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Purpose. To determine the relaxation times of supercooled indometha-
cin as a function of temperature and relative humidity above Tg, and
to analyze the results in the context of being able to predict such
behavior at various storage conditions.

Methods. Dielectric relaxation times were measured in the frequency
domain (12 to 10° Hz) for amorphous indomethacin equilibrated at 0,
56, and 83% relative humidity. The heating rate dependence of Tg for
dry supercooled indomethacin was measured with differential scanning
calorimetry and used to determine relaxation times. The results were
compared with previously published shear relaxation times and
enthalpy recovery data.

Results. Very good agreement was observed between dielectric and
shear relaxation times, and those obtained from the heating rate depen-
dence of the Tg, for dry indomethacin as a function of temperature
above Tg. The introduction of water lowered the dielectric relaxation
times of supercooled indomethacin without significantly affecting its
fragility. The relaxation times below Tg, found to be lower than those
predicted by extrapolation of the data obtained above Tg, were analyzed
in the context of the Adam-Gibbs-Vogel equation.

Conclusions. The relaxation times of amorphous indomethacin
obtained from the heating rate dependence of Tg were in good agree-
ment with those obtained from shear and dielectric measurements, thus
validating a relatively simple approach of assessing molecular mobility.
The significant molecular mobility of amorphous indomethacin
observed below Tg, and the significant plasticizing effects of sorbed
water, help to explain why amorphous indomethacin crystallizes well
below Tg over relatively short time scales.
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INTRODUCTION

In recent years it has been increasingly recognized that
the presence of an amorphous phase can have very important
implications in the manufacturing, storage and use of pharma-
ceutical dosage forms through changes in their physical and
chemical stability (1). In our laboratory we have used the drug,
indomethacin, as a model substance for studying crystallization
from the amorphous state. Yoshioka et al. (2) studied the isother-
mal crystallization of dry ground amorphous indomethacin and
showed that crystallization occurred below Tg, on rather short
time scales. It also has been found that the presence of co-
precipitated poly(vinylpyrrolidone) greatly inhibits the crystal-
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lization of indomethacin from the amorphous state (3), whereas
the presence of water increases crystallization rates (4). Changes
in molecular mobility are believed to be responsible in part for
both effects. Starting from this premise Hancock et al. (5)
conducted enthalpy recovery experiments with dry amorphous
indomethacin below its Tg and concluded that indomethacin
in the glassy state still exhibits significant molecular mobility.
In a previous paper (6) we presented data on the viscosity and
shear relaxation times of dry supercooled indomethacin above
its Tg and showed significant changes in molecular mobility
with changing temperature, in agreement with the trend seen for
other organic materials. In this paper we report measurements
of the dielectric relaxation times of supercooled indomethacin
equilibrated at 0, 56 and 83% RH, as a function of temperature,
above its Tg. The dielectric relaxation method was chosen over
the viscoelastic method (6) for these studies because control
of the relative humidity was better accomplished inside the
dielectric measurements setup. Both sets of data should help
us analyze recent nucleation and crystal growth rate results (7)
for supercooled indomethacin as a function of temperature and
RH. The dielectric relaxation data also will enable us to access
the rotational mobility of amorphous indomethacin in view of
the hypothesis that this rotational mobility might be responsible
for the crystallization of amorphous indomethacin close to its
Tg (2). Relaxation times of amorphous indomethacin were also
estimated from the heating rate dependence of its Tg according
to the method of Moynihan (8-11), and a comparison of the
relaxation times obtained from the three techniques was made.

MATERIALS AND METHODS

Determination of the Complex Dielectric Constant €*(w)
of Amorphous Indomethacin

Crystalline indomethacin (1-(p-chlorobenzoyl)-5-
methoxy-2-methylindole-3-acetic acid), in the <y crystalline
form, obtained from Sigma Chemical, was melted in an alumi-
num weighing pan at 165°C. The melt was then quenched at
room temperature between two aluminum plates to form discs
with approximately 20 mm diameter and 0.3 to 0.5 mm thick-
ness. Attention was paid to assure that all the samples were
free of bubbles and that the procedure was performed at less
than 15% RH to minimize contact with water vapor. After
preparation, the sample discs were dried at room temperature
for more than 96 hrs over P,Os (0% RH) under vacaum (1072
Torr). Samples were also stored in desiccators containing satu-
rated salt solutions of 56 and 83% RH., at 30°C, for 6-9 days
to allow the samples to equilibrate with water vapor. All the
samples were thus pre-equilibrated before dielectric measure-
ments. The water vapor sorption isotherm at 30°C, and the
effect of water content on the Tg of samples of amorphous
indomethacin similar to the ones used in this study, have been
previously determined (4). No crystallization was observed with
X-ray diffraction during the time scale of this equilibration
and previous studies have shown that no chemical degradation
occurs under these conditions (4). Dielectric measurements
were conducted with a parallel plate capacitor of the three-
terminal guarded-circuit type. The capacitor was constructed
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central lower electrode circled by three concentric ring elec-
trodes. The sample disc extends out to the first ring electrode,
and its capacitance is measured only across the central measur-
ing electrode (13,14). The capacitance of air is measured across
one of the outer ring electrodes and is used to measure the
sample thickness at any time (12). Both the sample measuring
electrode and the gap electrode have their corresponding guard
electrodes (13,14).

