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bstract

In this paper, the thermodynamics of the anhydrate/dihydrate carbamazepine (CBZA/CBZH) in ethanol–water mixtures was studied by measuring
he solubility of anhydrate and dihydrate carbamazepine at 0–60 ◦C. Both stable form solubility and metastable form solubility were measured,
he latter with the assistance of Raman immersion probe. The thermodynamic properties of the anhydrate/dihydrate system, such as the relative
tability, and enthalpy and entropy of dissolution, were estimated by plotting the measured solubility data according to the van’t Hoff equation.
he anhydrate/dihydrate carbamazepine showed an enantiotropic relationship in the studied mixtures and temperature ranges. It was shown that
t a certain temperature, there was an equilibrium water activity value at which the anhydrate and dihydrate carbamazepine were in equilibrium.

his equilibrium water activity value depends significantly on the temperature. The lower the temperature, the smaller is the water activity value
eeded to attain equilibrium between anhydrate and dihydrate. The obtained results are useful in determining crystallization parameters to achieve
desired anhydrate or hydrate phase. The approach can be applied to other anhydrate and hydrate systems.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Crystallization is widely used in the pharmaceutical and
hemical industries for purification, final crystal form selection,
r particle size control. In some cases, mixed solvent systems
mixtures of water and an organic solvent) are used in order
o get higher crystal yield, especially when processing high-
alue-added species. The main purpose for the addition of the
econd solvent is either to reduce the solubility of the solute,
r to change the dependence of the solubility on temperature
o increase the yield of cooling crystallization. However, the
oncentration of the second solvent can affect the pseudopoly-
orphism, polymorphism and morphology of the crystalline

roduct. Consequently, production of the pharmaceutical solid
roduct has to be optimized in terms of final solid form, crystal
abit and size distribution, final yield and reproducibility from
atch to batch.
Solvates are frequently referred to as pseudopolymorphs,
hich are defined as the crystals formed by the same sub-

tance crystallized with different amounts or types of solvent
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olecules (Bernstein, 2002). Hydrates are the most common
olvates encountered in pharmaceutical compounds, since water
nd mixtures of water and an organic solvent are frequently
sed in crystallization processes. A hydrate forms when water
olecules are incorporated into the crystal lattice. Hydrates

nd polymorphs are typically discussed together because of
he similarities between the characterization of polymorphs and
ydrates. Both polymorphic modifications and various hydration
tates of a compound have different crystal structures and exhibit
ifferent X-ray powder diffraction patterns, thermograms (dif-
erential scanning calorimetry or thermal gravimetric analysis),
nfrared spectra, Raman spectra, etc. The solubility and disso-
ution rate in a given solvent, density, chemical stability are
lso different for different polymorphs and crystalline at dif-
erent hydration states. As a result, the phase of the crystalline
rug product significantly affects the bioavailability of the final
osage (Luhtala, 1992; Brittain, 1999; Kobayashi et al., 2000;
urphy et al., 2002). On the other hand, hydrates are not true

olymorphs since the chemical composition is not equivalent
or anhydrate and hydrate. The difference between the polymor-

hic systems and anhydrate/hydrate systems is also reflected in
he Gibbs free energy analysis. The Gibbs free energy differ-
nce �G between two polymorphs or anhydrate/hydrate states
s proportional to the ratio of the thermodynamic activities a,

mailto:haiyan.qu@lut.fi
dx.doi.org/10.1016/j.ijpharm.2006.05.013
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nd is approximately proportional to the ratio of the solubilities
in any given solvent.

G = RT ln

(
a2

a1

)
= RT ln

(
x2

x1

)
(1)

here the subscripts 1 and 2 denote the different phases (poly-
orphs or hydration states) of the crystals. For a polymorphic

ystem, the value of the solubility ratio and thus the Gibbs free
nergy difference is defined by temperature and pressure. There-
ore, the relative thermodynamic stability of the polymorphs
s independent of the solvent (Brittain, 1999). For an anhy-
rate/hydrate system, the value of the solubility ratio and Gibbs
ree energy strongly depends on the water activity in the solvent,
nd the system is defined by temperature, pressure and water
ctivity in the solvent. The anhydrate/hydrate transition is both
olvent and temperature dependent in organic solvent–water
ixtures (at ambient pressure). It is essential to understand

he thermodynamics of the anhydrate/hydrate system and the
echanisms of the transformation in solvent mixtures in order

o control the phase of the crystalline product. The influence
f water activity in organic solvent and water mixtures on the
ydration state of drug compounds has been reported in the lit-
rature (Grant and Higuchi, 1990; Ghosh and Grant, 1995; Zhu
t al., 1996; Zhu and Grant, 1996) at room temperature. It was
eported that at room temperature (25 ◦C) there is a certain water
ctivity value at which the anhydrous and hydrate forms are in
quilibrium. However, the dependence of the equilibrium water
ctivity on temperature is not fully understood.

