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Abstract

Thermal analysis was performed on the antiviral drug UC-781, both in the crystalline and in the amorphous state using

differential scanning calorimetry. Characteristic temperature parameters and kinetic parameters of crystallization were

determined to assess the stability of the formed glass. Cooling of liquid UC-781 at low rate resulted into recrystallization of

the drug during cooling; an amorphous product could be obtained if the cooling rate was at least 90 K minÿ1. The Tg of this

product amounted to 265.6 K when the applied heating rate was 5 K minÿ1. The products formed at low cooling rate changed

in color and texture as a result of degradation. Reheating of amorphous UC-781 through its glass transition showed two

exothermic peaks whose onset and peak temperatures increased as the initial cooling rate decreased. The onset and peak

temperatures of remelting of recrystallized UC-781 as well as its enthalpy of fusion generally decreased when the initial

cooling rate was reduced. UC-781 glass displayed a higher stability at higher heating rates. The apparent glass transition

temperature was dependent on the heating rate, and it was shown that simple ®rst order kinetics could be used to describe the

transfer from the glassy to the supercooled liquid state. The data presented in this paper indicate that both kinetic parameters

of crystallization (k), and characteristic temperature parameters can be applied to assess the stability of pharmaceutical

compounds which are prone to crystallization. # 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The thiocarboxanilide derivative UC-781 (Fig. 1) is

a non-nucleoside reverse transcriptase inhibitor

(NNRTI), which has been shown to be extremely

potent as an inhibitor of HIV-1 in cell culture.

UC-781 inhibits endogenous reverse transcriptase

(ERT) in HIV-virions, an important factor in sexual

transmission of HIV-1 infection [1]. In addition, its

antiviral activity is hardly affected even in a very high

concentration of human serum and this drug has a

favorable resistance spectrum [2]. Therefore, this

compound should be regarded as a potential candidate

for the treatment of HIV-1 infected individuals.

Despite the potential of this compound, its poor aqu-

eous solubility and low dissolution rate may limit its

oral absorption.
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In order to overcome the dissolution-rate limited

oral absorption, we have recently formulated and

characterized solid dispersions of UC-781 with PEG

6000 and Gelucire 44/14 [3]. The dissolution proper-

ties of the drug were signi®cantly improved. It was

shown that pure UC-781 is highly crystalline in nature

and that the carriers mentioned did not change its

apparent crystalline state. On the other hand, recent

investigations with polyvinylpyrrolidone (PVP K30)

as a carrier indicated that the drug was completely

amorphous in dispersions up to a concentration of

50% w/w [4]. For compounds whose oral absorption is

limited by dissolution, amorphous compounds are

preferred due to favorable dissolution properties [5],

unfortunately, from a thermodynamical point of view,

glassy or amorphous components are metastable with

respect to the corresponding crystalline state, and a

transition from the amorphous to the crystalline state

as a function of time is always possible [6]. In this

respect, it is important to evaluate the stability of

glasses of the pure drugs and the factors that in¯uence

their crystallization.

Some parameters to predict the stability of glasses

or amorphous compounds have been described in

literature; among them is the use of the mean relaxa-

tion time constant and relaxation time distribution

parameter [7,8]. Other parameters are described by

Cheng [9], and Saad and Poulain [10], and these

include a characteristic temperature criterion and

the crystallization rate constant (k) of amorphous

systems that are prone to recrystallization. The

simplest characteristic temperature criterion is:

DT � Tx ÿ Tg, where Tx is the onset of crystallization

and Tg the glass transition temperature. Alternatively,

Hruby's criterion which can also be used in the case

of recrystallization is de®ned as Hr � �Tp ÿ Tg�=
�Tm ÿ Tp�, where Tm is the melting temperature

and Tp the crystallization temperature (maximum peak

temperature). Two modi®cations of Hr criterion have

been described, i.e. H0 and S; which are de®ned as

H0 � �Tx ÿ Tg�=Tg and S � �Tp ÿ Tx��Tx ÿ Tg�=Tg.

