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The nucleation, crystal growth and overall crystallization kinetics of amorphous
indomethacin  (1-(p-chlorobenzoyl)-5-methoxy-2-methylindole-3-acetic acid) were
determined as a function of temperature and water content. In addition, shear and
dielectric relaxation times for amorphous indomethacin were determined as a function of
temperature and water content. The temperature dependence and the magnitudes of the
viscosity and relaxation times of amorphous indomethacin are comparable with results
for other organic glass formers. The molecular mobility of amorphous indomethacin
close to and below Tg takes values that allow nucleation and growth under these
conditions. The sorption of water vapor results in significant plasticization of amorphous
indomethacin, and crystallization occurs over short time scales, i.e. on the order of
months. Surface-initiated overall crystallization was primarily observed at and below Tg.
The stable gfpgymorph was found to crystallize from the melt below Tg, whereas the
metastable g polymorph was found to crysfallize from the melt above Tg.. We found that
the classical theory of nucleation is in good agreement with the experimental results for

both temperature and water content studies. The values of the crystal-amorphous
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interfacial energy, obtained from analysis of the nucleation rates, were reasonable. A
difference in interfacial energy between the two crystal forms of indomethacin is probably
the main factor in the observed crystal form selection during crystallization. Good
agreement was observed between the theory of growth by two-dimensional nucleation
and the experimental growth rates of the a crystal form both as a function of temperature
and water éontent. The value of the interfacial energy obtained from the analysis of the
nucleation and growth rates was the same. In contrast a reconciliation of the

experimental results for the growth of the y crystal form with the theory was not possible.
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Chapter 1

Introduction

The pharmaceutical problem and a possible solution

The processing of crystalline solids for pharmaceutical use often leads to partially or fully
non-crystalline materials with greatly altered chemical and physical properties relative to
those expected from crystalline materials (Ahlneck and Zografi, 1990) (Hancock and
Zografi, 1997). The presence of an amorphous phase in a pharmaceutical dosage form can
have very important implications with respect to product performance and stability. It is
well known, for example, that a significant increase in bioavailability can be achieved in
mény cases by using an amorphous phase (Fukuoka et al., 1987). However regulatory
approval can become a difficult task if one cannot guarantee that no reversion to the
crystalline state will occur during periods of handling and storage. It is generally possible
to temporally overcome some of these problems empirically, but clearly a fundamental
understanding of the amorphous state and its behavior in the context of crystallization is
necessary for pharmaceutical scientists to be able to predict the response of such
products over time and under various environmental conditions.

It is obvious from the above that a detailed invcstigation. of crystallization from the
amorphous state can be very important to those working with solid pharmaceuticals. If
true predictions are ever to be made on the crystallization behavior of amorphous
phannaccutics_ﬂs in single or multi-component systems, a clear understanding of the

physicochemical factors that control the course of a phase transformation will be needed.
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Such factors include molecular mobility, molecular interactions, thermodynamics of
mixtures, interface energetics and dynamics, and the effects of crystal structure. Since
detailed fundamental studies of the crystallization of small molecular weight organic
glass formers are not widely available in the literature such a study has been carried out

by the author and serves as the basis of this thesis.

Choice of indomethacin as a model drug for this study and previous work

with amorphous indomethacin.

For this study indomethacin was chosen as our model compound. It is a non-steroidal,
anti-inflammatory compound with anti-pyretic and analgesic properties, discovered and
developed by Merck Research Laboratories. Indomethacin (Figure 1-1), 1-(p-
chlorobenzoyl)-5-methoxy-2-methylindole-3-acetic acid, has a molecular weight of
357.8. It exists in more than one, non-solvated, crystalline forms and can be prepared in
ti'ne amorphous state. The amorphous form has been found to affect the tablet-forming
properties of indomethacin, to exhibit higher dissolution rates, and to be absorbed faster
following both rectal and oral administration in rabbits (Fukuoka et al., 1987).
Yamamoto (Yamamoto, 1968) was the first to describe three polymorphs recrystallized
from different solvents, and to provide melting point Tm, IR, and X- ray powder data.
Borka (Borka, 1974) described four polymorphs with hot-stage microscopic observations,

Tm, IR, and solubility data. While there might be some open
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Figure 1-1. The indomethacin molecular structure
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questions with regard to some of the forms reported in the literature, the general
consensus is that two polymorphic modifications exist for which consistent Tm, IR,
NMR, and X- ray powder diffraction data have been obtained. Yamamoto (Yamamoto,

1968) designated these as the 'y and o forms, and we will follow this terminology. Form y
has a Tm of 161°C, heat of fusion, AH;, of 110 J/g, and the lowest aqueous solubility
(O’Brien et al., 1984). The o form has a Tm of 155°C, a AH; of 91 J/g, and a higher
solubility than the 7y form. There is evidence that this is a monotropic system, with the y-

form being more stable than the o form over the entire temperature range (Yoshioka et
al., 1994).

Kistenmacher (Kistenmacher and March, 1972) determined the crystal and molecular
structure of indomethacin. The crystals in his work were prepared by slow evaporation
from an acetonitrile solution, and even if it was not confirmed by the authors, the

consensus is that the reported structure corresponds to the y-form. The crystal system was

e

0=69.38%, B=110.79°, y=92.78°, and Z=2. V=869.8 °A> the calculated density is 1.37
g/em®. This agrees well with an experimental value of 1.38 g/em® (Yoshioka et al.,
1994). According to the authors two features dominate the crystal packing. The first is
the expected hydrogen bonding of the carboxylic acid group to form molecular dimers.
The second important feature of the crystal packing is the overlapping of the indole ring
with the acetic acid group | of another molecule. Many investigators have tried to

determine the crystal structure of the o form, however this has proven to be a difficult
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task, mainly because of an inability to grow large single crystals. However, preliminary _

e dm

results (Byrn, 1996) from m_alzﬂi_ of synchrotron X-ray pOW_der data suggest that the

form belongs to a P2, or P2y, space group with Z=6. The unit cell constants are a=18.29
°A, b=25.39 °A, c=5.49 °A, B=94.59°, and V=2542 °A’, the calculated density is 1.40
g/cm’. This value for the density agrees with the experimentally determined value of 1.40
g/cm3 (Yoshioka et al., 1994). The results suggest that in the o-form, indomethacin
molecules form chains, with each molecule interacting with two others via hydrogen
bonding at the carboxylic acid. This catemer motif is possible, but not very common in
carboxylic acid crystals (Leiserowitz, 1976).

Borka (Borka, 1974) early discovered that the indomethacin melt solidifies as a brittle,
glassy amorphous mass. At the time he described it as having a Tm of 55-57°C. Otsuka
(Otsuka et al., 1986) later found that amorphous indomethacin also can be prepared by
grinding the crystalline material at 4°C. Grinding of the y-form crystalline material at
30°C appeared to result in the o-form through the crystailization of the intermediate
amorphous state. Imaizumi (Imaizumi et al., 1980) was the first to systematically study
the crystallization of indomethacin from the amorphous state. Amorphous indomethacin
was prepared by a fusion method, with no other details given. For dry samples the time
for 50% crystallization, tsos, at 20°, 30°, and 40°C, was approximately 8, 3 and 0.7 days
respectively, and y-form was produced. The water sorption, and crystallization at various

relative humidities (RH) was studied at 30°C, with the results shown in Table 1-1.
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Table 1-1: The water sorption, and crystallization at various relative humidities (RH) of

amorphous indomethacin at 30°C(Imaizumi et al., 1980)

RH 69% 79% 89% 100%
%W ater 0.83 0.96 1.31 1.67
Form y Y Y,0 a

t (ws) 12 48 48 48
50%
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The authors noted that thel amount of water absorbed was nearly maximal after 2-3 hrs,
and they suggested that at high RH amorphous indomethacin dissolves in water, a
supersaturation follows, and then a-form nuclei appear. They suggested that at low RH
water is absorbed by the amorphous indomethacin, followed by slow nuclei formation
that produces the y-form. The authors also showed that in a mixture of amorphous and
crystalline indomethacin the water content scales very well with the amorphous fraction.
Fukuoka (Fukuoka et al., 1986) found that an indomethacin glass prepared by slow
cooling of the melt was very stable and that crystallization didn’t occur for more than two
years at room temperature. Ground samples of an indomethacin glass at room
temperature showed 60% crystallinity after 2 months; the rate of transformation leveled
off after that. The authors also determined the effect of heating and cooling rate on the
Tg of indomethacin glass, and performed enthalpy relaxation studies below Tg. The
apparent activation energy of the glass transition was calculated to be 212.5 kJ/mol.
Otsuka (Otsuka and Kaneniwa, 1988) investigated the crystallization of amorphous
indomethacin at 0% RH prepared by grinding the two crystalline forms and by the fusion
method. Amorphous samples obtained from ground a-form and stored at 30, 35, 40, and
45°C, crystallized completely within 4.2 , 2-3 , 24, and 1.5 days respectively, always
giving a mixture of 25% o and 65% 7y form. Amorphous samples obtained from ground y-

form and stored at 20, 25, 30, and 35°C were transformed exclusively to y-form with tsog,

of 18.3,6.6, 2, and 1.5 hrs respectively. Samples of glassy indomethacin prepared by

fusion and ground to a fine powder crystallized at 20, 25, 30, and 35° C with tsgg, of oo, 11



, 5.5, and 2.7 days. The authors analyzed the data according to various kinetic models for
solid state transformations, and concluded that the crystallization process for the samples
obtained from ground y-form, and the samples of glassy indomethacin prepared by fusion
and ground to a fine powder, foilowed a two dimensional phase boundary model.
Fukuoka (Fukuoka et al., 1989) also studied indomethacin glass in a qualitative way by
thermomechanical an:'ilysis. Cauchon (Cauchon, 1992) studied crystalline and amorphous
indomethacin (prepared by the fusion method) with solid state 3C NMR. The "*C TI1
values for the carboxyl carbon and the methylene group of the side chain, and the amide
carbon were significantly lower in the amorphous sample. A comparison of the spectra of
the two crystalline modifications revealed a higher level of hydrogen bonding in the
crystalline o-form.

In this laboratory, Yoshioka (Yoshioka et al., 1994) studied the isothermal and non-
isothermal crystallization of dry indomethacin glass from 30 to 70°C. Indomethacin glass
was prepared by fusion and subsequent grinding, similarly to earlier studies. Samples
were described as rapidly cooled when quenched in liquid nitrogen (LN>), and as slowly
cooled when quenched at room temperature. Both samples at 30°C crystallized
essentially in the same fashion, but the rapidly cooled sample had an induction time of 36
hrs. Thus it was concluded that the rapidly cooled material first relaxes to the
“equilibrium” glass and then crystallizes. During isothermal crystallization at 30 and

40°C the y-form appeared whereas at 50-70°C the a-form appeared. It is very significant

that crystallization occurred even below Tg, on rather short time scales. Seeding
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experiments indicated | that the transformation was always accelerated for the
prcdﬁminant crystal form in the presence of seeds of the same form. It was thus
suggested that some type of surface nucleation was important. The point that different
l polymorphs are formed at different temperatures was explained by the Ostwald step rule.
Hancock et al (Hancock et al., 1995) conducted enthalpy relaxation experiments in the
isothermal mode for dry indomethacin glass below Tg (from 0 to 31°C, Tg=47°C).
Enthalpy relaxation times were estimated to be 1-10 hrs at 47°C and increasing to 5x10*
' hrs at 0°C. Arrhenius plots of the relaxation times vs temperature resulted in an apparent
f activation energy of 180 kJ/mol. It was concluded that indomethacin glass exhibits
significant molecular mobility below Tg and that this may play a role in the

crystallization observed well below Tg.
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Chapter 2

Literature review

Phase transformation kinetics

Crystal nucleation from the amorphous state

The most general description of isothermal phase transformation kinetics is the
Kolmogorov- Johnson-Mehl- Avrami (KJMA) equation (Price, 1990) (Woldt, 1992)

(Jena and Chaturvedi, 1992),

x(t )=1—exp( ~Kt") Eq 2-1

where x(t) is the fraction transformed at time t, K=K (I,G) is a constant depending on the

nucleation (I) and growth (G) rate constants, and n is_ a constant related to the

e S ————,

dimensionality of the transformation.

Nucleation occurs through a series of bimolecular reactions (Christian, 1975; Fisher et al.,
1948) (Oxtoby, 1988). The process begins with single molecules of the parent phase
(monomers) joining to produce dimers of the new phase ; dimers are promoted to trimers
through single molecule additions and so on. N-mers of any size are called clusters. The
driving force for nucleation is the volume frec energy change associated with the

-
transformation, AGy, minus the volume strain energy, AG;, arising from the size and/or

shape misfit between the cluster and the matrix of the parent phase. The major barrier to
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nucleation is the interfacial free energy of the cluster-matrix interface, 6. The total free
energy change for cluster formation, AG(,), where r is the radius of the cluster, has two
components, the sum of AG, + AG;, which for nucleation of a stable phase is negative,
and the interface energy o, which is positive. The sum AG, + AG; depends on r°, but G is
proportionél to r* and thus G increases more rapidly when r is small and the reverse is true

when r is large. At some point AG,) reaches a maximum, where

AG(r)_,

or

Eq2-2

The radius that corresponds to the maximun in AGg, is called the critical nuclei radius r*,
and AG* is the free energy of formation of the critical nuclei.

The general time-dependent equation for the nucleation rate, J, is (Christian, 1975)

(Rowlands and James, 1979),

%k
J=ZN exp —é’% LB*exp —% Eq2-3

where Z is the Zeldovich factor, N is the nuc}gzﬁggM%AG* is the free energy

change for the formation of the critical nuclei, B* is the frequency factor ( the rate at
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which single molecules join the critical nuclei), 7 is the induction time until steady state,

and t is the isothermal experimental time. For the case of homogeneous nucleation all

matrix sites are equally eligible and so ,

N=—2° Eq 2-4

where N, is Avogadro’s number and V., is the molar volume. For the case of
heterogeneous nucleation the nucleation site density is smaller (Christian, 1975). In
heterogeneous nucleation the decrease in AG* for nucleation in faces, edges and corners
can more than compensate for a large decrease in N.

The approach that is used to calculate AG* and r* entails first determining the
equilibrium shape of the nuclei . However since critical nuclei are too small for direct
observation, Gibbs defined the critical nucleus as the one having the smallest total
interfacial energy for a given volume of product phase. The volume strain energy AGs,
appropriate for that shape, is then calculated, while the nuclei composition is taken as the
one that minimizes AG,. This then allows AG* to be calculated. For example, if we
assume that the nuclei- matrix boundary is disordered (incoherent) and that the interfacial
energy © is the same everywhere, the method results in an equilibrium spherical shape.

Then, and if we ignore strain energy for ease of calculations,
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AG(r )=-§m3AGv+4m2 o Eq2-5

By differentiating with respect to r and setting the resulting expression equal to zero we

get
3
AG*=167:0'2 Bq 26
34Gv
and

3 20
AGv

Eq 2-7

It is easy to see that AG* is proportional to the cube of the interface free energy o, thus
placing primary emphasis on the importance of G.
Evaluation of B* can be accomplished by deducing the rate at which molecules cross the

nucleus-matrix interface. This is the number of molecules within a single jump distance

of an attachment site on the critical nucleus multiplied by the jump frequency, I', toward
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the cluster. The number of appropriately situated molecules is approximately %

where S is the area of the cluster that can accept molecules ( S=4nr** for a spherical

nucleus), and a is a lattice constant. The jump frequency, T, can be related to molecular

diffusivity as

1"57 Eq2-8
@

where D is the macroscopic diffusion coefficient. For spherical nuclei it can be shown

that

~167r0'2D

[r=
a4AGv2

Eq2-9

The induction time 7 is the time needed for the nucleation rate to attain its steady state

rate. For spherical nuclei it can be shown that,

_ 8kToo?
DV 2 4G ?
a v

Eq 2-10
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where V, is the average volume of a molecule in the nucleus, D is the diffusion
coefficient associated with the frequency factor B*, and o is the molecular jump distance
or lattice constant.

The term AG, is the difference in free energy per unit volume associated with the
transformation of the parent phase to the product phase. It can be calculated from the

heat of fusion AH¢ and heat capacity C, at constant pressure as (DeHoff, 1993),

AH

AT
AGy=——"— f

jT - IAC (T)dt Eq2-11

where AT=Tm-T is the supercooling and t is the temperature as an integration variable.
We can see that if experimental data of the heat capacity of both the crystalline and
amorphous phase as a function of temperature are available then AG, can be calculated

very accurately. If heat capacity data are not available theoretical approximations can be

used. All the known ones are presented in Appendix A.
Theoretical models for the product-parent phase interfacial free energy ¢ at disordered

interface boundaries are not available (Oxtoby, 1988). Models for the solid-liquid

interface have been developed and reported in the literature (Oxtoby, 1988). Independent
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experimental measuremcnté of o are by no means simple and very few have been
reported in the literature.

To summarize the above discussion, the steady state rate of homogeneous crystal

nucleation in a single component system, for sperical nuclei, is given by the expression

(Christian, 1975) (Rowlands and James, 1979),

AT 1670
[=——exp| — Eq2-12

1 3kTAGv2

Inherent in the above equation is the use of the Stokes-Einstein equation relating the

diffusion coefficient D (with which the frequency factor B* was previously formulated)

with the shear viscosity 1. The prefactor A takes the form (James, 1985),

Eq2-13

N vk o\
=

A= _
37:&3 kT

where Ny is the number of molecules of the crystal phase per unit volume of liquid, V is

the volume of one molecule, and A is the jump distance for a molecule at the interface

during the process of nuclei formation.
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Very often the parent mﬁtn’x is a two or multiple component system. Then all of the
important parameters in the general nucleation equation are functions of the composition
of the critical nuclei. However this need not be the same as the composition of the
product phase. Thus suitable solution models are needed to describe the thermodynamics

of the parent matrix and the nuclei to enable the calculation of AGv. Models that relate G

to the compﬁsition are not available because complex interactions of chemical and
structural factors in disordered interface boundaries are not well understood. The
composition dependence of viscosity is accessible both experimentally and theoretically
to some degree and will be discussed later. The addition of water has been found to
increase the nucleation, growth and overall crystallization rates of some amorphous
systems (Gonzalez-Oliver et al., 1979) (Faber and Rindone, 1980). It has been argued that
the main effect of water is a reduction in viscosity and an increased molecular mobility

that leads to increased nucleation rates.

Crystal growth from the amorphous state.

Crystal growth theory will be discussed next with an emphasis on transformations
without change in composition. In this case the growth rate is controlled by processes at
the interfacial boundary between the parent and product phases. Three mechanisms of
crystal growth operate in the crystallization of glass- forming materials (Gutzow, 1976);

normal or continuous, spiral or dislocation, and two-dimensional nucleation. In normal
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growth the crystal surface is viewed as rough on a molecular scale and it advances by the
continuous incorporation of molecules of the parent matrix in random growth sites on the
surface of the crystal under the effect of a thermodynamic driving force. By the
continuous incorporation of molecules, one on top of the other, the crystal is growing
normal to itself. Spiral growth is possible when the crystal surface is smooth but
contains dislocations and multiple twins, which are a continuous source of molecular
steps on the surface. These steps move laterally with the addition of molecules from the
parent matrix. The crystal surface advances normal to itself by the process of continuous
initiation and lateral growth of these steps. According to the two-dimensional growth
mechanism, two dimensional nuclei appear on the smooth and dislocation-clean crystal
surface as a result of thermal fluctuations, and laterally propagate to form a new
crystalline layer. The continuous formation of new layers results in the crystal surface
traveling normal to itself.

The above mechanisms can be summarized (Gutzow, 1976) (Jackson et al., 1967)

(Uhlman and Uhlman, 1993), in a general equation for crystal growth as follows,

3 AGy
G=p*KWd"| 1- -
/5’* exp X.T

B

Eq2-14

where B* is the rate at which molecules impinge on the crystal surface, K accounts for

possible steric hindrance during the incorporation of new molecules to the crystal, Wis a
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function of AG,, with the 'speciﬁc form depending on the mechanism of growth, d is a
molecular dimension, and AGy is the free energy difference between the parent and
product phase. The definition of B* is essentially the same as was presented previously
in the case of the rate of nucleation.
For the case of normal growth W is identified as the number of growth sites on the crystal
surface. A high value of W is predicted for low AH¢ compounds at all temperatures but a
low value for large AHf compounds is predicted based on the assumption that a large AH¢

corresponds to a compound with a more ordered surface. For spiral growth,

d dAaG
=—=——V Eq2-15
o 47:Vm0

where d is, as above, the lattice parameter of the crystal, & is the distance between two
steps of the spiral, Vp, is the molar volume and ¢ is the interface energy between the
crystal and the parent matrix.

For two dimensional nucleation W is proportional to the following term,

7:0'2V d
m

AGvK T

€xp Eq2-16

B
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where the derivation of the critical work to form a two dimensional nucleus is analogous
to a similar calﬁulation for spherical nuclei.

