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Purpose. To determine the calorimetric relaxation time needed for modeling griseofulvin_s stability

against crystallization during storage.

Methods. Both temperature-modulated and unmodulated scanning calorimetry have been used to

determine the heat capacity of griseofulvin in the glassy and melt state.

Results. The calorimetric relaxation time, tcal, of its melt varies with the temperature T according to the

relation, tcal s½ � ¼ 10�13:3 exp 2; 292= T K½ � � 289:5ð Þ½ � , and the distribution of relaxation times
parameter is 0.67. The unrelaxed heat capacity of the griseofulvin melt is equal to its
vibrational heat capacity.
Conclusions. Griseofulvin neither crystallizes on heating to 373 K at 1 K/h rate, nor on cooling.

Molecular mobility and vibrational heat capacity measured here are more reliable for modeling a

pharmaceutical_s stability against crystallization than the currently used kinetics–thermodynamics

relations, and molecular mobility in the (fixed structure) glassy state is much greater than the usual

extrapolation from the melt state yields. Molecular relaxation time of the glassy state of griseofulvin is

about 2 months at 298 K, and longer at lower temperatures. It would spontaneously increase with time.

If the long-range motions alone were needed for crystallization, griseofulvin would become more stable

against crystallization during storage.
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INTRODUCTION

The Gibbs free energy of a non-crystalline solid pharma-
ceutical is greater than that of its crystalline form, and
therefore its saturation solubility and hence the bioavailability
is higher. This is the basis on which procedures for improving
the bioavailability of poorly soluble pharmaceuticals are
currently being developed. It is also known that non-crystalline
states of different free energies of a pharmaceutical are
produced by different techniques. Therefore, bioavailability of
a given pharmaceutical varies with the method of its industrial
production, such as lyophilization (freeze-drying), flocculation
(precipitation with an external agent usually an ionic polymer),
trituration (high-speed mechanical deformation) and vitrifica-
tion by supercooling the melt. It also varies with time during
storage as the non-crystalline state structurally relaxes and/or
slowly crystallizes. Consequently its net free energy and
bioavailability decreases.

Long-range molecular diffusion over a time scale of days
or longer occurs in a non-crystalline solid. It is believed that

these diffusive motions lead to crystal nucleation and growth,
which reduces the free energy and hence the saturation
solubility. Therefore, molecular mobility is currently used for
modeling a pharmaceutical_s stability against crystallization
and chemical reactions (1–8). In such models, the tempera-
ture dependence of the relaxation time (inverse of molecular
mobility) of a supercooled melt is determined by using a
relation (9) between the relaxation time and the extrapolated
excess entropy of the melt over the crystal phase, Sexc (10),
and it is assumed that this Sexc would become zero at an
unattainable equilibrium condition in the glassy state (9,10).
Moreover, correlations between the relaxation time and heat
capacity are used in such modeling (11–15). All these add to
the uncertainty in the prediction of a pharmaceutical_s
stability against crystallization.

As part of our studies of pharmaceuticals in the glassy
state (16), we have determined the temperature dependence
of the molecular mobility in griseofulvin, and estimated its
stability against crystallization by measuring the dynamic
heat capacity in three conditions, (1) during its melt_s
extremely slow cooling at 1 K/h rate to temperatures low
enough that the molecular relaxation time could be deter-
mined to values longer than 104 s, and (2) during the
extremely slow subsequent heating of its glassy state at the
same rate until the glass became an ultraviscous melt. This is
reported here. The method eliminates the use of correlations
between other relaxation times and the heat capacity. We
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also report the time-dependent or apparent heat capacity, Cp,app,
of griseofulvin studied during cooling at a much slower rate of
20 K/h until it vitrifies and then during the heating of its glassy
state at the same rate. Finally, we provide a method for
determining the true relaxation time and its increase during
griseofulvin_s storage and use it to predict its stability against
crystallization at 298 K.

The purpose of the study is not for understanding the
formation of glassy state and its crystallization. Rather, it is for
determining the relaxation time needed for modeling a
pharmaceutical_s stability against crystallization during storage.
As before (16), we avoid using both the currently debated
kinetic-thermodynamic correlations and the misleading (pop-
ular) terms in the literature on supercooled liquids, such as
fragility (17). A critical appraisal of their use has appeared in a
report on the dielectric study of acetaminophen (18).

DYNAMIC HEAT CAPACITY AND RELAXATION

Since the method used in this study is new to most
pharmaceutical researchers, it seems appropriate to describe
briefly its general concept, data analysis and interpretation:
Dynamic heat capacity refers to the frequency-dependent
part of the heat capacity Cp measured by sinusoidally
modulating the temperature of a material. It is a complex
quantity, Cp* ¼ C0

p � iCp¶¶
� �

, where Cp¶ and Cpµ are the real
and imaginary components of Cp* and i=(j1)1/2. Cp¶
oscillates in phase with the temperature, and Cpµ oscillates
out of phase during the course of one temperature
modulation cycle. The theory and the method for Cp¶ and
Cpµ measurements have been well founded and reviewed
extensively (19,20), and the related formalisms have been
provided earlier (16,21–23). Briefly, the temperature of the
sample is sinusoidally modulated (oscillated) at a fixed
frequency, wmod, and the amount of heat stored and heat
released that reverses with reversal of the temperature in the
modulation cycle is measured. These yield the amplitude and
phase angle from which Cp¶ and Cpµ are calculated. A data
point obtained for each cycle is assigned to the mean
temperature of the modulation period, and the measured
Cp¶ and Cpµ refer to this mean temperature. The initial state
of the sample is attained within one temperature modulation
cycle when the Cp¶ and Cpµ values measured during the
cooling at a fixed rate are found to coincide with the Cp¶ and
Cpµ values measured during the heating at the same rate.