Crystallization activation energy (Ea) can also be used

to predict the stability of a glass using Ea/RTp as the

determining parameter (R � molar gas constant). The

higher the value of Ea/RTp, the higher the tendency for

devitri®cation. On the other hand, Surinach et al. [11]

recommend the use of crystallization rate constant (k)

because it takes into account both the activation

energy (Ea) and the frequency factor or collision

frequency (n). The crystallization rate constant is

therefore regarded as a good criterion for the evalua-

tion of the stability of glasses, and it can be calculated

by using the following equation: k�T� � n exp�ÿEa=
RTp�. However, due to the susceptibility of the k(T)

criterion to both the heating rate and temperature,

some modi®cations of k(T) have been proposed, and

have been found to be useful in evaluating the stability

of glasses [9]. Modi®cations of k(T) are presented by

Eqs. (1)±(3):

ky�T� � n exp ÿ E

RTp

Tx ÿ Tg

Tm

� �� �
(1)

kb�T� � n exp ÿ E

RTp

� �
Hr (2)

kf �T� � n exp ÿ E

RTp

Tp ÿ Tf

Tf

� �� �
(3)

where Tf is the in¯ection point temperature of crystal-

lization.

The objective of this study was to investigate the

glass forming properties of UC-781 and to quantify

the stability of glassy UC-781 by determination of the

characteristic temperature and crystallization rate con-

stant (k) parameters.

2. Materials and methods

2.1. Materials

UC-781 was kindly supplied by Uniroyal Chemical

Company Inc. (Middlebury, CT, USA and Guelph,

Ont., Canada). All other materials used in this study

were of analytical or reagent grade.

Fig. 1. Chemical structure of UC-781.
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2.2. Thermal analysis

Differential scanning calorimetry (DSC) measure-

ments were carried out using a Perkin-Elmer DSC-7

differential scanning calorimeter (Perkin-Elmer, Nor-

walk, CT, USA) equipped with a liquid nitrogen

subambient accessory (Perkin-Elmer, Norwalk, CT).

The instrument was operated under nitrogen purge gas

at a rate of 20 ml minÿ1.

Samples of UC-781 (1±3 mg) were analyzed in

hermetically sealed aluminium pans (TA Instruments,

Leatherhead, UK). The temperature calibrations were

performed at each experimental heating rate using

pure indium and pure water as standards, and the heat

¯ow calibration was performed with indium as a

standard. The data obtained were treated mathemati-

cally using the Pyris Software 3.03 (Perkin-Elmer,

Norwalk, CT).

In order to investigate the in¯uence of the cooling

rate on the crystallization behavior of liquid UC-781,

each sample of pure crystalline UC-781 was heated

from 373 K at a rate of 5 K minÿ1 to 413 K, and then

cooled at different rates ranging from 100 (this was the

value indicated on the apparatus) to 0.5 K minÿ1

through its glass transition temperature (Tg) to

243 K, and then reheated at a rate of 5 K minÿ1 to

413 K.

The in¯uence of the heating rate on the crystal-

lization behavior of glassy UC-781 was investigated

as follows: pure crystalline UC-781 was heated from

373 to 413 K at a rate of 5 K minÿ1, subsequently

cooled at a rate of 100 K minÿ1 to 243 K and then

reheated through its Tg to 413 K at rates of 2, 5, 10, 15,

20, and 25 K minÿ1. The maximum crystallization

peak temperature (Tp) was determined directly from

the DSC reheating curves. The in¯ection point tem-

perature of crystallization (Tf) was obtained from the

derivative differential thermal (DDT) curves of recrys-

tallized UC-781: DDT curves were obtained by dif-

ferentiating the DSC curves and the in¯ection point

temperature (Tf) was determined as the peak tempera-

ture on the DDT curves. Other parameters recorded

were: peak temperature of melting (Tm) and onset of

melting (To) of UC-781, glass transition temperature

(Tg), and the enthalpy of fusion (DHf) of crystalline

UC-781.

3. Results and discussion

3.1. In¯uence of the cooling rate of liquid UC-781 on

the thermal stability

Table 1 shows the effect of cooling the melts of UC-

781 at different rates. It is interesting to note that

crystallization of UC-781 is observed during cooling.

As the cooling rate is reduced, the crystallization onset

and peak temperatures are also relatively increased.