Both morphological and kinetic features can in principle be used to experimentally
identify the growth mechanism. The development of perfect crystal surfaces, the
observation of growing terraces, or the absence of such features can provide hints to the
mechanism of growth. However this requires that steps of molecular dimensions can be
observed in practice, that heat transfer is playing no role, and that weight is not placed on
observations in the morphology of equilibrated crystals which are dominated by surface
free energy. With respect to kinetic observations, these are reliable only at low

supercoolings and are expressed in the growth literature in terms of the supercooling AT.
For small supercoolings, continuous growth would be linear in AT, spiral growth will be
linear in AT?, and the step growth will depend exponentially on AT, These results take

into account only the temperature dependence of the thermodynamic driving force,
however at large undercoolings all of the other parameters of the theory have a
temperature dependence that also has to be taken into account. Gutzow notes, and some
of the theories predict, that at large supercoolings (near Tg) all equations will collapse to
a growth rate linear with AT. A further complication that arises at large supercoolings is
the consider.able transient character of the growth rate.

Very often polymeric, organic and inorganic glasses crystallize to a morphology known as

spherulitic.' Sperulites typically consist of radiating arrays of plates or crystalline fibers.
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The fibers are usually fine and extensively branched. Usually a single primary nucleus
initiates the formation of a spherulite. Then a polycrystalline aggregate is developed with
radial symmetry. Until the radial growth is complete the fibers are usually separated by
noncrystallized material. Later during what is known as secondary crystallization the
noncrystallized material crystallizes by the lateral growth of the fibers. The final structure
in terms of density of fibers and exact morphology is very sensitive to the specific heat
treatment used. Because of the large surface to volume ratio and the large percentage of
disorder, spherulites do not represent a true equilibrium crystal habit, however they are
kinetically stable. As Uhlman (Uhlman and Uhlman, 1993) pointed out in a recent
review, a quantitative theory of spherulitic growth is not really available and predictions
of the internal structure, the amount of uncrystallized material, the extent of branching,

and the crystallization kinetics are not easy.

Experimental determination of crystal nucleation and growth rates.

Direct experimental determination of crystal nucleation and growth rates of polymers and
"low molecular weight organic molecules is usually accomplished with polarized light
microscopy. The principle of polarized light microscopy is that if the two polarizers are in
the crossed position with their permitted vibrational directions orthogonal, then no light
will pass through the specimen if it is optically isotropic. Individual molecules are

usually optically anisotropic. A totally disordered material such as a glass is optically
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isotropic, whereas any; ofdering of the molecules as in a crystal gives rise to optical
anisotropy, with the refractive index being a function of direction in the material. This
optical anisotropy gives rise to beam splitting and interference phenomena, which allow
light to pass through these regions so as to appear bright against a dark background. If the
size of such an ordered region is within the resolution range of the microscope these
regions can be observed and characterized in terms of size, shape, crystalline texture and
morphology. A complication, especially below Tg, is that residual stress produced during
cooling of the glass can lead to optical anisotropy, which can interfere with crystallite
observation. A thin film of the material under study is the most popular experimental
configuration, especially at large supercoolings. The choice of the thickness is by no
means simple, since a very thin film will result in early impingement of the growing
spherulites on the surface of the cover slips, whereas a thick film might result in
numerous overlapping spherulites being in the field of view. For temperature dependence
studies a hot stage is usually employed or samples are stored inside ovens at the
temperatures of interest and measured at various times intervals.

Nucleation rates are measured by measuring the number of nuclei present per unit volume
(particle number density) in the material under study as a function of time under the
conditions of the study. The time derivative of the particle number density is the
nucleation rate. The difficulty of the measurements is in knowing accurately the particle
number density in light of the fact that nuclei are not easily observable with microscopy.
The measurements are best performed with a two-stage isothermal technique (James,

1974); during the low temperature treatment nuclei are formed and during the second
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higher temperature treatment the existing nuclei are grown to crystallites with dimensions
observable with microscopy. The method is essential when the growth rate at the
nucleation temperatures is low, and has the advantage that the induction time for
nucleation can be measured accurately since the nuclei that are not detectable by
microscopy after the first stage will become detectable crystallites after the second stage.
However the problem with this method is that not every nuclei formed in the first stage
will be preserved at the second stage, post-critical nuclei at a low temperature will
become sub-critical nuclei at a higher temperature and will dissolve (since at higher
temperatures the critical nuclei size is larger). Despite these problems the method has
been used extensively especially in studies of non-steady state (transient) nucleation and
for the determination of induction times for nucleation.

In the case where the crystallites grow rapidly enough at the nucleation temperatures it is
possible to use the single-stage isothermal technique (Smith et al., 1987) (Zanotto and
James, 1990). In this method there is not a separate period at which the nuclei will grow
to crystallites of observable dimensions but instead nuclei are formed and then grow to
observable dimensions isothermally. Thus the method has the advantage that the
isothérmal growth rates can be measured simultaneously with the nucleation rate. The
problem of this method is that we do not measure a particlé number density based on all
the crystallites present in the sample at a given time, as theoretically happens with the
two-stage method. Instead we only measure a particle number density based on the
particles that have grown larger than the resolution limit of the microscope at the given

time. In this respect it has been recognized that the single-stage method underestimates
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the particle number density of nuclei. This is the reason that the method cannot be used
in the determination of transient nucleation rates. However, steady-state nucleation rates
can be measured, since these will depend only on the rate that particle number densities
change as a function of time. In fact it has been shown that the error in the determination
of the steady state nucleation rates with the single stage method is smaller than the error
due to the usual statis_tical scatter of the particle number density data (Zanotto and James,
1990). Both reflection and transmission optical microscopy can be used for the
determination of the nucleation rate. Transmission microscopy is preferred for
transparent samples since it is more accurate. Special stereologic methods have to be
applied in the analysis of data from reflection microscopy.

For the determination of the crystal growth rates a characteristic dimension of the
growing crystallite is measured as a function of time. For example, the radius is
commonly reported for spherulitic growth. When single crystal growth is observed the
growth at different crystallographic directions can be measured. Again the time
derivative of the crystallite dimensions is the crystal growth rate. An often used
procedure is to measure only the dimensions of the largest crystallite present in the
sample. In this case higher accuracy is possible because there are no complications with
variable induction times for nucleation among different crystallites and also because the
determination of size is more accurate the larger the crystallites. Especially for
supercooled liquids and glasses isolated crystallites should be examined since stress
fields and impingement with other crystallites can have a major effect on the growth

kinetics. The same is also true for impingement with the free surface of the sample.



Overall crystallization kinetics.

As mentioned earlier the most general approach to the description of isothermal phase
transformation kinetics is the KIMA theorf. The derivation of the equations, the basic
assumptions, and other features of the theory can be found on the treatise by Christian
(Christian, 1975).

For the special case of constant nucleation N and constant isotropic growth rate G,

x=1 —exp[—%G‘;N (t—’t‘)4}

Eq2-17
=1 —exp(—K (t—T)nJ

For the case where the transformation is initiated by a fixed number of pre -existing

nuclei N,, and the growth rate is constant and isotropic,

b e et et 4 e,

x=1 —exp(—%ﬂ*G‘gN 0 (t—’z')3)

=]—exp[—K (t—7)" )
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For the case where the transformation proceeds with a constant surface nucleation rate Ns

and the growth rate G is constant and two-dimensional (Raghavan and Cohen, 1975),

x =1 —exp(—g—GzNS(t-T)3)

Eq2-19
=1 —exp(—K (t-*z')n)

The general form of the KIMA equation can be differentiated with respect to time to give

(Henderson, 1979),

g[x—=n(1 —x{lni] K Eq2-20

I-x

1
The crystallization rate constant is thus given by K" (Henderson, 1979).

As can be seen from the above equations the constant K, the KIMA exponent n, and the

incubation time T, can be obtained from a linear plot of the form In(-In(1 -x)) vs In(t-7), or

i

ite e

from non-linear regression of the original x vs time data. Proper correction for the time 7
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of fhe apparent incubation period is always necessary. It should be noted that the

_ _4,_....

experimental observed incubation time 7T is the sum of the time for non-steady nucleation

T T ———

and the time required for an experimentally observable quantity of the product phase to
' emerge. Thus experimentally observed incub.ation times will be larger than theoretical
| estimated ones even for the most sensitive cxperimchts.
The KIJMA exponent n calculated from the slope of a In(-In(1-x)) vs In(t-t) plot gives
information on the dimensionality of the transformation, i.e. whether it is interface or
diffusion controlled, and the microstructural dependence. One would expect to obtain a
| particular value of n if the product phase obeys specific nucleation and growth rate laws
and certain growth geometry. However, since many different situations can give the same
| value of n, independent studies of the transforming microstructure, usually with some
kind of microscopy, are essential for the correct interpretation of the data. Extensive
variation of n and non-linearity of the KIMA plots has been commonly observed in the
literature. Such deviations do not constitute a failure of the KJIMA theory but usually
| signify that the true situation is more complex.
| The KIMA theory assumes homogeneous random nucleation, ignores boundary effects,

assumes linear steady state growth, and through a simple statistical argument corrects for

impingement. However it does not take into account factors that can cause deviations,
including non-random nucleation, nucleation at different sites simultaneously, the
l presence of pre-existing nuclei, effects of growth morphologies othé:r than spherical,
nucleation and crystal growth rate laws that change with time during crystallization,

growth rates that are not linear but follow a power dependence on time, competing
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reactions such as simultahcous relaxation to a constant structural state, the non uniform
mechanical state of the material, and. errors in the experimental determination of the
fraction transformed.

The kinetics of a phase transformation can be measured experimentally at different
temperatures under isothermal conditions. Very often in the literature a plot of log (n K)
K is not a chemical rate constant, this plot is misleading, and the activation energies
obtained should be viewed with caution. Christian (Christian, 1975) offers a method of
analysis with more rationale but one that is still approximate. The very initial stage of the

transformation is often controlled by the activation energy for the formation of critical

.....

olnt,  AG* AGg  JAG*
= + + Eq 2-21
A/T) k  k kTH(/T)

where t, is the time required for a certain small amount of transformation.

A plot of In t; vs 1/T will have a C-shape and will approximaie a line at low temperatures
where AG* << AGg. It then might be possible to calculate AG, from the slope of the
line.

Finally the fraction transformed at time t, can be measured with a variety of experimental

techniques that measure any change in a physical property associated with the
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transformation. Calorimcﬂ‘y@& x-ray scattering, IR,NMR, and electrical

resistivity have been used. X-ray scattering is often used for transformations where many

crystalline phases are present because their identification is also accomplished. A

p——

disadvantage is that in an amorphous matrix the lower limit of detection of a crystalline

S W R e

phase can be as high as 15%. Theoretical aspects and experimental details of the method
are well covered in the literature (Klug and Alexander, 1974). DSC has the advantage of
very high sensitivity, so even small amounts of a product phase can be detected.
However phasé identification is usually not as simple as with X-ray and the effect of
heating rate has to be fully accounted for. In addition, when reactions which either absorb

or release heat are taking place simultaneously the results can be misleading.
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Introduction to the properties of supercooled liquids and glasses.

The glass transition temperature and the dynamic properties of supercooled

liquids and glasses.

thn. a liquid is cooled, the transition to the crystalline solid can often be avoided and
the system is found in the metastable supercooled liquid state. At small supercoolings the
properties of the liquid are not drastically different from those expected from an
equilibrium liquid. As the degree of supercooling becomes large, and if crystallization
can still be avoided, most supercooled liquids will enter the metastable glassy state. As a
glass the system is metastable with respect to both the crystalline state and the
equilibrium liquid state. However, quantities such as density, heat capacity, thermal
conductivity, and diffusion coefficient can be measured experimentally. In the glassy state
the system is a solid, but it is amorphous in the sense that a structure factor determined
from X-ray scattering is qualitatively very similar to the one for the equilibrium liquid. In
particular long range crystalline order is absent.

Figure 2-1 shows the heat capacity of crystalline and glassy o-terphenyl determined at a

heating rate of 3x10™ K/s (Chang and Bestul, 1972). A jump in the C, of the glass at 243
K can be observed as the calorimetric glass transition temperature, Tg. Above Tg but
below Tm the system is a supercooled liquid, and below Tg the system is in the glassy
state. In Figure 2-2, also for o-terphenyl, at a heating rate of 3x10™ K/s the jump has

shifted 5 K upwards, the width has increased, and there is also a profound peak of the
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Figure 2-1. Thermo differential analysis of o-terphenyl (Chang and Bestul, 1972).
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Figure 2-2. Thermo differential analysis of o-terphenyl (Greet and Turnbull, 1967).
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curve above Tg (Greet anleumbull, 1967). In general by increasing the time scale of the
experiment (with a lower heating rate) the Tg will decrease. However once the time of the
experiment is long enough Tg decreases very slightly even for increases of many decades
in experimental time.. For that reason in practice Tg is a useful quantity. Gotze has shown
that for a heating rate of 10°C/min the observed Tg is associated with time scales of
approximately 100 sec (Gotze, 1991). From the comparison of the two results we can
also conclude that the reported quantity in the Y axis is not the equilibrium heat capacity,
since the system cannot be in equilibrium in both cases. Only if the system was in
thermal equilibrium at all times would it be the heat capacity. Therefore, it will be
considered an effective specific heat, lacking any microscopic meaning because it cannot
be related to a free energy derivative, or a correlation function.

A measurable quantity which captures the liquid to glass transition but with more definite
microscopic meaning can be ob_tai.ncd by considering the change of any variable dA as it
is induced by the application of the field @, in a frequency-domain dynamic experiment.
The field a is specified by its frequency ® and the amplitude 0. The experimental result
is a complicated function of o, but we select an <0 (where 0™ limits the linear

response rangé of the system, and depends on the frequency ® and the temperature T). In

the linear response range A may be expressed as,

A=y (w)a Eq2-22
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The linear response function () for the variable A depends on the frequency ®, and is
characteristic of the system dynamics. The properties of y(w) are known from statistical

physics (Boon and Yip, 1980). Function %(®) has a real ¥/(®) and an imaginary part

X' (@),

o)1 @y () 22

Function %'(®) generalizes the change of A due to a change of o, to a frequency
dependent quantity. Function %”(®) describes dissipative processes and is called the
susceptibility spectra.

As an example, the real and imaginary parts, € and €’, of the dielectric susceptibility of
indomethacin (experiments to be discussed later) are shown in Figures 2-3 and 2-4
respectively. €'(@) exhibits well defined resonance or o-relaxation peaks at certain
frequencies for different temperatures. These resonances are caused by structural
rearrangements in the system. Also in Fig 2-3, €() is decreasing from its value Yo
below resonance, to a lower value above resonance. The system appears to be stiffer if
probed above resonance than if probed below resonance. Similar structural relaxation

peaks can be measured with many experimental techniques. They are the most important

features of supercooled liquids and glasses.
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Figure 2-3. The real part of the complex dielectric constant € of amorphous indomethacin

at 0 % RH, as a function of frequency (2rtv), at 60°C (Q), 73°C(O), and 86°C (%)
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Figure 2-4. The imaginary part of the complex dielectric constant €’ of amorphous

indomethacin at 0 % RH, as a function of frequency (27tv), at 60°C (Q), 73°C(O), and

86°C ().
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Another method to probe the dynamics of the system is in a time-domain experiment as

follows. We consider a perturbation such that,
a(t)=a 0 exp(et) Eq 2-24

For t<0 in principle €—0, and for t>o the pertubation is removed and the variable A is

measured. In the linear response regime we can write,

IA(t)=g(t)0A(t=0) Eq 2-25
where @(t) is the relaxation function of variable A. Its Fourier transform,

0”(w)= [y cos(ax)p(t)at Bq2-26

is the relaxation spectrum. Measurements of @(t) and X(w) are equivalent in principle.

Indeed a relation exists between the relaxation and susceptibility spectrum,

1 (@Fwe” (@), | Eq2-27
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To facilitate further the discussion a simple model for the relaxation function is

considered such that, -

) (t)=exp[—1] Eq2-28
D T

The model is the same as the Debye model for the relaxation of dipoles in a liquid. Then
the real and imaginary parts of the dynamic susceptibility are described by the following

expressions,

‘N, 0@

—)2 and %7, (a))—]+(m)2

D e I+(wr

Eq 2-29

The parameter 7 is called the relaxation time. It indicates the time scale of the process,
and it is related to the resonance position by wy =1/1. Various variables A (for example,
shear force,electric field) specify various time scales T through the peak position of the

susceptibility spectra. Because different probes usually project different components of
the underlying structural relaxation modes, relaxation times obtained from different
experiments can be different.

Also from statistical physics (Hansen and McDonald, 1986) it is known that transport

coefficients like the shear viscosity 7 are exactly the zero frequency relaxation spectra
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qf!(ﬁbo) of variables like shear forces. They also define a time scale through application
of equation 8. We can write ¢/ (0=0) = TY where X is a susceptibility (chosen usually at
@>1/t, where it varies very little compared with the variation of ¢”). For the shear
viscosity (Maxwell model) we can write (Ferry, 1980),

n=t,.G__ Eq 2-30

n

where G_ is the limiting high frequency elastic modulus, and 7, is the shear relaxation
time.

It has been shown widely that for most supercooled liquids at least, at lower temperatures
the relaxation behaviour cannot be described in terms of an exponentially relaxing
process with a single relaxation time. Susceptibility peaks usually exhibit half widths
larger than the 1.14 decades characteristic of the Debye peaks. The phenomenon of
stretched peaks was discovered by Kohlrausch (Gotze, 1991). He described the data by a

simple modification of the Debye representation (Williams, 1991),

ot )=exp(—£}ﬂ | Eq 2-31

T
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The.function is also known as the Kohlrausch-Williams-Watts function (Williams, 1991)
(McCrum et al., 1967) (Lindsey and Patterson, 1980). The time 7 is the time at which the
relaxation function falls to its 1/e value, and the parameter B determines the shape of the
peak.
Frequency domain data are also described in terms of empirical functions. The Cole-

Davidson function (Davidson, 1961) is again a simple modification of the Debye model.

For mechanical spectroscopy data,

1

(I+ian' cD

G*(aJ)=G°° 1- )ﬂ Eq2-32

where G*(w) is the complex frequency-dependent shear modulus, Tcp is the maximum
relaxation time present in the system, and 3 determines the shape of the peaks. The
average relaxation time for the Cole-Davidson function is given by <tcp> = Tcp Pep.
Mathematical aspects of the Cole-Davidson and KWW functions are discussed by
Lindsey (Lindsey and Patterson, 1980). The non-exponential relaxation of supercooled
liquids is believed to originate either from cooperative molecular motion, or in terms of a
superposition of exponentially relaxing processes which leads to | a distribution of

relaxation times, or both. It is not known which of the approaches is more accurate

(Richert, 1994) (Ediger et al., 1996).



41
Susceptibility spectra of sﬁpercooled liquids often exhibit resonances that are located
above thé a-peaks but below the frequencies associated with vibrational dynamics. These
B-resonance peaks are usually related to reorientational motion of side groups. They have
certain characteristics that are different from the a-peaks. Their widths are very large but
symmetric, their strength is lower than an o-peak, and the frequency of the peak position
increases with increasing temperature, following an Arrhenius law. Wifh increasing
temperature it becomes difficult to identify them since they are masked by the high
frequency wing of the existing o.-peak.

Measurements of thermal transport coefficients, such as the coefficient of self-diffusion D
and the viscosity 1, give information on the low frequency (long time) excitation
spectrum of a material (McDonald, 1991). The shear viscosity 1 has been measured as a
function of temperature for a number of small organic glass formers. In the pure liquid
state (close to Tm) a viscosity of around 10 Pa.s is characteristic, however it increases
with decreasing temperature (Harrison, 1976). In the supercooled liquid regime 7 is
extremely temperature dependent. Near Tg, where viscosities of 10" to 10" Pa.s are
typical, a change of 50 K can cause a change of m by 7 orders of magnitude. An
important conclusion from the data is that there is not any observable anomaly in the
viscosity values for the equilibrium supercooled liquid in the temperature range Tg-10 K
to Tg+30 K (Gotze, 1991). There is no, or little, evidence also for any change in structure
in this temperature interval (Kivelson et al., 1991), as well as any discontinuity of

relaxation times or other transport coefficients. Relaxation times T obtained from the
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peak frequency of the susceptibility spectrum also define a time scale and as we see in
Figure 2-4 they are very strongly temperature dependent. In fact a change of 26°C moves
the peaks by 3 orders of magnitude in frequency.

The strong temperature dependence of 1| (and 1) can be explained if an activated process

with an energy barrier is assumed as the microscopic transport mechanism. An Arrhenius

law is thus obtained (Harrison, 1976),

Ea
n=n, exp RT Eq 2-33

The equation usually works well for n intervals of 4-5 decades. However for most
experimental results it is found that the Arrhenius plots exhibit an upward bending as if
the activation energy increases with decreasing temperature. The data fit is improved if

the data are plotted according to the empirical VFT equation (Ferry, 1980),

B
n=Aexp| —— Eq2-34
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where A and B are material parameters and T, is the temperature where a special
singularity in dynamics is anticipated (viscosity and relaxation times approach infinity).

The effective VFT activation energy is given by (Hodge, 1994),

En_omn__ BT?
¢ 5’% (T_To)2

Eq2-35

An equivalent expression to the VFT equation is the WLF equation (Williams et al.,

1955) (Ferry, 1980),

C ] (T—Tg)
logn=Ilogn - Eq 2-36
8 +(T—T ]

¢,

where 1 is the viscosity at Tg, and C,, C; are material parameters. In terms of the VFT
equation C,=Tg-To, and C; =B (T-T)/2.3 (Ferry, 1980).

