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SUMMARY

The solubilities of celecoxib (CLX), a COX-2 selective nonsteroidal anti-inflam-
matory drug, were determined in water-ethanol and ethanol-ethyl acetate mixtures
at several temperatures (288.15-308.15 K). The solubility curves as a function of
ethanol ratio were studied at five temperatures, they showed a single maximum
located at 50% ethanol-ethyl acetate (3, = 22.50 MPa'’?). The measurements of the
variation of inherent drugsolubility with temperature were used to estimate different
thermodynamic parameters, enthalpy, entropy and Gibbs free energy of solution
(AHS, AS* and AGS,,,, respectively). The apparent enthalpies of the solution were
a nonlinear function of the ethanol ratio in aqueous mixture. Non-linear enthalpy-
entropy compensation analysis was observed indicating different dissolution
mechanism with the variation in mixtures composition. The solubility enhancement
is entropy driven at water-rich region (0-40% v/v ethanol) and enthalpy controlled
at cthanol-rich region (40-100% v/v ethanol), likely due to water-structure loss
around nonpolar moieties of the drug and for the ethanol-rich mixtures it is the
enthalpy, probably due to the drug better solvation.

Key words: celecoxib, solubility, solvent mixtures, thermodynamic quantities,

characterization.
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Thermodynamic analysis of celecoxib in solvent mixtures

RESUMEN

Anélisis termodindmico del celecoxib en mezclas disolventes
anfipréticas y anfipréticas-aproticas a varias temperaturas

Se determiné la solubilidad del celecoxib (CLX), un firmaco antiinflamatorio
no esteroide selectivo de COX-2, en agua-etanol y etanol-acetato de etilo a varias
temperaturas (288,15-308,15 K). Los perfiles de solubilidad obtenidos fueron estu-
diados en funcién de la proporcién de etanol en las cinco temperaturas de estudio.
Los resultados muestran solamente un maximo en el 50% de etanol-acetato de etilo
(8, =22,50 MPa'?). La variacién de la solubilidad con la temperatura se utilizé para
calcular diferentes pardmetros termodindmicos, entalpia, entropia y energfa de diso-
lucién libre de Gibbs (AHS, AS* y AG¥,,,, respectivamente). Las entalpias aparentes
de disolucién fueron no lineales en la mezcla acuosa. Ademas, se observé un analisis
de compensacién de entalpia-entropia no lineal, lo que indica un mecanismo de
disolucién que varia con la composicién de cada mezcla. El aumento de la solubi-
lidad es impulsado por la entropfa en la regién rica en agua (0-40% v/v de etanol)
y la entalpia en la region rica en etanol (40-100% v/v de etanol), probablemente
debido a la pérdida de la estructura del agua alrededor de los residuos no polares del
firmaco y para las mezclas ricas en etanol es la entalpia, probablemente debido a la

mejor solvatacién del firmaco.

Palabras clave: celecoxib, solubilidad, mezcla disolvente, pardmetros termodindmicos,

caracterizacion.

INTRODUCCION

Celecoxib (CLX, chemical name: 4-[5-(4-Methylphenyl)-3-(trifluoromethyl)-1H-
pyrazol-1-yl]benzenesulfonamide, CAS number: 184007-95-2, formula: CH,,
F;N;0,S, molar mass: 381.37 g mol™!, molecular structure shown in figure 1) is a
COX-2 selective nonsteroidal anti-inflammatory drug, widely used in the treatment
of osteoarthritis, rheumatoid arthritis, familiar adenomatous polyposis and acute pain.
When CLX is co-administrated with chemotropic agents in cancer treatment proto-
cols, it has shown preventive activity in colon carcinogenesis, ultraviolet B radiation
(UVB) induced skin cancer and breast cancer. CLX can be categorized as class II drugs
(poor solubility in water and high gastrointestinal permeability) [1-3].

Solubility analysis of drug molecules in solvent mixtures is becoming increasingly impor-
tant in the chemical industry of drug design and manufacture. The solubility range
comprised among 288.15-308.15 K, it is particularly important because it includes the
physiological temperature and temperature changes that are the most usual during storage

529



M. Angeles Pefia, Begona Escalera, Norma Torres

0
HZN\ //
/s
0 N/N\
CF,
\
HC

3

Figure 1. Chemical structure of CLX.

to prevent precipitation of the solute. Ethanol-water and ethanol-ethyl acetate mixtures
cover a wide range of the solubility parameter scale from ethyl acetate (9, = 18.48 MPa'’?)
to water (0; = 47.86 MPa"?) and have been used to study the solubility behaviour in a rela-
tively wide polarity range and to determine the solubility parameters of solid solutes [4-7].