Table 1

Crystallization of liquid UC-781 during cooling (`̀ cooling'') and reheating of glassy UC-781 (`̀ Peak I'' and `̀ Peak II'')a

Cooling rate (K minÿ1) Cooling Peak I Peak II

Tx (K) Tp (K) DHC (J gÿ1) Tx (K) Tp (K) DHC (J gÿ1) Tonset (K) Tp (K) DH (J gÿ1)

100 ± ± ± 297.1 300.1 51.2 323.0 332.1 9.2

90 ± ± ± 293.8 299.7 48.1 323.4 330.8 6.6

80 280.7 271.4 6.2 296.7 299.8 49.7 323.2 331.2 7.9

70 297.7 282.1 9.7 296.8 299.8 48.5 323.4 331.8 8.0

60 304.5 288.8 12.0 296.5 299.5 48.3 322.5 330.9 8.8

50 303.8 294.5 9.3 296.7 300.0 46.9 323.4 331.6 7.9

40 310.9 299.5 19.5 297.0 300.2 40.4 323.5 332.2 11.3

30 318.1 307.9 51.9 295.4 299.5 14.5 330.8 340.3 11.9

20 321.1 313.4 71.8 295.0 295.4 2.7 340.0 348.6 15.4

10 323.6 321.9 73.0 ± ± ± 346.6 353.0 16.8

5 326.1 321.9 73.1 ± ± ± 349.9 355.1 20.1

a Conditions: heating of crystalline UC-781 from 373 to 413 K at 5 K minÿ1, followed by cooling at different rates to 243 K as shown in

the table and subsequently reheated at a rate of 5 K minÿ1 to 413 K, Tx: onset of crystallization, Tp: crystallization peak, and DHC: enthalpy of

crystallization.
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The slower cooling rate appears to favor the crystal-

lization of UC-781 during cooling since at a cooling

rate of 100 and 90 K minÿ1, there was no crystal-

lization of UC-781 observed during cooling. This

observation suggests that in order to prevent crystal-

lization of UC-781 and other compounds with similar

properties during cooling, it is important to cool the

melts at very high cooling rates. The explanation for

this phenomenon is based on the fact that at a higher

cooling rate there is no time available for crystal-

lization to take place.

Melting of crystalline UC-781 followed by cooling

at different rates with subsequent reheating at the same

rate (5 K minÿ1) was also accompanied with crystal-

lization of UC-781. Besides Tg at 265.6 K, two

exothermic peaks were observed in the reheating

step. The appearance of an exothermic peak (peak

I) in this case shows that UC-781 was partially con-

verted into a glass by cooling, but was not stable

enough and recrystallized again at around 299 K. At

the lower cooling rates, e.g. 5 and 10 K minÿ1 the

crystallization of UC-781 (peak I) was not observed

during subsequent heating, indicating complete

recrystallization during cooling. The onset and peak

temperatures of the ®rst exothermic peak (Table 1),

seemed to be more or less constant but the enthalpy of

crystallization clearly decreased if the cooling rate in

the previous step decreased. Peak II (second exother-

mic transition) which was detected in all samples at all

cooling rates investigated, is thought to be related to a

monotropic solid±solid transition since it was an

irreversible exothermic transition. However, more

experiments are necessary to con®rm this and these

are currently ongoing. The data for this peak are also

summarized in Table 1. As it can be observed from

Table 1, all data for this peak have a certain pattern, i.e.

the onset, peak temperatures, and its enthalpy

increased as the previous cooling rate was lowered.