Carbamazepine (CBZ), an antiepileptic drug, was selected as
he model compound in this work (Fig. 1). Four polymorphorms
nd a dihydrate as well as other solvates of CBZ have been
eported in the literature (Krahn and Mielck, 1987; Rustichelli
t al., 2000). Among them, the anhydrous form III, the thermo-
ynamically stable form at room temperature and the dihydrate
orm are the most commonly encountered forms. The objec-
ive of this work is to study the influence of water activity and
emperature on the thermodynamics of anhydrate/dihydrate car-
amazepine in ethanol–water mixtures. The solubility of the
nhydrous form III (CBZA) and the dihydrate (CBZH) in mixed
olvents of ethanol–water was measured at certain temperature
anges. The dependence of the relative stability of the anhydrous
orm III and the dihydrate of CBZ on solvent composition and

emperature as well as the thermodynamic properties, such as
he enthalpy and entropy of dissolution of CBZA and CBZH,
re estimated by plotting the solubility data and temperature
sing the van’t Hoff equation. The equilibrium water activities,

Fig. 1. Structure of carbamazepine.
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t which the solubility and stability of CBZA and CBZH are
dentical, are evaluated at different temperatures.

. Materials and methods

.1. Materials

Analytical grade ethanol from Altia Corporation and deion-
zed water were used as solvents. Carbamazepine was used as
eceived from Orion Corporation. Based on the XRPD pattern
nd DSC trace, it was pure form III (CBZA). The dihydrate form
CBZH) was prepared by cooling crystallization from 61 mol%
thanol aqueous solution. A CBZ solution saturated at 40 ◦C
as prepared by dissolving a certain amount of CBZA in sol-
ent at 45 ◦C. The solution was quench cooled down to 20 ◦C,
nd then it was kept at this temperature for 1 h. The Raman
n-line probe was used to monitor the phase of the crystalline
uring the crystallization. It was observed that only CBZH was
rystallized out during the crystallization. The suspension was
ltered and the solid was dried at room temperature for 24 h. The
btained CBZH solid was analyzed with an X-ray diffractometer
nd Raman spectrometer. In order to verify the obtained CBZH
rystalline, the XRPD pattern of the CBZH crystallized from
he 61 mol% ethanol aqueous solution was compared with fig-
res reported in the literature (Krahn and Mielck, 1987; Luhtala,
992; Rustichelli et al., 2000). It was observed that the XRPD
attern was identical for the CBZH crystalline.

.2. Methods

.2.1. Raman spectroscopy
Raman spectra were collected with a LabRam 300 Raman

pectrometer from Horiba Jobin Yvon. The system employed an
xternal cavity stabilized single mode diode laser at 785 nm. The
aman spectroscopy was interfaced with an optical microscope
hen analyzing powder samples, and an immersion probe sealed
ith a sapphire window for in-line suspension monitoring. The

aser light was focused into the solid or the solid–liquid sus-
ension, using the optical microscope or the immersion probe,
espectively. Backscattered Raman light was collected by the
nterfacial device and transmitted back to the spectroscopy for
nalysis. The acquisition conditions were optimized so that a
pectrum was captured with an exposure time of 5 and 20 s for
easurement of dry solid samples and suspension, respectively,
ith three accumulations.