Free volume theories were introduced empirically to explain the non-Arrhenius
temperature dependence of viscosity in supercooled liquids. Doolittle (Doolittle, 1952)

first proposed an empirical equation using the concept of free volume to represent

viscosity data over a large temperature range,
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f

where 1) is the viscosity, V is the specific volume, and Vg is the free volume. Vo=V-Vs is
the volume associated with the liquid when in its state of closest molecular packing, and
thus Vi represents the volume available in the liquid for molecular motion. V is taken as
the value of V extrapolated to 0 K. Thus V¢ will tend to zero as temperature tends to 0 K.
Thé free volume has no unique or rigorous definition and even Doolittle himself had
reservations about its exact meaning. It essentially treats the supercooled liquid as a
composite of hard spheres and unoccupied space, and the basic idea is that the molecular
ﬁlobility at any temperature is dependent on the available free volume at this temperature.
As temperature increases free volume increases and molecular motion becomes faster.
The WLF equation can be derived on the basis of the Doolittle equation if it is assumed
that the free volume varies linearly with temperature (Ferry, 1980). The theory of Cohen
and Turnbull gives another picture of the free volume concept and arrives at the Doolittle
equation with two assumptions (Cohen and Turnbull, 1959). The first assumption is that
molecular transport occurs only when voids exceed some critical volume V*, formed by
the redistribution of the free volume arising from cooperative motions, and the second is

that no energy is required for free volume redistribution at constant volume. So in the
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theory, free volume corresponds to that fraction of the excess volume which can be
redistributed without energy change. Turnbull and Cohen, assuming a Lennard-Jones
potential function for a molecule in a cage formed by its neighbours, arrived at the

conclusion that free volume is introduced at some temperature Toeo above absolute zero
(Turnbull and Cohen, 1961). The viscosity and relaxation times will tend to infinity at Too
due to the disappearance of the free volume. This transition at Teo is, however,

unattainable since the volume relaxation time will also tend to infinity as the free volume
goes to zero. The glass transition Tg is an apparent one owing to the fact that at Tg the
free volume is lower than a critical value that will permit establishment of equilibrium
during the experimental time scale. The VFT equation can be derived from the model

with To=Teo. Finally the most elaborate version of free volume theory is that of Cohen

and Crest, who included the percolative aspects of molecular motion, and extended the
theory to account for the thermodynamic behaviour of supercooled liquids and glasses
(Cohen and Crest, 1979).

Equations with similar functional form as the WLF and VFT equations can also be
derived from the configurational entropy model of Adam and Gibbs (Adam and Gibbs,
1965). In this model the temperature dependence of relaxation times is depicted in terms
of the temperature dependence of the size of cooperatively rearranging regions; the
temperature dependence of relaxation times is dependent on the probability of
cooperative rearrangements. In order to evaluate these probabilities the authors define a

cooperatively rearranging region, as a subsystem of the sample which upon a sufficient
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fluctuation in enthalpy can rearrange into another configuration independently éf its
environment. The average transition probability that allows cooperative rearrangments is
expressed in terms of a critical size of these cooperatively rearranging regions. The
critical size in turn is related to the configurational entropy. A result of the model is that

the viscosity is predicted to obey the relationship,

Aus *
nN=A exp| —<— Eq2-38
RTSC

where A is a constant, Ap is the free energy barrier hindering molecular motion, s * is the

configurational entropy of the smallest group able to rearrange. The macroscopic

configurational entropy of the liquid S, is given as (Scherer, 1984),

S = [ —L2ar Eq2-39

where AC, is the difference in heat capacity between the liquid and the glass, and T, is

the temperature where the configurational entropy vanishes. For materials above Tg the

fictive temperature Ty is the same as the experimental temperature (Scherer, 1990). For
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materials below Tg, Tt is defined as the temperature at which the nonequilibrium value of
some macroscopic property would be the equilibrium one. Immediatelly after formation
of a glassy material Tg is the best measure of Ty (Scherer, 1990). However as the material
below Tg is out of equilibrium, Ty will evolve as a function of time to the temperature of
isothermal storage. The idea is that the fictive temperature Ty is a measure of the
configurational entropy, since the configurational entropy depends on the existing
structure rather than on the equilibrium one. Thus both the equilibrium (or above Tg),
and the non-equilibrium (iso-structural) (or below Tg), viscosities can be described based

on the fictive temperature formalism (Scherer, 1984). Explicit expressions for 7} can be
derived from equations 16 and 17 if the temperature dependence of ACp is known

(Hodge, 1987). For ACp with a hyperbolic temperature dependence,

P!

ACp=— 2-40
1% T Eq

where C is a constant, the Adam-Gibbs-Vogel (AGV) equation is obtained (Hodge,

1987),

T{1-1y/1)

n=Aexp Eq 2-41
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In the equilibrium state above Tg (T=T) the equation assumes the VFT form, whereas
below Tg (T=Tg=constant) the equation takes the Arrhenius form. Such Arrhenius
temperature dependence of the viscosity or relaxation times below Tg is observed
experimentally (Plazek and Magill, 1968) (Scherer, 1984) (Alegria et al., 1995; Alegria et
al., 1993; Angell et al., 1992) (Echeverria et al., 1995). The usefulness of the AGV
equation is that the non-equilibrium temperature dependence can be predicted by fitting
equilibrium (above Tg ) data to the VFT equation to obtain the parameters A and B
(Scherer, 1984) (Alegria et al., 1995).

The macroscopic quantity that characterizes all diffusion processes in a one component
system is the self-diffusion coefficient D. The self-diffusion coefficient is the time
integral of the velocity autocorrelation function, and as such does not provide any direct
information on the details of molecular motion. Such detail can be obtained from the
study of the time dependence of the velocity autocorrelation function. However, this is
experimentally difficult, whereas the determination of D is more convenient (Hansen and
McDonald, 1986).

There is a simple relation between the self-diffusion coefficient and the shear viscosity.

This is expressed by the Stokes-Einstein equation (Zwanzig, 1983),

ngC Eq 2-42
ni
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where D is the Hmslatioﬁal diffusion coefficient, A is a molecular diameter, and C a
constant. There are several theoretical arguments for the equation. The oldest, due to
Einstein, is hydrodynamic and uses Stoke’s law for the viscous drag on a moving sphere
(Zwanzig, 1983). With a change in the constant C the same equation can be written for

the rotational diffusion coefficient D, where o is replaced with the hydrodynamic volume
Vih. A relation also exists between rotational times T, and shear viscosity through the

Debye- Einstein equation (Dote and Kivelson, 1983),

T =—"+— Eq 2-43

Both equations hold well for simple liquids, but their applicability for supercooled liquids
and glasses is still under investigation (Mohanty, 1995). From the available experimental
data it seems that, whereas rotational diffusion follows the DSE equation closely,
translational diffusion deviates from the SE equation as Tg is approached (Ediger et al.,

1996).

Phenomenological theory and experimental determination of the complex

shear modulus G* and the dynamic viscosity n*.

A full description of time-dependent viscoelastic experiments in shear is given in the

treatise by Ferry (Ferry, 1980). In the simplest experimental setup a sinusoidal steady
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state strain £(w) is applied to the sample. The stress 6(w), or the response to the strain is

given by,

cr(a))=G* (0)e(w) Eq 2-44

where G*(w) is the complex shear modulus. G*(w) is defined as the sinusoidal steady
| state response to a sinusoidal steady state strain of unit amplitude. It has a real and an

L imaginary part,
| G (0)=G'(0)+iG"(w) Eq 2-45

The storage modulus G'(®) is a measure of the energy stored and recovered, and the loss
modulus G”(@w) is a measure of the energy dissipated or lost as heat. A frequency
dependent complex viscosity M*(®) can be defined as the response of the sinusoidal

steady state stress 6() to the sinusoidal steady state rate of strain. From this definition it

can be shown that

l n (a))—- G cfja)) Eq 2-46
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The viscosity also has a real and an imaginary part,

n (@)=n'(@)+in"() £ 247

It can be shown further that the relationship between the components of the modulus and

the viscosity are

G ((U) 77”(0))'—'— Eq 2-48

(@)=

In the zero frequency limit, n’(m) is the Newtonian zero shear viscosity To.

In experimental practice the sample is contained between two parallel circular plates.
The lower plate applies a known perodic displacement and a transducer on the upper plate
measures the periodic force required to hold the plate motionless. The displacement is
proportional to the strain and the force to the stress. The phase angle between the force
and the displacement is the same as between the stress and the strain. The components of
the shear modulus can be calculated if the peak values of the force and the displacement,
and the dimensions of the sample are known. The above analysis can only be applied
when sample inertia effects are negligible. This is possible only when the sample

thickness is small compared with the wavelength of the shear wave propagated through
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the sample (Ferry, 1980), (Schrag, 1977). The condition is known as gap loading and it is

met easily with viscoelastic solids and liquids of high viscosity at low frequencies.

Phenomenological theory and experimental determination of the complex

dielectric constant £*.

The phenomenon of dielectric relaxation has been studied as a means of investigating
molecular motion ever since the pioneering work of Debye. The subject is very
extensively treated in a number of books and articles, however the theory of the dielectric
properties of materials is notoriously difficult (McDonald, 1991). In dielectric theory we
are interested in the polarization (dipole density) P induced in a material by the
application of an electric field. E. If the electric field is weak and the material is at
equilibrium the polarization can be written in terms of a response function, the dielectric

susceptibility x as

P=yXE | Eq 249

The dielectric susceptibility ) is related to the dielectric constant € through the relation,

E=1+4ry Eq 2-50
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Both quantities have a real and an imaginary part. In dielectric relaxation experiments we
usually measure the complex dynamic dielectric constant €*(®). It relates the electric

displacement D* (the actual field developed through the material ) to the applied field

E* (McCrum et al., 1967),

D*=¢g*E* Eq 2-51

To link this with previous results we note that the electric field E is analogous to the
mechanical stress ¢ and the dielectric displacement D is analogous to the mechanical
strain €. The macroscopic phenomenological theory of dielectric relaxation is thus very
similar to the one for viscoelastic relaxation (McCrum et al., 1967).

In a frequency domain experiment a sinusoidal electric field is applied to a capacitor
filled with the dielectric material under study, inducing a sinusoidal electric displacement.
The value of the dielectric constant under a steady electric field is denoted €. It is
associated with the total polarizability oir of a material. o is the sum of the electronic
(the electric field induces a shift of electronic orbits relative to the center of the atom), the
atomic (due to atomic nuclei displacement relative to one another), and the orientation
polarizability (due to the orientation of dipoles). When an alternating field is applied at
low frequencies the electronic, atomic, and orientation polarizabilities have time to

respond to the electric field and the dielectric constant has the same value €. At high
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frequencies the orientation polarizability does not have time to follow the motion of the
applied field, whereas the electronic and atomic polarizabilities can still attain
equilibrium during the experiment. The dielectric constant is reduced to a value €,
associated with the electronic and atomic polarizabilities. €'(®) is a measure of the
energy dissipated in the material. In addition to the dielectric relaxation, processes such
as steady dc conductivity and interfacial polarization can also dissipate energy.

If we assume that only dipole reorientational relaxation takes place and that all dipoles
reorient with a single relaxation time T, then it can be shown that (McCrum et al., 1967)

(Harrison, 1976),

— +— -
e*(w)=¢€__ [ Eq 2-52
where

, €0 ¢
(= +——> Eq 2-53
1+(w7)
and
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Eq2-54
I1+(w7

Non-exponential relaxation of dielectric data is usually described with the Cole-Davidson
equation, which for dielectric relaxation data takes the form (Davidson and Cole, 1951)

(Davidson, 1961),

e*(w)-€_ 1
— Eq 2-55

Experimentally a small ac voltage is applied to a parallel plate capacitor filled with the
dielectric material under study. What is usually measured in the frequency range 102-10°
Hz, is the complex impedance Z*(®) (defined as the ratio of the complex periodic voltage
V* to the current J*) of the sample-filled capacitor as a circuit element (Boyd, 1980).
This is accomplished by using calibrated purely capacitive and resistive circuit elements
that are adjusted with an ac Wheatestone bridge to the same impedance as the circuit
element containing the material under study. Z*(®) is related to the complex dielectric

constant by,
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—= e* | Eq 2-56
7% taC 0 q

where Cp is the capacitance of the empty capacitor. Both ¢ (w) and €/(w) are calculated

from known relations depending on the circuit configuration. For parallel circuit

configuration,
C

g=-L £"=——1— tand =——1— Eq 2-57
C wR _C wR C
0 p o P p

Measuring circuits are extremely accurate, and in practice the major errors depend on the

" construction of the sample capacitor and material preparation.

Water sorption and the effect of water on the dynamic properties of

supercooled liquids.

In this section an introduction will be given to the case where a second component,
specifically water, is introduced into an amorphous system. It is well known that even

small amounts of water (1-5% by weight) are enough to significantly reduce the Tg of
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many systems (Levine andISladc, 1987). This likely happens due to the increase in free
volume of the system and so implies a good mixing between the two components. If
water is a true solvent for a system, e.g hydrophilic polymers, it is always a plasticizer
l (Sears and Darby, 1982) for this system. However, water can be an effective plasticizer
; without being a good solvent. What is necessary is that water is soluble at low levels in an
amorphous material. This takes place in the Henry law solution regime, in the infinite
dilution limit of water (Peppas and Khanna, 1980). Systems in this regime cannot be
described by dilute solution theories, and owing to the fact that they are deeply
| supersaturated they are always thermodynamically unstable with respect  to
crystallization. Their physical chemistry, dynamic properties and interactions are still
'[ largely unknown. Another complication that water introduces is its ability to form
hydrogen bonds with various polar groups in materials. For some time it has been argued
|, that there is also a contribution to the plasticization mechanism of water due to the
replacement of some intermolecular hydrogen bonds by water polar groups. This can lead
!: to increased molecular mobility and further Tg suppression. The above hypothesis at the
present time is disputed by many investigators (Jin et al., 1984), the dominant thinking

| being that the effectiveness of water as a plasticizer only reflects its low molar mass.
Studies of water vapor sorption on amorphous polymers are very many, however
1 similar studies for low molecular weight organic glasses are rare. The usual experimental
' setup involves a microbalance, a vacuum system and an assembly by which an
atmosphere of constant RH can be generated and maintained (Oksanen and Zografi,

l 1990). It should be cited here that it is difficult for water vapor experiments to represent
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the true equilibrium situation since the amorphous structure relaxes continuously during
the experiment. Indeed the results are not really an isotherm since the Tg of the system
also changes due to the water sorption (Levine and Slade, 1987). The magnitude of the
effect depends on the relation of the Tg of the dry system and the Tg of the water-
plasticized system to the experimental temperature (usually near ambient). Levine
(Levine and Slade, 1987)discusses many of the possible cases. The characteristic shapes
of such sorption isotherms can be modeled in various ways. Henry’s law sorption is
evident by a linear dependence of amount sorbed on the partial pressure of water vapor
(P/Po). Langmuir type sorption represents initial sorption in some kind of specific sites
or immobilization of water molecules in microvoids. When all these sites are occupied at
higher water partial pressures P/Po, the amount sorbed effectively levels off. A
combination of Henry’s law and Langmuir sorption known as the dual model (Vieth et
al., 1976) has also been used. The isotherm can also be modeled with the BET equation,
which invoives site specific monolayer adsorption at low P/Po and multilayer formation
at higher P/Po. Indeed at higher P/Po positive deviations from Henry’s law are apparent
and have been explained by water clustering after the saturation of specific polar sites.
Finally the Flory-Huggins and Vrentas models have been used to describe sorption in
polymeric systems (Hancock and Zografi, 1993). However it should be noted that the
appropriate theoretical treatment of the transfer of a solute from one system to another
and its relation to shape and size is still controversial (Chan and Dill, 1994). There are

reported failures of the Flory-Huggins theory when both solute and solvent are not
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polymers (Shinoda and Hiidebrand, 1957; Shinoda and Hildebrand, 1958), and when the
high concentration solvent is not a polymer (Giesen et al., 1994).

Both the free volume and the configurational entropy models have been extended to
describe the Tg of a multicomponent system. The free volume approaches of Gordon and
Taylor (Gordon and Taylor, 1952), and Simha and Boyer (Simha and Boyer, 1962) have

provided a theoretical basis for various empirical equations. The equation of the form,

w,Tg,+w,Tg,K
Tg . = 1"°1" "27°2 Bq2-58
mix w;+Kw,

known as Gordon-Taylor equation has been widely used. In the equation w represents the

weight fraction of each component, and K is calculated from the densities p, and

coefficients of thermal expansion @, of the two components as follows,

p A0
K= IA 2 Eq 2-59
P24%)

where Aa is the change of expansion coefficient at Tg. It is difficult to use this equation
in a predictive manner when water is the second component since Ac for water is not

known. Even when the Simha-Boyer rule (Ao x Tg = universal constant) is used,
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calculations are usually baéed on the Tg value of vapor-deposited vitreous water, which is
around 135 K (Johari et al., 1989). The theoretical basis of the Gordon-Taylor equation
lies with the additivity of the volumes of the two components, and absence of interactions
( (Schn.eider, 1988). The equation in many cases has been found to describe rather well the
non-linear Tg dependence upon addition of a second component. This non-linearity has
been attributed to the introduction of excess free volume brought to the system with the
lower Tg component. Of course non-additivity of volumes would alter the equation and
requires the introduction of additional terms.
' The configurational entropy model also has been used to describe the composition
dependence of Tg (DiMarzio and Gibbs, 1963). It is limited in the sense that one can
calculate Tg (T,) for a given composition by requiring that the configurational entropy of
the system is zero, but analytical expressions are not available. Gordon et al (Gordon et
| al.,, 1977) started from the configurational entropy model and, using an alternative

thermodynamic treatment, derived an equation that is identical to the Gordon-Taylor
i equation. In their equation K is the ratio of the ACp’s of the two components. The value
of ACp for amorphous water has been found (Johari et al., 1994) (Angell and Tucker,
’ 1980) to be from 1.6 to 27 J K™ mol ™.

The effect of water sorption on the resonance peaks obtained by various experimental

methods, e.g viscoelastic, dielectric measurements, has been presented in a number of
i studies. It is clear that the introduction of water shifts the resonance peaks to higher

frequencies (Kyritsis et al., 1995). From a number of studies that have focused on the
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mobility of water itself inside an amorphous matrix, it seems that water invariably loses
some of its mobility. The composition dependence of the transport coefficients and
relaxation times can be modeled with various modifications of the original equations
presented earlier. Angell (Angell, 1966) (Angell and Bressel, 1972) has used the VFT

equation,

T=Aexp L Eq 2-60
T-T

0

where the only composition dependent variable is To. To(x), where x is the mole fraction

of the one component, can be expanded about x=0 to provide an equation of the form ,

T= Alexp b Eq 2-61

x—CO

where Cj is the zero mobility concentration, and A,D, and Cy, are constants independent
of composition. This is the isothermal form of the VFT equation where composition
substitutes for temperature; its theofetical basis has been discussed (Gordon et al., 1977).
Following Fujita (Fujita, 1961), some investigators (Karatasos et al., 1994) (Rizos et al.,

1995) have used a modification of the VFT equation as follows,
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B(p)
log T(@)=log T p+| — = Eq 2-62
;, ((P) 0 T—TO(QD)
i where
l -1
¢ 1-9¢
| B((p): L 4+—r Eq 2-63
| By 5
I and
|
¢T, ,B,+(I-9)T, ,B
To(‘i”): 01 2 92 1 Eq2-64

I @B, +(1_¢)B]

In this treatment @ is the volume fraction of one component, both B and Ty are

composition dependent, and B;, To; correspond to the pure compounds. The equivalent
modification of the WLF equation has also been used (Stuhn and Stickel, 1992). However

values for both B and Ty are unknown for water. The composition dependence of
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transport properties is still an open question and all the above equations have not been

tested to any extent.
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Chapter 3

The goals of this study

The fundamental goal of this thesis is to learn more about the crystallization

behavior of amorphous indomethacin as a model for small molecular weight hydrophobic

—————

organic glass formers. The strategy to achieve this goal is twofold.
A. Determine the relaxation times of amorphous indomethacin as a function of
temperature and water content. In addition to having a set of data that will help us to

analyze more accurately the crystallization of amorphous indomethacin and the role of

molecular mobility, the results will also be analyzed according to current theories of

supercooled liquids.

B. Measure the overall crystallization, crystal nucleation and growth rates of
amorphous indomethacin as a function of temperature, and water content. Based on the
results a number of questions could be answered.

1) What is the dependence of the overall crystallization, nucleation and crystal growth
rates on temperature and water content?

2) Is there any qualitative or quantitative agreement with the classical nucleation and
growth theories?

3) What activation energies are involved? |

4) What are the mechanisms for growth?