The typical DSC curves showing the observed events

at different initial cooling rates but with the same

reheating rate are presented in Fig. 2. What we would

like to point out here again is that, the reheating step of

UC-781 was made at the same rate, i.e. 5 K minÿ1,

therefore it is clear that the initial cooling rate has an

in¯uence on the thermal events observed on the sub-

sequent reheating step. The effect of the initial cooling

rate on the properties of UC-781 peaks in the sub-

sequent reheating steps is shown in Table 2. The peak

temperatures (Tm) of UC-781 were affected by chan-

ging the initial cooling rates, e.g. at 100 and 0.5

K minÿ1, the peak temperature values were 401.6

and 377.3 K, respectively. The onset of remelting

and enthalpy of fusion were dramatically reduced

for samples whose initial cooling rates were lower,

e.g. at 0.5 K minÿ1 the enthalpy of fusion was

24.5 J gÿ1; the enthalpy of fusion of UC-781 at a

cooling rate of 100 K minÿ1 was 116.0 J gÿ1. The

decrease in enthalpy of fusion of UC-781 suggests

the distortion of its crystal lattice and/or the presence

of other components (impurities). On the other hand,

the glass transition temperature was not in¯uenced by

the cooling rates, but due to a high extent of recrys-

tallization during cooling it could only be detected up

to a cooling rate of 40 K minÿ1. The reduction in

enthalpy of fusion of UC-781 during the reheating step

after cooling at a low rate can be explained as a result

of degradation. Peak temperatures and onset of melt-

ing are also low compared to the original compound,

and this can also be explained as a result of the

presence of degradation products, and hence melting

point depression. The broadness of the peaks after

cooling the liquid drug at a low rate also suggests that

the purity of the samples is low compared to the

original product. In order to con®rm the thermal

degradation, the samples were analyzed by HPLC

and spectrophotometry. The results con®rmed the

presence of impurities (Fig. 3), and this accounts

for the lowering of peak temperatures and broadness

of peaks observed in this study. It could also be noted

that the color and texture of the samples obtained at

the lowest cooling rates (e.g. 0.5 and 1 K minÿ1)

changed compared to those obtained at higher cooling

rates. These effects increased noticeably with decreas-

ing cooling rate probably because of prolonged resi-

dence time at higher temperatures. The degradation

products act as impurities and this ®nally result into

the melting point depression. In order to have an idea

on the extent of impurity of UC-781 melts, the Van't

Hoff equation (Eq. (4)) was used to calculate the purity

[12]:

Tm � To ÿ RT2
o x

DHo

1

F
(4)

where Tm is the sample temperature at equilibrium

(K), To the melting point of the pure sample (K), R the

gas constant, x the mole fraction of impurity, and F the

64 F. Damian et al. / Thermochimica Acta 366 (2001) 61±69



fraction of total sample melted at Tm. The above

equation predicts a linear-relationship with y-intercept

equal to To when Tm is plotted against 1/F; x can easily

be determined from the slope of this graph. However,

the plot of sample temperature (Tm) against 1/F does

not necessarily result in a straight line due to a

phenomenon known as undetectable melting, and in

this respect a series of corrections have to be per-

formed until a straight line is obtained. The results

obtained from this study showed that the samples

obtained at lower cooling rates have a higher concen-

tration of impurities, and in fact at a cooling rate of

0.5 K minÿ1 the value was extremely large. The mole

fraction of impurities obtained at cooling rates of 100,

50, 10 and 0.5 K minÿ1 were 4.1, 5.4, 5.8, and

27.8 mol%, respectively. It should, however, be kept

in mind that the Van't Hoff method is applicable only

to samples with a low content of impurities, at least

less than 2 mol% [13], and in this respect the data

obtained from this experiment can only be used to give

an idea on the extent of impurity.

3.2. The in¯uence of heating rate on the stability of

UC-781 glass

The in¯uence of heating glassy UC-781 at different

rates is shown in Table 3. The onset of crystallization,

peak temperature of crystallization and peak melting

temperature of recrystallized UC-781 increased as the

heating rate was increased. At low heating rates, e.g.

Fig. 2. DSC curves showing the effect of cooling melted UC-781 at different rates on the thermal events during reheating at the same rate.

Cooling rates: curve A, 100 K minÿ1; curve B, 50 K minÿ1; curve C, 10 K minÿ1; curve D, 5 K minÿ1; and curve E, 2 K minÿ1.
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�2 K minÿ1, the onset and peak temperatures of all

transitions (i.e. exothermic peak I, exothermic peak II,

and remelting peak of UC-781) were lower (data not

shown). This has been associated with the drug not

having enough time to melt at higher heating rates, and

this leads to a large proportion of a drug to be left in the

solid state with subsequent melting afterwards.

