation), 4:254–258
copolymerization, 3:761, 762
crazing, 15:487–493
free radical photopolymerization, 9:734, 735
heterophase polymerization, 6:597, 599, 657
latexes, 7:465, 466
LDPE, 5:522–524
living anionic polymerization, 1:597
oxidative degradation, 4:274
in polymer oxidation, 13:4
in polystyrene production, 13:218
radical polymerization, 11:516–521
random scission without depropagation (thermal

degradation), 4:258–262
reaction types, 6:835
styrene/diene anionic polymerization, 1:611–617
uninhibited autoxidation, 1:687, 688–689
vinyl acetate polymerization, 14:666–668

Propagation rate constants (kp), for VDC polymer
thermal degradation

Propagation reactions, 13:3, 4
Propane

commercial acrylonitrile from, 1:267
propylene manufactured from, 11:349

1,3-Propanediol (PDO) monomer preparation of, 10:199
2-Propanol

azeotrope with vinyl acetate, 14:654
solubility of poly(ethylene oxide) in, 5:447
transfer coefficient to, 11:530

Propene, 10:650
Propenoic acid, 1:156
Propenyl ethers

cationic photopolymerization, 9:705, 706

Property extenders, 1:350–358
aluminum trihydrate, 1:355, 356
antimicrobials/biocides, 1:350, 351
antimony, 1:355
antioxidants, 1:351–353
antistats, 1:353, 354
brominated hydrocarbons, 1:355
chlorinated hydrocarbons, 1:355
flame retardants, 1:354, 355
heat stabilizers, 1:356
lead compounds, 1:356
light stabilizers, 1:356–358
mixed metal salts (or soaps), 1:356
organotins, 1:356
phosphate esters, 1:355

β-Propiolactone
anionic polymerization, 1:624

Propionaldehyde
chain-transfer constant, 14:667

Proprietary blend formulations, of polysulfones, 11:199
Propyl acrylate

water solubility for heterophase polymerization,
6:628

Propyl methacrylate
water solubility for heterophase polymerization,

6:628
Propylene

atactic, 12:569
ceiling temperature, 4:255
elastomeric, 12:574–576
entropy, enthalpy, and celing temperature for

polymerization, 15:420
ethylene-propylene elastomers, 5:593–609
fluorocarbon copolymer of, 6:162
heat and entropy of polymerization, 14:97
isotactic, 12:569–573
manufacture, 11:348–350
maximum impurities for polymerization, 11:349
metallocene-based polymerization, 8:81–139,

135–140
monomer for rubber compounding, 12:204
polymerization of, 12:567–576
stereospecific polymerization, metallocene catalysts,

13:95
syndiotactic, 12:573, 574
terpolymerization with ethylene-styrene, 5:431
transportation, storage, and handling, 11:350
Ziegler-Natta polymerization, 15:509–518

Propylene ammoxidation process, commercial
acrylonitrile via, 1:266

Propylene by Ziegler-Natta Catalysts
isospecific polymerization, 13:92, 93

Propylene oxide (PO), 11:217, 219, 310–342
anionic polymerization, 1:623, 624

Propylene oxide (PO), manufacture
chlorohydrin process, 11:313, 314
peroxidation processes, 11:314, 315

Propylene polymers, 11:347–405, 401–409
catalysts, 11:368–373
chemical properties, 11:362–364
economic aspects, 11:405–409
electron donors, 11:383–388
manufacture, 11:395–400
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metallocenes, 11:388–395
microtacticity considerations, 11:387
molecular structure, 11:350–354
morphology, 11:354–361
physical properties, 11:364–368
polymerization mechanisms, 11:374–379
processing, 11:400–405
stereo- and regioselectivity of monomer insertion,

11:377–379
thermodynamic properties, 11:361, 362
Ziegler-Natta active site models, 11:379–383

Propylene sulfide
anionic polymerization, 1:624, 625

Propylene urea resins, 1:534
Propyltriethoxysilane, 12:189
Proteases, 5:262
Protective clothing

high performance fiber applications, 6:724
spunbonded fabric applications, 9:209

Protein-based adhesives, 1:427, 428
Protein biosynthesis, 15:187, 188

and template polymerization, 6:381–383, 13:744, 744
Protein circular dichroism, 5:47–49
Protein expression, 8:418
Protein-like polymers, 2:129–131
Protein-polymer biocomposites, 11:440
Protein-polymer conjugates, 11:418–441

enzyme-substrate interactions, 11:425
protein structure and function, 11:422, 423
protein structure, 11:423
design of, 11:425
Gibbs free energy (
Ginteration), net change, 11:420
protein properties, 11:424, 425
protein, activities of, 11:425

Protein-polymer covalent conjugates, 11:418
Protein-polymer hydrogels/“bioscaffolds”, 11:432, 433
Proteins, 11:62

controlled release, 3:754
DNA and, 6:403–407
filler material, 5:785
structure by constrast variation neutron scattering,

9:65, 66
water-soluble polymers, 15:185–188

Proteomes, 3:99
Proteomics, 8:573
Proton (1H) NMR, 2:737

relaxation time measurements, 2:753
Proton-exchange membranes

transport properties, 14:367, 368
Proton sponge effect, 4:311
Proton-transfer polymerization (PTP), in

hyperbranched polymer synthesis, 6:789, 790
Protonolysis, 10:656, 658
Prussian blue, 3:471
PS-based polyHIPEs, 10:599, 600, 606, 607
PS domains, 9:35
PS-PAA block copolymers, intermediate shapes, 14:520
PS-PAA-PnBMA. See PS-PAA-poly(n-butyl

methacrylate) (PS-PAA-PnBMA)
PS-PAA-poly(n-butyl methacrylate) (PS-PAA-PnBMA),

2:173
PS-PAA-PS. See Polystyrene-poly(acrylic

acid)-polystyrene (PS-PAA-PS)

PS-PAA vesicles, 14:529
PS-PB rubber, 13:235–238. See also Rubber-modified

PS
ternary phase diagram for, 13:236

PS-PVP0.23 block copolymer, monolayer of- SFM
images, 12:303

a-PS, 13:664–668
PS-b-PDMS. See Poly(styrene-b-dimethyl siloxane)

(PS-b-PDMS)
PS-g-poly(methyl methacrylate) (PS-g-PMMA)

copolymers, 6:470
PS-g-polyisoprene (PS-g-PI) graft copolymers, 6:470
PS. See Polystyrene (PS)
PS/DVB gels, cross-linked, 3:107
PS/DVB particle technology, 3:112
PS/EPR blends, 10:696
PS/ethene-co-propene rubber blends (PS/EPR), 10:695,

696
PSAs. See Pressure-sensitive adhesives (PSAs)
Pseudo-high dilution, 7:689
Pseudo-interpenetrating polymer networks (IPNs), 8:9
Pseudomonas fluorescens, 5:237
Pseudomonas lemoignei, 10:103, 104
Pseudomonas mendoucina (PmC), 5:260
Pseudomonas oleovolans, 10:105
Pseudomonas putida, 10:109
Pseudoplastic, 3:445
Pseudoplastic with yield stress, 3:445
Pseudostationary polymerization, 11:558–560

chain length distribution, 11:569–573
PSF. See Polysulfone (PSF)
PSf/poly (ethylene glycol), 8:24
PSf/zeolite 3A MMM, 8:15
a-PS/i-PS blend, 13:663, 664
a-PS/PVME, 13:656
a-PS/s-PS blend, 13:663
PSs. See Polysulfides (PSs)
PSSA. See Poly(styrene sulfonic acid)
PSU, 11:180. See also Polysulfone (PSF)
PTFE impregnated nickel plating, 5:646
PTFE tubes, 8:352
PTFE, 19F NMR spectra, 11:471
PTFE, properties of, 6:137
PTFE. See Polytetrafluoroethylene (PTFE)
PTMSP membranes, 8:21
PTS. See Polyhexadiyne-1,6-diol-bis-p-toluene sulfonate

(PTS)
PTT. See Poly(trimethylene terephthalate) (PTT)
PU. See Polyurethanes (PU)
Public fire safety, regulatory compliance, 6:84, 85
PUD. See Polyurethane dispersions (PUD)
Puddle coater, 3:272
PUDs. See Polyurethane dispersion resins (PUDs)
Pulforming. See also Pultrusion
Pullout, of inextensible fibers, 1:390, 391
Pullulan, 2:92, 15:193

biodegradable, 2:105
Pulp, 10:223

κ numbers for, 7:532
Pulping, 2:573, 574

in viscose production, 2:676
Pulsar mixer, 5:661, 662
Pulsed electron spin resonance spectroscopy, 5:21–27
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Pulsed ENDOR (electron nuclear double resonance),
5:10

Pulsed-laser polymerization (PLP), 4:50, 5:172,
7:372–387, 11:583–585

fundamental concepts, 7:372
Pulsing nozzles, 15:254
Pultrusion. See also Composites; Extrusion;

Fabrication; Pulforming
composite materials, 3:517
of polyamide plastics, 10:285
thermosets, 14:208
thermosetting resin processing, 10:91

Pumping/injection systems, in size exclusion
chromatography, 3:115, 116

Pure MDI. See also MDI; PMDI
Pure water permeability, in membranes, 5:842, 843
Purecal U

effect on natural rubber properties, 12:227
effect on SBR properties, 12:228

Purification
peptides from solid-phase synthesis, 11:86

Purification techniques, 8:1
Push forming, 14:112
PVA hydrolysis, 8:26, 27
PVA-sodium alginate/PSf, 8:27
PVAc, RAFT polymerization, 11:729
PVC calendering formulation, 5:683
PVC films, 9:471
PVC foam, 13:257
PVC plastisol formulation, 5:683, 684
PVC swimming-pool liner, 2:376
PVC. See Flexible PVC; Poly(vinyl chloride) (PVC);

Vinyl chloride polymers
PVC. See Polyvinyl chloride) (PVC)
PVDC. See Poly(vinylidene chloride) (PVDC)
PVDCN copolymers, 9:791
PVDCs. See Vinylidene chloride (VDC) polymers
PVDF alloys, 15:60
PVDF, properties of, 6:137, 138
PVDF. See Poly(vinylidene fluoride) (PVDF)
PVF films, 14:765
PVF. See Poly(vinyl fluoride) (PVF); Vinyl fluoride

polymers (PVF)
PVK-C60 star polymer, 6:344, 345
PVK. See Poly(vinylcarbazole) (PVK)
PVME. See Poly(vinyl methyl ether) (PVME)
PVOH. See Poly(vinyl alcohol)
PX. See p-Xylylene
PxDs. See Peroxydienones (PxDs)
Pycnometry

for crystallinity determination, 4:159
Pyramid indenters, 6:556, 557
Pyramidal indenters, 6:544
Pyrene

component in coal-tar fractions, 2:472
Pyridine

swelling of parylenes in, 15:436
transfer coefficient to, 11:530

Pyrolitic deposition, graphite in composites from,
11:692, 693

Pyrolysis
monomer yields in, 4:259
for polymer characterization, 2:737, 738

Pyrolysis black, 2:451
Pyrolysis-combustion flow calorimetry (PCFC), 6:70, 91
Pyrolysis gas chromatography (Py-GC)

forensics applications, 6:179
paint forensics applications, 6:189

Pyrolysis-gas chromatography, 4:268, 13:757
for composition and structure determination, 13:759,

760
Pyrolysis gas chromatography-mass spectroscopy, 4:268
Pyrolysis gas chromatography/mass spectrometry

(Py-GC/MS)
forensics applications, 6:179

Pyrolysis-IR, 13:758
Pyrolysis mass spectroscopy, 4:268
Pyrolysis modes, qualitative agreement, 6:71
Pyrolysis zone. See Mesophase
Pyrroles

oxidative polymerization, 9:448, 449
polymerization to produce electrically active

polymers, 4:751, 752
QCI. See Quadratic configuration interaction (QCI)
QCM sensors. See Quartz crystal microbalance (QCM)

sensors
Quadratic configuration interaction (QCI), 3:604
Quadrupole mass spectrometers, 3:92
Quadrupole moment, of carbon dioxide, 4:48
Quality control

from color labs, 3:490–492
of polyamide plastics, 10:294, 295

Quantitative flammability, parameters, 6:91
Quantitative image analysis

x-ray microscopy (NEXAFS), 15:380–382
Quantitative microanalysis

x-ray microscopy (NEXAFS), 15:380
Quantum and classical reaction dynamics, 3:614–616
Quantum dots, 8:786
Quantum mechanical calculations, 8:579, 580
Quantum mechanics, 8:572, 574

classical mechanics contrasted, 8:590, 591
release agents and, 11:704

Quartz
Dk and Df at 1 MHz, 5:403

Quartz crystal microbalance (QCM), 1:447, 12:619
Quartz fibers, 11:698
QUASH, 2:540
Quasi-elastic neutron scattering

amorphous polymers, 1:547, 588
Quasi-single-strand polymer, 13:172, 173
Quasi-static fracture conditions

ROMP-based self-healing system, fatigue of, 12:347
tapered double-cantilever beam (TDCB) geometry,

12:344
healing efficiency, 12:344
mechanical characterization, 12:344, 345

Quasi in situSFM (QIS-SFM), 12:292
Quasicrystallinity, acrylonitrile polymer, 1:280, 281
Quaternary ammonium monomers, in acrylamide

copolymers, 1:131
Quaternary recycling technologies, 11:664
Quench, 8:561–566

olefin fibers, 9:355, 356
Quench depth, effect of, 8:563
“Quenched” charged-balanced polyampholytes, 10:304
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Quenched instationary polymerization systems, 11:587,
588

Quenched” polyampholytes, 10:298
viscosity of, 10:302

Quinacridone pigments, 3:484, 485
Quinolines

antidegradant for rubber, 12:234
Quinonemethide

antioxidants and, 13:22–25
lignin and, 7:537, 538

Quinones, hindered phenols and, 13:23–25
Quinonoids, antioxidants and, 13:23, 24, 25, 40
Quinophthalone pigment, 3:480
R curve, 6:301
“R”, functional RAFT agent, 11:732, 733
“R-connected” bis-RAFT agent, B-A-B triblock

synthesis, 11:738
Radel R polyphenylsulfone, 11:199
Radial distribution function, 4:647, 648
Radial styrene-diene block copolymers, 7:321
Radiant flooring panel test, the, 6:89, 90
Radiation

effect on biodegradation, 2:102
Radiation chemistry of polymers, 11:446–489

13C NMR spectroscopy, 11:458
ceiling temperature, 11:451
chain scission, effects of, 11:454
color centers, 11:453
compton scattering, 11:447
cross-linking and chain scission, 11:450
energy transfer and dissipation, 11:448
G-value, 11:448, 449
hydrogen-hopping reaction, 11:452
inelastic collisions, 11:447
linear energy transfer (LET), 11:448
molecular weight of polymers on exposure to

radiation, 11:453–455
pair production, 11:447
photoelectron effect, 11:447
Poly(tert-butyl crotonate) (PtBC), 11:470
Poly(tert-butyl methacrylate) (PtBMA), 11:470
Polytetrafluoroethylene (PTFE), 11:452
radical-radical recombination reactions, 11:457
unsaturated groups, formation of, 11:452, 453

Radiation coating dryers, 3:293
Radiation cross-linking, 4:72, 73
Radiation-curable coatings

epoxy resins, 5:390
Radiation-curable systems, 7:491
Radiation damage

electron microscopic tests and, 8:473
Radiation-induced chain cross-linking, 11:454
Radiation-induced polymerization, 11:513, 14:775

silicones, 12:477
Radiation-induced reactions, 11:449, 450

electron spin resonance (ESR) spectroscopy, 11:449
Radiation resistance, of acrylic elastomers, 1:183
Radiation resistance, of polysulfones, 11:195
Radiation source, the SPD of, 15:266
Radical anions

anionic polymerization initiators, 1:603, 604
Radical catalysts, 6:835
Radical chain depolymerizaton, 4:427, 428

Radical chain-reaction polymerization, 2:720–724
characteristics of, 2:722–724
initiation, 2:720
kinetic chain length, 2:722
propagation, 2:720, 721
termination, 2:721

Radical combination, in polystyrene production, 13:221
Radical concentrations, in gas phase kinetics, 6:38, 39
Radical-derived RAFT agent, 11:756
Radical homopolymerization, of acrolein polymers,

1:110
Radical-induced ester exchange, 11:721
Radical polymerization (RP)

copolymerization, 7:390
cross-propagation assumption, 7:391
kinetics of, 7:349
fundamental reactions, 7:349, 350
heterotermination rate coefficients, 7:354
long-chain approximation (LCA), 7:353
population balance equations, 7:352, 353
reaction scheme, 7:351, 352
steady-state polymerization (SSP), 7:355

Radical polymerization, 5:163, 11:501–559, 555–600.
See also Free radical polymerization

chain length distribution, 11:560–573
chain transfer, 11:521–542
experimental methods, 11:583–600
inhibition and retardation, 11:577–583
initiation, 11:504–516
kinetics, 11:553–560
macromers, 13:728
propagation, 11:516–521
telechelic polymers, 13:672
termination, 11:542–553
thermodynamics, 11:573–577

Radical polymerization, reaction extrusion (REX),
11:634

Radical polymers, oxygen effects, 11:485
Radical ring-opening polymerization, 11:502, 503
Radical scavenger UV stabilizers, 14:479, 481, 482
Radical scavengers, 1:689–697
Radical template copolymerization, 13:751, 752
Radical template polymerization, 13:745, 751, 752
Radical trap studies, 6:839
Radicals. See Free radicals

electron spin resonance, 5:1
Radio frequency electrochromics

electrically active polymers for, 4:768, 769
Radiopaque

materials, 11:624
mixtures, 11:616
monomers, 11:617
polymers, 11:615–628

Radiopaque polymers, 11:615–628
classification of, 11:616, 617
homogeneous systems, 11:621
physical heterogeneous dispersion, 11:617, 618
Radiopaque compounds (or radiopacifying agents),

11:615
salt complexes, 11:616
synthesis and properties, 11:617–620

Radius of gyration, 2:742
polyacrylamides, 1:122
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Raffia, 14:495
RAFT agent 2-ethoxycarbonyl-2-propyl dithiobenzoate,

11:722
RAFT agent concentration, 11:735
RAFT agent synthesis, 11:718–722
RAFT agent-to-initiator ratios, 11:743
RAFT agents, 11:712

MMA polymerization, marked retardation of, 11:723
O-Alkyl xanthates, 11:713
“R”, choice of, 11:716–718
selection, guidelines for (table), 11:714
Styrene, 11:727, 728
“Z”, choice of, 11:713–716
Z=aryl, 11:713

RAFT click methodology, 3:199–201
RAFT copolymerization, 11:732
RAFT emulsion polymerization, 11:742
RAFT end group, 11:734
RAFT polymerization, 9:648, 11:709–757

block copolymers by end-group transformation
(table), 11:737

conditions, 11:740–757
features, 11:711, 712
heterogeneous media, 11:741–743
initiator selection, 11:743–757
patents pertaining (table), 11:744–756
pressure, 11:741
solvent selection, 11:741
temperatures, 11:741

RAFT reagent, 8:798
RAFT-synthesized thiols, 11:733
RAFT. See Reversible addition-fragmentation chain

transfer.
Ralstonia eutropha, 2:95, 10:102, 104, 105, 108–112
Ram-accumulator blow molding, 2:232
Ram extrusion, 5:620, 621
Raman effect, 14:565, 566
Raman microscopes, 14:565
Raman scattering spectroscopy, 14:564–568, 15:367

for composition and structure determination, 13:758
imaging spectroscopy, 14:600
normal vibrations, 14:568–574
for structural characterization, 14:574–599

Raman scattering tensor, 14:567
Raman spectra, 8:358
Raman spectroscopy, 2:736, 8:358

for crystallinity determination, 4:156
forensics applications, 6:179, 186
thermoset curing, 14:188–191

Ramie, 2:568, 570, 14:495
chemical composition, 14:498
dimensions of ultimate fibers and strands, 14:498
mechanical properties, 14:499
processing, 14:503
textile-associated properties compared to polyester,

14:499
uses, 14:508
world production, 14:507

Random branched polystyrene, 13:189
Random conjugation, 11:431–433
Random copolymerization

anionic, 1:643, 644
bulk and solution polymerization reactors, 2:287, 288
liquid crystals, 7:567

Random copolymers
nylon, 10:260–262
polyphosphazenes, 11:101, 102

Random copolymers, ATRP and, 1:732, 733
Random copolymers, GTP, 6:539
Random scission initiation, of styrene polymers, 13:208
Random scission without depropagation, 4:258–262
Randomizer, in cold SBR production, 13:275
Randomly cross-linked polymer networks

GTP, 6:540
rate of entry per particle, 5:170

Rao’s constant, 1:75, 82
Rapid expansion of supercritical solutions (RESS),

13:372
Rapid prototyping

tissue engineering application, 14:235
Rare-earth-based catalysts, 7:333
Rare earth metals

ring opening polymerization by, 12:143–146
Rate-controlling membrane, 7:804
Rate determining step

of autoxidation, 13:3, 4
Rate of heat release test for aircraft cabin materials,

6:89, 90
Rate of peel, of adhesives, 1:380
Rate transport control, in membranes, 5:841
Rational catalyst selection, in ATRP, 1:724–726
Rational mechanics (thermodynamics), 15:160
RATTLE algorithm, 8:588
Rauwendaal mixing technology, 5:665
Raw pigments, as colorants, 3:490
Rayleigh-Brillouin spectrum, 1:553–555
Rayleigh factor, 3:117
Rayleigh instability, 5:153
Rayleigh-Plateau instability. 408
Rayleigh ratio, 7:439
Rayleigh scattering, 14:566, 567
Rayon, 5:681

alloy, 2:688, 689
aqueous dispersion polymerization, 1:237
bulky, 2:686–688
cellulose II structure, 2:583
commercial aspects, 2:703–705
cuprammonium, 2:689–691
limiting oxygen index, 1:232
manufacture from regenerated cellulose, 2:673–706
mechanical properties, 9:216
polynosic, 2:685, 686
properties, 9:346
properties of selected, 2:696

Rayon-based carbon fibers, 2:469, 482
Rayon-based fibers, in carbon composites, 11:691
Reactant stoichiometry, 5:69
Reactant, transition-metal-containing, 7:64
Reaction diffusion, 9:711
Reaction injection molding (RIM)

polyurethanes, 1:800
thermosets, 1:808

Reaction injection molding, 7:10, 253, 10:91
of nylons, 10:289, 290

Reaction kinetics. See Kinetics
Reaction rates, 8:165
Reaction spinning

Spandex, 5:773–775
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Reactions, 10:8
Reactive antioxidants, 13:37–40
Reactive coatings, 5:684
Reactive compatibilization, 10:681, 682
Reactive dyes, 15:332, 333
Reactive extrusion of polymers, 10:72, 73, 11:630–650
Reactive flame retardants, 9:681
Reactive healing agent, compartmentalization, 12:339
Reactive injection molding

thermosets, 14:208
Reactive intermediates, 6:43, 44
Reactive ion etching (RIE) technique, 5:104, 107, 631
Reactive molar dynamics, of thermal degradation, 6:69
Reactive PVDF-BQ surface, 13:554
Reactive surface treatment, 7:763
Reactive thermoset processing, 14:204
Reactivity ratios, 1:160, 5:181

LDPE, 5:523
in living radical copolymerization, 3:788–790
measurement in copolymerization, 3:777, 778

Reactivity, of nylon, 10:244
Reactor Granule Technology

Ziegler-Natta polymerization, 15:517, 518
Reactors

heterophase polymerization, 6:614–618
for LDPE, 5:518–521

Real networks, statistical theory of, 4:663–665
Rebridging Configurational-Bias Monte Carlo, 8:595
Receptor site mimics

molecularly imprinted polymer applications,
8:699–702

Reciprocating-piston pumps, 3:89, 90
Reciprocating screw extrusion blow-molding machine,

2:232
Reciprocating screw injection molding, 13:246
Reciprocating-screw plastifier, 2:231
Recirculated coil CSTR, 13:190
Reclaimed rubber, 12:229
Recognition-induced polymersomes (RIPs), 8:648–650
Recording media, PPTA film in, 10:232
Recoverable compliance, 15:84

in DE model, 15:130
Recoverable heat. See Latent heat
Recovery

of a fiber, 10:242
PET and PEN films, 10:504, 505
of shape-memory polymers, 12:410–412

Recyclable adhesives, 11:304, 305
Recycle blacks, 2:451
Recycled content, 11:660
Recycled PE, 6:294
Recycled plastics, 1:815
Recycling, 4:239

automobile tires, 13:278, 279
carpet components, 10:264
rubber, 12:229

Recycling of plastics, 4:442
Recycling, of polyurethanes, 11:257
Recycling, plastics, 11:657–675

biodegradable plastics, 11:673, 674
challenges, 11:661, 662
eco-design of parts, 11:675
economic aspects, 11:675
Extended Producer Responsibility, 11:675

mixed waste streams, 11:670–673
in municipal solid waste, 11:658–661
phenolic resins, 9:600
plastic films, 11:673
plastics coding system and terminology, 11:660
polyamide plastics, 10:292
polyethylene, 5:534, 535
polystyrenes, 13:209, 210
restabilization of plastics for, 11:667
single waste streams, 11:667–669
technologies, 11:664–667
total by resin types (table), 11:659

Red iron oxide pigment, 3:471
Red pigments, 3:471

disazo, 3:477, 478
metallized, 3:476
naphthol, 3:477

Redox copolymerization, 15:537
Redox-initiated polymerization, 11:512, 513
Redox initiators, 5:613, 614
Redox-responsive micelles, 8:284
Reduced curves, 15:93
Reducing agents, in cold SBR production, 13:272
Reduction

metallocene-based, 8:135
Redux adhesives, 1:425
Reemay

physical properties, 9:181
Reference frames, 14:292, 293
Reflectance

test methods, 13:778
Reflectivity, 9:402
Refractive index

test methods, 13:778
Refractive index correlation, 9:394
Refractive index detector, 3:92
Refractive index, 9:391–397

and orientation fluctuations in semicrystalline
polymers, 9:395, 396

correlation for, 9:394
dispersion curve and, 9:392
fluctuations in glassy polymers, 9:394, 395
for polymers (table), 9:393
increments, 9:393, 394
internal absorption and, 9:397
intrinsic, 9:392
ISO definition, 9:391
particulate scattering from isolated irregularities,

9:396, 397
scattering coefficient, 9:396

Refractometry, 6:436
Refractory ceramic fibers, 6:716
Refrigeration

cellular polymers, 2:542–544
Regenerated cellulose

Hamaker constant, 6:644
Regenerated cellulose fibers. See Cellulose fibers,

regenerated
Regenerated fibers, 2:672, 673
Regioselective oxidative coupling polycondensation,

10:419–423
CuCl-tetraethylenediamine (TMEDA) complex,

10:423
Poly(1,4-phenylene ether), Synthesis of, 10:422, 423
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Poly(3-alkylthiophene), synthesis, 10:419
Poly(naphthyl ether), Synthesis of, 10:421, 422
polyphenylene, synthesis of, 10:419

Regrind, 5:570
Regular color carbon blacks

surface area, DBP number, and applications, 2:458
Regular color, long flow carbon blacks

surface area, DBP number, and applications, 2:458
Regular graft copolymers, 6:468, 505. See also Graft

copolymers
Regular, single-strand organic polymers

structural representation, 13:159–163
Regulation. See also Code of Federal Regulations (CFR)

of amino resins, 1:543
of antioxidants, 13:18
of release agents, 11:708
of rubber, 13:269

Regulators/modifiers, 2:716
Reinforced materials, mechanical effectiveness of,

11:680, 681
Reinforced polyketone compounds, 10:663, 664
Reinforced polymer composites, 12:358, 359

ROMP-based self-healing system, 12:359
Reinforced polymer composites, application in,

12:348–350
Reinforced reaction injection molding (RRIM), 1:800
Reinforcement, 3:513, 514, 11:679–699, 700. See also

Composites
future prospects in, 11:698, 699
of nylon, 10:284, 285
principles of, 11:683–687
silane coupling agents, 12:426–429
strength of, 11:679–683
types of, 11:688–698

Reinforcing agents, in acrylic elastomers, 1:186, 187
Reinforcing fibers, 11:688
Reinforcing material type, strength as a function of,

11:681, 682
Reinforcing materials, types of, 11:689–698
Reinforcing phase, in composites, 11:688, 689
Rejection, in membranes, 5:843
Rejuvenation, 1:467, 468
Relative autohesion, 1:382
Relative deformation tensor, 15:120, 121
Relative dielectric constant, 4:678
Relative loss index, 4:678
Relatively flame resistant polymers, 6:65, 66
Relatively flammable polymers, 6:65
Relaxation, 1:70, 5:671, 15:97, 98. See also Enthalpy

recovery; Stress relaxation; Volume recovery
relative time scales for, 1:468–471

Relaxation function, in DE model, 15:139
Relaxation modulus, 15:89–92, 95

reduced, 15:141
Relaxation response

in DE model, 15:135
of polyethylene, 15:105

Relaxation spectrum, 15:103
Relaxation time spectrum, 6:369
Relaxation time, 15:82, 93, 94, 96

temperature dependence of, 1:471, 472
Relaxation, LD to determine, 5:60
Release agents, 11:700–708

classification of, 11:702, 703

defined, 11:700
economic aspects of, 11:707, 708
features of, 11:702, 703
government regulation of, 11:708
health and safety factors for, 11:708
industrial applications for, 11:705–707
mechanism of, 11:700–705
nomenclature of, 11:700
product types and requirements for, 11:700, 701
silicone application, 12:465, 507, 508
suppliers of, 11:700

Release substrates, surface tensions of, 11:704
Release treatments, semipermanent, 11:700
Replica polymerization, 13:744
Reprocessing

plastics, 11:660
thermoplastic elastomers, 14:157, 158

Reptation, 8:594, 15:132
DE tube model of, 15:127–133

Reptation fluid, 15:137
Reptation motion, 4:517
Reptation theory, 15:100–103, 127. See also

Doi-Edwards (DE) model; K-BKZ model
Reptation time, 15:133
Repulsive forces

Born forces, 6:645
polymer dispersions, 6:644, 645

Research Report D20–1034, 6:800
Reservoir-based controlled release formulations

with membrane, 3:723–727
without membrane, 3:730–733

Residence type distribution (RTD), 5:187–189
Residual dipolar couplings, 9:255–263
Residual monomers

chemically removing, 13:243–245
in polystyrene, 13:241, 243

Residual stress
thermosets, 14:199–202

Residual van Vleck moments, 9:252, 253
Resilience

olefin fibers, 9:348, 349
Resilient floor

coverings, 6:114
Sealers, 6:112

Resilin, 9:31
Resin bonding

nonwoven fabrics, 9:226–228
Resin density, blown film properties and, 5:553
Resin-fiber bond strength test, 1:392
Resin formation, chemistry of, 1:521–524
Resin formulations, 8:507
Resin pellets, in LLDPE extrusion, 5:569
Resin recovery process, for ABS polymers, 1:325
Resin transfer molding, 10:91, 92

composite materials, 3:516
thermosets, 14:207, 208

Resinification, 1:521
Resins

ABS, 13:202
acrylate, 6:792
autoclave, 5:519, 520
blow molding and, 2:216, 217, 5:579
chlorosulfonated polyethylene, 5:470
cross-linked, 6:322
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dynamic mechanical analysis, 4:629–634
encapsulation, 5:66, 85–89
epoxy, 11:171
flow model for composite materials, 3:538, 539
high shear mixing of, 3:492
HIPS, 13:196, 197
hyperbranched, 6:792, 793
injection molding, 5:579
laminating, 1:526, 527
LLDPE, 5:547
low density, 5:536–541
low shear mixing of, 3:492, 493
metallocene-catalyzed, 5:568, 569, 572, 576,

579
in mold compound formulations, 5:87
phenolic, 11:172
as release agents, 11:705
rotational molding, 5:579
silicones, 12:464
single-site-catalyzed, 5:544, 551
in solid-phase peptide synthesis, 11:84, 85
solid thermoset, 6:793
TIPS, 13:198
ULDPE, 5:578
VLDPE, 5:551, 563

Resins and cross-linkers, 3:320–345
2-hydroxyalkylamides, 3:339
acetoacetoxy-functional acrylic solution resins, 3:339,

340
acrylated oligomers, 3:339
acrylic resins, 3:328–330
alkyd resins, 3:332, 333
amino resins, 3:321, 322
binders based on isocyanates, 3:322–326
epoxy esters, 3:334, 335
epoxy resins, 3:326–328
halogenated resins, 3:337, 338
ketimines, 3:340
latexes, 3:320, 321
nitrocellulose, 3:339
phenolic resins, 3:335
polyaziridines, 3:340
polycarbodiimides, 3:340
polyester resins, 3:330, 331
silicon derivatives, 3:335–337
solvents, 3:340, 341
unsaturated polyester resins, 3:338, 339
uralkyds, 3:333, 334

