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Sub-Terahertz Radiation Including Radiofrequency (RF) and

Microwave Radiation

1.1

Absorption

1.1.1

General Aspects

The regime of the electromagnetic spectrum corresponding to frequencies lower
than 1 THz¼ 1012Hz – that is, to photon energies lower than that of infrared (IR)
light – is commonly divided into three sections: (i) the sub-radiofrequency (RF)
region, ranging from 10�6Hz to 3� 103Hz; (ii) the RF region, ranging from
3� 103Hz to 3� 108Hz (1.24� 10�11 to 1.24� 10�6 eV, corresponding to wave-
lengths in vacuo of 105 to 1m); and (iii) the microwave region, ranging from
3� 108Hz to 3� 1011Hz (1.24� 10�6 to 1.24� 10�3 eV, corresponding to wave-
lengths in vacuo of 1m to 10�3m). Both, RF and microwave radiation are widely
used for all types of telecommunication techniques, including radio, television,
wireless telephoning, and radar (radio detection and ranging), and therefore the use
of these electromagnetic waves is regulated by government agencies. In many
countries, the frequencies 0.869, 0.915 and 2.45GHz, corresponding to l¼ 0.345m,
0.328m and 0.122m, respectively, are provided for industrial and private usage.
Commonly, domestic microwave ovens are operated at 2.45GHz.
Basically, the absorption of the various types of sub-THz radiation follows the

same principle, and therefore its treatise will be coupled together here. The photon
energy of sub-THz radiation is lower than about 10�3 eV, and thus at least about
three orders of magnitude lower than the binding energies of atoms in molecules.
This implies that chemical reactions cannot be induced directly by single photons
of these radiations. However, if sub-THz radiation is absorbed, heat will be
generated – that is, photon energy will be converted into translational energy. The
phenomenon related to the fact that the absorption of sub-THz radiation results in
heating is commonly referred to as dielectric loss heating. The resultant increase in
temperature can be the cause of the initiation or acceleration of chemical reactions.
Now, the question arises: How is photon energy converted into translational energy
in this case? Actually, only polar materials consisting of molecules with a
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permanent dipole moment and materials containing mobile ions are capable of
absorbing sub-THz radiation, whereas nonpolar materials are almost transparent.
This explains why polar polymers such as poly(methyl methacrylate) and poly(vinyl
acetate) are absorbing, but nonpolar polymers such as polyethylene, polypropylene
and polytetrafluoroethylene are nonabsorbing materials. According to a model
originating from P. Debye [1,2] (who received the Nobel Prize in Chemistry in
1936), sub-THz radiation interacts with nonionic systems containing polar entities
via orientation polarization of the permanent dipoles; that is, the dipole moments
tend to align parallel to the direction of the external electric field, provided that the
mobility of the polar entities is sufficiently high. At relatively low frequencies, the
dipoles have ample time to follow the variations of an external alternating electric
field. However, as the frequency increases, the dipoles are unable to fully restore
their original positions during field reversals; that is, the dipolar reorientation
lags behind the applied field and eventually stops. Energy is absorbed by the
system, as long as electric field-enforced motions of the polar entities take place.
The phenomenon of orientation polarization under the influence of an outer

alternating electric field is referred to as dielectric relaxation. Relaxation, in its
original meaning, relates to the re-establishment of an equilibrium state of a
system that has been distorted by an outer force. In a frequently used broader
sense, the term relaxation relates to the ability of a system to undergo distortions
under the influence of an outer force. In the present case, the motions of polar
groups contained in a system in the condensed state are enforced by an outer
electric field; that is, dipole vectors orient themselves with respect to the direction
of the outer electric field. In this sense, dielectric relaxation resembles mechanical
relaxation involving strain release after strain build-up. The relaxation of a system is
characterized by the relaxation time t, which, generally speaking, corresponds to
the time that the system needs to return to the equilibrium state after distortion by
an outer force. With respect to polar groups being exposed to an outer electric field,
t characterizes their mobility and, in an extrapolated sense, the mobility of the
whole system. The extent of energy absorption is essentially determined by the
magnitude of the relaxation time t (see Section 1.1.2.1). In the case of polymers,
the determination of relaxation times is an important feature of dielectric
spectroscopy (see Section 1.3.1).
The radiation-induced orientation polarization of dipolar molecules or groups

consumes energy on a molecular scale (internally dissipated as heat) to overcome
internal constraints induced by the external electric field. Electrically noncon-
ducting materials capable of undergoing dielectric relaxation are commonly
denoted as dielectrics.
In systems containing mobile charge carriers, another mechanism of energy

absorption becomes operative. Here, electromagnetic waves induce an electric
current which generates heat. In this context it is notable that microwave
absorption can serve as a tool to detect charge carriers; for example, a characteristic
microwave absorption signal can be detected (see Section 1.3.2) when charge
carriers are generated in a nonconducting medium upon irradiation with a pulse of
ultraviolet (UV) laser light.
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In heterogeneous dielectric systems comprising small fractions of electrically
conducting phases, another mode of polarization arises from the charge build-up
in interfaces between chemically different components, termed interfacial (space
charge) or Maxwell–Wagner polarization. Both, orientation and interfacial polariza-
tion are the basis for energy absorption in many industrial materials subjected to
alternating electric fields during processing.

1.1.2

Dissipation of Energy

The parameter characterizing the interaction of sub-THz radiation with matter is
the complex relative dielectric constant e (dimensionless), also called complex
permittivity (Equation 1.1).

e ¼ e0 � j e00 ð1:1Þ

Here, j ¼ ffiffiffiffiffiffiffi�1
p

. The term relativemeans relative to free space (in vacuo). Absolute
values are obtained according to Equation 1.2 by multiplying e with the permittivity
of free space e0¼ 8.85� 10�12 Fm�1.

eabs ¼ e e0 ¼ ðe0 � j e00Þe0 ðFm�1Þ ð1:2Þ

The real part e0 of the complex dielectric constant relates to the energy
reversibly stored and released per cycle of the alternating field; that is, e0

characterizes the ability of the irradiated material to be polarized and to
propagate the wave. The imaginary part �je00 relates to the energy absorbed per
cycle; that is, e00, which is also called the loss factor, characterizes the ability of
the irradiated material to absorb (dissipate) energy – that is, to convert sub-THz
energy quantums into heat. Frequently, the dielectric performance of materials is
characterized by the ratio of e00 to e0, denoted as tan d¼ e00/e0. Polar materials
contain a large number of permanent dipoles which all contribute to the loss
factor. The latter is obtained experimentally and commonly denoted as the
effective loss factor (for the sake of simplicity, the attribute effective is omitted in
the following text). The dielectric properties of typical nonpolar and polar
polymers are listed in Tables 1.1 and 1.2, respectively. Both e0 and e00 vary with
frequency and temperature.

1.1.2.1 Frequency Dependence

e(v), the complex dielectric function of a material, can be obtained by measuring
the capacitance C0 and C of a capacitor in the absence and presence of the material,
respectively, with the aid of Equation 1.3:

eðvÞ ¼ C
C0

ð1:3Þ

By using a sinusoidal electric field E(v)¼E0 exp (jvt) with an angular frequency
v¼ 2pn, the complex permittivity can be obtained by measuring the complex
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Table 1.1 Dielectric properties of nonpolar polymers at 20 to 30 �C [3,7].

Polymer Frequency (Hz) e0a) e00b)

Polypropylene 103 2.4 <1.2� 10�3

105 2.4 <1.2� 10�3

107 2.4 <(1.2---4.5)� 10�3

109 2.4
Butadiene-styrene rubber 104 2.5 2.5� 10�3

105 2.5 4.5� 10�3

107 2.5 16.9� 10�3

109 2.5 10.8� 10�3

Hevea rubber 104 2.4 3.4� 10�3

105 2.4 3.4� 10�3

107 2.4 7.7� 10�3

108 2.2 12.0� 10�3

109 6.4� 10�3

Polystyrene 103 2.5 4� 10�3

109 2.5 4� 10�3

Poly(tetrafluoroethylene-co-hexa-
fluoropropene) (90:10, w/w)

105 2.1 0.5� 10�3

107 2.1 1.0� 10�3

109 2.1 2.3� 10�3

1010 2.1 1.5� 10�3

a) Real part of the complex relative dielectric constant.
b) Loss factor.

Table 1.2 Dielectric properties of polar polymers at 20 to 30 �C [3].

