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1.1 INTRODUCTION

Over the years one of the major goals of synthetic chemists has been to provide the
crystalline form of any active pharmaceutical ingredient (API) being introduced into
pharmaceutical development. This is primarily because the symmetrical three-dimen-
sional long-range order and the relatively tight packing of molecules in a crystal lattice
most often ensure a high level of chemical purity and solid-state stability. At the same
time, an API being developed for oral administration in a solid dosage form generally
requires sufficient aqueous solubility upon contact with in vitro and in vivo dissolution
media in order to obtain optimal rates of dissolution and acceptable oral bioavailability.
The importance of aqueous solubility in affecting dissolution rates can be shown with the
classical Noyes—Whitney equation [1]:

dC/dt = kpA(Cy — C)), (1.1)

where dC/dt is the dissolution rate, kp, is the dissolution rate constant (dependent on the
stirring rate and the diffusion constant), A is the total surface area of the drug particles, Cj
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is the aqueous saturation solubility of the drug, and C, is the concentration dissolved at
time 7. Based on this equation, it can be seen that all other factors being constant, the rate
of dissolution is proportional to the surface area of the solute particle and to the solubility
of the drug. Consequently, drugs with low aqueous solubility would be expected to
exhibit low dissolution rates and, likely, poor oral bioavailability. The importance of the
rate of dissolution and hence aqueous solubility in acting as a determinant of oral
absorption was formally recognized with the establishment of the Biopharmaceutics
Classification System (BCS) [2], where, as illustrated in Figure 1.1, the AP is classified
into four categories: classes 1 and 3 containing molecules with high aqueous solubility,
and classes 2 and 4 containing molecules with low solubility; molecules in classes 3 and
4 also exhibit poor biological membrane permeability, another deterrent to drug
absorption. Interestingly, over the past few decades there has been a significant increase
in the number of APIs under development that have fallen into BSC classes 2 and 4
because of solubility problems. This decrease in dissolution of crystalline API appears to
correlate with a corresponding increase in the number of API molecules in the
development process that have larger average molecular weights, higher melting
temperatures, and a higher degree of hydrophobicity than that observed in previous
years. As a consequence, during the past few years, there has been a significantly
increased effort to develop strategies that might serve to enhance the rate of dissolution of
an API by means of formulation, chemical modification, or processing.

Based on Equation 1.1, we can conclude that there are two major factors that can be
used as a basis for enhancing dissolution rates of poorly water-soluble crystalline APIs
sufficiently to have some controllable influence on increasing oral bioavailability. These
are the surface area of the solid exposed to the aqueous medium and the solubility of the
solid in aqueous media. Strategies for enhancing dissolution can be divided further into
(1) formulation and processing, (ii) chemical modification, and (iii) use of “high-energy”
structurally disordered physical forms of the solid. Starting with the crystalline API, the
formulator can simply reduce the particle size of crystalline materials to increase their
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specific surface area (area per unit mass). Very significant increases in dissolution rate,
for example, have been attained by producing particles with diameters on the order of
100-300 nm. One also can increase dissolution rates by adding solubilizers to the
formulation, such as surfactants, or complexing agents, such as cyclodextrins, which
help to produce a supersaturated solution when the API encounters an aqueous medium.
Surfactants can also act as wetting agents to improve access of the aqueous medium to
hydrophobic API, thus effectively increasing the available surface area. High levels of
supersaturation, upon contact with water, can also be obtained by dissolving the API in
liquid lipid-based formulations and administering the product in hard or soft capsule
form. Such an approach tends to produce a supersaturated solution upon exposure to
aqueous dissolution media. Alteration of the API chemically by forming more highly
water-soluble crystalline salts or cocrystals, when possible, can be a very efficient way of
increasing dissolution rates as long as the dissolved form of the API can be maintained in
a supersaturated state relative to that of the crystalline “free form” of the API itself.
Finally, since the high lattice energy of an API crystal, as often reflected at high melting
temperatures, can serve as an impediment to attaining adequate thermodynamic solubil-
ity, any approach that can change, reduce, or eliminate the crystal lattice energy should
be able to enhance the apparent solubility. For example, liquid forms of molecules will
generally exhibit greater solubility than their crystalline counterparts (supersaturation),
all other factors being equal. Indeed, it is well known that higher energy “less-stable”
polymorphic crystal forms of an API generally exhibit greater solubility than the most
stable form. It has also been shown that disorder in the crystal lattice introduced as crystal
defects can serve to increase dissolution from the defect sites relative to that from the less
defective crystal. Consequently, it is not surprising that complete elimination of long-
range three-dimensional order in the crystal by forming the amorphous form of an API
can greatly enhance apparent solubility and rates of dissolution. Of course, since the
amorphous state represents a high-energy form relative to the crystal, this approach can
be useful only as long as a supersaturated solution of API can be maintained in the
aqueous medium over the time period required for gastrointestinal absorption. Since the
overall theme of this book deals with amorphous API-polymer solid dispersions
designed to provide enhanced oral bioavailability by creating such supersaturation, it
will be useful in this introductory chapter to review some of the important physico-
chemical characteristics of amorphous solids as single components and as mixtures of
API with other formulation components that might be used to enhance oral bio-
availability in drug products. A brief discussion of API-polymer amorphous dispersions,
in particular, will serve as an introductory overview of various principles that will be
applied in more detail throughout the rest of the book.

1.2 FORMATION OF THE AMORPHOUS STATE AND THE GLASS
TRANSITION TEMPERATURE

Let us first consider a single-component system such as an API in its most stable
crystalline form. From a classical free energy—temperature diagram [3], as illustrated in
Figure 1.2, we can observe a significant reduction in the free energy per mole of the
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crystal as the temperature of the sample is increased until we reach the melting
temperature 7, where the crystal undergoes a spontaneous first-order conversion to
the liquid form, with the liquid now in a lower free energy state. If the liquid is slowly
cooled to below T;,, and there is sufficient time for nucleation and crystal growth to
occur, the system will revert to the equilibrium state of the crystal. If, however, as seen in
Figure 1.2, the liquid sample is cooled rapidly through 7, so as to kinetically avoid
crystallization, the system will show no discontinuities at 7, and maintain the equili-
brium properties of the liquid as a supercooled liquid that is metastable relative to the
crystal. Upon further cooling and as the viscosity of the supercooled liquid increases and
diffusive motions of the molecules decrease, equilibrium can no longer be maintained
and a distinct discontinuity in the free energy—temperature diagram occurs with the
formation of the unstable glassy state. This occurs at a distinct temperature, designated
the glass transition temperature 7T, the value of which for a particular molecule under the
same processing conditions is determined by the molecular weight, degree of polarity,
and the effect of molecular shape on the closeness of molecular packing. For example,
the more polar the solid or the higher the molecular weight, the greater the value of T,
while the bulkier the shape of the molecule and poorer the packing, the lower the T,. The
value of T, is experimentally determined most conveniently by using differential
scanning calorimetry, where the heat capacity can be measured as the sample temperature
is continuously changed at a constant rate from low temperatures to the melting
temperature. Because of structural changes that bring about changes in the rate of
molecular motions, the heat capacity generally undergoes a distinctly abrupt change at
Ty, as illustrated in Figure 1.3. In general, it has been shown that the viscosity of an
organic liquid at T,, is on the order of 1072 Pas, while at T, this value has increased to
about 10'*Pas, a 14 order of magnitude change! Since this point of discontinuity is
associated with such a significant change in viscosity as cooling occurs, experimental
values of T, will depend to a small extent on the rate of cooling: the faster the rate of
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Figure 1.3. Heat capacity change at the
glass transition indicating the onset glass
transition temperature Tgonset and the

midpoint glass transition temperature
Temperature Tgmid.

cooling, the greater the 7. Thus, in reporting the 7, for a particular material, it is important
to indicate the conditions used to measure T, and to form the glassy state. However, despite
small differences in T, that arise with different methods of preparation, it has been observed
for small organic molecules and organic polymers exhibiting a crystalline state that when
temperature is expressed in Kelvin, the 7, can be approximated empirically to be equal to a
value of about 0.677, [4,5]. Such an empirical equation can be very helpful in determining
the likely region of temperature where the T, of a newly formed amorphous API may be
located. Since molecules are kinetically “trapped” in the glassy state, it is not surprising that
different rates of cooling generally lead to glasses with slightly different structural features.
Because of this, and because the glass is unstable relative to the supercooled liquid, when
held at temperatures close to, but below, T, the solid generally will exhibit an ability to
slowly “age” or “anneal” with accompanying thermodynamic changes, such as a loss of
free energy, enthalpy, and entropy and an increase in density, closer to values expected for
the supercooled liquid, as illustrated in Figure 1.4 [6]. Thus, we can conclude that
determining 7 is central to any characterization of amorphous solids, and that the method
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Figure 1.5. Various methods of producing the amorphous state.

of preparation of amorphous solids must be outlined in detail when reporting any value
of T.