Resins, ion exchange behaviour, 7:155
Resist printing

wool, 15:335
Resistance (R) curve, 6:301
Resistance, of polymers, 4:704–714

circuits for measuring, 4:713
effect of moisture on, 4:709–712
geometry and homogeneity, effect of, 4:704–706
measurement techniques for, 4:712–714
temperature, effect of, 4:708
thermal aging effect on, 4:708, 709
time, effect of, 4:706–708
voltage and, 4:708

Resists
epoxy resins, 5:398

Resol, 4:76
Resole No-bake binders, 6:197, 198
Resole phenolic resins, 1:425

advantages, disadvantages, and applications as
epoxy curing agent, 5:339

applications, 9:603–619
curing, 9:592–594
curing agents, 5:337
decomposition of cured, 9:594
manufacture, 9:589
synthesis, 9:584–587

Resolution
defined, 1:746

Resolution analysis, 12:297
Resonance techniques

for acoustic measurements, 1:100, 101
Resorcinol

phenolic resin monomer, 9:579
Resorcinol-formaldehyde adhesives

for wood composites, 15:288, 289
Respiratory syncytial virus (RSV) inhibitors, 13:311,

313
Response regimes, viscoelastic, 15:92–104
Restabilization

of plastics for recycling, 11:667
Restorative materials, dental, 4:398–406

CAD/CAM for, 4:406
compomers, 4:404, 405
dental cements, 4:401
dental composite restoratives, 4:398, 399
filling materials, 4:398
glass polyalkenoate cements, 4:402, 403
methacrylate-based, 4:399
monomers or matrix phase, 4:399, 400
physical properties of (table), 4:401, 401
polyelectrolyte-based cements, 4:402
polymerization, 4:399
reinforcement phases, 4:400, 401
shrinkage concerns, 4:405, 406
VLC glass-ionomers, 4:403, 404

Retardation
radical polymerization, 11:577–583

Retardation time, 15:83
Retarders

for vulcanization, 12:245, 246
Retention

in HPLC chromatography, 3:93–97
Retortable pouches, 9:474
Retrogradation, 15:190
Retting, 2:573, 14:494, 500
Returnable/refillable beer bottles

PEN application, 10:155
Reverse gelation, 6:367
Reverse osmosis membranes, 7:745, 759,

775
performance of, 7:784, 785

Reverse osmosis, 7:784–788
Reverse-roll coating, 3:276, 277
Reverse roll coating, 5:689, 690
Reverse suspension polymerizations, 13:605
Reversed-phase gradient elution, 3:95
Reversible addition-fragmentation chain transfer

(RAFT) polymerization, 4:372, 7:416, 650, 657, 658,
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8:273, 320, 9:646–648, 11:538–541, 599, 600,
709–757

azoinitiators, 11:506, 507
in styrene polymerization, 13:233
telechelic polymers, 13:688, 689

Reversible-deactivation radical polymerization (RDRP),
7:416–418

CLDT rate coefficients, 7:417, 418
persistent radical effect, 7:416
RAFT-CLD-T, 7:418

Reversible helix inversion, 3:20
Reversible hydrocolloids, 4:385
Reversion-resistance curatives, 12:177–184
Revese osmosis (RO), 5:834

rheological behavior, 5:194
REX. See Reaction extrusion, 11:630–650

applications, chemical reactions used (table), 11:636,
637

biodegradable materials, preparation of, 11:639
chemical reactions, 11:634, 635
comonomers, grafting of, 11:637–639
esterification/transesterification, 11:645, 646
hydrosilylation reactions, 11:639
industrial applications, 11:630
modeling and simulation, 11:649
patents, 11:639
prepolymers or oligomers, bulk polymerization,

11:631
process monitoring and control, 11:649, 650
UV preirradiated PP, 11:637

Reynolds number, 4:539, 8:326, 405
correlation, 8:406

Reynolds stresses
and turbulent drag reduction, 4:539

RF glow discharges, 10:2, 3
Rhenocure, 12:175, 176
Rhenolic resins, polysulfide curing with, 11:172
Rheological classifications, 3:445
Rheological measurements, 12:1–42

body force, 12:3
capillary rheometer, 12:8–10
creep test, 12:17–19
cyclic frequency sweep test, 12:30
dynamic amplitude sweep test, 12:27–29
dynamic time sweep test, 12:24–26
extensional rheometer, 12:10–13
frequency sweep test, 12:26, 27
Hencky strain, 12:4
linear strain, 12:4
oscillatory shear, 12:19–23
oscillatory shear test, 12:24
rheo-optics, 12:41, 42
rotational rheometer, 12:6–8
series shear test, 12:24–30
shear strain, 12:5
shear viscosity of material, 12:5
simple extensional flow, 12:2, 3
simple shear flow, 12:1, 2
step strain rate test, 12:16, 17
step strain test, 12:14–16
strain rate frequency superposition test, 12:29, 30
superimposed shear, 12:38–40
surface force, 12:3

test method of shear flow, 12:13–23
transient shear, 12:30–38

Rheological properties
colloids, 3:444–446
critical gel, 6:368–370
engineering thermoplastics, 5:209, 211
films, 5:808
hyperbranched polymers, 6:784, 785
LLDPE, 5:574
molecular modeling, 8:621
PVDF, 15:69
test methods, 13:770, 771–772
vinyl acetal polymers, 14:641

Rheological tests, for PSAs. See also Viscometric
Rheology, 7:289–292, 12:1. See also Rheological

measurements
complex fluids/soft matter in, study of, 12:1
Monsanto processability tester (MPT), 7:290
non-Newtonian behaviour, 7:290

Rheology. See also Melt rheology
characterization methods, 2:754
in the coating process, 3:295–297
and drag reduction, 4:537
filled polymers, 5:788, 789
guayule latex, 12:274–276
latexes, 7:460, 461
liquid crystalline polymer, 7:574
of LLDPE, 5:567–569
of polyacrylamide solutions, 1:122–125
water-soluble polymers, 15:177, 178

Rheomalaxic, 3:445
Rheometers

for styrene polymers, 13:251
Rheometrics-Meissner extensional (RME) rheometer,

12:10, 11
Rheometry

for molecular weight distribution determination,
8:674

thermoset curing, 14:191–199
Rheooptical methods, for investigating

micromechanical properties, 8:475
Rheopectic, 3:445
Rheovibron, 9:796
Rheovibron viscoelasticity, 9:13
Rho-C rubber

for underwater acoustics, 1:92
Rhodium (Rh)-based catalysts

insoluble, 4:56
Rhodium catalysts

trans-1,4-polybutadiene synthesis by Ziegler-Natta
polymerization, 2:311

Rhodium-containing polymetallynes, 7:64
Rhodopsin

lipid bilayers, with ROS enzymes, 14:553
vesicles, 14:553

Rhodospirillium rubrum, 10:102, 105
Ribbing, 3:275
Ribbon fibers

mesophase pitch-based carbon fibers, 2:477, 478
Ribonucleic acid. See Polynucleotides; RNA
Ricinoleic acid, polycondensation of, 5:238
Ridge crystals, 6:381
RIE. See Reactive ion etching (RIE) techniques
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Riemann-Stieltjes integrals, in viscoelastic theory,
15:89

Rigid amorphous fractions, 12:400
Rigid cellular polymers, 2:530–533
Rigid-chain polymers, 7:571

liquid crystalline properties from, 7:564
Rigid foam, from FIP beads, 13:255–257
Rigid foams, 11:248–252
Rigid gels, 3:104
Rigid linear engineering thermoplastics, 11:240, 241
Rigid packaging

PEN/PET blends and copolymers, 10:154–164
Rigid plane, tensile detachment from, 1:393
Rigid poly(vinyl chloride)

limiting oxygen value, 6:713
Rigid poly(vinyl chloride) foam, 2:556
Rigid polymers, toughening of, 10:711
Rigid polyurethane foam

processing, 10:92
Rigid polyurethane, 2:550–552
Rigid-rod fiber-packed capillary columns, 12:110
Rigid-rod metallocene polymers, 7:59
Rigid-rod organometallic polymers, 7:63–65
Rigid rod polymer fiber reinforcement, 11:695, 696
Rigid rod polymers

nonlinear optical properties, 9:155
Rigid-rod polymers, 12:50–118

as catalyst supports, 12:110
compressive properties, 12:85–91
computer simulation, 12:101–104
dielectric applications, 12:115–117
fiber spinning process, 12:64–69
in fuel cell membranes, 12:112–115
future of, 12:117, 118
high performance fibers, 6:698–711
history of development of, 12:50–52
molecular composites, 12:104–107
morphological structures, 12:69–80
nanocomposites, 12:107, 108
for nanophase materials, 12:110, 111
optical properties, 12:93–98
in PBI separatory membrane, 12:111, 112
PBO aging behavior, 12:98–101
solution properties, 12:58–64
for structure materials, 12:109, 110
synthesis of, 12:52–58
tensile properties, 12:80–85
thermal properties, 12:91–93

Rigid thermoplastic foams, polystyrene as a raw
material for, 13:257

Rigidifying
of parts in thermoforming, 14:119

Rigidity, 4:641
Rimplast, 7:139
Ring-closing metathesis (RCM), 8:151
Ring coupling, in lignin, 7:529
Ring-growing macrocyclization, 7:678
Ring microresonator structures, 5:108
Ring-opening metathesis (ROM), 8:151
Ring-opening metathesis copolymerization, 6:350
Ring-opening metathesis polymerization (ROMP),

2:192, 7:630, 631, 8:151
metallocene-based, 8:

silicones, 12:474, 475
in supercritical carbon dioxide, 4:56

Ring opening metathesis polymerization
(ROMP)-self-healing, 12:137–152, 341

Ring-opening methathestis polymerization
telechelic polymers, 13:715–717

Ring-opening polymerization (ROP), 2:728, 3:202,
5:245–259, 7:202

all organic, 12:152
chemoenzymatic polymerization, 5:257, 258
chemoselective polymerization, 5:254, 255
enantioselective polymerization, 5:255–257
end-functionalized polymers synthesis, 5:250–252
enzymatic, 12:150, 151
heterogeneous, 12:149, 150
hyperbranched polymers, 6:786–788, 794
living catalyzed by organometallics, 12:139–150
and monomer reactivity, 5:252–254
monomers and, 5:245–249
of other cyclic monomers, 5:258, 259
polyferrocenylsilanes, 7:56, 57
polyphosphazenes, 7:35, 36, 38, 11:98, 99
polysilanes, 7:39, 11:156
reaction solvents, 5:249, 250
regioselective polymerization, 5:255
telechelic polymers, 13:702–714

Ring-opening polymerizations, Zwitterionic
mechanisms, 15:526

Ring-opening template polymerization, 13:745
Ring opening, phosgene and, 9:626
Ritter reaction, 1:262
RMD simulations, 6:69
RMD. See Reactive molar dynamics
RMMC method (Monte Carlo), 8:593
RMTZ. See Mercaptothiazolines (RMTZ)
RNA, 15:184

role in protein biosynthesis, 6:383–386
role in protein synthesis, 6:381
structure, 15:183

RO membranes, 5:834
Robertson model, of yield, 15:465, 466
Robust composite materials, 11:440, 441
Rockwell hardness test, 6:555
Rockwell scale, 5:210, 211
Rockwell test, 13:775
Rod-blade coater, 3:272
Rod coating, wire-wound, 3:274
Rod-coil block copolymers, 2:197
Rod-like polymers, 7:63–65. See also Rigid-rod polymers
Rodents bite, 8:398
Rods, nylon, 10:289
Roe chlorine number, 7:532
ROHACELL, 2:519
Roll applicator blade coater, 3:272
Roll coating, 3:274–277
Roll-separating forces, 2:383–385
Roll stack process, 5:634, 635
Roll-straightening, 2:382, 383
Roller process blacks, 2:450
Rolling

films, 5:821
Rolling bank, of plastic melt, 5:669
ROM polymerizations, 8:159
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ROM polymers, 8:162
ROMP, 8:153

advanced materials, 8:180, 181
cycloolefins, 8:191
dicyclopentadiene, 8:191
dispersion, 8:183, 184
emulsion, 8:183, 184
endo- and exo-DCPD with first generation Grubbs’

catalyst, 12:343, 344
EPON R© 828/DETA mixture, 12:344
polymer synthesized, 8:186
suspension, 8:183, 184

ROMP-based self-healing systems
improvements to, 12:350–355

ROMP click methodology, 3:201, 202
Ronca-Allegra theory, 9:19
Roofing, 15:281

spunbonded fabric applications, 9:206
Room temperature ionic liquid (RTIL), 7:194, 195

polymerization, benefits of, 7:205
Room-temperature size exclusion chromatography,

6:250
Room temperature vulcanizable (RTV) silicones,

12:510–512
Room/Corner test, 6:95
Root-canal sealants, 4:397
ROP. See Ring-opening polymerization (ROP)
Ropes, 14:496

PEN fibers, 10:153
Ropes, PPTA fiber, 10:228–231
Roselle, 14:495

processing, 14:502, 503
Rotary injection molding, 3:588
Rotary-knife pelletizers, 9:484, 485
Rotary screen changer, 5:628
Rotary-screen coating

nonwoven fabrics, 9:231–233
Rotary screen printing, 5:690, 691
Rotation point group opertions, 12:374
Rotational isomeric state (RIS) model, 14:771
Rotational isomeric state (RIS), 7:315
Rotational isomeric state model, 3:688, 689, 8:576,

9:403, 404
for conformation geometry, 3:694–696
isolated chains and chain collapse, 8:605, 606
questions addressed by, 3:698–701

Rotational molding, 12:156–167
coloring during, 3:497
of LLDPE, 5:571, 579, 580
process compared to other thermoplastic processes

(table), 14:108
resin comparison, 5:579
thermoplastic resin processing, 10:86, 87

Rotational molding, 1:14
Rotational rheometer, 12:6–8
Rotational sintering, of thermoplastics, 1:807
Rotaxanes, 11:119

α-cyclodextrin (α-CD) molecules, 11:119
Rotomolding

nylons, 10:290
Rotomolding applications, of HDPE, 5:511
Rotor-polyaxis systems

CB-based Polyrotaxanes and Polypseudorotaxanes
(table), 11:137, 138

CD-based polypseudorotaxanes of, 11:139, 140
CD-based polyrotaxanes (table), 11:135, 136

Roughness, AFM imaging of, 1:779, 780
Rouse approximation, in DE model, 15:127–130, 132
Rouse model, 8:598
Rouse-Zimm modes, 1:553, 555
Rousse spectrum, 6:375
Row nucleated structure, 5:550
RRIM. See Reinforced reaction injection molding

(RRIM)
rRNA, 15:184
RSV. See Respiratory syncytial virus (RSV)
RTD. See Residence type distribution
RTILs

[BMIM]PF6 as medium, 7:197
Trommsdorff effect, 7:197

Ru-based catalyst systems, 8:152
Ru-based catalysts, 8:158, 164, 175
Ru-PEG-Star (SC2), 8:448
Rubber chemicals, 12:168–200

non-nitrosamine curatives, 12:168–177
nonstaining and persistent antidegradants,

12:191–200
reversion-resistance curatives, 12:177–184
silica-to-rubber coupling agents, 12:184–191

Rubber chemistry, of ABS polymers, 1:321, 322
Rubber compounding, 12:168, 203, 203–259

antidegradants, 12:230–235
elastomers used, 12:204–217
fillers, 12:217–230
processing agents, 12:235, 236
testing, 12:258, 259
tires, 12:250–258
vulcanization, 12:236–250

Rubber formulation (table), in phr, 1:806
Rubber-grade blacks, 2:434

applications, 2:453–455
composition, 2:429
properties of typical, 2:442
surface activity, 2:438, 439

Rubber-like elasticity, 4:638–668, 9:1
Rubber-like materials, 9:1, 2
Rubber-modified plastics, photo-oxidation of, 13:9, 10
Rubber-modified PS, manufacture of, 13:240, 241. See

also PS-PB rubber
Rubber modified styrene blends, melt stabilization of,

13:22
Rubber-modified styrene copolymers, 13:204
Rubber particles, 12:263–265

measuring sizes of, 13:251, 252
strengthening polystyrene with, 13:184, 185, 196,

197, 235–238, 240, 241
structure and composition, 12:272–274

Rubber products, polysulfide, 11:178
Rubber reinforcement, with PPTA fibers, 10:231
Rubber substrate process, for ABS polymers, 1:324
Rubber tile, use in floor coatings, 6:125
Rubber-toughened polymers, 10:711
Rubber transferases, 12:264–267
Rubber, guayule, 12:262–285
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Rubber. See also Nitrile rubber (NBR); Nitrile
rubber/polypropylene (NBR/PP) copolymer

in adhesives, 1:429
anioxidant applications, 1:713, 714
autohesion of, 1:368
bonding to brass, 1:371, 372
EPDM, 5:482
filled, 6:322
history of, 6:583, 584
hydrolytic degradation, 4:290
inorganic, 7:34
mechanical testing of, 4:638–642
moduli of, 4:642
nitrile, 1:274
nonideal transport effects, 14:313–323
photodegradation, 4:284
PS-PB, 13:235–238
release agent use with, 11:705, 706
silicones, 12:464
strain for, 15:117, 118
stress for, 15:114, 115
stress-temperature curves for, 4:652
styrene-butadiene, 13:268–284, 179
styrene copolymers with, 13:235–238
toughening, 8:484, 485
transport properties of amorphous, 14:298–313

Rubbermaker’s sulfur, 12:239
“Rubbers,” 9:2
Rubbery plateau, 14:139

dynamic mechanical analysis, 4:622
Rubotherm magnetic suspension balance

for permeation measurement, 2:26
Ruland method, 4:151
Rule of cumulative damage, 6:329
Rule of mixtures, 11:683
Runners, in injection molds, 10:83, 84
Running in condensed mode, 5:565
Ruptured crazing, 6:288
Ruthenium (Ru)-based Grubbs catalyst, 4:56
Ruthenium-based catalysts, 8:151
Ruthenium-bearing amphiphilic copolymer

(Ru-PEGMA/BTAMA/SDP terpolymer), 8:463
single-chain folding, 8:463

Ruthenium-bearing star polymers, 8:446
Ruthenium catalyzed ROMP technique, 6:350
Ruthenium coordination polymers, 7:61
Ruthenium-polypyridyl systems, 7:62
Ruthernocenophanes, 7:58
Rutile titanium dioxide pigment, 3:470
Rylex NBC, 14:479
Ryton, 13:287
Ryton PPS compounds, 10:132
S-2 glass

Dk and Df at 1 MHz, 5:403
S-B-S copolymer. See

Poly(styrene-b-butadiene-b-styrene) (S-B-S) block
copolymer

S-EB-S copolymers. See
Poly(styrene-b-ethylene-co-butylene-b-styrene)
(S-EB-S) block copolymer

S-EP-S copolymers. See
Poly(styrene-b-ethylene-co-propylene-b-styrene)
(S-EP-S) block copolymer

S-glass (high tensile strength glass), properties of,
11:689, 690

S-I-S block copolymers. See
Poly(styrene-b-isoprene-b-styrene) (S-I-S) block
copolymer

S-iB-S block copolymers. See
Poly(styrene-b-isobutylene-b-styrene) (S-iB-S)
block copolymer

s-PMMA, 13:656
s-PMMA/PLLA, 13:657
S-polystyrene. See Syndiotactic polystyrene (sPS)
s-PP, 13:661
s-PS, 13:664–668

melt-crystallization, 13:664–667
Saccharomyces cerevisiae, 6:387
Sacrificial anode, 3:670, 671
Safety, 6:388

acrylic and methacrylic acids, 1:160
acrylonitrile, 1:270–274
aluminoxane cocatalysts, 8:84–91
antioxidants, 1:717
aromatic polyamides, 10:233–235
butadiene monomer, 2:299, 300
butyl rubber, 2:368
cellular materials, 2:558, 559
chitin and chitosan, 3:39
chloroprene polymers, 3:79, 80
chlorosulfonated polymers, 5:481
controlled release technology, 3:743–745
cyclopentadiene and dicyclopentadiene, 4:231, 232
epoxy resins, 5:408, 409
ethylene oxide polymers, 5:457
ethylene-propylene-diene monomer (EPDM) rubbers,

5:607
ethylene-propylene elastomers, 5:607
fillers, 5:800, 801
flame retardants, 6:22–26
fluorocarbon elastomers, 6:172
LDPE, 5:534–539
LLDPE, 5:577
methylaluminoxane, 8:85
peroxide use, 6:854
phenolic resins, 9:598–600
phosgene, 9:630, 631
polyacrylamides, 1:145
polyarylate applications, 10:353
polycyanoacrylates, 10:432
poly(phenylene oxide)s, 10:572
polysulfides, 11:175, 176
polysulfones, 11:199
poly(trimethylene terephthalate), 10:208, 209
poly(vinyl chloride), 14:762
release agents, 11:708
silicones, 12:516–520
styrene polymers, 13:252
thermoplastic elastomers, 14:157, 158
vinyl acetal polymers, 14:644
vinyl alcohol polymers, 14:711
vinyl chloride monomer, 14:760
vinylidene fluoride monomer, 15:58
vinylidene fluoride polymers, 15:70, 71
xylylene polymers, 15:444, 445

Saffil alumina-silica fibers, 11:698
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SAFT test (shear-adhesion-failure temperature), 11:300
Sag, 5:571
Sailcloth

PEN fibers, 10:153
SALS. See Small-angle light scattering (SALS)
Salt attrition process, 3:482, 483
Salt flux, in reverse osmosis, 7:785, 786
Salt solutions, of poly(acrylamide), 1:119, 120
Salty snack packaging, 9:475
Salty snacks, 9:475
SAM. See Self-assembled monolayers (SAM)
Sample introduction instrumentation, HPLC, 3:90
Sample preparation

for polymer characterization, 2:734–736
Sampling, for investigating micromechanical

properties, 8:472
SAMS. See Styrene-co-α-methylstyrene (SAMS)
SAN copolymers, 1:283, 8:480, 13:233, 234. See also

Grafted copolymers; Styrene-acrylonitrile (SAN)
batch-mode recipe for, 1:294
chemical properties and analytical methods for, 1:290
continuous mass polymerization, 1:294–297
economic aspects of, 1:298, 299
emulsion polymerization, 1:292–294
health and toxicology of, 1:297
manufacture of, 1:291–297
modified, 1:301
physical properties of, 1:289, 290
processing, 1:297
producers of, 1:298
semibatch-mode recipe for, 1:293
suspension polymerization, 1:294
test methods for, 1:289, 290
uses for, 1:299–301

SAN resins, molding and extrusion temperatures for,
1:297

SAN. See Acrylonitrile; Poly(styrene-co-acrylonitrile)
(SAN); Styrene-acrylonitrile (SAN); Styrene and
acrylonitrile copolymer (SAN)

Sand
filler influence on epoxy resin properties, 5:382
filler properties, 5:379

Sandostatin LAR, 3:754
Sanduvor 3055, 14:483, 484
Sanduvor 3058, 14:469
Sanduvor PR-25, 14:458
Sanduvor PR-31, 14:488
Sanduvor VSU, 14:458
SANS. See Small-angle neutron scattering
Sansavieria

processing, 14:506
Sansevieria, 14:495

dimensions of ultimate fibers and strands, 14:498
mechanical properties, 14:499

Sanso-cut oxygen absorber, 2:59
Santoprene, 7:139
Saponite, 5:795
Sartomer SR534, 12:182, 183
Saturated elastomers, 1:805, 806
Saturated polyesters, 4:84, 85
Saturation bonding

nonwoven fabrics, 9:227
SAW atomization

schematic representation of, 8:426

SAXS. See Small-angle x-ray scattering (SAXS)
Saxton mixer, 5:659, 661
SBC formulations, commercial photosensitive, 5:82, 83
Stress buffer coatings (SBCs), 5:82, 83
SBDs. See Substrate-binding domains (SBDs)
sBL. See sec-Butyllithium (sBL)
SBR. See Styrene-butadiene rubber (SBR)
Scaffolds, for tissue engineering, 14:215–217

hydrogel scaffold polymers, 14:223
novel architectures, 14:227, 228
polymer processing and 3-D scaffolds, 14:224–240
porous scaffold polymers, 14:217–222

Scaling, in membranes, 5:847
Scanning atomic force microscopy, 2:752
Scanning calorimetry, 7:322
Scanning electron microscope, 8:471

low-voltage, 6:284
structure and mode of action of, 6:283

Scanning electron microscopy (SEM), 2:751, 6:281–284
for composition and structure determination, 13:760,

761
forensics applications, 6:178
for investigating micromechanical properties, 8:471,

473
use in forensic analysis, 6:180, 181

Scanning force microscopy (SFM), 12:291–311, 15:367
Thin films, self-assembled microdomains, 12:298

Scanning near-field optical microscopy (SNOM), 9:106
Scanning probe microscope, 1:747
Scanning thermal microscopy, 1:758, 759
Scanning transmission electron microscopy (STEM),

7:215, 216
forensics applications, 6:178

Scanning transmission x-ray microscope, 15:376, 377
Scanning tunneling microscope, 1:746

polydiacetylene nanowires and, 4:451
Scattering losses, 5:103
Scattering techniques

amorphous polymers, 1:547–556
Scattering techniques, for investigating

micromechanical properties, 8:473, 474
Scavengers. See Free-radical scavengers; Hydrogen

chloride scavengers; Oxygen scavengers
ScCO2

homogeneous free-radical polymerization, 13:378
scCO2-in-water (C/W) HIPEs, 10:599
SCF theory. See Self-consistent field (SCF) theory
SCFs. See Supercritical fluids
Schallamach wave, 13:515
Schapery model, 15:153–157
Schapery stress relaxation formulation, of solid-like

polymers, 15:159
Scheutjens-Fleer theory, 1:437, 438
Schiff-Base ligands, 7:60
Schizophyllan, 15:194
Schlack, 10:238
Scholl reaction, 11:186
Schrock single-site catalyst, 5:564
Schrock tungsten-carbyne complex, 1:33
Schrock-type tungsten-based catalysts, 8:154
Schrock’s group, 8:153
Schrock’s Mo-based catalysts, 8:154
Schrödinger equation, 3:593–595, 605

one-dimensional, 3:624



Vol. 15 INDEX TO THE ENCYCLOPEDIA 759

Schulz-Flory polymer distribution, 2:739, 740
Schulze-Hardy rule, 3:454
Scientific and Technical Information Network (STN),

13:158
Scientific injection molding (SIM), 7:10, 11
Scintillation, on plastic surface, 4:695
SCION, 13:162
β-Scission, 6:835
Scission, of styrene polymers, 13:208
SCL PHAs. See Short-chain-length PHAS (SCL PHAs)
Scleroglucan, 15:194
Scleroscope, 6:555
Scorching, 4:66
Scott-Gilead process, 4:293
Scouring

wool, 15:320, 321
Scrapless thermoforming process (Dow), 14:114
Scratch behavior of polymers, 12:319–335

contact theories, 12:321–323
effect of material properties, 12:332, 333
effect of sliding conditions, 12:327–329
mechanisms, 12:328, 329
test methods, 12:324–327

Scratch hardness tests, 6:555
Scratch hardness, 12:325–327
Scratch tester, 12:324
Scratch testing, 12:324–327
Scratch velocity, 12:331
Scratch visibility, 12:327
Screen changers, 5:627, 628
Screen filters, in microfiltration membranes, 5:832
Screen membranes, 7:779
Screen pack, of an extruder, 5:625–628
Screen-printing process, 3:678
Screw channel, 5:669

flow along, 5:652
nonuniform mixing in, 5:657
temperature distribution in, 5:651, 652

Screw closures, 3:589
Screw design, 5:588. See also Neutral screw; Single

screw extruders; Twin screw extruders
for extruders, 3:495
features of, 5:646

Screw flight, helix angle of, 5:649, 653
Screw friction, reducing, 5:646
Screw geometry, for melt conveying, 5:651
Screw heating and cooling, in an extruder, 5:624
Screw heating, 5:646
Screw plunger, 3:585, 586
Screw preplasticator injection molding, 13:246
Screw speeds, extruder, 5:630
SCS fiber, 11:697
Scutching, 14:500
SDPs. See Supramolecular dendronized polymers

(SDPs)
Seal terrazzo floors, sealers, 6:112
Sealant industry, market economics of, 1:402, 403
Sealants, 4:406–410

amalgam restorative, 4:408, 409
bonding agent chemistry, 4:409, 410
composite restoration, 4:409
dental restorative, 4:408
pit and fissure, 4:407, 408

polysulfide, 11:168, 174–177
preventive, 4:406
protein-based fibrin, 1:428
restorative, 4:406
root-canal, 4:397
self-etching adhesives, 4:410
silicone application, 12:465

Seamless flooring/monolithic flooring, 6:126, 127
polyurethane coatings, 6:126

Searle geometry, 12:7
SEBS, 14:400

application of, 14:388–406
Finkelmann-Ringsdorf theory, 14:388
generalised, 14:383–386
Hilbert-Noda transformation matrix, 14:383
liquid crystalline polymers (LCPs), 14:388
mesogen-jacketed LCP (MJLCP), 14:389
Perturbation correlation moving window (PCMW),

14:386, 387
side-chain LCPs, 14:388
small-angle X-ray scattering (tr-SAXS), 14:398
synthetic functional polymers, 14:388–394
time-resolved wide-angle X-ray diffraction

(tr-WAXD), 14:398
SEBS-g-MA compatibilizer, 8:492
SEC. See Size exclusion chromatography (SEC)
Second law of thermodynamics, 13:76
Second level packaging, 5:62, 63
Second-Order Markov theory, 8:109
Second-order phase transitions, 9:561
Second-order transitions/continuous phase transitions,

14:251, 252
Secondary antioxidants, 13:16
Secondary aromatic dithioesters, 11:722
Secondary aryl amines, 7:326
Secondary crack nucleation, 6:319
Secondary gas (principally hydrogen), 6:42
Secondary ion mass spectrometry (SIMS)

forensics applications, 6:179
polymer spectra, 13:483–490
SIMS polymer spectra, 13:483–490
SIMS quantitative aspects, 13:492
spectral features and information, 13:481–483

Secondary nucleation theory, 4:185–188, 194
Secondary recycling technologies, 11:664, 665
Secondary transitions

and acoustic properties, 1:70
sound as probe of, 1:80

Sectorization
semicrystalline polymers, 12:385, 386

sec-Butyllithium (sBL), 13:198
anionic polymerization initiator, 1:605, 610

sec-Butyllithium-initiated homopolymerization, 7:332
Sedimentation

colloids, 3:443, 444
Seed-hair fibers, 14:506
Seed mucilages, 15:192
Seed particles

heterophase polymerization, 6:618
restricting heterophase polymerization to, 6:625

Seeded emulsion polymerization applications, 5:182,
183

Seeded suspension polymerization, 13:606
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Seesorb 712, 14:480
Segmental orientation

vibrational spectroscopy, 14:607–612
Segmented polyurethane, 1:423

in interpenetrating network, 7:143
Selar

permeability humidity effect, 2:21
Selectivity

in gas separation membranes, 5:836
in membranes, 5:843, 844

Selectivity, of pervaporation membranes, 7:797, 798
Selenium

dependence of viscoelastic behavior on structure,
1:584

relationship between liquid Cp and temperature in
linear macromolecules, 14:76

Self-Adapting Fixed-End-Point Configurational-Bias
Monte Carlo, 8:595

Self-affine fractals, 6:213, 214
Brownian process, 6:213, 214

Self-assembled monolayers (SAM), 3:663–666, 8:656
Self-assembly, 13:459

amphiphilic systems, 13:458
concentration-dependent UV-vismeasurements in

MCH, 13:446
crown ethers, 13:462, 463
cyclodextrins, 13:463–465
formation of, 13:441, 442
formed by π-π stacking, 13:458–462
molecular recognition, 13:462–465
noncovalent forces, reversibility, 13:440, 441
noncovalent Interactions (table), 13:441
of oligo(p-phenylene vinylenes), 13:447
stilbene-bridged bis(β-CD) dimer, 13:464
supramolecular polymerization of N-unsubstituted