5) Which kinetic factors control polymorph phase selection during crystallization?
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An analysis of the data ﬁvill also give us an idea about what amorphous materials
properties we need to know to be able to o-priori predict nucleation and growth rates, and
whether this is realistically possible. In addition, having overall crystallization,
nucleation, and growth data, we will be able to see if we can predict the overall
crystdliiat.ion kinetics, from the known nucleation and growth rates and what problems

may be associated with such predictions.
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'1 Chapter 4

Experimental

‘ Materials-Indomethacin

Crystalline indomethacin in the y-form was 6btained from Sigma Chemical Co. The

identity of thé crystal form was obtained with X-ray as will be described later. Its purity

- was first established with elemental analysis (performed by Galbraith Laboratories Inc).

l HPLC analysis was also performed by Prof S. Byrn at Purdue University according to the

method described in the USP (23rd Revision) and the sample was found to be 99.11 %

pure. This is within experimental error of 100 % purity. Only a single peak was

observed in the chromatograph. The purity was also determined with DSC according to

| the melting temperature depression method (Joy et al., 1971), and the material was found

' to be 99.4710.17% pure. Qualitative TLC (Sondergaard and Steiness, 1979) was also

performed on this'matcrial and only a single spot was observed. This material was used

as received for preparing amorphous indomethacin samples used in the determination of

the water sorption isotherm; determination of Tg as a function of RH, overall

l crystallization as a function of temperature; viscoelastic measurements; and some initial
dielectric relaxation experiments.

i Since it was important, in the crystal nucleation and growth experiments, to use the most

chemically and physically pure starting material, crystalline indomethacin of the y-form

was further purified by recrystallization from ethanol. All the glassware used was soaked

in concentrated sulfuric acid containing an inorganic oxidizer (Nochromix, Godex Labs)
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for 1 day and then rinsed well with distilled-deionized water. To obtain the o crystal
form, crystalline y-indomethacin was dissolved in ethanol (200 Proof, Pharmco Co) at
80°C; decolorizing carbon (neutral, Fisher Scientific) was added and the solution was
stirred for 15 minutes. Subsequently, the solution was filtered through filter paper (# 50,
Whatman) and then through a 0.2 pm filter ( PTFE backed, Whatman) to remove the
carbon particles. Distilled-deionized water at room temperature was then added to the
solution and the a-crystal form of indomethacin precipitated quantitatively. The o-
crystals were removed by filtration (paper # 50, Whatman), and thé recrystallization was
repeated 3 more times. The identity of the crystal form was obtained with X-ray as will
described later. Finally, the crystals were dried for 7 days over P,Os (0 % RH) under 102
Torr vacuum in one of the external ports of a vacuum assembly (Oksanen, 1992). The
resulting o form of- crystalline indomethacin was used in preparing amorphous
indomethacin for the crystallization as a function of RH, all the crystal nucleation and
growth experiments and most of the dielectric relaxation experiments.

Amorphous indomethacin for these experiments was ﬁreparcd by melting the above
described crystalline materials. This melting procedure has been shown not to result in
any chemical degradation of indomethacin (Carstensen and Morris, 1993). This was

further tested with TLC (Sondergaard and Steiness, 1979) and a single indomethacin spot

was always observed.



Methods

Determination of the water sorption isotherm of amorphous indomethacin at

30°C

Amorphous indomethacin was prepared by melting a small quantity of y-form crystalline
indomethacin powder (as received from Sigma Chemicals) in small aluminum weighing
pans (Fisher Scientific Co) at 165°C. A hot plate (Type 1900, Thermolyne Co) was used
for melting. The temperature during melting was monitored with a thermocouple (type T,
Omega Engineering Co) and a digital thermometer (Model HH-23,0mega Engineering
Co). The thermometer has an accuracy of 1.5°C and a resolution of 0.1°C. The melt was
kept at 165°C for 5 min, to ensure full melting, and then was quench-cooled by
immersing the pan in a small Dewar (Quantachrome Co) containing liquid nitrogen
(LN,). This produced flat pieces of indomethacin glass with an average area of less than
10 mm?, as determined by optical microscopy, and with a thickness of less than 1 mm.
The approximate thickness was controlled by the amount of crystalline powder used,
whereas the other dimensions were the random result of shattering during cooling into
LN,. The amorphous indomethacin thus prepared was found to be free of crystallinity
using X-ray diffraction and polarized optical microscopy, and the procedure did not result

in any chemical degradation of indomethacin. The water sorption isotherm of

indomethacin glass was determined by the gravimetric method at 30°C (Saleki-Gerhardt,

1993) using an apparatus (Figure 4-1), instrumentation,
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I . 1- Mechanical Pump
2- Oil Diffusion Pump
3-  Vacuum Manifold (Primary)

i 4- Thermistor Sensor
5- Penning Sensor

’ _ ' 6- Penning-Thermistor Controller
7- Secondary Manifold
8- Relatve Humidity Chambers
9- Barocel Transducer

| 10- Barocel Controller
11- Electrobalance

l 12- Electrobalance Control Unit
13- Computer

Figure 4-1. Water sorption apparatus (Saleki-Gerhardt, 1993).
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and procedures described l;reviously in detail (Saleki-Gerhardt, 1993). Calibration and
zeroing of the balance were performed before each run. In addition, blank experiments
were performed to check for water adsorption on the weighing mechanism and
components, especially at higher RH. After amorphous indomethacin was prepared,

approximately 100mg were transferred immediately to a microbalance (Cahn C 2000)

enclosed in the apparatus, where the sample was dried under vacuum (104 Torr) until it
reached constant weight. After drying, the sample was subjected at 30°C to an
atmosphere of constant RH produced with saturated salt solutions (Table 4-1) until no
weight change was observed for a minimum of 12 hrs (Figure 4-2). It was found with X-
Ray analysis of the samples that at the end of the 7-8 days needed for a sorption run to be
completed the sample was always free of any crystals. In addition, a full-scale
crystallization experiment to be described later with essentially the same sample showed
that the material was resistant to any crystallization for time periods in excess of the
typical sorption experiment. The water sorption data presented at each RH are the
average of at lcést three, and for some RH values as many as six determinations, each one

with a new sample.
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Table 4-1. Saturated salt solutions and the Relative Pressure they produce from (Saleki-

Gerhardt, 1993)

Saturated Sait Solution Relative Pressure
P/Po
Cesium Fluoride 0034
Sodium Hydroxide 0.076
Lithium Chloride | 0.113
Potassium Acetate 0.215
Magnesium Chloride 0.324
Potassium Carbonate 0.432
Sodium Bromide . 0.560
Potassium lodide | 0.679
Sodium Chloride 0.751
Potassium Chloridé 0.836
Potassium Nitmate ﬂ' 0.923

Potassium Dichromate ' 0.975
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Figure 4-2. Water sorption at 43% RH as a function of time.
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t Determination of the Specific Surface Area
Specific surface area measurements were carried out with a Quantasorb surface area
analyzer, using Krypton gas adsorption, and the BET equation, as previously described

l (Saleki-Gerhardt, 1993).

' Thermal analysis of amorphous indomethacin stored at various RH

- Amorphous indomethacin was prepared exactly as described above for the determination
of the water sorption isotherm. Single pieces of indomethacin glass (each 5-10 mg) were

transferred to DSC pans (Mettler), which, in turn, were transferred to a desiccator to be

' dried for 2 days over P,Os (0 % RH) under 102 Torr vacuum in one of the external ports

of a vacuum assembly described elsewere in the literature (Oksanen, 1992). They were
| then transferred to desiccators containing saturated salt solutions of various RH (Table 4-
1). The desiccators were stored in an incubator (Model 1540, VWR) at 30°C.
Temperature stability during equilibration was ©1°C. After equilibration with water
vapor (previous experiments in the balance showed that equilibrium was established after
approximately 5 days) the DSC pans with the amorphous samples were hermetically
i sealed. They were then transferred to a Seiko 220C DSC, cooled down to -40°C and
subsequently scanned at a heating rate of 1°C/min. The glass transition temperature, Tg,
the non-isothermal crystallization temperature, Tc, and the melting temperatures, Tm,

were determined from the DSC curves (Figure 4-3).
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! Figure 4-3. DSC curves for amorphous indomethacin stored at 0 % RH.
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Similar DSC measurements were also performed on samples equilibrated inside the
balance during the water sorption experiments. Thus, the results presented are the

average of at least three desiccator samples and of most of the balance samples.

Determination _of the complex shear modulus G*(®) of amorphous

indomethacin

Crystalline indomethacin (y-form, used as received from Sigma Chemical) was melted as

previously described. The melt was then quenched at room temperature, by pouring into
cylindrical aluminum molds, placed between two aluminum plates to form well defined
discs. The molds used were flat aluminum pieces of 1 or 2 mm thickness with a hole in
the middle having a 12 or 24 mm diameter so as to match the dimensions of the
viscometer plates. They were fabricated in the Chemistry Department Machine Shop.
Particular attention was paid to assure that the samples were free of bubbles. The

resulting discs of amorphous indomethacin were placed inside a desiccator and dried at

room temperature for more than 96 hrs over P,Os (0 % RH) under 10-2 Torr vacuum.
The glass transition temperature, Tg, of small chips of these samples was also measured,
as described above.

Viscoelastic measurements (Ferry, 1980) were carried in a control strain rheometer
(Bohlin Vor-Melt ) with a high torque head (2000 gcm), a frequency range 10 to 20 Hz,
and a shear strain range of 2x10” to 1. Experimental parameters setup and data aquisition
by the instrument is completely computer controlled. The sample was placed between

two parallel circular steel plates and was immediately heated to 80°C, to erase any
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thermal history. It was thén brought to the temperature of the measurement (44°-90°C)
and was kept there isothermally for the duration of the measurement under a stream of
thermostatically controlled dry N, gas. The temperature of the sample, measured by a
| thermocouple embedded in the upper plate, is believed to be accurate to 1°C, and could
be stabilized by the instrument to € 0.2°C during measurement. A constant very small
normal force was applied during the measurement to ensure full contact of the sample
with the plates. This normal force, measured by a pressure tranducer of the instrument,
was adjusted manually during the initial sample setup, and it was always recorded during
] measurement so as not to exceed the preset value. During measurement the lower plate
applied a known periodic displacement, and a transducer on the upper plate measured the
periodic force. The displacement is proportional to the strain, and the force to the stress,
so monitoring these periodic functions is equivalent to tracing out the periodic variations
, of stress and strain with time. The phase angle between the force and the displacement is

the same as between the stress and the strain, and therefore the components of the
’ complex shear modulus can be calculated if the peak values of the force and the
displacement, and the dimensions of the sample, are known. The above analysis of the
raw data was performed by the instrument software based on the measuring geometry that
was used, the plate dimensions, and the sample thickness. The exact thickness of the
sample was measured with a digital micrometer built in the instrument. It was always
‘ kept less than 2mm, which satisfies the gap-loading (Ferry, 1980; Schrag, 1977)
conditions for the frequency range of our measurements and the modulus values of the

sample at all temperatures. Steel plates of 25mm diameter were used at the higher
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temperatures whereas 12mm diameter plates were used at lower temperatures to keep the
torque within the dynamic range of the transducer. The value of the applied strain that
will result in ﬁ linear response from the sample is very much dependent on temperature
and frequency, thus strain sweep experiments were performed covering the full frequency
range at each temperature. For strains that produce a linear response the viscoelastic
properties are independent of the strain applied, whereas they become strain dependent as
the strain increases above the linear response regime. An example of such a stress-strain
relationship is given in Figure 4-4.

Each data point reported was the average of at least three different samples measured on
different days. Repetitive measurements on the same sample gave essentially the same
results, which indicated that the measurement procedure had no effect on the sample
properties in terms of structural damage or crystallization. Only at 90°C was a small
amount of crystallization observed at the outer rim of most of the samples during the

measurement. This resulted in a large sample-to-sample deviation at 90°C.
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Determination of the complex dielectric_constant €*(®) of amorphous

indomethacin

Crystalliﬁe indomethacin was melted as previously described, and the melt was then
quenched at room temperature between two aluminum plates to form discs, with
I approximately 20mm diameter and 0.3 to 0.5 mm thickness. Attention was paid that the
| - samples were free of bubbles. After preparation the sample discs were placed inside a

' desiccator and dried at room temperature for more than 96 hrs over P,Os (0 % RH) under

: vacuum (10-2 Torr). Samples were also stored in desiccators containing saturated salt
} solutidns of 56 and 83 % RH. The desiccators were stored in an incubator (Model 1540,
VWR), at 30°C, for 6-9 days to allow the samples to equilibrate with water vapor.
I A pa;allel plate capacitor of the three-terminal guarded-circuit type (McCammon and
l Work, 1965) was constructed by the staff of the Chemistry Department Machine Shop.
The capacitor has a solid upper electrode and a smaller central lower electrode (sample
measuring electrode) circled by three concentric ring electrodes (Figure 4-5). The
sample disc extends out to the first ring electrode, and its capacitance is measured only
| across the central measuring electrode (Field, 1954) (Boyd, 1980). The capacitance of air
is measured across one of the outer ring electrodes ( gap measuring electrode) and serves
| to measure the sample thickness (gap) at any time (McCammon and Work, 1965), which
is necessary for the calculation of the dielectric constant. Both the sample measuring
electrode and the gap electrode have their corresponding guard electrodes, the purpose of

the guard electrodes being to eliminate the edge capacitances,
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Figure 4-5. The capacitor used for the dielectic measurements.
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and the capacitance to grbund for the high electrode (Field, 1954) (Boyd, 1980). They
also remove the effects caused by d-c surface conductivity and by surface polarization
resulting from .surface adsorbed water films (Field, 1954) (McCrum et al., 1967). This
was especially important to be able to perform measurements at high RH. The guard
electrodes are kept at an identical potential to the measuring electrodes but they are
isolated ﬁom them (Field, 1954) (Boyd, 1980; Pochan et al., 1993). A completely
guarded circuit not requiring special balancing is achieved in this manner. A full analysis
of the circuit can be found in the reference by Boyd and references therein (Boyd, 1980).
All of the electrodes were machined from copper. The lower sample, gap, and guard
electrodes were fitted into a machined piece of Delrin so that they were electrically
isolated one from another, with Imm separation (Figure 4-5). They are coplanar and held
rigidly to the Delrin piece by high temperature, electrical insulating ceramic cement
(Omegabond 600, Omega Engineering). Delrin (Du Pont) was used because it provided
the optimal combination of dielectric insulation and dimensional stability. The solid disk
shaped sample measuring electrode has a 18mm diameter, while the ring shaped gap
electrode has an internal diameter of 24.5 mm and an external diameter of 31 mm.

The solid upper electrode, massive enough to provide a heat sink in direct contact with
the sample to minimize temperature fluctuations of the sample, was attached below a
circular Delrin plate (Figure 4-6) so that it could slide freely up and down inside the

aluminum



82

l alr Inlet Sample
/ Upper electrode
' / Lower electrode
- Heater
a—
|
alr & cables outiet
Delrin insulation

Figure 4-6. The capacitor inside the box.
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': cylindﬁéal box where thé capacitor was placed. The capacitor was placed inside an
‘ aluminum cylindrical box that serves to shield it from electrical noise. Small holes were
5 included for the air inlet and for the air and cable outlets. The aluminum box was
| surrounded at the level of the sample by a 1000 W heater ( Fast Heat Co). The power
| output of the heater was regulated by a temperature controller (Model CN 9000A, Omega
Engineering). A thermocouple (type K, Omega Engineering) connected to the temperature
.I - controller measured the temperature of the heater. The temperature of the aluminum box
’ surrounding the capacitor quickly reaches the temperature of the heater. This in practice
i was maintained 5-10°C higher than the temperature of the experiment since there are

some heat losses to the suroundings. Air was taken through a drying column (CaSO, and
s molecular sieves , Hammond Drierite Co) and then into the box at a rate of 200 cc/min

measured with a flowmeter (FL-3803G, Omega Engineering). When experiments were
_' performed at 56 and 83% RH the air was also passed through a saturated salt solution of

the corresponding RH maintained at room temperature. In addition to maintaining the
' desired RH inside the box this flow of air was also responsible for the temperature
equilibration of the sample and the capacitor itself. Given the high thermal inertia of the
aluminum box and the capacitor itself, on/off control of the heater was found to be
adequate in assuring temperature stability during measurement. In fact even though the
capacitor was quite slow to equilibrate at a preset temperature it could be maintained at
the same temperature (1°0.3 K) for extensive periods of time. The sample temperature
Wwas measured by a thermocouple ( type T, Omega Engineering Co) placed between the

Delrin plate and the high electrode. A similar thermocouple was placed at the side of the



capacitor as close to the sémple as possible and both temperatures were recorded with a
digital thermometer with an accuracy € 1.5 K, and a resolution of 0.1 K (Model HH-23,
Omega Eng Co). Temperature gradients around the sample during data collection were
measured with the combination of the two thermocouples and were negligible.

The experimental procedure was as follows. For the measurements at 0% RH the sample
disc was placed between the plates of the capacitor and initially its temperature was raised
to 80°C for a few minutes. This procedure was performed since the sample disc, as cast,
can be slightly nonplanar and nonparallel. However at this temperature amorphous
indomethacin can flow, and so under the weight of the high electrode it takes a planar
shape, resulting in the upper and lower electrodes becoming parallel. Additionally, this
procedure was found to result in good bonding between the amorphous indomethacin and
the electrodes. In this way the possibility of air gaps between sample and electrodes was
considerably reduced. The temperature was then brought to the temperature of the
measurement by changing the set temperature of the heater. Thermal equilibrium was
achieved within 2 hours, after which the actual measurement was made. For the
measurements at 56 and 83 % RH the capacitor without the sample was equilibrated at
the required temperature, with air of 56 or 83 % RH flowing in the box. The box was
then opened and the sample was inserted quickly between the electrodes. An additional
20-30 minutes were then allowed for the sample to reach thermal equilibrium before the
measurements were made.

A GenRad 1689 RLC Digibrige was used for capacitance and dissipation factor

measurements. The sample capacitor was connected to the bridge in parallel using high
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temperature, coaxial cable (75 Ohm, Belden Co) soldered to the electrodes. The bridge
had a frequency range from 12 Hz to 100kHz. Voltage sweep experiments performed at
low temperatures as a function of frequency for dry samples showed that a voltage of 0.1
V produced a linear response. Since at higher temperatures or for samples containing
water the upper limits of linear behavior are expected to be higher, the same excitation
voltage was used for all samples. At each temperature data were taken manually at
different frequencies. At every frequency the bridge was set to report the average of 50
measurements. The bridge was zeroed at each frequency before measurement. For
measurements at 0 % RH data were taken at 80 frequencies equally spaced on a log scale,
while at higher RH data were collected for 40 frequencies to reduce the experimental time

period. The working equations for parallel circuit configuration are,

£’=C—p Eq 4-1
(0

and

£”=¢€"tan d Eq 4-2

where Cp is the sample capacitance, and Cy is the air capacitance. The raw data are the

capacitance Cp of the sample or the air ( for gap measurement) and the value of the tan 9.
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The C, is calculated from the area A of the measuring electrodes and the thickness d of

the sample, both in units of mm, using the following equation (Field, 1954),

| A
Co(pF)=0008854" Eqa-3

Based on the known geometrical areas of the electrodes, we calculated their effective
areas correcting for the separation between electrodes (Field, 1954). These areas are 273
l mm? for the sample and 1168 mm? for the gap measuring electrode. Since the prime error

in the determination of € comes from the determination of the sample thickness, quartz

l spacers of accurately known thickness were prepared by the staff of the Microscopy Lab
at tﬁe UW Geology Department, for checking and calibrating the gap measuring ability of
the capacitor. The quartz spacers were placed on the center sample measuring electrode
-. (instead of a sample) and the corresponding capacitance of the air at the gap electrode
i was measured. Good agreement was observed between the theoretical and the
experimental values of the gap capacitance.

For a sample of 0.3 mm thickness the air capacitance is 8 pF for the sample electrode and
34.5 pF for the gap electrode. The bridge’s accuracy in measuring capacitance is 0.001

pF at 12 Hz, and it falls to 0.1 pF at 100 kHz. Also, its accuracy in measuring tan dis

| 0.0005 whereas the typical experimental values of tan § for amorphous indomethacin are

from 0.2 to 0.01.
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Each data point reported c;)rresponds to a different sample measured on a different day.
Technically it is impossible to independently determine any change in the sample
properties due to crystallization, structural change or water loss or gain during the
experiment. However repetitive measurements on the same sample on the same day gave
essentially the same results, for both the dry and the wet samples. This indicates that the
measurement 'proccdure had no effect on the sample properties in terms of structural
damage or crystallization. It also indicates that for the samples equilibrated and measured

at 56 and 83 % RH there was not any appreciate water loss during the measurement.