In this regard, so far we have focused only on the preparation of an amorphous solid
by melting the crystalline form and then rapidly supercooling the melt to well below the
melting temperature so as to avoid crystallization. Indeed, this is the basis for using the
hot melt extrusion method to produce amorphous solid dispersions (ASDs), a topic that
will be discussed more fully in later chapters. However, as described in Figure 1.5, it is
also possible to produce amorphous forms by rapidly condensing molecules directly
from the vapor state at low temperatures, or by causing molecules to rapidly precipitate
from solution, where in both cases crystallization is kinetically avoided. Although
preparation from the vapor state is not currently used as a process to form amorphous
pharmaceutical products, there is evidence that such a method can lead to unusually
stable glasses [7]. Precipitation from solution to form an amorphous solid is the basis for
the widely used processes of lyophilization and spray drying (SD), where lyophilization
has proved particularly useful in forming sterile amorphous protein products for
parenteral use, and spray drying for the development of solid dispersions for oral
and pulmonary use. As seen in Figure 1.5, it is also possible to form the amorphous state
directly from a crystal by introducing mechanical stress that is sufficient to create crystal
defects that eventually coalesce into a completely amorphous form [8]. Likewise, it has
been shown that amorphous forms can be created by the dehydration of crystal
hydrates [9] or by the desolvation of crystal solvates [10], where in both cases
the desolvated crystal lattice collapses because of the free volume left by removing
the solvent from the crystal lattice. Although such methods that disrupt the crystal lattice
have not yet been found practical for the preparation of pharmaceutical amorphous
systems on a large scale, the importance of such phenomena has been demonstrated
in situations where crystalline solids are inadvertently rendered partially amorphous by
processes such as milling and drying, leading to small amounts of disorder and unanticipated
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solid-state instabilities [11]. In conclusion, given that different methods used to form
amorphous solids can lead to glasses with somewhat different properties, it is important
to recognize that the various pharmaceutical processes used to produce robust amorphous
drug products of high quality and performance must be under very careful control with regard
to time, temperature, and other process conditions.

1.3 STRUCTURE OF AMORPHOUS SOLIDS

The structural arrangement of molecules in crystals, as determined by intermolecular
interactions and molecular size and shape, can be described in terms of a specific local
structure reflected by the geometric arrangement of molecules within the unit cell, and
the long-range symmetrical three-dimensional extension of the repeating unit cells. The
same molecule in the crystalline state may be able to form in different unit cells, and,
therefore, to exist in distinctly different polymorphic forms. Single-crystal X-ray
diffraction techniques are used to determine the arrangement of molecules in the unit
cell, while, as shown in Figure 1.6, powder X- ray diffraction measurements (PXRD)
reveal distinct diffraction peaks at characteristic scattering angles that represent the
various planes of long-range symmetry within the crystal and can be used to identify the
crystal form. Liquids and supercooled liquids, on the other hand, having lost the long-
range three-dimensional order of the crystal will exhibit PXRD patterns that are devoid of
these distinct peaks, rather than exhibiting a broad halo of X-ray intensity, as seen in
Figure 1.6. From extensive studies of liquids and supercooled liquids, it has been
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Figure 1.6. Typical powder X-ray diffraction patterns for crystalline and amorphous forms.
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Figure 1.7. Pairwise distribution function. (a) Crystalline indomethacin. (b) Amorphous
indomethacin (reproduced with permission from Ref. 12. Copyright 2006, Springer).

established that they maintain a distinct local arrangement of molecules over at least
nearest-neighbor (NN) and next nearest-neighbor (NNN) distances, wherein the
arrangement is similar to, and sometimes the same as, that in the corresponding
crystal unit cell. To more quantitatively describe the local structure of an amorphous
solid, it is possible to use PXRD data to determine the pair distribution function (PDF),
which is a parameter that describes the probability G(r) of finding the relative location
of two atoms within a given volume when they are separated by a radial distance r, as
shown in Equation 1.2 [12,13]:

G(r) = 4ar[p(r) = pol; (1.2)

where p(r) and py are the local and average atomic densities, respectively. As shown in
Figure 1.7, for the amorphous and crystalline forms of the drug indomethacin, distinct
peaks in a plot of G(r) versus distance occur for amorphous indomethacin at distances
that correspond very closely to the NN and NNN distances expected for the
indomethacin molecule, but not out to greater distances [12]. On the other hand,
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similar repeating PDF peaks extend out to much greater distances for the crystal,
reflecting the greater long-range order in the crystal. From this and many other studies
using estimates of the PDF profile of amorphous solids, it has been possible to
conclude that local structures of amorphous solids, closely related to the unit cell of the
corresponding crystal, are maintained in the amorphous state under all conditions,
despite the lack of long-range order.

Although amorphous solids, like liquids, do not exhibit long-range order, it is of
interest to have some understanding of the manner in which molecules are organized
beyond NN and NNN distances to form the bulk solid structure. Structural features of
amorphous solids in the supercooled state at temperatures above T, can best be
understood by what is generally known about the structure of simple liquids, where it
is assumed that molecules are packed randomly as polyhedral clusters that minimize
the overall free energy of the system without crystallizing [14]. Typically, the densest
possible packing of spheres of the same size, as in a face-centered cubic crystal, would
have the spheres occupying a maximum of 0.74 of the total volume occupied by the
material, while the remainder would be taken up by the volume fraction of void space
equal to 0.26. The random close packing (RCP) model is an empirical statistical model
that considers the packing of an object that has almost no period packing structure, as
when pouring spheres into a container. Mathematical modeling of such a system
reveals that at closest packing the spheres must occupy a volume fraction of <0.64 and
that such a model can describe the structure of simple liquids quite well. In general, it
appears that molecules in the supercooled liquid state contain fairly homogeneously
sized polyhedral structures down to temperatures roughly on the order of 1.57,, at
which point the molecular structures then become distorted by “jamming up” into a
more spatially heterogeneous system with a distribution of cluster sizes [15]. Such a
temperature is generally termed the crossover temperature 7.. As will be discussed
more fully subsequently, because of such structural changes, at temperatures between
T, and T, the mobility of molecules in the system will undergo decrease by orders of
magnitude as the system becomes more “solid-like”” and approaches the glassy state.
When the system goes below T, into the glassy state, we would expect there to be
further “jamming” and a tendency for the molecules to readjust into a distinctly
different structure, while retaining essentially the same local structure. Indeed,
application of a modified form of the RCP to organic glasses reveals that its structure
is best described by small highly dense local clusters of molecules having a size of
roughly 2.0-2.5nm, surrounded by interfacial regions of less densely packed mol-
ecules in a higher state of energy [12]. Such a structure might be considered analogous
to a polycrystalline mass, containing many small crystallites surrounded by a higher
energy region of grain boundaries. An analysis of amorphous indomethacin in the
glassy state, for example, led to a structure consistent with this picture, as illustrated in
Figure 1.8 [12]. Further analysis suggested that the higher energy region, termed the
microstructure, represents about 10% of the total mass, and that it was very likely the
region of the glass that spontaneously anneals or ages when held at temperature just
below Ty, as illustrated earlier in Figure 1.4. It is also believed to be the likely region
that acts to retard the rate at which the local domains nucleate and undergo
crystallization.
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Figure 1.8. Schematic

representation of the structure of an
amorphous solid in the glassy state
(reproduced with permission from
Ref. 12. Copyright 2006, Springer).

1.4 MOLECULAR MOBILITY IN AMORPHOUS SOLIDS

As inferred from the discussion so far, during the process of forming amorphous solids,
the thermodynamic properties shown in Figure 1.2 are strongly influenced by the kinetic
properties of the system, as reflected in the levels of allowed molecular motion, often
referred to as molecular mobility. For the present discussion, molecular motions can be
placed into three broad categories: (i) high-frequency intramolecular motions, including
harmonic bond vibrational and spinning modes; (ii) whole molecule or polymer
segmental secondary “caged” or hindered motions, generally referred to as Johari—
Goldstein p-relaxations; and (iii) primary whole molecule or polymer segmental
translational and rotational diffusive a-relaxations. Central to the properties of molecules
in the amorphous state are the highly cooperative diffusive translational and rotational
motions that occur at various temperatures above and below T,. The rate of such
translational and rotational motions can be expressed in terms of diffusion constant D,
and D, respectively, where for a sphere of radius r in a liquid with viscosity # and at
temperature 7 in the Stokes—Einstein equation,

Dyans = (kgT)/(6711), (1.3)
and in the Debye equation,

Dy = (kgT)/87rn), (1.4)
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where kg is the Boltzmann constant. From these equations we can see that at constant
molecular size, the rate of such diffusive motions will be critically controlled by both
temperature and viscosity.