The sample capacitor was placed inside an aluminum
cylindrical box to shield it from electrical noise. The aluminum
box served also as the thermostat; its temperature was controlled
with a band heater wound around it. The capacitor inside the
box was continuously flushed with air of the desired RH. 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. The sample temperature was
measured by two thermocouples in close proximity, accurate to
within = 1.5 K. With our setup the sample could be maintained
isothermally (*0.3 K) at the temperature of the experiment for
extensive periods of time.

A GenRad 1689 RLC Digibrige in parallel circuit with
the sample capacitor was used for measurements of the sample
capacitance and the dissipation factor (tan 8) at each temperature
in the frequency range from 12 Hz to 100 kHz. The real and
the imaginary parts of the dielectric constant were calculated
from the capacitance and the tan & values according to known
relations (15). Each data point reported corresponds to a differ-
ent sample measured on a different day. Repetitive measure-
ments 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 procedure had no effect on the
sample properties in terms of structural damage or crystalliza-
tion. It also indicates that for the samples equilibrated and
measured at 56 and 83% RH no appreciable water loss occurred
during the measurement.

Determination of the Heating Rate Dependence of Tg
with DSC

The glass transition temperature of amorphous indometha-
cin was measured with a Seiko 220C DSC. High purity indium,
gallium, and mercury were used for temperature calibration at
every heating rate used. Crystalline vy indomethacin (5-10 mg)
was loaded into aluminum DSC pans with a pin hole in the
lid. The samples were melted in the DSC, cooled to a tempera-
ture well below Tg, and then heated at the same rate through
Tg (8). Cooling and heating rates of 2, 5, 10, and 20°C/min
were used. The onset temperature from the heating step is
reported (average of 3 determinations).

RESULTS

In Figure 1 the imaginary part of the dielectric constant
€” of amorphous indomethacin stored at 0% RH is shown at
selective temperatures. We note here that preliminary experi-
ments at a constant frequency of 40 Hz as a function of tempera-
ture between 10 and 80°C (data not shown) revealed only a
single £” peak. Thus we believe that the peaks shown in Figure
1 represent the main dielectric relaxation process for amorphous
indomethacin. The data were analyzed with the Cole-Davidson
equation (16,17),
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Fig. 1. The imaginary part (¢") of the complex dielectric constant of
amorphous indomethacin at 0% RH, as a function of frequency (v =
2mv), at 60°C (0), 73°C(0), and 86°C ().
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where £*(w) is the complex frequency-dependent dielectric con-
stant, & is the high frequency limiting value of the real part
of the dielectric constant, and €, is the low frequency limiting
value of the real part of the dielectric constant. In the Cole-
Davidson equation, 7cp is the maximum relaxation time consid-
ered to be present in the material under study, and the width
parameter, 3 (0 < 8 <1), determines the shape of the £*(w)
curves. Phenomenologically B is related to the spread of the
distribution of relaxation times (as 3 becomes larger the distri-
bution becomes narrower) (18,19). Since a small dc-conductiv-
ity, o4, was observed for the samples equilibrated at 56 and
83% RH (data not shown) for these samples the following fit
function was used (15),

Ogdc

g'(w) = + Im{e*cp(w)} 2

weg

where e is the permitivity of vacuum and Im{e*cp(w)} denotes
the imaginary part of the Cole-Davidson function. The relax-
ation times Tcp as a function of temperature, for amorphous
indomethacin stored at the 0, 56, and 83% RH, are shown as
an Arrhenius plot in Figure 2. In Figure 3, the width parameter
B is shown as a function of temperature for amorphous indo-
methacin stored at 0, 56, and 83% RH.

The effect of heating rate on the Tg of amorphous indo-
methacin is shown in Figure 4. The relaxation times for super-
cooled indomethacin as a function of temperature were obtained
from the slope of the plot in Figure 4, based on the equations
described in Appendix A.

