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IDENTIFICATION OF AN ENANTIOTROPIC SYSTEM WITH HINDERED
MULTIPHASE TRANSITIONS
Reexamination of polymorphism in carbamazepine
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A determination of the enthalpy increments for single phases of polymorphs through exact calorimetric measurements of respective
heat capacities in stable and metastable regions, determination of the enthalpy increments for the liquid phase through dynamic
measurements in the glassy state and separate measurements of the heat of fusion of polymorphs created precise data base which
permitted to use the heat-of-fusion rule in a rigorous way and to verify univocally that the polymorphs III and I in carbamazepine
form an enantiotropic system. The approach elaborated in the present study can be used in identification of all difficult polymorphic

systems, where the solid-solid transitions have a complicated nature, are kinetically driven or hindered by other constraints.
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Introduction

Polymorphism is an important problem in pharmaceuti-
cal industry. Once multiple phases in a solid substance
have been identified, the principal task becomes the de-
termination of the manner by which the phases are re-
lated. Enantiotropically related phases must have an
equilibrium transition point on the temperature scale or
an equilibrium transition line on the (p,7) diagram. On
passing the transition point or the transition line by heat-
ing, the enantiotropic transition is always endothermic.
In an ideal enantiotropic system each phase has its own
(p,T) region of thermodynamic stability and the transi-
tion between them is reversible. When the phases are
monotropically related, there is no equilibrium transi-
tion point, nor an equilibrium line, at least in the region
of thermodynamic stability. The only transition which is
possible here is that from the less stable phase to the sta-
ble phase. Such a transition is always exothermic and is
not reversible.

The identification of the relationship between
polymorphs is not always simple. It can happen that
even in an enantiotropic system the solid-solid transi-
tions have a complicated nature, are Kinetically driven
or hindered by other constraints. In such a case the
shape of DSC traces can depend on the heating rate
and/or on other variables of the experiment and thus the
identification of the relationship between forms be-
comes difficult or even impossible. On the other hand in
the literature there are a number of criteria which can
help to distinguish or determine the polymorphism rela-
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tionship [1]. One of them is the heat-of-fusion rule,
which states that if the higher melting form has the
lower heat of fusion, the two forms are enantiotropically
related, otherwise they are monotropic [1]. Behme and
Brook [2] have applied this rule to investigation of the
polymorphic relation between the low melting form 111
and the higher melting form I in carbamazepine. How-
ever, the authors have observed a complicated depend-
ence of the solid-solid transition on the heating rate. For
this reason, they have derived the heat of fusion of form
1I from the sum of thermal effects associated with the
solid-solid transition and the fusion of form I. In this
previous work, the authors have assumed that the varia-
tions of the heat capacities with temperature of the two
phases are sufficiently similar to be neglected, so the
graphs of enthalpy vs. temperature are parallel. Besides,
their values for the enthalpy of I1I/I transition and for the
enthalpy of fusion of form I are significantly higher than
the respective values from previous studies of Kala et al.
[3] and of Krahn and Mielk [4].

The aim of the present study is to elaborate a rigor-
ous application of the heat-of-fusion rule to identifica-
tion of an enantiotropic polymorphic system in the case
of hindered multiphase transitions and to verify the
polymorphic relation between carbamazepine forms I
and III. A scheme of the proposed approach is presented
graphically in Fig. 1. The solid line presents an ideal
equilibrium transformation from a low melting form A
at the reference temperature 7..r up to the liquid phase.
The dashed line presents a possible non-equilibrium
transformation of the low melting form A directly to the
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Fig. 1 A model presentation of phase transitions in an enantio-
tropic polymorphic system: full lines: equilibrium tran-
sitions and stable phases; dashed line: non-equilibrium
transitions and metastable phases

liquid phase. This non-equilibrium transformation can
be observed when working in non-equilibrium condi-
tions, i.e. with high heating rates. In the present study an
attempt will be made to measure separately the two
enthalpies of fusion, as well as the enthalpy increments
for the homogenous phases Hx and Hg and for the liquid
phase H, as functions of temperature. This will provide
the means to apply rigorously the heat-of-fusion rule
and to derive the proper value of the enthalpy of the
solid-solid transition A,/ that is of importance in accu-
rate determination of the type of polymorphism in such
systems.

Experimental
Materials

Carbamazepine anhydrate (form III) was obtained
from Ciba—Geigy Laboratories (Huningue, France).
Polymorph I was obtained by heating form III be-
tween the transition temperature and its melting point,
as described in the literature [2].