Another more general way to express molecular mobility quantitatively is to define the
relaxation time 7, a parameter that directly indicates the timescale over which a single
rotation takes place or the time over which a molecule undergoes translation across a given
reference distance; the greater the viscosity and hence the smaller the diffusion coefficient,
the greater the translational or rotational relaxation time. To determine the value of z under a
given set of conditions, one can experimentally perturb the system out of equilibrium
mechanically, electrically, or magnetically and observe the rate ¢(f) at which the property
returns toward the equilibrium state. Dynamic mechanical analysis (DMA) is generally
used to measure the rate of relaxation and viscosity; however, primary relaxations can also
be measured by electrical perturbation of dipoles in the molecule and measurement of the
dipole relaxation back toward an equilibrium state using dielectric spectroscopy (DES). For
a system exhibiting a single mode of relaxation that follows first-order kinetics, such as a
pure liquid above its melting temperature, one can write

P(1) = exp[—1/7], (1.5)

where 7 is the reciprocal of the first-order rate constant. In such a case, one would expect
the temperature dependence of 7 to follow the Arrhenius equation:

o(T) = 7o exp|E./RT], (1.6)

where 7, is the relaxation time at the high temperature limit, on the order of 10™'*s, and E,
is the activational energy associated with the process. Indeed, equilibrium liquids
generally exhibit Arrhenius kinetics. Supercooled liquids at temperatures approaching
T,, however, appear to exhibit more than a single relaxation time generally described by a
“stretch” exponential form of Equation 1.5 that takes into account this distribution of
relaxation modes. For example, a widely applicable empirical equation in such situations
is the Kohlrausch—Williams—Watts (KWW) equation:

$(t) = exp[—t/7)’, (1.7)

where 7 is the average relaxation time and f represents the distribution of different
relaxation times, with values falling between 0 and 1; a value of 1 indicates a single mode
of relaxation and smaller values represent an increasing number of relaxation modes.
Most amorphous systems of pharmaceutical interest yield values of £ in the range of
0.3-0.6 [16]. When such an equation is applicable, the temperature dependence of 7 can be
expressed by the nonexponential empirical Vogel-Tammen—Fulcher (VTF) equation:

©(T) = 70 exp[DTo /(T — To)], (1.8)

where D and T are constants. D is called the “strength parameter,” an indication of the
activation energy of the diffusive relaxation process, and Ty is the temperature at which
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Figure 1.9. A plot representing the reciprocal of relaxation time versus temperature for
propylene carbonate (reproduced with permission from Ref. 17. Copyright 1993, American
Physical Society).

7(T) eventually would reach infinity or zero molecular mobility. For small organic
molecules, T, generally falls between 40 and 70K below T,. Figure 1.9 provides an
example of a plot of 1/z versus T for amorphous propylene carbonate, in the supercooled
equilibrium state, having a T, of 150 K; decreases in the parameter represented on the
y-axis reflect an increase in relaxation time or increase in viscosity [17]. Here, we can see
that at temperatures above 225 K, or ~1.57, relaxation times appear to follow Arrhenius
kinetics (Equation 1.6) as expected for an equilibrium liquid with a single mode of
relaxation. At a temperature labeled T4, equal to the “crossover temperature” T,
previously discussed, however, we can observe in Figure 1.9 that there is a marked
discontinuity, where the increase in relaxation time now follows the VTF equation
(Equation 1.8) with much higher values of relaxation time than predicted by Equation 1.6.
Note also in Figure 1.9 the extrapolation of relaxation times to a value of Ty, as presented
in Equation 1.8. The data presented in Figure 1.9 show that at temperatures above T’ (1),
the supercooled liquid is structurally similar to the equilibrium liquid. However, as the
system is cooled to below T, but above T, the supercooled liquid appears to exhibit
structural changes and spatial heterogeneity that give rise to multiple modes of relaxation
and a very rapid increase in the average 7 as the temperature approaches 7, [15]. An
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Figure 1.10. Diffusion Coefficients and Rate of Crystal Growth vs. Temperature for
Indomethacin Above Its Glass Transition Temperature (experimental points); Expected
Diffusion coefficients From Measured Values of Viscosity Assuming the Application of the
Stokes-Einstein Equation (see Equation 1.3 in text) (Reproduced with permission from Ref. 18.
Copyright © 2011 Royal Society of Chemistry).

indication of the significant structural changes taking place at 7. is provided by the
observation, shown in Fig 1.10, that at temperatures below 7., the relationship between
the translational diffusion coefficient and viscosity, as expressed in Equation 1.3, the
Stokes—Einstein equation, no longer follows as the temperature dependence of viscosity is
uncoupled from that for the diffusion coefficient [18].

From the previous discussion it is clear that the rate at which viscosity and hence
diffusive relaxation times increase as the supercooled liquid is cooled toward T is an
indication of the structural changes caused by changes in molecular packing and
intermolecular interactions. Consequently, we would expect such changes to be
related to the chemical structure and molecular size and shape of the material and to
reflect the activational energy associated with such changes. To put this on a
quantitative basis, Angell [19] coined the term fragility and defined it in terms of
a fragility index m:

m=dlogt/d(T,/T)"=", (1.9)

where m is the initial slope of a plot of log 7 versus T,/T taken at the limit of 7= Ty; the
greater the value of m, the greater the fragility, and hence the greater the change in
molecular mobility with temperature. Using To/T instead of 1/T normalizes the data with
respect to the value of 7, and allows direct comparison of materials with different values
of T,. For example, as shown in Figure 1.11, plots of log 7 versus T,/T reveal very
different initial slopes for three materials with very different structures: silicon dioxide,
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Figure 1.11. Angell Plot for Three Amorphous Materials (Reproduced with permission from
Ref. 19. Copyright ©1996 American Chemical Society).

Si0,, a highly polar inorganic polymeric dense material with 7, = 1600 K; o-terphenyl, a
small molecular weight organic nonpolar molecule with T, =246 K; and glycerol, a very
small molecular weight polar compound with a T,=193K. As can be seen, SiO,
exhibits the smallest value of m, o-terphenyl the greatest, and glycerol the intermediate
behavior. Generally speaking, organic molecules tend to be fairly fragile and most
susceptible to structural changes with changing temperature in the vicinity of T, while
highly polar inorganic polymers, like SiO,, tend to be more resistant to structural change;
materials exhibiting low fragility are generally said to be “strong” supercooled liquids. By
combining Equations 1.8 and 1.9, one can express the fragility index in terms of D, T, and 7

m={D(Ty/Ts)}/{[1 = (T/To/Te)) In (10)}, (1.10)

where strong liquids exhibit values of D in the range of 30 or greater, and fragile liquids
have values in the range of 7—15. Indeed, it has been shown that a large group of API
molecules have values of D that fall in this latter range and thus we can assume that most
amorphous API molecules exist as fragile systems with significant sensitivity to changes
in temperature above T, and below T, [20], the point at which upon cooling molecules
tend to “jam” into a spatially heterogeneous state. From previous discussions we have
learned that amorphous solids at temperatures lower than 7, form the unstable glassy state
that has something like the heterogeneous structure illustrated in Figure 1.8. We also
learned that at T, the diffusive a-relaxation times on average are on the order of 10%s
(viscosity of about 10'? Pas), indicating that there is still a significant degree of molecular
mobility at the initiation of the glassy state. From Equation 1.8 (VTF) we would expect
that at temperatures below the crossover temperature 7., in the supercooled liquid,
relaxation times will decrease significantly, the extent of which depends on the level of
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Figure 1.12. Viscosity of amorphous tris-a-naphthylbenzene as a function of the reciprocal of
temperature (reproduced with permission from Ref. 21. Copyright 1968, AIP Publishing LLC).

fragility. Since extension of the VTF equation to temperatures below T, assumes that the
supercooled liquid state continues down to T, one might expect that the VTF equation
would not be able to predict molecular mobility much below 7. That this is so can be
observed in Figure 1.12 where a plot of log # versus 1/7 for amorphous tris-a-naph-
thylbenzene indicates that although a discontinuity does not occur at 7, there is a distinct
discontinuity at a temperature thatis roughly 15 K below T, [21]. Below this temperature,
viscosity dependence on temperature appears to follow Arrhenius kinetics and exhibit
values that are significantly lower than those predicted from the VTF equation. Appar-
ently, closer to 7, there is very rapid aging of the glass toward the supercooled liquid over
the time period required to carry out the viscosity measurements (see Figure 1.4 and the
earlier discussion of aging of glasses) and viscosity values are those expected for the
supercooled liquid. The lower than expected viscosity in the glass would be consistent
with the general structure of glasses, as illustrated in Figure 1.8, that contains a
microstructure region in which molecules should have higher energy, less density,
and higher molecular mobility. Such behavior, that is, greater molecular mobility than
predicted from the VTF equation, has also been reported with measurements of relaxation
time for amorphous indomethacin at temperatures below 7, using DMA, DES, and
thermal analysis [22]. It has been shown further that the extrapolation of relaxation times
obtained in the glassy state of indomethacin leads to a value of 3 years (10%s) at T,-T
equal to 40 K, 3 years being the desired time of storage generally required for establishing
expiration dates of many solid drug products. Thus, long-term stability in this case would
require a storage temperature that is about 40 K below T, (there will be more discussion of
stability subsequently).



16 INTRODUCTION TO AMORPHOUS SOLID DISPERSIONS

An additional factor to consider in discussing molecular mobility in amorphous
solids is the fact that molecules at a surface, that is, the solid—vapor interface, which exist
at a higher energy than those molecules in the bulk, generally can exhibit greater diffusive
molecular motion by means of surface diffusion; the greater degrees of freedom exhibited
by a molecule at a surface allows greater lateral translational and rotational motions. This
generally is not considered a critical factor with amorphous solids when bulk properties
are dominant. However, surface molecular mobility has been shown to be of importance
when surface-to-bulk volume ratios become quite great as with thin polymer films or
nanosized particles. Indeed, it has been possible to measure bulk and surface diffusion for
amorphous indomethacin as a function of temperature, and show that surface diffusion is
orders of magnitude greater than bulk diffusion at temperatures well below T, [23].