Polymer Frequency (Hz) e0a) e00b)

Polychloroprene (1,4-poly(2-chloro-
1,3-butadiene))

104 6.2 0.205
105 6.1 0.183
107 4.7 0.940
109 2.84 0.136

Poly(methyl methacrylate) 104 3.0 0.100
105 2.9 0.082
107 2.8 0.048
108 2.7 0.032

Poly(ethylene terephthalate) 103 3.3 0.016
106 2.4 0.048
109 2.4 0.008

Polyamide-6 103 3.5 0.035
105 3.4 0.065
107 3.2 0.096
109 3.1 0.062

Cellulose 103 7.2 0.145
104 7.0 0.21
107 5.8 0.46
108 5.6 0.39

a) Real part of the complex relative dielectric constant.
b) Loss factor.
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impedance Z(v). The latter is related to e(v) according to Equation 1.4.

eðvÞ ¼ 1
jvZðvÞC0

ð1:4Þ

From the dielectric function, the relaxation time can be extracted as a fitting
parameter based on empirical functions. In the simplest case, the Debye function
Equation 1.5 is applicable.

eðvÞ ¼ es � e1
1þ jvt

þ e1 ð1:5Þ

(see Figure 1.1 for the definition of es and e1)
Corresponding relations for e0 and e00 are given by Equations 1.6 and 1.7, which

show that the magnitude of the dielectric loss is governed by the relaxation time t,
more exactly speaking by the term (vt)2 [3].

e0ðvÞ ¼ es � e1
1þ v2t2

þ e1 ð1:6Þ

e00ðvÞ ¼ ðes � e1Þ vt

1þ v2t2
ð1:7Þ

Alternating orientation polarization is feasible at frequencies ranging from n¼ 0
(steady field) to about n¼ 1012Hz (lowest IR frequency). At higher frequencies,
the dipoles can no longer follow the variations of an external alternating electric
field, and here only electron distortion polarization is possible. In the frequency
range from 0 to 1012Hz, e0 decreases monotonically from the highest value e0 ¼ es
at n¼ 0 (static dielectric constant) to the lowest value e0 ¼ e1 (dielectric dispersion)
at the upper limit of n. On the other hand, e00 equals zero at n¼ 0 and at far
IR frequencies. However, at intermediate frequencies, Equation 1.7 predicts a

Figure 1.1 General frequency dependence of e0 and e00. ——, Debye dielectric; ---, real dielectric.
Adapted with permission from Ref. [3];� 1996, Pergamon/Elsevier.
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symmetrical peak at vt¼ 1, corresponding to e00 ¼ (es� e1)/2. The general
frequency dependence of e0 and e00 is demonstrated in Figure 1.1.
In many cases – including amorphous polymers – the peaks in dielectric spectra

(e00 ¼ f(v)) are not symmetrical and are broader than predicted by the Debye model
(Equation 1.7). To account for asymmetry and broadness of the spectra, modified
equations characterized by the addition of exponential parameters to Equation 1.5
have been proposed. For example, the Havriliak–Negami equation (Equation 1.8)
contains two exponents, a and b [4]:

Havriliak-Negami equation e ¼ es � e1
ð1þ ðjvtÞaÞb

þ e1 ð1:8Þ

In a special case, the symmetry parameter b equals unity. This leads to the so-
called Cole–Cole equation (Equation 1.9) [5]:

Cole-Cole equation e ¼ es � e1
1þ ðjvtÞa þ e1 ð1:9Þ

As can be seen from Figure 1.2, the typical dielectric response of a polar
amorphous polymer at constant temperature is characterized by a succession of
descending steps in e0 and a corresponding series of e00 peaks.
The multiplicity of dielectric relaxations becoming obvious from this graph

reflects various different modes of orientation polarization occurring at distant
frequencies. The a-relaxation at the lowest frequencies corresponding to the
longest relaxation times is associated with the glass transition – that is, movements
of the main chains of the polymer via cooperative motions of main chain segments.
The subsidiary b- and c-relaxations at higher frequencies corresponding to shorter
relaxation times are related to motions of single structural elements including
rotations and/or conformational changes of side groups.

Figure 1.2 Typical dielectric response of a polar amorphous polymer. Frequency dependence of e0

and e00 at constant temperature. Adaptedwithpermission fromRef. [3];�1996, Pergamon/Elsevier.

12 1 Sub-Terahertz Radiation Including Radiofrequency (RF) and Microwave Radiation



As sub-THz radiation penetrates a lossy dielectric (e00 > 0), energy is dissipated
and, therefore, the power of the radiation is attenuated. Equations relating the
absorbed dose rate and the penetration depth with e0 and e00 can be derived from
Maxwell’s equations; details (not given here) for this are available from the relevant
literature [3,6].
The absorbed dose rate – that is, the radiation energy absorbed per volume and

time unit – is given by Equation 1.10 [6]:

Dabs
r ¼ 2pne0e

00E2 ðJs�1 m�3Þ ð1:10Þ

where n is the frequency (inHz) and E is the electric field strength (in Vm�1).
The penetration depth, dP – that is, the depth at which the incident radiation

power is being reduced to 1/e (about 37%) – is given by Equation 1.11 [6]:

dP ¼ l0

2pð2e0Þ0:5 1þ e00=e0ð Þ2
� �0:5

� 1

� ��0:5

ðmÞ ð1:11Þ

For low-loss dielectrics – that is, for (e00/e0)� 1, dP approximates to:

dP ¼ l0ðe0Þ0:5
2pe00

ðmÞ ð1:12Þ

where l0 (m) denotes the wavelength in vacuo. Obviously, the penetration depth
increases with larger wavelengths, that is, with decreasing frequency. This can be
seen also from Table 1.3, where dP values calculated with the aid of Equation 1.12
are listed for various frequencies and e00 values. Typically, at n¼ 109Hz,
corresponding to l0¼ 0.3m, the penetration depth into poly(ethylene terephtha-
late), amounts to dP¼ 9.26m, with e0 ¼ 2.4 and e00 ¼ 8� 10�3.

1.1.2.2 Temperature Dependence

The variation of e0 and e00 with temperature can be explained on the basis of the
Debye model, according to which the absorption of sub-THz radiation in nonionic
materials is caused by the orientation polarization of polar molecules or polar
groups in polymers and, therefore, depends on the mobility of the polar entities.
Since the extent to which absorption occurs via this mechanism is essentially

Table 1.3 Penetration depth dP (m) of sub-THz radiation into a nonmagnetic material of relative

dielectric constant e0 ¼ 3.0, and different electric loss factors e00 at various frequencies.
Calculated with the aid of Equation 1.12.

e00 Frequency (Hz)

104 106 108 1010

0.01 8.27� 105 8.27� 103 8.27� 101 8.27� 10�1

0.1 8.27� 104 8.27� 102 8.27 8.27� 10�2

1.0 8.27� 103 8.27� 101 8.27� 10�1 8.27� 10�3
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determined by the relaxation time t (see Equations 1.6 and 1.7), the temperature
dependence of e0 and e00 is related to that of t, as given by Equation 1.13.

t ¼ h
kT

exp
DG�

RT

� �
¼ h

kT
exp �DS�

R

� �
exp

DH�

RT

� �
ð1:13Þ

where h is Planck’s constant, k is Boltzmann’s constant, and DG�, DS� and DH�

denote molar free energy, molar entropy and molar enthalpy of activation,
respectively. For a limited temperature range, the pre-exponential and the entropy
term can be combined in a practically temperature-independent term t0, as
expressed by Equation 1.14:

t ¼ t0 exp
DH�

RT

� �
ð1:14Þ

According to Equation 1.14, ln (t) decreases with increasing temperature, which
implies that in plots of e00 versus v¼ 2pn, the peak of the absorption band is shifted
to higher frequencies with rising temperature. This results from the fact that, at the
peak’s maximum, vmaxt¼ 1. Consequently, an increase in temperature resulting in
a decrease in t enforces an increase in vmax and vice versa, an increase in t, caused
by decreasing temperature, yields a lower vmax. According to Equations 1.6 and 1.7,
the magnitude of e0 is determined both by e1 and the difference eS� e1, and that
of e00 by eS� e1. These terms depend in different modes on temperature for
polymers with polar side groups and polymers containing in-chain or rigidly
attached polar groups.
For many compounds, including certain polymers, both e0 and e00 increase with

increasing temperature. While this increase is marginal with respect to e0, it is
quite significant in the case of e00. Typically, in the case of polyamide 6,6, e00

increases by a factor of about 10 as the temperature rises from 40 to 150 �C (see
Figure 1.3).
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Figure 1.3 Dielectric properties of polyamide 6,6 at 3GHz. e0 and e00 as a function of temperature.

Adapted with permission from Ref. [8];� 1976, International Microwave Power Institute.
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It is interesting to note that, in the case of amorphous polar polymers, the
temperature dependence of e0 and e00 reflects alterations in the physical state of the
system. This is due to the fact mentioned above that the absorption of sub-THz
radiation is based on the orientation polarization of polar groups, which is determined
by their mobility. As a polymeric system is heated up from low to high temperatures,
various physical stages related to the mobility of structural elements are surpassed. As
demonstrated in Figure 1.4, the temperature dependence of the dielectric response at
constant frequency, typical for a polar amorphous polymer, is characterized by a
succession of ascending steps in e0 and a corresponding series of e00 peaks.
The peak at the highest temperature is associated with the a-relaxation – that is, to

the motions of main-chain-segments becoming activated during the glass transition.
The subsidiary weaker peaks refer to the b- and c-relaxations associated with various
motions, such as rotation or conformational changes of polar side groups.
It should be noted that a positive de00/dT implies an increase in the absorbed dose

rate during irradiation, as the latter heats the system up. Therefore, care must be
taken during RF- and microwave-aided processing to avoid unwanted overheating,
the so-called runaway effects.