Methods

Powder X-ray diffraction

A Philips 1050 diffractometer and a Philips 1729
X-ray generator with a CuK, anode (A=1.54051 A)
were used. The apparatus was calibrated with si-
licium. The data were processed with the programs
‘Gonio’ and ‘Rayon’ [5].
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Thermogravivetric analysis

The analyser was a Perkin-Elmer TGA 7. The sam-
ples of 5 to 10 mg were heated at a rate of 10 K min™*
when purging with nitrogen at 20 mL min .

Calorimetry

Two DSC apparatus were used: a Q1000 from TA In-
struments and a DSC 7 from PerkinElmer. The tem-
perature scales of the instruments have been cali-
brated at a heating rate of 20 K min' with the melting
point of indium (429.784 K) [6] and the melting point
of tin (505.118 K) [6]. A correction was made for the
other heating rates (varying from 5 to 100 K min")
considering the difference between the theoretical
melting point of indium and its measured melting
point at a given rate. The energy scales have been cal-
ibrated with the heat of fusion of indium
(28.45 T g1 [7]. Non-hermetic aluminium based al-
loy pans were used under dry nitrogen flow
(20 mL min ") when working with the DSC 7. The ob-
tained results were confirmed with the Q1000 appara-
tus. Hermetic (to avoid possible pollution) aluminium
based alloy pans were used under dry nitrogen flow
(20 mL min’l). A C80 Setaram calorimeter and a
Setaram C, program ‘Setsoft’ were used for the heat
capacity measurements. The samples of investigated
substances (near one gram) were introduced in a Py-
rex glass cell located in a stainless steel vessel. The
apparatus was calibrated (temperature and energy
scales) with the melting points and enthalpies of fu-
sion of indium and tin with parameters as mentioned
above for the DSC calibration.

Thermomicroscopy

The equipment was composed of a hot stage from Mett-
ler (FP5 and FP52) and an Olympus BH-2 microscope.

Results and discussion
Powder X-ray diffraction

Diffractometric analysis were used to confirm the
form of the considered samples. X-ray diffraction pat-
tern obtained for the commercial sample was charac-
teristic of the form III of carbamazepine [8]. X-ray
diffraction pattern of the polymorph obtained by heat-
ing the commercial sample above the transition tem-
perature was characteristic of the form I of
carbamazepine [8].
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Thermogravimetric analysis

TG measurements revealed no mass loss in the tem-
perature range 300 to 430 K, meaning that both sam-
ples were anhydrate forms.

DSC measurements

Results obtained are listed in Table 1. The full
solid-state conversion from form III into form I was
observed only at rates of 5, 10 and 20 K min "' with an
endotherm between 438 and 446 K; it was noticed
that the onset temperature increased with the heating
rate, but a slight decrease of the heat of transition with
the heating rate was observed. The value
Ty=438.0+0.1 K and AyHy=12.240.7 J g ' obtained
at the low heating rate of 5 K min™' were taken as the
most probable temperature of transition and enthalpy
of transition from form III to form I. This transition
was followed by an endotherm associated with the fu-
sion of form I at T =463.720.2 K and ApsH=
111.342.7 I g obtained at a heating rate of 5 K min ™.
At 40 and 60 K min"' DSC traces showed only melt-
ing of form III overlapping with partial crystallization
into form I followed by partial melting of form 1. At
higher heating rates, 80 and 100 K min™', only a sin-
gle endotherm of fusion of metastable form III was
observed with a suggestion that there was insufficient
time for partial interphase events. The mean value of
the onset temperature is T =452.4+0.6 K and of
the enthalpy of fusion AgHy=115.0+3.3 J g (aver-
age of 6 measurements).

Thermomicroscopy was used to interpret the
events observed by DSC.

Heat capacity and enthalpy increments for the single
phase of form 111

On the basis of measurements performed in a
Setaram C80 calorimeter the following fitting equa-
tion was defined for the specific heat capacity
J K g’l) of form III valid over the temperature range
from 7,.~=298.15 K to Tpys = 452.4 K (melting from
the metastable state)

C, =—26749+10910 °T+610 °T* (1)

By integrating Eq. (1) and setting the enthalpy of
the single phase of form III at the reference tempera-
ture T,.=298.15 K equal zero the following equation
was obtained for the specific enthalpy increment
{J g’]) as a function of temperature

A 1sH y =26005-26749T+5.4510°T*+210°T° (2)

valid over the temperature range from 7;.;=298.15 K
to Ths = 452.4 K (melting from the metastable state).