Indeed, heating samples at various rates has been

regarded as an important tool in the detection of

polymorphism due to the observation from other

studies [14] that the polymorphic behavior of some

compounds depends on the heating rate. The DSC

curves obtained in this study did not show any evi-

dence for UC-781 to have polymorphic behavior.

In a next set of experiments we investigated the

in¯uence of heating rate on the glass transition tem-

perature. The glass transition has been considered to

be a ®rst order process from a kinetic point of view,

and the relationship between the heating rate (b) and

the glass transition temperature (T) can therefore be

represented by the following equation [15]:

ln b � C0 ÿ Ea

RT
(5)

where C0 is a constant, T the apparent glass transition

temperature and Ea activation energy. Fig. 4, shows a

plot of log heating rate versus the reciprocal of the

apparent glass transition temperature. The effect of

Table 2

The effect of cooling rate on the peak properties of remelted UC-781a

Cooling rate (K minÿ1) Onset of remelting (K) Remelting peak (K) Enthalpy of remelting (J gÿ1)

100 400.0 � 1.4 401.6 � 0.4 116.0 � 2.1

90 398.6 � 0.6 401.0 � 0.2 110.8 � 6.2

80 398.3 � 0.4 400.9 � 0.3 110.4 � 1.3

70 398.0 � 0.6 400.8 � 0.3 107.8 � 4.8

60 398.0 � 0.5 400.8 � 0.3 106.8 � 1.5

50 397.7 � 0.3 400.6 � 0.1 108.1 � 5.1

40 397.9 � 0.3 400.7 � 0.2 111.7 � 1.8

30 397.8 � 0.7 400.6 � 0.4 117.0 � 1.1

20 397.3 � 0.3 400.4 � 0.2 114.5 � 1.7

10 396.5 � 0.7 399.8 � 0.4 109.2 � 6.5

5 394.3 � 0.9 398.5 � 0.4 102.1 � 2.7

2 389.3 � 1.5 393.9 � 0.6 62.7 � 4.5

1 380.5 � 1.8 389.4 � 1.5 49.3 � 5.6

0.5 365.9 � 2.1 377.3 � 1.1 24.5 � 6.1

a Conditions: samples of melted UC-781 were reheated at a rate of 5 K minÿ1 to 413 K. The values in parenthesis represent standard

deviations (n � 3).

Table 3

Characteristic parameters of UC-781a

b (K minÿ1) Tg (K) Tx (K) Tp (K) Tm (K) Tf (K) DT Hr H 0 S E/RTp

25 269.0 306.2 310.2 404.9 308.1 37.1 0.43 0.14 0.55 62.9

20 268.8 304.6 308.6 404.3 306.5 35.8 0.42 0.13 0.54 63.2

15 268.7 303.5 307.2 404.2 305.3 34.8 0.40 0.13 0.49 63.5

10 267.1 300.2 303.6 403.4 302.5 33.2 0.37 0.12 0.42 64.2

5 265.6 297.1 300.1 403.1 299.1 31.5 0.33 0.12 0.35 65.0

2 263.6 294.8 297.9 402.7 296.9 31.2 0.32 0.12 0.37 65.4

a Conditions: samples of melted UC-781 quench cooled from 413 to 243 K and then reheated at different rates to 413 K as shown in the

table: b, Tg, Tx, Tp, Tm, Tf, DT, Hr, H 0, S, and E/RTp represent heating rate, glass transition temperature, onset of crystallization, crystallization

peak temperature, melting point of UC-781, in¯ection point temperature, Tp ÿ Tx, Hruby's criterion, modi®ed Hruby's criterion no. 1,

modi®ed Hruby's criterion no. 2, and a criterion based on activation energy, respectively.
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heating rate reveals that Tg increased as a function of

increasing heating rate. The activation energy calcu-

lated was 257.9 kJ molÿ1. The linear behavior of this

plot shows that the transformation of UC-781 from the

glassy state to the supercooled liquid state can be

regarded as a simple ®rst order conversion. The same

phenomenon has been observed in other studies [16].

In order to quantitatively express the stability of

glassy UC-781, characteristic temperature and crystal-

lization rate constant (k) parameters were determined.