1.4.1 Secondary Johari-Goldstein $-Relaxation

So far we have discussed the molecular mobility of amorphous solids in terms of
cooperative diffusive translational and rotational motions, generally referred to as
primary a-relaxations. Clearly, it is these motions, directly related to viscosity, that
determine many of the properties that can affect the pharmaceutical functions and
instabilities of amorphous solids. These are also the motions that are responsible for the
appearance of the discontinuity in properties that occurs at the glass transition tempera-
ture. As already mentioned, molecules in the solid state exhibit other types of motions
that occur over very short timescales relative to diffusion. These include intramolecular
harmonic bond vibrations and rotations and single molecule or polymer noncooperative
segmental hindered or “caged” motions, referred to as Johari—Goldstein (JG) secondary
p-motions [24]. Such high-frequency motions, on pico- and nanosecond timescales, are
best detected by DES, solid-state nuclear magnetic resonance (SSNMR) spectroscopy,
and neutron scattering. The intramolecular harmonic motions do not appear to play an
important role in the dynamics of amorphous solids, but the f-motions appear to be
important as precursors to events that lead to diffusional motion. Although often difficult
to observe in the presence of a-relaxation profiles in DMA or DES measurements, it
appears that most organic small molecules undergo JG p-relaxations and that such
relaxations involve hindered noncooperative rotational motions of single molecules
within the amorphous structure, often envisioned as “molecules rattling in a cage,” and
located in “islands of mobility”” where greater free volume is available. Combined studies
using DES and SSNMR indicate that the JG motions occur throughout the amorphous
solid, but that roughly 80-90% of the molecules appear to have low amplitudes that are
relatively independent of temperature, while 10-20% of the molecules have higher
amplitudes and significant temperature dependence [25]. Furthermore, the amplitudes of
such motions in the glassy state appear to decrease when the glass undergoes physical
aging to more dense structures, as described earlier in Figure 1.4. This suggests that the
“islands of mobility” associated with these motions occur primarily in the microstructure
region of the glass. The importance of the JG f-motions seems to be related to the fact
that these secondary motions provide sufficient critical free volume within the amor-
phous structure to allow the initiation of the cooperative a-motions that impact many
physical properties of the amorphous state [26]. As seen in Figure 1.13, plots of log =
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versus 1/T for o-terphenyl measurements of a- and f-relaxation times indicate that the
two processes decouple at the crossover temperature 7., discussed previously, and that
the f-motions exhibit lower relaxation times than those of a-motions [27]. A term T,
obtained by extrapolating values of 7 to a temperature where these secondary motions
cease to be measurable, has been shown to occur at temperatures on the order of 100 K
below T,. This then might be considered the temperature to which a glass should be
cooled to eliminate any effects of the JG p-relaxations on the properties of the glass.

1.5 SOLID-STATE CRYSTALLIZATION FROM
THE AMORPHOUS STATE

From a thermodynamic perspective, as illustrated in Figure 1.2, molecules in the
amorphous state are in a higher free energy state than those in the corresponding crystal
at all temperatures. Therefore, we would expect that over some time period the molecules
eventually would spontaneously crystallize unless the addition of a crystallization
inhibitor and/or a lowering of molecular mobility could act to reduce the rate of
crystallization. Such a tendency to crystallize, of course, would negate the use of
amorphous forms of API in pharmaceutical products for enhancing aqueous solubility,
and hence the dissolution of the API. As we have seen in the previous section, diffusive
molecular mobility in the amorphous state can vary by over many orders of magnitude as
the temperature is changed; the relaxation times in the supercooled liquid from 7, to T,
can range from 107'% to 10%s, respectively. Based on these values, samples stored at
temperatures near or above T, clearly, would not have a sufficiently lowered molecular
mobility to provide long-term storage, for example, 3 years, which represents a
relaxation time on the order of 10%s. The goal, therefore, is to establish conditions
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where either temperature 7 is lowered sufficiently to increase 7 to something close to
10%s or T, is raised relative to T with the addition of other amorphous solids having
greater T, values, as with API-polymer amorphous dispersions (to be discussed
subsequently). It would also be beneficial if these other amorphous solids, such as
polymers, could act as specific crystallization inhibitors.

Studies dealing with crystallization of organic molecules from the amorphous state
in the absence of any solvent have shown that the classical picture of homogeneous
nucleation and crystal growth from the liquid state can serve as a useful conceptual
model [28]. Here, it is assumed that molecules in the liquid state under certain conditions
must first undergo spontaneous nucleation, the formation of aggregates or nuclei
consisting of a few hundred molecules, followed by the growth of macroscopic-size
crystallites. The major thermodynamic factor driving nucleation and crystal growth is the
free energy difference per unit volume between molecules in the amorphous state and
those of the crystal, AG,, as depicted in Figure 1.14. However, the formation of nuclei
requires phase separation to occur with the creation of new surfaces between the nuclei
and amorphous matrix, a process that is thermodynamically unfavorable. Because of this,
when nuclei form there must be an increase in free energy AG,, which for a spherical
nucleus of radius r can be described as

AG, = 471’0, (1.11)

where o is the surface free energy per unit area of surface (the surface tension in liquids)
and 4777 is the surface area. Thus, the overall free energy of homogeneous nucleation,

Energy barrier

(critical nucleus size
and diffusional motion)

Amorphous drug

AG is generally the driving
force for crystallization

Crystaﬁne drug

Figure 1.14. Schematic representation of the energetics associated with crystallization from
the amorphous state.
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AG™, can be described by combining the two free energy terms, one favoring nucleation
(AG,) and the other opposing nucleation (AGy):

AG* = AG, + AG, = (4/3)ar’ AG, + 4xr’0, (1.12)

where (4/3)zr° is the volume of a sphere. It can be shown further, as illustrated in
Figure 1.14, that the net change in AG™ will be positive until a critical radius r of nuclei is
reached, above which the loss of free energy due to AGy overcomes AG, and
spontaneous nucleation occurs. Thus, if specific nucleation inhibitors could be used
to prevent the system from reaching the critical nucleus radius, further crystal growth
could be avoided.

As has been implied throughout the discussion so far, an additional important free
energy barrier to nucleation arises because of the decrease in diffusional molecular
mobility that occurs as temperature is decreased. Expressing this kinetic energy barrier as
AG’, we can express the overall rate of nucleation, 7, as

I~exp (—AG* /kT) exp (~AG' /kT) (1.13)

and can conclude, therefore, that as temperature is decreased (greater supercooling), the
thermodynamic barriers to nucleation will decrease, while such cooling will increase the
barriers to nucleation as molecular mobility is decreased. Similar analysis of thermo-
dynamic and kinetic factors that affect the rate of crystal growth, u, once nucleation
occurs, can be expressed as

u=D/A(l —exp (—AG,/kT)], (1.14)

where D is the diffusion constant and 4 is the jump distance across the growth interface.
Thus, again we see the opposite effects of thermodynamic and kinetic energy requirements.

With this general conceptual picture of nucleation and crystal growth in mind, we
can conclude that there are two major strategies that can be used to inhibit crystallization
from the amorphous state: the addition of specific nucleation inhibitors, and/or the
addition of molecules that will reduce the molecular mobility of the system at expected
storage temperatures. In the first case, it should be possible to add molecules to the
system that can accumulate at the site of nucleation and directly interact with the API thus
interfering with nucleation. In the second case, it is important to first understand the
temperature dependence of nucleation and crystal growth as illustrated by the tempera-
ture dependence for overall crystallization in Figure 1.15, where we see that the rates of
both nucleation and crystal growth first increase with increasing temperature and then
reach a maximum followed by a decrease [29]. It has also been suggested, as shown in
Figure 1.15, that nucleation begins only when the temperature 7,5 associated with
Johari—Goldstein f-relaxations is exceeded, thus providing a basis for the earlier
suggestion that the f-relaxations are precursors to diffusive primary a-relaxations [26].
Earlier, it was also shown that T,5 generally occurs at about 100 K below T, and that
a-motions become significant above 50 K below T,. This means that strategies involving
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Figure 1.15. Rates of nucleation and crystal growth as a function of temperature in relationship
to Ty, and Tgy; (reproduced with permission from Ref. 29. Copyright 1997, Elsevier).

a reduction in molecular mobility for inhibiting crystallization over long storage times
should require T, — T to be somewhere in the range of 100-50 K.

1.6 SUPERSATURATION OF API IN AQUEOUS MEDIA
FROM THE AMORPHOUS STATE

The major purpose of using the amorphous form of an API in solid dosage forms is to
take advantage of the greater apparent solubility from the amorphous state relative to that
from the crystal because of the lack of a well-ordered crystal lattice with attractive
intermolecular energy that ordinarily tends to reduce solubility in the crystal. Three
questions have to be addressed when taking this approach for enhancing API solubility:
(i) Can the amorphous solid be maintained in the amorphous state over the time of
storage before use? (ii) What level of improvement in solubility in aqueous media can be
expected for the amorphous form relative to the crystal? (iii) Can the desired super-
saturated concentration of dissolved API from the amorphous form be maintained over
the time period required to ensure acceptable oral bioavailability? In the previous
sections of this chapter, we have outlined a number of principles that allow the first
question to be addressed. Here, we wish to examine the underlying principles that can be
applied to address questions 2 and 3.