The equilibrium quantities and tcal are determined by
analyzing the Cp¶ and Cpµ data in a manner analogous to the
analysis of the real and imaginary components of the
complex mechanical modulus and complex dielectric permit-
tivity. When measurements are made at low wmod and/or high
temperatures, Cpµ is formally zero or negligibly small, and Cp¶
is equal to Cp,0, the limiting low-frequency, or the equi-
librium value. In such conditions, the product wmodtcal
approaches zero, where tcal is the characteristic calorimetric
relaxation time (to distinguish it from other structural
relaxation times, which differ in meaning and mechanism,
we use the term tcal here). When measurements are made at
high wmod and/or low temperatures, Cpµ is also zero or
negligibly small, and in this case the measured Cp¶ is equal to
Cp;1 , the limiting high-frequency Cp of a relaxation process.
In such conditions, wmodtcal is much higher, approaching

infinity. Thus Cp;1 is the unrelaxed and Cp,0 is the relaxed
value of Cp. Over the temperature range in which Cp;1
increases to Cp,0, the plot of Cp¶ against the temperature at a
fixed wmod has the shape of a stretched sigmoid, and Cpµ
shows a peak. The relaxation strength of dynamic Cp is,
DCp;� ¼ Cp;0 � Cp;1 . It corresponds to molecular motions of
the a-relaxation process that determine the viscosity of the
melt, and therefore all calorimetric relaxation features are for
the a-relaxation process. The temperature at which the Cpµ-
peak appears is the temperature at which tcal is equal to the
reciprocal of the angular frequency of temperature modula-
tion. Note that there is an important distinction between the
dynamic Cp and dielectric and mechanical relaxation mea-
surement. In the dynamic Cp measurements, modulation of a
material_s temperature itself changes the molecular mobility,
Cp,0 and Cp;1 . But an oscillating electric field and mechanical
stress do not do so in a linear response range. Since the
molecular mobility, Cp,0 and Cp;1 vary nonlinearly with the
temperature, they do not vary symmetrically about the mean
temperature of the (sinusoidal) temperature modulation, and
thus have an effect on the data analysis. A critical appraisal
has shown that the effect of this variation is negligibly small
(24,25).

In general, Cp,0 of a melt is the sum of contributions
from molecular vibrations and mobility, all of which decrease
on cooling. In contrast, Cp¶ and Cp,app of the glassy state are
the sum of contributions mainly from vibrations, with two
small contributions from molecular kinetics, one from
localized motions of the JG relaxation (26–31) and the
second from the kinetically unfrozen faster modes in the
distribution of the a-relaxation process (28–31). These
contributions decrease during storage as the glass structure
relaxes spontaneously to a state of lower fictive temperature
Tf (the temperature at which the glass and the liquid have the
same properties) volume, enthalpy and entropy (32–36)
because the vibrational frequency increases, the vibrational
amplitude, the a-relaxation contribution and the JG relaxa-
tion contribution decrease—the decrease in the last one due
to decrease in the number of molecules involved in localized
motions (34–42). The glassy state formed by slow cooling has
a lower Tf and hence a lesser JG relaxation contribution to
Cp than that formed by normal cooling (33–42).

The dynamic heat capacity at a temperature T measured
for a fixed wmod is given by (23,29–31,43),

C0
p Tð Þ ¼ C0

p; � Tð Þ þ $Cp;JG Tð Þ þ Cp;vib Tð Þ þ Cp;anh Tð Þ; ð1Þ

where C0
p; � is the contribution from the a-relaxation

process, whose magnitude is reversible in the time period of
sinusoidal modulation and decreases with increase in wmod

(19,20). The quantity DCp,JG is the full contribution from the
JG relaxation, which kinetically freezes on cooling of the
glass to T far below Tg, and even below Tk at which the
extrapolated excess entropy, Sexc, is taken to be zero, an
extrapolation that is now seen as implausible (43–47). The JG
relaxation is found to kinetically unfreeze on heating in a
temperature range below Tg and even below Tk (48–50). Cp,vib

is the vibrational contribution and Cp,anh the anharmonic
force contribution. All the four contributions to Cp¶ decrease
with decrease in T until the liquid vitrifies, but do not change
with time. After vitrification, Cp¶ contains contributions from
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(1) localized molecular motions of the JG relaxation found
in both the vitrified and melt state by dielectric and
mechanical relaxation spectroscopy (26,37,38,51), (2) molec-
ular vibrations including the effect of anharmonic forces
(27,28), and (3) kinetically unfrozen, faster modes in the
distribution of relaxation times of the a-relaxation process
(29–31). Its magnitude is negligibly different from Cp;1 .

As the non-equilibrium structure of vitrified state
relaxes during storage, Cp¶ in Eq. 1 decreases with time
partly because tcal increases, which decreases C0

p; � and
partly because DCp,JG, Cp,vib and Cp,anh decrease. When the
glassy state is heated, C0

p; � in Eq. 1 increases because tcal
decreases. If structural relaxation also occurs, DCp,JG, Cp,vib

and Cp,anh first irreversibly decrease and then reversibly
increase after the equilibrium melt state has been reached
over the temperature modulation period.

The plots of Cp¶ and Cpµ against the temperature are
used to calculate tcal Briefly, the equations used are (16),

Cp* w;Tð Þ ¼ C0
p w;Tð Þ � iCp¶¶ w;Tð Þ ð2Þ

Cp* w;Tð Þ ¼ Cp;1 Tð Þ

þ Cp;0ðTÞ � Cp;1ðTÞ� �Z1
o

�e�i!t @� tð Þ
@t

� �
T

dt ð3Þ

where t refers to the time for the observation of the decay of
a response after removal of an applied stress at a fixed
temperature T, 7 is the relaxation function, w is the
modulation frequency in radians and Cp,0 and Cp;1 are as
described above. Equation 3 is valid only when T remains
constant. But it is still valid, albeit with negligible error, when
T increases by a small extent during the time taken to
measure Cp* (this error is present also in the adiabatic
calorimetry measurements of Cp, as the liquid_s structure
changes when a known amount of the heat input raises the
sample_s temperature by 0.5 to 1 K). For this condition,