PBIs, 13:446
Self assembly, 6:367, 7:616–619
Self-bonding, 1:367
Self-condensing vinyl polymerization (SCVP), in

hyperbranched polymer synthesis, 6:788, 789
Self-consistent field (SCF) theory, 2:193, 194
Self-consistent mean field theory, 2:194
Self-diffusion coefficient, 1:368
Self diffusion coefficients, 14:295, 296
Self-diffusion coefficients, 4:515
Self-etching adhesives, 4:410
Self-healing coatings, application to, 12:357, 358
Self-healing epoxy vinyl ester, 12:356
Self-healing ionomers, 12:366, 367
Self-healing PDMS sample, representative

load-displacement data, 12:360, 361
Self-healing performance, evaluation of, 12:356, 357
Self-healing polymers, 12:338–368

crack repair, 12:339
microcapsules, 12:339
microencapsulation, 12:339

Self-healing smart materials, ionomers in, 7:236
Self-healing supramolecular polymers, 13:450, 451
Self-healing surface, 5:849
Self-immolative dendrimers, 4:308
Self-initiated polymerization, 11:511, 512
Self-leveling

in PET, 2:254

Self-metered coating processes, 3:268
Self-nucleation, 4:168
Self-reinforcing composites, 11:698
Self-repairing materials, 12:409
Self-stripping polishes, 6:106, 107, 111
Semi-buffable polishes, 6:111, 112
Semiconductor devices, 5:62

stress buffer coatings for, 5:66, 67
Semiconductor molding compounds, properties of, 5:89
Semiconductor quantum dots, 8:786, 796
Semiconductors

electrical conductivity of typical, 4:743
xylylene polymer applications, 15:440, 441

Semicontinuous activated sludge (SCAS) test, 13:61, 62
Semicrystalline block copolymers, 2:205
Semicrystalline fluoropolymers, piezoelectricity of,

9:782–787
Semicrystalline matrix, toughened polymers with,

8:490–492
Semicrystalline PLAs, 10:167, 168
Semicrystalline plastics, 5:671
Semicrystalline polyketones, 10:660
Semicrystalline polymer, 8:524

isochronal (constant frequency) experiments, 13:837
modulated differential scanning calorimetry (MDSC),

13:805–807
equilibrium melting, 13:805
melting, 13:804–808

Semicrystalline polymers, 2:733, 12:371–403
chain molecule conformations, 12:372–376
and crystallinity concept, 12:396–401
crystal unit cells, 12:376–383
dendrites, 12:392–394
double glass transition, 12:400
fatigue thermal history effect, 5:741, 742
ferroelectricity in, 9:782
films, 5:805
fractionation by crystallizability, 6:237–239
fractionation by molecular weight, 6:229–237
fractography, 5:731
fracture behavior of, 6:334, 335
impact resistance improvement, 6:831, 832
nonlinear viscoelastic response of, 15:146
phase transformation, 9:560
physical aging in, 1:473
physical properties affected by crystal structures and

morphologies, 12:401–404
piezoelectric, 9:778–787
polycrystalline aggregates, 12:392–396
polymer single crystals, 12:383–392
solid-state extrusion, 12:693, 694
spherulites, 12:394–396
thermal characterization methods, 2:745, 746
viscoelastic response of, 15:104
yield, 15:476–479
yielding in, 8:495, 496

Semicrystalline polymers, glass transition, 14:259
Semicrystalline polymers, toughness of, 10:713
Semicrystalline rubbers

transport properties, 14:324–331
Semicrystalline thermoplastics, 6:320, 10:69
Semiempirical quantum calculation, rigid-rod polymers

and, 12:102
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Sensors
dendrimers, 4:335, 336
electrically active polymers for, 4:771
molecularly imprinted polymer applications,

8:693–696
Sentmanat extensional rheometer (SER), 12:12
Separan AP273

drag-reducing additive, 4:553
Separation

multidimensional, 3:96, 97
pervaporation, 7:796, 797
of synthetic polymers, 3:99–101

Separation mechanism, in size exclusion
chromatography, 3:105–109

Separation modes, in HPLC chromatography, 3:93–97
Sequence distributions, 8:516, 517
Sequential IPN (seq-IPN), 4:96, 97
Sequential living cationic polymerization, 2:192
Sequestering agents, in emulsion polymerization, 5:175
Sergeants and soldiers effect, 3:13, 14
Serial microtube reactors, 8:345
Serine

chemical structure, 15:186
composition in silk, 12:543
percentage composition in merino wool, 15:313

Serine (benzyl protected), 11:69
Serine (tert-butyl protected), 11:73
Serratia marcescens, 5:232
Serum, 6:583
Serum albumin. See Albumin
Setting

wool, 15:323–326
Setting, of adhesives, 1:365
Severe plastic deformation methods, 12:685
SFM

based nanotomography, 12:296
images, film thickness dependent microdomain

dimensions, 12:298
imaging conditions, 12:293
imaging modes, 12:291
measurements, 12:301
nanomechanical mapping measurements, 12:294
phase diagrams, 12:295–297
phase measurements, PS-PEP components, 12:309
single-molecule force spectroscopy (SMFS), 12:292
structural defects, 12:301
techniques, 12:291

SHAKE algorithm, 8:588, 613
Shake-up satellites, 13:476
Shape-memory

molecular mechanism of, 12:410–412
thermally induced, 12:416

Shape-memory alloys, shape-memory polymers versus,
12:409

Shape-memory networks, 12:416
cross-linked, 12:412

Shape-memory polymers, 12:409–420
biodegradable polymer networks, 12:418
cyclic thermomechanical characterization of,

12:413–416
defined, 12:409, 410
examples of, 12:416–418
performance of, 12:410, 411

Shaping, in-line, 5:639
Shear

in piezoelectric materials, 9:781
simple, 4:641, 642

Shear damping function, in DE model, 15:141
Shear deformatior, 8:490
Shear failure, 6:287
Shear flow

molecular modeling of confined, 8:621
Shear fracture, 6:287
Shear modulus, 4:639, 641, 642. See also Affine shear

modulus
of nylon-6,6, 10:279

Shear rate, 3:295, 296, 15:107
down-channel, 5:655

Shear reversal test, 12:38
Shear sound speed, 1:63
Shear stability

and drag reduction, 4:558–562
Shear strain, 15:78

total, 5:654
Shear stress profile, 11:686
Shear stress response in DE model, 15:143–146
Shear stress, 15:78
Shear thinning effect, 5:567, 568, 651, 10:528, 15:106

with LDPE and LLDPE, 5:527
Shear thinning effect. See Rheological measurements
Shear waves

acoustic, 1:62
Shear yielding, 6:331
Shearing

nonwoven fabrics, 9:234
Sheep

wool from, 15:306
Sheet and profile extrusion, low density resin for, 5:536
Sheet coaters, 3:265
Sheet die, 5:676
Sheet extrusion line, 5:634
Sheet lines, using the roll stack process, 5:634, 635
Sheet molding compounds (SMC), 1:800, 10:89, 90

composite materials, 3:516
processing of, 1:809
schematic of, 1:809

Sheet stretching
in thermoforming, 14:118, 119

Sheet structure
consolidation into, 8:566

Sheet, manufacture of)
acrylic syrup in, use of, 2:501
cell casting operations, 2:498–500
continuous casting, 2:500, 501
equipment and procedure, 2:498–501
health and safety factors, 2:506, 507
of methyl methacrylate, 2:495, 496
poly(methyl methacrylate) sheet, properties of, 2:502,

503
resin systems used for, 2:495
rotational casting of acrylic resins, 2:496
specifications and standards, 2:506
theory, 2:496–498

Sheeting, 5:509
Sheets

extrusion, 10:79, 80
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infinite, 6:303
LDPE, 5:535, 536

Shell cross-linked micelles, 8:272
Shell cross-linked microgels, 8:441
Shell cross-linked Polymer Networks, GTP, 6:540
Shell higher olefin process (SHOP), 8:149
Shell material(table), 8:376, 377
Shift factor (aT) 15:93, 94, 96, 97. See also

Polycarbonate shift factor; Time-temperature shift
factors

Shipment
of LLDPE, 5:574
of polyacrylamides, 1:144
of vinylidene fluoride, 15:57, 58

Shipping sacks, heavy duty, 9:476
Shish crystals, 12:388
Shish-kebab polymers, 7:60
Shish-kebab structures, 12:391
Sholl reaction, 9:447
Shore scale, 5:210, 211
Short-chain branching, 6:328

of LDPE, 5:524
Short-chain-length PHAs (SCL PHAs), 10:96, 101

biosynthesis of, 10:104, 105
Short fibers, 11:685–687
Short multifunctional polymer chains, 7:639, 640
Short oil alkyds, 1:480, 481
Short oil varnishes, 1:480
Short spacer, 5:760
Short-time electric strength

effect of thickness on, 4:686
of phenolic resin-paper laminate, 4:686

Shrink film, 9:476
Shrink film packaging, 9:476
Shrink film, high clarity, 9:476–478
Shrink-resist treatments

wool, 15:327–329
Shrink-resistance, 15:326, 327
Shrink void, 5:672
Shrinkage

composite materials, 3:526–532
polyester films, 10:510
wool, 15:326–329

Shrinkage stresses
from molding, 4:250

Shrinkage, in blow molding, 2:241
Shrinkproofed fabrics, 15:327
Shuttle blow-molding machines, 2:231
Si-O-Si bond angles, 4:657
Side-chain functionality, 13:486–488
Side-chain LCBCPs (SCLCBCPs), 7:553

application of, 7:556
azobenzene mesogens, rearrangement of, 7:556
BCP microphase separation, 7:556
“cylinders in LC matrix” structure, 7:554, 555
hierarchical structures, 7:553
hydrophobic LC blocks, 7:555
intermaterials dividing surface (IMDS), 7:553
“lamellae in lamellae” structure, 7:554
polymethacrylate-bearing side-chain azobenzene,

7:556
supramolecular type, 7:553
synthesis of, 7:553, 554

with narrow-distributed Polydispersity index (PDI),
7:553

Side-chain length, in poly(3-hydroxyalkanoate)s, 10:98
Side-chain polymers, 6:347–352
Side-chain polyrotaxanes, 11:138–142
Side-chain substitution reactions, in lignin, 7:530
Side-chain supramolecular polymers, 8:640–642
Sideria, 5:775, 778
Sigma blade mixer, 3:493
Silacarbocycles, 10:386
Silane

metallocene-based polymerization, 8:131
Silane coupling agents, 1:371, 12:419–430

ABS, 12:429
3-AFMS-treated fibers with PMMA, 12:427
3-aminopropyltriethoxysilane (APS), 12:421
analysis of, 12:424–426
analysis, 12:424–426
APS, 12:429
chemical composition and reactions, 12:420–422
chemical composition and reactions, 12:420–422
glass-fiber-reinforced PMMA, fracture surface, 12:428
3-methacryloxypropyltrimethoxysilane (MPMS),

12:423
reinforcement mechanisms, 12:426–429
reinforcement, mechanisms of, 12:426–429
representative (table), 12:421
silicon-29 NMR spectra, 12:426
surface reactions and interactions, 12:422–424
surface reactions/interactions, 12:422–424

Silane-grafted/copolymerized polyethylene, 4:92, 93
Silane rubber chemicals, 12:186–189
Silanes, 12:464

applications in advanced materials, 12:429, 430
Silanol condensation-based self-healing system, 12:356
Silanols

condensation to siloxanes, 12:482, 483
Sila[1]ferrocenophanes, 7:57, 58
Silcates

for rubber compounding, 12:224
Silene EF

effect on natural rubber properties, 12:227
effect on SBR properties, 12:228

Silica, 5:793
filled silicone networks, 12:487
filler material, 5:785
for rubber compounding, 12:221, 222, 224, 225

Silica-based glass fibers, 11:689, 690
Silica flour

filler influence on epoxy resin properties, 5:382
filler properties, 5:379

Silica nanocomposites, 14:176
Silica particles, 9:35
Silica-rich polyisoprene, 7:337
Silica supports

metallocenes, 8:91, 92
Silica-to-rubber coupling agents, 12:184–191
Silicalite-1/PDMS, 8:22
Silicates, 6:583

filled silicone networks, 12:486
filler material, 5:785
layered host structures exhibiting intercalation, 7:74

Silicates, phosgene reactions with, 9:625
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Silicon, 12:464
Silicon-29 (29Si) NMR, 2:737
Silicon-based building blocks, 12:430
Silicon-bridged [1]ferrocenophanes, 7:57
Silicon carbide (SiC) fiber, applications of, 11:697
Silicon carbide (SiC) filaments, 11:697
Silicon carbide

filler material, 5:785
Silicon carbide ceramic fibers, 6:714
Silicon carbide fiber reinforcement, 11:697
Silicon-Containing Preceramic Polymers, 12:432–457
Silicon dioxide thin films, densification mechanism,

10:19
Silicon photonics, 5:108
Silicon polymers, 7:39–42
Silicone-based antifoams, 1:666
Silicone elastomers, 12:495
Silicone fluids, 12:489–495
Silicone foam rubber, 12:501, 502
Silicone gums, 12:498
Silicone heat-cured rubber, 12:495–500
Silicone liquid-injection-molding rubber, 12:500, 501
Silicone networks

characterization, 12:485
filled silicone networks, 12:486–489
formation, 12:478

Silicone oils, 12:489–495
Silicone pressure-sensitive adhesives, 1:412, 11:305
Silicone products, release agents for, 11:706
Silicone release coatings, 11:707, 708
Silicone resins, 12:502–506
Silicone resins, cellular

expandable formulations, 2:519
Silicone rubber

filled silicone networks, 12:486–489
heat-cured, 12:495–500
network formation, 12:478
for rubber compounding, 12:205, 216

Silicone rubber film, 12:498
Silicone rubber membrane, 7:799
Silicone wafer, 8:345
Silicones, 12:464–519

analysis and testing, 12:512–516
economic aspects, 12:520
filled silicone networks, 12:486–489
health and safety factors, 12:516–520
inversion, 7:473
monomer synthesis, 12:469–471
physical properties, 12:207
polymerization, 12:471–489
properties and uses, 12:489–512
SIMS spectra, 13:490
structural representation, 13:173, 175

Silk, 12:542–549
applications, 12:549
genetic engineering, 12:548, 549
processing, 12:545–548
properties, 12:547, 548
semicrystalline, 6:382, 12:392
structure, 12:543–545
vibrational spectroscopy of crystallization on highly

oriented substrate, 14:622, 623
Silk-like protein polymers, 6:389

Silk-like proteins, 6:386–394, 423
Silk thread, 6:387
Silkworm cocoon silk, 12:543, 545
Silly Putty, 4:627
Silon, 7:139
Siloxane chains, 5:751, 753
Siloxane layers, 5:753
Siloxanes, 11:691

anionic polymerization, 1:626–628
monomer reactivity, carbanion stability, and suitable

initiators for anionic polymerization, 1:602
structural representation, 13:173, 175
telechelic polymers, 13:712, 713

Silsesquioxanes, 12:421, 422
Silver

facilitated transport carrier for olefins, 14:366
Silylene, 12:466
Simha equation, 3:446
Simple extension, 4:656, 657, 15:80, 113
Simple harmonic springs bond models, 8:577
Simple shear, 15:80
Simulations, of glass transition, 6:448, 449
Simultaneous interpenetrating network, 7:112, 113
Simultaneous reverse and normal initiation ATRP,

1:727
Sinapyl alcohol, in lignin, 7:525
Sinarundinaria

species with fiber potential, 14:497
Single-chip plastic package, 5:66
Single crystal structure, 5:549
Single-edge notch tension, 6:308
Single-edge notch three-point bending, 6:308
Single-emulsion precipitation, 8:419
Single feeding, and split feeding, 3:556, 557
Single-fiber composite test, 11:687
Single-fiber pull-out test, 11:687
Single flighted screw, 5:649
Single lamellar crystals, 8:704, 705
Single-layer imaging process, for photosensitive

polyimides, 5:76
Single-molecule force spectroscopy (SMFS), 12:292
Single pulse-pulsed laser polymerization, 11:549, 550,

583, 592–594
Single-pulse PLP(SP PLP), 7:375–382
Single-screw extruders, 10:71, 72
Single screw extruders, 3:495, 5:618, 619

contiguous solids melting in, 5:647
dispersed solids melting in, 5:647
dispersive mixers for, 5:662
mixing in, 5:654
versus twin screw extruders, 5:647

Single-screw system, for compounding, 3:563
Single-site catalysis, 5:560–562
Single-site catalysts (SSCs), 12:551–586

active species and function of cocatalyst, 12:559–561
controlled olefin polymerization, 12:579–583
ethylene, polymerization of, 12:565–567
evolution and classification of, 12:553–559
first generations of, 12:552
functional polymers, 12:576–579
general structure of, 12:552
generation of, 12:559–564
heterogenization of, 12:583–586
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inorganic supports for, 12:584, 585
mechanisms of stereocontrol, 12:563, 564
metallocene-based catalysts, 12:553–557
organic supports for, 12:585, 586
polymerization mechanism, 12:561–563
postmetallocene-based catalysts, 12:557–559
propylene, polymerization of, 12:567–576

Single-site catalysts, 13:1,1. See also Metallocene
catalysts; SSC

commercialization of, 5:563
Single-site catalyzed LLDPE, composition of, 5:545, 546
Single-site-catalyzed mLLDPE, 5:547
Single-site-catalyzed resins, 5:544, 551
Single-site metallocene catalysts, 5:591
Single-step crystallization fractionation (CRYSTAF)

for molecular weight determination, 13:763, 764
Single-step stress relaxation experiments, DE model

and, 15:140, 141
Single-step stress relaxation responses, 15:121, 122
Single traversal abrasive wear test, wear rate, 13:509
Single-wall carbon nanotubes, 11:698, 699
Single wall carbon nanotubes, 8:735

ultrastrong materials, 8:737–739
Single-walled carbon nanotubes (SWNTs), 12:52, 107,

108, 118
Single waste streams, 11:667–669
Singular-type microreactor, 8:319, 320
Singular value decomposition, 15:380
Sintering

for cellular material production, 2:525
Siroflash, 15:335
Sirolan CFTM, 15:321
Sirolan-LTDTM, 15:321
Sisal, 14:495

chemical composition, 14:498
dimensions of ultimate fibers and strands, 14:498
mechanical properties, 14:499
processing, 14:506
uses, 14:508
world production, 14:507

Site-specific conjugation, 11:428–431
cofactor reconstitution method, 11:429, 430
direct functionalization or “grafting to” approach,

11:428, 429
His-tag approach, 11:430
indirect functionalization or “Grafting from

approach, 11:429
nonribosomal peptide synthesis (NRPS), 11:431
protein engineering, 11:430, 431

Size-based separation, in nanofiltration membranes,
5:833

Size effect, 11:679
Size exclusion chromatograms, 3:100
Size exclusion chromatography (SEC), 6:510,

7:716–718, 8:354
with FTIR for composition and structure

determination, 13:757
for molar mass determination, 2:739, 740
for molecular weight determination, 13:763
for sample preparation for polymer characterization,

2:735
Size exclusion chromatography, 3:102–123

column technology in, 3:111–113
data treatment in, 3:120–123

eluent selection in, 3:113, 114
equilibrium theories for, 3:106
for molecular weight distribution determination,

8:671–674
fractionation, 6:249–257
history of, 3:103
instrumentation in, 3:114–120
principles of, 3:104–111
thermodynamic theories for, 3:105, 106

Size exclusion mechanism, 3:105
Sizing, 11:690
Skarkskin, 11:352, 353
Skin-adhesion inhibitors, 1:422
Skin and finger formation, in polymer coagulation,

8:558, 559
Skin-core structure, fiber, 10:528
Skin packaging

thermoforming, 10:87, 88
Slab stock foams, 11:241, 242
Slabstock foam, flexible. See also High resiliency (HR)

slabstock foam 2
Slate powder

filler influence on epoxy resin properties, 5:382
filler properties, 5:379

Slide coating, multilayer, 3:285
Slide plate screen changer, 5:627, 628
Slide-ring CRD-NRV mixer, 5:666
Slide ring gels, 9:4, 5
Sliding contact model, of scratch behavior, 12:323, 324
Sliding contacts, frictional energy dissipation modes,

13:504
Slip agents, 11:700. See also Release agents

films, 5:808
Slip-coating-sintering process, 7:763, 764
Slip-link model, 9:21
Slip/antiblock agents, 1:359, 360
Slit-films

olefin fibers, 9:359, 360
Slitting

PET and PEN films, 10:504, 505
propylene polymers, 11:403

Slot coating, 3:269
multilayer, 3:286

Slotted flight mixers, 5:659
Slow crack growth, 6:327–330
Slurry plastomers, 5:547
Slurry polymerization

of acrylonitrile, 1:275, 276
ethylene-propylene elastomers, 5:599, 600
of LLDPE, 5:565, 566

Slurry technology, for manufacturing HDPE, 5:504, 505
Slush molding, of thermoplastics, 1:807
SMA. See Styrene maleic anhydride (SMA)
Small-angle light scattering (SALS)

for composition and structure determination, 13:760
Small-angle neutron scattering (SANS) technique,

7:216
for composition and structure determination, 13:760
spin probe in ion-containing polymers, 5:15

Small angle neutron scattering (SANS), 12:12
Small-angle scattering (SAS) methods, 5:228
Small-angle x-ray scattering (SAXS), 2:193, 749

for crystallinity determination, 4:150, 152, 153
spin probe in ion-containing polymers, 5:15
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Small chemicals, 3:553
Small outline J-lead, 5:66
Small outline package, 5:66
Smart colloids, 3:463
Smart cotton-based wound dressings, 4:32, 33
Smart material, 9:776

high performance fibers, 6:719
interpenetrating polymer networks, 7:140, 141
Langmuir-Blodgett films, 7:424

Smart materials, microgels, 8:96–114
applications, 8:110–114
characterization, 8:101–103
colloid stability, 8:107
comonomer effects, 8:108, 109
novel morphologies, 8:99, 100
osmotic deswelling, 8:108
preparation, 8:97–101
preparation of core-shell, 8:100, 101
rheological properties, 8:107, 108
swelling behavior, 8:106, 107
thermal properties, 8:103–106

Smart polymer, 12:603–622
in bioanalytical systems and microfluidics,

12:619–621
in bioseparation, 12:609, 610
biotechnological and biomedical applications,

12:603–621
chemical valves, 12:613–616
liposomes and polysomes with triggered release of

content, 12:616–619
pH-sensitive, 12:604
reversibly cross-linked polymer networks, 12:606
smart pills with enteric coating, 12:607, 608
smart surfaces—cell detachment, 12:610–613
systems with smart polymers, 12:606, 607
thermosensitive, 12:605, 606

Smart windows, 4:790
SMC. See Sheet molding compounds (SMC)
Smectic A* phase, 5:754, 759, 760, 763
Smectic C* phase, 5:755, 759, 760

FLCE film, thickness change, 5:763, 768, 768
polar FLCE sample, elongation of, 5:763

Smectite clays
layered host structures exhibiting intercalation, 7:74

Smith-Ewart nucleation model, 5:166, 167, 170
Smith & Ewart neglected radical exit, 5:173
Smog, 3:462
Smoke, 6:39

as colloid, 3:437
Smoke density

composite foams, 3:510
Smoke-developed index (SDI), 6:89
Smoke extinction area (SEA), 6:81, 82

halogen containing polymers, association with, 6:83
variations across polymers, 6:82

Smoke-forming tendency, 6:83
Smoke point, 6:83
Smoke production, chemical structure, effect on, 6:83
Smoking-cessation programs, Nicorette, 7:189
Smooth bore extruder, 5:645
Snack packaging, 9:475
Snthetic fillers

for rubber compounding, 12:223, 224
SO2. See Sulfur dioxide

Soap, 1:667
in cold SBR production, 13:273

Soap suds
as colloid, 3:437

Society for the Plastics Industry, 5:535
Soda cellulose IV, 2:585
Soda-lime glass, 8:503
Sodium acrylate

copolymerization parameters with vinyl acetate,
14:654

template polymerization monomer, 13:748
Sodium alginate

in interpenetrating network, 7:143
Sodium alginate membranes, 8:28

cross-linking of, 8:28
Sodium bicarbonate, 2:263, 8:394
Sodium bisulfite, poly(acrylamide) reaction with, 1:129
Sodium borohydride, 2:267
Sodium carboxymethylcellulose. See

Carboxymethylcellulose
Sodium caseinate, 2:492
Sodium dodecyl sulfate (SDS), 8:441, 5:175
Sodium ethylenesulfonate, 5:611

commercial use, 5:615, 616
copolymerization yield, 5:614
copolymerization, 5:614
polymerization, 5:612
preparation, 5:612
reactivity factors, 5:614

Sodium lauryl sulfate
solubility of vinyl acetate in, 14:654

Sodium methallyl sulfonate (SMAS)
comonomer with acrylonitrile, 1:234

Sodium naphthalene solutions, 7:307, 308
Sodium perborate monohydrate curing of polysulfides,

11:169–171
Sodium silicate

drag-reducing additive, 4:553
Sodium thiocyanate (NaSCN)

acrylic fibers solution spinning solvent, 1:241, 246
Sodium vinyl sulfonate

template polymerization monomer, 13:748
Sodium p-(sulfophenyl) methallyl ether (SPME)

comonomer with acrylonitrile, 1:234
Sodium p-(vinylbenzene)sulfonate (SSS)

comonomer with acrylonitrile, 1:234
Soft-baking, 5:71
Soft clay

effect on natural rubber properties, 12:227
effect on SBR properties, 12:228

Soft glass, 6:367
Soft lithography techniques, 5:108
“Soft phase in hard matrix” composite, wear, 13:520
Softeners

for tire compounding, 12:256
Softening regime

and yield, 15:452
Software

calibration, 3:122
chromatographic packages, 3:93
coating model, 3:288

Soil conditioning, acrylamide polymer applications in,
1:119

Soil-release polymers, 11:705
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Sol, 3:437, 458
Sol-gel coatings, 3:337
Sol-gel process, 7:763–765
Solar cells, 12:626–650

bilayer heterojunction devices, 12:631–633
bulk heterojunction devices, 12:663, 664
characteristic parameters, 12:628, 629
device architectures, 12:629–634
indium tin oxide (ITO) films, 12:629
molecular materials, 12:634, 635
operation principles, 12:627–649
PEDOT:PSS layer, 12:630
single layer devices, 12:631
vacuum deposition technique, 12:635

Solar light, standard reporting conditions (SRC) (table),
12:637

Solar radiation, 15:243, 244
spectral effects of, 15:245

Solar radiation. See also Sunlight; Ultraviolet (uv)
light/radiation

Solder materials and, 3:647
Solid (homogeneous) vinyl tiles, 6:122, 123
Solid aerosol, 3:437
Solid emulsions, 3:437
Solid epoxy resins, 5:305–312

average U.S. price, 5:299
Solid foams, 3:437
Solid-gel transition temperature, 10:45
Solid-glass microspheres, 8:503

composition and physical properties, 8:504
manufacture, 8:503, 504
uses, 8:504, 505

Solid-glass, 8:504
Solid-like polymers, nonlinear viscoelastic response of,

15:145–163
Solid-liquid separations, acrylamide polymers for,

1:118, 119
Solid microspheres, 8:505
Solid mixers, in plastics technology, 3:555, 556
Solid-phase peptide synthesis, 11:61–90

procedures, 11:80–89
Solid-plastic microspheres, 8:504
Solid polymer electrolytes

phosphazenes, 11:105
Solid-state CD spectroscopy, 12:656, 670
Solid-state chiral chemistry, 12:656
Solid-state circular dichroism spectroscopy, 12:655–681

optically different layers, Mueller matrix expression,
12:677–681

solid sample with a layer structure, 12:673–681
Solid-state coextrusion, 12:685, 686
Solid-state drawing, 11:694
Solid-state extrusion, 12:685–698

applications, 12:697, 698
based on simple shear, 12:695–697
with changes in billet shape, 12:685–695

Solid-state nuclear magnetic resonance
for crystallinity determination, 4:159–164

Solid-state polymerization (SSP), 12:700–727, 13:745
apparatus and assemblies, 12:712–714
Buhler process, 12:714
continuous processes under inert gas flow, 12:713
PET precrystallization, 12:701

of polyamide plastics, 10:282
UOP-Sinco process, 12:714

Solid-state shear pulverization, 11:665
Solid-state time-domain ESR, 5:8
Solid state, polymer deformation models for, 8:548–556
Solid supports, 11:17
Solid surface tension, 1:372
Solid surfaces, adhesion and, 1:363
Solid suspensions, 3:437
Solid thermoset resins, hyperbranching in, 6:793
Solid waste, in landfills, 13:210
Solidification, of coatings, 3:289–297
Solids

dispersion methods and equipment for, 3:494
heat capacity, 14:62–75
strong, 11:682, 683

Solids conveying, by extruders, 5:641–647
Solids melting

contiguous, 5:647
dispersed, 5:647–651

Solubility of polymers, 2:4, 12:732–764
of aromatic polyamides, 10:216
barrier polymers, 2:8–21
characterization methods, 2:756
of a colorant, 3:469
ethylene oxide polymers, 5:445–450
and fractional free volume, 2:11
gases in polymers, 8:303–305
monomers for heterophase polymerization, 6:632,

633, 635–637
of polyacrylonitrile, 1:281
polysulfone resistance to, 11:193–195
separation by, for sample preparation for polymer

characterization, 2:734, 735
Solubility coefficient, 14:309
Solubility in water, of polyacrylamides, 1:119–122
Solubilized and/or dispersed gels, 8:439
Solution (wet) spinning, 5:841
Solution adhesives, 1:414–416
Solution-cast composite membranes, 7:761, 762
Solution-cast ternary i-PMMA/s-PMMA/PEO blends,

13:660
Solution diffusion

in membranes with nonporous selective layer, 5:830
Solution-diffusion, 5:834
Solution-diffusion mechanism, 8:2, 14:297, 298
Solution dyeing

olefin fibers, 9:351
Solution fractionation, 6:235, 236
Solution-phase process for LLDPE, 5:565
Solution polymerization reactors, 2:283–292
Solution polymerization. See also Bulk polymerization;

Solution polymers; Solutions
of acrylamide, 1:135, 136
acrylonitrile, 1:237, 238
of acrylonitrile, 1:275
of aromatic polyamides, 10:217–219
ethylene copolymers, 5:431, 432
ethylene-propylene elastomers, 5:597–599
polybutadiene processes, 2:317, 318
vinyl acetate polymers, 14:666

Solution polymers. See also Solution polymerization
Solution precipitation, 7:752
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Solution processes, for manufacturing HDPE, 5:503,
504

Solution properties
hyperbranched polymers, 6:782, 783
lignin, 7:536, 537
polymer characterization methods, 2:740–742

Solution properties, of cross-linked polymer, 4:103, 104
Solution SBR process, 13:270, 273–276
Solution spinning, 7:766–768

acrylic fibers, 1:241–248
PAN-based carbon fibers, 2:469
polyamide fibers, 10:247

Solutions
concentrated, 15:103, 104
dyes and, 3:468
entangled polymer, 15:106–111
osmotic pressure of, 7:744
polyacrylamides, 1:122–124

Solvation
role of water in, 15:176, 177

Solvent-annealed films with enhanced chain mobility,
neck defects, 12:301, 302

Solvent-based solution adhesives, 1:414, 415
Solvent bonding, of polysulfones, 11:198
Solvent-borne urethanes, 11:255
Solvent-coagulant miscibility, 8:559, 560
Solvent delivery instrumentation, HPLC, 3:89, 90
Solvent-developed photosensitive materials, 5:74–78
Solvent diffusion. emulsification and, 8:414
Solvent dyes, 3:488, 489
Solvent effects

in copolymerization, 3:764–770
Solvent evaporation, 8:384, 392

controlled drug release technology, 3:746
Solvent evaporation, polymer precipitation by, 7:754,

755
Solvent extraction

butadiene, 2:298
Solvent extraction technique, 8:427
Solvent extraction, of PHAs, 10:107, 108
Solvent free attrition process, 3:483
Solvent-free coatings

epoxy resins, 5:386–390
Solvent-impregnated resins (SIRs), 7:159
Solvent-induced gelation, 3:747
Solvent-induced self-healing systems, 12:355
Solvent recovery

bulk and solution polymerization reactors, 2:292
Solvent-soluble polyimides, 5:73, 74
Solvent-solution casting

films, 5:820
Solvent-switch method, 8:274
Solvent systems, mixed, 8:563–566
Solvent vapor removal, from air, 5:836
Solvent-weld adhesives, 1:414
Solvents

anionic polymerization of polydienes, 1:630–633
anionic polymerization of styrenes and dienes, 1:600,

601, 613–617
for aromatic polyamide synthesis, 10:213
carbocationic polymerization, 2:399–401
for cellulose, 2:589–591
for cellulose direct dissolution, 2:692, 697–699

coating, 3:289
in CSM preparations, 5:475, 476
effect on polyamide plastics, 10:282
ethylene copolymerization, 5:432
for lyocell process, 2:692–694

Solvolysis, of nylon, 10:244
Sonic and ultrasonic test methods

acoustic emission (AE) analysis, 9:110
acoustic microscopy, 9:111
air-coupled ultrasonics, 9:111
piezoceramic lead zirconate titanate (PZT) sensors,

9:110
PMC structure, 9:110
PZT fibers, 9:110
quantitative ae analysis, 9:110
ultrasonic computer tomography, 9:111
ultrasonic c-scan, 9:110, 111
ultrasonic waves, 9:110