DISCUSSION

The Relaxation Times of Dry Supercooled Indomethacin
Above Tg

The dielectric relaxation times as a function of temperature
for amorphous indomethacin stored at 0% RH are shown as an
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Fig. 2. Arrhenius plot of the dielectric relaxation times of amorphous
indomethacin at 0% (Q), 56% (©), and 83% (<) RH. The lines are
the fits to a modified VFT equation with 7y and D the same as for the
dry indomethacin and with T, a function of RH.

Arrhenius plot in Figure 5, along with the previously obtained
shear relaxation-time data for dry supercooled indomethacin
(6). In the same figure the relaxation times obtained from the
heating rate dependence of Tg are also included. The solid lines
1 and 2 in Figure 5 are the fit of the VTF equation (19),

DT,
T = Toexp< T—70“0> 3)

to the shear and dielectric relaxation times. In the VTF equation,
7o is the relaxation time at the high temperature limit, D is a
material parameter related to the fragility of the material (see
Appendix A), and Ty is the temperature where the relaxation
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Fig. 3. The Cole-Davidson parameter for amorphous indomethacin at
0% RH (0), 56% RH (®), and 83% RH (0).
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Fig.4. The Tg of amorphous indomethacin as a function of heating rate.
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Fig. 5. Comparison of the shear (®), dielectric (0), and the relaxation
times of supercooled indomethacin obtained from the heating rate

dependence of Tg (X) as described in Appendix A. The lines are the
VTF fits as explained in the text.
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times will tend towards infinity. In Table I we present all the
VTF equation parameters obtained from the fitting of the data
from the different experiments. Small differences in the
obtained VTF parameters are obvious from Table I. For example
we see that the D parameter varies between 6.9 and 14.4 and
the T, varies between 233 and 259 K. However, despite the
different VTF parameters in Table I, as can be seen in Figure
5, above Tg, the shear, the dielectric, and the relaxation times
of supercooled indomethacin obtained from the heating rate
dependence of Tg, have very similar temperature dependencies,
with the actual relaxation times practically agreeing within the
width of their distributions. This suggests that all the measured
relaxation times are coupled to the same fundamental molecular
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Table I. The VTF Equation Parameters for Dry Amorphous Indometh-
acin Obtained from the Different Experiments

Shear Dielectric Heating
Viscosity relaxation relaxation rate
Mo 2.7 X 1077 — — —_
To — 43 X 1071 1.8 X 10777 1 X 10713
B 2281 1791 3361 2743
D 8.9 6.9 14.4 11.1
To 256 K 259 K 233K 246 K

Note: The shear viscosity data are from Ref. (6).

motion that is responsible for the relaxation behavior of amor-
phous indomethacin. It also suggests that crystallization of
amorphous indomethacin close to Tg cannot be attributed to a
presumably faster rotational motion of the indomethacin
molecule.

The fact that different sets of VTF parameters can result
in very similar relaxation times originates from the reality that
only the effective VTF activation energy (given in equation 4)
is tightly constrained by the experimental data over narrow
temperature ranges,

AHVTF = alnT - BT2
R AUT (T — Tp)?

thus the VTF parameters D and T, can vary within fairly wide
limits, with AHyrf still being a constant (20). As we can see
from Figure 5, such variations in D and T, are not apparent
over narrow experimental temperature ranges. However when
the fits to the VTF equation are extrapolated below Tg, they
each predict relaxation times that differ by orders of magnitude.
Below Tg, the equilibrium shear relaxation time is estimated to
be 3 days at 30°C, and 3 years at 22°C, whereas the equilibrium
dielectric relaxation time is estimated to be 4 hours at 30°C,
and 92 days at 22°C. Extrapolation of the relaxation times
of supercooled indomethacin obtained from the heating rate
dependence of Tg below Tg results in intermediate values for
the relaxation times. The disagreement in the values of T much
below Tg, predicted by the different experiments, is the result
of extrapolating over many orders of magnitude in time. In this
case small differences in the VTF parameters can lead to widely
different relaxation times as seen in Figure 5. Fortunately, as
we will explain later the predicted relaxation times much below
Tg are not very important for practical reasons, however this
is not true for the VTF parameters (see the following discussion
of the AGV equation) that have to be as accurate as possible
to have any practical significance. For this to happen the VTF
parameters have to be obtained from data covering as wide a
time (or frequency) scale as possible. From these results, it also
can be concluded that the heating rate method is a fair alternative
method for the estimation of the temperature dependence of
relaxation times, especially since it is much faster, more conve-
nient than the direct viscoelastic or dielectric methods for deter-
mination of relaxation times, and requires only a DSC
instrument, generally available in most industrial laboratories.