1.2

Applications in Polymer Chemistry

1.2.1

General Aspects

Materials absorbing sub-THz radiation (n< 1012Hz) are rapidly heated up, which
is an attractive feature for chemists since, in comparison with conventional heating

Figure 1.4 Typical dielectric response of a polar amorphous polymer. Temperature

dependence of e0 and e00 at constant frequency. Adapted with permission from Ref. [3]; � 1996,

Pergamon/Elsevier.
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techniques, many thermally induced chemical processes can be performed with a
substantially shortened reaction time. In fact, reductions from many hours or days
to several minutes, or even seconds, are common place.
As was noted in Section 1.1, the absorption of sub-THz radiation by organic

materials is restricted to those containing ionic and/or polar components and, in
the case of linear polymers, with polar groups incorporated in the main chain or in
side chains. Provided that the penetration depth of the radiation is substantially
larger than the sample’s thickness, heating proceeds volumetrically – that is,
simultaneously in the total irradiated volume – and does not rely on convection or
the conduction of energy from the system’s outside to its interior, as in the case of
classical heating (such as a hot plate or oil-bath heating). Thus, microwave
irradiation represents an attractive and safe alternative to classical heating, as it
permits a required reaction temperature to be attained at a much faster rate.
In fact, the mode of action of sub-THz radiation-induced chemical reactions

is still under debate [9]. Because of the low photon energy (0.0016 eV at
2.45GHz), sub-THz radiation cannot break chemical bonds (which have
binding energies of several eV), and so such radiation cannot directly induce
chemical reactions. Therefore, frequently observed microwave effects – such as
an acceleration of the reaction rate, increases in product yield and variations in
product distribution – are commonly interpreted on the basis of purely thermal
effects. The latter include very rapid heating, superheating to temperatures that
substantially exceed the boiling point of the solvent, or a pressure increase if a
closed system is irradiated. The selective excitation of dipoles, causing a large
temperature increase in their vicinity and enhanced diffusion rates of small
molecules, is thought to be responsible for an increase in reaction rate and a
decrease in the apparent activation energy (for details, see Ref. [10]). Moreover,
microwave phenomena are explained in terms of changes in thermodynamic
properties under the influence of microwave fields [11]. This model comes close
to speculations on nonthermal radiation effects that are still lacking convincing
evidence [9]. On the other hand, nonthermal reactions can be induced by
plasmas generated by sub-THz radiation, and plasma-assisted chemistry is
widely applied in industrial processes, for example in processes related to the
field of polymers.
Apart from the role that sub-THz radiations play in polymer chemistry, they are

also very usefully applied in polymer physics. As an example, this might involve
dielectric spectroscopy, which is used widely to characterize the molecular
dynamics of polymers. Moreover, microwaves are employed for the nondestructive
testing of polymer materials, an example being the detection of heterogeneities in
plastic articles.

1.2.2

Thermal Effects

The advent of commercial laboratory microwave reactors and the corresponding
industrial-scale equipment [10] has given rise to worldwide activity concerning the
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sub-THz radiation-assisted synthesis of organic compounds. Indeed, a plethora of
reports has been made on the influence of microwave heating on chemical
reactions with organic compounds [10,12–15]. Although most of these reports have
involved the organic chemistry of low-molar-mass compounds, a respectful fraction
is related to the field of polymers, including their synthesis via the polymerization
of small molecules, the modification and degradation of polymers, and the use of
polymer supports for solid-phase organic syntheses [9,16–20]. These topics are
discussed in the following subsections.

1.2.2.1 Polymer Synthesis

Chain-Growth Polymerizations

Free-Radical Polymerization The free-radical polymerization of unsaturated com-
pounds is readily performed with the aid of microwaves, provided that the
monomer molecules have a permanent dipole moment and can, therefore, absorb
microwaves. The classical polymerization mechanism – as described in textbooks
[21–24] and involving steps of initiation, propagation, and termination – applies to
the microwave-assisted polymerization. Prescriptions for milliliter-scale polymer-
izations have been described by Bogdal [18], and some typical cases are listed in
Table 1.4. Whereas styrene (an unpolar monomer) polymerizes only very slowly if
irradiated in bulk, the aqueous emulsion polymerization of styrene using potas-
sium persulfate as an initiator proceeds very rapidly. This process is shown in
Figure 1.5, where the conventional and microwave-initiated polymerizations are
compared by plotting monomer conversion versus reaction time [25].

Table 1.4 Microwave-assisted free-radical polymerizations of unsaturated monomers at

300W [18].

Monomer Polymer Initiator Solventa) Reaction time

and tempera-

ture

Polymer

yield

(%)

Methyl metha-
crylate

Poly(methyl
methacrylate)

AIBNb) Toluene 10 min
90 �C

>50

Isooctyl acry-
late

Poly(isooctyl
acrylate)

AIBNb) Hexane 10 min
65 �C

>60

9-Vinylcarba-
zole

Poly(9-vinyl-
carbazole)

AIBNb) Toluene 10 min
65 �C

>75

Styrene Polystyrene
SO  Cl2 Cu Br

N N

120 min
110 �C

>50

a) Monomer concentration: (ca. 50%, v/v).
b) 2,20-Azobis(2-methylpropionitrile).

1.2 Applications in Polymer Chemistry 17



Ionic Polymerization A variety of polymerizations that proceed by ionic mechan-
isms are promoted if microwave heating is applied. Typical cases pertain to the
living cationic ring-opening polymerization of 2-oxazolines [10,26] (see
Scheme 1.1) and the anionic homo- and copolymerization of e-caprolactone
and e-caprolactam [27] (see Scheme 1.2). The rate of polymerization of 2-ethyl-
2-oxazoline at 200 �C in acetonitrile solution is accelerated by a factor of 400 as
compared to conventional heating [26]. Notably, poly(2-ethyl-2-oxazoline), being
both biocompatible and biodegradable, is applicable to drug-delivery systems.
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Figure 1.5 Conventional and microwave initiated emulsion polymerization of styrene. Adapted

with permission from Ref. [25];� 1996, VNU Science Press.

N

MeOTs

OTs

Initiation :

Propagation :

OR

S OO

O

+

OR

+

N

OTs

OR

N

+
N

OR

N

OR

OR

N

OTs

n

n
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e-Caprolactone and e-caprolactam, both of which are polar compounds capable
of absorbing microwaves, were shown to homopolymerize more rapidly in catalyzed,
solvent-free processes under microwave heating (at 4.2 to 5.2GHz) than with
conventional heating, producing yields of 92% and 87%, respectively [27]. The
molar mass, melt temperatures and glass transition temperature (Tg) of the
homopolymers obtained by the two heating methods were of comparable magnitude.
The microwave-assisted anionic copolymerization of the two compounds, catalyzed
by lithium tris-tert-butoxyalumino hydride, resulted in polymers with a molar mass
of approximately 2� 104 gmol�1 (yield: ca. 70%). The yields, amide-to-ester ratios
and Tg-values were higher, and the molar masses of products equivalent, as com-
pared to those obtained by conventional heating.
Subsequent studies on polymerization of the bisaliphatic epoxy compound 3,4-

epoxycyclohexylmethyl, 3,4-epoxy-cyclohexylcarboxylate (see Chart 1.1) revealed
that the compound does not polymerize thermally in the absence of an initiator.
However, in the presence of diaryliodonium or triphenylsulfonium salts, an ionic
polymerization was initiated and the onset of the polymerization shifted to higher
temperatures upon microwave heating (see Table 1.5). This microwave effect could
be explained in terms of the thermodynamic properties being different under the
influence of a microwave field [11].

Step-Growth Polymerization Microwave-assisted step-growth polymerizations –

that is, polycondensation and polyaddition reactions – have been studied extensively.
According to a review by Wiesbrock et al. [10], a plethora of reports has been
devoted to the microwave-assisted synthesis of polyamides, polyimides, polyethers,
and polyesters. For the majority of polymerizations, the reaction rates were
significantly increased under microwave irradiation as compared to conventional
heating, whilst in many cases the reaction times were shortened from hours, and
sometimes days, to about 10minutes. Moreover, the product purity was improved
and the polymers exhibited superior properties, most likely due to a reduction in

N O OO
H

+

CCatalyst : Li Al O 3C H3 3

OCH C NH

O

CH C

O

52 52n m

H

Scheme 1.2 Copolymerization of e-caprolactam and e-caprolactone [27].

O
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O

Chart 1.1 Chemical structure of 3,4-epoxycyclohexylmethyl,3,4-epoxy-cyclohexylcarboxylate.
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side reactions. A small selection of microwave-assisted step-growth polymerizations,
as described in various reports, are presented in Scheme 1.3. It should be noted that
these polymerizations were quite often performed in polar solvents with high
boiling points, because of the low microwave absorbance of monomers; such
solvents included o-cresol, dimethylacetamide, and N-methylpyrrolidone.