Heat capacity and enthalpy increments for the single
phase of form I

On the basis of measurements performed in a
Setaram C80 calorimeter the following fitting equa-
tion was defined for the specific heat capacity
(JK ' g™ of form I valid over the temperature range
from 360 K to Tps1=463.7 K

C,, =-322 14148107 T 3)

By integrating Eq. (3) between Ty and T and
adding both the heat of transition AyHyy at the tem-
perature of transition and the enthalpy increment de-
fined from Eq. (2) for form III at the temperature of
transition, the following equation was obtained for
the enthalpy increment of form I valid over the tem-
perature range from 7;,,=438.0 K to 7%, ;=463.7 K, but
which may be extrapolated with a reasonable preci-
sion down to 298.15 K

A H| =3054-3221T+7.410° T 4)

Heat capacity and enthalpy increments for the liquid
phase

Unfortunately, the heat capacity of the liquid phase
could not be measured directly in a calorimeter, be-
cause of an evident decomposition of carbamazepine.
For this reason an effort has been taken to determine
the enthalpy function for the glassy state of
carbamazepine on the basis of both calorimetric mea-
surements of the heat of crystallization from the
glassy state and the enthalpy function for form I from

Table 1 Results of DSC study for two samples of carbamazepine at different heating rates

Heating rate/ III/1 transition

Fusion form III Fusion form I

K min!

T /K AvesHin/J g Thus /K AgusHui/J g" Ths /K AT g’l
5 438.0+0.1 12.2+0.7 463.7£0.2 111.3£2.7
10 441.540.1 11.54£0.3 463.620.1 108.9+2.4
20 446.310.2 11.0+£0.4 464.0+0.2 102.5£2.5
80 452.020.5 114.5£3.9
100 452.840.2 115.4£3.3
J. Therm. Anal. Cal., 89, 2007 753
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Eq. (4). The measurements were performed with a
Perkin-Elmer DSC7. A given sample of
carbamazepine was melted at a heating rate of
20 K min ', rapidly cooled at a rate of 200 K min '
(maximum cooling rate authorised by the apparatus)
to obtain a glassy state and then heated at different
rates to re-crystallize. It was verified by
diffractometry that the re-crystallized phase was al-
ways form I, which is metastable at 7<Ti. Both the
temperature and the enthalpy of crystallization de-
pended on the heating rate. For each temperature of
crystallization a respective enthalpy increment was
calculated from Eq. (4). By summing at each tempera-
ture the enthalpy of crystallization and the enthalpy
increment of form I, the enthalpy of the glassy state
could be determined. A set of such data obtained with
various heating rates is listed in Table 2. Because the
recrystallisation occurred above the glass-liquid tran-
sition temperature, data listed in Table 2 concern the
metastable liquid and can be used for fitting the
enthalpy function for the liquid phase.

Other two data points, very suitable for such fit-
ting, can be obtained: 1) at 7%, =463.7 K by summing
the enthalpy increment calculated with Eq. (4) for that
temperature (A H =402.8 J g ') and the enthalpy of

fusion  AgH=1113 T g',  what gives
ASS H =514.1 T g''; 2) at Thon=452.4 K, the same
can be applied for form I1I giving A% H =4654 T g .
Adding these two data points to the data listed in Table 2
and fitting, the following equation was derived for the
specific enthalpy increments for the liquid phase of
carbamazepine valid over the temperature range from
367.7 to 463.7 K, but which reasonably well extrapo-
lates to 298.15 K at lower temperatures and to 498 K at
higher temperatures.

A s 1sH, =5634-21067T+00067T* ®)

Table 2 Data for the determination of the enthalpy incre-
ments for the liquid phase of carbamazepine

A—;98.15HI :Acrys¢H1+ATz98.15H1
Cooling Toryst/ AcryseH Y/ AT293_15H /AT 298,1 Hy/

rate/K min" K I’ Jg! J g’51
1 367.7 62.3 121.6 183.9
2 371.7 62.3 130.6 192.9
3 372.0 65.0 131.3 196.3
4 374.3 65.1 136.5 201.6
5 378.3 67.6 145.9 213.6
10 381.0 71.9 153.5 225.4
20 387.0 68.2 167.2 2354
40 395.7 75.4 189.5 264.9
60 402.8 79.8 208.5 288.3
80 404.0 86.4 211.9 298.3
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By differentiating Eq. (5) with respect to temper-
ature the following equation was obtained for the spe-
cific heat capacity function of the liquid phase of
carbamazepine