4

Dielectric Relaxation of Supercooled Indomethacin as a
Function of Relative Humidity

In Figure 2 we presented the Arrhenius plot of the dielectric
relaxation times of amorphous indomethacin stored a 0, 56,
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and 83% RH. It can be seen that at a certain temperature
increasing water content significantly lowers the relaxation time
of amorphous indomethacin. The VTF equation was fitted to
the data of Figure 2 by assuming that D and T, are the only
composition dependent VTF parameters. This is justifiable since
the high temperature limit of the relaxation time, 7, most likely
does not change with water content. The results of the non-
linear fitting are shown in Table II, where beyond the expected
decrease of T;, we do not see any extensive change in the values
of D as a function of water content. In addition the values of
D at 56 and 83% RH are within error of the value at 0% RH.
If however a very small effect of water on the fragility of
amorphous indomethacin were to exist our data may not be
accurate enough to resolve such difference. We will conclude
on this basis that in this concentration range, water does not
have any significant effect on the fragility of amorphous indo-
methacin. Although the question of the effect of water on the
fragility of amorphous materials is an important one (21), we do
not know of any other study that has focused on a hydrophobic
material such as indomethacin. From data available for hydro-
philic molecules it seems that water has some effect on their
fragility but it is observable only if wide concentration ranges
for water are studied (22,23).

As is seen in Figure 3 the Cole-Davidson width parameter
{3 decreases with increasing temperature at a constant RH. Also
in Figure 3 it can be seen that, at a constant temperature, an
increased water content results in a decrease in the value of {.
This suggests that the distribution of the dielectric relaxation
times becomes wider as the temperature and water content
increase. This result is opposite to what we found for the temper-
ature dependence of B from shear relaxation of amorphous
indomethacin (6) and from the trend seen with many organic
glass formers (19). However, Nagel and coworkers have
observed similar behavior, as in this study, with the effect of
temperature on the distribution of relaxation times of super-
cooled di-n-butylphthalate (24), and Johari and coworkers (25)
have observed similar results in their dielectric study of glucose-
water mixtures. These observations suggest that for amorphous
indomethacin decreasing relaxation times (with increased tem-
perature or water content) result in an increased non-exponen-
tiallity of the dielectric relaxation process. We think that this
effect may be related to the intermolecular H-bonding behavior
of amorphous indomethacin. This was recently studied with
FT-IR and FT-Raman spectroscopy (26), and it was shown that,
in the supercooled state indomethacin to a large extent consists
of inter-molecular ring dimers formed by H-bonding of the
carboxylic groups of two neighbor molecules. In terms of dielec-
tric relaxation behavior it is known (27) that in simple acids that
form such dimers in the liquid state (acetic acid for example), the
dipole moments of the two monomers cancel each other, with
resulting dielectric constants characteristic of non-polar liquids.

Table II. VTF Equation Parameters from Dielectric Relaxation of
Amorphous Indomethacin Equilibrated at the Various RH

0% RH 56% RH 83% RH
T 1.8 X 1077 1.8 X 1077 1.8 X 107
D 14.4 16.1 15.6
T, (K) 233 216 210
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The dielectric constant of amorphous indomethacin was found
from our measurements to be approximately 6 and we found
that it did not change much in the temperature and RH range
of our experiments. This is not uncommon considering the
narrow range of our measurements, and it means that most
likely increasing temperature or water content does not result
in a total elimination of the ring dimers. However increased
temperature or water content can probably partially destabilize
these dimers and thus increase the non-exponentiallity of the
dielectric relaxation process. It is interesting that Johari (28)
in his dielectric study of various isomeric octanols, found that
octanols that form such ring dimers are characterized by a wider
distribution of relaxation times than octanols that do not form
such cyclic dimers, and that the introduction of ions increases
the distribution of relaxation times for all octanols, presumably
due a destabilization of the H bonding structure.

Beyond the fundamental reasons for the dependence of
the distribution of relaxation times on temperature and water
content, our results clearly indicate that the time-temperature-
RH superposition principle (29) does not hold for amorphous
indomethacin.

Relaxation Times Below Tg

Fukuoka et al. (30) and Hancock et al. (5) measured the
effect of isothermal storage of amorphous indomethacin below
Tg on the subsequent enthalpy recovery during heating in the
DSC. The time, tap, required for the enthalpy to reach its final
equilibrium value, AHe, in the enthalpy relaxation experiments
(see ref (31)) is by definition important because it signifies the
time that is required for equilibrium to be attained. Values for
the characteristic times tay. were obtained directly from the
published plots, at 40 and 35°C from Ref. (30), and at 32°C
from Ref. (5). At the lower temperatures, the data of Hancock
et al. (5) were fitted to the KWW equation (17) in order to
obtain an estimate of the value of tyye. All the tyy. data along
with our shear and dielectric relaxation times are shown in
Figure 6. We can see that very close to the Tg the time required
for AH to reach its equilibrium value practically is the same
as the equilibrium relaxation times obtained from extrapolations
below Tg with the VTF equation. This suggests that the real
relaxation times of indomethacin below the Tg are much smaller
than the equilibrium relaxation times, The observation is more
obvious at the lowest temperatures where the typ. times are
sometimes orders of magnitude lower than the equilibrium
relaxation times. It is clear, therefore, that in the glassy state
indomethacin possesses relaxation times much smaller than the
equilibrium relaxation times. The fact that relaxation times in
the glassy state are much shorter than equilibrium extrapolations
below Tg is well known and studied in the field of glasses and
polymers (see references (20) and (32)).