Table 1.5 Polymerization of the epoxide compound shown in Chart 1.1 with the aid of different

onium salts. Comparison of the onset temperatures for conventional and microwave heating

[28].

Initiator Conventional heating Microwave heating
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Scheme 1.3 Microwave-assisted step-growth polymerization. Typical systems [10,18].
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Another interesting example was the synthesis of peptide-based polymers via the
Cu(I)-catalyzed N–C polymerization of azido-phenylalanyl-alanyl-propargyl amide
[29] (see Scheme 1.4).

1.2.2.2 Polymer Processing

Thermoset systems including epoxide systems, polyesters, polyimides, and polyur-
ethanes are cured more quickly by microwave heating than by conventional thermal
heating. This benefit of microwave heating was concluded from many studies
reviewed by Zong et al. [19], with one typical example pertaining to the unimolecular
imidization of a polyamic acid in N-methylpyrrolidone solution (see Scheme 1.5).
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Scheme 1.4 Synthesis of peptide-based polymers via Cu(I)-catalyzed N---C polymerization of
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According to Lewis et al. [30], the rate constant of the imidization is increased and
the activation energy reduced when the reaction is performed with microwaves
rather than with conventional heating. In contrast to most other studies, however,
Mijovic et al. found no difference in curing rates upon investigating epoxide
systems and polyimides [31].

1.2.2.3 Modification of Polymers

There is a significant potential of microwave-assisted modification of linear
polymers via side group substitution, and the details of two examples pertaining
to cellulose and polyphosphazene are presented here. The phosphorylation of
cellulose at OH groups, as achieved by the microwave irradiation of a mixture of
cellulose, urea and phosphorous acid at 105 �C for 2 h, is shown in Scheme 1.6
[18], while Scheme 1.7 indicates how chlorine atoms of poly(dichlorophos-
phazene) can be substituted by microwave heating of the polymer in the
presence of ethyl-4-hydroxybenzoate, tetrabutyl ammonium bromide (TBAB),
tetrahydrofuran (THF), and NaH for 2 h at 65 �C [18].

1.2.2.4 Polymer Degradation

Microwave heating is an appropriate tool for recycling polymer waste. For example,
it can be applied to separate metal from polymer/metal laminates by pyrolysis, to
depolymerize polyamide and poly(ethylene terephthalate) by solvolysis, or to
devulcanize rubber (see Table 1.6). Detailed information on this topic is available
in Ref. [19].
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One very useful application of the microwave heating technique is in the
hydrolysis of proteins and peptides for amino acid analysis [37]. Conventionally,
protein analysis is performed by hydrolyzing samples in aqueous 6N HCl solution
at 110 �C for periods of at least 24 h, in conjunction with high-performance liquid
chromatography (HPLC). By employing microwave heating, however, the reaction
time can be reduced to less than 1 h, and in special cases to a few minutes. As
microwave hydrolysis accelerates the reaction without altering the chemistry of
amino acid analysis, the same acids, protective agents and derivatization
procedures can be used as are employed in conventional processes. Interestingly,
microwave heating is also appropriate for the generation of HCl vapor in the vapor-
phase hydrolysis of proteins [37].

1.2.2.5 Polymer Supports for Solid-Phase Organic Synthesis (SPOS)

Based on the Merrifield synthesis for the preparation of peptides, SPOS using
insoluble polymer supports has been developed for the rapid preparation of large
libraries of small organic molecules with drug-like properties. Notably, SPOS
contributes essentially to the field of combinatorial chemistry, which is the art and
science of synthesizing and testing compounds for their bioactivity, aiming at the
discovery of new drugs.
The polymer supports employed commonly include crosslinked polystyrene and

membranes of polypropylene and cellulose. The general SPOS procedure involves
several steps: following attachment of the educt to the polymer support, the latter is
contacted with a solution of a reagent and subsequently heated to the desired
temperature. This procedure can be repeated using a second or third reagent, after
which the product is finally detached from the support and isolated. The main
shortcomings of this method – notably the long reaction times required – can be
overcome by using microwave heating (mostly with 2.45GHz radiation), and
significant increases in the reaction rates, yields, and purity of products have been
observed [14,38,39]. A typical extent of rate enhancement is shown in Scheme 1.8,
where the reaction times using conventional thermal and microwave heating are
compared [40].

Table 1.6 Typical processes based on microwave-assisted polymer degradation.

Process System Remarks Reference

Pyrolysis HDPEa)/aluminum laminates
Polysiloxane
Polysylazene

Clean Al is obtained

Conversion to ceramics

[32]

[33]
Depolymerization Polyamide-6

Poly(ethylene terephthalate)
Solvolysis within 4 to
10 min

[34]
[35]

Devulcanization Vulcanized rubber Cleavage of S---S bond,
polymer chain remains
intact

[36]

a) HDPE: high-density polyethylene.
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As an alternative approach, instead of performing the process with educts
coupled to the support, polymer-supported reagents (PSRs) can be brought into
contact with the educt dissolved in an appropriate solvent. In this case, the
polymer support can be easily isolated from the product solution by filtration.
Moreover, it is possible to apply a surplus of the PSR, and this frequently leads
to higher product yields. Microwave heating has also been used to improve the
PSR method, and some typical microwave-assisted reactions are shown in
Scheme 1.9. More detailed information on this topic, and some appropriate
references, are provided in Ref. [14].

Another occasionally useful alternative to the above-described methods is to
employ a liquid-phase synthesis on soluble polymeric supports. In this case, the
reactive molecules such as poly(ethyleneoxide) are coupled to a polymer backbone
and brought into contact with reagents within a homogeneous medium (solvent).
On completion of the reaction, the polymeric matrix is separated from the system
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by precipitation, membrane filtration, or size-exclusion chromatography. The large
number of thiohydantoins of the structure shown in Chart 1.2, and which have
been synthesized in this way, represent an example of this approach [41]. Notably,
the use of microwave heating led to a significant acceleration in the different steps
of the process.

It should be noted that solvents employed in microwave-assisted synthesis on
polymer supports must fulfill various requirements. In particular, they should swell
the polymer, have a high boiling point, exhibit a high chemical stability and last, but
not least, they should absorb microwaves (i.e., they should possess a high e00-value).
1-methyl-2-pyrrolidone (NMP; see Chart 1.3) fulfills these requirements, at least
if used in conjunction with polystyrene supports, which swell strongly in this
solvent.

1.2.3

Non-Thermal Effects

1.2.3.1 Unresolved Questions

Sub-THz radiation – especially microwave radiation – is a powerful tool for
initiating classical thermal chemical reactions (as noted in Section 1.2.2). The most
obvious sub-THz radiation phenomenon relates to the significantly reduced
reaction times, which can be interpreted in terms of the efficient and rapid heating
of the reaction mixtures. However, many research groups are currently debating
the existence of specific, so-called “non-thermal” modes of action regarding the
initiation or modulation of chemical reactions. In particular, it has been asked
whether the steric course and the chemoselectivity or stereoselectivity of reactions
are altered by the influence of sub-THz radiation, as this would result in new
products that would not be formed after classical heating. Various aspects
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Chart 1.2 General structure of thiohydantoins prepared by microwave-assisted liquid-phase

synthesis on poly(ethylene oxide) of molar mass 6000 gmol�1.
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Chart 1.3 Chemical structure of 1-methyl-2-pyrrolidone (NMP).
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regarding specific microwave effects have been discussed by many authors
[10,11,30,42,43], and in particular by Perreux and Loupy [44]. Accordingly, specific
effects can be based on selective energy absorption by dipoles, with ensuing
specific reactions of the latter. A temperature increase of 50 K in the vicinity of the
absorbing dipoles has been predicted [30], a consequence of which would be an
enhancement of the diffusion rates of small molecules. This situation would apply,
for example, to the increase in reaction rate and decrease in apparent activation
energy in ring-closing imidization reactions [42].
Specific effects are also feasible for reactions proceeding via polar transition

states, which can give rise to an enhanced absorption of sub-THz radiation and
thus influence the course of the reaction [44]. A typical case refers to the reaction of
amines with ketones (see Scheme 1.10).

Provided that thermodynamic properties such as internal energy and Gibbs free
energy of materials with permanent dipole moments undergo significant changes
under the influence of microwave fields, shifts in the reaction equilibrium and in
kinetics, as compared to thermal fields at the same temperature, can be foreseen
[11]. At present, it seems that final conclusions about non-thermal effects can be
arrived at only after much more carefully performed experiments have been carried
out. However, it is clear that sub-THz radiations – and especially microwaves – can
serve as a tool for rapid and efficient heating, with no further influence on most
reactions [10].
While the present discussion on non-thermal chemical reactions induced by the

direct specific action of sub-THz radiation is ongoing, it is well known that non-
thermal reactions can also be initiated indirectly via plasmas generated by the same
radiation. In fact, plasma-assisted chemistry is strongly related to the field of
polymers, and its importance and major potential for industrial applications are
described in the following subsections.