� tð Þ½ �T ¼ exp � t

tcal

� ��
" #

T

ð4Þ

where t is the same as in Eq. 2, tcal is the characteristic
calorimetric relaxation time which is invariant of t, b is an
empirical parameter whose magnitude determines the shape
of the spectra. For b=1, the relaxation spectrum has a single
relaxation time, and for 0<b<1 the relaxation spectrum is
asymmetrically broadened more at the high-frequency than
at the low-frequency side. To restate, Cp¶ and Cpµ may be
measured accurately only when the temperature change is
insignificant during the course of the measurement, or that
the effect of such changes on the equilibrium and dynamic
properties is negligible in comparison with the measurement
errors. Hence, Eq. 3 becomes,

Cp*;norm wt Tð Þ½ � ¼
Z1
o

�e�iwt @� tð Þ
@t

� �
T

dt ð5Þ

or, C 0
p;norm � i C µp;norm

� � ¼ L @�=@tð ÞT , where, C 0
p;norm ¼

Cp
0 � Cp;1

� �.
Cp;0 � Cp;1
� �

, C ¶¶p;norm¼ Cp¶¶

.
Cp;0 � Cp;1
� �

and the notation L represents the Laplace transform. Both
Cp,norm¶ , and Cp,norm¶¶ are functions of the product wtcal(T).
Therefore,

C0
p Tð Þ ¼ Cp;1 Tð Þ þ Cp;0 Tð Þ � Cp;1 Tð Þ� �

C 0
p;norm wtcal Tð Þð Þ ð6Þ

and,

Cp¶¶ Tð Þ ¼ Cp;0 Tð Þ � Cp;1 Tð Þ� �
C µp;norm wtcal Tð Þð Þ ð7Þ

Thus Eqs. 6 and 7 become invariant of one_s choice of
either T or tcal and each data point for a single frequency
measurement is described by Cp;0 Tð Þ � Cp;1 Tð Þ� �

, b(T) and
wtcal(T). Thus, the Kramers–Kronig relation for a dissipation-
relaxation process is obeyed. On the approximation that the
parameter b does not vary with T, tcal is determined from the
complex plane plot of Cp,normµ against Cp,norm¶ in which each
data point corresponds to the variable wtcal, as in the usual
complex plane plots constructed from spectroscopy data for a
fixed T for which tcal is fixed and w is varied.

Finally, the variation of tcal of an ultraviscous melt with
T generally consists of two parts: The first part is from the
temperature variation alone. It follows anArrhenius equation,
tcal / exp EArrh=RTð Þ where EArrh is the Arrhenius energy
and R the gas constant. Accordingly, the plot of log10tcal
against 1/T is linear with a slope of EArrh/2.303R and its
intercept or limiting high temperature tcal corresponds to the
vibrational time scale or phonon frequency of õ10j14 s. The
second part is from the melt_s changing structure with
changing T, as known from early x-ray diffraction studies,
and more clearly observed in a neutron diffraction study of
propylene glycol (52). The rate at which a melt_s structure
changes increases progressively more rapidly with decrease in
T. Consequently, tcal of an ultraviscous melt becomes
progressively longer on cooling and its plot against 1/T
deviates progressively more from the Arrhenius equation.
In the glassy state, the structure does not change with
changing T, and tcal varies according to the Arrhenius
equation, as is known from earlier studies (32,53–57).

EXPERIMENTAL METHODS

Micronized fine crystalline powder of griseofulvin of 99 +%
purity was purchased from Sigma-Aldrich Chemicals, and used
as such. It is derived from the mold Penicillium griseofulvum,
and its chemical name is (2S,6¶R)-7-chloro-2¶,4,6-trimethoxy-6¶-
methyl-3H, 4¶H-spiro[1-benzofuran-2,1¶-cyclohex[2]ene]-3,4¶-
dione (C17H17ClO6 , mol wt 352.77 Da). The pharmaceutical
is used for treating dermatophytosis and is administered in
microcrystalline state, which enhances its absorption, in the
tablet form or in the liquid form. It is taken orally and also used
topically. Griseofulvin does not seem to form intermolecular
hydrogen bonds in the pure state or with chain segments of
poly(vinyl pyrrolidone) when mixed with it (58). It has been
reported that milling of griseofulvin increases its aqueous
solubility (59).

Dynamic heat capacity measurements were performed
by using the technique of temperature-modulated scanning
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calorimetry (TMSC). In this technique, a sinusoidal modula-
tion of a predetermined frequency and temperature ampli-
tude is superposed on the temperature–time profile of a
sample, and the complex heat capacity or equivalently Cp¶
and Cpµ are determined. The technique has been used for
studies in the quasi-isothermal mode when the average
temperature is kept fixed, and in a temperature scanning
mode in which the temperature is programmed to increase or
to decrease linearly with time. The calorimeter, described
elsewhere (60), has been used for studying the denaturation
process of lysozyme (21), the isomerization thermodynamics
of fructose (22), the kinetics of polymerization process (61),
the decrease in Cp on structural relaxation of a polymer (23),
the endothermic freezing and exothermic melting of a
mixture of a-cyclodextrin, 4 methylpyridine and water (62),
the position-dependent energy of water molecules in nano-
pores (63), the formation of an ice clathrate (64), the HCl
catalyzed sucrose hydrolysis (65), the spontaneous melting of
fructose (66) and the dynamic heat capacity of acetamino-
phen (16). These studies have shown that TMSC is unique for
investigating the thermodynamics simultaneously with mo-
lecular kinetics of also those phenomena that can not be
studied by normal calorimetry, dielectric and mechanical
relaxation or by NMR methods.

Griseofulvin was studied in the temperature-scanning
mode and measurements were made during both cooling and
heating. The temperature modulation frequency wmod was
3.33 mHz or 20.9 mrad/s, i.e., the time period of a sinusoidal
oscillation tmod was 300 s (5 min), and the peak to peak
temperature modulation amplitude was 1 K. Since we use a
low modulation frequency to determine tcal, the heating and
cooling rates used for scanning had to be much lower than
those used for the usual calorimetric experiments. Therefore,
the rates used are 1 K/h (0.0166 K/min).