This behavior has been explained with equations based on
the configurational entropy model of Tg (33,34). In a seminal
paper, Gibbs and DiMarzio (33) developed a statistical mechani-
cal quasilattice theory of amorphous phases and suggested that
molecular mobility involves the cooperative rearrangement of
increasingly large numbers of molecules as temperature is
decreased. They also showed the existence of a second order
transition at a temperature T, where the configurational entropy
vanishes; configurational entropy is that part of the entropy due
to configurational rather than vibrational degrees of freedom.
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Fig. 6. Shear (W) and dielectric (O) relaxation times, fap. (X) (Ref.

(30)), and tay- (A) (Ref. (5)) times for amorphous indomethacin. Line

1 is the fit of the VTF equation to the dielectric relaxation times. Line
2 is the prediction of the AGV equation as described in the text.

Adam and Gibbs (34) modeled the temperature dependence of
relaxation times in terms of the temperature dependence of the
size of cooperatively rearranging regions. The size of these
cooperatively rearranging regions was shown to be determined
by configurational restrictions and is expressed in terms of the
configurational entropy. The quantitative result of the model is,

T= Toexp<%c> &)

where 7y and C are constants, and S, is the macroscopic configu-
rational entropy of the liquid. The general validity of the AG
equation has been well demonstrated previously (35,36). Note
that for a constant S, the AG equation transforms to an Arrhenius
type equation. The macroscopic configurational entropy of the
liquid S, is given as (37),
T
ST = J A—;:E daT (6)

I3

where AC, is the difference in heat capacity between the liquid
and the glass. For ACp with a hyperbolic temperature depen-
dence (38),
K
ACp = = 7

Cp T N
where K is a constant, the VTF equation is obtained with T,
identified with T,. Scherer (37) has expressed equation 6 as,
TAC

—Ldr (8)

SAT) =J T

T2

where in the upper limit of the integral the temperature T has
been substituted with the fictive temperature T;. The basis
behind the use of T is that in the glassy state the configurational
entropy depends on the existing frozen-in structure rather than
on the equilibrium structure and that the fictive temperature T



840

is a measure of the configurational entropy. For materials above
Tg the fictive temperature Ty is the same as the experimental
temperature (39) while for materials below Tg, T¢ is defined
as the temperature at which the nonequilibrium value of some
macroscopic property would be the equilibrium one. Immedi-
ately after formation of a glassy material T is the best measure
of Tg (39). Nevertheless since the material below Tg is out of
equilibrium, T will evolve as a function of time to the tempera-
ture of isothermal storage. For ACp with a hyperbolic tempera-
ture dependence the Adam-Gibbs-Vogel (AGV) equation is
obtained (40),

g ) ©)

7= Aexp (T(l ~T,/T)

The equation has been found to describe well experimental data
below Tg (37,39,41). In the equilibrium state above Tg, where
T¢ = T, the equation assumes the VTF form, whereas below
Tg, where Ty = Tg = constant, the equation takes the Arrhenius
form. Line 2 in Figure 6 represents the non-equilibrium values
of the relaxation times of indomethacin below Tg determined
from the AGV equation using the values of 7o, B, and T,
obtained from the fit of the VTF equation to the dielectric data,
and taking T; as 44.7°C, the same as the calorimetric Tg at
20°C/min the cooling rate used in Ref. (5). It represents the
relaxation times of amorphous indomethacin immediately after
it is cooled through Tg, at a cooling rate of 20°C/min. In this
case supercooled indomethacin will fall out of equilibrium at
44.7°C, and this is the fictive temperature T.