Determination of the overall crystallization rates of amorphous

indomethacin as a function of temperature and water content

Amorphous indomethacin was prepared exactly as described previously for the
determination of the water sorption isotherm. Flat pieces of the glass were produced with
area less than 10 mm? as determined by microscopy, and with a thickness of less than 3
mm. The sample was not ground at this point, since it was desirable to avoid as much as
possible the effects of mechanical activation on crystallization kinetics. The RH during
sample preparation was always less than 15% RH. The sample was then dried under
vacuum and stored in desiccators at 0% RH and temperatures from 20 to 60°C, or at 30°C
and 7 to 97 % RH. A small quantity was withdrawn at various times and was ground to a
fine powder (<63 pum) before determination of the crystallinity by X-ray. Specimens were
prepared by sandwiching the powder (approximate thickness 0.5 mm) between two

pieces of adhesive tape.
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X-ray data were collected immediately after specimen preparation, on an X-Ray
instrument (15KW Elliot GX-21 generator with Cu rotating anode; elastically bent LiF
monochromator crystal, A=1.542 °A, beam width 0.1% wire proportional detector
covering a 26 angle from -30° to 90°; He atmosphere; and normal transmission mode) in

the laboratory of Professor M. Winokur in the UW Department of Physics. The raw data
were corrected for background scattering and normalized to equal scattering mass. Based
on the nature of the samples a direct method of crystallinity determination without
internal standard was used. The crystalline fraction was determined from the theoretical

equation (Klug and Alexander, 1974),

Iy =”J*x1
(IiJ)o wr

Eq4-4

where I;; is the integrated intensity of the line i of component J in the specimen, (I;))o is
the integrated intensity of line i of the pure component J, puy* and <u>* are the mass
absorption coefficients of the pure component J and the specimen respectively, and x; is
the weight fraction of component J. The mass absorption coefficient of indomethacin for
CuKa radiation is 15.8 cm?g, and it is the same for the crystalline or the amorphous
material. The X-ray patterns for the two crystalline forms and of amorpous indomethacin

are shown in Figure 4-7. The line at 11.7° was used for the determination of the ¥-form
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and the line at 8.4° for the determination of the a-form. Physical mixtures of crystalline

and amorphous indomethacin were prepared and the validity of equation 4-4 was verified
experimentally (Figure 4-8). Since the mass absorption coefficient of indomethacin is the
same for crystalline or amorphous material, the slope of the line is 1 theoretically. During
the course of the experiment a number of particles were withdrawn and after being
broken into smaller pieces they were observed for crystallization patterns with an
Olympus BH-2 optical microscope under cross polarization. The purity of the samples at
the end of the experiment, was determined with DSC according to the melting
temperature depression method (Joy et al., 1971). A small decrease of approximately 1%
in purity was observed at the end of the experiment for most of the samples. This is
acceptable considering the very long duration of the experiment and frequent handling of

the samples.
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! Figure 4-7. X-Ray patterns of the two crystal forms of indomethacin.
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Determination of the crystal nucleation and growth rates of amorphous

indomethacin as a function of temperature and relative humidity

Nucleation rate measurements are best performed with a two-stage isothermal technique
(James, 1974); during the low temperature treatment nuclei are formed and during the
l second higher telmperature treatment the existing nuclei are grown to observable
. dimensions. The method is essential when the growth rate at the nucleation temperatures

‘ is low. In our case we observed that crystallites grew rapidly enough at the nucleation
temperatures so that it was possible to use the single-stage isothermal technique (Smith et

i al., 1987) (Zanotto and James, 1990). This method has the additional advantage that the
isothermal growth rates can be measured simultaneously with the nucleation rate. In our

' case it also eliminated the complication, inherent to our system, that one polymorph will
be nucleated at one temperature and the other polymorph might grow during the
development stage at another temperature. This was observed in a preliminary
experiment with the two-stage technique. Futhermore it is practically impossible to use
l the two-stage method to study nucleation as a function of RH at a given temperature. The
| single-stage isothermal technique can underestimate the crystal particle number density
since some particles will always be too small for observation. However, it has been

i shown that the error in the determination of the steady state particle number density and
nucleation rates is smaller than the error due to the statistical scatter of the data (Zanotto

’ and James, 1990).
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For the determination of the crystal nucleation and growth rates, the a-crystal form

purified as previously described was melted on microscope slides (2 cm x 5 cm). The

melting procedure was the same as previously described. The microscope slides were
l first soaked in concentrated sulfuric acid containing an inorganic oxidizer (Nochromix,
' Godex Labs) for 1 day and then rinsed with distilled-deionized water. The amorphous

indomethacin melt was pressed between the microscope slide and an aluminum plate to
form a solid film of approximately 0.3mm thickness. Attention was paid to assure that

the samples were free of bubbles and that the procedure was performed at less than 15%
‘ RH to minimize contact with water vapor.

The slides were stored over P,Os (0 % RH) inside desiccators placed in ovens maintained
| at different temperatures. At the low temperatures the temperature stability was within
1°C, whereas at the high temperatures it was within 3°C over the duration of the
experiment. Samples were also stored at 30°C over saturated solutions of different RH.
The samples were removed from their desiccators for microscopic examination every
[ week, except with samples crystallizing very quickly or very slowly, where the sampling

interval was adjusted accordingly. At the end of the examination they were returned to

the desiccators until the next sampling time, when the same slides were used again.

The growing crystallites were viewed under cross polarizers with an 6lympus BH-2

optical microscope equipped with long working distance Olympus lenses. Depending on
| the size of the crystals, magnifications from 50 to 560)( were used. A total of 6-10

images, for every sample at each time point, were recorded with a video-camera (VI-470,

Optronics Engineering Co) attached to the microscope, and they were stored on videotape
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(Model HS-U65, Mitsubisili Co). The images were digitized with Mac Vision hardware
and software (Koala Aquisitions Inc) before further analysis. The particle number density
(per unit area of the field of view) (Tomozawa, 1972), and the largest particle size
(Hammel, 1967) were determined from image analysis of the digitized images (NIH
Image Analysis Software v 1.55, NIH). The particle number density per unit volume was
calculated from the particle number density per unit area, and the depth of field (Ds) of
the lens that was used for data collection. The depth of field as a function of the

wavelength of the light used (A2500nm) and the numerical aperture (NA) of the lens is

given by the following equation (Tomozawa, 1972),

1
A(J-NAZ )/2
D f= A2 Eq4-5

The Ds used was from 0.029 mm (5x objective) to 0.00047 mm (50x objective). Images
of a calibrated 1 mm graticule (Graticules Ltd) were used for size calibration at each
magnification. From 50 to 800 crystalline particles were cdunted and measured in each
slide. In some cases preferential nucleation and growth appeared at the periphery of the
films but these sites were not included in our analysis. The statistical error in N was 10-

20% depending in the number of crystals.
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\ Crystal form identification with X-ray was performed, as previously described, on all of

the samples at the end of the experiment.



Chapter 5

Results

The H,O sorption isotherm of amorphous indomethacin at 30°C

The water vapor sorption isotherms for the amorphous and Yy crystalline forms of

indomethacin at 30°C are shown in Figure 5-1, and the values of the amount of water
sorbed vs RH for the amorphous samples are given in Table 5-1. The isotherm for the
amorphous sample shows a small but significant sorption of water, whereas the
crystalline sample exhibits negligible sorption relative to the amorphous sample, with its
sorption being within the measurement limits of our instrument. The specific surface area
of the amorphous sample used was about 0.01 m?/g, and that of the crystalline sample
was 0.44 m%/g. Assuming that the cross sectional area of a water molecule is 0.125 nm?
the expected water content due to monolayer adsorption would be 0.0002 % for the
amorphous, and 0.01 % for the crystalline sample. It is thus concluded that water
primarily is absorbed into the amorphous sample and only adsorbed to the crystalline

sample surface.
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{ Figure 5-1. Water sorption isotherm of indomethacin at 30°C, (W) amorphous, () ¥-

crystal.
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Table 5-1. Water sorption of amorphous indomethacin at 30°C.

| | Relat.iv‘e % water content

Humidity

00% 0.000

07% 0.142 = 0.006

11% 0.216 £ 0.011

21% 0.442 + 0.039
, 32% 0.682 £ 0.125
| 43% 1.015 £ 0.096
| 56% 1.201 £ 0.040
| 68% 1.449 £ 0.043
| . 75% 1.774 £ 0.088

83% 2.299 + 0.060
' 92% 2.747 + 0.203

98



Thermal analysis of amorphous indomethacin

The Tg values ( onset) of indomethacin as a function of RH are shown in Figure 5-2 and
Table 5-2. The non-isothermal crystallization temperature Tc ( onset) as a function of RH
is given in Figure 5-3 and Table 5-2. The melting temperatures Tm (peaks) for the two

crystal forms of indomethacin as a function of RH are given in Figure 5-4 and Table 5-2.
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Figure 5-2. The Tg of amorphous indomethacin as a function of H,O content.
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Figure 5-3. The non-isothermal crystallization temperature Tc for indomethacin glass as a

function of RH.
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Table 5-2. Glass transition temperature Tg, non-isothermal crystallization temperature,

Tc, and liquidus temperatures, Ty, from thermal analysis of amorphous indomethacin.

RH Tg°C Tc °C T.°C,v T.°C, o
00% 42.63+0.33 102.7340.9 159.15+0.06 153.25+0.17
07% 40.3+0.31  100.1+0.44 158.610 152.440.26
11% 38.48+0.32 96.7532.7  158.75+0.45 152.15+0.84
21% 3444035 92.63+1.15 157.740.6  150.78%1.39
32% 30.8840.22 87.1345.72 156.4+0.8  148.35%0.5
43% 27.55+0.12 90.6+0.99  154.55+0.07 147.3+0.14
56% 22.8+1.24  80.61+2.82 153.4 146.3

68% 20.92+1.22 73.741.45  152.48+1.23 145.15+0.95
*75% 17.51+1.61 70.06+1.7  151.242.76  144%1.39
83% 14.14+0.7  64.910.14 142.1742.58
92% 10.25+0.67 52.54+2.45 1515 142.05+4.17
97% 37.6+0.8
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The terhperature denehdence of the complex shear modulus G*(®) and the

shear viscosity of dry amorphous indomethacin

In Figure 5-5 the shear loss modulus G is shown as a function of radian frequency 27v.
The shear viscosity was determined from linear regression as the lim,_o{G"(0)/®} as
seen in Figure 5-6. For the same data log G"(®) vs log @ gives a straight line with slope
1 (seen in Figure 5-5), and in addition, the linearity of plots of G (w) vs ®° at the limit of
low frequencies was very good (data not shown). Both these criteria should be satisfied
for the determination of the viscosity from the lim__,{G"(@)/®} (Ferry, 1980). We can
see in Figure 5-5 that as the temperature increases the peak of the loss modulus moves to
higher frequencies, but due to the limited frequency window of our rheometer we cannot
see the full shape of the loss modulus at temperatures below 44°C or above 56°C.
However, it was still possible to determine the viscosity values in the temperature range
from 44° to 90° C from the linear regression at the lim,_,.,[G” (0)/w}, since only the low
frequency data are needed for this. The viscosity of supercooled indomethacin is shown
in Figure 5-7 as an Arrhenius plot of log viscosity versus inverse temperature; the data
are presented in Table 5-3 We can see that the viscosity of amorphous indomethacin has
a very strong temperature dependence, in that for approximately every 6 K decrease in
temperature, the viscosity increases by one order of magnitude. In Figure 5-8 the storage

G and loss G” shear modulus are shown at 44°C, as a function of radian frequency ©. The

solid lines in
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Figure 5-5. The Log-Log plot of the shear loss modulus G” of amorphous indomethacin as

a function of frequency at 44°C (Q), 49°C(®), 54°C (A), and 56°C (#).
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Figure 5-6. The linear plot of the shear loss modulus G’ of amorphous indomethacin as a

function of frequency at 44°C (), 49°C(®), and 54°C (A).
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Figure 5-7. Arrhenius plot of the viscosity of amorphous indomethacin.
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Figure 5-8. The Log-Log plot of the shear loss modulus G" (M) and shear storage modulus

G'(Q) as a function of frequency at 44°C.
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Figures 5-5 and 5-8 are the fit of the data to the empirical Cole-Davidson equation

(Davidson, 1961) (Lindsey and Patterson, 1980) (Menon et al., 1994),

*
G (0)=G_|1-

l+iwt
\ CD ) )

Eq5-1

where G*(w) is the complex frequency-dependent shear modulus, G_ is the high

frequency limiting storage modulus, Tcp is the Cole-Davidson relaxation time, and P is

the Cole-Davidson width parameter. Non linear curve fitting was performed on both the

G/ (®) and G"(w).

G'=

and

Goo

1- (1 +@?7? )_% cos(ﬁ tan™! (an')}

-

Eq5-2



G”=Goo (]+a)2 2 ]_% sin(ﬂ tan™! (arr)] Eq5-3

From this curve fitting procedure the relaxation time 7cp, the Cole-Davidson parameter B,
and the high frequency limiting elastic modulus G_, were obtained. In the Cole-Davidson
equation, Tcp is the maximum relaxation time considered to be present in the material
under study. The relaxation time as a function of temperature is shown in Figure 5-9, and
Table 5-3. The Cole-Davidson width parameter, B (0 < B <1) in equation 8, determines
the shape of the G*(w) curves in Figures 5-5 and 5-8. In Figure 5-10, B is shown to be
increasing with increasing temperature. Finally from the fitting of the G’ data to the Cole-
Davidson equation we found the value of G_ the high frequency limiting storage modulus

to be approximately 1.22 x 10° Pa, which is similar to the values reported for a number of

organic glasses (Harrison, 1976).
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i Figure 5-9. Arrhenius plot of shear relaxation time of amorphous indomethacin.
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Table 5-3. The viscosity, relaxation times and the Cole-Davidson parameter B for

amorphous indomethacin, as a function of temperature. The sample standard deviations

are given in parenthesis.

T( 0C) Viscosity (Pa.s) Relaxation time (sec) parameter
44  5.51x10° (1.53x10) 12.46 (4.11) 0.35 (0.08)
49  4.27x10° (2.90x10) 1.05 (0.05) 0.38 (0.09)
54  4.12x10" (3.81x10% 0.13 (0.04) 0.55 (0.08)
56 1.48x10’ (3.69x10°% 0.06 (0.03) 0.70 (0.10)
60  2.54x10° (7.90x10%

64 5.06x10° (1.99x10%)
71 4.64x10° (4.44x10%)
80  3.85x10° (1.49x10%)
90  7.65x10” (4.00x10")




e ——

114

The temperature dependence of the complex dielectric constant £*(w) of

amorphous indomethacin stored at different relative humidities

In Figures 5-11, 5-13 and 5-15 examples of the imaginary part of the dielectric constant
¢ for amorphous indomethacin stored at 0, 56, and 83 % RH respectively are shown at
different temperatures. We can see that, as expected, with increasing temperature the peak
of the &’ moves to higher frequencies, corresponding to smaller relaxation times. In
Figures 5-12, 5-14 and 5-16 examples of the real part of the dielectric constant € for
amorphous indomethacin stored at 0, 56, and 83 % RH respectively are shown for
different temperatures.

The solid lines in Figures 5-11 to 5-16 are the fit of the data to the empirical Cole-

Davidson equation (Davidson, 1961) (Lindsey and Patterson, 1980),

exw)e,, ] o

€07 % (]+ico'rCD )ﬂ

where €*(®) is the complex frequency-dependent dielectric constant, €_ is the high
frequency limiting value of the real part of the dielectric constant, & is the low frequency
limiting value of the real part of the dielectric constant, Tcp is the Cole-Davidson

L]
relaxation time, and B is the Cole-Davidson width parameter.
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Frequency 2rnv (Hz)

Figure 5-11. The imaginary part of the complex dielectric constant ¢’ of amorphous
indomethacin at 0 % RH, as a function of frequency (2rv), at 60°C (Q), 73°C(O), and

86°C (%)
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' Figure 5-12. The real part of the complex dielectric constant ¢ of amorphous

indomethacin at 0 % RH, as a function of frequency (2nv), at 60°C Q), 73°C(O), and

| 86°C (%).



117

o
®

o
»

o
s

o
N

Imaginary part of dielectric constant

©
o

i T
Frequency 2rnv (Hz)

Figure 5-13. The imaginary part of the complex dielectric constant &’ of amorphous
indomethacin at 56 % RH, as a function of frequency (21tv), at 47°C (Q), 58°C(O), and

70°C (¥).
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Figure 5-14. The real part of the complex dielectric constant ¢’ of amorphous

hd

indomethacin at 56 % RH, as a function of frequency (27tv), at 47°C (Q), 58°C(O), and

70°C (¥).
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Figure 5-15. The imaginary part of the complex dielectric constant ¢’ of amorphous

indomethacin at 83 % RH, as a function of frequency (27tv), at 43°C (Q),and 50°C (O).
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, Figure 5-16. The real part of the complex dielectric constant ¢ of amorphous

indomethacin at 83 % RH, as a function of frequency (27tv), at 43°C (Q),and 50°C (O).
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N k The real and imaginary parts of the dielectric constant according to the Cole-Davidson

l equation are given as,

£’=80(1 +@?7? J_% cos[ﬁ tan™! (an')) Eq 5-5

8"I=(80-—£°° XI +°7? )‘% sin( Btan™! (co*r))  Eq5-6

l Non linear curve fitting was performed on the ¢ (w) and when possible on the g(w)
results sinceg_a's can be seen in Figures 5-12, 5-14, and 5-16 at lower temperatures the low

| ®
‘ frequency data for €(w) are out of the frequency window of the instrument and curve

] fitting is impossible. From this curve fitting procedure the relaxation time Tcp, the Cole-
Davidson parameter 3, and the value of &) and €_ were obtajnéd.

| In the Cole-Davidson equation, Tcp is the maximum relaxation time considered to be
p'rcseflt in the material under study. The relaxation times as a function of temperature, for

amorphous indomethacin stored at the 0, 56, and 83 % RH, are shown as an Arrhenius

plot in Figure 5-17; the data are shown in Tables 5-4 to 5-6. The Cole-Davidson width
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- parameter, § (0 < P <1), determines the shape of the £*(w) curves. In Figure 5-18, B is
? shown as a function of temperature for amorphous indomethacin stored at 0, 56, and 83

1 % RH. From the curve fitting of the ¢ () data we found &, -g_ to be almost constant as

a function of temperature for amorphous indomethacin stored at a certain RH. However

] its value changed from 2.92110.23 at 0 % RH, to 3.24110.32 at 56 % RH, to 3.45170.23 at

83 % RH.
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Figure 5-17. Arrhenius plot of dielectric relaxation time of amorphous indomethacin at 0

% RH (Q), 56 % RH (O), and 83 % RH (%).
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Figure 5-18. The Cole-Davidson parameter for amorphous indomethacin at 0 % RH Q),

56 % RH (@), and 83 % RH (%).



° 0

amorphous indomethacin stored at 0 % RH as a function of temperature.

0

TC 1 (sec) A
| - 593  0.01002 0.365
602  0.00729 0.467
_ 61.6  0.00439 0.462
65 0.00145 0.438
| 677  0.00085 0.381
b 682  0.00060 0.459
702  0.00037 0.437
| 73 0.00014 0.375
’ = 75.6  0.00008 0.384
- 767  0.00006 0.373
1 . 772 0.00006 0.339
782  0.00004 0.361
| 842  0.00001 0.251
857  0.000008 0.243
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Table 5-4. The dielectric relaxation times and the Cole-Davidson parameter B for
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Table 5-5. The dielectric relaxation times and the Cole-Davidson parameter f for

i’ amorphous indomethacin stored at 56% RH as a function of temperature.
| " T'C  g(sec) B
-’ | 453 0.01544 0.498
A 47.1 0.00926 0.449
i 472 0.00701 0.392
47.7 0.00588 0.464
‘ 50.4 0.00386 0.423
51.7 0.00202 0.405
} 53.7 0.00109 0.411
| o 56.3 0.00103 0.382
" 57.6 0.00027 0.362
' | . 59.3 0.00017 0.362
62.2 0.00011 0.372
| . | 63.6 0.00008 0.288
67.2 0.00004 0.344
‘ - 69.5  0.00002 0.3
l
)
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Table 5-6. The dielectric relaxation times and the Cole-Davidson parameter [ for

amorphous indomethacin stored at 83 % RH as a function of temperature

TC 1(sec) B

43.3 0.00299 0.38

47.1 0.00088 0.382

50.1 0.00042 0.389

61.6 0.00002 0.252
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The overall crystallization rates of amorphous indomethacin as a function of

temperature and H,O content

In Figure 5-19 we present the results for the crystallization of amorphous indomethacin

stored at 0 % RH and from 20 to 40°C, where only the y crystal form appears. In Fi gure 5-
‘ 20 we present the results for the crystallization of amorphous indomethacin stored at 0 %
. . RH, at 50 and 60°C. The results of isothermal crystallization of amorphous indomethacin
' at 30°C and the various RH are shown in Figures 5-21 and 5-22. In Figure 5-21 we
present the results for samples stored at 0 to 43% RH where only the ¥ crystal form
appéars, while in Figure 5-22 are given data for crystallization at 56 to 97 % RH, where
only the o form was detected.
The solid lines in Figures 5-19 to 5-22 are the non-linear fit of the data to the

'l Kolmégorov- Johnson-Mehl- Avrami (KIMA) equation (Price, 1990),

i x(t)=I-exp(—-K(t-7)") Eq 5-7

where x(t) is the fraction transformed at time t, K is a constant depending on the

nucleation (I) and growth (G) rate constants, T is the induction time, and n is a constant

related to the dimensionallity of the transformation. From the fit of the crystallization



129

1.0

0.4F

Fraction crystallized

0.2F

150 200 250 300 350
Time (days)

e 50 100

Figure 5-19. Isothermal crystallization of dry amorphous indomethacin to 7 crystal form

at 20°C (Q), 30°C (O) and 40°C (A). The lines are the fit of the Avrami equation.
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Figure 5-20. Isothermal crystallization of dry amorphous indomethacin at 60°C (M) and

50°C (or-form (Q), -form (®)). The lines are the it of the Avrami equation.
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Figure 5-21. Isothermal crystallization of amorphous indomethacin to y crystal form as a

function of RH. The lines are the fit of the KJMA equation to the data.
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Rigure 5-22. Isothermal crystallization of amorphous indomethacin to o crystal form as a

function of RH. The lines are the fit of the KIMA equation to the data.
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1
data to the KJIMA equation we estimated the crystallization rate constant K"

(Henderson, 1979). The crystallization rate constants are given in Figure 5-23 for
amorphous indomethacin stored at 0 % RH and various temperatures, and in Figure 5-24
for amorphous indomethacin at stored at 30°C and various RH. As seen in Figure 5-25,
samples stored at 0 and 7 % RH appear to crystallize almost exclusively by surface
initiated crystallization. As RH is increased to 21% RH we see a change to

predominantly bulk transformation without signs of surface-initiated crystallization.