In the TMSC assembly, the sample is contained in a glass
capillary of 2.2 mm internal diameter, 0.3 mm thick-wall
closed at one end. The smooth glass surface provides few or
no sites for heterogeneous nucleation. In a typical experi-
ment, griseofulvin powder in nominal amount of 200 mg was
carefully transferred into this capillary in a dry atmosphere,
and its mass accurately determined. The open end of the
capillary was closed by fusing with a directed thin flame and
the sample was hermetically sealed. The sealed sample was
completely melted by keeping it in a thermostat at 497 K for
5 min. It was then quenched in a methanol bath kept at 255 K
and finally transferred to the sample cell of the calorimeter
that had been isothermally kept at 370 K. It was kept at 370 K
for 1.2 ks and then cooled to 335 K at a rate of 1 K/h. After
keeping at 335 K for 1.2 ks, it was heated to 370 K at a rate of
1 K/h. The thermal cycle between 335 and 370 K was repeated.
An analysis of such experiments has shown that when the time-
scale corresponding to the temperature scanning rate is much
greater than the relaxation time of a material, the errors in the
derived quantities are insignificant (16,65). For 1 K/h scanning
rate, this condition is fulfilled.

The calorimeter was calibrated by using dodecane and
glycerol as standard liquids for Cp values, and the absolute Cp

value of griseofulvin was determined. Measurements were
repeated with different samples. Reproducibility of the Cp

values for different samples was found to be better than
0.5%. Accuracy of the complex heat capacity modulus

Cp¶
2 þ Cpµ

2
� �1=2

was better then 0.5%, and the out of
(sinusoidal) phase Cp uncertainty was better than 3 mrad. This
accuracy, the very slow average heating and cooling rates of
1 K/h and tmod of 300 s allowed us, (1) to determine Cp* of the
sample by maintaining it in a thermodynamic equilibrium for
most of the temperature interval in which Cpµ remained
significant, (2) to ascertain that the finite and significant Cpµ
value measured was due to the heat capacity relaxation, and (3)
to yield highly accurate values of Cp¶ and Cpµ for determining
the temperature dependence of the characteristic relaxation
time values from 1 s to 10 ks. Thus griseofulvin was investigated
in an important temperature range in which its ultraviscous
liquid vitrified on cooling and its glass softened to an ultra-
viscous liquid on heating.

Prior to performing the Cp* measurements, the time-
dependent apparent heat capacity, Cp,app, of griseofulvin was
measured (without temperature-modulation) by cooling at
20 K/h rate, and then heating at the same rate. This Cp,app is
the same quantity that is measured in differential scanning
calorimetry (DSC) during heating at a much higher rate of 10
to 30 K/min. This allowed us to determine not only the
relaxation characteristics obtainable from the usual scanning
calorimetry, but also the temperature range over which
griseofulvin melt did not crystallize. In summary, the Cp,app

measurements were performed during heating and cooling at
20 K/h rate and Cp¶ and Cpµ measurements were performed
during both cooling and heating at 1 K/h rate.

RESULTS AND ANALYSIS

The measured Cp,app of griseofulvin is plotted against T
in Fig. 1A. Here, the squares denote the values measured
during the cooling of the ultraviscous melt at 20 K/h from
373.2 to 253.2 K and the circles denote the values measured
thereafter on heating the glass from 253.2 to 373.2 K also at
20 K/h rate. These show that Cp,app decreases in a sigmoid-
shape manner on cooling and increases in a sigmoid-shape
manner on heating, both through the temperature range of
345–365 K. This shape is characteristic of gradual kinetic
freezing during vitrification of the melt on cooling and
kinetic unfreezing during the softening of the glass on
heating, and is a manifestation of the time- and tempera-
ture-dependent loss of the equilibrium state structure during
the cooling and of recovery of the equilibrium structure
during the heating. The Cp,app overshoot in the heating curve
in Fig. 1A, as in the usual DSC scan, is due to rapid recovery
of the enthalpy after the temperature of the equilibrium-line
has been crossed during heating and the state of lower
enthalpy than the equilibrium value has been reached for a
given heating rate. At low temperatures in Fig. 1A, Cp,app

measured during the cooling is greater than that measured
during the heating, and at high temperatures it is higher.
There is also a perceptible decrease in the Cp,app value at
T<350 K during the heating, which is due to the character-
istic, spontaneous relaxation of the glassy state toward an
entropically less disordered structure of lower volume,
enthalpy and entropy (32,67). Since the cooling and heating
rates of 20 K/h used here are 30 to 60-times slower than the
rates of 10 K/min to 20 K/min used in the usual DSC
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experiments, Tg determined from the onset temperature of
the Cp,app endotherm in Fig. 1A would be considerably less
than the Tg determined from a usual DSC scan.

The manner in which the enthalpy and entropy of the
melt decrease during cooling until the melt vitrifies, and
increase during heating until the glass softens to an ultra-
viscous melt are important in a pharmaceutical_s study. This
is especially so because both quantities indicate the manner
of the time- and temperature-dependence of the thermody-
namic functions, and the entropy has been used for model-
ling the stability of pharmaceuticals against crystallization
(11–15,17). Therefore, the configurational enthalpy change
for griseofulvin was determined by integrating the plot of the
[Cp,app(T) j Cp,glass] against T from T = 290 K and by taking
T = 290 K as a reference temperature which is well below the
griseofulvin_s structural freezing temperature for the cooling
and unfreezing temperature for heating both at 20 K/h rates.

This yields the enthalpy difference [Hconf(T) j Hconf(290 K)],
which is plotted against T in Fig. 1B. Similarly, the entropy
change [Sconf(T)j Sconf(290 K)] was determined by integrating
the plot of [Cp,app(T) j Cp,glass] against lnT, and it value is
plotted against T in Fig. 1C. These plots are labeled as (a) for
the cooling, and as (b) for the heating sequence of the measure-
ments.