From a pharmaceutical perspective, an analysis based
on the AGV equation is important for practical reasons. As
can be seen in Figure 6 the temperature T, is characteristic
of the equilibrium liquid only, and not of any real glass formed
with a finite cooling history. For amorphous indomethacin for
example, from the activation energy of viscosity near Tg,
the cooling rate required so a Tg of 233 K is reached is
calculated to be 1073 K/sec. Even if such a cooling rate
was technically possible the time required for this is about
10'3 times the age of earth. For real glasses at any temperature
below Tg according to the AG theory the relaxation times
depend only on the “frozen in” configurational entropy. The
amount of Sc “frozen in” in turn depends on the temperature
at which the material went out of equilibrium and the method
used to form the amorphous glass (42), and it is independent
of the subsequent storage temperature below Tg (since
according to the AG theory below Tg the configurational
entropy is invariant with respect to temperature). The AGV
equation provides a simple way to determine the relaxation
times of materials immediately after glass formation since
the AGV parameters can be calculated from experiments in
the equilibrium state above Tg. From line 2 in Figure 6 we
found that glassy indomethacin immediately after formation
will have a relaxation time of about 10° sec or 12 days at
233 K. During storage below Tg molecular relaxation will
result in a decreasing Sc and thus increasing relaxation times.
These relaxation times eventually will approach the values
characteristic of the equilibrium supercooled liquid, however,
at temperatures close to T, this process literally will take
infinite time. In fact at the lowest temperature of Figure 6
the time to equilibrium, tap., is approximately 80 years. It is
obvious that stability predictions for pharmaceutical products
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cannot simply be based on the value of Ty and that the early
stages of an amorphous product’s life are very important in
determining its stability; since in the early stages all glassy
materials will possess relaxation times far less than we might
have thought. One way to minimize such effects is to
resort to methods of preparing amorphous materials that least
energize the amorphous state of the material. For example,
a slow cooling through Tg will result in a smaller Tf and
thus higher initial relaxation times. Of course the final storage
temperature of the drug product should be as low as possible.
A more rationale selection of storage temperature would be
possible only if the time evolution of the relaxation times
during sub-Tg storage could be predicted. Unfortunately at
the present moment whereas phenomenological descriptions
exist for the time dependence of the Sc (or Ty below Tg,
a prediction is not always possible and many theoretical
problems still exist (20,32,43). Even if such a prediction
was possible, a prediction of physical stability is generally
impossible without some application of the general theory
of phase transformation by nucleation and crystal growth (7).

CONCLUSIONS

The relaxation times of amorphous indomethacin above
its Tg obtained from shear and dielectric relaxation and from
the heating rate dependence of Tg were found to be in very
good agreement. Water was found to have a very significant
effectin lowering the relaxation times of amorphous indometha-
cin, without significantly changing its fragility. Amorphous
materials below Tg, especially immediately after their prepara-
tion, are characterized by much shorter relaxation times than
simple extrapolation of the equilibrium relaxation times
obtained above Tg would suggest. This behavior should be
taken into account when processing and storage conditions for
amorphous pharmaceuticals are selected, so their physical and
chemical stability can be optimized.
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APPENDIX A

It is well known that the relaxation times of most super-
cooled liquids show significant deviations from Arrhenius
behavior as a function of temperature (44),

T=T7 exp(AH)
= 1, =
RT

These deviations can be described by a temperature dependent
apparent activation enthalpy AH. The apparent activation

(Al)
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enthalpy at Tg scaled by the thermal energy at Tg has been
defined as the fragility, m (45), given by,

m=dlog'r| _ AHIT,;
d(T,/D;_, ~ 2303RT,"

(A2)

since in small temperature intervals the relaxation times always
can be described by the Arrhenius equation. It can be shown
further (46) that the parameters D, and T, of the VTF equation
are related to the fragility m as follows,

2.303mmm2
D=——-— (A3)
m — Mpyn
and
mmm
T,=1T, (1 ) (A4)
m
where mp,, is given by,
7
Mpyiy = lOg (_ﬂ) (AS)
To

For most supercooled liquids m, takes values between 16 and
17 since the relaxation time T at Tg is usually about 100 sec
and 7, is of the order of vibrational lifetimes (=10~ sec) (46).
This was found to hold also for supercooled indomethacin,
since from the fit of the VTF equation to experimental data for
amorphous indomethacin we found that m,,;, is 16.54 for shear
viscosity, 13.67 for shear relaxation times, and 17.56 for dielec-
tric relaxation times. Moynihan et al. (8,9,11) have shown that
the activation enthalpy for relaxation AH* can be determined
from the dependence of Tg on heating or cooling rate g,

AH* _ ding

R d(1/T,)

(6)

If we assume that AH* = AH, the parameters of the VTF
equation can be calculated for amorphous indomethacin. A
value for AH* of 464 kJ/mol was determined for indomethacin
from equation A6 and the slope of Figure 4. The fragility m
was then determined to be 76.7 from equation A2 where the
value of Tg was taken as 43.1°C the value measured at a heating
and cooling rate of 10°C/min

The VTF parameters of D = 11.15 and T, = 246 were
determined from equations A3 and A4 with mp,, taken as 17,
and Tg taken as 43.1°C. Finally by simply assuming that 7
= 10713 sec, the relaxation times were calculated from the
VFT equation.