1.2.3.2 Plasma-Assisted Chemistry

General Aspects Radiofrequency or microwave electric fields of sufficient strength
can break down a gas under appropriate conditions and produce an electrically
conducting medium, denoted as “plasma.” By definition, a plasma is a partially
ionized gas, confined to a certain volume with equal numbers of positive and
negative charges. The charged particles are free and exhibit a collective behavior.
Similar to soap bubbles, plasmas possess at their boundaries a skin called the
plasma sheath or Debye sheath. The main body of a plasma always has a positive

C O C ON C ON Products+
δδ

Dipolar Transition State

N :

Scheme 1.10 Amine addition to a carbonyl group involving a polar transition state.
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potential relative to the walls, with most of the potential drop appearing across the
sheath with voltages ranging from a few volts up to thousands of volts, depending
on various parameters. Positive ions generated in the plasma zone are propelled
through the sheath and strike the walls or a substrate placed close to the plasma
zone at near-normal incidence.
Plasma techniques are employed for the deposition of thin polymer films on

solid substrates, for the chemical modification of polymer surfaces, and for the
etching of polymer coatings. These processes are usually performed with the aid of
low-pressure, low-temperature continuous plasmas, so-called continuous wave
(CW) plasmas. Some typical laboratory-scale set-ups for these plasma processes are
shown in Figure 1.6 [45].
Plasma etching and plasma film deposition, with the latter frequently being

denoted as plasma-enhanced chemical vapor deposition (PE-CVD) or somewhat
incorrectly as plasma polymerization, were initially developed during the 1960s as
CW processes. Some years later, processes utilizing afterglow (AG) discharge
became very popular, and in many cases these were operated at pressures ranging
from 13 to 4000 Pa (0.1 to 30 Torr) and at a field frequency of 13.56MHz, though

Figure 1.6 Deposition of polymer films with

the aid of low-pressure, low-temperature

continuous plasmas. (a, b) Typical set-ups

with substrates positioned in the plasma

zone. The set-up in (b) possesses also a

substrate position downstream from the

plasma zone for afterglow deposition.

Adapted with permission from Ref. [45];

� 2004, The Electrochemical Society.
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frequencies in the kHz and GHz regimes were also utilized. In CW processes, the
discharge runs continuously and the substrate is directly exposed to the plasma (in
this context, frequently denoted as glow). As a result, the substrate is subjected to a
direct interaction with reactive neutral and ionized species generated in the plasma
by ionization and fragmentation of the feed molecules. In this way, thin films of
highly crosslinked, quite irregular macromolecular structures (see Chart 1.4) are
formed at the substrate’s surface, when the molecular fragments eventually
combine.

Commonly, these structures are referred to as plasma polymers, although they do
not resemble conventional polymers with regular structural repeating units.
Practically all organic substances of sufficiently high volatility can be employed for
PE-CVD; for example, thin polymer films can form at the surface of appropriate
substrates using plasmas generated from aliphatic or aromatic hydrocarbons such
as methane, ethane and hexane or benzene and xylene, respectively. Halogenated
compounds such as CF4 and C2F3Cl, and organosilicon compounds such as
tetramethylsilane, hexamethyldisiloxane and hexamethyldisilazane, can also be
plasma-polymerized. Conventional monomers suitable for the plasma deposition
of polymeric coatings include acrylic acid, allyl alcohol, ethylene, and styrene. A
range of compounds that have been used in plasma polymerization studies are
listed in Table 1.7. Interestingly, thin polymer films can also be deposited from
plasma generated from a gas mixture consisting of CO2, H2, and NH3.
In AG processes, the substrates are positioned downstream with respect to

the plasma zone (see Figure 1.6b). Here, the substrate is not bombarded by
ions but reacts only with longlived reactive species (especially free radicals)
which are following the stream originating from the plasma. More regular
macromolecular chemical structures with a high retention of the monomer
structure are formed in this way, as indicated in Chart 1.5, which shows the
chemical structure of a film deposited from C2F6 plasma onto a polymer
substrate. Notably, in the case of AG PE-CVD the deposition rate is several
orders of magnitude lower than for PE-CVD.
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A high degree of monomer structure retention can be achieved also by
employing a modulated plasma technique. In this case, the power input is
delivered to the plasma for a period ton and switched off for a period toff, with
toff� ton. As the substrate is positioned in the plasma zone, it is subjected to attack
by reactive particles during the on-period, while reactive species that have been
generated on its surface react with intact feed molecules during the off-period.
Provided that the feed contains a conventionally polymerizable compound, the
short plasma pulse will initiate its polymerization, exactly speaking the graft-
copolymerization of the monomer at the polymer surface.
The great interest in the field of plasma-assisted chemistry is reflected by a large

number of reviews and books [45,46,48–62], and by two journals devoted to the
subject [63,64].

Mechanistic Aspects Usually, the breakdown of gases under the influence of an
alternating electric field is initiated by a relatively small number of electrons
produced from an external agency. These electrons acquire kinetic energy mainly
from the electric field, and partially from elastic collisions with gas molecules.
Upon multiplication of these processes, the kinetic energy of the electrons

Table 1.7 Selected compounds employed in plasma polymerization studies [46].

Class Monomer

Hydrocarbons Methane, ethane, hexane benzene, toluene, xylene, naphthalene,
hexamethylbenzene

Halogenated hydrocar-
bons

Tetrafluoromethane, trifluorochloroethylene

Unsaturated com-
pounds

Ethylene, tetracyanoethylene, propylene, isobutene, acrylic acid, allyl
alcohol, allyl amine, vinyl trimethyl silane, acetylene

Organosilicon com-
pounds

Tetraethyloxysilane, hexamethyldisiloxane, tetramethylsilane, hex-
amethyldisilazane

Sulfur-containing com-
pounds

Thianthrene, thiophene, thioacetamide, thiourea

Nitrogen-containing
compounds

Aniline, p-toluidine, picoline

Other compounds Diphenyl mercury, diphenyl selenide
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Chart 1.5 Chemical structure of a film deposited on a polymer substrate from C2F6 plasma by

afterglow plasma-enhanced chemical vapor deposition (AG PE-CVD) [47].
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eventually becomes sufficiently high to accomplish electronic excitations and
ionizations of feed molecules by electron impact (see reactions (a) and (b) in
Scheme 1.11). The ionization produces additional electrons. It should be noted that
the kinetic energy of the primary electrons is reduced by these processes.
Subsequent fragmentation processes yield a variety of intermediates that include
radical cations and free radicals. Negative ions can be formed by attachment
processes of sub-excitation electrons with gas molecules (see reactions (c) and (d) in
Scheme 1.11) [65]. Sub-excitation electrons have kinetic energies below the first
electronic excitation potential of the feed molecules.

After having lost their kinetic energy, the electrons combine with positive ions,
typically according to reaction (a) in Scheme 1.12. Often, radical cations disintegrate
spontaneously into smaller cations and free radicals according to reaction (b) in
Scheme 1.12.

Energy transfer from excited molecules M1
� to molecules M2 of a lower

ionization potential might also result in ionization; this process is referred to as
Penning ionization (see Scheme 1.13).
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Scheme 1.12 Reactions of radical cations. The asterisk denotes an electronically excited state.
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Typical reaction schemes related to plasmas applied to the fabrication of
microelectronic devices are presented in Schemes 1.14 and 1.15 (the former
scheme refers to an oxygen plasma and the latter to a CF4 plasma).
Actually, various fragments including CF�3 and CF�

2 ions; CF3, CF2, CF radicals
and F atoms have been detected in CF4 plasmas, indicating the occurrence of
additional processes such as those described in Scheme 1.16.
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Scheme 1.15 Reactions of electrons with tetrafluoromethane. The asterisk denotes an
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A plasma formed by ionization of the feed molecules is maintained if the rates of
charge production and charge loss are equal. Charge loss occurs by neutralization –

that is, via the combination of electrons or negative ions with positive ions, and
reaction (a) in Scheme 1.12 is a typical example of this. Details concerning
breakdown mechanisms and the maintenance of fully developed plasmas have
been described in detail (e.g., Ref. [6]).
If a substrate is to be plasma-modified, then photochemical processes must also

be taken into account. This follows on from the fact that some of the electronically
excited molecules emit photons (see Equation 1.15), which makes the plasma
visible (via glow discharge).

M� ! Mþ h n ð1:15Þ
To some extent, photons possessing energies corresponding to the UV range are

likely to be absorbed by the substrate, thus initiating photochemical reactions.
Plasma-induced intermolecular crosslinking and main-chain cleavage, as occurs in
the case of substrates consisting of linear polymers, are thought to result from such
photochemical processes.
In low-pressure (1 Torr¼ 133Pa), high-frequency (1MHz) plasmas (so-called

nonequilibrium plasmas), which are of practical importance, the heavy particles (ions
and intact molecules) are essentially at ambient temperature, while the electrons
are hot – that is, they possess kinetic energies that are sufficiently high to cause
ionizations and electronic excitations, and under these conditions plasma
chemistry takes place at near-ambient temperature. However, the plasma tempera-
ture increases as the pressure is increased, and atmospheric plasmas can be
applied as heat sources for the activation of endothermic chemical reactions.
Relevant investigations with RF plasmas have included the pyrolysis of hydro-
carbons such as methane and propane, and the decomposition of carbon
tetrachloride [48]. With regards to polymers, surface treatment and thin-film
deposition at atmospheric pressure can be performed, when He or Ar are used as
carrier gases for the feed, and dielectric insulators are inserted between the
electrodes in the discharge gap [67]. Detailed information on atmospheric plasmas,
in the context of both thin-film deposition and polymer etching, is available
elsewhere [67–69].
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Scheme 1.16 Processes occurring in a CF4 plasma [66]. The asterisk denotes an electronically

excited state.