Sonic waves, 1:61
Sonication-induced polymerization, 11:514
Sonogashira coupling, 1:35
Soot, 6:39

concentration (luminosity), 6:37
formation, chemical pathways, 6:39

Sorghum
species with fiber potential, 14:497

Sorption coefficient, 7:791, 792
Sound absorption, 1:61, 65–69

hysteresis absorption, 1:71, 72
measurements, 1:88, 89

Sound power transmission coefficient, 1:72
Sound speed, 1:62, 82–84

measurements, 1:84–88
Source-based nomenclature

CA index name, 9:91–93
for common polymers (table), 9:81, 82
IUPAC name, 9:73–77
principle of, 9:71, 72

Source-based polymer representation, 13:152–176
Soy-based polyurethane foam, 1:813, 814
Soy oil

feedstock for environmentally degradable plastics,
2:89–91

Soybean peroxidase (SBP), 5:264, 275
SoyOyl, 2:91
SP-PLP-EPR method, 7:378, 379, Smoluchowski

description, 7:379
SP1049C, 8:290, 291
Space-charge field, 9:751
Space filling and seals

cellular polymers, 2:546
Spallation, 9:52
Spandex fibers

applications, 5:780–782
chemical composition of, 5:769–771
chemical properties, 5:779, 780
economic aspects, 5:780
manufacture, 5:772–779
mechanical properties, 5:771
physical properties, 5:771

Spandex fibers, 11:231–233
Spark erosion techniques, 3:582
Spatial correlation, 9:767
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Spatial light modulation, 5:110, 9:748
Special chain transfer, 11:531, 532
Special-grade carbon blacks, 2:456–460
Special purpose rubbers

compounding, 12:211–214
defined, 12:204

Specialty epoxy resins, 5:320–323
Specialty photoinitiators

free radical photopolymerization, 9:723, 724
Specialty plasticizers (SP), 10:46
Specialty polystyrenes, 13:186–207
Specific adsorption, 8:684
Specific heat

cellular polymers, 2:538
Specific heat capacity, 14:4, 5, 22

temperature dependence, 14:34
polymer properties, 14:33, 34

Specific interactions, in plasticization, 10:45
Specifications

chitin and chitosan, 3:39
ethylene oxide polymers, 5:455, 456
polyacrylamides, 1:144
polyamide plastic, 10:294, 295
polycyanoacrylate, 10:431
polysulfide, 11:175
raw wool, 15:306–308
styrene-butadiene rubber, 13:278
vinyl acetate polymers, 14:671–673

Spectral profiles, 5:32
Spectral properties

xylylene polymers, 15:430–433
Spectrometry, electron spin resonance. See also Mass

spectrometry
Spectrophotometers

in color quality control, 3:491
infrared and ultraviolet, 3:104

Spectrophotometry
paint forensics applications, 6:189

Spectroscopic low energy electron microscope
(SPLEEM), 15:379

Spectroscopic techniques for investigating
micromechanical properties, 8:475

use in forensic analysis, 6:181
Speed reducer, in an extruder, 5:631
Spherical fillers

phenolic resin applications, 9:617, 618
Spherical inclusion, detachment from, 1:393, 394
Spherical micelles, 8:279
Spherulites, 4:169, 170, 5:498

polypropylene, 11:358, 359
semicrystalline polymers, 12:394–396

Spherulitic structure, 5:549
of polypropylene, 6:321

Spider orb web, 12:542, 543, 545
Spider silk glands

function and location (table), 12:543
Spider silk, 12:542
Spin coating

of irregular surfaces, 3:287
Spin-coating technique, 2:197
Spin coherences, in NMR, 9:244–248
Spin contamination, 3:602
Spin-draw spinning process, 10:249

Spin-echoes, in NMR, 9:246–248
Spin orbit coupling (SOC), 7:512
Spin probes, 4:366
Spinel black, 3:471
Spinnerette orifice shapes, 10:255
Spinnerettes (spinnerets), 3:497, 498, 10:248

bicomponent, 10:260
Spinning machines, development of, 10:248, 249
Spinning methods/processes, 3:498, 10:249–256
Spinning speeds, 10:527
Spinning. See also Dry spinning; Fiber spinning;

Post-spinning processes; Wet spinning
new developments in, 10:250–252
of PPTA, 10:222
scales of, 10:530

Spinodal curves, of phase transformation, 9:563
Spinodal decomposition, 9:563, 564
Spinodal dewetting, 9:568
Spinodal ordering, 9:565
Spinuves A36, 14:467
Spiral mandrel die, 5:675, 676
Spiral-wound membrane modules, 7:768, 769, 773
Spiral-wound modules, 7:793
Splaying, 1:319
Split-valence basis sets, 3:599
Splitting, 5:146, 147
Sponge processing

ethylene-propylene elastomers, 5:605, 606
Spontaneous initiation, polystyrene production by,

13:215, 217
Spontaneous polymerization, temperature dependence,

5:755, 757
Sports and leisure

high performance fiber applications, 6:724
sPP. See Syndiotactic polypropylene (sPP)
Spray

rigid polyurethane, 2:551
Spray bonding

nonwoven fabrics, 9:227
Spray-buffing polishes, 6:112
Spray chilling, 8:386
Spray coaters, 3:265
Spray coatings

of irregular surfaces, 3:286
Spray-dried flavor-filled capsules, 8:395
Spray-dried phenolic resins

manufacture, 9:591
Spray-dry encapsulation processes, 8:385, 392

flow diagram, 8:386
Spray-dry encapsulation, 8:386
Spray drying

controlled drug release technology, 3:746
Spreading coefficient, 11:703
Spruce lignin, 7:527
Sprues, in injection molds, 10:83, 84
SPS. See Sulfonated polystyrene (SPS)
sPS. See Syndiotactic polystyrene (sPS)
Spun bonded fabrics, 9:185–193

propylene polymers, 11:402, 403
Spun-bonded nonwovens, 5:682
Spun filaments, drawing of, 10:531–534
Spunbonded polyester, 9:206
Spunbonded polypropylene, 9:206
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Spunbonded products
physical properties (table), 9:181

Square flow channel, 5:670, 671
Square quad flat package, 5:66
Square-well potential bond models, 8:577
Squared dipole moment (ae 2), from conformation

geometry, 3:696
Squared end-to-end vectors, 9:15
SRIM. See Structural reaction injection molding

(SRIM)
SSCs. See Single-site catalysts (SSCs)
SSP polymers, 12:701
SSZ-13 zeolite, 8:10
Stabaxol, 7:254
Stability

characterization methods, 2:755
latexes, 7:459, 460
olefin fibers, 9:349, 350

Stabilization, 13:1–46, 44. See also Photostabilization
antioxidants in, 13:11–18
history of technology, 13:1, 2
safer and more efficient, 13:36–42
thermal, 13:21–30
time-controlled, 13:34–36

Stabilized polystyrene, 13:188
Stabilizers, 13:1, 2. See also Heat stabilizers; UV

stabilizers
amino resin, 1:530
compatibility with polymers, 13:19, 20
diffusion, volatility, and leachability of, 13:20
films, 5:808
heterophase polymerization, 6:624–629, 644–656
latexes, 7:459, 460
long-term thermal, 13:28–30
melt-processing, 13:21–28
nylon, 10:283
performance of, 13:18–20
for polychloroprene latex, 3:76
processing, 13:26–28
test methods, 13:760
vinyl acetate polymerization, 14:669, 670

Stabilizers, in plastics compounding, 3:551
Stable atmospheric pressure nonequilibrium plasmas,

13:530
Stable jet, 5:149
Stable microemulsions, 8:184
Stand-up pouches, 9:472
Standard of Indiana catalyst system, 5:558
Standardized tests, for adhesives, 1:407
Standardizing test, 15:273
Standards

polyamide plastic, 10:294, 295
polycyanoacrylate, 10:431

Stannoxane, 7:679
Stannoxane functionality, 7:680
Staple, 10:223
Staple fiber processes, 10:533
Staple fibers, 10:253, 254

PET, 10:511
physical properties of selected, 1:229

Staple form glass fibers, 11:689
Staple properties, of nylon, 10:245, 246
Staple tow, 5:681, 682

Star-block polymers, 13:169
Star-branched butyl rubber, 2:353, 354

structure, 2:361, 362
Star-branched polymers

anionic polymerization, 1:599
Star branched polystyrene, 13:188
Star conducting polymers, 4:805
Star copolymer, and ATRP, 1:736, 737
Star copolymers, RAFT polymerization, 11:737, 738
Star ionomers, 7:227, 228
Star polymer catalysts (SC1, SC2) and ligands, 8:445
Star polymer ligands, 8:444, 445
Star polymers, 4:300, 7:639, 640

structural representation, 13:170, 171
synthesis of, 3:206–208

Star polymers, GTP, 6:539, 540
Starblock copolymers, 8:498, 499, 13:282, 283
Starch, 13:51–69, 15:190, 191

based bioplastics, 13:65, 66
based materials, 13:59
biodegradable natural polymer, 2:110, 111
cellulose derivative systems, 13:65
derivatives/polycaprolactone (PCL) blends, reactive

extrusion, 11:645
EAA complex, 13:57
environmentally degradable plastic, 2:82, 83, 91, 92
EVOH films, water permeability of, 13:59
EVOH systems, 13:61
filled materials, 13:52
filled plastics, 13:51, 52
filled polyethylenes, 13:52
filler material, 5:785
grafted polyesters, 13:64
hydro-biodegradation, 4:292
PCL nanocomposites, reaction extrusion, 11:647
reaction extrusion, 11:645
vinyl alcohol copolymer systems, 13:58
water system, 13:54

Starch-based foams, 2:91
Starch derivatives, 15:190, 191

in controlled drug release system, 3:753
Starch gelatinization, 13:53

differential scanning calorimetry (DSC), 13:53
Starch granules, 13:53
Starch-iodine complex, 3:157
Starch-poly(ε-caprolactone) blends

environmentally degradable plastics, 2:88
Starch-poly(vinyl alcohol) blends

environmentally degradable plastics, 2:87, 88
Starch-polyethylene blends

environmentally degradable plastics, 2:87
Starches, adhesive, 1:428, 429
Starve feeding, 5:643, 644
Starved conditions in monomer addition, 5:181
Static charge, 4:738
Static heat extraction, 13:760
Static light scattering, 2:201
Static plane-strain toughness values, 6:321
Static structure function, 1:556
Stationary phase, in HPLC chromatography, 3:90, 91
Stationary polymerization, 11:553–555

chain length distribution, 11:561–568
Statistical amphiphilic polymers, 15:222–229



770 INDEX TO THE ENCYCLOPEDIA Vol. 15

Statistical copolymerization
living radical copolymerization, 3:790, 791

Statistical strength of fibers, 11:684, 685
Statistical theory of real networks, 4:663–665
Statistical thermodynamics, 13:75–80

dilute silution, 13:79
equilibrium problems, 13:76, 77
nonequilibrium problems, 13:77–79
phase transformation, 9:560
semidilute systems, 13:79, 80

Statistical weight matrix (U), conformational partition
function and, 3:691, 692

Steady-state behavior, 15:106
Steady-state compliance, in DE model, 15:129, 130
Steady-state creep compliance, 1:466
Steady-state polymerization (SSP), 7:355

conversion, 7:367–371
gel effect, 7:369
glass effect, 7:369
Mayo equation, 7:358
method of moments, 7:370
molecular weight distribution, 7:361–365
number-average degree, 7:358–361
polydispersity index (or dispersity), 7:365–367
rate of, 7:355–357
Trommsdorff effect/Trommsdorff-Norrish effect,

7:369
Steady-state rate, 5:173
“Stealth” liposomes, 14:548
Steam explosion

for lignocellulose breakdown, 2:574
for viscose manufacture, 2:697

Steam-heated drum dryers, 5:477
Stearic acid

Langmuir-Blodgett films, 7:426
for rubber compounding, 12:236

n-stearyl methacrylate polymerization, 9:639
Steel

fatigue crack propagation, 5:722
specific modulus, strength, and CTE, 3:515

Steel fibers
mechanical properties compared to silk and other

fibers, 12:547
Steel, bonding and, 1:378
Steeping

in viscose process, 2:677
Stefan-Boltzmann constant, 6:40
Steiner Tunnel Test, 6:88
Stem cells

for tissue engineering, 14:215
Stem fibers, 14:494
Stencil printing process, 3:678
Step-growth polymerization

telechelic polymers, 13:720–724
Step-growth polymerizations

in supercritical carbon dioxide, 4:58–60
Step-growth template polymerization, 13:752, 753
Step-reaction polymerization, 2:717, 718, 3:125,

13:82–88
binaphthyl-bridged salen ligand, 13:108
bridged fluorenyl-amide titanium complex, 13:106
C1-symmetric Ti complex, 13:103
C2-symmetric Zr bis(benzamidinate) complex, 13:102

C3-symmetric Zr tris(benzamidinate) complex,
13:102

Half-metallocene complexes, 13:98
isoselective propylene polymerization, 13:94
isotactic propylene polymerization, 13:94
Ni diimine catalyst, 13:106, 107
nonmetallocene transition metal complexes, 13:99
propylene polymerization, 13:92–107
Ti complexes with phenoxyimine ligands, 13:102
trans-cis selectivity, 13:88
Ziegler-type V catalyst (V(acac)3/AlEt2Cl), 13:104

Step strain rate test, 12:16, 17
Step-strains, in viscoelastic theory, 15:88
Stephan single-site catalyst, 5:563, 564
Stereo binocular microscopy

forensics applications, 6:178
Stereoblock polypropylene, synthesis of, 13:104–107
Stereochemical composition, chain conformations and,

3:700
Stereochemistry, 8:162

anionic polymerization, 1:628–638
structural representation, 13:171

Stereoisomers, polyketone, 10:652
Stereology, 6:296
Stereomicroscopes

use in forensic analysis, 6:180
Stereoregular PMMA, 13:655
Stereoregular polymers, 3:127, 13:88–117

catalyzed polymerization, 13:91, 92
stereochemistry, 13:91

Stereoselective polymerization mechanism, 13:92,
126–144

Stereoselective polymerization. See also
Enantioselective polymerization

metallocenes, 8:118–125
Stereospecific polymerization, 3:126, 13:91
Stereospecific polymerization catalysts

propylene or α-olefins, block copolymerization, 13:111
Steric effects

colloids, 3:454–456
Steric stabilization

latexes, 7:459, 460
polymer dispersions, 6:625, 653, 654–655

Steric stabilization, of colloidal dispersion, 4:51–53
Sterilization, of biomedical materials, 2:147–149
Sternstein-Ongchin model, of craze initiation, 15:482,

483
Stick-slip behavior of crack propagation, 6:319
Stick-slip phenomenon, 13:512, 513
Sticky sphere approximation, 2:201
Stiction, 1:430
Stieltjes convolution operation, 15:160
Stiff elastic adherends, fracture mechanics for bonds

between, 1:394–396
Stiff-flow polystyrenes, 13:186
Stiffening, LD to determine, 5:60
Stilan 100, 10:587
Stimulated jet path, 5:149
Stimuli-responsive amphiphilic polymers, 15:220–222
Stimuli-responsive amphoteric gels, 10:309
Stimuli-responsive block copolymer hydrogels,

2:162–178
pH-responsive block copolymer hydrogels, 2:172–174
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pH-thermoresponsive block copolymer hydrogels,
2:174–178

thermoresponsive block copolymer hydrogels,
2:162–172

Stimuli-responsive conjugates, 11:437–439
Stimuli-responsive hydrogels, 6:735
Stimuli-responsive materials, 12:409
Stimuli-responsive microgels, 8:454
Stimuli-responsive polymeric micelles

pH-responsive micelles, 8:283, 284
Stimuli-responsive polymers (SRP)/smart polymers,

11:437
Stimuli-sensitive materials, 12:409
Stimulus-responsive polymer, 3:19–21
Stirred autoclave reactor, for LDPE, 5:519
Stirred-tank reactor, 1:294

for bulk and solution polymerization, 2:287, 288, 291,
292

Stirred tank reactors, 5:188
Stirrers, 5:642
Stirring, in heat transfer, 5:192
Stitchbonding, 9:225
Stoichiometry, reactant, 5:69
Stokes-Einstein equation, 2:201
Stokes Injectoset, 3:585, 586
Stokes Raman scattering, 14:567
Storage

of acrylic and methacrylic acids, 1:159, 160
of acrylonitrile, 1:270
butadiene, 2:300
cyclopentadiene and dicyclopentadiene, 4:231
of polyacrylamides, 1:144
poly(vinyl chloride), 14:756
of vinylidene fluoride, 15:57, 58

Storage and handling, of phosgene, 9:629
Storage bags, 9:477
Storage modulus, 3:306
Storage polysaccharides, 15:190, 191
Storm sewer augmentation

drag reduction application, 4:571
Strain, 2:747, 5:696

around crack tips, 6:309–311
deformation and, 4:638, 639
in fiber drawing and spinning, 10:528, 531
for a natural rubber material, 15:118
in piezoelectric materials, 9:781, 795
viscoelasticity and, 15:78–80, 89–91

Strain-dependent functions in DE model, 15:142
Strain-energy-density function, 6:304
Strain energy function derivatives, 15:116
Strain energy function, Valanis-Landel, 15:116–120
Strain-energy function, 4:661, 662
Strain fixity rate (Rf ), of shape-memory polymers,

12:414, 415
Strain hardening

and yield, 15:454
Strain hardening effect, with LDPE and LLDPE, 5:527,

528
Strain histories, two-step, 15:122
Strain-induced crystallization, 9:9
Strain-induced dilation, 15:461, 462
Strain rate frequency superposition (SRFS), 12:24
Strain rate frequency superposition test, 12:29, 30

Strain rate, effect on stress-time behavior, 15:111
Strain recovery rate, 12:416

of shape-memory polymers, 12:414
total, 12:414, 415

Strain shift factor, of solid-like polymers, 15:155
Strain-strain tests, 2:747, 748
Strain tensor, 15:78
Strained internal olefins, 10:652
Strata-blend mixer, 5:661, 662
Stratified agitated tower CPFR, 13:190
StratoSphere Plugs, 11:36
Straw-reinforced bricks, 11:679
Streamlined die, 5:677, 678
Strength

fiber flexibility and, 11:682
fillers, 5:786, 787
as a function of dimension, 11:679, 680
as a function of interfacial area and interaction,

11:680, 681
as a function of reinforcing material type, 11:681, 682

Strength tests, of composites, 11:687
Stress, 2:747. See also Fracture stress

around crack tips, 6:305–311
deformation and, 4:638
in fiber drawing and spinning, 10:528, 531
in fibers, 11:686, 687
for a natural rubber material, 15:114, 115
nonuniform, 5:672
physical aging effects of large, 1:467, 468
in piezoelectric materials, 9:777, 779–781
size effect and, 11:679
units of, 4:638
viscoelasticity and, 15:78–80, 89–91

Stress-bias criterion, 6:331, 332
Stress buffer coat films, physical properties of, 5:84
Stress buffer coatings, 5:65, 66–82

materials for, 5:68
non-photosensitive, 5:75

Stress concentration effects, 11:686
Stress-cracking, 11:193
Stress cracking, 6:287

corrosive, 6:291–294
environmental, 6:291–294, 332, 333

Stress criteria, multiaxial, 6:331, 332
Stress-deformation response, 15:114
Stress-elongation curves, 8:477
Stress equation, in DE model, 15:134
Stress exponent, 5:469
Stress field, 11:683
Stress fracture, normal, 6:286
Stress-free state, of shape-memory polymers, 12:415
Stress history

and fatigue, 5:705
Stress-intensity factor and fracture energy, device for

measurement of, 4:140
Stress-intensity factor, 6:305–307

relation to energy-release rate, 6:307–309
Stress plot, for Neo-Hookean and Mooney-Rivlin

materials, 15:115
Stress ratio, 5:696
Stress relaxation, 12:13–16, 15:82. See also Relaxation

modulus; Viscoelasticity
amorphous polymers, 1:569
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in DE model, 15:135
olefin fibers, 9:348, 349
of solid-like polymers, 15:155
test methods, 13:774, 775
time scales for, 1:468

Stress relaxation experiments
single-step, 15:140, 141
two-step, 15:142–144

Stress relaxation isotherms, for amorphous
polyisobutylene, 15:94

Stress-relaxation measurements, for styrene polymers,
13:183

Stress relaxation modulus, 1:464, 569
Stress relaxation response, of entangled polymer melts,

15:107–109
Stress relaxation tests, 2:749
Stress relaxometer, automatic, 4:641
Stress-relief additives, 5:88
Stress response

to an arbitrary flow history, 15:140
in DE model, 15:136

Stress-reversing flows, 15:124
Stress shift factor, of solid-like polymers, 15:158
Stress-strain behavior

composite foams, 3:507–509
Stress-strain curves, 4:640, 645, 8:551, 13:773

compressive loading, 15:455, 456
in fiber drawing, 10:531
of polyethylene, 6:324
for polyethylene sheets, 8:569
semicrystalline polymers, 15:477
uniaxial tensile loading, 15:452

Stress-strain isotherms, 9:4, 21, 29
Stress-strain measurements

degree of cross-linking and, 4:666, 667
in uniaxial extension, 4:660, 661

Stress-strain plot, in viscoelastic theory, 15:90
Stress-strain properties, of styrene polymers,

13:180–183
Stress-stretch response, 15:114
Stress-temperature curves, for sulfur-vulcanized

rubber, 4:652
Stress tensor, 15:78

for piezoelectric materials, 9:780, 781
Stress-to-strain ratio. See Young’s modulus
Stress transfer efficiency, 11:681
Stress transfer, 6:324–327, 11:685
Stretch blow molding, 2:218
Stretch blow molding, for plastic bottle design, 2:274
Stretch film, 9:477–479
Stretch hooder, 9:478
Stretch hooder film, 9:478
Stretch hosiery, 10:259
Stretched exponential function, 1:464
Stretching, in membranes, 5:837
Stretching. See also Extension

thermodynamics of, 4:651–653
Stripe LCP texture, 7:567
Stroft substances, 1:378, 379
Strong acid cation exchanger resins, 7:169

water softening, 7:172
Strong acid cation exchangers, 7:169
Strong base anion exchange resins, 7:169

Strong segregation limit, 2:194
Strong solids, 11:681, 682
Structural adhesives, 1:416–427, 6:414–416
Structural analysis

composite materials, 3:541, 542
vibrational spectroscopy application, 14:574–599

Structural applications
epoxy resins, 5:398–409

Structural beams, 15:281
Structural components

cellular polymers, 2:545
Structural composite lumbers, 15:298, 299
Structural development, 10:699

Polycarbonates (PC), 10:721
Polypropylene (PP), 10:720, 721
preparation and phase structure development,

10:682–700
recyclates of, 10:721, 722
semicrystalline polymers, 10:710–712
small-angle neutron scattering (SANS), 10:696, 697
small-angle X-ray scattering (SAXS), 10:696, 697
solution blending, 10:682
structure determination, 10:696
toughness of, 10:709–715
ultrasmall-angle neutron scattering spectrometer

(USANS), 10:697
wide angle X-ray scattering (WAXS), 10:696

Structural foam
injection molding, 10:84, 85

Structural foam molding, 7:8, 9
Structural foams, 2:533
Structural properties, effect on conformational

properties, 3:700
Structural reaction injection molding (SRIM), 1:800,

10:91
Structural recovery, 1:452

of glassy materials, 15:159
modeling, 1:473–476

Structural reinforced injection molding
composite materials, 3:516

Structural relaxation
composite materials, 3:534–538

Structural repeating unit, 13:152–154
Structural representation of polymers, 13:151–176

complex polymers, 13:163–171
double-strand (ladder) polymers, 13:173
inorganic and quasi-inorganic polymers, 13:172, 173
oligomers and telomers, 13:175, 176
organizations and databases, 13:157
regular, single-strand organic polymers, 13:159–163
retrieval of polymer structures, 13:158, 159
siloxanes and silicones, 13:173–175
stereochemistry of polymers, 13:171
storage of polymer structures, 13:157, 158

Structural-rheological simplicity, 1:463–465
Structural unit-size analysis

vibrational spectroscopy, 14:583–590
Structure

epoxy resins, 5:334
Structure-based nomenclature

CA index name, 9:77–86
for common polymers (table), 9:81, 82
inorganic and coordination polymers (table), 9:82
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IUPAC name, 9:77–86
principle of, 9:73
regular double-strand organic polymers (table),

9:85
Structure-based polymer representation, 13:152–176
Structure-opening chemicals, 10:519
Structure-property relationships

cellulose, 2:575–588
cured epoxy resins, 5:363–365
high performance fibers, 6:716–720
and nonlinear optical properties, 9:140–156
polypropylene, 11:359, 360
of polysulfones, 11:186–188
thermoplastic elastomers, 14:137–142

Structure-reactivity relationships
free-radical initiators, 6:838, 839

Structure test methods, 13:757–763
Stubs, 4:468, 469
Styrenated alkyd vehicles, 1:491, 492
para-Styrenated diphenylamine

oxidant used in rubber, 12:195
Styrenated phenol

oxidant used in rubber, 12:192
Styrene

acrylonitrile copolymers of, 1:285
activation parameter for propagation step, 11:520
anionic copolymerization, 1:640
anionic polymerization, 1:605–620
aqueous solubility, 7:467
atactic PP-block-syndiotactic PS, 13:117
ceiling temperature, 4:255
chloroprene reactivity ratios, 3:47
comonomer with acrylonitrile, 1:240
contribution of disproportionation to termination,

11:544
copolymerization parameters with vinyl acetate,

14:654
CpTi(III) species, 13:113
density of monomer and corresponding polymer in

heterogenous polymerization, 6:639
entropy, enthalpy, and celing temperature for

polymerization, 15:420
heat and entropy of polymerization, 14:97
heterophase polymerization initiators and

stabilizers, 6:600–624
heterophase polymerization onto PMMA particles,

6:663, 664
heterophase polymerization solubility effects, 6:635,

636, 638
heterophase polymerization with emulsifier, 6:600,

601
heterophase polymerization, 6:601, 602, 604, 605
inhibition constants of selected inhibitors, 11:582
isoprene-styrene (SIS), porous blends of, 13:392
isospecific living polymerization, 13:115, 116
isospecific polymerization, 13:115, 116
isotactic polymerization, 13:112
metallocene-based copolymerization with ethylene,

8:127, 128
metallocene-based polymerization, 8:129
methylene-bridged C2-symmetric zirconocene

(72)/MAO, 13:116
monomer for rubber compounding, 12:204

monomer reactivity, carbanion stability, and suitable
initiators for anionic polymerization, 1:602

nitroxide-mediated polymerization, 7:651–653
percentage of termination by combination in

telechelic polymers, 13:674
polymerization of, 13:112–117
polymerization, 13:269–276
racemic allyl ansa-lanthanidocene complexes,

13:116
RAFT polymerization, 7:658
self-initiated polymerization, 11:511, 512
standard polymerization enthalpy and entropy,

11:574
stereospecific polymerization, 13:116
sterochemistry of anionic polymerized, 1:638
syndiospecific polymerization, 13:112–115
syndiotactic polymerization, 13:115
terpolymerization with ethylene-propylene, 5:431
thermal polymerization, 6:612
Thiobisphenoxy titanium complexes, 13:114
transfer coefficient to, 11:526
water solubility for heterophase polymerization,

6:628
with ethylene, copolymerization of, 13:116

Styrene-acrylic acid
heterophase copolymerization, 6:653, 654

Styrene-acrylonitrile (SAN) copolymers, 1:262
adhesion and, 1:368
anioxidant applications, 1:711
UV wavelength sensitivity, 14:454

Styrene-acrylonitrile
glass-transition temperature, 10:69

Styrene-acrylonitrile copolymers, 1:288–290
Styrene and acrylonitrile copolymer (SAN), 1:312

analytical investigations of, 1:327
composition and molecular weight, 1:315–317
crylonitrile copolymer content of, 1:316, 317
effect of grafted, 1:317
grafted, 1:324, 325
ungrafted, 1:322

Styrene-based copolymers, 5:203
Styrene-based W/O HIPEs, 10:600
Styrene-butadiene block copolymers, 13:279–283, 198
Styrene-butadiene copolymers, 13:194, 195, 268–284
Styrene-butadiene rubber (SBR), 1:382, 383,

13:268–284, 805, 7:327, 328. See also
Cold-emulsion SBR

in belting, 2:70
block copolymers of, 13:277–283, 198
cold emulsion process for, 13:270–273
compounding, 12:208, 209
economic aspects and use of, 13:283, 284
history of, 13:269
monomers in, 13:269
physical properties, 12:207
polymerization, 13:270–276
processing of, 13:276–278
solution process for, 13:270, 273–276
specifications, testing, and environmental aspects of,

13:278
for tire compounding, 12:253, 254

Styrene-butyl acrylate
heterophase polymerization solubility effects, 6:634
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Styrene-chloroprene copolymers
monomer reactivity ratios for different

polymerization mechanisms, 3:801
Styrene copolymers, 13:193–195

rubber-modified, 13:204
Styrene derivatives, polymers of, 13:195, 196
Styrene-DVB copolymer, 7:157
Styrene-isoprene-2-vinylpyridine block copolymers,

7:320
Styrene-isoprene-ethylene sulfide block copolymers,

7:319
Styrene-isoprene-styrene(S-I—S) block copolymers,

7:318, 319
Styrene-maleic anhydride (SMA) copolymers, 13:235
Styrene maleic anhydride (SMA), 1:799
Styrene-maleic anhydride

glass-transition temperature, 10:69
Styrene-methyl methacrylate copolymers

monomer reactivity ratios for different
polymerization mechanisms, 3:801

Styrene monomer, 13:269
chemically removing, 13:243–245

Styrene plastics, additives used in, 13:248
Styrene polymerization

commercial, 13:238–249
living free-radical, 13:227–233

Styrene polymers, 13:179–260. See also Polystyrene
additives to, 13:248–250
blow molding of, 13:248
chemical characterization of, 13:250–252, 254
commercial polymerization, 13:238–249
copolymerization, 13:233–238
degradation of, 13:208–213
devolatilization of, 13:241–243
economic aspects of, 13:249–251
extrusion of, 13:247
fabrication of, 13:246–248
health and safety factors for, 13:252–254
ignition temperatures and burning rates of, 13:254
injection molding of, 13:246
inorganic-reinforced, 13:204–207
material types of, 13:186–207
mechanical properties of (table), 13:181
orientation of, 13:245–248
polymerization, 13:214–238
process versus mechanism for, 13:238
properties of, 13:180–186
thermoforming of, 13:247, 248
uses for, 13:252–260

p-Styrene sulfonic acid
template polymerization monomer, 13:748

Styrene-vinyl acetate copolymers
monomer reactivity ratios for different

polymerization mechanisms, 3:801
Styrene-co-α-methylstyrene (SAMS), 13:225, 226
Styrene-p-methyl styrene co-syndiotactic copolymers,

3:146
Styrenic block copolymers, 2:201
Styrenic resins, 7:158
Styrenics

antioxidant applications, 1:711
Styroflex, 8:496
Styrofoam, 13:252. See also Polystyrene foams

Styrolux, 13:198, 199, 284
Styropor, 13:252
Styryl amylose amide (VAA), 6:503
Sub-yield behavior, of amorphous materials, 15:146
Submicrometer vapor-grown carbon fibers, 2:483
Subsidiary lamellae, 8:713
Substituted acetylenes. See also Disubstituted phenols;

Polyacetylenes
Substrate-binding domains (SBDs)
Substrate-catalyst matching, 1:26
Substrates

for adhesives, 1:400
with complex surface topography, 1:366

Sueded leather-like materials, 7:503
Sueding

nonwoven fabrics, 9:233
Sugars, in adhesives, 1:429
Suint, 15:308
Sulfate lignins, 7:543
Sulfides

chain transfer agents, 11:531
Sulfite liquors, 7:540
Sulfite pulping, lignin and, 7:538
Sulfolane, 11:181
Sulfomethylation, of poly(acrylamide), 1:129
Sulfonated kraft lignins, 7:544

toxicology of, 7:544
Sulfonated polystyrene (SPS), 5:274
Sulfonated polystyrene

in interpenetrating network, 7:144
Sulfone moiety, of polysulfones, 11:189
Sulfone-terminated copolymer, 11:438
Sulfonium photoinitiators, 9:697–700
Sulfonium polymers, 13:300–304
Sulfonyl hydrazides, 2:263, 264
Sulfopolymers. See also Sulfur-containing polymers
Sulfur

accelerated vulcanization, 12:243
chloroprene reactivity ratios, 3:47
relationship between liquid Cp and temperature in

linear macromolecules, 14:76
standard polymerization enthalpy and entropy,

11:574
as styrene polymerization inhibitor, 13:221

Sulfur-bridged [1]ferrocenophanes, 7:57, 58
Sulfur compounds, divalent

peroxide decomposers, 1:698, 699
Sulfur-containing compounds

as antioxidants, 13:27, 28
as long-term stabilizers, 13:28

Sulfur-containing polymers, 13:286–341
poly(monosulfide)s, 13:286–300
polysulfates, 13:313, 314
poly(sulfonic acid)s and derivatives, 13:304–313
polysulfoxides, 13:325–328
polysulfoximines, 13:341
poly(thioacetal)s, 13:323–325
poly(thiocarbonate)s, 13:314–320
poly(thioester)s, 13:320–323
poly(thiourethane)s, 13:328–337
polyurethanes with sulfur linkages, 13:337–341
sulfonium polymers, 13:300–304
use of, 13:286
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Sulfur-containing polymers. See also Poly(arylene
sulfide)s; Polysulfides (PSs)