From a thermodynamic perspective, we would expect the relative solubility of a
molecule in the amorphous and crystalline states at any temperature 7T to be directly
determined by the free energy difference between the amorphous and crystalline forms,
as illustrated in Figure 1.2. This free energy difference, designated as AG’;/ €, can be
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expressed in terms of the activities of the molecule in the amorphous and crystalline
states, a” and a€, respectively:

AGY'C = RT In(a" /). (1.15)

A/C

Assuming activity coefficients equal to 1, AG;’~ can be expressed as

AGY© = RT In(c* /<€), (1.16)

where ¢ and ¢© are the equilibrium solubilities of the API from the two solid forms.
Consequently, knowing the equlhbnum solubility of the API in water at temperature T,
A/C
€, and the free energy change AGy;’ ", one can estimate the expected value of e, the
supersaturatlon concentration. One can expenmentally determine AGT/ by recognizing
that

AGYC = AHYIC — TAS)C, (1.17)

where AHf}/ € and AS/}/ € are the enthalpy and entropy differences between the
amorphous and crystalline forms, respectively. Furthermore, it can be shown that

AHYC = AHE — (C) - CSYTC - T), (1.18)
ASYC = ASS — (€4 - CS)n [T€/TY), (1.19)

and
ASS = AHS/TC, (1.20)

where T is the melting temperature of the crystal, AHE is the heat of fusion of the
crystal, ASC is the entropy of fusion of the crystal, and CA and CC are the heat capacities
of the amorphous and crystal forms, respectlvely By expenmentally measuring CA and
C, C using thermal analysis and 7€ and ¢© for the crystal at T, it is p0351ble to
use Equation 1.16 to predict the value of ¢, the apparent equilibrium solubility of
the amorphous form that might be expected [30]. Recognizing that the activity of the
amorphous solid can be reduced by the presence of any residual absorbed water and that
many acidic and basic APIs can undergo some ionization in aqueous solution, a more
rigorous thermodynamic expression to predict solubility of amorphous solids under such
conditions has been reported [31]. As shown in Figure 1.16, the experimental maximum
supersaturation level ¢**/c© for indomethacin at 25 °C before the initiation of crystalliza-
tion is about 4.9. Using Equation 1.16 the value predicted at 25 °C for indomethacin is on
average about 29.0, while correcting for water absorption and ionization the value is
reduced to 7.0, much closer to the experimental value of 4.9. Some uncertainty in the
agreement between predicted and experimental values of ¢*/cS comes from the fact that
crystallization can be triggered by nucleation events that are not easily predicted and
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reproduced. In a recent study, for example, the role of nucleation rates in determining
levels of supersaturation of amorphous APIs upon dissolution has been modeled and
analyzed by estimating the induction period for the initiation of nucleation and the
appearance of crystals (time period for maintaining supersaturation) under various
conditions [32].

1.7 MIXTURES OF AMORPHOUS SOLIDS

Mixtures of amorphous solids are of pharmaceutical interest when solid formulation
ingredients undergo various types of processing that purposefully or inadvertently can
lead to amorphous forms of two or more materials, for example, milling, compaction,
drying, hot melt extrusion, and spray drying (see Figure 1.5). As we expect with simple
liquids, mixtures of molecules in the amorphous state can exist as completely or partially
separated phases, or as a single miscible phase. In the case of amorphous solid
dispersions, which often consist of an amorphous mixture of API and polymer, a
miscible amorphous system is generally required to obtain appropriate levels of stability,
enhanced dissolution, and oral absorption. Consequently, it is important to review some
of the underlying principles that determine the extent to which mixtures of different
amorphous materials are miscible or immiscible. Of course it must be recognized that
although amorphous components may be miscible, the system is still metastable relative
to the crystalline forms of these components and eventually can undergo crystallization.
We can first address this issue by applying some general thermodynamic principles
related to the mixing of liquids. We begin by recognizing that for intermolecular mixing
of liquids to occur, there must be an overall loss in the Gibbs free energy of mixing,
AGp,x, at temperature 7 expressed as

AGpix = AHpix — TASmixa (1-21)
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where AH,,,;x and AS,,;x are the enthalpy and entropy of mixing, respectively. Generally,
the mixing of different molecules leads to an increase in entropy, so that the positive
entropic term in Equation 1.21 leads to a loss of free energy and the favoring of
miscibility. On the other hand, if we consider the molecular mixing of two components A
and B, AH,,;, can be either negative or positive depending on the relative strength of the
interactions between A:B and between A:A and B:B. Stronger A:B interactions lead to a
loss in enthalpy, while stronger A:A and B:B interactions lead to an increase in enthalpy.
Thus, the former will contribute to a loss in free energy, while the latter will contribute to
an increase in free energy. We can generalize further by saying that two organic
molecules having similar levels of polarity and, therefore, capable of undergoing
significant intermolecular interaction, for example, hydrogen bonding, would be
expected to produce miscible amorphous mixtures, while chemical incompatibility
could lead to phase separation of the two or more amorphous forms if not offset by
positive entropy changes. An example of such a system is that of amorphous citric acid
(quite polar) and indomethacin (relatively hydrophobic) that phase separate beyond a
certain concentration [33]. To gain a more quantitative understanding of those factors that
control molecular mixing in the amorphous state, it would be desirable to have a theoretical
framework that describes the free energy of mixing of liquids at a fundamental level in
terms of measurable parameters. The Flory—Huggins lattice theory [34], presented in the
Flory—Huggins equation, and originally developed for polymer solutions, describes the
Gibbs free energy of mixing per mole for a polymer and a “solvent” as

AGnix = RT(naInp + npIn g + nachg ¥ ap), (1.22)

where R is the gas constant, ¢ is the volume fraction of each component, y is the interaction
parameter that describes the tendency for interaction between the components A and B,
and 7 is the number of moles of each component. The first two terms in the parenthesis
represent the entropic contributions, while the third term represents the enthalpic
contributions from intermolecular interactions. For the purposes of this discussion,
component A will refer to the “solvent” and component B to the polymer. The smaller
or more negative the interaction parameter, the stronger the intermolecular interaction
between A and B. From a conceptual perspective, the Flory—Huggins equation is very
useful in demonstrating the importance of molecular size in affecting miscibility through a
reduction in the entropy of mixing. For example, in Equation 1.23, the entropy of mixing
per mole can be described as

Smix = —R(na In ¢, + ngIn ). (1.23)

If we now express the number of moles of each component in terms of the mass m and
molecular weight M, we can rewrite Equation 1.23 as

ASmix = =R[(ma /M) In ¢ ) + (mp/Mp) In g ]. (1.24)

The important conclusion from this equation is that the greater the molecular weight of any
component, the less the contribution of entropy to the free energy of mixing, and thus the
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less the tendency for miscibility of the system. Essentially, by mixing two macro-
molecules that individually have many degrees of conformational freedom, any configu-
rational entropy associated with this freedom will be reduced upon mixing and interaction
of the two components. Consequently, we would expect that all other factors being equal
the miscibility of amorphous binary systems involving at least one polymer would be
reduced relative to those for two small molecules and that a mixture of two polymers
would have a strong tendency to lose less free energy and possibly phase separate. Indeed,
many amorphous polymer blends exhibit significant immiscibility for this reason.

To further examine the thermodynamics of mixing in amorphous solids and the
possible relationships with the structural features of the amorphous state, for example,
molar volume or density, it will be useful to consider the volumetric changes that can
occur with the mixing of components having molar volumes of V, and Vg. First, recall
that the volume per molecule or mole of any component X at any temperature is
determined by the volume occupied by the mass of a molecule, Viecup, plus any free
volume V.. that exists between the molecules, as determined by the degree and nature of
the molecular packing, as expressed in Equation 1.25:

Vx = Voceup + Viiee- (1.25)

Consequently, when two molecules A and B are mixed, the net volume change will have
contributions from both their occupied and free volumes in proportion to the volume
fraction of each of the individual components; as temperature is changed, these
volumetric changes will be strongly affected by changes in Vj... For an ideal solution,
where AH i, is equal to zero, we would expect that the volume of the mixture, Vg,
would be the sum of the weighted average of the molar volume of each component:

Vas =naVa +npVp, (1.26)

where V5 and Vj are the molar volumes and 725 and ng are the mole fractions of components
A and B, respectively. This means that for ideal mixing, the occupied and free volumes of
each component will be additive in a manner weighted exactly by each component’s mole
fraction. From the thermodynamic analysis described above, it would be expected that
miscible mixtures of amorphous solids, where AH,,;x is not equal to zero, will exhibit
nonideal mixing so that there would be an excess molar volume change, Veycess, that can be
either positive or negative depending on the nature of the intermolecular interactions giving
rise to an enthalpy change. In such a case Vg can be written as

VaB +1aV4 +ngVp + Vexcesss (1.27)

where very strong interactions between A and B lead to a negative excess volume, thatis, a
reduction in overall volume, as in the well-known case of the mixing of ethanol and water,
while stronger interactions between A and A and B and B than between A and B lead to a
positive excess molar volume or an increase in overall molar volume.