.2.2. Powder X-ray diffraction
A Bruker AXS GmbH D8 Advance diffractometer with a Cu

� radiation source (40 kV, 40 mA) was used to collect powder
iffraction patterns at ambient temperature and pressure. The
atterns were recorded between 5 and 40◦ 2θ with steps of 0.05◦
nd a dwelling time of 1 s/step.
.2.3. Solubility measurement
The solubility of CBZA and CBZH in ethanol–water mix-

ures was measured gravimetrically. Only CBZA was used as
he start solid material. Around 200 g of solvent was kept at a
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Fig. 2. X-ray diffraction patterns of anhydrous (CBZA) and dihydrate (CBZH)
of carbamazepine.
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ertain temperature in a 250 ml jacketed vessel equipped with
thermostat and a magnetic mixer. A condenser was used to

ecover the evaporated solvent. When the temperature was sta-
le, CBZA solid was added gradually until the solid no longer
issolved. Then around 1 g excess CBZA solid was added and
he solid–liquid suspension was well mixed for 48 h to achieve
quilibrium. Next, the clear solution was taken through a micro
lter, and the solid isolated from the suspension was analyzed
ith Raman spectrometer to identify the form of the solid. With

he above-described method, only the solubility of the thermody-
amically stable form at the measured conditions (temperature
nd solvent composition) can be measured, which in the follow-
ng will be referred to as the stable form solubility. The apparent
olubility of CBZA at conditions in which it is in the metastable
orm was measured by the following method. First, a saturated
olution was prepared based on the solubility of CBZH (stable
orm) at a certain temperature. Then a certain amount of excess
BZA solid was added to the solution. A Raman probe was
sed to obtain in situ monitoring of the solid form composition.
lear solutions were sampled through a syringe filter until the

ransformation from CBZA to CBZH was completed.

. Results and discussion

.1. Identification of solid form with XRPD and Raman
pectra

The raw material CBZA and the prepared CBZH solid were
nalyzed with an X-ray diffractometer and Raman spectrometer.
he X-ray diffraction patterns and Raman spectra of CBZA and
BZH are shown in Figs. 2 and 3. The morphology of the crystals

s shown in the images in Fig. 4, which were taken with a Jeol
SM-5800 scanning electron microscope. The anhydrous and
ihydrate forms clearly exhibit different morphologies.

.2. Stable form solubility and thermodynamic property
The stable form solubility was measured in five solvent mix-
ures with different ethanol–water fractions. The experimental
ata are listed in Table 1. It was observed that the solubility of
BZ in pure ethanol was much higher than that in pure water.

o
w
c
e

Fig. 4. SEM pictures of CBZA (left), and CBZH
Fig. 3. Raman spectra of CBZA and CBZH crystalline.

t a certain temperature, CBZ solubility exhibits a maximum
alue in an ethanol–water mixture having a certain composition
Fig. 5). As shown in Fig. 6, the dependence of CBZ solubility
n temperature changed significantly in mixed solvent compared

ith that in pure ethanol. The yield of the crystallization process

an be significantly increased if mixed solvent with 54 mol%
thanol is used instead of pure ethanol.

(right). The white bar represents 50 �m.
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Table 1
Solubility of carbamazepine in ethanol–water mixtures

68.9 mol% ethanol 61.0 mol% ethanol 54.0 mol% ethanol 47.7 mol% ethanol 35.1 mol% ethanol

T (K) g CBZ/100 g solvent T (K) g CBZ/100 g solvent T (K) g CBZ/100 g solvent T (K) g CBZ/100 g solvent T (K) g CBZ/100 g solvent

273.0 1.47(H) 288.0 2.65(H) 288.0 2.07(H) 288.0 1.69(H) 303.0 2.47(H)
277.7 1.93(H) 290.5 2.94(H) 292.9 2.77(H) 292.9 2.28(H) 308.0 3.35(H)
283.0 2.41(H) 292.9 3.42(H) 295.5 3.15(H) 298.0 3.01(H) 313.0 4.67(H)
285.5 2.78(H) 295.5 3.90(H) 298.0 3.66(H) 300.5 3.52(H) 318.0 6.36(H)
288.0 3.11(A) 298.0 4.47(A) 300.5 4.19(H) 303.0 4.01(H) 323.0 8.27(A)
292.9 3.71(A) 300.5 4.83(A) 303.0 4.98(H) 305.5 4.76(H) 328.0 10.58(A)
298.0 4.42(A) 303.0 5.38(A) 308.0 6.27(A) 308.0 5.56(H) 332.9 13.31(A)
303.0 5.27(A) 305.5 5.86(A) 313.0 7.76(A) 316.0 8.27(A)
308.0 6.32(A) 308.0 6.52(A) 318.0 9.51(A) 321.0 10.24(A)