32 1 Sub-Terahertz Radiation Including Radiofrequency (RF) and Microwave Radiation



Technical Applications Important applications in the field of polymers refer to
the plasma etching of thin polymer coatings [70–74] and plasma-induced
surface modifications of polymer materials, including polymer coatings [45,49–
56,59,70,75–77]. Plasma etching – which involves the controlled partial removal
of the surface of a body by subjecting the latter to an appropriate plasma – is
widely applied in industrial processes. The removal of surface matter can be
accomplished by physical sputtering, which relates to the removal of surface
fragments by a physical process in which energetic positive ions transfer large
amounts of energy and momentum to the substrate’s surface, thus inducing a
mechanical ejection of matter. Chemical etching is of greater practical
importance than physical sputtering, and is based on the total conversion of
surface matter into volatile products by reactions with neutral free radicals. In
this case, the mass loss is totally evaporative; for example, a polyimide of the
structure shown in Chart 1.6 is totally converted to CO, CO2, N2 and H2O,
with the aid of an O2 plasma.

Plasma etching plays a prominent role in the industrial lithographic
production of microelectronic devices such as dynamic random access memory
(DRAM) chips and micro-electromechanical systems (MEMS), such as accel-
erometers for airbags in motor vehicles. For these purposes, silicon wafers are
generally patterned using sophisticated methods, which results in small
structures of dimensions down to the nanometer range. The plasma etching
gases presently used in industrial processes are listed in Table 1.8, and the
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Chart 1.6 Chemical structure of a typical polyimide.

Table 1.8 Plasma etching gases employed in the production of microelectronic devices [75].

Substrate material Components of plasma feed

Al Cl2, BCl3, SiCl4, HBr, HJ
W HBr, Cl2, O2

Si3N4 CHF3, CF4, CH3F, SF6
SiO2 CHF3, CF4, C2F6, C4F8
Si HBr, HCl, Cl2, NF3, CF4, SF6, BCl3
Amorphous carbon hardmask
Photoresists

O2, N2/O2

O2, N2/O2
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process of pattern delineation is depicted in Figure 1.7. The process starts
with a microlithographic step structuring a thin film on top of the wafer; this
film, which most often consists of a plasma-resistant polymer (the polymer
resist) is then subjected to a beam of light, X-rays or swift particles (electrons
or ions). The subsequent development of latent structures, generated in this
way, with appropriate liquids yields a pattern of covered and uncovered areas
on the wafer. After liquid development, trenches and holes at places not
covered by the resist are then formed when the wafer is subjected to a
specific plasma.
Eventually, the polymer resist – which is not (or only weakly) attacked by the Si-

and SiO2-selective plasmas – is removed totally by a special treatment (referred to
as “ashing” or “stripping”) with the aid of an oxygen (O2) plasma. One outstanding
requirement for proper pattern delineation, namely the generation of trenches with
vertical walls and flat floors, can be fulfilled by anisotropic (i.e., directional) etching
(see Figure 1.8).

Figure 1.7 Schematic illustration of pattern generation in a silicon waver employing liquid

development: irradiation makes the resist insoluble (negative mode) or soluble (positive mode).
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Anisotropic etching is accomplished by ion-enhanced etching, commonly
referred to as reactive ion etching (RIE). This process is based on the reactions of
free radicals with the substrate occurring under the simultaneous bombardment of
directed ions. A directional negative-heading electric field that is always formed
across the sheath at the plasma boundaries accelerates the positive ions which have
been produced in the plasma up to kinetic energies of several hundred eV, and
guides them vertically to the wafer’s surface. In this way, not only trenches with
depths of 10–20 mm (as in the case of DRAM circuits) but also features with depths
of 600 mm or more (as afforded in the manufacture of MEMS devices) can be
created. The generation of these extraordinarily deep features, which is referred to
as deep reactive ion etching, may be based on chilling the wafer during etching to
163K (�110 �C), which slows down the chemical reactions of the uncharged,
isotropically acting reactive plasma species. Another process alternates repeatedly
(up to several hundred times) between two modes. Mode 1 involves an almost
anisotropic plasma etch, where ions attack the wafer from a near-vertical direction,
while mode 2 involves the plasma deposition of a chemically inert passivation layer.
The mode 2 approach protects the entire substrate from chemical attack of
uncharged species, while ion etching using mode 1 is restricted to the bottom of
the trench.
Surface modifications of polymeric substrates can be performed either with the aid

of inorganic gas plasmas (e.g., with oxygen plasmas) or with CVD processes. In
both cases the polymer surface is functionalized; that is, any functional groups that
profoundly alter the surface properties become chemically attached to the polymer
surface. Products obtained with both modification modes are depicted schemati-
cally in Figure 1.9.
Generally, the attachment of functional groups to the surface can result in either

hydrophilicity or hydrophobicity of the substrate. For instance, it can improve the
adhesive strength of polymer surfaces towards differently composed materials.

Isotropic etching

Anisotropic etching

Mask of polymer resist

Layer to be etched
Substrate

Substrate

Substrate

Figure 1.8 Schematic illustration of isotropic and anisotropic etching.
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Exactly how the treatment of polymer surfaces with an oxidizing plasma can cause
a decrease in the water contact angle (i.e., an increase in wettability) is shown in
Table 1.9. Normally, this is related to the surface energy and a reduction in surface
energy will indicate a better bondability – that is, the ability of a polymer to bond to
other materials.
The plasma treatment of a yarn of polymer fibers used for composite reinforce-

ment provides a typical example of the improvement in adherence [78]. The result is
an increase in the strength of the final composite, due to the plasma-induced
formation of a very thin interphase layer between the fiber and the composite matrix,
causing in turn an improved bonding between the two components (see Figure 1.10).
Substrate hydrophilicity is required for the adhesion of certain biomaterials, such

as living tissues. This property has an important role for human body implants,
such as orthopedic prostheses. A typical case in which substrate hydrophobicity is
required relates to an ophthalmologic scenario, when the surfaces of an intraocular
polymer lens should preferably not adhere to proteins in order to avoid the
formation of inflammatory cells.

Table 1.9 Alterations in the surface wettability of selected polymers by low-pressure plasma

treatment. Adapted from Ref. [78].

Polymer Initial water contact

angle (degrees)

Final water contact

angle (degrees)

Polyethylene 87 22
Polypropylene 87 22
Polystyrene 72 15
Polyamide 63 17
Poly(tetrafluoroethylene-co-ethylene) 92 53
Poly(ethyleneterephthalate) 76 17
Polycarbonate 75 33
Poly(phenylene oxide) 75 38
Poly(ether sulfone) 92 9
Silicone 96 53

OH O

Substrate Polymer

CO CH O
OH

OH Plasma Polymer

Substrate Polymer

OH OH OH OHOH

Plasma Polymer

Substrate Polymer

CO
OH

CO
OH

CO
OH

(a)        (b) (c)

Figure 1.9 Schematic depiction of plasma-

induced modifications of polymer surfaces.

(a) Unspecific functionalization of the surface

of a substrate polymer (e.g., polypropylene)

by oxygen plasma treatment; (b, c) Specific

functionalization via plasma polymerization

of allyl alcohol or acrylic acid, respectively, in

the presence of a substrate polymer.
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Plasma polymerization leading to functionalized surfaces, as depicted in
Figure 1.9b and c, is an outstanding feature of plasma chemistry. Its importance
derives from the fact that macromolecular structures can be formed not only
from unsaturated substances but also from compounds that are incapable of
forming polymers via conventional polymerization techniques. An interesting
application here is the plasma-initiated homopolymerization and copolymeriza-
tion of monomers bearing functional groups on polymer substrates. Relevant
investigations have concerned the generation of a very thin adhesion-promoting
polymer layer at the surface of polypropylene sheets. By deploying monomers
with functional groups (such as allyl alcohol or acrylic acid), plasma polymer
layers with up to 30 OH or 25 COOH groups per 100 C atoms can be attached
to the surface of the polypropylene substrate, using a pulsed plasma technique
with duty cycles of short on-periods and long off-periods, for example, 25 ms to
1200 ms. In this way, good adhesion properties (high peel strength) towards
aluminum layers deposited onto the sheet by vacuum evaporation can be
attained [53].
Another example relates to the plasma polymerization of maleic anhydride on

silicon substrates [55]. After functionalization of the anhydride groups of the
polymer with dienophile groups such as allyl amine groups, bicyclo[2.2.1]hept-2-
ene groups are attached to the surface via the Diels–Alder cycloaddition of a diene.
The cycloaddition of cyclopentadiene or [(trimethylsilyl)methyl]cyclopentadiene to
the cyclic imide-functionalized plasma polymer is shown in Scheme 1.17. In this
case, the extent to which maleic anhydride groups are converted is controllable,
such that the number density of functionalized groups can be tailored to comply
with the adhesion between different types of solid surface.
The plasma-assisted surface modification of polymers may also serve to create

permselective membranes for gas purification. For example, thin membranes of
natural rubber treated with a 4-vinyl pyridine plasma are capable of separating O2

from N2 [79]. For additional information on this topic, see Ref. [80].
In conclusion, plasma polymerization provided the possibility to deposit

carefully designed, highly adherent and pinhole-free thin polymer films onto
various substrates, and thus to control adhesion between various types of solid
surface. Moreover, plasma-deposited polymer films can be used to protect
metals and other substrates from environmental attacks, for instance by
corrosive agents. Further information on these topics is available in Ref. [80].