Fig. 3. Representative chromatograms of pure UC-781 (a), and melted UC-781 (b), cooled at a rate of 0.5 K minÿ1 to 243 K. The following

chromatographic conditions were used; column: LiChrospher1 100 RP-18 (5 mm), mobile phase: acetonitrile:water (90:10 v/v), ¯ow rate:

1 ml minÿ1, UV detection at 297 nm.
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The data obtained from the temperature characteristic

parameters are presented in Table 3. All of the char-

acteristic temperatures parameters (i.e. DT, Hr, H0 and

S) increased with increasing heating rate, and it has

been stated that the higher the parameter the greater

the stability of the glass formed [9]. From the data

presented in Table 3, it is evident that the glass dis-

plays higher stability at a higher heating rate compared

to that at lower heating rate. On the other hand, higher

values of E/RTp indicate poor stability of the glass,

which agrees with the results from the DT, Hr, H0 and

S0 criteria. The explanation for this observation is

similar to what we have already explained on the

in¯uence of cooling at lower rates, i.e. at a lower

heating rate the sample stays at a higher temperature

for a long period of time leading to a given higher

degree of molecular mobility during a longer period of

time, and this ®nally leads to the instability of the

glass. In order to further quantify the stability of glassy

UC-781 based on the crystallization rate constant (k),

Eq. (6) was employed [9]:

ln
�Tf�
b

2

� Ea

RTf

� ln
Ea

R
ÿ ln n (6)

In this equation Tf is the in¯ection point of the crystal-

lization exotherm, Ea the activation energy, R the

molar gas constant, b the heating rate, and n the

frequency factor. A plot of ln T2
f =b versus 1/Tf is

linear; the activation energy of crystallization and

the corresponding frequency factor can be calculated

from the y-intercept and the slope of the graph. Least-

squares analysis of this plot showed that the activation

energy (Ea) was 162.1 kJ molÿ1, and the frequency

factor (n) was 1:8� 1028 sÿ1 These values were then

used to calculate the crystallization rate constants

based on Eqs. (1)±(3). The data obtained are presented

in Table 4. The greater the value of (k) the poorer the

stability of the glass. The values of kb, ky and kf showed

that at a lower heating rate UC-781 glass was less

stable compared with the higher heating rate. These

data are in agreement with the stability criteria based

on the characteristic temperature parameters. The

obtained crystallization rate constant parameters

(i.e. k(y), k(f) and k(b)) for glassy UC-781 are very

large compared to those reported for inorganic glasses

like Li2O�2SiO2 and Li2O�1.5SiO2 [9]. In these mate-

rials, the crystallization rate constants were several

orders of magnitude lower; indicating that UC-781

glass is very unstable compared to these compounds.

4. Conclusions

The present study has shown that cooling and

heating UC-781 at different rates in¯uence its thermal

stability. At higher cooling rate liquid UC-781 did not

recrystallize during cooling, and formed a glass that

recrystallized following reheating. Very low cooling

rates resulted in the decomposition of UC-781. The

glass transition temperature was found to increase as a

function of increasing heating rates. Temperature

characteristic parameters and kinetic parameters

of crystallization were determined to quantify the

Fig. 4. Plot of log heating rate vs. reciprocal of the apparent glass

transition temperature of glassy UC-781.

Table 4

Kinetic parameters of crystallization for UC-781 glassa

b (K minÿ1) ky(T) (sÿ1) kb(T) (sÿ1) kf (T) (sÿ1)

25 5.66 � 1025 2.58 � 1016 1.19 � 1028

20 6.69 � 1025 6.86 � 1016 1.17 � 1028

15 7.66 � 1025 1.99 � 1017 1.21 � 1028

10 9.14 � 1025 1.12 � 1018 1.42 � 1028

5 1.126 � 1026 6.48 � 1018 1.43 � 1028

2 1.128 � 1026 8.63 � 1018 1.42 � 1028

a Conditions: samples of liquid UC-781 were quench cooled

from 413 to 243 K and then reheated at different rates to 413 K as

shown in the table.
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stability of UC-781 glass. The results of this study

illustrate that higher heating rates of UC-781 lead to

the formation of stable glasses, while lower cooling

rates lead to the degradation of UC-781.
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