313.0 7.85(A) 326.0 12.43(A)
331.0 15.66(A)

T

H nd dih
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r = 14.3 ◦C Tr = 24.7 ◦C Tr = 33.1 ◦C

and A in the bracket denote the phase of the equilibrium solid as anhydrate a

For an ideal solution, the solubility of the solute can be pre-
icted from the van’t Hoff equation as follows (Prausnitz et al.,
999; Mullin, 2001):

n x = −�Hf

RT
+ �Hf

RTf
= −�Hf

RT
+ �Sf

R
t (2)

here x is the mole fraction of solute in the solution, Tf the

usion temperature and �Hf and �Sf are the molal enthalpy and
ntropy of fusion, respectively.

In practice, very few solutions can be considered as ideal
olution. If the solution exhibits non-ideal behavior, the sol-

ig. 5. Solubility of CBZA (solid symbols) and CBZH (open symbols) in
thanol–water mixtures at various temperatures.

Fig. 6. Solubility of CBZ in pure ethanol and ethanol–water mixture.
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Tr = 41.0 ◦C Tr = 46.6 ◦C

ydrate, respectively; Tr is the transition temperature.

ent effect must be allowed for, which means the enthalpy and
ntropy of mixing must be taken into account by replacing �Hf
ith �Hd (enthalpy of dissolution) and �Sf with �Sd (entropy
f dissolution) (Beiny and Mullin, 1987).

n x = −�Hd

RT
+ �Sd

R
(3)

The solubility of CBZH and CBZA are plotted on a semi-
ogarithmic scale against the reciprocal of the absolute temper-
ture for specified solvent systems in Fig. 7. The enthalpy and
ntropy of dissolution of both forms were obtained from the
lope and the interception with y-axis of the resulting trend line.
s shown in Fig. 8, the enthalpy and entropy of dissolution
f both CBZA and CBZH increased with the increasing water
raction in the solvent. The enthalpy and entropy of dissolu-
ion of CBZH are higher than that of CBZA. A similar result
as been reported by Luk and Rousseau (2005) for the anhy-
rate and monohydrate of l-serine in water–methanol mixtures.
hey observed that the enthalpy and entropy of dissolution of
-serine decreased with increasing water fraction in the solvent,
s the solubility of l-serine in water was much higher than that
n methanol.

The relative stability of CBZA and CBZH can be obtained
rom Fig. 7. The system exhibits enantiotropic behavior. For a
ertain solvent composition, the thermodynamically stable form
ust have a lower solubility than the metastable form. The inter-

eption of the extrapolation of the solubility of the two forms
epresents the point where the solubility of CBZA and CBZH
re identical; in other words, the CBZA and CBZH are in equi-
ibrium, and thus it is referred to as the transition temperature in
he specified solvent system. CBZA is the stable form at temper-
tures higher than the transition point; CBZH is the stable one
f the temperature is lower than the transition point.

.3. Metastable form solubility
The solubility of the metastable form is usually very difficult
o determine in anhydrate/hydrate systems, since the transfor-

ation happens very quickly in most cases. The Raman in-line
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Fig. 7. Solubility of carbamazepine in ethanol–water mixtures. (Solid symbols represent CBZA solubility, open symbols represent CBZH solubility, metastable
s ars ar
l fract

p
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olubility of CBZA in 61.0 mol% ethanol solvent is shown in (a). The error b
n(x + std) − ln(x) and ln(x) − ln(x − std), respectively. x is the solubility in mole

robe offers a facility for metastable form solubility measure-
ent. In this work, in addition to the stable form solubility,

he metastable form solubility of CBZA was also measured in
he solvent mixture containing 61 mol% ethanol. Figs. 9 and 10

how one measurement result, the concentration of CBZ in the
olution and the evolution of the Raman spectra, respectively.
he transformation of CBZA to CBZH can be clearly observed

rom the Raman shift. The average of the points where the con-

i
t
f
m

e shown in the figure, with upper and lower limit of the error bar defined as
ion and std is the standard deviation.).

entration was stable before the phase transition started was
onsidered as the metastable form solubility. The data are shown
n Fig. 7(a). The metastable form solubility was not in the extrap-
lation of the stable form solubility curve, and the further it

s from the transition point, the greater the deviation between
he stable form solubility extrapolation line and the metastable
orm solubility. It has been reported that the unexpected high
etastable solubility could be caused by a greater density of
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Fig. 8. Enthalpy and entropy of dissolution of CBZA and CBZH.
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ig. 9. Concentration of CBZ in the solution during the measurement of the
etastable form solubility of CBZA.