Fiber

Interphase

Matrix

Figure 1.10 Cross-section of a plasma-treated fiber in a composite matrix.

1.2 Applications in Polymer Chemistry 37



1.3

Applications in Polymer Physics

1.3.1

Dielectric Spectroscopy of Polymers

Dielectric spectroscopy (DS), which is related to measurements of the complex
dielectric permittivity e�¼ e0 � je00, has been used widely to study the dynamics
of polymers, including heterogeneous polymer-containing systems [81–87]. DS
complements other methods based on nuclear magnetic resonance (NMR),
light scattering, and dynamic mechanical analysis. With the aid of commer-
cially available instruments covering a broad frequency range of many orders
of magnitude (10�6Hz to 1012Hz), it is possible to investigate molecular
motions on quite different time scales, including fluctuations within base
units, side group rotations, and cooperative glass transitions. One prerequisite
for the application of this technique, however, is the presence of dipoles – that
is, in the case of linear polymers of polar groups in the main chain and/or in
pendant groups.
With regards to the performance of DS measurements, two modes have been

identified: (i) measurements in the frequency domain; and (ii) measurements in the
time domain [88–90]. These two terms refer to measurements of e00 as a function of
radiation frequency and of time, respectively. Details of, and references pertaining to,
the measuring techniques are outlined by Kremer and Sch€onhals [88].
A typical example referring to frequency domain measurements is shown in

Figure 1.11, where e00, recorded with poly(methylacrylate) at various tempera-
tures, is plotted as a function of frequency. The two peaks, related to a

relaxation (low-frequency) and b relaxation (high-frequency) are shifted to
higher frequencies with increasing temperature (details of this phenomenon
were outlined in Section 1.1.2.2). It should be noted that the a-relaxation is

O
H2 C=CH-CH2 NH2

N

NN
Si

Si

Scheme 1.17 Attachment of bicyclo[2.2.1]hept-2-ene groups to a cyclic imide functionalized thin

layer of plasma-polymerized maleic anhydride [55].
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attributed to a structural process, the dynamic glass transition related to
segmental motions, while the b-relaxation originates from localized fluctua-
tions of the dipole vector of the side groups, such as the rotation of methyl
groups.
With the aid of modern dielectric spectrometers, real-time observations can be

carried out. For example, DS can be used to monitor the curing of thermosetting
resins, the absorption of water by polymers, or film formation and coalescence in
polymer lattices [92].
In the case of nonpolar polymers such as polyolefins, attempts have been

made to perform DS by doping the polymer with additives having a large
dipole moment (so-called dielectric probes) [93]. Here, as a typical example,
studies on atactic polypropylene (aPP), doped with 4,40-(N,N-dibutylamino)-(E)-
nitrostilbene (DBANS; see Chart 1.7) of dipole moment m¼ 8 Debye, is
addressed [94]. Plots of e00 versus temperature for both doped and undoped
aPP are shown in Figure 1.12.

The spectra contained two peaks above and below the Tg (250K), according to
differential scanning calorimetry (DSC) at about 150K and 280K, which were
assigned to the b- and a-processes, respectively. The dopant significantly
augmented the a-peak, and in the vicinity of Tg the probe relaxation time ta

2O  N
N DBANS

Chart 1.7 Chemical structure of 4,40-(N,N-dibutylamino)-(E)-nitrostilbene.

Figure 1.11 Dielectric loss spectra of poly(methyl acrylate) depicting e00 versus frequency at
different temperatures.AdaptedwithpermissionfromRef. [91];�1992,AmericanChemicalSociety.
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reflected the intrinsic cooperative dynamics of the polymer. The dopant exerted
only a very weak plasticizing effect; this was inferred from the fact that, in the
presence of the dopant, the Tg values were only slightly lower than Tg (DSC). Tg is
obtained, from the temperature dependence of ta with the aid of the Vogel–
Fulcher–Tamman equation (Equation 1.16).

ta ¼ t1 exp
Ev

RðT � TvÞ
� �

ð1:16Þ

where ta and t1 denote the structural relaxation time at temperature T and in the
high-temperature limit, respectively, while Ev and Tv are the activation energy and
the Vogel temperature, respectively.
More than two decades ago, W. N. Mie et al. proposed a model which involved

electromagnetic energy coupling through acoustic vibrations along the axis of
helical polymers. These authors predicted high absorption cross-sections at
microwave frequencies [95], but the prediction could not be verified experimentally
[96,97], despite earlier studies seeming to have provided evidence of a resonant
microwave absorption of plasmid DNA molecules in aqueous solution in the
frequency range 1 to 10GHz [98]. Such a discrepancy in results is a consequence of
pH changes; that is, changes in the ionic conductivity that had not been considered
in earlier studies.

1.3.2

Microwave Probing of Electrical Conductivity in Polymers

As noted in Section 1.1, dipole rotation and ionic conduction are the fundamental
mechanisms involved when dissipating microwave energy in matter. With regards to

Figure 1.12 Plots of the dielectric loss e00 versus temperature, recorded at n¼ 1.38� 104Hz with

atactic polypropylene, undoped and doped with different amounts of DBANS. Adapted with

permission from Ref. [94];� 2007, American Chemical Society.
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the ionic conduction mechanism, it is notable that microwave absorption measure-
ments can serve as a very valuable tool for electrode-less electrical conductivity
determinations. This may concern, for example, time-resolved measurements, and
in this context the method of time-resolved microwave conductivity (TRMC), which
is frequently applied to flash photolysis and pulse radiolysis investigations, should be
mentioned [99,100]. For example, the TRMC method served to probe charge carriers
in polysilanes generated by UV light. The data provided in Figure 1.13 indicate how
microwave absorption, expressed here in terms of the relative decrease in incident
microwave power, DP/Pinc, was increased following the irradiation of poly(methyl-
phenylsilane) with a 12ns pulse of 266nm light.
Time-resolved microwave absorption measurements also served to determine the

intrachain mobility of charge carriers moving along the chains of ladder-type poly
(p-phenylenes) and phenylene-vinylene polymers (see Chart 1.8) [102,103]. Upon
irradiating O2-saturated benzene solutions containing isolated polymer chains (low
concentration, 10�4 to 10�3 basemol l�1) with 10 ns pulses of 3MeV electrons,
benzene cations and excess electrons were generated. Although the electrons were
scavenged by oxygen, the cations reacted with the polymer chains via a diffusion-
controlled reaction, thus yielding positively charged polymer chains. Eventually, the
oxygen anions and polymer cations combined in a neutralization reaction (see
Scheme 1.18).

Figure 1.13 Increase in the microwave absorption of poly(methylphenylsilane) at

n¼ 30.4 GHz, indicating the formation of electrical charge carriers after irradiation with a 12 ns

pulse of 266-nm light. Reproduced from Ref. [101].
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Chart 1.8 Chemical structures of p-phenylene and phenylene-vinylene polymers employed for the

determination of the intrachain hole mobility [102,103].
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The reaction of benzene cations with polymer chains was indicated by an
increase in the electrical conductivity of the solution relative to that of neat
O2-saturated benzene (see Figure 1.14). The increase in conductivity was
more pronounced the longer the polymer chain length – an effect that was
attributed to the fact that the charges diffuse over the entire length of the
chains and encounter chain ends within one period of the oscillating electric
field. Consequently, the measured intrachain conductivity was seen to be
frequency-dependent with a tendency to increase with increasing microwave
frequency [104].
The measured electrical conductivity increase of the system Ds(t) is related to the

mobility of the charge carriers mac,i according to Equation 1.17:

DsðtÞ ¼ eSmac;iniðtÞ ð1:17Þ

e

benzene

polymer

benzene

polymer

+

+

+

polymer + polymer +

O2

O2O2

O2

fast electrons e

benzene + benzene

Scheme 1.18 Generation and decay of positively charged polymer chains in O2-saturated

benzene solutions upon irradiation with fast electrons.