‘ During crystallization a number of crystallites appear quite homogeneously throughout

the sample. At relative humidities above 56% where only the o form appears, we mainly

see bulk crystallization.



134

107
>
©
T [ ycrystal ]
‘g | a crystal
1%
& 2
o 10
e | - -
© |
© .8
E N N
=
2, O
O 10.3| 1 1 1
20 30 40 50 60
Temperature (°C)
1

Figure 5-23. Crystallization rate constant K" for amorphous indomethacin as a

function of temperature. (M) y form, (Q) o form.
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Figure 5-24. Crystallization rate constant K n for amorphous indomethacin as a

function of the weight fraction of water sorbed. (@) 'y form, (O) o form.
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c) d)

Figure 5-25. Optical photographs showing bulk and surface crystallization of amorphous

indomethacin. a) 0 % RH, b) 7 % RH, c) 21 % RH d) 83 % RH.
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The crystal nucleation and growth rates of amorphous indomethacin as a

function of temperature and water content

Figures 5-26 and 5-27 show optical images for the y and the o crystal forms of
indomethacin, respectively, crystallizing out of the melt. Note that the crystals are
randomly positioned throughout the sample and a distribution of sizes exists, suggesting
that not all of them have nucleated in the same time. The y crystal form grows as needles
init}a_lly, eventually forming a polycrystalline array radiating from a single center with a
considéféble amount of amorphous material between the thin needles. The o crystal form
grows as spherulites with very little amorphous content.

Figures 5-28 and 5-29 show examples of crystal particle number densities per unit
volume as a function of time. They show the number of crystals present per unit volume
of the sample as a function of time. The slopes of the lines are the steady state nucleation
rates. Figures 5-30 and 5-31 show examples of the crystal radius as a function of time for

the samples of Figures 5-28 and 5-29. For both crystal forms the rate of advance of the

overall interface profile was measured for the largest crystals presented on the recorded

images. As can be seen, the crystal radius varies linearly with time, the slope being the
crystal growth rate. An induction time is usually not observed as a result of following the
growth of the largest particles, which presumably appeared at time zero.

The nucleation and crystal growth rates at the other temperatures and RH were obtained
in the same manner and they are shown in Figures 5-32 to 5-35. From Figures 5-32 and 5-

33 we see that the maxima in the nucleation and growth rates of the y form coincide just



S —————

138

above Tg, whereas the maximum for the o form is around 60°C for nucleation and 80°C
for growth. This picture for the crystallization of o indomethacin is consistent with what

has been found for many materials; the nucleation rate has a maximum above Tg and the
growth rate is further displaced at higher temperatures somewhere between Tg and Tm

(Rao and Rao, 1978) (Owen, 1985). The crystallization behaviour of the y form however,

- is not as clearly understood at this point. We also see in Figures 5-34 and 5-35 that

increasing water content increases the nucleation and the growth rates of both crystal

forms.
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Figure 5-26. Photomicrograph of the y crystal form nucleating from the amorphous

indomethacin
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Figure 5-27. Photomicrograph of the o crystal form nucleating from the amorphous

indomethacin
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Figure 5-28. Nuclei number density as a function of time at 40°C (O), and 60°C (Q). The

slopes of the lines are the steady state nucleation rates.
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Figure 5-29. Crystal radius as a function of time at 40°C (O), and 60°C (Q). The slopes

of the lines are the steady state growth rates.
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! (Q). The slopes of the lines are the steady state nucleation rates.
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Figure 5-31. Crystal radius as a function of time at 68 % RH (M), and 11 % RH (Q). The

slopes of the lines are the steady state growth rates.



145

10° - T . '
M|
_ 10°F yform a N o form
Ig 10’
w
OPE 10°
o)
T 10°
= O
5 |
= 10
Q@
= 0®
z 1 Tg=314 K
L I
Temperature (K)

.Figure 5-32. Nucleation rate for amorphous indomethacin as a function of temperature,

(Q) y form, (M) o form.



—r

ol —
3 <%
" | |

Growth‘ rate (m/sec)

-t

Q

-

-
I

O
O

o crystal

—
Q
gi‘a

v form, (Q) o form.

313 333
Temperature (K)

353 373

146

Figure 5-33. Growth rate for amorphous indomethacin as a function of temperature, (H)
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Figure 5-34. Nucleation rate for amorphous indomethacin at 30°C as a function of water
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Figurc 5-35. Growth rate for amorphous indomethacin at 30°C as a function of water

content, (H) y form, (Q) o form.
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Chapter 6

Discussion

The H,0 sorption isotherm of amorphous indomethacin at 30°C

Figure 6-1 reveals a linear relationship between the water vapor partial pressure and the
mole fraction of water sorbed into amorphous indomethacin, which is consistent with
ideal soluBility of water into amorphous indomethacin and thus with Henry’s law. From
the slope of the water vapor partial pressure vs the mole fraction of water sorbed into
amorphous indomethacin we calculated a Henry’s law constant of 11.8 kPa. For
comparison initial linear plots have been determined at 30°C for water vapor sorption by
the much more hydrophilic sugars, sucrose, raffinose, trehalose, and lactose with Henry’s
Law constants of 1.36, 0.66, 1.24, and 1.28 kPa respectively (Saleki-Gerhardt, 1993).
Thus we see that indomethacin has about one order of magnitude less ability to solubilize
water than the .mone hydrophilic sugars. We would assume that the carboxyl groups as
well as some of the other polar regions of the indomethacin molecﬁle are responsible for

this limited water solubility.
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Figure 6-1. Henry’s law fit of the amorphous indomethacin water sorption data at 30°C.
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Thermal analysis of amorphous indomethacin

The Tg of indomethacin as a function of water content is shown in Figure 6-2. It can be
seen that small amounts of water present have a significant plasticizing effect, in that for
every 1% water content the Tg is lowered by approximately 10°C. To further understand
the plasticizing effects of water in this system, we consider what might be expected if the
mixture of water and indomethacin simply involved ideal mixing. Such behavior is
described by the free volume approach of Gordon and Taylor (Gordon and Taylor, 1952),

and Simha and Boyer (Simha and Boyer, 1962) with an equation of the form,

w,Tg,+w,Tg,K
Tg . = 1°°1 72752 Eq6-1
nmix wI+Kw2

known as the Gordon-Taylor equation. In this equation w represents the weight fraction

of each component, and K is calculated from the densities p, and glass transition

tcmberaturcs, Tg, of the two components as follows,

_PiTg
| P2T82

K Eq6-2

Using the densities of 1.00 g/cm®, and 1.31 g/cm®, for water and indomethacin
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Figure 6-2. Gordon-Taylor prediction (K=0.33) and fit to the experimental Tg of

amorphous indomethacin as a function H,O content (K=0.12).
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- respectively, and Tg valueé of 135 K and 315 K, respectively, we calculate a K value of
0.33. Fit of equation 2 to the experimental data, allowing K to vary required a value of
0.12, as shown in Figure 6-2, indicating that the plasticization effects of water are greater
than would be predicted from free volume additivity. Such non-idealities may arise
because of excess volumes related to the size and shape of each molecule, or because of
specifjc interactions, or because the Gordon-Taylor prediction is not fundamentally
comeqt; In Figure 5-3 we see that the introduction of water decreases the non-isothermal
cfystallizalion temperature, Tc, of amorphous indomethacin during a DSC scan. A
complication of the results is that during the non-isothermal crystallization usually a
mixture of both crystal forms of indomethacin will crystallize out of amorphous
indomethacin. Even without this particular complication, it is still questionable whether
the value of Tc is a good measure of the crystallization tendency of an amorphous
material, especially when non-isoviscous samples are compared (Weinberg, 1994). Thus
we di(i not attempt to analyze these results any further. In Figure 5-4 it is shown that the
introduction of water has a major effect in decreasing the melting temperatures of both

crystal polymorphs of indomethacin. This would suggest that there are considerable

interactions between water and indomethacin. This is in agreement with the previous
. analysis of the effect of water on Tg, where we observed that water has a plasticization
| effect greater than that predicted from ideal mixture behavior. However simple ideal
-’ mixture behavior is suggested by the good fit of Henry’s law to the water sorption data,
.a]though there is always the possibility that Henry’s Law is followed because of

| compensation effects.
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The temperature depeﬁdence of the complex shear modulus G*(®) and the

shear viscosity of dry amorphous indomethacin

The viscosity of dry amorphous indomethacin is shown in Figure 6-3 as an Arrhenius
plot of log viscosity versus inverse temperature. The solid line is the fit of the VTF
equation to the data. From the non-linear fit we found A=2.7x107, B=2281, and To= 256
K, approximately 58 K below the calorimetric Tg. Based on the fit, the viscosity at Tg is
estimated to have a value of 4.5 x 10'° Pa.s, which is less than the rule of thumb that
assumes a value of 10'2 Pa.s at Tg. However there are other examples in the literature
with small organic glass formers where the viscosity at Tg is less than 10'? Pa.s (Plazek
and Magill, 1966) (Greet and Turnbull, 1967) (Menon et al., 1994).

We can see in Figure 5-8 that the relaxation process observed in supercooled
indomethacin (as in most supercooled liquids(Bohmer et al., 1993) ) is considerably
different than the relaxation of a Maxwell liquid(Harrison, 1976). A Maxwell liquid is
characterized by an exponentially relaxing process with a single relaxation time, its loss
shear modulus G” curve is symmetric and it has a width at half maximum of 1.14
decades in frequency. The corresponding loss shear modulus G” for indomethacin in
Figure 5-8 has a width at half Mimum more than 4 decades in frequency, and it is

asymmetric to the high frequency side. This non-exponential nature of the response of
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Figure 6-3. Arrhenius plot of the viscosity of amorphous indomethacin. The line is the fit

of the VFT equation.
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supercooled liquids to a pel;tu;bation is one of their most important characteristics. It can
be explained with two fundamentaly different approaches (Lindsey and Patterson, 1980)
(Richert, 1994). The first proposes that supercooled liquids are homogeneous and that
each molecule relaxes nearly identically in an intrinsically non-exponential way, possibly
the result of cooperative molecular motions (Williams et al., 1972). The second proposal
is tha_t_a heterogeneous set of environments exist in a supercooled liquid; relaxation in any
given environment is intrinsically exponential, but the relaxation time is different in
different environments. The resulting superposition of exponential relaxations, with each
one having its own relaxation time, is seen experimentally as a non-exponential response
by the system. It is not at present known which of thé two approaches is more correct
since the available experimental techniques observe only the average of the simultaneous
relaxations of many molecules.
The shear relaxation time as a function of temperature is shown in Figure 6-4. From the
non-linear fit of the VFT equation we found A=4.3x10", B=1791, and To= 259 K.
Extrapolating below the temperature of our measurements we can see that the relaxation
time at the calorimetric Tg approaches 100 sec as expected theoretically(Gotze, 1991).
Below Tg, the equilibrium shear relaxation time is estimated to be 3 days at 30°C, and 3
years at 22°C.

The Cole-Davidson width parameter B determines the shape of the G*(w) curves.
Phenomenologically P is related to the spread of the distribution of relaxation times (as

becomes larger the distribution becomes narrower), but has also been seen as a measure

N\
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Figure 6-4. Arrhenius plot of the shear relaxation times of amorphous indomethacin. The

line is the fit of the VFT equation.
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of the non-exponential cﬁaracter of the relaxation function(Bohmer et al., 1993). In
Figure 5-10, B is shown to be increasing with increasing temperature. This result is
consistent with results from a number of organic glasses (Bohmer et al., 1993), although
there are some exceptions(Menon et al., 1994). From a rough extrapolation it appears

that f approaches a value of 1, characteristic of a single relaxation time (or a very narrow
distribution of relaxation times), at 60 to 70°C. The observed change of B as a function of

temperature means that the time-temperature superposition principle does not hold for
amorphous indomethacin.

Finally, our results have some implication with respect to the separation of rotational and
translational time scales reported for other supercooled liquids (Ediger et al., 1996). As
shown in Figure 5-5, the fits to the Cole- Davidson equation are satisfactory except at
higher frequencies where G” doesn’t follow the equation. In Figure 5-5 we see that a high
frequcnc& diverging tail of G” persists even at 54°C, and it is marginally seen at 56°C.
The high frequency tail is present in all the samples and after close examination of our
experimental procedures it does not appear to be an experimental artifact. Nonetheless,
we are not aware of similar data (obtained with the same experimental approach, namely
viscoelastic measurements) with other supercooled liquids. To the contrary, Menon et al
(Menon et al., 1994) searched for but didn’t find such a feature in their study of the
dynamic viscosity of di-n-butylphthalate. Theoretically, a peak of G’ indicates the
presence of a stress relaxation mechanism that dissipates energy. Based on our data we

therefcie can speculate on the existence of a second relaxation mechanism with a shorter
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time scale. It is possible, for example, that in indomethacin rotational and translational
motions decouple as the temperature approaches the glass transition temperature Tg,
therefore two different mechanisms exist for stress relaxation, causing G’ to bifurcate
into two peaks. It appears from the relative values for G" of the two peaks that both
mechanisms (translation and rotation) are equally responsible for stress relaxation. Within
the precision of the data it also appears that the shorter time scale relaxation peak has a
very weak temperature dependence opposite to that which we see for the primary longer
time scale peak (the o-peak), and it seems that it disappears inside the o-peak with

increasing temperature.
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The temperature dependence of the complex dielectric constant £*(w) of

amorphous indomethacin stored at different RH

The dielectric relaxation times of dry amorphous indomethacin are shown in Figure 6-5
as an Arrhenius plot, along with the previous shear data. From the non-linear fit of the
VFT equation to the dielectric data we found A=1.7x10"", B=3366, and To= 233 K. The
* parameters obtained are very reasonable, especially the value of the pre-exponential A,
which is in agreement with what is found for other organic glasses. Extrapolating with the
help of the VFT equation below Tg, the equilibrium dielectric relaxation time is
estimated to be 4 hours at 30°C, and 92 days at 22°C. From a comparison of the shear
and dielectric relaxation data we can make two observations. First, it is quite difficult by
utilizing data obtained in a small temperature interval (>20°C) to make a very accurate
determination of the temperature dependence of relaxation times. For example, whereas
both the shear and dielectric data fit the VFT equation quite well in the temperature range
of the measurements, when extrapolated below Tg, we see that they each predict
relaxation times that differ by orders of magnitude. The second observation is that

independently of any fitting it seems that shear and dielectric relaxation times of

amorphous indomethacin have very similar temperature dependencies. Therefore it can
be argued that bot.ij are coupled to the same fundamental molecular motion that is

responsible for the relaxation behavior of amorphous indomethacin. In Figure 6-6 we
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Figure 6-5. Arrhenius plot of the shear (O), and dielectric (Q) relaxation times of

amorphous indomethacin. The lines are the fits of the VFT equation.
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présent a summary of the relaxation times of amorphous indomethacin below and above
Tg. Line 1 is the VTF equation fit of the dielectric data extrapolated below Tg and it
represents the equilibrium value of the relaxation times. Line 2 represents the non-
equilibrium values of the relaxation times below Tg according to the AGV equation
(equation 2-41). Line 2 was calculated with A, B, and T,=Ty retaining the values
obtained from the ﬁt of the VFT equation to the dielectric data, and taking T as 42°C, the
same as the calorimetric Tg at 1° C/min. It represents the relaxation times of amorphous
indomethacin, measured immediately after it is cooled through Tg, at a cooling rate of
1°C/min. In this case supercooled indomethacin will fall out of equilibrium at 42°C, and
this is the fictive temperature Ty. In fact if amorphous indomethacin is cooled through Tg
at such a small cooling rate that it will fall out of equilibrium at 30°C, this will be the
corresponding fictive temperature, and the relaxation times will now follow line 3. We
can see that the predictions of the AGV equation for the non-equilibrium relaxation times
bclTiv Tg have the same temperature dependence as the experimental enthalpy relaxation
data obtained by Hancock et al. (Hancock et al., 1995).

However, Hancock et al. (and recently Duddu et al (Duddu et al., 1997) for a lyophilized
formulation) fitted enthalpy relaxation times obtained below Tg to the VFT equation.
Such use of the VFT equation doesn’t have any theoretical justification, since what were
measured in both cases were the relaxation times of non-equilibrium states. All the
available experimental literature data obtained below Tg show (Ediger et al., 1996), and
both the free volume and the configurational theories predict, that for amorphous

materials below Tg (in an isostructural state), the temperature dependence of the
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traﬁsport coefficients dbeys the Arrhenius equation, with activation energies
approximately half of the activation energies observed above Tg (Scherer, 1990). A
natural question at this point is why line 2 and the experimental enthalpy relaxation times
of Hancock et al, have different values, approximately by 3 orders of magnitude. Since
there is no indication that the amorphous indomethacin samples used for enthalpy
relaxation were cooled slowly enough to attain a Ty of 30°C (line 3), the likely
explanation for the difference is that the glassy indomethacin only partially relaxed during
the enthalpy measurements. In fact, it can be seen that at temperatures closer to Tg the
enthalpy relaxation times have reached the equilibrium line 1. This, however, is not true
for the samples stored at temperatures much below Tg. Finally, it should be noted here
that the AGV equation cannot predict this time evolution of the relaxation times along

path B. This would be possible only if the isothermal time dependence of Tt could be

' predicted, and to my knowledge this is not possible at the present time. The AGV

equation can, however, predict the relaxation times as a function of temperature following

i cooling through the Tg, along path o (Scherer, 1990).

b - In Figure 6-7 we present the Arrhenius plot of the dielectric relaxation times of
amorphous indomethacin stored at 0, 56, and 83 % RH. It can be seen that, at a certain
temperature, increasing water content lowers significantly the relaxation time of

) amorphous indomethacin. The data from the 56 and 83 % RH were found to follow

equation 2-60 . The fits of equation 2-60 to the 56 and 83 % RH data, with Tq being the
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Figure 6-7. Arrhenius plot of the dielectric relaxation times of amorphous indomethacin
at 0 % (Q), 56 % (O), and 83 % (A) RH. The lines are the fits to the modified VFT

equation as is explained in the text
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only fitting parameter, arcl shown in Figure 6-7, and they describe the data reasonably
well. The T, values as a function of water content are shown in Figure 6-8. Assuming
that the glass transition temperature corresponds to a relaxation time of 100 sec we can
determine the Tg of amorphous indomethacin as a function of RH of storage (and water
content), also shown in Figure 6-8. We can see that the water content dependences of
both Tg and T are practically the same. The results of this analysis, in a sense a revised
Gordon-Taylor plot, show that there is a small difference in the water content dependence
of the Tg as this is probed with DSC or with dielectric relaxation. Water is a less strong
plasticizer for amorphous indomethacin when probed with dielectric relaxation, than it is
when the measurement is performed in the DSC.

As was seen in Figure 5-18, the Cole-Davidson width parameter  decreases with

increasing temperature at a constant RH. It also appears that the distribution of the
dielectric relaxation times gets wider as the temperature increases. This result is not
consistent with results on a number of organic glasses (Bohmer et al., 1993), although
therc- are, some exceptions (Menon et al.,, 1994) to that. We do not know why this
happens.

Also in Figure 5-18 it can be seen that, at a constant temperature, increased water content

results in a decrease in the value of . This is the same as the effect of temperature on the

distribution of relaxation times, in that with increased water content the distribution of
relaxation times becomes wider. Both results suggest that the time-temperature-RH

superposition principle (Ferry, 1980) does not hold for amorphous indomethacin.
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Figure 6-8. The Tg of amorphous indomethacin as a function H,O content from DSC (Q)

and dielectric (), and the T, from the dielectric data (O).
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The overall crystallization rates of amorphous indomethacin as a function of

temperature and H,O content

Before discussing the observations of overall crystallization as a function of temperature
and water content, it is important to establish if amorphous indomethacin crystallizes
from the equilibrium or the non-equilibrium state. At 30° C the equilibriuﬁ shear
relaxation time was previously estimated to be 3 days, and the equilibrium dielectric
relaxation time to be 4 hours. Therefore, at 30° C, the relaxation times are such that the
samples are in a fully relaxed equilibrium state before any detectable crystallization
occurs (see Figure 5-19). At 22° C the equilibrium shear relaxation time is estimated to
be 3 years, and the equilibrium dielectric relaxation time to be 3 months. However the
initial non-equilibrium relaxation time of the material is much less than this equilibrium
value, although the method with which the sample was prepared (cooling with LN,
drying at room temperature and then isothermal storage at 22°C) does not enable us to
easily calculate a fictive temperature and thus a non-equilibrium (isostructural) relaxation
time.