REFERENCES

1. B. C. Hancock and G. Zografi. Characteristics and Significance
of the Amorphous State in Pharmaceutical Systems. J. Pharm.
Sci. 86:1-12 (1997).

2. M. Yoshioka, B. C. Hancock, and G. Zografi. Crystallization of
Indomethacin from the Amorphous State Below and Above its
Glass Transition Temperature. J. Pharm. Sci. 83:1700-1705 (1994).

3. M. Yoshioka, B. C. Hancock, and G. Zografi. Inhibition of Indo-
methacin Crystallization in Poly(vinylpyrrolidone) Coprecipi-
tates. J. Pharm. Sci. 84:983-986 (1995).

4. V. Andronis, M. Yoshioka, and G. Zografi. Effects of Sorbed

10.

11.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

841

Water on the Crystallization of Indomethacin from the Amorphous
State. J. Pharm. Sci. 86:346-351 (1997).

B. C. Hancock, S. L. Shamblin, and G. Zografi. The Molecular
Mobility of Amorphous Pharmaceutical Solids Below Their Glass
Transition Temperatures. Pharm. Res. 12:799-806 (1995).

V. Andronis and G. Zografi. Molecular Mobility of Supercooled
Amorphous Indomethacin, Determined by Dynamic Mechanical
Analysis. Pharm. Res. 14:410-414 (1997).

V. Andronis. Crystallization of Amorphous Indomethacin, Ph.D.
Thesis, University of Wisconsin-Madison, 1997.

C. T. Moynihan, A. J. Easteal, J. Wilder, and J. Tucker. Depen-
dence of the Glass Transition Temperature on Heating and Cooling
Rate. J. Phys. Chem. 78:2673-2677 (1974).

M. DeBolt, A. Esteal, P. Macedo, and C. Moynihan. Analysis of
Structural Relaxation in Glass Using Rate Heating Data. J. Amer.
Ceram. Soc. 59:16-21 (1976).

Moynihan in Ref. 11 has shown that a correlation exists between
the activation enthalpy AH* and the width of the glass transition.
However since the correlation constant is not known a priori for
indomethacin, or for any other amorphous material, the method
does not really allow for the direct determination of AH*.

C. T. Moynihan. Correlation Between the Width of the Glass
Transition Region and the Temperature Dependence of the Viscos-
ity of High-Tg Glasses. J. Am. Ceram. Soc. 76:1081-1087 (1993).

. R.D.McCammon and R. N. Work. Measurement of the Dielectric

Properties and Thermal Expansion of Polymers from Ambient to
Liquid Helium Temperatures. Rev. Sci. Instrum 36:1169-1173
(1965).

. R.F. Field. Dielectric measuring techniques. In A. R. Von Hippel

(eds), Dielectric Materials and Applications, John Wiley, New
York, 1954.

R. H. Boyd. Electrical Methods. In R. A. Fava (eds), Methods of
Experimental Physics, Academic Press, New York, 1980.

. N. G. McCrum, B. E. Read and G. Williams. Anelastic and

Dielectric Effects in Polymeric Solids, John Wiley & Sons, New
York, 1967.

D. W. Davidson. Dielectric Relaxation in Liquids I. The Represen-
tation of Relaxation Behaviour. Can. J. Chem. 39:571-594 (1961).

. C. P. Lindsey and G. D. Patterson. Detailed Comparison of the

Williams-Watts and Cole-Davidson Functions. J. Chem. Phys.
73:3348-3357 (1980).

G. Harrison. The Dynamic Properties of Supercooled Liquids,
Academic Press, London, 1976.

R. Bohmer, K. L. Ngai, C. A. Angell, and D. J. Plazek. Nonexpo-
nential Relaxations in Strong and Fragile Glass Formers. J. Chem.
Phys. 99:4201-4209 (1993).

I. M. Hodge. Enthalpy Relaxation and Recovery in Amorphous
Materials. J. Non-Cryst. Solids. 169:211-266 (1994).

E. Y. Shalaev and G. Zografi. How Does Residual Water Affect
the Solid-State Degradation of Drugs in the Amorphous State?
J. Pharm. Sci. 85: 1137-1141 (1996).

C. A. Angell, R. D. Bressel, J. L. Green, H. Kanno, M. Oguni,
and E. J. Sare. Liquid Fragility and the Glass Transition in Water
and Aqueous Solutions. J. Food. Eng. 22:115-142 (1994).

D. Girlich, H. D. Ludemann, C. Buttersack, and C. Buchholz. c,
T-Dependence of the Self Diffusion in Concentrated Aqueous
Sucrose Solutions. Z. Naturforsch 49:258-264 (1994).