Sulfur dioxide (SO2), in chlorosulfonated polyolefin
preparation, 5:475

Sulfur dioxide absorbers, 5:479
Sulfur fiber

mechanical properties, 9:216
Sulfur-nitrogen-phosphorus polymers, 7:47–49
Sulfur vulcanization, 4:67–69, 12:236
Sulfuryl chloride, in chlorosulfonated polyolefin

preparation, 5:475
Sum of bond vectors, for conformation geometry,

3:694–697
Sumithion MC, 3:728
Sun blinds, 14:57
Sun protecting glazing

thermochromic polymer applications, 14:57, 58
Sunlight. See also Solar radiation

polystyrene degradation by, 13:210
Sunn, 14:495

dimensions of ultimate fibers and strands, 14:498
uses, 14:508

Sunn hemp
processing, 14:503

Super Camelon, 1:248
Super focus interdigital micromixer (SFIMM), 8:337
Super glue, 1:421
Super-hexene LLDPE resins, 5:556
Superabsorbent polymers, 1:166, 13:352–365

absorbency under load, 13:362, 363
in adult incontinence products, 13:364
in agriculture and horticulture, 13:364
analytical and test methods, 13:361–363
bulk density and flowability of, 13:362
in construction materials, 13:364, 365
in disposable infant diapers, 13:363, 364
drying, 13:359, 360
economic aspects, 13:360, 361
elastic shear modulus, measurement of, 13:361
in feminine hygiene products, 13:364
in food packaging, 13:365
gel bed permeability, 13:363
gel size reduction, 13:359
grinding and sieving, 13:360
manufacture of, monomer used in, 13:353, 354
modulus of elasticity, 13:356, 357
monomers, physical properties of, 13:353
NEXAFS, 15:385, 386
particle size distribution of, 13:362
polymerization, 13:358, 359
processing of, 13:359, 360
properties of, 13:354–358
in sensor systems, 13:365
rayon, 2:688
surface cross-linking, 13:360
swelling capacity, measurement of, 13:361
swelling characteristic of, 13:354–356
swelling kinetics, 13:357, 358, 362
uses of, 13:352, 363–365

Superabsorbents, acrylamide copolymers as, 1:141
Supercalenders, 2:378
Supercapacitors

electrically active polymers for, 4:773

Supercritical carbon dioxide (scCO2), 5:244
cationic polymerizations in, 4:54–56
as heterophase polymerization porogen, 6:668
polymerization in, 4:47–60
porous polymer synthesis in, 4:59, 60
in situ polymer blend synthesis in, 4:54
as solvent, 4:47–49
step-growth polymerizations in, 4:58–60
thermal ring-opening polymerization in, 4:57
transition-metal-catalyzed polymerizations in, 4:56,

57
Supercritical fluid chromatography

for molecular weight distribution determination,
8:674

Supercritical fluid, 4:47, 13:369–397
30/70 SIS/THFMA copolymer, 13:392
acoustic methods, 13:385
atom transfer radical polymerization (ATRP), 13:380
bimodal MWDs, 13:381
calorimetry, 13:385, 386
catalytic polymerizations, 13:380, 381
“CO2-philic” part, 13:378
“CO2-phobic” part, 13:378
critical opalescence, 13:369
cyclotetrasiloxane monomers, ring-opening

polymerization, 13:388
dispersion polymerization, 13:378
fiber-optic based reactor, 13:383
Fourier transform infrared spectroscopy (FTIR),

13:382
generally regarded-as-safe (GRAS) status, 13:390
heterogeneous polymerizations, 13:378–380
homogeneous polymerizations, 13:377, 378
inverse emulsion, 13:379
low density polyethylene, 13:377
monitoring polymerizations, 13:382–386
near IR (NIR) spectrometry, 13:382
nuclear magnetic resonance (NMR) spectroscopy,

13:384
particle formation techniques, 13:392–395
particles from gas-saturated solutions (PGSS), 13:395
piston effect, 13:370
Poly(caprolactone) (PCL), 13:392
poly(dimethylsiloxane) (PDMS) macromonomer,

13:379
polymer extrusion, 13:395, 396
polymer foaming, 13:390
polymer fractionation, 13:387, 388
polymer impregnation, 13:389, 390
polymer processing, 13:386, 387
polymerizations, 13:377–382
precipitation polymerization, 13:378
primary driving force 13:371
PS-clay nanocomposites, 13:392
Raman spectroscopic peaks, 13:383
Raman spectroscopy, 13:383
rapid expansion of supercritical solutions (RESS),

13:393
residual low molecular weight impurities, 13:388, 389
rhodium-based catalysts, 13:380
solution enhanced dispersion by supercritical fluids

(SEDS), 13:394
spectroscopic methods, 13:382–385
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supercritical antisolvent processes, 13:394
supercritical fractionation, 13:387, 388
tetrahydrofurfuryl methacrylate (THFMA)

copolymers, 13:392
UV-vis spectroscopy, 13:383, 384

Supercritical fluid conditions, acrylamide
polymerization under, 1:138

Supercritical fluid dispersions, 13:372, 373
Supercritical fluid phase diagram, 4:48
Supercritical fluid reactions, 13:372
Supercritical fluids, physical state of, 13:369–372

acoustic compression waves, 13:370
critical point, 13:369, 370

Supercritical fluids, polymer solutions, 13:373
Supercritical or near-critical water, 13:372
Superengineering plastics, 10:398
Superfloc A110, partially hydrolyzed polyacrylamide

drag-reducing additive, 4:553
Superhydrophilic polymer brushes, 10:754, 755
Superhydrophobic

conducting polymer, 13:420
ethyleneglycol dimethacrylate-based polymer, 13:418
fluorinated polymeric surfaces, 13:413
PMMA polymer, 13:429
polydivinylbenzene nanotubes, 13:417
polymer surfaces, 13:563

Superhydrophobic nonwoven fabrics, creation of, 5:159
Superhydrophobic polymers, 13:404–432

anodic aluminum oxide (AAO) template, 13:407, 408
anodization parameters, 13:407
double polymer structuration, 13:431
electrochemical polymerization, 13:419–422
electrospinning, 13:422
hydrophobic wax crystals, 13:404
laser technique, 13:416, 417
oxygen-etching plasma, 13:412, 413
plasma etching, 13:412, 413
plasma treatment, 13:412
polymer nucleation, 13:427–429
polymer replication, 13:411, 412
PTFE surfaces, 13:416
soft-lithography, 13:410, 411
structured hard masters replication, 13:411, 412
microfabrication, 13:410, 411
plasma deposition, 13:413–415
sputtering, 13:415, 416
structuration by crystallization, 13:427

Superhydrophobic properties
surfaces with, 13:404
with conducting polymers, 13:422

Superhydrophobic surfaces, 13:404
Polyaniline, 13:419
“tilted-drop” method, 13:406

Superhydrophobicity, 13:406
controlling via selective solvent, 13:429–431

Superimposed shear, 12:38–40
Supermilling acid dyes, 15:332
Supermolecular organization, 2:751
Supermolecular organization, of polymers, 10:239
Superpermselective membrane, ionomers in, 7:232, 233
Supertough behavior, of PPSF, 11:191
Suppliers, of polyacrylamides, 1:146, 147
Supported liquid membrane, 7:746
Supramolecular chemistry, 11:119, 13:440

Supramolecular dendronized polymers (SDPs), 4:361,
362, 374–377

Supramolecular polymerization mechanisms,
13:442–444

Supramolecular polymers, 8:640, 13:440–465
main-chain versus side-chain, 8:640–642
plug and pluy polymers, 8:642–648

Supramolecular self-assembly, 13:440
Surface absorptivity, polymers, 6:54, 56
Surface acoustic wave (SAW) atomization, 8:425
Surface acoustic waves

for acoustic measurements, 1:99
Surface-active block copolymer, 13:594, 595
Surface activity

carbon black, 2:438, 439
Surface analysis, 13:469–501

organic molecules on surfaces, 13:490–492
secondary ion mass spectrometry (SIMS), 13:476–480
SIMS quantitative aspects, 13:492
SIMS spectral features and information, 13:481–483
surface morphology of EMA copolymers, 13:499–501
surface oligomer detection and imaging, 13:496–499
XPS spectral features and information, 13:474–476
x-ray photoelectron spectroscopy (XPS), 13:469–474

Surface arcs, 4:695, 696
Surface area

carbon black, 2:434, 435
colloids, 3:441, 442
fillers, 5:787

Surface area-to-volume ratio, 11:682
Surface characteristics

AFM imaging of, 1:779–782
Surface characterization

vibrational spectroscopy, 14:612–623
Surface chemical micropatterning, 13:560
Surface-coating methods

discrete, 3:286, 287
Surface coatings, use of latex, 5:195
Surface-directed spinodal decomposition, 9:568
Surface discharge (table), erosion of polymers from,

4:697
Surface energy, 11:682

of aliphatic fluorocarbons and hydrocarbons, 11:704
of main-chain liquid crystalline polymers, 7:573
xylylene polymers, 15:433, 434

Surface excess, 1:435
Surface finish

fatigue effects, 5:740, 741
Surface finishes

functional groups for (table), 3:665
Surface force, 12:3
Surface forces, coating and, 3:297
Surface fouling, 7:782
Surface friction, of fibers, 10:523
Surface-functionalization strategies (table), 8:789–791
Surface gloss values, of ABS polymers, 1:318
Surface graft polymerization, for membrane

modification, 5:848
Surface grafting, 1:376, 13:539

grafting from approach, 13:542–549
Surface immobilization, for fouling prevention, 5:848
Surface-initiated

free-radical graft polymerizations (table), 13:545, 546
graft polymerization, 13:540



Vol. 15 INDEX TO THE ENCYCLOPEDIA 777

living graft polymerization, 13:544–549
living graft polymerizations (SILGP), modification of

polymers (table), 13:552, 553
“polymerization”, 13:540
radical graft polymerization, 13:543, 544

Surface-initiated living polymerizations, 7:642
Surface-initiated NCA polymerizations, 11:52
Surface-initiated polymerization (SIP), 7:642

anionic polymerization, 10:739, 740
atom transfer radical polymerization, 10:745
cationic polymerization, 10:740, 741
controlled/living radical polymerization, 10:743–746
conventional free radical polymerization, 10:742
nitroxide-mediated polymerization, 10:743
for polymer brushes synthesis, 10:739
RAFT polymerization, 10:744
ring-opening metathesis polymerization (ROMP)

method, 10:741, 742
ring-opening polymerization (ROP), 10:741

Surface-initiated, atom transfer radical polymerization
(ATRP), 9:650

Surface interaction and etching, 13:531–536
adipose-derived human mesenchymal stem cells,

13:531
ammonia and nitrogen plasmas, 13:532, 533
carboxyl-terminated PEG, 13:541
fluorine-containing functional groups, 13:533
grafting to approach, 13:541, 542
halofluoropolymer plasma, 13:534
halogen plasmas, in surface modification, 13:533
inert gas plasmas, 13:531
NH3 plasma-modified ETFE film, 13:533
oxygen or oxygen-containing plasmas, 13:531, 532
PEG, argon plasma-induced grafting of, 13:539
PEO-grafted PU beads, 13:541
PET films, hydrophilicity of, 13:533
plasma polymerization and deposition, 13:536–539
plasma-induced immobilization of PEG on PVDF

membranes, 13:542
plasma-modified polymer surfaces, chemistry of,

13:534, 535
porous PTFE films, 13:542
PS-PDMS block copolymers, 13:541
triclosan-modified PE surface, 13:532

Surface ligand star polymers, 8:445
Surface lubricants, 11:700. See also Release agents
Surface mechanical damage and wear, 13:502–524
Surface modification of polymers, 13:528–566

AFM imaging of, 1:781, 782
carbon black, 2:451–453
cotton fibers, 2:610
fatigue effects, 5:740, 741
films, 5:824
hyperbranched polymers in, 6:795
in molecular self-assembly, 8:654

Surface mounting technology, 5:66
Surface oxidized carbon blacks

surface area, DBP number, and applications, 2:458
Surface properties, 13:575–597
Surface resistivity, 4:705

definition, 4:738, 739
of laminate, 4:710
moisture, effect of, 4:709
temperature, effect of, 4:708

Surface segregation effects, 13:584–595
surface segregation effects, 13:584–595

Surface segregation, 13:584, 585
Surface-sensitive modification, 13:529
Surface tension, 1:363, 364. See also Homopolymer

surface tension
adhesion and, 1:363, 364
colloids, 3:446, 447
release agents and, 11:704

Surface tension measurement, 13:595–597
surface tension measurement, 13:595–597

Surface tension, measurement of, 13:595–597
Surface topography, complex, 1:366
Surface treatment

adhesion and, 1:374–378
cleaning as, 1:405
oxidative, 11:692
in rubber compounding, 12:226–229

Surface treatment unit, 5:635
Surface treatments, 3:269
Surface, 14:260

Simha-Boyer proposition, 14:264
Tg, free-volume theories, 14:264–268
thermal expansion discontinuities, 14:262
time-temperature superposition (TTS) approach,

14:267
Vogel-Fulcher-like relation, 14:271
Volkenstein-Ptizyn theory, 14:263, 264
Williams-Landel-Ferry (WLF) equation, 14:265,

266
Surfaces. See also Release surfaces; Sport surfaces

adhesion and, 1:363, 364
evaluation of fracture in, 6:296
phase transformation at, 9:566–568

Surfactant antifoams, 1:666, 667
Surfactant-mediated intercalation, 7:75
Surfactants, 8:366–368

for carbon dioxide, 4:51, 52
in colloid formation, 3:448
in latex manufacture, 7:467–469
silicone application, 12:465
turbulent drag reduction by, 4:537, 566–568

Surfactants, in polyurethane foaming, 11:246–248
Surfactent concentration, 5:166
Surfactents, in emulsion polymerization, 5:174, 175
Surgical sutures

biodegradable polymers for, 2:115
Surlyn ionomer, 7:236, 237
Survival, probability of, 11:680
Suspended microreactors, 13:601
Suspension polymerization, 5:164, 13:601. See

Heterophase polymerization
characteristic particle size, 6:593, 594
fouling, 13:602
heterophase polymerization prerequisites, 6:594
heterophase polymerization techniques with

continuous fluid phases, 6:619
heterophase recipes, 6:616
heterophase technique, 6:586, 589
of SAN copolymers, 1:294
of vinylidene fluoride, 15:59
poly(vinyl chloride), 14:728–742
system, 13:601
vinyl acetate polymers, 14:665
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Suspension polymerization processes, 13:600–625
aqueous phase, influence of monomer solubility,

13:613, 614
Azobisisobutyronitrile (AIBN), 13:608, 609
benzoyl peroxide (BPO), 13:608, 609
commercial reactor volumes, 13:624
copolymerization, 13:614, 615
fluorescence spectroscopy, 13:620
glass and gel effects, 13:612, 613
industrial “intelligent systems”, 13:620
initiators, 13:608–610
monitoring, 13:619–621
Near infrared spectroscopy (NIRS), 13:621, 622
organic phase, influence of solvents, 13:614
particle breakage and coalescence, 13:610–612
Poly(vinyl alcohol) (PVA) as stabilizer, 13:607
Poly(vinylpyrrolidone) as stabilizer, 13:607
products synthesized, 13:618
Raman spectroscopy, 13:622–624
reactivity ratios, 13:616–618

Suspension polymerization, of acrylic elastomers, 1:179
Suspension stabilizer, 13:606–608
Swedging, 14:103
Swelling

hydrazine in Fortisan, 2:585
particles in heterophase polymerization, 6:634–638
solid-state extrudates, 12:691

Swelling and gel collapse, 9:25–27
Swelling equilibrium, 4:664–666

degree of cross-linking and, 4:666, 667
Swelling ratio, superabsorbent polymers, 13:354–356
Switching-segment-determining blocks

polyurethanes with poly(ε-caprolactone), 12:416
polyurethanes with poly(tetrahydrofuran), 12:416,

417
shape-memory effect and, 12:413

SWNTs. See Single-walled carbon nanotubes (SWNTs)
Swollen gels, 1:156
Symmetric porous membranes, 5:827, 828. See also

Asymmetric porous membranes
Symmetrical bifunctional olefins, 8:175
Symmetrical membranes, 7:746

preparation and uses of, 7:748–752
Synchronous belts, 2:69
Syndioregic linkages, 11:518
trans-syndiotactic (trans-racemic, tr), 8:163
Syndiotactic PMMA, 11:450
Syndiotactic poly(methyl methacrylate) (s-PMMA),

3:153–155
conformation of polymer chain in melt and in theta

solvent, 9:56
dielectric spectroscopy, 4:488

Syndiotactic poly(m-methylstyrene) (s-PMMS)
clathrates, 3:146, 147

Syndiotactic poly(p-methylstyrene) (s-PPMS),
3:141–145

β class clathrates of, 3:143, 144
α class clathrates of, 3:141–143
clathrates containing α and β cavities, 3:144
γ class clathrates of, 3:144, 145

Syndiotactic poly-p-n-butyl-styrene, 3:145
Syndiotactic poly-p-fluoro-styrene, 3:146
Syndiotactic polybutadiene, 2:301

Syndiotactic polyketones, 10:652
Syndiotactic polymers, tacticity and properties, 13:653
Syndiotactic polypropylene, 11:351

metallocene-based stereoselective polymerization,
8:122

polymorphism, 11:356, 357
properties, 11:361–368
Raman spectra, 14:575–579
semicrystalline, 12:377, 379, 391
single crystals, 12:387, 388

Syndiotactic polystyrene (s-PS), 3:136–141, 13:631–646
co-crystalline forms of, 3:137
δ clathrates of, 3:137–140
ε clathrates of, 3:140, 141

Syndiotactic polystyrene (sPS), 13:187, 188, 631–646
commercial processes for production of, 13:643, 644
crystallinity, 13:631
economic aspects, 13:646
low frequency Raman bands, 14:591
mechanical properties, 13:634–636
physical properties, 13:631–634
polymerization, 13:637–644
processing, 13:644–646
solubility and solvent resistance, 13:635, 637
trans-trans-gauche-gauche (TTGG) conformation,

13:631
trans-trans (TT) conformation, 13:631

Syndiotacticity index
polypropylene, 14:575, 576, 578

Syndiotacticity, of nonionic poly(acrylamide), 1:119
Synergism, among antioxidants, 13:42–45
Synergistic mixtures

of antioxidants, 1:703
Syntactic cellular materials, 2:525
Syntactic foam, 3:499, 503–505, 8:507
Syntactic foams, polystyrene, 13:254
Synthetic aluminosilicates/zeolites, 7:153
Synthetic antibodies, 8:684, 699–701
Synthetic elastomers, 4:385, 386
Synthetic fillers, 5:796–798
Synthetic ion exchangers, 7:150
Synthetic iron oxides, as pigments, 3:471
Synthetic membranes, 5:826
Synthetic metals, 4:742
Synthetic polyampholytes, 10:304
Synthetic polyisoprene, 7:323, 324

natural rubber blends, 7:325
Synthetic polymers, 2:732, 4:300–304, 9:102. See also

Dendrimers
Synthetic polymers, enzymatic hydrolysis, 13:562
Synthetic polymers, separation of, 3:99–101, 6:380, 381
Synthetic polypeptides, 11:434
Synthetic rubber

compounding, 12:204
heterophase polymerization product, 6:585
synthesis by Ziegler-Natta polymerization, 6:382,

15:518, 519
Synthetic techniques, 9:6
Synthetic cis-1,4-polyisoprene, 7:285
Systematic error (bias), 6:85
T-die, 5:676
T-junction micromixer ID, 8:346, 349
T-shape inlet manifold, 8:337
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T-shape micromixer, 8:332, 336
T silicone resins, 9:795, 12:505, 506
T2-weighted MRI study, 8:802
TA. See Thermal analysis
Tablets

polystyrene supports, 11:36, 37
Tack, 1:378–385

autohesive, 1:378
rate and temperature effects on, 1:380, 381

Tackifiers, 1:379, 380, 11:306
choice of, 1:411
reactive, 1:413
terpene-phenolic, 1:415

Tactic isomerism, 13:650
Tactic PMMA

PLLA blends, 13:657
stereocomplex capacity, 13:660
stereocomplexes, 13:658

Tactic poly(methyl methacrylate), 13:654
Tactic polymers characterization

atomic-force microscopy (AFM), 13:654
differential scanning calorimetry (DSC), 13:653, 654
experimental techniques and apparatus, 13:653, 654
Fourier-transform infrared spectroscopy (FT-IR),

13:654
polarized-light optical microscopy (POM), 13:654
scanning electron microscopy (SEM), 13:654
transmission electron microscopy (TEM), 13:654
wide-angle x-ray diffraction, 13:654

Tactic polypropylenes, 13:661–664
melt-state binary blends, 13:662

Tactic polystyrene, 13:187, 664–668
Tacticity, 13:650–668

metallocene-based stereoselective polymerization
mixed tacticity polyolefins, 8:122–125

of nonionic poly(acrylamide), 1:119
and template polymerization, 13:745

Taffy process, for solid epoxy resins, 5:305, 306, 311
Tailored molecular weight

ethylene-propylene elastomers, 5:604
Take-up

olefin fibers, 9:355, 356
Talc

as release agent, 11:703
butyl rubber filler, 2:365
for rubber compounding, 12:224
thermosetting powder coating filler, 3:241

Tandem or multijuntion solar cell, 12:648, 649
Tandem polymerization, of styrene, 13:229
Tandem technique, 8:166
Tangential rotor system, 3:561
Tannin

as wood adhesive, 15:290, 292
Tannin-based adhesives, 1:429
Tantalum

metallocenes based on, 8:101, 102
Tantalum (Ta)-based catalysts. See also Ta
Tantalum-based catalysts, 8:152
Tape products, 1:410
Tapered block copolymers

synthesis by anionic polymerization, 1:641–643
Tapered-cantilever beam test, 6:312
Tapered chain, 8:498, 499

Tapered module design, 7:788
TAPPI (Technical Association of the Pulp and Paper

Industry), 7:532
TAPPI monograph, 1:542
Tapping mode atomic force microscopy, 1:752
Tar acids

component in coal-tar fractions, 2:472
Tar bases

component in coal-tar fractions, 2:472
Tarpaulins-use of coated fabrics, 5:692
Taste

antioxidants, 1:717
Taylor cone, 5:146
TBBPA. See Tetrabromobisphenol-A (TBBPA)
TBC. See 4-tert-Butylcatechol (TBC)
TCL. See Terephthaloyl chloride (TCL)
TCNE. See Tetracyanoethylene (TCNE)
TD silicone resins, 12:504, 505
TD tearing. See Transverse direction (TD) tearing
TDCB self-healing epoxy samples– Fatigue testing

data, 12:348
TDI. See Toluene diisocyanate (TDI)
Tear damage in PDMS, autonomic healing, 12:360
Tear fracture, 6:286, 287
Tear properties, LLDPE, 5:576
Tear strength

cellular polymers, 2:535
Tebbe reagent, 8:151
Technical Association of the Pulp and Paper Industry

(TAPPI), 7:532
Technological compatibilizer, 1:370, 371
Technora, 6:702–705, 11:693
Tecnoflon, 6:161
Teflon, 5:203

stress-strain behavior, 6:814
Teflon AF copolymers, 9:543

applications and economic aspects, 9:545
fabrication of, 9:545
health and safety, 9:545
properties of (table), 9:544
refractive index (table), 9:544
thermal stability of (table), 9:544

Teflon-like films, deposition of, 10:14, 15
Teflon PFA

applications and economic aspects, 9:556, 557
aqueous dispersion of, 9:556
chemical properties of, 9:550, 551
electrical properties of (table), 9:552
fabrication of, 9:553–556
health and safety, 9:557
mechanical properties of, 9:550
optical properties of (table), 9:553
physical properties, 9:550
pigmentation, 9:556
powder coating, 9:556
properties of (table), 9:550
radiation effects, 9:553
thermal stability, 9:551, 552

Tefzel
applications of, 9:538
health and safety, 9:538, 539
resistance to chemicals (table), 9:534, 535

Teijin fibers, 11:693
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Telcar, 7:139
Telechelic AP, 6:743

F-HEUR polymers, 6:743
fluorocarbon end-capped PEO, 6:743

Telechelic ionomers
pulsed electron spin resonance spectroscopy, 5:21–27

Telechelic ionomers, 7:226, 227
Telechelic polymers, 13:671–729

anionic polymerization, 13:689–694
cationic polymerization, 13:694–701
chain scission, 13:717–719
controlled radical polymerization, 13:681–689
free radical copolymerization of alkenes with

unsaturated heterocyclic compounds, 13:677–679
macromonomers, 13:724–729
metathesis polymerization, 13:714–717
radical polymerization, 13:672
recent trends in functionalization, 13:693
ring-opening polymerization, 13:702–714
step-growth polymerization, 13:720–724
transfer techniques, 13:679–681

Telechelics synthesis, 8:176
Telogen, 13:175
Telomerization, 13:175, 176

VDF, 15:60
Telomerization, chain transfer and, 2:716
Telomers (table), 9:93

structural representation of polymers, 13:175, 176
TEM. See Transmission electron microscopy (TEM)
Temperature

acrylamide polymerization and, 1:124–126
aging and, 1:452, 453
amorphous polymers, 1:566–568, 570–572
antioxidants and stabilizers and, 13:20
carbocationic polymerization, 2:401
cationic photopolymerization, 9:712–714
conformational partition function and, 3:689, 690
conformation-dependent properties and, 3:699
in CPFR and CSTR, 13:239, 240
of deformation, 8:481, 482
dependence of sound speed, 1:88
in devolatilizers, 13:241, 242
effect on polymer oxidation, 13:5–9
effect on thermoplastic polymers, 6:323, 324
effects on permeation, 2:11–14
in electron beam polystyrene irradiation, 13:244, 245
enthalpy recovery and, 1:458–461
fictive, 1:474
FIP beads and blowing agents and, 13:256
nylon mechanical properties and, 10:279
in polystyrene injection molding, 13:246
polystyrene melt properties and, 13:183, 184
in polystyrene production, 13:217, 221
polystyrene tensile strength and, 13:180–183
in polystyrene thermoforming, 13:247, 248
relaxation time and, 1:471, 472
SBR uses and, 13:277, 278
and scratch velocity, 12:331
and thermodynamic properties, 14:77–80
VDF polymer degradation and, 15:70

Temperature at peak mass loss rate
of PAI, 6:46, 46
of polymers, 6:46, 47, 49

Temperature gradient field flow fractionation (ThFFF),
2:735

Temperature-induced gelation, 3:747
Temperature-rising elution fractionation (TREF)

for molecular weight determination, 13:763, 764
Temperature rising elution fractionation (TREF) plot,

5:545, 546, 6:244–249
for sample preparation for polymer characterization,

2:734–736
Template-assisted polymerization

electrically active polymers, 4:759
Template effect

in template polymerization, 13:745
Template ionic polymerization, 13:745
Template leaching, 7:752
Template molecule, in molecular imprinting, 8:684
Template polyaddition, 13:745
Template polycondensation, 13:745
Template polymerization, 13:744–753

applications, 13:753
step-growth, 13:752, 753

Template radical copolymerization, 13:751, 752
Template radical polymerization, 13:745, 746–751
TEMPO. See 2,2,6,6-Tetramethylpiperdinyloxy

(TEMPO)
Temporary shape, of shape-memory polymers,

12:410–412
Tenacity (N/tex), of a fiber, 10:240, 241
Tencel, 2:686
Tensile detachment, from a rigid plane, 1:393
Tensile dilatometry

fatigue studies, 5:712
Tensile fatigue striations, 6:291
Tensile fatigue test specimen, 5:696
Tensile force, 4:654, 655
Tensile impact instruments, 6:809, 810
Tensile impact resistance, 6:813–815
Tensile impact toughness, 6:815
Tensile modulus, 4:659, 5:210. See also Young’s

modulus
of a fiber, 10:241

Tensile properties
nylon-6 and nylon-6,6, 10:239–243
PTT fiber, 10:208
wool, 15:318–320

Tensile strength
of carbon fibers, 11:692, 693
cellular polymers, 2:535
composite materials, 3:546
of engineering thermoplastics, 5:216
and fatigue, 5:704
of a fiber, 10:241, 242, 11:684
of fluorocarbon elastomers, 6:162, 165
olefin fibers, 9:346–348
of polystyrene, 13:183

Tensile strength of autohesion, 1:367
Tensile stress profile, 11:685
Tensile stress, in shape-memory polymers, 12:415
Tensile stress-strain curves, 12:413, 414

for polysulfones, 11:191
Tensile tester, for shape-memory polymers, 12:413
Tensilizing

films, 5:820
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Tension
double-edge notched, 6:317
hydrostatic, 6:321

Tension geometry, 6:308
Tentacle polymer, 11:26
TentaGel, 11:26–28
TEOS. See Tetraethyl orthosilicate (TEOS)
Terephthalic acid (TPA), 4:214, 10:198–200

polyarylates from, 10:351
Terephthaloyl chloride (TCL), 10:214
Terminal diynes, polycoupling of, 1:35
Terminal region

dynamic mechanical analysis, 4:623, 624
Terminal units (T) in hyperbranched polymers, 6:790
Termination, 6:836

butyl rubber synthesis, 2:351
carbocationic polymerization, 2:406–408
cationic photopolymerization, 9:710–714
of cold SBR production, 13:272
copolymerization, 3:762–764, 780–786
free radical photopolymerization, 9:735
heterophase polymerization, 6:595, 599, 607–610
LDPE, 5:525, 526
living anionic polymerization, 1:596
metallocenes, 8:111–115
oxidative degradation, 4:274
of polyketone synthesis, 10:656–658
in polymer oxidation, 13:4, 5
of polystyrene production, 13:219, 221
radical polymerization, 11:542–553
styrene/diene anionic polymerization, 1:617–619
uninhibited autoxidation, 1:687, 689
vinyl acetate polymerization, 14:667

Termination reaction, 8:172
Terminology of Fire Standards, 6:84
Ternary copolymerization

termination, 3:785, 786
Ternary emulsion copolymerization, 5:180
Ternary triblock copolymers. See also ABC triblock

copolymers
Terpene-phenolic tackifiers, 1:415
ortho-Terphenyl (OTP)

density fluctuations, 1:557, 574–75
Terpolymerization

ethylene copolymers, 5:431
Terram

physical properties, 9:181
Terrazzo coat floors, sealers, 6:112
Tertiary amine catalysts, toxicity of, 11:260
Tertiary recycling technologies, 11:664, 665
Tervoort model, of yield, 15:470, 471
Tesla micromixer, 8:432
Test methods, 13:756–782

four wave mixing, 9:761–763
two-beam coupling, 9:763

Testing, 13:756–782. See also Analytical methods
acoustic properties, 1:95–102
acrylonitrile, 1:269, 270
adhesives, 1:406–408
antioxidants, 1:714–716
antioxidants for rubber compounding, 12:233
for aromatic polyamides, 10:217, 232
carboxymethylcellulose, 2:654, 655

cellular materials, 2:512, 527, 528
composite materials, 3:542–548
composition and structure, 13:757–763
electrical properties, 13:779, 780
environmental effects, 13:775–778
environmentally degradable plastics, 2:74
ethylcellulose, 2:665
ethylene oxide polymers, 5:456, 457
fatigue, 5:695–698
flammability properties, 13:780, 781
fluorocarbon elastomers, 6:172
fracture, 6:335
hydroxyethylcellulose, 2:658
hydroxypropylcellulose, 2:666
hyperbranched polymers, 6:790, 791
impact resistance, 6:800–812
LLDPE, 5:574–577
mechanical properties, 13:772–775
methylcellulose, 2:663
miscellaneous other methods, 13:782
molecular weight, 13:763, 764
nanocomposites, 8:741–745
nondestructive testing, 13:781
nonwoven fabrics, spun bonded, 9:198–200
optical properties, 13:778, 779
oxidative degradation, 4:285–287
permeation measurement, 2:21–26
phenolic resins, 9:594–598
phosgene, 9:628, 629
polycyanoacrylates, 10:432
polysulfides, 11:175
poly(vinyl chloride), 14:755, 756
powder coatings, 3:256
processing properties, 13:771, 772
in rubber compounding, 12:258, 259
for SAN copolymers, 1:289, 290
scratch behavior of polymers, 12:324–327
silane coupling agents, 12:424–426
silicones, 12:512–516
styrene-butadiene rubber, 13:278
summary of techniques (table), 13:770
thermal degradation, 4:264–270
thermal properties, 13:764–770
uncured epoxy resins, 5:331–334
UV exposure, 14:457
vinyl alcohol polymers, 14:710, 711