Figure 1.14 Electrical conductivity of benzene

solutions containing the ladder-type polymer

LPPP (3.15� 10�4 basemol l�1, average chain

length: 13, 16, 35, 54, from bottom to top).

n¼ 34GHz, E¼ 20 V cm�1. Absorbed dose:

D¼ 21Gy. Adapted with permission from Ref.

[102]; � 2006, American Physical Society.

42 1 Sub-Terahertz Radiation Including Radiofrequency (RF) and Microwave Radiation



where e is the elementary charge and ni is the concentration of charged
species i. Since the mobility of oxygen anions is negligibly small, the sum in
Equation 1.17 reduces to the terms related to hole conduction. Moreover, the
effective hole mobility mac is dominated by the intrachain mobility mintra,hole,
provided that the magnitude of the latter is less than about 0.1 cm2 V�1 s�1. At
higher values of mintra,hole, scattering of the charge carriers at the chain ends
dominated the charge transport and mac was much lower than mintra,hole. On the
basis of the chain length dependence of mac, and using a theoretical model for
one-dimensional diffusive motion of charge carriers between chain ends [104],
a very high value of mintra,hole (close to 600 cm2 V�1 s�1) was obtained for
ladder-type poly(p-phenylene)s (LPPPs) [102]. Therefore, ladder-type polymers
such as LPPPs might potentially be used as interconnecting wires in the
molecular electronic devices of the future.
Notably, measurements of the electrical conductivity in stretch-oriented

polymers such as I2-doped polyacetylene, by employing the technique of
coherent microwave transient spectroscopy [105] revealed a large orientation-
dependence. In the case of polyacetylene, the conductivity values parallel and
perpendicular to the stretch direction were sjj ¼ 34.4 and s>¼ 3.3 S cm�1 [106].
The higher sjj-value was believed to be due to the higher electron mobility
along the oriented polymer chains. s-values have been obtained from
transmission data with the aid of Equation (1.18):

TðlÞ ¼ 1

1þ 0:5sLðm0=e0Þ0:5
ð1:18Þ

where T(l) is the transmission at wavelength l, L denotes the sample length, and
m0 and e0 are the vacuum permeability and permittivity, respectively [106].

1.3.3

Nondestructive Microwave Testing of Polymer Materials

Microwaves can be applied for the nonintrusive inspection of dielectric
materials, including polymers, wood, and ceramics [107–117]. The inspection
of dielectric polymeric materials is easily performed, because of their relatively
high transparency towards microwaves. Of technical importance are methods
based on reflection measurements on sheet materials, such as composites
made from several layers adhesively bonded together. In this case, microwave
techniques can be used to control composite processing and manufacturing.
Commonly, contact-free measurements with single-sided access to the sample

via open-ended rectangular wave guides are performed, as can be seen from
Figure 1.15. The signal recorded by the detector results from reflections and
interference effects. This serves for the determination of dielectric properties (e0

and e00), and of the absolute thickness of thick polymer slabs and dielectric
composites made from plastics.
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The importance of microwave nondestructive testing for coatings becomes more
obvious when consulting the data in Table 1.10, which elucidate the potential of
this method.
With an array of sensors – or, better, with the aid of two-dimensional raster

scans – the images of any hidden flaws can be displayed (termed microwave near-
field imaging). When the sample is located close to the open end of the waveguide,
which is commonly referred to as near-field geometry, the resolution is about one-
tenth of the wavelength. For example, at a frequency of 30GHz corresponding to
l0¼ 10mm, defects at distances of 1mm can be detected individually. With regards
to the determination of thickness variations, a resolution of a few micrometers has
been claimed [107].
Thickness measurements on thin polymer layers (25–500 mm) being backed

by a metal layer can be accomplished by a method depicted schematically in
Figure 1.16. Here, a transmitter/receiver couple is positioned very close to
the film surface, where a guided wave is excited. Both the thickness and
dielectric properties can be calculated from the signal recorded by the receiver
[118,119].
Interestingly, local anisotropies in dielectric materials can be probed and imaged

by using a rotating rectangular waveguide which emits linear and polarized
microwave radiation. The rotation modifies the relative orientation of the electric
field vector, such that dielectric anisotropy will result in a modulation of the
measured effective reflection. Both, the modulation depth and the angle of

Circulator

Detector

Sample

Microwave

Standoff Distance

Open-ended WaveguideGenerator

Figure 1.15 Schematic depiction of an open-ended waveguide arrangement for nondestructive

inspection of polymer samples.

Table 1.10 Microwave nondestructive testing of dielectric polymeric coatings in noncontact

fashion. Access to only one side of the material is needed [107].

Property or Effect Benefit of the method

Thickness Determination of absolute values
Evaluation of minute variations

Disbonds Detection of very slight effects
Delaminations Detection of slight effects
Porosity Detection of voids and pores, including size estimation
Cracks Detection of cracks in metals covered with dielectric coatings without the

need for removal
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maximum reflection, are related to the extent and the direction of local
anisotropies, respectively. In this way, glass fiber-reinforced, injection-molded
polymers can be characterized with respect to the orientation of the fibers [113]. As
a typical example, the influence of injection speed on fiber orientation is depicted
in Figure 1.17 [110].
It is also possible to monitor, during the injection molding of plastic articles, how

molds are filled and the melt is cooled down [110]. The curing of resins,
determination of the moisture content of polymeric materials, and corrosion
phenomena represent further applications of this technique.
Compared to traditional nondestructive testing methods, microwave-based

inspection yields a better contrast than X-ray absorption techniques, and a better
signal-to-noise ratio than ultrasound inspection. The primary advantages of
microwave testing are that measurements can be performed contact-free, and with
single-sided access to the sample.

Polymer Film

Transmitter Receiver

Network
Analyzer

Conducting Plate

Figure 1.16 Schematic depiction of a set-up

allowing nondestructive thickness

measurements on thin layers of dielectric

polymers. Waves in transverse magnetic

mode launched from the transmitter are

reflected from the sample and excite guided

modes in the dielectric layer. Adapted from

Refs [118,119].

Figure 1.17 Microwave anisotropy images demonstrating the influence of the injection speed

(varying between V0 and 2.13V0) on the fiber orientation in the injection molding process.

Adapted with permission from Ref. [110]; � 1996, Scientific.Net.
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1.4

Industrial Applications

While RF and microwave-based techniques each play important roles in
industrial material processing involving plasmas, the use of these radiations as
a heating source for thermally initiated chemical reactions is (at present)
mainly restricted to the laboratory scale. However, there is one exemption,
namely the application of microwave heating to the vulcanization of rubber.
Microwave extrusion lines are operated worldwide in the automotive and
construction industries for the vulcanization of carbon black-filled rubber
[120]. Carbon black is a good microwave absorber, but in the case of white and
colored rubbers special sensitizers that permit the absorption of microwaves
must first be applied [121].
With regards to plasma applications, both RF- and microwave-based techniques

(e.g., low-pressure plasma processes) have been employed since the 1960s for
industrial materials processing. At present, plasma techniques are important in
those technologies that involve plastics, notably in several areas of the automotive,
aerospace, packaging, and textile industries. Although both RF and microwave
plasma systems have been developed for specific tasks, plasma processing is
generally aimed at increasing the surface energy of films, webs, and fibers so as to
achieve better characteristics of printing, bonding wettability and wickability (the
ability to transport perspiration away from the human body). Some typical
arrangements, as applied to the surface modification of textiles, are shown in
Figure 1.18.
It is remarkable, that not only flexible substrates such as films or fabrics but

also large stiff objects (e.g., fenders for automobiles) that are made from
polypropylene (PP) or ethylene-propylene-diene-terpolymer (EPDM) are plasma-
treated on an industrial scale. It should be noted that a large proportion of these
applications involve surface modifications for improved adhesion, and that such
processes are commonly accomplished with the aid of air or oxygen plasmas
[59,123,124].
Finally, the use of plasma techniques for the production of microelectronic

devices must be emphasized (see also “Technical Applications” in Section
1.2.3.2), as this involves the technical polymer resist-based generation of
microfeatures that now range down to a structure size of 40 nm, allowing a
data storage capacity for DRAM chips of up to 2 GByte. Three etching
configurations of a parallel-plate plasma reactor applicable to the etching of
wafers at low pressure are shown in Figure 1.19. These configurations are
distinguished by the manner in which the RF power supply is connected to
the electrodes. Plasma etching, in conjunction with the photolithographic
structuring of polymer resists, represents a powerful tool that permits a high
grade of technical miniaturization that has subsequently led to the creation of
products such as personal computers that are today of major importance in
daily life.
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Figure 1.18 Industrial plasma modification of textile surfaces. Plasma reactor configurations

for (a) low-pressure batch processing and (b) continuous processing at atmospheric pressure.

Adapted with permission from Ref. [122]; � 1995, Institute of Physics Publishing.
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Figure 1.19 Industrial plasma etching of wafers. Plasma reactor configurations for low-

pressure processing. Adapted with permission from Ref. [122]; � 1995, Institute of Physics

Publishing.
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