N. Menon, S. R. Nagel, and D. C. Venerus. Dynamic Viscosity
of a Simple Glass-Forming Liquid. Phys. Rev. Lett. 73:963—
966 (1994).

R. Chan, K. Pathmanathan, and G. P. Johari. Dielectric Relax-
ations in the Liquid and Glassy States of Glucose and Its Water
Mixtures. J. Phys. Chem. 90:6358-6362 (1986).

L. S. Taylor and G. Zografi. Spectroscopic Characterization of
Interactions Between PVP and Indomethacin in Amorphous
Molecular Dispersions. Pharm. Res. 14:1691-1698 (1997).

N. E. Hill, W. E. Vaughan, A. H. Price, and M. Davies. Dielectric
Properties and Molecular Behaviour, Van Nostrand Reinhold,
London, 1969,

G. Sartor, K. Hofer, and G. P. Johari. Structural Relaxation and
H Bonding in Isomeric Octanols and Their LiCl Solutions by
Calorimetry. J. Phys. Chem. 100:6801-6807 (1996).

J. D. Ferry. Viscoelastic Properties of Polymers, John Wiley &
Sons, New York, 1980.



842

30.

31.

32.

33.
34,

35.

36.

37.

E. Fukuoka, M. Makita, and S. Yamamura. Some Physicochemical
Properties of Glassy Indomethacin. Chem. Pharm. Bull. 34:4314—
4321 (1986).

A. Alegria, E. Guerrica-Echevarria, L. Goitiandia, I. Telleria, and
J. Colmenero. a-Relaxation in the Glass Transition Range of
Amorphous Polymers. 1. Temperature Behavior Across the Glass
Transition. Macromolecules 28:1516-1527 (1995).

I. M. Hodge. Physical Aging in Polymer Glasses. Science
267:1945-1947 (1995).

J. H. Gibbs and E. A. DiMarzio. Nature of the Glass Transition
and the Glassy State. J. Chem. Phys. 28:373-383 (1958).

G. Adam and J. H. Gibbs. On the Temperature Dependence of
Cooperative Properties in Glass-Forming Liquids. J. Chem. Phys.
43:139-146 (1965).

S. Takahara, O. Yamamuro, and H. Suga. Heat Capacities and
Glass Transitions of 1-Propanol and 3-Methylpentane Under Pres-
sure. New Evidence for the Entropy Theory. J. Non-Cryst. Solids.
171:259-270 (1994).

S. Takahara, O. Yamamuro, and T. Matsuo. Calorimetric Study
of 3-Bromopentane: Correlation Between Structural Relaxation
Time and Configurational Entropy. J. Phys. Chem. 99:9589-
9592 (1995).

G. W. Scherer. Use of the Adam-Gibbs Equation in the Analysis
of Structural Relaxation. J. Am. Ceram. Soc. 67:504-511 (1984).

38.

39.

40.

41.

42,

43.

44,
45,

46.

Andronis and Zografi

C. Angell. Relaxation in Liquids, Polymers and Plastic
Crystals—Strong/Fragile Patterns and Problems. J. Non-Cryst.
Solids. 131-133:13-31 (1991).

G. W. Scherer. Theories of Relaxation. J. Non-Cryst. Solids.
123:75-89 (1990).

I. M. Hodge. Effects of Annealing and Prior History on Enthalpy
Relaxatiuon in Glassy Polymers. 6. Adam-Gibbs Formulation of
Nonlinearity. Macromolecules 20:2897-2908 (1987).

G. W. Scherer. Relaxation in Glass and Composites, John Wiley &
Sons, New York, 1986.

I. Tsukushi, O. Yamamuro, and H. Suga. Heat Capacities and
Glass Transitions of Ground Amorphous Solid and Liquid-
Quenched Glass of Tri-O-Methyl-B-Cyclodextrin. J. Non-Cryst.
Solids 175:187-194 (1994).

J. Mijovic, L. Nicolais, A. D’Amore, and J. M. Kenny. Principal
Features of Structural Relaxation in Glassy Polymers. A Review.
Polym. Eng. Sci. 34:381-389 (1994).

M. D. Ediger, C. A. Angell, and S. R. Nagel. Supercooled Liquids
and Glasses. J. Phys. Chem. 100:13200-13212 (1996).

D. J. Plazek and K. L. Ngai. Correlation of Polymer Segmentat
Chain Dynamics with Temperature-Dependent Time-Scale Shifts,
Macromolecules 24:1222-1224 (1991).

I. M. Hodge. Strong and Fragile Liquids—A Brief Critique. J.
Non-Cryst. Solids. 202:164—-172 (1996).