From Equation 1.27 and our previous discussion of factors that might influence the
glass transition temperature of any amorphous solid, it would appear that the various
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Figure 1.17. Overlay of modulated DSC, reversing heat flow, from top to bottom: PVP, 70 and
30wt% dextran in PVP dispersions, and dextran (Mn: 64-76 kDa) prepared by freeze-drying
(reproduced with permission from Ref. 35. Copyright 2008, Wiley-Liss, Inc).

volumetric changes taking place in the formation of a miscible amorphous mixture, as
discussed above, would be reflected in a single value of Ty« intermediate to the values of
the individual components. On the other hand, if the two components are immiscible, we
would expect there to be two values of T, equal to the values of the pure individual
components. For example, in Figure 1.17, we can observe two values of T, for a mixture of
PVP and dextran, prepared by freeze-drying from an aqueous solution of both compo-
nents [35]. Note that the values are equal to the 7, of each pure component at all
concentrations, indicating complete phase separation. In contrast, consider Figure 1.18
thatindicates the values of T, for pure amorphous indomethacin and PVP, as well as for two
mixtures of indomethacin and PVP with different concentrations. Here, we can see that at
each concentration there is only one Ty (Tgmix) that tends to increase as the concentration of
the component having the greater T, is increased, thus indicating a miscible mixture.
Recognizing that it is important to establish the absence or presence of miscibility in
amorphous solid dispersions, it would be important to examine some issues related to
determining miscibility in amorphous mixtures. As has already been inferred, completely
miscible amorphous systems should exhibit a single 7, intermediate to the individual
values and dependent on the concentration of components. Typically, DSC measurements,
which reflect thermal changes associated with changes in molecular mobility, are not able
to produce distinctly separate values of T if the T, values of the individual components are
closer than about 10K, and if the phases that separate have dimensions on the order of
<100 nm. Thus, conditions that might lead to nanosized clusters of separated components
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Figure 1.18. Overlay of modulated DSC, reversing heat flow, from top to bottom: indomethacin
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flash evaporation (Reproduced with permission from Ref. 35. Copyright 2008, Wiley-Liss, Inc).

would produce a DSC thermal response that indicates only one Tgpix. To further establish
whether amorphous mixtures truly exist in a single phase, it is possible to use PXRD
measurements, as well as SSNMR spectroscopy, since both techniques probe molecular
interactions at a very local level. For example, in the case of PXRD, one can compare
diffraction patterns of the amorphous mixture with those of the individual components, and
if the sum of the weighted average of the patterns of the individual components is the same
as that of the mixture, the system is completely phase separated [35]. If the calculated values
for the mixture do not coincide with those experimentally determined, the system can be
considered to exist as a single phase. One also can determine the PDF of the individual
components and the mixture, and similarly compare the sum of the weighted average
of the PDF:s of the components with that of the mixture. Again, if the weighted average of
the PDFs of the individual components is the same as that of the mixture, the system is
immiscible, whereas differences indicate miscibility [35]. It is also possible to use solid-
state NMR to detect phase separation down to domain sizes less than 100 nm using two-
dimensional NMR [36] and by measuring 7; and 7', relaxation times that respond to NN
and NNN distance interactions between components. For example, it was recently shown
that a lyophilized amorphous mixture of trehalose and dextran produced a single T that
changed with the concentration of the components. However, PDF analysis of these
mixtures, as described above, revealed complete phase separation [35]. SSNMR analysis of
this system revealed, indeed, that separate molecular clusters with dimensions on the order
of 55-80nm could be detected [37].
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It would be of further interest to know a priori how Tgmix might change with
concentration so that rough predictions might be made by only knowing the individual
values of T,,. To see how this might be done, we can start with ideal mixing, as described
in Equation 1.26, to show that

Tgmix = (/)ATg At ¢BTg B> (1.28)

where ¢ and ¢p are the volume fractions of components A and B, respectively. For such
ideal mixing, we assume that the free volume of the mixture is simply the sum of the free
volumes of the individual components. Typically, when working with mixtures of
amorphous solids, the concentration of the various ingredients is expressed as weight
fraction w rather than volume fraction. Consequently, as shown by Gordon and
Taylor [38], Equation 1.28 can be expressed in terms of weight fraction as

Tomix = [(WaTg A +wsTg8)/(Wwa + Kwg)], (1.29)
where for ideal mixing

K= [(pATg A)/(PBTg B)]; (1.30)

where p is the density of each component at its respective T,. The same general equation
for ideal mixing, as described in Equation 1.29, has been derived on a thermodynamic
basis by Couchman and Karasz [39], with K now defined in terms of the heat capacity
changes taking place at T, for each individual component:

K = ACpn/AC,. (1.31)

It can be further shown that when the densities of the two components are very similar, as
in the case of many polymers, Equations 1.29 and 1.30 lead to the Fox equation [40],
where

1/Tgmix = [(Wa/Tga) + (Wp/TyB)]- (1.32)

Further estimations of Tgmix for ideal mixing in systems containing more than two
amorphous components, for example, API, polymer, and water, although more complex
and uncertain, can be carried out as extensions of Equation 1.29 or Equation 1.32 [41,42].
The simplest approach for a system containing n components using an extension of
Equation 1.32 would be

1/ Tamix = [(W1/Tg1) + (W2 /T2) -+ (Wa/Tg )] (1.33)

Despite the strong possibility of nonideal mixing in most practical systems encountered,
these equations for ideal mixing can be useful for estimating the glass transition
temperature of a miscible mixture of amorphous components for a number of reasons.
Initially, one may want to get a rough estimate of what composition of polymer and API
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might be required to provide a certain value of Ty, given only the individual T, values.
This can be done very simply by using Equation 1.32 or Equation 1.33 or by estimating K
in Equation 1.30 or Equation 1.31 and using Equation 1.29. To test for ideality or
nonideality in the amorphous mixture, one can use these estimates of Tgpmix and
experimentally determine T,ix. Deviations of experimental results from the expected
plot would indicate that the mixing of components is nonideal; the deviations can be
either negative or positive, meaning that the experimentally determined values of Tgpix
are either greater or less than predicted. Values greater than those predicted for ideality
indicate that the net excess free volume is less than that expected for the weighted sum of
individual component free volumes, or that A:B interactions are greater than the A:A and
B:B interactions. If the deviations are negative, this means that there is greater excess free
volume than expected or stronger A:A and B:B interactions than those between A and B.
Examples of T, versus concentration profiles for ideal and nonideal mixtures with
positive and negative deviations from ideality in miscible amorphous mixtures have been
reported for pharmaceutical systems [43—45].

1.8 FORMATION AND PROPERTIES OF AMORPHOUS
SOLID DISPERSIONS

The focus of the remaining parts of this chapter, and indeed, the rest of this book, will be
on amorphous solid dispersions, which we will define as single-phase amorphous
mixtures of an API and water-soluble polymer intended to produce enhanced aqueous
dissolution and oral bioavailability [46]. The polymer is used (i) to provide long-term
storage stability of the amorphous API by inhibiting solid-state crystallization and (ii) to
maintain a desirable level of supersaturation in the dissolution medium by preventing
solvent-mediated crystallization over the time period needed for the required
bioavailability. In some cases a surfactant is included in an ASD to further promote
dissolution and/or to facilitate the manufacturing process. Various details of
the processing of amorphous dispersions and the ingredients used on a practical scale
will be discussed throughout this book. Here, we wish to introduce some general
concepts and issues that build on the principles discussed above. Depending on the
physical and chemical characteristics of the API and polymer, amorphous solid disper-
sions are primarily prepared by either hot melt extrusion (HME) of a mixture of
powdered API and polymer, or by the spray drying of a solution of API and polymer
from a suitable volatile solvent. In HME the dry powder mixture is placed into an
extruder at elevated temperatures that melts or softens the components to facilitate
mixing. The material is continuously extruded, cooled, and chopped into small frag-
ments, often called lentils, which are further milled with other formulation ingredients
into powdered form. Ideally, to facilitate the process of molecular mixing, the crystalline
API should be melted, if it is not prone to chemical decomposition at these elevated
temperatures, and the polymer should have as low a T, as possible to promote softening
at these temperatures. Surfactants, such as those tabulated in Appendix A, are often
added to lower melting and glass transition temperatures. Advantages of the HME
process are that it can be carried out continuously, is solvent-free, and can be scaled up to
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large-scale manufacturing. Spray drying generally involves the spraying of a suitable
solution of API and polymer into a heated chamber under tight control of droplet size,
spray rate, and other process variables, followed by the rapid evaporation of the solvent
and precipitation of the remaining solids to form the amorphous dispersion. Special
consideration in the drying process is given to the solubility characteristics of the API and
polymer so that miscibility is ensured and maintained as drying occurs. A wide range of
solvents and solvent mixtures with varying polarity provide flexibility in the control of
the drying process. Spray drying has the additional advantages of being easily scaled up
for manufacturing and of providing a means of producing well-controlled particle sizes.