TETA. See Triethylenetriamine (TETA)
Tethered polymers, 6:648, 649
Tetrabenzylthiuram disulfide, 12:173, 176
Tetrabromobisphenol-A (TBBPA), 1:321
Tetrachlorophthalic anhydride

curing agent, 5:354
Tetracyanoethylene (TCNE), 7:53
Tetradecamethylhexasiloxane

physical properties, 12:491
Tetraethoxysilane, 9:32
Tetraethyl orthosilicate (TEOS), 1:778
Tetraethylorthosilicate, 9:32
Tetraethylthiuram

transfer coefficient to, 11:530
Tetrafluoroethylene (F2C CF2), synthesis of, 6:129–131
Tetrafluoroethylene (TFE), 4:50, 9:487, 488–489

ceiling temperature, 4:255
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copolymerization of, 9:489–491
heat and entropy of polymerization, 14:97
manufacture of, 9:502, 503
MFR of, 9:489, 490
properties of, 9:503
safety precautions for, 9:497
standard polymerization enthalpy and entropy,

11:574
uses of, 9:503, 504

Tetrafluoroethylene copolymer, 6:162
Tetrafluoroethylene-ethylene copolymers, 9:526–539

activation energy of, 9:529
bearing wear rate (table), 9:532
crystalline density of, 9:528
manufacturing of, 9:527, 528
modified ETFE resins, thermodynamic properties of

(table), 9:531
molecular weight, 9:529
monomers of, 9:526, 527
physical and mechanical properties, 9:529, 531
tefzel, typical properties of (table), 9:530

Tetrafluoroethylene-perfluorodioxole copolymers,
9:542–545

copolymerization of, 9:543
monomer of, 9:542
properties, 9:543

Tetrafluoroethylene-perfluorovinyl ether copolymers,
9:547–557

Tetrafluoroethylene polymers. See Perfluorinated
polymers

Tetrafunctional junction, 9:20
Tetrafunctional network, 4:660
Tetrafunctional phantom network model, 9:26
Tetraglycidyl isocyanurate (TGIC), 5:320, 322
Tetraglycidyl methylenedianiline, 5:319, 320
Tetrahydrofuran (THF), 3:93, 94, 11:195. See also

Poly(THF)diols
in cold SBR production, 13:275

Tetrahydrofuran (THF)-polymer solution, 8:423
Tetrahydrofuran

telechelic polymer, 13:703–708
transfer coefficient to, 11:530

Tetrahydrophthalic anhydride
curing agent, 5:354

N,N,N′, N′-Tetraisobutylthiuram disulfide, 12:173, 176
N,N,N′, N′-Tetraisobutylthiuram monosulfide, 12:173
Tetrakis methylene (3,5-di-t-butyl-4-hydroxyhydro)

oxidant used in rubber, 12:194
Tetrakis(2,4-di-tert-butylphenyl)4,4′-

biphenylenediphosphonite
antioxidant, 1:699

Tetramer, 6:50
Tetramethoxymethyl glycouril, 3:246
Tetramethoxysilane (TMOS), 4:60
Tetramethyl bisphenol-A polycarbonate

density fluctuations, 1:558
permeability temperature effect, 2:14
sub-Rouse modes, 1:577
WAXS spectra of various, 1:562

Tetramethyl-m-xylidene diisocyanate (TMXDI), 14:436
2,2,6,6-Tetramethyl-4-oxy-piperidine N-oxyl

(N-OxyTAM), 14:467
3,3′,5,5′-Tetramethyldiphenoquinone (DPQ), 9:432–435

N, N, N′, N′-Tetramethylethylenediamine (TMEDA),
6:478

Tetramethylethylenediamine (TMEDA), 7:52
Tetramethylolglycoluril, 1:536
2,2,6,6-Tetramethylpiperdinyloxy (TEMPO), 11:578,

579
inhibition constants with selected monomers, 11:582
in styrene polymerization, 13:230

2,2,6,6-Tetramethylpiperidine
antioxidant, 1:695

Tetramethylthiuram disulfide (TMTD), 5:478, 12:173,
175

accelerated vulcanization, 12:243
Tetramethylthiuram monosulfide, 12:173
Tetraphenylcyclobutane blocking groups, 11:130
Tetraphenyltin, 13:641
Tetrathiafulvalene (TTF) polymers, 13:293, 294
Textile-associated properties

vegetable fibers, 14:500
Textile carding, 9:217, 218
Textile coatings

silicone application, 12:465, 508–510
Textile fibers

dye affinity of (table), 10:257, 258
PTT use in, 10:207

Textile filament yarns, PET, 10:512, 513
Textile finishes

amino resin, 1:531–538
steps in, 1:537

Textile sizing
poly(vinyl alcohol), 14:712–714

Textiles
MPDI, 10:227, 228
release agent use with, 11:705, 706
vinyl acetate polymer applications, 14:680, 681

Texturing, 10:252
olefin fibers, 9:358, 359
for yarn, 10:252, 253

TFC RO membranes, 5:840
preparation of, 5:840, 841

TFC. See Thin-film composite.
TFE copolymers, 4:50
TFE. See Tetrafluoroethylene (TFE)
TG investigations. See Thermogravimetric analysis
TGA, 8:785
TGA instrument, 13:808–810

calibration of mass, 13:813, 814
“fusible link” method, 13:816
temperature calibration, 13:814–816

TGA. See Thermogravimetry analysis (TGA)
TGA/DTGA, compositional analysis, 13:817–820
Theophylline

molecularly imprinted polymer-based assay, 8:701
Theoretical modulus

of carbon fibers, 11:692, 693
of poly(paraphenylene terephthalate), 11:693

Thermal aging
electric breakdown, effect on, 4:692, 693
resistance, effect on, 4:708, 709

Thermal analysis (TA), 13:789–861
calibration and standards, 13:794, 795
concurrent analysis, 13:789
coupled technique, 13:790
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DSC/DTA, operating parameters, 13:795–799
principal thermoanalytical methods (table), 13:790

Thermal analysis
for crystallinity determination, 4:153–156

Thermal analysis microscopy, 1:758, 759
Thermal and infrared test methods

heat waves, 9:112
passive thermography, 9:111

Thermal black process, 2:448, 449
Thermal blacks

composition, 2:429
surface area, DBP number, and applications, 2:458

Thermal bonding, 1:1, 4
nonwoven fabrics, 9:228–230

Thermal breakdown, 4:680
Thermal conductivity, 14:2, 8, 9

direct-heating techniques, 14:8, 9
independent determinations, 14:8
molecular orientation, 14:32
molecular-weight distribution, 14:32
polystyrene fractions, 14:31
rectilinear heat flow, 14:2
polymer properties, 14:26–33

Thermal conductivity, of amorphous polymer, 6:437, 438
Thermal decomposition, higher heat flux requirement,

6:60, 61
Thermal degradation

in mesophase, 6:42
Reactive molecular dynamics (RMD) simulations,

6:69
Thermal degradation, 13:5–9

analytical methods, 4:264–270
chain scission with depropagation, 4:254–258
of colorant, 3:470
mechanistic studies, 4:251–264
of polyacrylonitrile, 1:282
of polyamide plastics, 10:281
of poly(trimethylene terephthalate), 10:200, 201
random scission without depropagation, 4:258–262
of styrene polymers, 13:208–210
thermal reactions without chain scission, 4:262–264

Thermal depolymerization, activation energies of,
4:436, 437

Thermal diffusivity, 14:2–4, 18, 19
differential scanning calorimeter, 14:22
experimental considerations, 14:19, 20
monotonic heating-regime method, 14:20, 21
polymer propteries, 14:26–33
pulse method, 14:20
specific heat capacity, 14:22
temperature-wave/periodic-heat-flow methods, 14:20
temperature-wave method, 14:21, 22
and thermal conductivity measurements (table),

14:19
transient-heat-flow methods, 14:19

Thermal diffusivity, at room temperature, 6:53–55
Thermal dilatometry, 13:765
Thermal drift, 1:748
Thermal expansion

propylene polymers, 11:362
Thermal expansion coefficient

and thermal stresses of molding, 4:250
Thermal free-radical initiation, 6:835

activation parameters, 6:839

Thermal history
fatigue effects, 5:741, 742

Thermal imaging, 13:781
Thermal impedance tomography, 9:114
Thermal inertia, 6:51, 60
Thermal initiation

radical polymerization, 11:505–508
Thermal insulation

cellular polymers, 2:542, 543
Thermal mechanical analysis (TMA), 1:759
Thermal microscopy, 13:765

forensics applications, 6:186
Thermal oxidative stability, in ABS polymers, 1:319,

320
Thermal properties

aromatic polyamides, 10:217
1,3-butadiene, 2:294, 295
cellular polymers, 2:536–540
engineering thermoplastics, 5:208–210, 214–217
filled polymers, 5:791, 792
hyperbranched polymers, 6:783, 784
lignin, 7:536, 537
naphthalate-containing polymers, 10:141–143
nylon-6 and nylon-6,6, 10:243
olefin fibers, 9:349, 350
PET and PEN films, 10:505
polyamide plastics, 10:274–276
polyarylates, 10:352
polyimides, 5:69
poly(phenylene oxide)s, 10:573
polysulfones, 11:188, 191
poly(trimethylene terephthalate), 10:201
silk, 12:548
test methods, 13:764–770
vinyl acetal polymers, 14:641, 642, 644
wool, 15:317, 318
xylylene polymers, 15:428

Thermal-resistant elastomers, 6:161
Thermal response parameter, 6:59
Thermal ring-opening polymerization, in supercritical

carbon dioxide, 4:57
Thermal runaway, 5:194
Thermal shrinkage

composite materials, 3:526–530
and solid-state extrusion, 12:693, 694

Thermal stability
of a colorant, 3:470
of fluorocarbon elastomers, 6:162, 163
of liquid crystalline polymers, 7:571, 572
of polyferrocenylsilanes, 7:54

Thermal stability, of cross-linked polymer, 4:102, 103
Thermal stabilization

long-term, 13:28–30
of polymers, 13:21–30

Thermal stresses
from molding, 4:250

Thermal transition, in polyurethane shape-memory
polymers, 12:417

Thermal treatment, of polypropylene multifilaments,
13:37

Thermal volatilization analysis, 4:267
Thermally activated extension, 6:319
Thermally bonded nonwovens, 8:566–570
Thermally generated defects, 12:302
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Thermally induced shape-memory effect, 12:409
Thermally induced shape-memory, 12:416
Thermally stable carbonaceous char, 6:42
Thermally stimulated conductivity, 13:765, 779
Thermally stimulated depolarization, 13:765
Thermally stimulated polarization, 13:765
Thermo-responsive micelles, 8:286
Thermo-responsive monomer, 8:286
Thermo-rheological simplicity, 15:93–103
Thermochemical calculations, through PMMA,

6:69
Thermochemical properties, of nylon-6 and nylon-6,6,

10:244, 245
Thermochemistry, in gas phase combustion, 6:39
Thermochromatography, 13:760
Thermochromic gel networks, 14:40–42, 44–46
Thermochromic polymers, 14:38–58

applications, 14:56–58
based on Bragg reflection, 14:39–42
based on light absorption, 14:42–46
transparency/scattering switching, 14:46–56

Thermochromic switching, 14:43, 46–56
Thermochromism, 9:757
Thermodynamic data, 14:61
Thermodynamic model universal, 3:97, 98
Thermodynamic or mechanistic theory, of plasticizer

action, 10:44
Thermodynamic properties

propylene polymers, 11:361, 362
Thermodynamic properties of polymers, 14:61–98

crystalline multicomponent systems, 14:92–94
enthalpy, entropy, and free enthalpy, 14:75–77
first-order transitions, 14:80–83
glass transitions, 14:83–85
glassy multicomponent systems, 14:90–92
heat capacities of solids and liquids, 14:62–75
liquid multicomponent systems, 14:85–90
pressure, volume, and temperature, 14:77–80

Thermodynamic treatment, in polymer
chromatography, 3:97–99

Thermodynamic work of adhesion (Wa), 1:373, 374
Thermodynamics, 8:159, 13:75

of adhesion, 1:372–374
phase transformation, 9:560–563
of polymer reactions, 14:94–98
radical polymerization, 11:573–577
rational, 15:160
of rubber-like elasticity, 4:651–653
statistical thermodynamics, 13:76–80

Thermodynamics of interphase, 13:575–578
thermodynamics of interphase, 13:575–578

Thermoelastic inversion, 4:652
Thermoelectrometry, 13:765
Thermoform/fill/seal packaging, 9:472
Thermoforming, 5:510, 10:87, 88, 14:103–131

forming process, 14:112–115
heating, 14:115–118
heavy-gauge, 14:105, 106, 109–112
material characteristics, 14:121–124
mold materials, 14:124
new technologies, 14:128–131
part design, 14:124, 128
of polysulfones, 11:197

process and product control, 14:120
process compared to other thermoplastic processes

(table), 14:108
propylene polymers, 11:404, 405
rigidifying the part, 14:119
sheet stretching, 14:118, 119
of styrene polymers, 13:247, 248
thin-gauge, 14:105–109
trimming, 14:120

Thermoforming, for ABS polymers, 1:332
Thermogravimetric analysis (TGA), 2:743, 4:102,

264–267, 13:808
described, 13:764
mass and temperature calibrations and standards,

13:813–816
phenolic resins, 9:597
silane coupling agents, 12:425
thermoset curing, 14:197–199

Thermogravimetric analysis, in thermal degradation
kinetics, 6:46

Thermogravimetry (TG), 13:789, 808
major affecting factors (table), 13:810–813

Thermogravimetry, 13:764, 765
Thermogravimetry analysis (TGA) curves, of

polysulfones, 11:189
Thermogravimetry analysis (TGA), 7:50

PVDF homopolymer, 15:70
Thermoluminescence, 13:765
Thermolytic cleavage. See Enthalpy of gasification

components
Thermomagnetometry, 13:765
Thermomechanical analysis, 6:434, 13:765, 789, 822,

14:25, 26
composite materials, 3:527–530
instrumentation, 13:822
probe configuration, 13:825, 826
probe geometry or operation modes, 13:825
sample preparation and procedure, 13:824, 825

Thermomechanical investigations, cyclic, 12:413–416
Thermomechanical properties

composite materials, 3:532–534
Thermomechanometry, 13:765
Thermophotometry, 13:765
Thermoplastic block copolymers, 13:281, 282
Thermoplastic coating powders, 3:233–236
Thermoplastic elastomeric olefin (TEO), 1:805
Thermoplastic elastomers (TPEs), 1:805, 2:190, 6:321,

322, 440, 14:133–158
butyl rubbers, 2:354
for rubber compounding, 12:205
thermoforming, 14:127

Thermoplastic fabrication techniques, polysulfones
and, 11:197

Thermoplastic foam, 1:803
Thermoplastic foams, rigid, 13:257
Thermoplastic matrix composites, 3:514
Thermoplastic pigments, 3:473, 474
Thermoplastic polyesters

AFM imaging of, 1:768, 769
producers and trademarks of, 5:207

Thermoplastic polymer interpenetrating networks,
7:126–131

Thermoplastic polymer powder, extrusion of, 11:705
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Thermoplastic polymers
annealing of, 6:454
postcuring of, 6:454

Thermoplastic polyurethane (TPU), 11:231, 233–240
Thermoplastic polyurethane elastomers, 1:801
Thermoplastic polyurethane, 5:684

processing of, 1:809
Thermoplastic resins, 10:68–70

historical development of, 5:204
prices of, 5:214, 215
processing methods, 10:70–88

Thermoplastic starch, 2:82, 83, 13:52, 55
PVOH system, 13:65

Thermoplastic structural foams, 2:521
Thermoplastic VDF-based polymers, 15:54
Thermoplastically processable starch (TPS), 13:55, 56
Thermoplasticity

ethylene oxide polymers, 5:450
Thermoplastics, 2:732

AFM imaging of, 1:764–770
amorphous, 6:320, 321
as shape-memory polymers, 12:413
cross-linking through polyaddition, 4:89–95
deformation and damage mechanisms of,

6:323–327
dynamic mechanical analysis, 4:616–624
engineering, 5:200–220
epoxy-based, 5:311, 312
four processes compared (table), 14:108
miscibility chart for recycling commonly used (table),

11:661
polyethylene, 4:90–93
polypropylene, 4:93–95
polyvinyl chloride, 4:95
production volumes and prices for, 5:215
semicrystalline, 6:320
thermal degradation of, 13:6
thermoforming, 14:103–130
wood composites bonded with, 15:300–303

Thermoplastics, automotive, 1:793–799
ABS polymers, 1:798, 799
blow molding of, 1:807
copolymers and blends, 1:798, 799
extrusion of, 1:807
fiber spinning, 1:807, 808
injection molding of, 1:806, 807
melt spinning, 1:807, 808
MuCell processing parameters for (table), 1:808
polyamides, 1:797
polybutylene terephthalate, 1:798
polycarbonate, 1:798
polyesters, 1:797, 798
polyethylene, 1:793
polyethylene terephthalate, 1:797, 798
polymethyl methacrylate, 1:798
polyolefins, 1:793–797
polyvinyl chloride, 1:798
processing of, 1:806–808
slush molding or rotational sintering, 1:807
styrene maleic anhydride, 1:799
transforming, 1:807

Thermorefraction, 9:757
Thermoregulated Phase-Transfer Catalysis, 8:448,

449

Thermoresponsive block copolymer hydrogels,
2:162–172, 6:759–761

biomedical applications of (table), 2:179–182
lower critical solution temperature (LCST), 6:760
PEG-poly(ethyl-2-cyanoacrylate), 2:172
PEG-PPF-PEG triblock copolymer, 2:172
PEG-PTMC diblock copolymers, 2:171, 172
phase diagram of, 2:162
pluronic block copolymers, 2:167, 168
PNIPAM-based block copolymers, 2:168, 169
poly(ethylene glycol)-polyester block copolymers,

2:163–167
poly(trimethylene carbonate), 2:171
poly(vinyl ether)-based block copolymers, 2:169, 170
polypeptide-based block copolymers, 2:170, 171
reversible sol-gel transition, 6:760

Thermoresponsive helix inversion, 3:20
Thermoreversible main-chain C60-polymer, 6:346
Thermorheologically simple material, 1:78
Thermosensitive smart polymer, 12:605, 606
Thermoset cure, DEA application to, 13:851–855

electrode polarization, 13:853
ionic conduction, 13:852, 853
static dipoles, 13:852

Thermoset elastomers, 6:433
Thermoset glass transitions, dielectric analysis, 13:855,

856
Thermoset polyester blowing agents, 2:267, 268
Thermoset wood adhesives, 15:283–290
Thermoset/clay nanocomposites, 14:174–176
Thermosets, 2:733, 6:432, 8:505, 14:160–210

AFM imaging of, 1:764
characterization methods, 2:754–756
cure and properties, 14:178–199
cure monitoring, 14:202–204
dynamic mechanical analysis, 4:629–634
dynamic mechanical analysis for cured, 4:616–624
hyperbranched polymers in, 6:791, 792
nanocomposites, 14:174–178
processes, 14:204–210
residual stress, 14:199–202
wood bonded with, 15:282, 283
wood composites bonded with, 15:294–300

Thermosets curing by DEA, examples and applications,
13:857–861

Thermosets, automotive, 1:799–801
molding compounds, 1:799, 800
polyurethanes, 1:800, 801
processing of, 1:808, 809
resin transfer molding for, 1:808

Thermosetting coating powders, 3:236–248
Thermosetting injection, 3:585
Thermosetting matrix composites, 3:514
Thermosetting resin systems, 14:165–174
Thermosetting resins

amino resins, 4:78–80
cross-linking through polycondensation, 4:73–88
epoxy resins, 4:81–83
gelation, 4:74–76
phenolic resins, 4:76–78
polyester resin, 4:83–86
polyurethane resin, 4:86–88

Thermosetting resins, 10:89
processing methods, 10:89–92
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Thermosonimetry, 13:765
Thermostat polyurethane, 5:684
Thermotropic LCPs, 7:574
Thermotropic liquid crystalline organocobalt polymers,

7:65
Thermotropic liquid crystalline polymers, 11:696
Thermotropic liquid-crystalline (rigid-rod) polymers

(TLCP), 12:107
Thermotropic polymer blends, 14:47, 48
Thermotropic polymer gels, 14:48–56
Thermoviscoelastic constitutive model, 1:475
Theta (�) conditions, of nonionic poly(acrylamide),

1:119
Thiazole accelerators, 4:70
Thick-gauge thermoforming, 14:105, 109–112
Thickeners

for polychloroprene latex, 3:77
Thickness-gauging unit, 5:635
Thickness of samples, for investigating

micromechanical properties, 8:472
Thiiranes

monomer reactivity, carbanion stability, and suitable
initiators for anionic polymerization, 1:602

Thin film composite (TFC) membranes, 5:829
Thin-film composite asymmetric membrane, 7:746
Thin films

extrusion, 10:77, 78
NEXAFS, 15:383–395
radius of gyration of polymers by neutron scattering,

9:58, 59
Thin-gauge thermoforming, 14:105–109
Thin layer chromatography (TLC)

fiber forensics applications, 6:186
forensics applications, 6:179
molecularly imprinted polymer applications, 8:689

Thin-layer chromatography
for molecular weight distribution determination,

8:673
Thin layer yielding mechanism, 8:500
Thin SBS films, tapping mode SFM phase images,

12:294
Thin-supported films, microphase-separated structure,

13:293
Thin-wall molding, 7:9
Thiocarbonylthio groups, RAFT-synthesized polymers,

11:733
Thiocarbonylthio RAFT agents, 11:712
3-Thiocyanatopropyltriethoxysilane, 12:188
Thioglycolic acid, 8:785
Thioglycolic acid-based dithioesters, 11:721
Thioglycolic acid-step-growth polymerization, 13:83
Thiokol

physical properties, 12:207
Thiokol A, 11:168
Thiokol FA, 11:169
Thiol-ene systems

free radical photopolymerization, 9:730, 731
Thiols

chain transfer agents, 11:529–531
Thiophene

oxidative polymerization, 9:449
polymerization to produce electrically active

polymers, 4:750–754

Thiophenium salt derivatives, 13:301
Thiophenols

oxidative polymerization, 9:445–447
Thiophosphoryl disulfide (DRDS), 13:32, 33
Thiotin stabilizers, 13:28–30
Third law of thermodynamics, 13:76
Third level packaging, 5:63
Third-order nonlinear optical susceptibilities (table), of

substituted polyacetylenes
Thiuram accelerators, 4:70
Thiuram M, 5:478
Thixotropic, 3:445
Thixotropic agents

for epoxy resins, 5:377
Thixotropic loop, 12:32–34
Thomas Register of American Manufacturers, 11:701
Thompson-Gibbs equation, 2:205, 6:549
Thornton’s rule, 6:91, 92
Threadlocking adhesives, 1:420
Three-arm star polymer, 8:173
Three-dimensional (3-D) optical circuitry, 5:105
Three-dimensional cross-linked polymer, 7:150
Three-point bending, 6:314, 315, 325
Three-roll mills, 3:493, 494
Three-stage mechanism of toughening, 8:484, 485
Threonine

chemical structure, 15:186
composition in silk, 12:543
percentage composition in merino wool, 15:313

Threonine (benzyl protected), 11:69
Threonine (tert-butyl protected), 11:73
Threshold bond strength, 1:388
Throttle ratio, 5:656
Thrust bearing assembly, in an extruder, 5:632
Thunderon, 1:257
Tian-Calvet-type calorimeter, 13:794
Tilted smectic liquid crystals, 5:749
Time-aging time superposition, 1:463, 465
Time and strain-dependent strain energy function

derivatives, 15:150, 151
Time-controlled stabilization, 13:34–36
Time-dependent free energy function, for solid-like

polymers, 15:162
Time-dependent lysozyme DUVRR spectra, 14:395
Time-dependent material, cracks in, 6:303
Time-dependent T2-weighted MRI, 8:803
Time division multiplexing (TDM)
Time integration, of specific heat release rate, 6:91
Time of flight mass spectrometry. See TOF
Time-of-flight mobility measurements, 9:764
Time-resolved AFM images, quantitative analysis of,

12:305
Time-resolved SFM probing, 12:302
Time-strain separability, in DE model, 15:145
Time-strain separable response, 15:140
Time-temperature shift factors, poly(α-methyl styrene),

15:96
Time-temperature superposition (TTS) principle, 12:14,

15
Time-temperature superposition, 1:463, 2:252,

15:93–104
Time-temperature-transformation cure diagram

thermosets, 14:164
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Time to failure, of HDPE, 6:328
Time to fracture, under constant uniaxial load, 6:330
Timmerman patent, for PVDF, 15:72
Tin alkoxides

ring opening polymerization by, 12:141–143
Tin octoate

ring opening polymerization by, 12:141, 142
Tin polymers, 7:42–44
Tinuvin 1130, 14:484
Tinuvin 120, 14:480
Tinuvin 123, 14:473
Tinuvin 152, 14:473
Tinuvin 292, 14:467
Tinuvin 328, 14:482
Tinuvin 384, 14:483
Tinuvin 400, 14:483, 487
Tinuvin 622, 14:467
Tinuvin 665, 14:468
Tinuvin 770, 13:39, 40, 43, 14:468
Tinuvin 900, 14:483, 489, 490
“Tiny-mass” reactor, 8:405
TIPS resins, 13:198
TIPS. See Transparent impact polystyrene (TIPS)
“Tipstreaming”, 8:414
Tire cord, melamine resins in, 1:538
Tire elastomers, 12:253, 254
Tire reinforcement

PEN fibers, 10:151–153
Tire yarns

viscose rayon, 2:684, 685
Tires

nylon reinforcing fibers in, 10:265
rubber compounding, 12:250–258

Tissue
acoustic properties, 1:84

Tissue engineering, 2:156, 14:214–240
hydrogel scaffold polymers, 14:223
polymer processing and 3-D scaffolds, 14:224–240
porous scaffold polymers, 14:217–222

Tissue plasminogen activator (TPA)
controlled release, 3:742

Tissue Scaffolds, 5:156–158
Titana cyclobutanes, 8:151
Titanate pigments, 3:472
Titanium

specific modulus, strength, and CTE, 3:515
Titanium alkoxides

ring opening polymerization by, 12:146, 147
Titanium-based catalysts, 8:152
Titanium-based metathesis, 8:172
Titanium bisphosphaimine systems, 5:564
Titanium catalysts

cis-1,4-polybutadiene synthesis by Ziegler-Natta
polymerization, 2:306

1,2-polybutadiene synthesis by Ziegler-Natta
polymerization, 2:311

Titanium chloride based Ziegler catalysts, 5:489, 490
Titanium chloride Ziegler-Natta catalysts, 15:504–519

active site models for polypropylene, 11:379–383
electron donors, 11:383–388
for polypropylene, 11:368, 370, 371

Titanium dioxide (TiO2), 15:248
Titanium dioxide

as filler, 5:797

filler material, 5:785
for rubber compounding, 12:224
in thermosetting powder coatings, 3:240
UV stabilizing effects, 14:481

Titanium dioxide pigment, 3:470
Titanium parts, SiC-fiber-reinforced, 11:697
Titanium polymer complex, 8:173
Titanium sapphire crystals, 5:94
Titanium tetrachloride

Ziegler-Natta catalyst, 15:505, 506
Titanium trichloride

Ziegler-Natta catalyst, 15:505–519
Titanocenes, 8:96–98
Titration

in polyacrylamide analysis, 1:143, 144
TLC. See Thin layer chromatography (TLC)
TMA. See also Thermal mechanical analysis (TMA);

Trimellitic anhydride (TMA)
TMA. See Thermomechanical analysis.
TMEDA. See Tetramethylethylenediamine (TMEDA)
TMP. See Trimethylolpropane (TMP)
TMPPAH, 7:199
TMTD. See Tetramethylthiuram disulfide (TMTD)
TNM model. See Tool-Narayanaswamy-Moynihan

(TNM) model
α-Tocopherol

as antioxidant, 13:39–42
ToF-SIMS

surface analysis applications, 13:480–492
Toluene

chain-transfer constant, 14:667
component in coal-tar fractions, 2:472
solubility of poly(ethylene oxide) in, 5:447
transfer coefficient to, 11:530

Toluene diisocyanate (TDI), 1:422, 11:206–209. See also
TDI

polymerization, 7:253–267
Toluenesulfonamide, 1:520
p-Toluenesulfonyl semicarbazide, 2:266
Toms effect, 4:536
Toner material, transfer of, 11:706
Toning blue, 3:471
Tool materials, blow-mold, 2:257
Tool-Narayanaswamy-Moynihan (TNM) model, 1:470

composite materials application, 3:536
solid-like polymers, 15:159, 163

Tooling
epoxy resin applications, 5:408
injection blow-mold, 2:221–230

Tooth brush filaments, nylon-6 in, 10:271, 272
Topas COC resins, 5:586
Topochemically controlled polymerization, 4:450

of diacetylenes, 4:447
Topological effect, 6:446
Torlon R© PI, 8:23
Torque, half-step, 15:161
Torsion angle for conformation geometry, 3:689, 695,

696
Torsion potential energy function, 3:690, 691

maxima and minima in, 3:691
Torsional braid analysis, 13:765
Torsional braid analyzer, 4:611
Torsional experiments, with solid-like polymers,

15:147–152
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Torsional failure, 1:394
Tortuosity

diffusivity and, 8:570
membranes, 7:749, 750

Total enthalpy method, for crystallinity determination,
4:154

Total radical concentrations, in gas phase kinetics, 6:38
Total shear strain, 5:654
Total solar UV radiation (TUVR), 15:244
Total strain recovery rate

shape-memory polymers, 12:415
Toughened polymers

with amorphous matrix, 8:486–490
with semicrystalline matrix, 8:490–492

Tougheners
adhesive, 1:419
for epoxy resins, 5:383–385
hyperbranched polymers as, 6:794

Toughening, rubber, 8:484, 485
Toughness, 6:321

computed, 6:313–316
effect of loading rate on, 6:327
of a fiber, 10:241
in heterogeneous polymers, 8:483–500
resistance curve and, 6:301
of TIPS, 13:198, 199, 202

Toughness parameters, 6:313
Toxicity

acrylonitrile, 1:270
amino resins, 1:543
antioxidants, 13:18
biodegradable polymers for medical applications,

2:112–114
butadiene, 2:299, 300
cellular materials, 2:559
composite foams, 3:510
metallocenes, 8:84
poly(vinyl chloride), 14:762
PVDF, 15:70
styrene polymers, 13:251
vinyl chloride monomer, 14:760

Toxicology
of lignosulfonates and sulfonated kraft lignins,

7:544
of SAN copolymers, 1:297

Toy industry
economic aspects, 14:249
safety, 14:250

Toyobo, 6:707
Toys, 14:245–250

blow molding, 14:248
blow-molded vehicle wheels, 14:248
commodity resins, 14:246
continuous rotary machines, 14:248
injection molding, 14:247, 248
poly(vinyl chloride), plasticized grades of, 14:246
polyurethane foams, 14:246
processing techniques (table), 14:247
processing techniques, 14:247–250
rotational molding, 14:248
thermoforming, 14:247–249
unplasticized PVC, 14:246

TP hydrogels, rheological properties, 6:749
TPA. See Terephthalic acid (TPA)

TPEs. See Thermoplastic elastomers (TPEs)
TPU elastomers. See Thermoplastic polyurethane
TPU, reaction extrusion, 11:646, 647
Trace evidence, 6:176
Track-etched membranes, 5:837, 838
Tracking resistance, 13:780

of polymers (table), 4:697
Tracking tests, for electric breakdown, 4:703, 704
Trade names

of engineering thermoplastics (table), 5:205, 206
of polysulfones, 11:202

Trademarks
of ABS materials (table), 5:207
of thermoplastic polyesters (table), 5:207

Trans Alaskan Pipeline
drag reduction application, 4:536, 568

Trans-polybutadiene, 9:2
Trans- 1,4-polyisoprene, 7:302, 330, 334, 337
Trans-planar conformation, of isotactic

polythionylphosphazene, 7:49
Trans/cis isomer ratio

PCT gas barrier properties and, 4:216
PCT melting point and, 4:215

Transamidation, 1:164
of poly(acrylamide), 1:130

Transcription
collagen, 6:381

Transdermal patch, 7:805
Transesterification, 12:138
Transesterification polycondensation, 5:238, 239
Transfer (plunger) molding, 3:565. See also