In general, the elbow-shape change in the slope of the
enthalpy and of the entropy against T plots occurs when the
melt_s structure kinetically freezes on cooling or kinetically
unfreezes on heating. For a typical heating rate of 10 K/min
in the DSC experiments, the temperature at which the slope
changes is defined as Tg. It is estimated from the point of
intersection of two straight lines, one is an extension of the
Cp,app against T plot obtained by heating the glassy state as
shown by circles in Fig. 1A, and the second is an extension
from the point of inflexion of the sigmoid-shape rise in
Cp,app. For cooling rates other than 10 K/min, this tem-
perature is said to be the fictive temperature Tf (32). It is also
the lowest temperature at which the liquid during cooling
is in thermodynamic equilibrium. When the cooling rate is
higher than 10 K/min, Tf is higher than Tg, and when the
cooling rate is lower, Tf is lower than Tg. If the cooling rate is
decreased, the inverted sigmoid shape curve would shift to
lower temperatures and become narrower, and the glass
formed would have a lower Tf. Although Cp,app, enthalpy and
entropy against T plot should yield the same Tf, this
temperature is more accurately defined by the enthalpy and
entropy against T plots than by the Cp,app against T plot.
When no structural relaxation occurs, the glassy state is said
to have a fixed Tf, but when structural relaxation occurs, its
Tf changes with time.

For the 20 K/h cooling rate, Tf of griseofulvin is the
temperature at which the slope of the plots labeled (a) for the
enthalpy difference in Fig. 1B and the entropy difference in
Fig. 1C changes (note that Tf has been inadvertently defined
incorrectly in the plot of enthalpy or free volume against T in
Fig. 1 of (14)). The values measured for the heating in Figs.
1B and 1C are less than those measured for cooling at T < Tg,
which indicates that griseofulvin structurally relaxes and
consequently its Tf decreases, even for such a low heating
and cooling rates.

We now describe the results of the Cp¶ and Cpµ measure-
ments performed over a temperature range of 335 to 370 K
for wmod of 3.33 mHz. First, Cp¶ and Cpµ were measured
during the cooling of griseofulvin melt from 370 to 335 K
at 1 K/h (0.0167 K/min) rate, and these values denoted by
squares are plotted against T in Figs. 2 and 3, respectively.
Thereafter, the sample was heated at the same rate of 1 K/h
and theCp¶ and Cpµ measured during the heating are plotted as
circles in Figs. 2 and 3. As is expected for a reversible
relaxation, Cp¶ and Cpµ values in Figs. 2 and 3 measured during
the cooling of the sample coincide respectively with those
measured during the heating over most of the temperature
range.

The Cp¶ against T plot in Fig. 2 shows a sigmoid shape
decrease in Cp¶ over the 348–362 K range and the Cpµ plot in
Fig. 3 shows an asymmetric peak in at 356.4T0.1 K. These
features are characteristic of the variation of tcal with T for a
fixed wmod, and are independent of the direction of temper-
ature change. This demonstrates that the initial state of the

Fig. 1. A Cp,app of griseofulvin measured during first cooling from

373.2 to 253.2 K at 20 K/h shown by squares and thereafter during

heating from 253.2 to 373.2 K at 20 K/h rate, shown by circles. During

heating Cp,app shows an overshoot at 356.2 K and a hysteresis

between the Cp,app measured during cooling and that during heating.

Smooth lines show the value of Cp,app calculated by using the non-

exponential, nonlinear structural relaxation with lnA=j170, b=0.75,
x=0.45 and Dh*=516 kJ/mol both during cooling and thereafter

heating. Also shown is a plot of Cp¶, as indicated. B The

configurational enthalpy of griseofulvin obtained from the area

between the plot for Cp,app and the plot for Cp(V), as shown in (A).

C The corresponding plots of the configurational entropy. Curve (a)

is for cooling and (b) is for heating.
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sample was attained within one modulation cycle. Therefore,
during the temperature modulation period of 300 s
(wmod=3.33 mHz) at T>350 K, the structure did not kineti-
cally freeze during the cooling part of the sinusoidal
temperature change and the structure did not relax during
the heating part. Therefore, the Cp¶ and Cpµ of griseofulvin
measured at T>350 K are for its thermodynamic equilibrium
state. At low temperatures, in the 347–352 K range of the
sigmoid, Cp¶ and Cpµ measured during the cooling of
griseofulvin shown by squares in Figs. 2 and 3 are higher
than those measured during the heating of the sample, as
shown by circles. The maximum difference is more than the
measurement errors, as also observed earlier (16). It seems to
be related to a basic feature in the formalism of TMSC,
which has no effect on our analysis. Also, the plot in Fig. 2
shows that at the highest temperature of 370 K, Cp¶ of
griseofulvin is 9.5 J/(mol K) less than the value measured
after cooling the sample to 335 K and then heating to 370 K.
This difference is 1.5% (9.5�100/625), which is somewhat
greater than the error in the measurements. It is conceivable
that impurities in our sample crystallized and phase separat-
ed. Even after this occurrence the sample did not crystallize
further. It has no effect on the Cp¶ value in the glassy state

below 342 K. As seen in Fig. 3, it also has no effect on the Cpµ
value at high temperatures.

Griseofulvin is a P-type melt (30,44), i.e., its dCp,0/dT is
positive. The Tf of its glassy state formed here by extremely
slow cooling at 1 K/h rate is already much lower than that of
the glass formed by cooling at a higher rate. Consequently,
C0

p; � and DCp,JG of its glassy state in Eq. 1 would be even
smaller than that of the state formed by cooling at 20 K/h rate,
and its Cp¶ would have contributions mainly from phonons
and anharmonic forces. As observed for Cp¶ of a network-
structure organic glass (23), Cp¶ of griseofulvin at T < Tg

would decrease with time, but this decrease would be slow
and small and, therefore, Cp¶ would be negligibly different
from Cp;1 .