rystal defects rather than by polymorphism (Brittain, 1999).
owever, the effect of crystal defects on solubility seems to
e very small since the concentration reached a certain value
nd then remained constant at that value for quite a long time.
he deviation between the metastable solubility and the extrap-
lation of the stable form solubility of CBZA implies that the

issolution enthalpy and entropy of CBZA in ethanol–water
ixtures where CBZA is the stable form differ from those where
BZA is the metastable form.

ig. 10. Raman spectra during the measurement of metastable form solubility.
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.4. Correlation of water activity and solid phase stability

Grant and Higuchi (1990) have established the following rela-
ionship to describe the equilibrium between a hydrate and an
nhydrate:

(solid) + mH2O ↔ A·mH2O(solid)

h = a [A · mH2O(solid)]

a [A(solid)] a[H2O]m
(4)

here Kh is the equilibrium constant for the process, and
[A·mH2O(solid)], a[A(solid)] and a[H2O] are the thermody-
amic activities of the hydrate, the anhydrate and water. m is
he number of water moles taken up by one mole of the anhy-
rate. When a[H2O] > [a[A·mH2O(solid)]/a[A(solid)]Kh]1/m,
he hydrate is the more stable form. The anhydrous form will
e more stable in the inverse situation. If the pure solids of
nhydrate and hydrate are taken as the standard states (i.e., with
nity activity), then Eq. (4) can be simplified as: Kh = a[H2O]−m.
hus, the hydration state of a hydrate depends on the water activ-

ty in the surrounding medium. Zhu et al. (1996) have studied
he influence of water activity in organic solvent and water mix-
ures on the anhydrate/monohydrate phase of theophylline at
5 ◦C. They found that solvent composition corresponding to
[H2O] = 0.25 was the transition point; if the water activity is
igher than 0.25, the monohydrate was the stable form, and the
nhydrate was more stable if water activity was lower than 0.25.
he effect of temperature was not taken into account in the above
escription.

A crystalline hydrate is a two-component system and is spec-
fied with three parameters: temperature, pressure and water
ctivity. Thus, it is important to study the way the temperature
ffects the hydration equilibrium of anhydrate/hydrate in mixed
olvent. In the above section, the transition points of CBZA
o CBZH, which represent the conditions in terms of solvent
omposition and temperature where CBZA and CBZH are in
quilibrium, were obtained from the intercept of the solubility
urves shown in Fig. 7. The molar fraction solubility of CBZ

n the studied temperature range is in the range of 0.3–2 mol%,
o it is assumed that the water activity in the ternary system
s not affected by the dissolved CBZ. The water activity in
thanol–water mixtures has been evaluated at various tempera-

ig. 11. Transition points of CBZA and CBZH in ethanol–water mixtures.
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solvent + water mixtures on the nature of the crystallizing drug phase. 1:
Theophylline. Int. J. Pharm. 135, 151–160.
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ures (10, 15, 20, 25, 30 and 50 ◦C) in the literature (D’Avila and
ilva, 1970; Pemberton and Mash, 1978). The water activity cor-
esponding to the transition point in terms of water/ethanol mole
raction and temperature can be obtained from the ethanol–water
inary mixture data. The result is shown in Fig. 11. The smaller
he water activity, the lower the temperature needed to attain the
quilibrium between CBZA and CBZH.

. Conclusions

In this work, the solubility of CBZA and CBZH in
thanol–water mixtures was measured at a certain tempera-
ure range. The enthalpy and entropy of dissolution of both
orms and the thermodynamic relative stability of CBZA and
BZH were defined by correlating the solubility data and tem-
erature with the van’t Hoff equation. It was shown that the
ydrate state of a CBZA/CBZH system in water–ethanol mix-
ures depends on both water activity (mainly determined by
he water–ethanol fraction) and temperature. At a given tem-
erature, there is a certain water activity value corresponding
o the equilibrium between the anhydrous and hydrate form.
his equilibrium water activity value increases with increase
f temperature. The methodology is useful in determining the
peration parameters for crystallization of compounds that are
apable of forming hydrates.
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