Compression and transfer molding
Transfer-bar coating

nonwoven fabrics, 9:231
Transfer coating, 5:690, 691
Transfer coatings, 11:706
Transfer coefficient, 11:523
Transfer hydrogenation, 8:447
Transfer molding

epoxy resin applications, 5:401–407
thermosetting resin processing, 10:89, 90

Transfer presses, 3:578
Transfer printing

wool, 15:335
Transfer ratio, 4:428
Transfer tapes, 1:411
Transferases, 5:222
Transgenic cotton, 6:387, 388
Transgenic plants, 6:388
Transgenic plants, poly(3-hydroxyalkanoate) synthesis

in, 6:387, 388, 10:106, 107
Transient response, of entangled polymer melts,

15:106–111
Transition elements, inorganic polymers based on,

7:50–65
Transition-metal catalysts

in ATRP, 13:228
for polyketones, 10:651

Transition-metal-catalyzed chain-growth
in supercritical carbon dioxide, 4:56, 57

Transition-metal catalyzed polymerization, 7:203
Transition-metal-containing reactant, 7:64
Transition metal coordination complexes

electrochromic polymers, 4:791–797
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Transition-metal-mediated NCA polymerization,
11:52–55

Transition metals, living polymerization and. See also
Group 3–10 transition metals

Transition-state analogue substrate (TSAS) concept,
5:223

Transition state theory (TST), 3:616–620, 4:521
Arrhenius expression, 3:619
Bell tunneling correction, 3:621
Eckart function, 3:621, 622
extensions to, 3:620–624
harmonic oscillator approximation, 3:622
low frequency torsional modes treatment, 3:622–624
potential energy surface and, 3:616
reaction rates via, 3:617–619
tunneling corrections, 3:620–622
variational, 3:617
Wigner tunneling expression, 3:621

Transition temperature
of shape-memory polymers, 12:410, 412–414, 416

Transitions and relaxations, 1:70, 71, 14:251–286
sound as probe of, 1:76–81

Translation
collagen, 6:381

Transmission, 9:397, 398
of light through sheet, 9:399
transmittances, 9:398

Transmission electron microscopy (TEM), 2:193, 750,
7:215, 8:444, 14:563

for composition and structure determination, 13:760
forensics applications, 6:178

Transmission experimental geometry, 9:753
Transmission x-ray microscope, 15:376, 377
Transparency, 9:399–401

test methods, 13:778
TIPS and GPPS, 13:199–202

Transparency/scattering switching, in thermochromic
polymers, 14:46–56

Transparent impact polystyrene (TIPS), 13:270,
196–202

styrene-butadiene block copolymers and, 13:283, 284
Transport properties, 14:291–375

acrylonitrile, 1:270
amorphous rubbery polymers, 14:298–313
diffusion coefficients in multicomponent systems,

14:296, 297
facilitated transport, 14:365, 366
gases and condensible vapors in barrier polymers,

2:26–32
glassy polymers, 14:331–342
history effects in glassy polymers, 14:350–361
molecular modeling of transport in amorphous

polymers, 14:371–375
mutual diffusion coefficients, 14:293–296
non-Fickian behavior, 14:361–365
nonideal effects in rubbery polymers, 14:313–323
positron annihilation lifetime spectroscopy,

14:368–371
proton exchange membranes, 14:367, 368
reference frames and fluxes, 14:292, 293
semicrystalline and cross-linked rubbery polymers,

14:323–329
solution-diffusion mechanism, 14:297, 298

Transportation
high performance fiber applications, 6:720

Transverse direction (TD) tearing, of ethylene
polymers, 5:553

Transverse strength test, 11:687
Trapped entanglement factor, 4:667, 668
Trapping process of cyclic, 9:22
Trash bags, 9:477, 478
Treeing tests, for electric breakdown, 4:702, 703
TREF. See Temperature-rising elution fractionation

(TREF)
Trelstar Depot, 3:754, 755
Tresca yield criterion, 15:458, 460
Trevira

physical properties, 9:181
TrFE. See Trifluoroethylene (TrFE)
Triacetylene

preparation of monomers, 4:453
Triacetylene polymers, 4:445–456
Triacylglycerols

feedstock for environmentally degradable plastics,
2:89, 90

Triad-like bis-(perylenyl)-oligothiophenes, synthesis of,
12:646

Triads, 8:517
Trialkylamine acylimide moiety, 1:502
Trialkylamine acylimides, 1:512
Triarylmethine radical, 7:699
Triazine-hindered amine light stabilizers, 14:478
Triazine phenolic resins, 9:591
Triazone, 1:534
Tribasic lead sulfate, 6:582
Triblock copolymer, 1:167, 2:135, 6:760
Triblock SBS copolymers, 13:281
Triboelectric series (table), 4:737
Tribolelectrification, 4:738
Trichloracetaldehyde (chloral), 3:12, 13
Trichloroethane, in CSM preparations, 5:475, 476
2,2,2-Trichloroethanol, 5:258
Trichloroethylene

solubility of poly(ethylene oxide) in, 5:447
swelling of parylenes in, 15:436

Trichlorotoluene
transfer coefficient to, 11:530

6-Triethoxysilylhexyl 2-bromoisobutylate (BHE), 9:650
Triethylamine, 1:531

transfer coefficient to, 11:530
Triethyleneglycol methyl ether (SL9) (65), 8:445
Triethylenetetramine

curing agent, 5:345, 367
shrinkage when used as curing agent, 3:531

Triethylenetriamine (TETA), 1:418
2,3,3-Trifluoro-1-vinyl cyclobutane

chloroprene reactivity ratios, 3:47
2,2,2-Trifluoroethyl methacrylate (TFEMA), 13:310
Trifluoroethylene (TrFE), 9:782
Trifunctional acrylate coagent, 12:182
Triglycidyl p-aminophenol, 5:319, 320
Triglycidylisocyanurate (TGIC) cured powder coatings,

3:244, 245
Triisobutylaluminum-titanium tetrachloride

(i-C4H9)3Al—TiCl4, 7:333
Trilene polyethylene products, 5:563
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Trimellitate esters, synthesis, 10:49
Trimellitic anhydride (TMA)

comonomer with diisocyanates, 7:254
Trimellitic anhydride (TMA), 10:49
Trimer contamination, in polystyrene production,

13:217
2,2,4-Trimethyl-1,2-dihydroquinoline, polymerized

oxidant used in rubber, 12:196
1,3,5-Trimethyl-2,4,6-tris(3,5-di-tert-butyl-4-

hydroxybenzyl)benzene
oxidant used in rubber, 12:194

1,3,5-Trimethyl-benzene (TMB), 3:175
Trimethylaluminum, water-treated, 5:560
Trimethylene carbonate (TMC), 5:262
Trimethylene glycol, 10:199
Trimethylol propane trimethacrylate (TMPTMA),

2:711
Trimethylolmelamine, 1:536
Trimethylolpropane (TMP), 1:487, 489
2,4,6-Trimethylphenol

polymerization, 10:579
Trimethylphenyl diaminophenylindane (DAPI)

monomers, 5:74
Trimming

thermoforming, 14:120
1,3,5-Trinitrobenzene

inhibition constants with selected monomers, 11:582
Trioctyl-phosphine (TOP), 8:786
Trioctyl-phosphine oxide (TOPO), 8:786
Trioxane, 1:2, 520. See also Acetal resins

ceiling temperature, 4:255
heat and entropy of polymerization, 14:97

1,3,5-Triphenylverdazyl, 11:579, 580
Triplet states

electron spin resonance, 5:1
Triptycene-based network PIM, 11:4–6, 14
Tris-nonylphenylphosphite

antioxidant, 1:699
2,4,6-Tris(N-1,4-dimethyl-pentyl-p-phenylenediamino)-

1,3,5-triazine
(TAPDT)

oxidant used in rubber, 12:198
Tris(2,4-di-tert-butylphenyl)phosphite

antioxidant, 1:699, 704
Tris-(benzyltriazolylmethyl)amine (TBTA), 3:191
N, N′, N′′-Tris(2)-methoxyethyl)benzene-1,3,5-

tricarboxamide (BTA), 13:448,
449

Trisphenol epoxy novolacs, 5:318
3-[Tris(trimethylsilyloxy)silyl]propyl methacrylate

activation parameter for propagation step, 11:520
[3]Trithiaferrocenophanes, 7:58
Tritiated water separation

phosphazenes for, 11:107
Tritolylamine (TTA), 9:760
Triynes, 1:48–54

click polymerizations, 1:49–52
coupling polymerizations, 1:48, 49
polycoupling of, 1:49
polymer reactions, 1:52–54

tRNA, 15:184
Trommsdorff effect, 6:381, 609, 8:317, 318, 11:552,

13:191

Troubleshooting
extrusion blow molding, 2:247–249
injection blow molding, 2:226–230

“Trouser-leg” method, 9:13
Trouton viscosity, 15:107
Trubyte, 7:139
True block copolymers, 7:307
True stress, 15:452
True transfer molding, 3:566, 567. See also

Compression and transfer molding
Truly vascular systems, 12:363, 364
Truncation, 3:605
Tryptophan

chemical structure, 15:186
composition in silk, 12:543
percentage composition in merino wool, 15:313

Tryptophan (cyclohexyloxycarbonyl protected), 11:70
Tryptophan (formyl protected), 11:70
Tryptophan (tert-butyloxycarbonyl protected), 11:73
Tryptophan dendrimer, 4:334
TSA-Star and DMAP-Star, 8:459
Tsai-Hill equation, 7:573
TTF polymers. See Tetrathiafulvalene (TTF) polymers
Tube fluctuations, 15:101
Tube-in-tube microreactor, 8:320
Tubing

extrusion, 10:74–76
LLDPE, 5:580
nylon, 10:288

Tubing dies, 5:672–675
Tubing extrusion lines, 5:633
Tubular membrane modules, 7:770, 772
Tubular reactors

for bulk and solution polymerization, 2:289–291
for emulsion polymerization, 5:189
for heterophase polymerization, 6:617
for LDPE, 5:519, 520

Tufcel, 2:686
TUFTS process, 5:158
Tung oil, 4:499
Tungsten and molybdenum imido complexes, 8:152
Tungsten-based catalysts, 8:153, 189
Tunicates

cellulose from, 2:570
Turbidimetric methods

fractionation, 6:272
Turbostratic graphite, 11:691
Turbulence, 8:321
Turbulence mixers, 3:555
Turbulent drag reduction, 4:535, 536, 539–555

by surfactants, 4:537, 566–568
Turnbull-Fisher equation, 4:173
Turpentine oil

resinification by sulfuric acid, 2:391
Twaron, 10:220, 232, 11:693
Twente mixing ring, 5:659, 660
Twin-screw extruder, 11:632
Twin-screw extruders, 3:495, 557, 5605:618–620, 644,

666, 10:74
pearlescent pigments and, 3:472
versus single screw extruders, 5:648

Twinning
polymer single crystals, 12:390, 391
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Twist extrusion, 12:697
Two-beam coupling, 9:751
Two-blade coaters, 3:272
Two-component polyurethane systems, 11:256, 257
Two-dimensional correlation spectroscopy, 14:381–407
Two-dimensional Fourier spectroscopy, 9:248–251
Two-dimensional NMR (2D NMR) spectroscopy, 14:381
Two-dimensional thermal field-flow fractionation

(2D-ThFFF), 2:735
Two-dimensionally extended poly(aminium cationic

radical)s, 7:699–701
Two peak distributions, 5:180
Two-phase nonaqueous systems, polycondensation in,

7:103
aromatic polyesters, 7:103

Two-phase polymer systems, 5:184
Two-phase systems, aqueous polymer, 11:169–171
Two-photon absorption (TPA), 9:766
Two-roll mills, 3:494
Two-stage extruder screw, 5:668
Two-step strain histories, 15:123
Two-step stress relaxation experiments

DE model and, 15:141–143, 146
Two-tone flop effect, 3:473
Tylose, 4:551
Typar

physical properties, 9:181
Type-2 numbering-up reactor, 8:334
Type I strong base anion exchange resins, 7:158
Type II strong base anion exchange resins, 7:158
Tyrosinase model catalyst, for oxidative

polymerization, 9:438–444
Tyrosine (2,6-dichlorobenzyl protected), 11:70
Tyrosine (tert-butyl protected), 11:73
Tyrosine, 5:264

chemical structure, 15:186
composition in silk, 12:543
percentage composition in merino wool, 15:313

Tyrosine ethyl ester, 5:266
Tyvek, 8:566

physical properties, 9:181
U-Polymer, 10:351
U.S. Army for military rations, 9:456
U.S. Food and Drug Administration, 9:456
U.S. Food and Drug Administration. See FDA; Food and

Drug Administration (FDA); Regulation
U.S. Government, release agent regulation by, 11:708
U.S. standard atmosphere”, 15:244
UCARE Polymers, 2:659
UF resins. See Urea-formaldehyde (UF) resins
Ugelsatd plot, 6:606
UL (Underwriters’ Laboratory) index, 10:663
UL 94 20-mm vertical burning test, 6:87
UL 94 flame testing, 13:781
ULDPE resins, 5:578
Ullman-coupling reactions, 3:192
Ullman synthesis, 11:184
Ultem film, ESR spectrum, 11:480
Ultem polyetherimide, 10:590
Ultimate fibers, 2:569
Ultimate shear strength, 15:473
Ultra IP, 5:427
Ultra low density polyethylene (ULDPE), 5:578

Ultra LT, 5:427
Ultracentrifugation

for average molar mass determination, 2:741
cross-fractionation chromatography, 6:274, 275
fractionation, 6:270–274

Ultracentrifuge
for weight-average molecular weight determination,

8:669, 670
Ultrafiltration, 5:832, 7:745, 779–784
Ultrafiltration flux, 7:782, 783
Ultrafiltration membranes, 5:832, 7:757, 775
Ultrahigh modulus carbon fibers, 2:464
Ultrahigh molecular weight polyethylene (UHMWPE),

5:620, 11:680. See also Ethylene polymers; High
density polyethylene (HDPE)

draw ratios for, 11:694, 695
fatigue crack effect of molecular weight, 5:726
fatigue crack propagation, 5:721
solid-state extrusion, 12:694

Ultrahigh molecular weight polyethylene fibers, 11:680,
695

Ultrahigh molecular weight polypropylene (UHMPP)
solid-state extrusion, 12:694

Ultralow-kfilms, synthesis by PE-CVD, 10:22
Ultramarine pigments, 3:471
Ultranox U626, 13:41, 42
Ultrasonic attenuation

amorphous polymers, 1:586
Ultrasonic nondestructive testing, 13:781
Ultrasonic waves, 1:61, 9:110
Ultrasonically stimulated controlled release technology,

3:753
Ultrasound-induced radical polymerization, 8:476,

14:414–431
Arrhenius plot for, 14:421, 422
batch reactor of, 14:421
blake threshold and vapor pressure, 14:423
bulk polymerization, 14:420–422
cavitation bubble dynamics, 14:415, 416, 418
cavitation bubble, 14:424
CO2-expanded system, 14:425
collapse, 14:415
effect of ultrasound intensity on limiting

number-average, 14:429
emulsion polymerization, 14:425, 426
frequency of, 14:419
fundamentals, 14:415
introduction, 14:414
liquids, 14:415, 416
molecular weight distributions of, 14:427
ntensity, 14:419
parameters influencing cavitation, 14:415, 416
precipitation polymerization, 14:422, 423
reaction mechanism of, 14:419
reaction temperature, 14:418
results of, 14:424
schematic representation of bubble growth, 14:415
static pressure, 14:418
synthesis of, 14:426
types of, 14:415
use of, 14:414
viscosity, 14:418, 419

Ultrastrong materials, 8:736–741
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Ultraviolet (uv) absorption photometers, 3:92
Ultraviolet (uv) light/radiation. See also Solar radiation

effect on oxidation, 13:9–11
photo-oxidation and, 13:35
polysulfone resistance to, 11:195

Ultraviolet absorbers (UVAs)
copolymerization during polymer manufacture, 13:38
as preventive antioxidants, 13:11, 15–17, 30, 31

Ultraviolet aging, of polyamide plastics, 10:281
Ultraviolet degradation

olefin fibers, 9:350
Ultraviolet embrittlement times, 13:40
Ultraviolet free-radical initiation, 6:835, 861
Ultraviolet ray screeners

for polychloroprene latex, 3:77
Ultraviolet-screening pigments, 13:30, 31
Ultraviolet stabilizers, as polystyrene additives, 13:249
Ultraviolet-visible absorption data, for polygermanes

and polystannanes, 7:43
Uncollapsed polyethylene lamellae, 8:708, 709
Under cure, 4:66
Underwater acoustics, 1:92, 93
Underwater pelletizers, 5:639, 9:483
Underwriter’s Laboratories (UL), 4:675, 10:663, 13:780
Uniaxial compression modulus

composite materials, 3:545
Uniaxial deformation, of solid-like polymers, 15:152,

153
Uniaxial extension flow, 12:2, 3
Uniaxial extension, 4:639–641

stress-strain measurements in, 4:660, 661, 663
Uniaxial orientation

films, 5:814–816
Uniaxial tensile loading

stress-strain curves, 15:451, 452
Uniaxial tensile modulus

composite materials, 3:545
Unidirectional carbon fiber prepreg with a PPS matrix,

10:137
Unimolecular photoinitiators

free radical photopolymerization, 9:720, 721
Uninhibited autoxidation, 1:687–689
Union Carbide mixer (UC mixer), 5:663
UNIPOLTM gas-phase process, 5:563, 565
Unique systems, 8:440
Unit Heaviside function, 15:88
United States. See also Regulation

acrylonitrile production of, 1:261, 262
adhesives industry in, 1:402
plastics recycling, 11:658, 659
polyacrylamides in, 1:147, 148
polystyrene recycling in, 13:210
rubber manufacturing in, 13:269

Units of measurement, 5:209
Universal (bulk property) detectors, 3:92
Universal alkoxyamine initiator, 13:232
Universal chiroptical spectrophotometer (UCS)

solid-state dedicated, 12:659
optical diagram, 12:660
solid-state CD and CB measurements, 12:662–666

Universal force field (UFF) model, 8:578
Universal slopes equation, in fatigue, 5:704
Unoriented polymer networks, 8:549

Unsaturated cure sites, of acrylic elastomers, 1:174
Unsaturated ester oligomers, 6:414–416
Unsaturated polyester resins, 3:338, 339
Unsaturated polyester, 4:85, 86

free radical photopolymerization, 9:729, 730
in interpenetrating network, 7:144

Unsaturated resins, 6:200–202
Unstable crack propagation, 6:319
Unsteady burning, 6:65–68
Unsymmetrieal azonitrile, 1:823, 825
Unzipping, 4:254

styrene polymers, 13:208, 209
Up-jump volume recovery, 1:453
Uphostry-use of coated fabrics, 5:692
Upper critical solution temperature (UCST), 8:534,

9:564–566, 14:90
Upstack operation, 5:634
Upward precipitation fractionation, 6:234, 235
Uralkyds, 1:497, 3:333, 334
Urea

in amino resins, 1:518, 519
cocondensation with melamine-formaldehyde resins,

7:733
Urea-formadehyde (UF) resins, 1:480, 516, 517, 526,

541
butylated, 1:530
frothing processes, 2:524
manufacture of, 1:525
reaction rate constants for (table), 1:522
in textile finishes, 1:531

Urea-formaldehyde (UF) resins, 4:78–80
Urea-formaldehyde

advantages, disadvantages, and applications as
epoxy curing agent, 5:339

Urea-formaldehyde adhesives, 1:426
for wood composites, 15:283–286

Urea-formaldehyde microcapsules, 12:360
Urea-formaldehyde resins

curing agents, 5:355, 356
Urea resins, cationic, 1:541
γ-Ureidopropyltrimethoxysilane, 12:188
Urena, 14:495

mechanical properties, 14:499
processing, 14:504, 505

Urethane adhesives, 1:422–425
Urethane-coated fabrics

finishing, 7:503
manufacture, 7:499

Urethane coatings, 14:433–450
2K urea coatings, 14:439, 440
2K waterborne coatings, 14:445, 446
carbamate-functional reactants, 14:449
hydroxy-terminated polyurethanes, 14:449
introduction, 14:433–435
markets, 14:450
moisture-curable, 14:442, 443
thermoplastic polyurethane dispersions, 14:443, 444
two package, 14:437, 438
uralkyds, 14:448, 449
waterborne polyurethanes, 14:443
waterborne urethane UV cure coatings, 14:446–448

Urethane derivatives, 1:497
Urethane dimethacrylate monomers mixture, 4:391
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Urethane polyester powder coatings, 3:246, 247
Urethane polymers. See Polyurethanes
Urethanes

N-phenyl, 4:448
physical properties, 12:207
for rubber compounding, 12:217

Uretidiones, 11:215, 216
Uron resins, 1:535
Urushi, 5:271
Urushiol analogues, 5:271
Ushercell, 2:611
UV absorption characteristics

PEN, 10:144
UV Check AM 340, 14:481
“UV concentrator,” 15:255
UV exposure testing, 13:777, 778
UV-induced cationic photopolymerization, 9:695, 696
UV-initiated polymerization, 8:343, 402
UV irradiance, 15:277
UV light absorbers, 14:457–478
UV light radiation, 8:277
UV radiation, 14:453, 15:259

polysilane absorption, 11:150–154
wavelength sensitivity of selected polymers (table),

14:454
UV spectroscopy, 2:738
UV stabilizers, 14:452–491. See also Hindered amine

light stabilizers
carbon blacks, 2:459
coating stabilization, 14:482–491
excited state quenchers, 14:479
films, 5:807
hydroperoxide decomposers, 14:479
photodegradation, 14:453–455
poly(vinyl chloride), 14:756
radical scavengers, 14:479, 481, 482
stabilization mechanisms and strategies, 14:455–457
test methods for exposure, 14:457

UVAs. See Ultraviolet absorbers (UVAs)
Uvasil 299, 14:473
Uvasorb HA88, 14:472
UVINOL 3035, 14:458
V-belts, 2:69, 70
V-ribbed belts, 2:69
VA. See Vinyl acetate (EVA, VA)
VAc with xanthate RAFT agents, polymerization of,

11:730
Vac-cobalt-mediated living radical polymerization,

11:730
Vacuum-assisted resin-transfer molding

thermosets, 14:207, 208
Vacuum bag

thermosets, 14:206, 207
Vacuum deposition coating, of irregular surfaces, 3:287
Vacuum draw box, 14:112
Vacuum forming, 10:87, 14:103

styrene polymers, 13:247
Vacuum insulation panels

cellular polymers, 2:542
Vacuum ultra-violet (VUV), 13:529
Vacuum ultraviolet radiation (VUV), 14:773
Vacuum venting process, for encapsulation by transfer

molding, 3:580, 581

Valanis-Landel (VL) form, of strain energy function,
15:116–119

Valence bands, 13:476
Valine

chemical structure, 15:186
composition in silk, 12:543
percentage composition in merino wool, 15:313

Valonia ventricosa
cellulose from, 2:570

VALOX 315, 7:685
Vamac

van der Waals forces/interactions, 1:362, 4:644, 652,
11:691

Vamac R© ethylene acrylic elastomer, 5:420, 421
Van der Schaaf-type initiator, 8:154
Van Krevelen’s method, of thermal decomposition, 6:68,

73, 74
Van Mises yield criterion, 6:331, 332, 15:458–461
van Vleck moments, 9:252, 253
van’t Hoff equation, 7:744
Van’t Hoff reaction isobar, 4:431
Vanadium catalysts

metallocenes, 8:82
1,2-polybutadiene synthesis by Ziegler-Natta

polymerization, 2:311
for Ziegler-Natta polymerization, 15:508, 509

Vanax, 5:479
Vandadium catalysts

trans-1,4-polybutadiene synthesis by Ziegler-Natta
polymerization, 2:310

Vanzo equation, 5:176
Vapor deposition polymerization (VDP), 2:763, 764. See

also Chemical vapor deposition
polyimides, 15:415
xylylene polymers, 15:409

Vapor-grown carbon fibers, 2:469, 482, 483
Vapor-liquid interfacial polycondensation, 7:100–102

phase-transfer agents, 7:101, 102
Vapor-phase assisted surface polymerization (VASP),

2:764
Vapor phase osmometry

for average molar mass determination, 2:741
Vapor phase polymerization, of aromatic polyamides,

10:219
Vapor phase, stripping residual styrene from, 13:243
Vapor-polymer equilibrium partitioning, in styrene

polymerization, 13:242
Vapor-pressure osmometry

for number-average molecular weight determination,
8:666–668

Variable angle polarized absorption spectroscopy
(VAPAS), 5:98

Variable angle spectroscopic ellipsometry (VASE), 5:98
Variable depth mixers, 5:660, 661
Variational transition-state theory, 3:617
Varnishes, 1:480
Vascular grafts

biodegradable polymers for, 2:116
Vaucheria

cellulose from, 2:572
VDC monomer. See also Vinylidene chloride (VDC)
VDC polymers. See Vinylidene chloride (VDC)

polymers, 9:791
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VDC resins. See Vinylidene chloride
VDC. See Vinylidene chloride (VDC)
VDCN/VAc copolymer, 9:793
VDF. See Vinylidene fluoride (VDF)
VDP polyimides, 15:415
VDP. See Vapor deposition polymerization (VDP)
Vector rubber, 13:283
Vectra, 7:565, 571–573

high barrier polymer, 2:41
Vectra A950

NEXAFS of mechanically alloyed blends with PET,
15:395–397

Vectran, 6:710, 7:567
Vegetable fibers, 14:594–510

applications, 14:508–510
bast fiber processing, 14:498–504
commercial (table), 14:495
economic aspects, 14:507, 508
leaf fiber processing, 14:504–506
physical properties, 14:498
seed- and fruit-hair fibers, 14:506

Vegetable oils
in interpenetrating network, 7:144

Vegetable tanning, 7:486, 487
Calgon pickle, 7:487
Liritan process, 7:487

Vegetable tannins, 7:486
Vehicle recycling, 11:671
Velcro, 1:366
Velocity profiles, down-channel, 5:655
Venetian blinds, 14:57
Vent flow, 5:669
Vented extruders, 5:668, 669
Venting, in blow molding, 2:241–247
Verel, 1:251

limiting oxygen index, 1:232
Verlet numerical integration methods, 8:587
Vermiculite

filler influence on epoxy resin properties, 5:382
filler properties, 5:379

Versamide 140
curing agent, 5:367

VersipolTM catalyst technology, 5:564
20-mm Vertical Burning Test, 6:87
Vertical form/fill/seal (VFFS) packaging, 9:472
Vertical form/fill/seal (VFFS), 9:472
Vertical-type UCS (v-UCS), 12:660, 661
Very large-scale integration (VLSI) semiconductor

chips, 5:108
Very low density polyethylenes (VLDPE), 5:543, 578.

See also VLDPE
Very small outline package (VSOP), 5:66
Vesicle formation

liquid crystalline packing, 14:523
secondary valence interactions, 14:522, 523
strong segregation limit, 14:521, 522

Vesicle polymerization, 5:186
Vesicle-tubule transition, 14:533, 534
Vesicles, 14:511–556

amphiphiles, polymerization of, 14:543, 544
bilayer formation, conditions for, 14:518, 519
bilayer properties, 14:535–542
biocompatibility, 14:547–550

biomedical applications, 14:546, 547
blood plasma stability, 14:548
closure to, 14:513–516
cross-linking, 14:544
direct hydration, 14:523
electroformation, 14:523
encapsulation methods, 14:550
exchange kinetics and freezing, 14:517

Vesicles shapes, 14:525–530
and shape transitions, 14:530–535
area difference, 14:527, 528
bilayer asymmetry, 14:528
budding transition, 14:532, 533
chemically asymmetric bilayers, 14:530
curvature energy, 14:525–530
equilibrium curvature, 14:529, 530
membrane area, 14:526
membrane elasticity, 14:526, 527
membrane energy, 14:525, 526
osmotic pressure, 14:526
pearling transition, 14:532
spontaneous curvature, 14:528, 529

Vestenamer, 8:187, 188
VF. See Vinyl fluoride
VFFS equipment, 9:472
VFFS machinery, 9:475
VFFS packaging. See Vertical form/fill/seal (VFFS)

packaging
Vibration analysis, 9:767
Vibration damping behavior

interpenetrating polymer networks, 7:132, 133
Vibration damping, 1:93
Vibration fracture, genuine, 6:290, 291
Vibration-induced creep fracture, 6:289–291
Vibrational spectroscopy, 14:563–627. See also Raman

spectroscopy; Infrared spectroscopy
advantages and applications, 14:563, 564
anisotropy assessment: segmental orientation,

14:607–612
chain configuration, 14:575, 576
chain conformation-disordered, 14:579–583
chain conformation-ordered, 14:576–579
for crystallinity determination, 4:156–158
double modulation spectroscopy, 14:623–627
heterogeneous polymer characterization, 14:594–599
imaging spectroscopy of impurities, blends,

composites, and laminates, 14:599–607
infrared, 14:564, 565
longitudinal acoustic mode, 14:583–590
low frequency observations of amorphous polymers,

14:590, 591
normal coordinate analysis, 14:573, 574
normal vibrations, 14:568–574
phase transformations, 14:591–594
Raman scattering, 14:565–568
semicrystalline polymers, 12:382
silk crystallization on highly oriented substrate,

14:622, 623
structural characterization, 14:574–599
structural unit-size analysis, 14:583–590
surface characterization, 14:612–623
use in forensic analysis, 6:181

Vicker’s hardness test, 13:775
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Vickers indenter, 6:556
Victrex PEEK (Victrex), 10:563
Viebock and Schwappach procedure, 7:536
Viloft, 2:687
Vilsmeier aldehyde synthesis, 9:626
Vincel, 2:685
Vine-twining polymerization, 5:229
Vinyl 2-ethylhexanoate

water solubility for heterophase polymerization,
6:628

Vinyl acetal polymers, 14:633–646
applications, 14:645–647
economic aspects, 14:644, 645
health and safety factors, 14:644
manufacture, 14:636, 637
properties, 14:637–644
synthesis and structure, 14:634–636

Vinyl acetate copolymers, 14:670, 671
Vinyl acetate polymers, 14:651–681

applications, 14:673–681
blends, 14:671
economic aspects, 14:671
manufacture, 14:662–669
specifications and standards, 14:671–673

Vinyl acetate, 5:515, 516, 14:651, 652
acrylonitrile copolymers with, 1:279
activation parameter for propagation step, 11:520
aqueous solubility, 7:467
azeotropes (table), 14:654
comonomer with acrylonitrile, 1:234, 239, 240
density of monomer and corresponding polymer in

heterogenous polymerization, 6:639
heat and entropy of polymerization, 14:97
inhibition constants of selected inhibitors, 11:582
physical properties, 14:653
as polyethylene comonomer, 5:517, 518
polymerization, 14:662–669
RAFT polymerization, 7:658
standard polymerization enthalpy and entropy,

11:574
transfer coefficient to, 11:526
water solubility for heterophase polymerization,

6:629
Vinyl acetate-ethylene copolymers

for rubber compounding, 12:217
Vinyl alcohol copolymers, 14:708
Vinyl alcohol polymers, 14:686–717

applications, 14:712–717
chemical properties, 14:695–701
copolymers, 14:708
economic aspects, 14:708, 709
health and safety factors, 14:711
manufacture, 14:702–708
mechanical properties, 14:692–695
physical properties, 14:687–692
processing, 14:711
specifications and standards, 14:709, 710
test methods, 14:710, 711

Vinyl benzoate
copolymerization parameters with vinyl acetate,

14:654
Vinyl chloride

aqueous solubility, 7:467

comonomer with acrylonitrile, 1:234
copolymerization parameters with vinyl acetate,

14:654
density of monomer and corresponding polymer in

heterogenous polymerization, 6:639
heat and entropy of polymerization, 14:97
heterophase polymerization, 6:601, 613, 614, 617
standard polymerization enthalpy and entropy,

11:574
transfer coefficient to, 11:526
water solubility for heterophase polymerization,

6:628, 629
Vinyl chloride monomer

health and safety factors, 14:760
production, 14:728
properties, 14:726, 727
removal in emulsion polymerization, 14:747, 748

Vinyl chloride polymers, 14:724–762
applications, 14:756–758
bulk polymerization, 14:742, 743
chemical properties, 14:726, 727
chlorinated, 14:754
economic aspects, 14:758–760
emulsion polymerization, 14:743–754
environmental issues, 14:755
health and safety factors, 14:760–762
K-value (molecular mass), 14:739–741
physical properties, 14:726, 727
processing, 14:756–758
quality specifications and analysis, 14:755, 756
storage and transportation, 14:756
suspension polymerization, 14:728–742