The Cpµ peak appears at the temperature of 356.4T0.1 K
in Fig. 3. At this T, tcal is equal to the reciprocal of the
angular frequency, which is 20.9 mrad/s for wmod of 3.33 mHz.
Thus tcal is 47.9 s for griseofulvin at 356.4 K. In order to
calculate tcal at other temperatures from the Cp¶ and Cpµ data
in Figs. 2 and 3, one needs the quantity [Cp,0 (T) j Cp;1 (T)]
for substituting in Eqs. 6 and 7. Cp,0 is readily determined
from the upper straight line drawn in Fig. 2, and it varies little
with T. To determine Cp;1 , Cp¶ taken from Fig. 2 is replotted
against T in Fig. 1A. It shows that Cp¶ of the melt at 345 K is
within the experimental and extrapolation errors of Cp,app of
the glassy state, and that Cp,app of the glassy state linearly
extrapolates to Cp¶ of the melt at higher temperatures.
Therefore, we take Cp¶ as equal to Cp;1 of the melt at a low
temperatures. At higher temperatures, Cp;1 was determined
by linear extrapolation of the Cp,app or Cp¶ data for the glass, as

Fig. 2. The real component of the complex heat capacity, Cp¶, of
griseofulvin measured during its cooling from 370 to 335 K and

thereafter during its heating from 335 to 370 K is plotted against the

temperature. The heating and cooling rates were 1 K/h (0.0167K/min),

the peak- to-peak modulation amplitude was 1 K and the modulation

frequency was 3.33 mHz (modulation period of 300 s). Open squares

show the data obtained from measurements performed during

cooling and open circles from those performed during heating. The

errors in the measurements were within (T0.25 J/(mol K) ). Open

triangles are the values calculated, as described in the text. The

temperature limits (349.0 and 360.8 K) for calculating the character-

istic time, tcal, are indicated. Also given are the maximum and the

minimum values of tcal which were determined at the indicated

temperatures. In the data in 342 to 349 K range there is small up-step

near 343 K during cooling, while the heating curve returns to the

Bregular profile^ smoothly near 348 K. This is attributed to the loss

of adhesion of the glassy sample from the capillary wall. For

this reason, the Cp;1 Cp;1 J= mol Kð Þ½ � ¼ 74:79þ 1:129T=K
� �

line has

been chosen as the tangent to the cooling C¶ curve at T>348 K.

Cp;0 Cp;0 J= mol Kð Þ½ � ¼ 239:90þ 1:058T=K
� �

is the equilibrium heat

capacity. Therefore, the Cp¶ data at lower T has been neglected and tcal
has been calculated from the cooling and from the heating curves at

T>349 K, as indicated in Fig. 4.

Fig. 3. The imaginary component of the complex heat capacity, Cpµ,
of griseofulvin measured during its cooling from 370 to 335 K and

thereafter during its heating from 335 to 370 K is plotted against the

temperature. The heating and cooling rates were 1K/h (0.0167K/min),

the peak-to-peak modulation amplitude was 1 K and the modulation

frequency is 3.33 mHz (modulation period of 300 s). Open squares

show the data obtained from measurements performed during

cooling and open circles from those performed during heating. The

errors in the measurements were within 0.5%. Open triangles are for

the values calculated, as described in the text. The temperature limits

for calculating the characteristic time, tcal, are indicated. Also given

are the maximum and the minimum extreme values of tcal, which was

determined at these temperatures. The distribution of relaxation

time parameter, b over this temperature range is 0.67.
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shown by the lower straight line in Fig. 2. The [Cp,0(T) j Cp;1
(T)] was then used in Eqs. 6 and 7 to calculate tcal at different
T. The best fit value for b in this calculation was found to be
0.67. The tcal calculated at the uppermost and lowermost T is
marked in Figs. 2 and 3. The procedure of determining
[Cp,0(T) j Cp;1 (T)] makes tcal uncertain only by 1–2%. This
uncertainty would increase if b varied with T.

The plot of log10(tcal[s]) against 1,000/T is shown in
Fig. 4, where squares denote the values calculated from the
Cp¶ and Cpµ measured during the cooling and circles those
measured during the heating. The plot is described by the
Vogel–Fulcher–Tammann equation (68–70),

log10 tcal s½ �ð Þ ¼ AVFT þ B

2:3026 T � T0ð Þ
� �

ð8Þ

with the best fit values: AVFT=j13.3 and B=2292 K and
Tp=289.5 K.

The effect of the temperature-independent b can be seen
by recalculating Cp¶ and Cpµ at different T by using Eqs. 5
and 6. The calculated values are plotted as triangles in Figs. 2
and 3. The agreement noted between the calculated and
measured values demonstrates that use of a fixed b value has
no significant effect on tcal determined over this T range.
This also confirms that griseofulvin remains in an equilibrium
state at these temperatures during both the cooling and the
heating at 1 K/h. For instructive purpose, we use the Cp,0,
Cp;1 , b and tcal values to simulate the isothermal relaxation
spectra of Cp¶ and Cpµ for griseofulvin at 350 to 360 K at 2 K
intervals. These spectra are shown in Fig. 5 (top and
bottom), respectively.

We now turn to the analysis of the Cp,app data plotted in
Fig. 1A. It was fitted to a non-exponential, nonlinear
structural relaxation formalism according to the model based

on the concepts of Tool (71) and Narayanaswamy (72), as
extended by Moynihan, et al. (73). This formalism incorpo-
rates the non-exponential character of the relaxation spectra
in terms of the parameter b, with a characteristic relaxation
time t, whose infinite temperature value is A. It introduces a
nonlinearity parameter x, and an activation energy Dh*. The
data fitting procedure has been described elsewhere (74,75).
The best-fit parameters for Cp,app of griseofulvin were: ln
A=j170, b=0.75, x=0.45 and Dh*=516 kJ/mol for both, during
the melt_s cooling to form the glassy state and during the
heating to soften the glass to ultraviscous melt. The smooth
lines drawn through the data points in Fig. 1A show the Cp,app

calculated by using these parameters.
For comparison with the tcal determined from Cp¶ and

Cpµdata, t was calculated from the above-given four param-
eters. It is plotted as a dashed line in Fig. 4. We note a
significant difference between the tcal and t. Even though the
parameter b is temperature-independent in both calculations,
its value differs: 0.67 from the Cp¶ and Cpµ data and 0.75 for
the Cp,app data. The difference between the two analysis is
that there is no structural change during the period of Cp¶ and
Cpµ measurements but there is a structural change during the
period of Cp,app measurements which is taken into account by
the parameter x in the Tool–Narayanaswamy–Moynihan
formalism (71–73). Since no other approximation is made in
analyzing the Cp¶ and Cpµ, tcal determined from Cp¶ and Cpµ
would be more reliable for estimating the molecular mobility

Fig. 4. The characteristic time, tcal, of griseofulvin calculated from

the measured data in Figs. 1 and 2 is plotted against the reciprocal

temperature during cooling (open squares) and during heating

(open circles) . The smooth full line is the fit of the Vogel–Fulcher–

Tamman equation, tcal ¼ 10�13:3 exp 2; 292= T � 289:5ð Þ½ � . The dashed

line is for the relaxation time calculated from the Cp,app data shown

in Fig. 1A by using the TNM_s non-exponential, nonlinear structural

relaxation with the values of the parameters, lnA=j170, b=0.75,
x=0.45 and Dh*=516 kJ/mol both during cooling and successive

heating.