The major polymers used to prepare amorphous solid dispersions are either water
soluble under all pH conditions or enteric coating polymers that contain acidic groups
that ionize at higher pH values to become water soluble. The most widely used
polymers include vinyl-pyrrolidone-based polymers, such as poly(vinyl pyrrolidone)
(PVP) and the poly(vinyl pyrrolidone)-poly (vinyl acetate) copolymer (PVP-VA);
cellulose-based polymers such as hydroxypropyl methylcellulose (HPMC) and
hydroxyl propyl methylcellulose acetate-succinate; and methacrylate-based enteric
coating polymer systems such as the Eudragits. The monographs in Chapter 14 and the
Appendix A tables list various grades of these and other useful polymers with their
corresponding T, values. Generally speaking, polymer grades that have lower T,
values, for example, in the range of 100 °C, appear to be most useful in the HME process
that requires that the ingredients be melted and/or softened to facilitate mixing. It is
important to keep in mind that an ASD itself is only an extension of the API and that it
must be further formulated and processed to produce a stable and effective oral solid
dosage form. Consequently, an important initial goal is to produce an ASD that contains
a minimum amount of polymer so that the required “dose” of the API-polymer
combination does not become so excessive that it impacts the size of the dosage
unit and influences the types and amounts of the other excipients required to ensure
proper manufacturing and performance. This minimization of the amount of polymer
must be measured, of course, against the primary role of the polymer as an inhibitor of
solid-state and solvent-mediated crystallization.

Central to the functioning of a polymer in an ASD is the formation of a single-phase
“miscible” system. As already described, the mixing tendencies of amorphous materials are
governed by the same general thermodynamic principles that operate with the mixing of
liquids. Thus, the concentration of components, their molecular size and shape, and their
degree of polarity and ability to interact are all critical characteristics that must be evaluated
in choosing an appropriate API-polymer combination. Typically, for simple liquids,
miscibility is taken as the mutual equilibrium solubility of the components, determined
experimentally in terms of concentration and temperature by the establishment of
characteristic phase diagrams, which represent well-defined relationships between regions
of miscibility and immiscibility. In dealing with mixtures of amorphous materials, prepared
by processes that tend to produce metastable states, that is, melting or drying, we can expect
most often that the API concentration will be greater than that representing the true
equilibrium solubility of the crystalline API in the polymer, and hence still thermo-
dynamically prone to eventual crystallization. If the amount of API is low enough, it is
possible that a dispersion can be prepared at a level of API below the equilibrium solubility
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of the crystal, thus producing both kinetic and thermodynamic solubilities of the system.
Recent studies have described a thermal method of measuring the equilibrium solubility of
crystal drugs in various polymers, and have shown that these equilibrium solubilities are
generally quite low, suggesting that most practical amorphous solid dispersions with the
usual therapeutic dose ranges represent metastable solutions of APIin polymer [47]. Thus,
it is critical that consideration be given to how one can maintain the physical stability of
amorphous API for periods required during the storage of the solid dosage form.

1.9 SOLID-STATE CRYSTALLIZATION FROM AMORPHOUS
DISPERSIONS

We have already mentioned that the critical steps in preventing solid-state crystallization
of an amorphous API are (i) inhibition of nucleation and crystal growth rates by reducing
molecular mobility of the API, and (ii) direct interaction of a nucleation inhibitor with the
API. The term direct interaction is used here since the formation of any miscible
amorphous dispersion generally requires interaction between the API and polymer, most
often through hydrogen bonding, whereas inhibition of nucleation requires interaction of
the polymer with the specific functional groups on the API that are critical for nucleation.
From the previous discussion of the amorphous state and amorphous mixtures, and
Equation 1.32, we can now see, in practical terms, how an amorphous excipient with a
high T, and sufficient miscibility with an API would be able to produce relatively high
values of Tgpix, compared with the T, of the API alone, and hence reduce the molecular
mobility of the API when stored at a particular temperature. Such a decrease in molecular
mobility of the API in turn might be enough to reduce tendencies for crystallization of the
API under the normally required storage conditions of 2-3 years. For example, if an
amorphous API has a T, value of 320K (47 °C), alone, it would have to be stored near
0°C to be at T, — T equal to at least about 50K, roughly the temperature range where
diffusive molecular mobility is reduced to time periods suitable for preventing crystalli-
zation during storage over a few years. To store a sample of this API at 25 °C for a few
years without crystallization, for example, one would need to raise the T, of the system to
about 75 °C (348 K) or higher, which according to Equation 1.32, and the individual 7,
values would require a minimum of about 30% w/w of a miscible polymer having a T, of
150 °C (423 K). To store the sample at 40 °C (313 K) for a few years, one would have to
raise the T, to roughly 90°C (363K) by using about 50% w/w of this polymer.
Figure 1.19 presents experimental studies of the percent of crystallization at 30 °C of
amorphous indomethacin with a T, of 42°C (315K) alone and mixed with PVPK90,
having an average molecular weight of about 1.5 million and a T, of 180 °C (453 K) [43].
Here, it can be observed that physical mixtures of the amorphous indomethacin and PVP
containing 5% w/w PVP exhibit identical rates of crystallization with indomethacin
alone. Such behavior was also observed at all concentrations up to 90% w/w PVP. Note
in Figure 1.19 that only 5% w/w PVP in the form of a miscible mixture prevents any
crystallization up to a period of 6 months, indicating a significant reduction in the rate of
nucleation and crystal growth. It was shown further that increasing the amount of
polymer in the dispersion to 30% w/w PVP prevented crystallization for over 2 years.
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Interestingly, whereas the 30% w/w PVP dispersion has a T, of 61 °C (334 K) so that at
30°C (303K) T, —T is equal to 31K, 5% w/w PVP with a T, of 47°C (320K) has a
T, — T of 17 K not very different from indomethacin alone with a T, — T of 12 K. Thus, it
appears that the hypothetical analysis and predictions concerning T, — T and crystalli-
zation, presented above using Equation 1.32, are quite reasonable for the 30% w/w
dispersion, while PVP at the 5% w/w level is much more effective than might be
predicted from effects on molecular mobility alone. Indeed, others have shown that even
at levels of 1-2% polymer in a miscible dispersion, there can be significant inhibition of
crystallization [48,49] even though there is a negligible increase in 7, over that of the API
alone. In the case of 5% w/w dispersions of indomethacin—PVP, evidence from FTIR
measurements indicates that PVP interferes through hydrogen bonding with the dimer
formation in amorphous indomethacin that is required to initiate nucleation, whereas no
such indomethacin hydrogen bonding is observed in the physical mixture [48]. That the
30% w/w PVP dispersion was so effective with a T, — T of only 31 K, rather than 50 K,
further suggests a more specific direct interaction at nucleation sites that contribute to the
inhibition of crystallization. We can conclude, therefore, that the inhibition of solid-state
crystallization of amorphous API by polymers in an ASD is generally governed by direct
interactions that prevent nucleation and by decreasing molecular mobility, that is,
increasing diffusive a-relaxation times, and likely increasing secondary f-relaxation
times that serve as precursors to the onset of diffusional motions.

Up to this point the ASD systems discussed have been assumed to be essentially free
of any water taken up from the atmosphere. Consequently, all 7, values, relaxation times,
and quantitative estimations or predictions were made using parameters established for
the “dry”” API and polymer. Generally, however, when an amorphous solid is exposed to
elevated relative humidity (RH), the solid tends to absorb the water vapor into its bulk
structure and form a miscible amorphous mixture [50]. The amount of water taken up at a
particular RH and temperature will be greater with an increase in degree of polarity of the
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solid. This is in contrast to water uptake by crystalline solids where water molecules are
generally confined to the surface, rarely reaching more than 0.1% w/w adsorbed, or the
equivalent of 3—4 molecular layers, even for very polar solids such as NaCl [51]. The
relationship between the amount of water vapor absorbed and RH at a particular
temperature can be analyzed by determining a water sorption isotherm, as shown for
amorphous indomethacin in Figure 1.20 [52], and for three widely used polymers PVP,
HPMC, and HPMCAS in Figure 1.21 [53]. Note that the amount of water absorbed at
30°C by the relatively hydrophobic indomethacin molecule is quite small, for example,
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Figure 1.21. Water vapor absorption by three amorphous polymers varying in polarity
(reproduced with permission from Ref. 53. Copyright 2008, American Chemical Society).
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about 1% w/w at 50% RH and 2% w/w at 83% RH, whereas water vapor absorption
at room temperature by PVP, HPMC, and HPMCAS at 75% RH is about 26% w/w,
10% w/w, and 7% w/w, respectively. These results are consistent with the general order
of polarity and hydrogen bonding ability of these polymers. What they also indicate is
that most of the water that is absorbed by a typical API-polymer dispersion would be
expected to be associated with the polymer. This is a reasonable generalization since
amorphous dispersions are prepared because the API is usually somewhat hydrophobic.
Water absorbed into an amorphous solid would be expected to have an effect on the bulk
properties of the solid, for example, 7, and molecular mobility, as can be seen in
Figure 1.22, where T, is plotted versus water content for amorphous indomethacin. Here,
we can see that in both cases water acts to reduce 7, very significantly, acting as an
excellent plasticizer. Such plasticizing effects can be roughly predicted for any water
content by applying Equation 1.32 and using the values of 136, 315, and 453 K for the 7,
of water, indomethacin, and PVP, respectively. Consider, first, a situation where
indomethacin alone is exposed to an environment at 40 °C and 75% RH, resulting in
a concentration of water in the API of about 1.7% w/w. From the application of
Equation 1.32, it can be shown that 7, would be reduced from 315 to about 308 K,
whereas storage of PVP at 40°C and 75% RH, with 26% w/w water being absorbed,
leads to areduction of the 7, of PVP from 453 to 282 K. Such a significant reduction in 7,
close to 0 °C (273 K) would clearly create significant mobility at 40 °C where the sample
is stored at 31 K above the new T, of PVP in the supercooled liquid state. One might
mitigate this result to some extent by choosing to use a less polar polymer such as HPMC
that has a dry T, of about 175 °C (448 K) and absorbs 10% w/w water at 75% RH. From
Equation 1.31 we can calculate that the T, of HPMC in the presence of 10% w/w water
would be reduced to 364 K, and therefore when stored at 40 °C it would be 52 K below T,
in the glassy state, a much better solution for preventing crystallization in the hydrated
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APl dispersion. To observe the trade-off between the dry 7, of the polymer and its ability
to absorb water, let us finally consider HPMCAS, which has a “dry” T, of about 115 °C
(388 K), and, as shown above, the ability to absorb about 7% w/w water at 75% RH.
From Equation 1.32 we would estimate that T, for HPMCAS with 7% w/w water content
would be reduced from 448 K to 344 K, so that at 40 °C, the sample of HPMCAS would
have a T, that is 30 K above the new T, a better result than when using PVP that takes up
considerably more water. Because of the lower 7, of HPMCAS compared with HPMC,
however, this system is still in the supercooled liquid, which indicates the importance of
reducing water content to very low values. The fact that HPMCAS is very widely used to
form API amorphous dispersions, as will be seen throughout this book, indicates that
HPMCAS most likely must also function as a stabilizer by being able to more directly
interact with the API and interfere with nucleation. In conclusion, this discussion
generally suggests a strategy for storing amorphous solids for long periods without
crystallization that includes (i) using polymers with relatively high 7; (ii) using as high a
concentration of polymer in the dispersion as is possible without introducing other
negative factors; (iii) using polymers that tend to absorb less water than PVP
(see Figure 1.21); (iv) limiting exposure of the dispersion and solid formulation to
humid atmospheres by proper processing conditions and packaging; and (v) if possible,
including specific nucleation inhibitors that would not adversely increase molecular
mobility. Clearly, removal of as much absorbed water as possible is critical.