For comparison the non-equilibrium (isostructural) shear or dielectric relaxation time at
22°C is estimated to be less than an 1 hour for a fictive température of 42°C (cooling rate
of 1°C/min). This relaxation-time will be characteristic of the material immediately after
preparation, and will charac.terin: the molecular mobility available for crystallization.
However it will evolve to higher values as the material ages isothermally at 22°C, and it

will approach the equilibrium relaxation time at this temperature. The molecular mobility
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available for crystallizatioﬁ will also diminish over time as the relaxation times approach
their equilibrium values. Thus the crystallization behaviour of the samples at 22°C does
not represent the behaviour of fully relaxed equilibrium samples, at least initially. If the
ex&apolaﬁon of the dielectric relaxation times is taken as the correct one then the sample
will be in equilibrium after approximately 3 months. In Figure 5-19 we can see that at
this point the sample is 20 % crystalline.

As was mentioned earlier in the experimental section, at every RH the water sorption
experiments could be completed, with equilibrium attained within 7 days. Based on that
and the previous discussion of the relaxation times at 30°C, the samples stored at 30°C
and the various RH are believed to contain their equilibrium water content and to be in a
fully relaxed equilibrium state before any detectable crystallization occurs, as can be seen
in Figure 5-19.

From the results of isothermal crystallization of indomethacin we see at least two
important results. First we see that in the region of 0 - 43% RH or up to a water content
of 1.02 % wi/w, crystallization results in the formation of the stable y form (Figure 5-21),
while at RH above 56% RH, only the metastable o crystal form appears (Figure 5-22).
Since Wg (the weight of water that will lower the Tg below a temperature T ) for T=30°C
is 0.68 % w/w , corresponding to a RH of 32%, it appears that the formation of the y form
predominates near and below Tg, while that of the o form predominates above Tg. This

is similar to the results for the isothermal crystallization as a function of temperature

(Figures 5-19 and 5-20). Crystallization of dry amorphous indomethacin at 22-40°C,
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below the Tg, only produced the y form and crystallization at 50-60°C, above the Tg,

[

produced the o form. Very similar results for the crystallization of dry amorphous

indomethacin also have been observed for a ground sample (Yoshioka et al., 1994).

Furthermore it should be noted that the transition to the formation of the o form takes

place at about the same value of T-Tg= 8 OC as a function of temperature ( at 50°C and
0% RH, T-Tg = 50-42 = 8 °C) as it does as a function of water content ( at 30°C and 56%
RH, T-Tg**" = 30-22 = 8 °C). In addition, as can be seen in a comparison of the
crystallization rate constants in Figures 5-23 and 5-24, the magnitudes of the
crystallization rates are very similar. The appearance of metastable phases during
crystallization from the amorphous state is well documented in the materials science and
metallurgical literature. A full discussion of our observations on the context of crystal

nucleation and growth will be given later in the discussion section.

Tlhc second interesting observation of this study is the discontinuity in the crystallization
rates of the iy form upon exposure to 21% RH, as shown in Figure 5-24. Ordinarily, we
' would ‘expect that crystallization rates would increase continuously with increasing water
i content. due to the plasticizing effects of water, as is observed above 56% RH for the
. formafion of the o crystal form. An indication of what might be happening under these

conditions is seen in Figure 5-25, where we see from microscopic examination that

surface-initiated crystallization occurs below 11% RH, followed by a switch to bulk-

) initiated crystallization at 21% RH and higher. The importance of surface-initiated

crystallization of indomethacin from the amorphous state under similar conditions can be
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seen also from the effects of seeding with ¥ crystals on the crystallization of the y form

previously reported, and from a comparison of the crystallization rates at 30°C and 0%
RH for ground and non-ground samples, as shown in Figure 6-9; grinding of the
amorphous sample reduces the induction period and increases the crystallization rate,
presumably due in part to an effect on the surface.

That surface crystallization is important for amorphous indomethacin below Tg and at
low RH is in agreement with previously reported studies with other systems. Different
hypotheses have been developed to account for favored surface crystallization when bulk
crystallization is not observed, including the effect of particulate contaminants (Burnett
and Douglas, 1971); powdered Iﬁaterial of the same composition (Holand et al., 1995);
increased molecular mobility at the surface as opposed to the bulk (Garbassi et al., 1994);
water or other plasticizers adsorbed on the surface (Garbassi et al., 1994); and the effects
of elastic strains (Schmelzer et al., 1993).

lIn view of the above, it would be useful to examine more closely the possible effects of
water on the crystallization of indomethacin from the surface and the bulk phases. Below
11% RH, crystallization initiates only on the surface of amorphous indomethacin,
possibly because sufficient molecular mobility exists only at the surface. High overall
crystallization rates are likely attained because once the first surface layers have
crystallized, secondary nucleation of the successive layers of the amorphous matrix

(Figure 5-25, a and b) occurs easily. This is so because the secondary nucleation barrier
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is considerably lower at tﬁe existing crystal-amorphous interface. At the same time
crystallization from the bulk is very slow, or not possible at all, because of insufficient
molecular mobility at 30°C and below 11% RH. As the RH is increased above
21%however, there is now enough of molecular mobility increase to permit bulk
nucleation and growth. The low crystallization rates between 21 and 43% RH, are most
likely the result of low bulk nucleation rates and thus a small population density of
nucleation sites, low crystal growth rates, and the absence of any surface-initiated
crystallization above 21% RH. The inhibition of the surface-initiated crystallization of the

y form above 21 % RH, can be thought of as being fundamentally the same as the
inhibition of bulk crystallization of the 7y crystal form above 56% RH, described earlier.

These surface and bulk phenomena most likely have the same thermodynamic basis, but

they take place at different RH values because of the intrinsic differences in the degree of

molecular mobility between the surface and the bulk.
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Analysis of the nucleation rates of dry amorphous indomethacin as a

function of temperature.

The steady state rate of homogeneous crystal nucleation in a single component system is

given by the classical expression (Christian, 1975) (Rowlands and James, 1979),

AT 1676°
I=— exp|— Eq 6-3

n 3kTAGv2

for a spherical nuclei, where A is a constant, 1| is the shear viscositry, ¢ is the crystal-

amorphous interfacial energy, and AGy is the change in Gibbs free energy per unit

volume for the transformation from the amorphous to the crystalline phase. The prefactor

. A has the form (James, 1985),

N VK s \Vs
_ Ny B[ ]/

il 3
3nTA kT

where Ny is the number of molecules of the crystal phase per unit volume, V is the
volume of one molecule, and A is the jump distance for a molecule at the interface during

the process of nuclei formation. The viscosity of amorphous indomethacin, in the
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temperature range of interést, was found to follow the VFT equation as was described

earlier,

2281
(T — 256)

_ =7
Tl[Pa. 5) = 27x10 * exp Eq 6-5

The difference in free energy AGy between the liquid and crystalline phase as a function

of temperature for crystalline and amorphous indomethacin in the absence of heat

capacity data was calculated from the Hoffman equation (Hoffman, 1958),

AGy = AH g (:I[:mz_ T)T
m

Eq 6-6

where AH; is the heat of fusion and Tm the melting point. This is an approximation, but
the equation has been found to accurately predict the AGy for small molecular weight
organic glass formers for which heat capacity data exist (Thompson and Spaepen, 1979).
In Figure 6-10 the AGy values for the two polymorphs of indomethacin are presented.
We can see that the system is indeed monotropic as was proposed earlier (Yoshioka et al.,
1994), in that the vy crystal form has a larger AGv and thus is the stable form up to a

virtual transition temperature of 190°C. The two crystal forms, however, are very close
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energetically at the tempcrﬁtures where the crystallization experiments were performed.
In Figure 6-11 the plot of In (IM/T) vs 1/(T. AGv?) (Matusita and Tashiro, 1973; Rowlands

and James, 1979) is shown for the two crystalline forms of indomethacin. The slopes are
negative as is theoretically predicted from equation 6-3, and from these the liquid-crystal

interface energy ¢ was calculated to be 0.027 J/m? for the y-crystal form and 0.017 J/m?

for the -
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Figure 6-10. The predictions of the Hoffman equation for the two crystal forms of

indomethacin.
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Figure 6-11. Plot of the nucleation rates according to equation 6-3.
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crystal form. From the Y axis intercept the pre-exponential factor A in equation 6-3 was

found to have a value of 4.0 x 10°' (N/Km®) for the y-crystal form and 1.0 x 10?7 (N/Km®)
for the a-crystal form. In comparison the theoretical values for A are 1.5 x 10! for the y-
crystal form and 4.4 x 10* for the o-crystal form. Whereas for the a-crystal the
theoretical value of A is within the error of the extrapolation, for the y-crystal form the

theoretical value of A is smaller than the experimental A, beyond the error of the
extrapolation. The possible reasons for the difference between the experimental and
theoretical values for A have been discussed in detail in the literature (Zanotto and James,
1985) (Uhlmann and Weinberg, 1987), with a temperature-dependent liquid-crystal
interface energy most often used to explain the disceprancy between the experimental and
theoretical values of the prefactor A (James, 1985). This has been shown (James, 1985)
not to be inconsistent with the apparent linearity observed in Figure 6-11. Using the
known values for I, 1}, A, and AGy the value of ¢ was varied at each temperature until the
experimental nucleation rates agreed with the theoretical ones and the results are shown

in Figure 6-12 for both crystal forms. First we note that the value of ¢ for the o-crystal

form is very similar for the two procedures, whereas the values of ¢ for the y-crystal

interface in figure 6-12 are smaller than the value calculated from figure 6-11. This is
probably because the A determined in figure 6-11 is much closer to the theoretical value

for the a-crystal form. The temperature-dependent ¢ for the y-crystal form follows the

equation,
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G'Y = 085 + 0.06T (mJ X m_z) Eq 6-7
while that for the o-crystal form follows the equation,
Goc = 2202 - 002T (mJ X m_z) Eq 6-8

Note that for the y-crystal-liquid interface at the nucleation temperatures the results imply
a large negative interface entropy term, whereas for the o-crystal interface a small

positive interface entropy term is implied. The negative entropy term observed for the y-

" crystal is consistent with theoretical models for the interface that suggest that the interface

free energy is primarly entropic in nature (Spaepen, 1975). This could take place due to a
sharpening of the liquid crystal interface as the temperature is increased. To the contrary
the o-crystal liquid interface energy seems to be primarly energetic in nature, suggesting
that it possibly becomes more diffuse as the temperature increases. Based on the values
of o from equations 6 and 7, the values of the free energy barrier to nucleation AG* for
the two crystal forms of indomethacin were calculated and are shown in Figure 6-13. In
the temperature range of our experiments AG* is well within the limits of 20 to 60 KT
corresponding to explosive and zero nucleation rates respectively (Christian, 1975). In

the same figure the activation energy for the viscosity of dry
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amorphous indomethacin Iis also included for comparison. Finally in Figure 6-14 the
experimental data for the nucleation rate are shown again with the theoretical predictions
based on the previous analysis.

Analysis of the nucleation rates of amorphous indomethacin as a function of

water content at 30°C.

A change in the nucleation rate due to the presence of water may be caused by a change in
one or more of the parameters of equation 6-3 (Gonzalez-Oliver et al., 1979) as can be

seen in equation 6-9.

ar_ 1676° (H,0)
n(H,0) 3KTAG >(H,0)

Eq 6-9

I(H,0) =

As mentioned earlier there is no direct experimental method for measuring the crystal-

amorphous interface energy ¢ and no independent way for assessing possible changes in

o as a function of water content. The effect of water content on the viscosity of

amorphous indomethacin can be assessed, if it is assumed that viscosity and dielectric

relaxation times are affected in a similar way by water. The dielectric relaxation times of
amorphous indomethacin equilibrated at 56 and 83 % RH were previously shown in
Figure 6-7 to follow the modification of the VFT equation for two component mixtures

(Angell, 1966), where the parameters A and B have the same values as the dry material
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and only Ty is a function of water content. Thus for the purpose of analyzing the data we

assume that the viscosity of amorphous indomethacin is given by the following equation,

2281
(T - T (H20))

"y SJ(Hzo) = 27x1077 exp Bq6.10

where Ty has a value of 256 K at 0% RH and changes as a function of water content as is
shown in Figure 6-8. The effect of water on the free energy change during nucleation,

AGy, is determined from the modified Hoffman equation (Gonzalez-Oliver et al., 1979),

AH (T, - T)T

T, 2

A_GV(H20) = Eq 6-11

where Tp is the liquidus temperature of the binary system. The data for T, of
indomethacin as a function of water content are presented in Figure 5-4 and Table 5-2.

~ In Figure 5-33 the nucleation rates of amorphous indomethacin as a function of water

content are shown. Below 56% RH only the Yy crystal form is observed, whereas a
mixture of both forms is observed at 56% RH, and only the o crystal form above 56%

RH.
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Figure 6-15. Nucleation rate for amorphous indomethacin as a function of water content

to the yform. The lines are the predictions of equation 6-9 as is explained in the text.
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In Figure 6-15 the data fof the nucleation of the 7y crystal form are analyzed first. The
lines 1 and 2 in Figure 6-15 are obtained from equation 6-9 as follows. Line 1 is
calculated using equation 6-9, where the viscosity is the only water content dependent
parameter. All the other parameters are constants as a function of water content;
theirvalues are known from the analysis of the data for the dry samples. The viscosity as a
function of water content changes according to equation 6-10, as described above. Line 2
is calculated using equation 6-9 where in addition to the viscosity, AGy is also water
content dependent, according to equation 6-11. It can be seen that an excellent agreement
with the experimental data is obtained in both cases. It can also be seen that the primary

effect of water is to decrease the viscosity and thus increase the nucleation rates. The

f effect of water on AGy seems to have a small influence on the nucleation rates, i.e. water
h slightly decreases the AG, and thus inhibits nucleation. It is also possible that water

decreases the crystal-amorphous interface energy, which will result in increased

! nucleation rates The two effects probably compensate for each other, and in any case

l they seem to be of a small magnitude. In conclusion the change in molecular mobility as
P a function of water content is the primary factor for the observed increase in nucleation
rates.

In Figure 6-16 the results for the nucleation of the o crystal form above 56% RH are

shown and analyzed in an identical manner. It can be seen in Figure 6-16 that the main

' effect of water on the nucleation rate of the o form is the decrease in viscosity. Finally, as.

can be seen from Figures 6-15 and 6-16 at 30°C, the nucleation rate of the y crystal form
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Figure 6-16. Nucleation rate for amorphous indomethacin as a function of water content

to the o form. The lines are the predictions of equation 6-9 as is explained in the text.



189

1 010

10°

10°

107

10°

Nucleation rate

10°k

10*

Figure 6-17. Nucleation rates for amorphous indomethacin scaled to T-Tg, (Q) ¥-T, (O)

o-T, (W) y-RH, (@) o -RH.



190
will be higher than the nuéleation rate of the o form at any water content. However, both
in the crystallization experiment as a function of RH, as well as in the nucleation
experiments as a function of RH, it was observed that above 56% RH the o crystal form
crystallizes exclusively. We will try to explain this disrepancy later in this chapter in the
discussion of phase selection during crystallization. In Figure 6-17 all the experimental

nucleation rates are plotted vs T-Tg. We can see that the data scale very well with T-Tg.

Analysis of the growth rates of dry amorphous indomethacin as a function

of temperature.

Three theoretical models have been used to describe crystal growth of glass forming
materials; normal or continuous, spiral or dislocation, and two-dimensional nucleation.

Their common mathematical form is summarized (Gutzow, 1976) with a general equation

for crystal growth as follows,
AG
U=CT—W l—exp—K—yf Eq 6-12
N B

where C is a constant, w is a function of AG, depending on the mechanism of growth, n
is the viscosity, and AG, is the free cncrgy difference between the parent and product

phase. The term inside the parenthesis in equation 6-12 was calculated to be

approximately 1 for indomethacin, in the temperature range of the experimental data.
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Figure 6-18. The growth rate of amorphous indomethacin corrected for the viscosity as a

function of supercooling AT=Tm-T.
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The first goal of the analysis of the growth rates is to establish what is the mechanism of
growth. Determination of the mechanism of crystal growth by graphical means is
however not trivial as has been shown in the literature (Jackson et al., 1967) (Uhlman and
Uhlman, 1993). This is more so at high undercooling when all modes of growth show
similar temperature dependence(Gutzow, 1976). The classic plot (Gutzow, 1976), of
In(Un) vs the degree of supercooling AT is shown in Figure 6-18 for indomethacin. As
shown, the data are well represented by two straight lines each corresponding to the o and
vy crystal forms of indomethacin. This behavior is theoretically predicted to result from
crystal growth by the surface nucleation mechanism (Gutzow, 1976). For most materials
with high entropies of fusion like indomethacin (=11R), growth by two-dimensional
nucleation has been found to be applicable even though the true behaviour of the interface
is likely more complex (Uhlman and Uhlman, 1993). According to this model (Hillig,
1966), two-dimensional nuclei appear on the smooth and dislocation-clean crystal surface
as a result of thermal fluctuations, and laterally propagate to form a new crystalline layer.
The continuous formation of new layers results in the crystal surface traveling normal to

itself. For growth by two-dimensional nucleation w in equation 6-12 is given by

(Gutzow, 1977),

W = exp| — Eq6-13
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where the derivation of the critical work to form a two dimensional nucleus is analogous
to a similar calculation for spherical nuclei, A is the height of the two dimentional nuclei,
and the interface energy o is the same as for crystal nucleation. For the generally

applicable case, for which the lateral propagation rate of the nuclei has to be accounted
(large crystal case), the constant C in equation 6-12 is given by (Uhlman and Uhlman,

1993),

A3 Eq 6-14

where N is the number of molecules per interface unit area.
In Figure 6-19 the plot of In (Un/T) vs 1/(TAGy) is shown for the two crystalline forms of
indomethacin. The values used for 11 and AGy are the same as for the analysis of the dry

nucleation data. The data are again characterized by two straight lines with different
negative slopes corresponding to the two polymorphs of indomethacin. This plot also
suggests growth by two dimensional nucleation for both crystal forms based on equation
6-12. From the slopes in Figure 6-19 it is possible to calculate the interface energy for the

two crystal forms based on equation 6-12. The calculation is complicated because A is
not known, however assuming that A*=Vnit cetr, we found a value of 0.148 J/m? for the Y

crystal form and 0.020 J/m? for the o crystal form. The value of & for the o crystal form
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Figure 6-19. Plot of the growth rates according to equation 6-12, (Q) y-form, (O) a-form.
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obtained from the. growtﬁ rates is in excellent agreement with the interface energy
calculated from the nucleation rate. This further suggests that growth by two dimensional
nucleation takes place for the o indomethacin. To the contrary, the value for ¢ for 7y
indomethacin determined from the growth data is much higher by about an order of
magnitude than the corresponding value found from the analysis of the nucleation results.
It is possible, that the high value for o resulted from using a too low value for A in the
calculation. However a value of A about 30 times larger than the one used is needed to
reconcile the value of ¢ from the nucleation and growth data of the y indomethacin.

From the Y axis intercept in Figure 6-19 the pre-exponential factor C was found to have a
value of 1.4 x 10*'” (N/mK) for the y-crystal form and 1.3 x 10? (N/mK) for the o-crystal
form. The theoretical values from equation 11 are 2.4 x 10™'? (N/mK) for the y-crystal
form and 1.5 x 10™'? (N/mK) for the a-crystal form. Obviously in both cases there is
large disagreement between the experimental and theoretical values of C, especially
concerning the growth rate of y indomethacin. In a procedure analogous to the one used
in the analysis of the dry nucleation rates, and in order to fit the experimental data with
the theoretical values for the pre-exponential term C used, interface energies close to zero
were needed, thus no further attempt was made to analyze the crystal growth data in order
to get a temperature-dependent interface energy. In addition the resulting temperature
dependence of the growth rates when this was attempted were very different from the

experimental ones. Such large differences between the pre-exponential factors C

obtained from the experimental data and the predictions of the theory of growth by two
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dimensional nucleation ha;'e been often observed in the literature(Uhlman and Uhlman,
1993) (Smith and Weinberg, 1994). The reason why this is observed is still an open
question in the literature of crystal growth, especially since, in most studies, plotting the
data as in Figures 6-18 and 6-19 suggests that the mechanism of growth is indeed by
surface nucleation. However it should be mentioned here that the raw experimental
growth rate data for both crystal forms of indomethacin are of the same order as similar
results for the growth rates observed with other small organic glass formers, namely o-

terphenyl (Greet and Turnbull, 1967) and tri-a-naphthyl-benzyl(Magill and Plazek, 1967).

Finally in Figure 6-20 we present the experimental data for the crystal growth of the two
crystal forms of indomethacin along with the fit of equation 6-12 to the growth data of
the o form. We believe that it is appropriate that only the fit to the growth rates of the o
form is presented, because the interface energy obtained from these data was in very good
agreement with the value obtained from the analysis of the nucleation rates, and because

the value of C was found to be “closer” to the theoretical value of C. Thus it can be

argued that the growth of the o crystal probably follows the surface nucleation

mechanism.
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Analysis of the growth rates of amorphous indomethacin as a function of

water content at 30°C.