Fig. 5. The calculated Cp¶ and Cpµ spectra of griseofulvin at several

temperatures, as determined from the parameters, Cp,0, Cp,V, tcal and
b obtained here. The temperatures are indicated next to the spectra.

The arrow indicates the fixed frequency at which the modulated

calorimetric study was performed.
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in griseofulvin than t determined by fitting the Cp,app against
T plot.

DISCUSSION

Configurational and Vibrational Heat Capacity and Entropy

In the current thermodynamics-based modeling of a
pharmaceutical_s stability against crystallization (12–15),
Cp,conf, the configurational part of Cp is taken as equal to
the excess heat capacity of a melt over that of the crystal
phase, which is then used in a variety of relations between the
entropy and molecular mobility or viscosity of a liquid
(10,15,18). Since this equality is basically unjustifiable
(29–31,43), and crystal is denser than glass, Cp,conf needs to
be determined for the purpose of thermodynamically based
modeling. To determine it here, we first note that according
to the plot for Cp,app in Fig. 1A, griseofulvin vitrifies at T<343
K during the cooling at 20 K/h [the plots of Hconf(T) j
Hconf(290 K) and of [Sconf(T) j Sconf(290 K) in Fig. 1B and C
show it more clearly]. At a higher T of 348 K, the calculated
tcal is 104.3 s and since wmod is 20.9 milliradian (3.33 mHz),
wmodt=56.2 and wmod

2 t2=3,160, which is much greater than 1.
For this condition, Cp¶ is close to Cp;1 . Hence at T of õ348
K or lower, the Cp;1 ¼ Cp;vib þ Cp;anh

� �
value has been

reached. Its value is õ475 J/(mol K) at 350 K. Since it is
mainly due to phonons and anharmonic forces, this unusually

high value indicates a relatively low vibrational (phonon)
frequency and/or a large anharmonicity both expected for a
large molecule. As they represent the kinetic energy of a
molecules, both vibrational properties are important for its
solubility and its chemical reactions.

Cp,conf is then obtained by subtracting Cp;1 from Cp,0.
At a temperature of 370 K,Cp,0 of griseofulvin is 627 J/(mol K)
and Cp;1 extrapolated from Cp¶ of the glassy state at 370 K is
õ490 J/(mol K). ThusCp,conf, or Cp; � in Eq. 1, is õ137 J/(mol K)
at 370 K. This means that Cp,conf of griseofulvin is õ28% of the
vibrational contribution ¼ Cp;vib þ Cp;anh

� �
of 490 J/(mol K).

The slope ofCp,0 against T plot in Fig. 2 is 1.06 J/(mol K2),
and that of Cp;1 against T plot is 1.13 J/(mol K2). A similarly
small difference was observed between the corresponding
slopes of the plots for acetaminophen in Fig. 1 (16). This
small difference indicates that Cp,conf decreases only slowly with
increase in T.

Relaxation Time and Stability of Griseofulvin Glass

For an unachievable thermodynamic equilibrium state of
griseofulvin at 298 K, Eq. 8 yields a tcal value of 1099 years.
This value is misleading because the state of griseofulvin at
298 K is a non-equilibrium glass of fixed structure and Tf that
were fixed at its vitrification temperature during cooling and
remained fixed on further cooling to 298 K. In the non-
equilibrium isostructural state, tcal varies with T according to
the Arrhenius equation, tcal / exp EArrh=RTð Þ , as described
earlier here and observed by a variety of experiments (32,53–57).
This variation is also implicit in the Tool–Narayanswamy–
Moynihan_s equation (73) when Tf is kept fixed. It also follows
from the Adam–Gibbs equation (9),

tcal ¼ t0;AG exp
C

TSconf

� �
ð9Þ

where t0,AG is the high-temperature limit of tcal, and C is a
material constant in J/mol. When the glass structure does not
change with changing T, Sconf and Tf do not change, and Eq. 9
becomes, tcal ¼ t0;AG exp constant=Tð Þ , and log(tcal) varies
linearly with 1/T as in the Arrhenius equation. Therefore, the
true tcal of griseofulvin at 298 K would be much less than that
estimated from Eq. 8. To determine the true tcal in the glassy
state, we may rewrite Eq. 9 as,

tcal ¼ t0 exp
E

�structureRT

� �
ð10Þ

where t0 is the high-temperature limit of tcal which corresponds
to the phonon frequency, E is a constant with units of energy, R
is the gas constant and �structure denotes the magnitude of a
structure-controlled property which decreases, like Sconf, with
decrease in T. After the kinetic freezing of the structure at
T = Tf, further cooling increases tcal according to the relation,

tcal ¼ t0 exp
EArrh Tf

� �
RT

� �
ð11Þ

Fig. 6. The tcal calculated from the best-fit parameters of the Vogel–

Fulcher–Tammann equation is plotted logarithmically against the

reciprocal temperature. The two straight line from the origin at 1/T=0

are for the Arrhenius plots with the Arrhenius energy that increases

with decrease in the fictive temperature. Curve 1 is for the glassy

state of griseofulvin obtained by cooling at such a rate that its Tf is

347.8 K and tcal at Tf is 5.8 ks. Curve 2 is for the glassy state of

griseofulvin obtained by cooling at such a rate that its structure

freezes at a Tf when its tcal is 100 s. Small vertical arrow indicate the

direction in which tcal would increase as a consequence of structural

relaxation during storage at 298 K. This would increase griseofulvin_s

stability against crystallization. The extrapolation limit is made

evident in this figure.
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where EArrh Tf

� � ¼ E=�structure Tf

� �
, which does not change

with varying T as long as T < Tf. Therefore,

EArrh Tf

� � ¼ 2:303RTf log10 tcal Tf

� �� log10 t0
� � ð12Þ

where tcal (Tf) is the measured tcal at the temperature Tf at
which the structure kinetically froze. Thus the Tf -dependent
EArrh is determined both by the Tf and tcal at Tf.