1.10 DISSOLUTION AND SUPERSATURATION OF API
FROM AMORPHOUS SOLID DISPERSIONS

Clearly, the main purpose of using amorphous forms of an API in solid dosage forms is to
enhance its dissolution rate and oral bioavailability when the crystalline form cannot be
used for such purposes. As shown in Figure 1.16, upon contacting the aqueous dissolution
media, the API generally dissolves rapidly and reaches some level of supersaturation
primarily determined by the free energy difference between the amorphous and crystalline
forms. Upon attaining a certain level of supersaturation in the aqueous phase, the API
molecules will generally undergo solvent-mediated nucleation and crystal growth, thus
depleting the solution of dissolved API and reducing the solubility advantage sought with
such systems; the greater the level of supersaturation attained, the greater the rate of
nucleation and the shorter the time period over which supersaturation levels can be
maintained. If the rate of dissolution of the added amorphous API, upon contact with the
aqueous medium, is slow relative to solid-state crystallization rates, it is also possible that
solid API would undergo crystallization due to the plasticizing effects of the water and not
attain significant supersaturation because of reduced amounts of amorphous API. As we
have already seen, many polymers can form amorphous dispersions with an API and
significantly inhibit solid-state crystallization by reducing molecular mobility and by direct
interaction at nucleation sites. Consequently, if there is no significant slowing down of the
dissolution of the API and polymer when they make contact with the dissolution medium,
there will likely be sufficient inhibition of solid-state crystallization to allow the API and
polymer to readily dissolve and reach high levels of supersaturation. Having seen that the
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formation of API-polymer amorphous dispersions can greatly inhibit solid-state crystalli-
zation during storage even at low polymer concentrations, and that the best polymers in this
regard tend to directly interact with the API through hydrogen bonding [48], it seems likely
that such polymers could also inhibit solvent-mediated crystallization after dissolution of
the API and polymer by such interactions in solution. A number of studies, indeed, have
shown that polymers, such as PVP, HPMC, and HPMCAS, added to an aqueous solution at
solution concentrations that might be expected from a typical API-polymer dispersion
significantly inhibit nucleation, decrease the rate of crystal growth, and maintain high levels
of supersaturation over extended periods of time [54,55]. That this actually occurs with the
dissolution of API-polymer dispersion is illustrated in Figure 1.23 [53]. Recently,
increasing evidence has been accumulated to suggest that supersaturation levels of
API administered as API-polymer amorphous dispersions can be maintained at high
levels by additional possible mechanisms. For example, as illustrated in Figure 1.24, it
has been suggested that API-HPMCAS systems upon contact with a dissolution
medium initially precipitate as complex high-energy colloidal noncrystalline phases
that can retard crystallization and produce a high degree of supersaturation [53]. This
behavior has been attributed to the relatively hydrophobic and surfactant-like nature of
HPMCAS, and in this regard it has also been suggested that it is likely that such
colloidal systems form during in vivo dissolution by interacting with colloid forming
gastrointestinal materials such as fatty acid derivatives and bile salts. It has also been
recently shown that a relatively hydrophobic API, ritonavir, in PVP dispersion at high
levels of supersaturation can phase separate as a colloidal API-rich liquid phase that
resists crystallization and maintains high levels of supersaturation [56]. Greater
detailed discussion of all of these principles related to the inhibition of solid-state
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and solvent-mediated crystallization during dissolution, including choice of polymers,
surfactants, and processes, will be presented in later chapters.

1.11 PHARMACEUTICAL DEVELOPMENT OF AMORPHOUS
SOLID DISPERSIONS

Once it has been decided that an ASD will be moved forward, a number of factors need to
be considered during the development process. Many scientists consider an ASD as a
“formulation” that is then processed into a usable dosage form. Another way to view an
ASD is as another solid form. When considered as another solid form, the characteriza-
tion and property assessment is similar to what has been performed previously for
amorphous or crystalline APIs. Factors such as solubility, stability, excipient compati-
bility, handling, storage, performance, and developability all need to be considered. It is
important to outline the critical properties that the dispersion needs to demonstrate in
order to produce a successful drug product, and these properties can be used as selection
criteria to find the best ASD.

Amorphous solid dispersions have their challenges, such as miscibility, stability,
and hygroscopicity, but all of these can be overcome with careful consideration of
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manufacturing, handling, and downstream processing. Understanding the limits of the
ASD and incorporating these limits into the development plan are key decision points
during development of these materials.

For early development projects, an ASD may provide the initial solubility boost
needed to show proof of concept in a very simple formulation. It may be easy to
overcome the challenges of a nonideal ASD for small-scale clinical trials, but these
same issues may be insurmountable when moving to large-scale clinical batches. At
that point, it must be decided if there is another dispersion available with better
properties that can be moved forward or if there is a crystalline alternative that may now
produce the needed performance based on the initial pharmacokinetic or metabolism
studies. A change in solid form during the development process is a common
occurrence as procedures are streamlined in early development to reduce costs and
time. Once a drug has proven its worth, a more extensive look at possible forms and
dosage forms takes place to find viable alternatives for late stage development. As with
any solid form selection, the ASD with all the ideal properties may not be available, but
a solid with most of the critical properties can be found and the noncritical properties
can be dealt with via other methods, such as processing, formulation, packaging, and
the like.

The goal of this book is to outline the various stages of producing, choosing,
testing, formulating, and developing ASDs. Polymers and surfactants are necessary
components of the dispersion and it is important to have an understanding of polymer
properties when dealing with ASD projects. This will also help facilitate which
polymers to include in a dispersion screen and the screening methods employed to
produce possible dispersions. Chapters on characterization, stability, dissolution, and
solubility will provide guidelines on dispersion properties that can be used to select a
dispersion for early or late development. Choosing a manufacturing method, usually
spray drying or melt extrusion, requires a knowledge of the properties needed for
formulating the drug product as well as a comparison with material produced from
small-scale processes used in initial studies to ensure that comparable properties are
obtained for all materials.

The next phase involves using the ASD in various development activities such as
formulation development (early or late) and preclinical/clinical studies. Early formu-
lation development may employ a very simple or streamlined drug product to get an
initial assessment of performance. Late-stage formulation development needs to cover
a wide range of issues related to large-scale processing, packaging, storage, and use.
Early preclinical studies are centered around proof of concept and bioavailability,
while clinical studies need to deal with safety, efficacy, and performance of the API.
At any stage, the ASD may need to be modified or replaced to move development
forward.

It is also important to understand the regulatory components and requirements for
dispersions. These include both manufacturing and testing of the dispersion and the
final drug product. Information included in early versus late filings will be different
and dependent on a number of factors related to the dispersion, API, and formulation.
All dispersions found during development can be patented and patent strategies for
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dispersions are critical for development and life cycle management over the life of the
product.

This book will provide information and general strategies that can be used to

develop drug products containing ASDs. However, every compound is unique and
scientific rigor and understanding will be needed to put together the best development
plan to successfully incorporate amorphous solid dispersions in drug products.
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