Vinyl chloride-vinylidene chloride copolymers, 2:728
Vinyl-coated fabrics

manufacture, 7:498, 499
properties, 7:504

Vinyl cyclohexene monoxide, 5:326
Vinyl ester network, 5:329, 330
Vinyl ethers

cationic photopolymerization, 9:705, 706
Vinyl floors, 6:107
Vinyl fluoride (FCH CH2), 6:131
Vinyl fluoride polymers (PVF), 14:765–783

bulk polymerization, 14:774
chemical alteration of, 14:773
copolymers of, 14:772, 779
economic aspects, 14:781
emulsion polymerization, 14:774
fabrication and processing, 14:780, 781
fiber-reinforced panels, 14:782, 783
graft polymerization, 14:775
health and environment, 14:781, 782
homopolymers, 14:765
introduction, 14:765
multilayer films of, 14:782, 783
physical properties of, 14:766
polymerization, continuous, 14:775, 776
preparation, 14:766, 767
reactivity ratio, 14:780
solubility of in water, 14:767
solubility of organic solvents, 14:766
suspension polymerization, 14:774
terpolymers of, 14:772
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thermal conductivity and viscosity of, 14:767
thermodynamic properties of, 14:766
uses, 14:782

Vinyl formate
copolymerization parameters with vinyl acetate,

14:654
Vinyl functional sulfonic acids, 13:217
Vinyl ketones

monomer reactivity, carbanion stability, and suitable
initiators for anionic polymerization, 1:602

Vinyl laurate
copolymerization parameters with vinyl acetate,

14:654
Vinyl Malachite Green, 4:587
Vinyl monomers. See also Dienes

anionic polymerization, 1:599–620
anionic polymerization polar, 1:620–628

Vinyl neodecanoate
water solubility for heterophase polymerization,

6:628
Vinyl neononanate

water solubility for heterophase polymerization,
6:628

Vinyl pivalate
copolymerization parameters with vinyl acetate,

14:654
water solubility for heterophase polymerization,

6:628
Vinyl polymerization, 1:341
Vinyl polymerization, self-condensing, 6:788, 789
Vinyl polymers

film properties, 5:806
Vinyl polymers synthesis, enzymatic polymerization,

5:276–279
Vinyl polymers, depolymerization of, 4:428, 433
Vinyl polymers, depolymerization, 6:46
Vinyl polymers, taciticty, 13:650–668

spatial three-dimensional view, 13:652, 653
Vinyl polymers, tacticity configuration, 13:651
Vinyl-sheet flooring, 6:114–118

aromatic plasticizers, 6:117
backing material, 6:115, 116
blowing agents, 6:117
chemical embossing, 6:118
flow diagram for production, 6:115
foam layer, 6:117
foamed PVC, chemical embossing of, 6:118
glass-fiber mat backing, 6:116
no-wax top finishes, 6:118
plasticized pvc, 6:115
plasticizer, 6:117
solution polyurethanes, 6:118–120
stabilizers, 6:117
wet glass mat, 6:116

Vinyl stearate
copolymerization parameters with vinyl acetate,

14:654
Vinyl sulfonic acid

template polymerization monomer, 13:748
Vinyl sulfonyl dyes, 4:586
Vinyl-terminated PDMS, 9:32, 33
Vinyl tiles, 6:122–124

composition (table), 6:124
formulation range (table), 6:124

Vinyl toluene
water solubility for heterophase polymerization,

6:628
Vinyl-unsaturated Urethane cold-box binders, 6:201,

202
Vinyl Versatate VV10

copolymerization parameters with vinyl acetate,
14:654

Vinyl Versatate VV9
copolymerization parameters with vinyl acetate,

14:654
1-(4-vinyl)benzyloxy-4(phosphorylcholine), 9:642
5-Vinyl-2-norbornene

ethylene-propylene elastomer monomer, 5:595
N-Vinyl-2-pyrrolidinone, 9:317, 318

cationic polymerization, 9:322
cross-linked PVP, 9:325
homopolymerization of, 9:319
manufacture, 9:317
microstructure, 9:322
organic peroxides and azo initiation, 9:321, 322
polymeric compositions (table), 9:325
proliferous polymerization, 9:322–324
properties of (table), 9:318
PVP hydrogels, 9:324
toxicity data (table), 318, 319

N-Vinylamide-based polymers, 9:315
Vinylanthraquinone chromophores, 4:587
Vinylcaprolactam, 9:316
N-Vinylcarbazole

cationic photopolymerization, 9:705, 706
Vinylcarbazole polymers. See Poly(vinylcarbazone)

(PVK)
Vinylchlorosilane, 12:467
Vinylcyclohexane, isospecific polymerization, 13:109
Vinylethers reaction, 8:175
Vinylidene chloride

aqueous solubility, 7:467
comonomer with acrylonitrile, 1:234
copolymerization parameters with vinyl acetate,

14:654
heat and entropy of polymerization, 14:97
standard polymerization enthalpy and entropy,

11:574
transfer coefficient to, 11:526

Vinylidene chloride polymers (PVDC), 15:1–46, 54
Vinylidene chloride (VDC). See also VDC

acrylonitrile copolymers of, 1:285
water solubility for heterophase polymerization,

6:628
Vinylidene cyanide

copolymerization parameters with vinyl acetate,
14:654

monomer reactivity, carbanion stability, and suitable
initiators for anionic polymerization, 1:602

Vinylidene fluoride polymers (PVDF), 15:54–73, 77
economic aspects of, 15:71
fabrication and processing of, 15:68–72
health and safety factors for, 15:71
properties of, 15:60–68
uses of, 15:72, 73

Vinylidene fluoride (VDF), 6:161, 9:784, 785
health and safety factors for, 15:58
manufacturers of, 15:55
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monomer, 15:57, 58
physical properties of, 15:58
polymerization, 15:58–60
preparation of, 15:57
properties of, 15:57

Vinylidene fluoride (VF2, F2C CH2), synthesis of,
6:131

Vinylidine chloride-vinyl chloride copolymers
permeability chain orientation effect, 2:18
permeability temperature effect, 2:13

N-Vinylimidazole
template polymerization monomer, 13:748

α-Vinylnaphthalene
standard polymerization enthalpy and entropy,

11:574
Vinyloop, 11:669
Vinylphosphonic acid, 9:667
4-Vinylpyridine

acrylonitrile copolymers of, 1:285
atom-transfer radical polymerization, 7:653

N-Vinylpyridine
template polymerization monomer, 13:748

Vinylpyridines
sterochemistry of anionic polymerized, 1:639

N-Vinylpyrrolidinone
copolymerization parameters with vinyl acetate,

14:654
template polymerization monomer, 13:748

Vinylsulfonic acid. See Ethylenesulfonic acid
Vinyltoluene

aqueous solubility, 7:467
Vinyltriethoxysilane, 1:386, 12:187
Vinyltriethoxysilane coupling agent, 1:371
Vinyltrimethoxysilane (VS)

coupling agent, 12:421
Vinyltrimethoxysilane, 12:187
Vinyon N, 1:225
Violet pigments, 3:484–486
Viologens

electrochromism, 4:797, 798
Virosomes, 14:511
Virtual heat release rate, convective environment,

dependence on, 6:58
viscosity, 5:194

Viscoelastic behavior, 6:309–313, 15:77–163. See also
Creep

amorphous polymers, 1:568–570, 583, 584
amorphous polymers with narrow molecular weight

distribution, 1:574–581
and cratch hardness, 12:326
evolution of, 1:461–467
history of investigations of, 15:77
linear, 15:78–81
mechanical analogues of, 15:81–86
molecular modeling, 8:613, 614
poly(ethylene-co-styrene) blends, 5:434–436
response regimes, 15:92–105
semicrystalline polymers, 15:104
and sound absorption, 1:65
test methods, 13:773, 774

Viscoelastic creep crack growth, 6:311
Viscoelastic diffusion, 4:515
Viscoelastic effects, in fracture, 6:311–313

Viscoelastic material functions, 15:80, 81
interrelationships among, 15:86

Viscoelastic relaxation processes, 13:837, 838
Viscoelastic solids, 1:568
Viscoelasticity, 15:77–163

two-dimensional NMR spectroscopy, 9:270–268
Viscometric detectors, 3:118
Viscometric methods, for polyacrylamide analysis,

1:142
Viscometry. See Rheological
Viscoplasticity model, of solid-like polymers, 15:163
Viscose process, 2:676–689

environmental issues, 2:700, 701
Viscose rayon, 2:672. See also Rayons

history, 2:673–675
Viscosity. See also Extensional viscosity; Melt viscosity;

Mooney viscosity; Viscous
in colorant dispersion, 3:494
of CSM polymers, 5:472
intrinsic, 5:211, 10:513, 514
latexes, 7:460, 461
of liquids with dispersed phases, 3:304
molecular modeling, 8:621
molecular weight versus, 15:102
of polyacrylamide solutions, 1:122–124
of polyester fiber, 10:513, 514
of solutions, 3:303, 304
of styrene-butadiene rubber, 13:278
uncured epoxy resins, 5:332
water-soluble polymers, 15:177, 178

Viscosity-average molecular weight, 8:660
determination, 8:668, 669

Viscosity, of mesophase, 6:41, 41
Viscous bank process, 2:375–378
Viscous diffusion, 4:510, 511
Viscous drag, 5:651
Viscous encapsulation, 3:379
Viscous instabilities in coextrusion, 3:384–388
Visible electrochromics

electrically active polymers for, 4:768
Visible light photoinitiators

free radical photopolymerization, 9:724–726
Visible radiation, 15:245
Vistalon, 7:139
Vistanex, 2:355
Vitalon oxygen absorber, 2:58
Vitamin B12

Langmuir-Blodgett films, 7:428
Vitamin C, 5:228
Vitamin E

as antioxidant, 13:39–42
Viton, 6:161
Viton Extreme, 6:164
Vitreous fibers, 6:715, 716
Vitreous silica dilatometer, 14:25
Vitrification, 6:433

epoxy resins, 5:370
thermosets, 14:163, 164

VK (vereinfacht kontinuierlich) process, 10:247
VL function derivative, 15:119, 152
VL function. See Valanis-Landel (VL) form of strain

energy function
VLDPE resins, 5:551, 578
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VLDPE. See Very low density polyethylenes (VLDPE)
VLSI chips. See Very large-scale integration (VLSI)

semiconductor chips
VOC emission permits, 5:79
VOC emissions, 7:491
Vogel-Fulcher equation and, 15:95–97
Vogel-Fulcher equation, 15:95–97
Vogel-Fulcher-Tammann-Hesse equation, 1:571
Vogel-Tammann-Hesse-Fulcher (VTHF) expression,

1:471
Void growth

composite materials, 3:539–541
Voids, 6:295, 296

formation of, 6:332
Volatile organic compound (VOC) emissions, 3:299, 300

environmental regulations and, 3:302
Volatile organic compounds (VOC), 7:491, 13:371

avoiding emissions of, 4:47
Volatility

antioxidants, 1:716
Volatility, of stabilizers and antioxidants, 13:20
Voltage breakdown (table), 4:688

definition, 4:679
due to imperfections, 4:689, 690
in gas, 4:680
“weak-link” aspects of, 4:698, 699

Voltage-distribution controls,in dielectric heating,
4:467–469

Voltage life (table), of plastic films, 4:690
Volume

and thermodynamic properties, 14:77–80
Volume-dependent clocks, for solid-like polymers,

15:160
Volume dilatometry, 4:527–530
Volume recovery, 1:453–456. See also Relaxation
Volume relaxation, 1:453
Volume resistivity, 4:705

of contaminated plastics (table), 4:712
definition, 4:738
effect of geometry and homogeneity, 4:705
of paper-phenolic resin laminate, 4:708
vs. time of electrification, 4:707

Volume strain, 6:332
Volume thermal expansivity, 14:6
Volumetric methods

for crystallinity determination, 4:158, 159
Vosko-Wilk-Nusair (VWN), 3:613
VTHF expression. See Vogel-Tammann-Hesse-Fulcher

(VTHF) expression
Vulcameter curves of natural rubber, 4:67
Vulcanizates, 13:37
Vulcanization, 4:63–66, 12:236–250. See also

Elastomers/rubber cross-linking
butyl rubber, 2:366
of chlorosulfonated polyethylene, 5:477
ethylene-propylene elastomers, 5:594, 602
thermoplastic elastomers, 14:148
zinc oxide in, 3:470

Vulcanization accelerators, 3:553
Vulcanization, in acrylic elastomers, 1:183–186
Vulcanized elastomers

elongation retention of, 6:162
tension testing of, 4:640

Vulcanized rubber
stress-temperature curves for, 4:652

Vulcanized silicone rubber, 12:498, 499
Vulcanizing agents, 12:239–241

in SBR processing, 13:277
Vultac, 12:175, 176
W-initiated polymerizations, 8:174
W/O HIPE, 10:597
Wafer and fabrication packaging facilities, 5:82
Wafer bonding, 1:430
Wafer fabrication spin coating, 5:67
Waferboard

phenolic resin applications, 9:612
Wagener’s group, 8:165
Wall coverings-use of coated fabrics, 5:692
Wall thickness gauge, ultrasonic, 5:634
“Wal-Mart effect,” 1:344
Wang resins, 11:67
Warm-melt adhesives, 1:413
Warp sizing

poly(vinyl alcohol), 14:712–714
Warpage, 5:672
Wash waxes, 6:106
Washing

viscose rayon, 2:683, 684
Washing, azo pigment manufacture via, 3:474
Waste disposal, of phosgene, 9:631
Wastewater treatment

acrylamide polymers in, 1:119
chitosan in, 3:40

Wastewater treatment, in nanofiltration membranes,
5:833

Water absorption, of a polymer, 5:208
Water-based polymers, 3:108
Water-based self-polishing waxes, 6:106
Water-based solution adhesives, 1:414, 415
Water cooling, of extruders, 5:622, 624
Water dispersions, polysulfide, 11:178
Water flux, in reverse osmosis, 7:785, 786
Water-immiscible solvents, polymerization with,

7:97–99
kinetics, 7:97–99
mechanism of, 7:97
variables, 7:97

Water-immiscible solvents, polymerization with,
7:97–99

Water-insensitive polymers, 7:95, 96
Water-miscible solvents, polymerization, 7:99, 100
Water repellants

silicone application, 12:465
Water retting, 14:499
Water ring pelletizers, 5:639
Water-ring pelletizers, 9:482
Water-selective PVA membrane, 7:799
Water softening, fixed-bed ion exchange process, 7:173
Water-soluble β-CD-polypseudorotaxanes, 11:125
Water-soluble

“annealed” polyampholytes, 10:304
polyampholytes, 10:309

Water-soluble homopolymers, of acrylic and
methacrylic acids, 1:164

Water-soluble melamine-formaldehyde resins, 1:543
Water-soluble peroxides, 1:210
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Water-soluble photoinitiators
free radical photopolymerization, 9:726

Water-soluble polymeric materials, in cement, 2:710.
See also Cement additives

Water-soluble polymers, 2:201, 7:55, 15:173–229
acrylic and methacrylic acid, 1:163–165
amine-containing styrenic, 15:211–213
environmental issues of, 1:165
inorganic, 15:197
naturally occurring, 15:182–188
nonionic, 15:198–202
polyacrylamides as, 1:118
polyelectrolytes, 15:202–210
polysaccharides, 15:188–197
polyvinylpyridines, 15:210, 211
statistical amphiphilic, 15:222–229
stimuli-responsive amphiphilic, 15:220–222

Water sorption
wool, 15:316, 317

Water-swellable polymers, polyacrylamides as, 1:118
Water-swelling polyampholytes, 10:309
Water treatment

lignosulfonate, 7:542
Water treeing, 4:681, 690
Water vapor

permeation, 2:25
Water vapor imbibition, polymer precipitation by,

7:755
Water vapor transmission rate (WVTR), 9:473
Water vapor transmission rate, 2:2, 4

various high and moderate barrier polymers, 2:36
Water-white resins

synthesis by carbocationic polymerization, 2:419
Water, sorption by nylon, 13:840
Water. See also Aqueous; Hydration; Hydrogels; Potable

water delivery; Wastewater treatment
activation energies of clustering systems in, 14:321
azeotrope with vinyl acetate, 14:654
effect on fatigue resistance, 5:738, 739
effect on polymer oxidation, 13:5–9
electropolymerization in, 5:132, 133
phosgene reactions with, 9:625
physicochemical properties, 8:2
in polysulfone polymerization, 11:181, 182
polysulfone properties and, 11:189
SAN copolymers and, 1:290
solubility of cellulose acetates in, 2:623
solubility of monomers common to latex production

(table), 7:467
solubility of monomers for heterophase

polymerization, 6:630–633, 637
solubility of polyacrylamides in, 1:119–122
solubility of poly(ethylene oxide) in, 5:447
solubility of vinyl acetate in, 14:654
soluble core materials, 8:384
swelling of parylenes in deionized, 15:436
transfer coefficient to, 11:530
tritiated water separation, phosphazenes for,

11:107
Waterborne alkyds, 1:489–491

ammonia and, 1:491
carboxylic acid group, 1:490
hydrolytic stability, 1:490

Waterborne coatings, development of, 5:186
Waterborne epoxy coatings, 5:387–390
Waterborne polymeric coating, mechanisms, 5:186
Waterborne polyurethane dispersions (PUDs),

11:253–255
Waterproofing coating, for paper, 1:542
Wavelength

sound waves, 1:62
Wavelength division multiplexing (WDM), 5:102
Waxes, as release agents, 11:700–702. See also Paraffin

waxes
WAXS. See Wide-angle X-ray scattering (WAXS)
Weak acid cation exchange resins, 7:157, 162

Bronsted Lowry acid base, 7:168
water softening, 7:173

Weak base anion exchange resins, 7:169
Weak boundary layers, 1:364, 365
Weak link scission, of styrene polymers, 13:208
Weak segregation limit, 2:194, 8:497
Weakest link theory, 9:10
Wear, 13:502

and scratch behavior, 12:319, 320
Weatherable epoxy resins, 5:321, 322
Weatherfastness, of colorants, 3:469
Weathering tests, 13:776, 777
Weathering. See also Outdoor environment
Web coaters, 3:265
Web coating, 3:269
Web consolidation, nonwovens, 9:223–230
Web drafting, nonwovens, 9:220
Web-fed process, 2:378, 379
Web formation

nonwoven fabrics, spun bonded, 9:185–193
nonwoven fabrics, staple fiber, 9:216–218

Web layering, nonwovens, 9:218–223
Web spreading, nonwovens, 9:220
Weft inserted substrates, 5:682
Weibull distribution, 11:680, 684, 685
Weibull parameters, 11:685
Weight-average molecular weight (Mw) of

polyacrylamides, 1:122
Weight-average molecular weight, 8:660

determination, 8:669, 670
Weight per epoxide, 5:301, 331
Weissenberg– Robinowitsch-Mooney method (WRM),

12:9
Weld-line failure, 6:294
Wesslau distribution, 10:658
Weston 618, 14:479, 480
Weston 619, 14:480
Wet-bonding processes, 9:215
Wet-end additives, 1:538
Wet-laid processes, 9:214
Wet-laid web formation, 9:222, 223
Wet-on-wet coatings

cellulose acetate applications, 2:639
Wet spinning, 3:498, 7:766–768

acrylic fibers, 1:243–246
MPDI, 10:221
ODA/PPTA, 10:222, 223
PAN-based carbon fibers, 2:470
Spandex, 5:772, 773, 775, 776

Wet-strength additives, 1:538
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Wet-treeing test, for cable, 4:702, 703
Wettability, 13:405

Cassie-Baxter equation, 13:406
Cassie-Baxter state, 13:406
Young’s equation, 13:405

Wetting
fillers, 5:787
of fluorocarbons and hydrocarbons, 11:705

Wetting process, 1:365–367
Wetting transition, 9:568
Whipping, 5:146

amplitude, 5:150
envelope, 5:146, 149
jet, 5:149

Whipping instability, 5:149
of fluids, 5:150

Whisker crystals, 12:388
Whisker materials, properties of, 11:689
Whiskers

carbon, 11:692
in composites, 11:688
filler material, 5:785

White pigments, 3:470–472
Whitening

wool, 15:337, 338
Whiting, 5:793
Wide-angle x-ray diffraction (WAXD)

for crystallinity determination, 4:148–153, 159
Wide-angle X-ray scattering (WAXS)

for composition and structure determination, 13:758,
760, 761

Wide-angle x-ray scattering (WAXS), 2:750, 5:228
Widom’s test particle insertion method, 8:624
Wigner-Seitz cell, 7:530
Wigner tunneling expression, 3:621
Wilhelmy plate technique, 13:596
Williams-Landel-Ferry (WLF) equation, 1:471, 2:748,

3:303, 12:15, 15:96, 97, 106
Winding

PET and PEN films, 10:504, 505
Windows

thermochromic polymer applications, 14:56–58
Windshield wiper isomerization, 8:106
Wine bottles

thermochromic polymer labels, 14:57
Winstein spectrum of structures, 1:596
Winter-Chambon gel equation, 6:370
Wiped-film devolatilization, 6:103–105
Wire and cable

LDPE, 5:536–538
low density resin for, 5:539, 540

Wire and cable coatings
HDPE use in, 5:510
polyimides in, 10:635

Wire-bar coating
nonwoven fabrics, 9:231

Wire coating, 10:81
Wire coating, nylon, 10:289
Wire insulation, LLDPE, 5:579, 580
Wire mesh screens, micron rating versus mesh value

for, 5:626
Wire-wound rod coating, 3:274
Wittig-type reaction, 8:172

WLF equation, 1:79. See Williams-Landel-Ferry (WLF)
equation

Wolff rearrangement, 5:81
Wolframa-carbeno-mediated methatesis mechanism,

6:345
Wollastonite

thermosetting powder coating filler, 3:241
Wood

cellulose from, 2:566, 573
lignified, 7:526
natural reinforcement of, 11:679

Wood adhesives, 15:283–290
Wood bonding

phenolic resin applications, 9:611, 612
Wood composites, 15:281–303
Wood composites, reaction extrusion, 11:647

thermoset wood adhesives, 15:283–290
wood bonded with thermosets, 15:282, 283
wood composites bonded with thermoplastics,

15:300–303
wood composites bonded with thermosets,

15:294–300
Wood elements, 15:282, 283
Wood flour

filler material, 5:785
Wood gluing, by dielectric heating, 4:477, 478
Wood I-joist

characteristics and applications, 15:284
Wood impregnation

melamine-formaldehyde resin applications, 7:735
Wood-plastic composites, 15:300–303
Wood pulping, commercial chemical, 7:526
Wood pulps, κ numbers for, 7:532, 533
Wool, 15:306–341

bleaching and fluorescent whitening, 15:337, 338
chemical structure, 15:312–316
dyeing, 15:330–334
easy-care wovens, 15:329
fiber characteristics, 15:308–312
filler material, 5:785
flame-resist treatment, 15:340
insect-resist treatment, 15:338–340
limiting oxygen index, 1:232
mechanical properties, 9:216
physical properties, 15:316–320
physical properties of staple, 1:229
printing, 15:334–336
processing, 15:320–323
protein structure, 15:314, 315
raw wool specification, 15:306–308
setting, 15:323–326
shrinkage, 15:326–329
yellowing, 15:336, 337

Wool dyes, 15:332, 333
Wool lipids, 15:315
Wool textiles

shrinkage, 15:326–329
Woolen cards, 9:217
Woolen system, 15:322, 323
Woolen yarns, 15:323
Work of adhesion, 11:702, 703
Work of cohesion, 11:703
Work of detachment, 1:362
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Work-to-break, of a fiber, 10:241
World cotton production (table), 4:34, 35
World War II

engineering thermoplastics after, 5:203
polyester fibers after, 10:510
polysulfides after, 11:168
rubber manufacture during, 13:269

World Wide Web (WWW), engineering thermoplastics
data sheets on (table), 5:214

Worsted system, 15:322, 323
Wound dressings

chitin and chitosan in, 3:41
poly(ethylene oxide) applications, 5:457

Woven fabrics, 5:682
Woven or knit fabrics, manufacture, 7:503
Wurster coating chamber, 8:387

schematic diagram of, 8:387
Wurtz coupling techniques, 7:42, 43
Wöhler plot, 5:698, 699, 703
X-ray diffraction, 2:749, 750

for crystallinity determination, 4:148–153
paint forensics applications, 6:189

X-ray microscopy, 15:367–402. See also Near edge
x-ray absorption fine structure spectroscopy
(NEXAFS)

applications, 15:382–395
fibers, 15:403
instrumentation and analysis tools, 15:376–382
multicomponent, multiphasic polymers, 15:395–403
NEXAFS, 15:368–376
quantitative image analysis, 15:380–382
quantitative microanalysis, 15:380

X-ray nondestructive testing, 13:781
X-ray photoelectron spectroscopy (XPS), 9:640, 10:734,

14:612, 772
spectral features and information, 13:474–476
for surface analysis, 13:469–474

X-ray scanning, energy dispersive, 6:296
X-ray scattering

for investigating micromechanical properties, 8:474
X-ray scattering techniques, 9:15, 14:563. See also

Synchrotron belts
amorphous polymers, 1:547, 548
cellulose, 2:587
for composition and structure determination, 13:760
Langmuir-Blodgett films, 7:432, 433

X7G, 7:564, 561
Xanthan, 15:193, 348–365
Xanthan gum (XG)

drag-reducing additive, 4:553
Xanthan gum

drag-reducing additive, 4:553
Xanthan gum hydrogels, 15:353
Xanthan gum, 15:348–365

acids, solublity, 15:357
AFM images, 15:354
and galactomannans, interaction between, 15:359
and proteins, 15:360
and starch, 15:360
bases, solubility, 15:358
carrier fluids, 15:364
cationic dyes, 15:359
compatibility, 15:357–359

differentiated scanning calorimetry (DSC), 15:360
differentiation, 15:361
double or multistranded assembly, 15:350
enzymes, 15:359
food and industrial applications (table), 15:361
food applications, 15:361, 362
hydroxyethylcellulose (HEC), 15:355, 356
industrial applications, 15:363
latex emulsions, 15:359
manufacture, 15:348, 349
O-acetyl content, 15:352
oilfield application, 15:363, 364
oxidizing agents, 15:358
personal care products, 15:362, 363
preservatives, 15:359
properties, 15:352–359
pseudoplastic rheology, 15:353
pseudoplasticity, 15:352, 353
pyruvate content, 15:351
reducing agents, 15:358
retrogradation, 15:360
rheology, 15:355–357
salts, solubility, 15:358
solution viscosity, 15:353–355
starch-based desserts, 15:362
structure, 15:349–351
structure—property relationships (table), 15:353
surfactants, 15:359
thickeners, 15:359
viscoelastic response, 15:356
Viscosity and shear rate curves, 15:355

Xanthan gum/locust bean gum solutions, 15:360
Xanthan polyelectrolyte complexes, 15:353
Xanthates, 4:70
Xanthation

in viscose process, 2:679, 680
Xanthene dyes, 3:489
Xanthogen disulfide

polychloroprene latex modifier, 3:61
Xanthomonas campestrisculture, 15:348
Xenon arc devices, 15:260
Xenon arc systems, 15:258
Xenotest, 4:287
Xerographic discharge methods, 9:761
XLD. See Cross-link density (XLD)
Xydar, 7:571, 572

high barrier polymer, 2:41
Xylan, 5:229
Xylene

component in coal-tar fractions, 2:472
solubility of poly(ethylene oxide) in, 5:447
swelling of parylenes in, 15:436

p-Xylylene, 15:409–411
o-Xylylene, 15:415
Xylylene polymers, 15:409–445

applications, 15:436–444
dimer, 15:415–418
health and safety factors, 15:444, 445
manufacture, 15:416, 417
thermodynamic considerations, 15:418–421

Yarn, 5:681, 682
bicomponent, 10:260
continuous-filament, 10:247–257
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Spandex, 5:782
types of, 10:251

Yarn texturing processes, 10:252, 253
Yellow iron oxide pigment, 3:471
Yellow pigments, 3:481, 482

benzimidazolone, 3:478
disazo, 3:477
metallized, 3:475–477

Yellowing, 6:388
wool, 15:336, 337

Yield and crazing in polymers, 15:449–495
Yield criteria, 15:456–458
Yield point

of a fiber, 10:241
Yield strain, 15:452
Yield stress, 15:452
Yielding, 1:379, 15:450–461

in amorphous ductile polymers, 8:480–482
in block copolymers, 8:495–500
calorimetry and dilatometry, 15:473–475
computer modeling, 15:475, 476
dislocation plasticity, 15:471, 472
initiation of, 6:331
models based on activated processes, 15:462–471
semicrystalline polymers, 8:494, 495, 15:476–479
theories of, 15:461, 462
ultimate shear strength, 15:473

YM-1 mixer, 8:424
Young-Laplace equation, 3:447
Young’s modulus, 1:63, 390, 4:639, 640, 5:210, 6:304,

11:682, 683, 688, 690, 698. See also Tensile
modulus

of a fiber, 10:241
and yield, 15:451

Ytterbium bis(phthalocyanine)
electrochromic polymer, 4:797

Z-average molecular weight, 8:660
“Z-connected” RAFT agents, 11:738
Zapas strain-clock model, of solid-like polymers,

15:157–159
Zein, 2:93
Zenite

high barrier polymer, 2:41
Zeolex

effect on natural rubber properties, 12:227
effect on SBR properties, 12:228

Zeolites, 6:583
Zero-curvature tunneling, 3:620
Zero deformation, in DE model, 15:143, 144
Zero-one systems, 5:173
Zero-order Markovian distributions, 8:519, 520
Zero-shear-rate viscosity

in DE model, 15:129
of polyacrylamide solutions, 1:124

Zeta potential
colloids, 3:451

Zeugmatography, 5:11
Ziegler catalysts, for HDPE production, 5:489, 490
Ziegler-Natta catalysis, 12:551. See also Single-site

catalysts (SSCs); Ziegler-Natta catalysts
active site models for polypropylene, 11:379–383
discovery of, 11:347
tactic polystyrenes and, 13:187

Ziegler-Natta catalysts, 3:4, 126, 8:521, 15:504–520.
See also Polypropylene; Propylene polymers

described, 5:558, 559
early catalysts, 15:505
for ethylene (co)polymerization, 15:508, 509
LLPDE synthesized with, 5:545
polymer chain growth, 15:506, 507
polymer particle growth, 15:507, 508
for polypropylene synthesis, 15:509–518
second-generation catalysts, 15:505, 506

Ziegler-Natta polymerization, 2:305–312, 8:165
ethylene copolymers, 5:429
ethylene-propylene elastomers, 5:598
and polybutadiene macrostructure, 2:303, 304
polybutadiene synthesis, 2:305–312
of styrene, 13:214, 226, 227

Ziegler-Natta-polymerized polybutadiene, 13:237
Ziegler-Natta product, 8:150
Ziegler-Natta-type catalysts, 14:778
Ziegler-type catalyst, 7:271
Zigzag microchannels, 8:351
Zimm plot, 9:46

structure from scattering curve, 9:53–55
Zinc alkoxides

ring opening polymerization by, 12:147
Zinc cadmium sulfide pigments, 3:472
Zinc chloride

acrylic fibers solution spinning solvent, 1:241
Zinc dibenzyldithiocarbamate, 12:173
Zinc dimethyldithiocarbamate

accelerated vulcanization, 12:243
Zinc iron brown, 3:471
Zinc oxide

effect on natural rubber properties, 12:227
effect on SBR properties, 12:228
as filler, 5:796
filler material, 5:785
for rubber compounding, 12:224

Zinc oxide pigment, 3:470
Zinc oxide, effects of, on rubber vulcanization,

4:70, 71
Zinc sulfide pigments, 3:470
Zinostatin Stimalmer/SMANCS(poly(styrene-co-maleic

acid)-neocarzinostatin), 11:435
Zircon flour

filler influence on epoxy resin properties, 5:382
filler properties, 5:379

Zirconia
filler material, 5:785

Zirconium
organic polymers, 7:64

Zirconium alkoxides
ring opening polymerization by, 12:149

Zirconocenes, 8:81–139, 135–140
Zisman plot, 1:373, 374
Zn-rich QD surfaces, 8:798
Zoladex, 3:754, 755
Zone plate-based microscopes, 15:377, 378
Zooglea ramigera, 10:102

of styrene, 13:223–226
Zorro mixing section, 5:664
Zwanzig’s nonlinear Langevin equation, 13:78
Zwitterion, 2:391
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Zwitterion intermediates, via no catalyst
copolymerization, 15:531–542

Zwitterionic alternating copolymerization, 15:540
Zwitterionic copolymerizations, 15:531
Zwitterionic ionic liquids, 7:204
Zwitterionic polymer brushes, 10:749, 750
Zwitterionic polymerization, 15:524–542

4-(dimethylamino)pyridine (DMAP), 15:529
Amino acid N-carboxyanhydride (NCA), 15:526
Cation-Anion reactions, propagation by, 15:530–542
cyclic poly-LA, 15:529

DBU (1,8-diazabicyclo[5.4.0]undec-7-ene), 15:527
lactone monomer, 15:526
meso LA, 15:530
monomer activation, 15:529, 530
N-alkylglycine N-carboxyanhydride (N-RNCA),

15:527
N-Heterocyclic carbenes (NHCs), 15:527
propagation via one site, 15:524, 525
propagation via the anionic site, 15:525–528
Racemic LA, 15:530
Sarcosine NCA with pyridine, 15:526
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