When a melt is cooled slowly, Tf of the glassy state
formed is low and for a low Tf, tcal would be long, because
the increase in log10tcal with decrease in Tf in Eq. 12
overcompensates for the decrease in Tf (percentage increase
in log10tcal being much greater than the percentage decrease
in Tf). Hence EArrh is high when Tf is low. In contrast, when a
melt is cooled rapidly, Tf of the glassy state formed is high,
tcal is shorter and EArrh in Eq. 12 would be lower. For a given
material, therefore, the slope of the log10tcal against 1/T plot
would be high when Tf is low and low when Tf is high.

We now estimate tcal of vitrified griseofulvin at the
storage temperature, Tstorage by rewriting Eq. 11 as,

tcal Tstorage

� � ¼ t0 exp
EArrh Tf

� �
RTstorage

� �
ð13Þ

where the Tf-dependent EArrh is given by Eq. 12. According-
ly, log10tcal (Tstorage) varies linearly with 1/Tstorage as long as
Tf does not change.

The quantity t0 is equal to the vibrational time scale,
which is in the 10j14 s range. We use 10j13.3 s for t0
corresponding to the already obtained AVFT value of j13.3
in Eq. 8. To determine EArrh from Eq. 12 one needs Tf . It is
determined by the same procedure as Tg, i.e., by using the
intersection temperature of two extrapolated lines for the
liquid and glass in the plots of the enthalpy and entropy
against T. From the plots labeled Ba^ in Fig. 1B and C, Tf is
347.8 K. At this temperature tcal is 5.8�103 s. By substituting
t0=10

j13.3 s and tcal ¼ 5:8� 103 s for Tf of 347.8 K in Eq. 12,
we determine EArrh as 113.6 kJ/mol. Finally, by substituting
t0 and EArrh in Eq. 13, we calculate tcal at Tstorage of 298 K.
This value is 4.09�106 s or 1.6 months. If, instead of 10j13.3 s,
we use t0 of 10

j14 s, tcal would be 5.39�106 s or õ2.1 months.
This means that the relaxation time of the griseofulvin
structure at 298 K is at least õ1.6 months. It would be
longer at a lower storage temperature of 277 K. If
griseofulvin was vitrified by using a slower cooling rate, its
Tf would be low, tcal(Tf) longer, EArrh higher and hence the
relaxation time at 298 K would be longer.

If griseofulvin were to structurally relax during storage,
Tf would continuously decrease with time and EArrh of the
non-equilibrium state would increase. This means that not
only tcal at Tstorage would increase with time but also the slope
of the log10tcal against 1/Tstorage plot would increase asymp-
totically until a time is reached when Tf has asymptotically
decreased to Tstorage. To show this, tcal was calculated from
Eq. 8 using the fitted parameters. It is plotted as log10(tcal)
against 1,000/T in Fig. 6, along with two other plots, (1) the
Arrhenius plot of griseofulvin_s vitrified state obtained by
cooling at 20 K/h with tcal ¼ 5:8� 103 s at Tf of 347.8 K and

(2) an arbitrary plot for tcal(Tf) of 100 s. The vertical top
arrow indicates the direction of change in tcal if griseofulvin
were to structurally relax during storage at a temperature T

and its Tf decreased.
The lack of crystallization of its ultraviscous melt at 370

K and also during slow cooling and heating at 1 K/h indicates
that the energy barrier to nucleation of the ultraviscous melt
is already high at 370 K. For that reason, the glassy state of
griseofulvin would be stable at ambient temperature, thereby
maintaining its bioavailability.

CONCLUSIONS

Griseofulvin does not crystallize on heating to 373 K,
õ20 K above its calorimetric Tg, which is 350.6 K. The lack of
crystallization of its ultraviscous melt at 370 K and on its slow
cooling and heating at 1 K/h indicates that the energy barrier
to nucleation of the ultraviscous melt is already high at 370
K. For that reason, the glassy state of griseofulvin would be
stable at ambient temperature, thereby maintaining its
bioavailability. At temperatures close to Tg, the calorimetric
relaxation time has a relatively narrow distribution, with a
non-exponential relaxation parameter of 0.67. This seems
consistent with an earlier view that nucleation and crystal
growth in molecular materials is less probable when the
distribution is narrower and localized relaxation modes make
a smaller contribution.

Use of different techniques for determining the molec-
ular mobility for use in the thermodynamics-based models for
stability of pharmaceuticals often leads to different conclu-
sions, particularly when the vibrational heat capacity of a
crystal and glass state are also taken to be the same.
Griseofulvin_s molecular mobility measured by the heat
capacity relaxation eliminates the errors arising from using
other techniques, especially when the vibrational heat
capacity can be accurately determined. In the method used
for griseofulvin, the relaxation time corresponds to the same
motions that contribute to the change in thermodynamic
quantities. Therefore it is more reliable for modeling the
stability of a pharmaceutical against crystallization than other
methods.

Basic concepts of the glass relaxation phenomena may
be used to determine the true molecular mobility of a
pharmaceutical at the storage temperature, and to estimate
the change of the mobility with the storage time. According-
ly, the molecular relaxation time of griseofulvin is about
2 months at 298 K. It would spontaneously increase with
time. If the long-range motions alone were responsible for
crystallization, griseofulvin_s stability against crystallization
during storage would increase with time, thus maintaining
most of its enhanced bioavailability.
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