Based on the above discussion of the crystal growth rates as a function of temperature

only the crystal growth rates of the o crystal form will be analyzed in detail. The crystal
growth rates as a function of water content for the o crystal form were calculated from the

. equation,

2
| U(H,0) = _Cr exp| — —— A Eq 6-15
n(H,0) AG  (H,O)KT
|
b For the calculation ¢ was determined from the slope of Figure 6-19 , and the calculation

of C and A were described above. The water content dependence of 1 and AGy were also
) described above, and the temperature for the calculation was kept constant at 30°C. The

results are shown in Figure 6-21. In Figure 6-21 the water content dependence of the
'P | viscosity was determined from the water content dependence of the dielectric relaxation
times, as was explained earlier. Line 1 represents the effect of a water content dependent
viscosity only, and line 2 shows the effect of viscosity and AGy, both being water content
dependent. As we observed earlier for the effect of water content on the nucleation rates

I of amorphous indomethacin, water increases the growth rates primarily
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Figure 6-21. Growth rate for amorphous indomethacin as a function of water content to

the o form. The lines are the predictions of equation 6-15 as is explained in the text.
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through a decrease in viscosity. The inclusion of a water content dependent AGy seems

to have very small effect on the growth rates. Finally it is not possible to assess the effect
of a water content dependent interface energy on the growth rates, since the predicted
values are within an order of magnitude of the experimentally determined values.
Possibly, water lowers the interface energy to a small extent and thus promotes crystal
growth. In Figure 6-22 all the experimental growth rates are plotted vs T-Tg. We can see

that the data scale very well with T-Tg. This is true even for the case of the growth of the

¥ crystal form.
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Polymorph selection during crystallization.

At the end of the last century Ostwald stated in his “step rule” that a phase change must
occur by way of successive energy steps-states. Stranski suggested that there is no
theoretical justification for such a step energy rule and argued that the nucleated phase is
the phase with the lowest free-energy barrier of formation rather than the phase that is the
most globally stable under the conditions (Stranski and Totomanow, 1933). Turnbull has
suggested that during phase evolution from the amorphous state the most general
tendency is towards the formation of the available state with entropy closest to that of the
initial state (Turnbull, 1981). In practice it has been found that, whereas at low
supercoolings stable phases will form (Takahashi, 1982) (Wolde et al., 1996), at larger
supercoolings the metastable phases will appear (Ishihara et al., 1985) (Shao and
Tsakiropoulos, 1994). There are some cases where the opposite has been observed
(Fecht, 1991), similarly to our observation with amorphous indomethacin. At very high
supercooling (almost below Tg for indomethacin) the stable crystal form will form,
whereas at lower supercooling but still quite far from Tm the metastable crystal form will
appear. From Figures 6-14 and 6-20 we can say that the iy form has a higher nucleation
and growth rate below 50°C, and the o form has higher nucleation and growth rates above
50°C. It is evident therefore that Ostwald’s “step rule” cannot be true and that phase
selection has to be analyzed in the context of those factors that determine nucleation and
crystal growth kinetics (Perepezko and Boettinger, 1983). Figure 6-13 shows that indeed

the stable y form has a lower activation energy for nuclei formation, AG*, below 50°C
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and the same is true for the o crystal form above 50°C. This can explain the differences
in the nucleation rates of the two crystal forms, and is in good agreement with the
Stranski proposal (Stranski and Totomanow, 1933). The difference in AG* between the

two polymorphs solely depends on the difference in the interface term which as we have
shown, can have not only different values for the two crystals but totally different

temperature dependences as well.
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Some final notes about __the overall crystallization of amorphous

indomethacin.

In Figure 6-23 we present all the data obtained in our laboratory for the overall
crystallization of amorphous indomethacin at 30°C. We see that depending on the sample
history the crystallization behavior as a function of time can vary widely. We will here
try to reconcile the experimental data with the predictions of the general theory of
transformation kinetics, and our measurements of nucleation and growth rates. As was
mentioned earlier, the most general approach to the description of isothermal phase
transformation kinetics is the KIM-Avrami theory (Christian, 1975). For the special case
of constant nucleation N and constant isotropic growth rate G, the crystalline fraction X is

given by,

x=1 -exp(—%G3N (t—T)4J
Eq 6-16
=1 —exp(-K (t—z')nJ

where 7T is the induction time for nucleation. For the case where the transformation is

initiated by a fixed number of existing nuclei N,, and the growth rate G is constant and

isotropic,
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4

x=I-exp —?nG‘? No(t—r)3

Eq 6-17

Finally for the case where the transformation proceeds with a constant surface nucleation
rate Ns and and the growth rate G is constant and two-dimensional (Raghavan and Cohen,

1975),

x =I—-exp —%GZ Ns(t—z')3 B8

In Figure 6-24 we present the fit of the general form of the Avrami equation as depicted
in equation 6-16 to one of the data sets of Figure 6-23. We can see that the equation fits
the experimental data very well but it is not possible to infer the mechanism of
crystallization from these fits, since the exponent n can take the value of 3 or 4 and still
the experimental data are described very well. To attempt a statistical analysis of the
curve fitting and then choose the model that gives the smallest residue, as is commonly
done in the literature, is not good practice in view of the inherent error associated with
these and most literature crystallization kinetics data. It might be possible however to use

equations 6-16 to 6-18 and our experimental data of the nucleation and growth rates of
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amorphous indomethacin af 30°C, to test the predictions of the theoretical equations and
possibly to obtain a better idea of the mechanism of crystallization. In Figures 6-25 and
6-26 we present the experimental data for the nuclei number density and size as a
fu.nction of time for amorphous indomethacin at 30°C respectively. We can see that in
both cases the steady state rates are established after a considerable lag time. This is
expected since the measurements are made below the Tg of amorphous indomethacin.

In Figure 6-27 we present again all the overall crystallization data along with some
predictions. Data C are the results of the ground sample of Yoshioka et al (Yoshioka et
al,, 1994). Data B are the results from this study with a sample same as the one of
Yoshioka but not ground, and data A are for the same sample as B but after purification.
Line 1 was obtained from equation 6-16 assuming that the nucleation and growth rates

take their steady state rates, and that the induction time for nucleation 7 is 100 days (from

Figure 6-25). We can see that line 1 indeed has the same time dependence as the
experimental data but is displaced to the right. Line 2 was obtained from equation 6-28 by
assuming that the growth rate takes its steady state value after 50 days (From Figure 6-
26). The number of pre-existing nuclei at this time point was experimentally found to be
approximately lxlo“per m>. This corresponds to 10% nuclei per mm’ and it is close to
the lower limit of nuclei density that can be observed experimentally with optical
microscopy. As was observed for line 1, although line 2 can also describe the time

dependence of the overall crystallization it is also displaced to the right of the

experimental data. It seems that both crystallization models described in equations 6-16
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and 6-17 cannot fully accoﬁnt for the crystallization behaviour of the “real” samples. The
reason is that whereas the nucleation and growth rates were measured on solid thin films
of amorphous indomethacin, the overall crystallization data were all obtained from
particulate samples of amorphous indomethacin. The data of Yoshioka et al (Yoshioka et
al., 1994) were obtained from amorphous indomethacin prepared by quenching the melt
in LN, and then grinding the glass, whereas the data presented in this study were obtained
from amorphous indomethacin prepared by quenching the melt in LN,. During quenching
into LN, the glassy indomethacin will shatter into many new particles in a form of
controlled grinding. Nucleation initiated at the new surfaces, edges or corners of the
samples is probably the reason that their crystallization kinetics are much faster than what
is predicted by lines 1 and 2. Equation 6-18 describes a model of surface-initiated
crystallization, however, we cannot use it because preferential nucleation at the surface
was not observed during our nucleation and growth experiments. The smooth surfaces of
the films are probably an explanation for the absence of surface initiated nucleation in the
films. However we can approximate the real situation if we assume that the mechanical
activation, during shattering of our samples, or grinding in the case of the Yoshioka
samples, both simply introduce an additional number of nuclei at time zero. These nuclei
will then grow according to the model of equation 6-17. This is a more reasonable
approximation than to assume that the mechanical activation of the samples will have any
effect on the intrinsic nucleation and growth rates in the bulk. This will probably be true
only for the newly formed surfaces, even though this is not always true (Zanotto, 1991).

Line 3 is thus calculated from equation 6-17 by again assuming steady state growth after
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50 days and an initial popﬁlation of nuclei of 10’ nuclei per mm®, approximately one
order of magnitude larger than that experimentaly observed in the films. We note that
such nucleation densities will be attained in the films after almost a year ( from Figure 6-
25). This increase in the number of initial nuclei as a result of the shattering of a solid
sample to smaller particles is reasonable. We note that simultaneous nucleation in the
bulk, as described by line 1, will also take place but with little impact on the overall
crystallization. Line 4 is obtained similarly to above but with an initial population of
nuclei of 10* nuclei per mm®. Since the only difference between samples A and B is that
sample A was purified before use we will have to explain the difference in crystallization
rates in the different number of heterogeneous nuclei present on the samples. This
probably is also the reason for the shorter induction time for crystallization for sample B.
Finally line 5 was obtained as above with an initial population of nuclei of 10° nuclei per
mm’. Since samples B and C were the same but sample C was ground, the difference in
initial nuclei density is probably due to the mechanical activation of the new surfaces
formed during grinding. The C sample was ground to a 60 um average particle size,
which means that out of 1 mm® of solid initial sample, 4629 cubes with dimensions of

60x60x60 pm were obtained approximately. About 400 nuclei will have to form during

grinding in the surface of each small cube to attain the required nuclei density. We don’t
know if this is possible, but probably the grinding also increases the nucleation and
growth rates on the surface, as can be seen from the raw data, which do not show any

induction time for crystallization.
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We will conclude that for carefully prepared samples, with minimal mechanical
activation, and in that respect sample A was the closest we could get and at the same time
retain some of the characteristics of a “real” sample, estimations based on the Avrami
theory agree closely with the experimental observations. This has been also observed in
the literature (Zanotto and James, 1988) (Zanotto and Galhardi, 1988) (Zanotto, 1991)
(Zanotto and Leite, 1996) for some inorganic glasses where the crystallization and the
nucleation and growth were measured in exactly the same samples. For sample A the
mechanism of crystallization is probably by isotropic growth of the small number of
nuclei formed during quenching and shattering on the comers and edges of the new
particles. A larger initial number of nuclei due to some additional heterogeneous
impurities can explain the faster crystallization of sample B. Although a simple
geometrical argument can be made about the number of nuclei that grinding induces in
sample C, and thus the greatly enhanced crystallization kinetics, the crystallization
kinetics suggest that grinding also affects the nucleation and growth rates on the surface
(Schmelzer et al., 1993) (Schmelzer et al., 1995). This suggests that a study dedicated to
the behavior of the surface during crystallization is needed to be able to describe the

effects of grinding.
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Chapter 7
Conclusions

1) Sorption of water by amorphous indomethacin and the effect on Tg

It was found that although indomethacin in the crystalline state is very hydrophobic,
amorphous indomethacin can sorb small amounts of water. This water sorption results in
plasticization of amorphous indomethacin and a lowering of its Tg. It was found that the
Tg of amorphous indomethacin is lowered by 10°C for every 1 % water content and this
is very similar to what has been observed for hydrophilic amorphous materials. In this
respect the effects of water on Tg are universal among materials. However, we found that
the Gordon-Taylor and related equations do not have any predictive power in the case of
amorphous indomethacin containing water, and moreover, although thermodynamic
interactions can be present in the water-indomethacin mixtures, none of our results is
conclusive in this respect.

2) Molecular mobility of amorphous indomethacin as a function of temperature and water
content

The temperature and water content dependence and the magnitudes of the viscosity and
relaxation times of amorphous indomethacin are very comparable to most other organic
glass formers. The molecular mobility of amorphous indomethacin close to and below
Tg takes values that do not prohibit nucleation and growth under these conditions. This
was clear from the comparison of the activation energies for molecular mobility and

nuclei formation.



216

3) Overall crystallization

Amorphous indomethacin will crystallize over short time scales, i.e. on the order of
months. The crystallization kinetics are very dependent on the exact state of the initial
material. Although they can always be described with the Avrami theory, this by itself
does not give any insight into the crystallization mechanisms. Surface-initiated overall

crystallizaﬁon was primarily observed at and below Tg.

4) Nucleation and crystal growth of amorphous indomethacin

Our study was mainly concerned with the nucleation and crystal growth rates of
amorphous indomethacin. We found that the classical theory of nucleation was in good
agreement with the experimental results. This was true for both temperature and water
content studies. In fact, if the crystal-amorphous interface energy could be measured
independently, a full agreément with the theory might be possible. The values of the
interface energy obtained from the nucleation rates were generally reasonable. The
difference in interface energy between the two crystal forms of indomethacin was the
main factor in the observed crystal form selection during crystallization.

Good agreement was also observed between the theory of growth by two dimensional

nucleation and the experimental growth rates of the a crystal form both as a function of

temperature and water content. In fact the value of the interface energy obtained from the
analysis of the nucleation and growth rates was the same. To the contrary a reconciliation

of the experimental results for the growth of the 7y crystal form with the theory was not

possible.
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5) Pharmaceutical significance and directions for future work

Phase transformations are an integral part of pharmaceutical processing. This includes
amorphous to crystalline as well as crystalline to crystalline transformations. We found
that a rational description based on the general theory of transformation kinetics
composed by the Avrami theory and the theories of nucleation and growth is possible.
This is the first time that this has been done for an organic molecule. However, although
the main ingredients are there, the theory cannot reach its full potential in describing
phase transformation kinetics, unless some of the more difficult saddle points are clarified
in the future. This is important since it will be desirable to be able in the future to
calculate the nucleation and growth rates and then to calculate the overall crystallization
kinetics based on a limited number of experiments.

The crystal amorphous interface energy is a quantity that cannot be measured
experimentally, but it is very important in affecting a phase transformation. So in the
future computer simulations might be needed in order to calculate this quantity.

Although a good agreement has been obtained in many instances between the
experimental crystal growth rates and the theoretical predictions, more work is needed in
this area in the future. This is so because the actual value of the growth rate is the single
most important number that controls overall crystallization kinetics, i.e. the overall
crystallization depends usually on the exponential of the cube of the growth rate. Small
changes in estimations or experimental values of the growth rates can lead to widely
different overall crystallization behavior. Thus also more studies of the effect of mixtures

on the magnitude of the growth rates not only will be interesting but also will be of great
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pharmaceutical signiﬁcancé in terms of the stabilization of pharmaceutical products with
the introduction of polymers. Studies of the thermodynamic interactions in multi-
component mixtures are also needed, whereas molecular mobility in such mixtures can be
described with what we know currently, or can be measured rather easily.

Finally an area where very little has been done is the study of crystallization nucleation
and growth processes, specifically on amorphous or even crystalline surfaces. We were
able to show with some simple arguments that even a minimal mechanical activation of
the surface has a very large effect on the overall crystallization behavior. Theories that
quantitatively connect a given processing treatment and the corresponding change in
surface properties are badly needed if we wish to been able to predict the crystallization
behavior of real samples in the future.

The above conclusions are not presented here with the intention to finally conclude that
an exact description or even future predictions of phase transformation kinetics is totally
impossible or is extremely difficult. There is enough knowledge of the basics of phase
transformation processes to warrant a good understanding of the core phenomena in most
cases. However, for this current knowledge to be transformed to a solid “know-how” that
can be applied with confidence in every day applications, more theoretical and certainly

much more experimental work is needed.
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Appendix 1

Theoretical Models for the Gibbs Free Energy Change During Nucleation,

The difference in Gibbs free energy AG between the liquid and crystalline phases is given

by the following equation (DeHoff, 1993) (Thompson and Spaepen, 1979),

Tm Tm dT
AG=AH .—IMAC aT-TAS . +(IMac 2L
FolrAc, FHrAC, Eal

where AHs is the enthalpy of fusion, AS¢is the entropy of fusion, Ty, is the melting
temperature, and AC, defined as {Cpiquia-Cp,crystat } is the difference in heat capacity of
the two phases. When AC,, values are available for the temperature range of interest, AG

can be calculated exactly from equation 1. However experimental data are not always

available and in such cases approximations about AC, can be made. The simplest such

approximation is that AC,=0, and in this case equation 1 becomes,

AG:AH f jETM—T) .

m

This is the oldest approximation due to Turnbull (henceforth T) (Turnbull, 1950), and it

has been used widely due to its simplicity. It holds for all materials at small
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supercoolings below Tp, and for pure metals everywhere because AC, is indeed
negligible even at high supercoolings (Thompson and Spaepen, 1979). However for
organic molecules equation 1 cannot be used at low temperatures. A typical example of
the temperature dependence of AC, for organic materials is shown in Figure 1. We can
see that as temperature decreases below T, AC, increases slightly up to the glass
transition temperature, Tg. It can be assumed that below Tg, if vitrification does not take
place, i.e. in the case of the so-called fictive metastable liquid, AC, will continue to
increase (Gutzow and Dobreva, 1992). However in the temperature range 0°C to T, a
temperature Ty exists below which AC,=0 even for the fictive supercooled liquid. So it
can be argued that all the following approximations can be applied down to Tp.

The second level approximations all assume that AC, is a constant. In this case equation

1 becomes,

AG=AHf iTm_T)—Acp (Tm—T)—Tln T?m Eq3

m

Equation 3 is simplified further by using the approximation (Jones and Chadwick, 1971)

of equation 4,
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222
T AT -T
In| - |= ( L ) Eq 4
T T +T
m
which is accurate to within 0.25%. So equation 3 becomes,
2
4H (r,-T) 4c (r -T)
AG= T __P Eq5

T +T
m m

Equation 5 was first proposed by Jones and Chadwich (JC) (Jones and Chadwick, 1971),
and they suggest an error of 2.5% in the correction term compared with equation 3.
However they did not indicate how a constant value for AC, should be chosen. One
possibility is to take AC, =AC,1n the value at the melting temperature, Ty, this
assumption now is commonly associated with JC. Another logical possibility is to take
AC, =AC, 14 the value at the glass transition temperature, Tg, however the author has not
found a paper where this approximation has been used.

Some investigators express AC, as a fraction of the melting entropy AS;. Thompson and
Spaepen (TS) (Thompson and Spaepen, 1979) started from the point that the difference in

entropy AS between the crystalline and the supercooled liquid state seems to vanish at a

temperature To (Kauzmann, 1948). For a constant ACp, AS is given as,
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= ) +ACp ln}z- Eq 6

and since AS vanishes at T=T,),

AH f ]
ACp =0:—T——where a=——?—— Eq7
m In-m
Ty

The glass transition temperature, Tg, can be measured and To can be to a first
approximation estimated as Tg-60°C.

Battezzati and Garrone (BG) (Battezzati and Garrone, 1984) argued that a constant AC,
must account for the enthalpy of crystallization AH_ of the glass given by the following

equation,

AHC =AHf —ACP(Tm—Tc) Eq8

where Tc is the crystallization temperature. By assuming AC, as a fraction of the melting



entropy ASs they proposed an equation for AC, of the form,

| [-—€
AH f AH f
| ACP = y—T—— where Y= T Eq9
. m ]——C
T
m

, ' Their equation is difficult to use in practice since the determination of AH, is quite

difficult, especially when more than one polymorph is crystallizing out of the melt.

‘- Equation 8 can also be solved for AC,, without any assumption, to give,

| AH

| f
aAC =
p T
m

-AH
¢ Eq 10
-T

C

However it also suffers from the same problems as equation 9. Hoffman (Hoffman,

1958) assumed that the the enthalpy difference AH between the crystalline and

supercooled liquid phases may be represented by a linear function of the form of equation

8, and that vanishes at T, so,
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S
AC =—L Eq 11

obtained,
! f (Tm_T) T
AG= Eq 12
T T
m m

The equation has been used in the analysis of nucleation rates (Cranmer et al., 1981).
Finally Dubey and Ramachandrarao (DR) (Dubey and Ramachandrarao, 1984) derived

equation 13 for AG based on hole theories of liquids,

]———'g—T—— Eq 13

4H (T, -T) AC, 1 (Tm“T)z( T -T
{

Published experimental data of heat capacities of organic molecules are not common in
the literature. This is bad because comparisons of experimental data for many different

organic molecules with the various model predictions are necessary in selecting an



|

226
appropriate model for organic molecules.
We choose to make a comparison of experimental data and mode] predictions for o-
terphenyl because very accurate thermodynamic data are available for this glass forming
organic material (Greet and Turnbull, 1967) (Greet and Turnbull, 1967) (Chang and

Bestul, 1972). For this material Tm=329 K, Tg=242 K, To=199 K, AH=17.2 KJ/mol and

ACp = -0.515T+240 J/mol K. In Figure 2 we plot the predictions of different models

along with the experimental data. We can see that at small supercoolings below the

melting point all the models agree, however at higher supercoolings there are noticeable

differences. It seems that the H model s capable of describing the data down to To.
Since the H model is also very simple we choose to use it in the estimation of AG for the

| polymorphs of indomethacin.
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Figure A-2. The predictions of various models (see text for symbols) and the

experimental data (EXP) for amorphous o-terphenyl.
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