C,, =—2107+13410°T (6)

A rigorous treatment of the heat-of-fusion rule

Based on a study of Burger and Ramberger [1], the fol-
lowing equation can be written for an exact definition of
the heat-of-fusion rule which can be used for verifica-
tion of the polymorphic relation between form III and
form I in carbamazepine or for identification of such a
relation in any similar polymorphic system

A uTsH(Tus):ATfusHm _é sty +
AP"Hy AT H +A> H, (7

T Thusmt

Taking the enthalpies of fusion presented above
and calculating the enthalpy increments of the partic-
ular single phases with Eqs (2), (4) and (5) respec-
tively one gets a value which is equal to the experi-
mental result obtained at a low heating rate.

A H(T, )=1150-1113+485-88.7+48.7=122 T g~ (8)

s

A graphic presentation of the results obtained in
the present study for stable and unstable regions is
given in Fig. 2.

The results obtained in the present study create a
consistent system of data which explicitly proves that
the polymorphic relation between form I and form I
in carbamazepine is univocally of enantiotropic na-
ture. The exact data provided can be useful in further
scientific and industrial procedures, especially in
analysis and treatment of various metastable situa-
tions. A comparison of selected data points from the

700

600 1 AHy
500
"20.400 1
=
Z 300
200

100 1 .| 5

0 B e

298 318 338 358 378 398 418 438 458 478 498
Temperature/K

Fig. 2 Enthalpy diagram for carbamazepine as results of the
present study; full line: equilibrium transitions and stable
phases; dashed line: non-equilibrium transitions and
metastable phases; m — from calorimetric data on re-crys-
tallization from glass to metastable form I and enthalpy
of form I (Table 2); ® — from enthalpy of form I and its
enthalpy of fusion (see the text); a — from enthalpy of
form III and its enthalpy of fusion (see the text)
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Table 3 A comparison of data from this study with available data from the literature for solid-solid and solid-liquid transitions

in carbamazepine

III/1 transition

Fusion form III Fusion form I

Reference
Ts /'K AHIT g Trus /K AwsHi/T g Ths /K AnsH/T g
3 449 11.0 463.7 102.4
4 423433 8.0 453 462.1+1.4 103.6
2 423443 14.0 447-449 125.7 464.2 111.7
Present study 438.0+01 12.24+0.7 452.4+0.4 115.0£3.6 463.7£0.2 111.3£1.6
Conclusions

1.0 T T T T T T T T T
298 318 338 358 378 398 418 438 458 478 498
Temperature/K

Fig. 3 Specific heat capacity diagram for carbamazepine as re-
sults of the present study

present study with similar data available in the litera-
ture is given in Table 3. One can see that the present
enthalpic data for the solid-solid transition and for the
fusion of form III are slightly higher than the respec-
tive data of Kala et al. [3] and of Krahn and Mielk [4]
and significantly lower than the data of Behme and
Brooke [2]. The latter data have been obtained under
two assumptions: 1) that the integration of thermal
events from the solid-solid transition to the fusion of
form I provides the heat of fusion of the form III and
2) that the variations of the heat capacities with tem-
perature of the two phases are similar, so the graphs of
enthalpy of the two phases vs. temperature are paral-
lel. The use of a calorimeter with sample mass of near
1 g in the present study permitted the collection of the
heat capacity data (see also Fig. 3) much more pre-
cisely than by the method of O’Neill [9] realized in a
DSC (Behme and Brooke) [2]. It results from the
present study that the C, difference between form I
and form III is not constant. A slight decrease of this
difference with temperature over the temperature
range under investigation is described by the follow-
ing equation

C,i—C,; =0546-3910°T+610 °T"* )
This difference is not very important with re-
spect to the large values of the enthalpies of fusion,

but can be of importance with respect to the heat of
transition (Eq. (7)).
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A determination of the enthalpy increments for single
phases of polymorphs through fitting of calorimetric
measurements to obtain respective heat capacities, de-
termination of the enthalpy increments for the liquid
phase through dynamic measurements in the glassy state
and separate measurements of the heat of fusion of poly-
morphs created precise data base which permitted to use
the heat-of-fusion rule in a rigorous way and to verify
univocally that the polymorphs III and I in
carbamazepine form an enantiotropic system. The ap-
proach elaborated in the present study can be used in
identification of difficult polymorphic systems, where
the solid-solid transitions have a complicated nature, are
kinetically driven or hindered by other constraints.
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