In this paper the solubilities of CLX have been measured between 288.15 K and 308.15
K, to extend the database on experimental solubility for CLX, and as well, to evaluate the
effect of the cosolvent composition on solubility and dissolution thermodynamics of CLX
in both mixtures solvents. To study the influence of cosolvents, it has been used thermody-
namic relationships with some other drugs and cosolvent systems [8-11].

The thermodynamic magnitudes of solution and transfer were obtained to corroborate
carlier findings about whether enthalpy-entropy compensation is a general effect for the
solubility of drugs in solvent mixtures.

MATERIALS AND METHODS

Materials

CLX was supplied from Laboratorios Normon (Madrid, Spain; with purity of at
least 0.990 in mass fraction) it was used as received. All solvents used were of analytical
grade. Binary compositions were prepared by volume, 0-100% water - ethanol (Panreac,
Monplet, Barcelona, Spain, ethanol absolute, CAS N° 64-17-5) and 0-100 % ethanol-
ethyl acetate (Panreac, Monplet, Barcelona, Spain, 99.5%, CAS N° 141-78-6), using dou-
ble distilled water and Durapore® filters (0.45 pm, Millipore Corp; Darmstadt, Germany).
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Methods
Solubility determination

Stoppered glass flasks were prepared adding a small excess of solute to the solvent
mixtures, then they were placed into a thermostatized bath (+0.1°C) (HETO’ Type
SBD50-1 bio. 501828H, Paris, France) shaking continuously at constant highest
temperature to obtain the equilibrium of solubility. Furthermore, ultrasonic bath
(Branson® B-3200E. C119/86, Urdorf, Switzerland) was used to accelerate the process
to attain the saturation. Previously, the dissolution curves of amount dissolved versus
time were created to identify the time necessary to achieve the equilibrium in water,
cthanol and ethyl acetate (8-10 days).

Once reached the equilibrium, samples of the saturated solutions were filtered (Durapore®
membranes 0.45 mm pore size; Darmstadt, Germany) and diluted with ethanol abso-
lute. The concentrations were determined in a single beam spectrophotometer (Agilent®
61030AX, CA, United States) at A,,,=253 nm. The densities of the solutions were mea-
sured at each temperature in 10-mL pycnometers, to convert the molar solubility into
mole fraction units. All the experimental results were the average of at least three repli-
cated experiments, with a coefficient of variation [CV = (SDX,/X,)x100] lower than 5%
except in a few measures that were underestimated.

Differential scanning calorimetry (DSC)

The heat and temperature of fusion were measured from differential scanning
calorimetry, DSC, (DSC 3 Mettler Toledo, Spain) operating with software version StarE
14. The analysis was performed at a heating rate of 10°C/min, from 30 °C to 300 °C,
under nitrogen flow (20 mL/min). Samples were accurately weighed (about 3 mg) into
aluminium pan and then the pan was sealed with a corresponding lid. The DSC analysis
was performed on the original powders and on several solid phases at equilibrium with
their cosolvent mixtures ratios at the lowest temperature. The solid phases were retained
on filter papers and the solvent excess was evaporated at room temperature until constant
weight to avoid alterations or induce polymorphic changes. The equipment was cali-
brated using indium as standard [12].

Fourier transform infrared spectroscopy (FTIR)

Fourier transform IR spectra (FTIR) were examined over the scanning range of 500-
4000 cm using a Spectrum 2000 spectrometer (Perkin Elmer, CT, United States).
The resolution was 1 cm™. The spectra were recorded for CLX and for the same solid
phase at equilibrium selected for DSC with their cosolvent-ethanol ratios at the lowest
temperature. Samples of around 3 mg were mixed with 297 mg of potassium bromide
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and gently ground in an agate mortar. The samples were analysed from disks of about 5
mm diameter prepared with potassium bromide and compressed in a hydrostatic press
at a force of 10 T for 10 secs.

RESULTS AND DISCUSSION

Characterization of the solid state and solubility properties of the original powders:
DSC and FTIR studies

All characterization studies were performed in triplicate. Original powder shows an
only endothermic effect related to melting point (see table 1, figure 2). The onset and
the heat of fusion of single event of CLX Form I were 77=162.68 °C and AH"=98.64
J/g. The flat baseline suggested that no phase transitions or excess solvent content was
present prior to initial melting. This agrees with previous published results [13]. In this
work the onset is used because it is not influenced by mass. The thermograms of the solid
phase after equilibrium with the saturated solutions did not differ from that found for
the original powder, in all cases, exhibiting curves similar to crystalline celecoxib with
identical values of melting points and heats of fusion. It is observed an identical profile
indicating solvent mixtures do not induce solid phase changes such as polymorphism or
solvates. The literature makes broad reference to polymorphism for CLX [8, 14-15]. It
has been identified several polymorphic forms called Forms I, IT and III whose melting
points are 163.0 °C, 161.5 °C and 160.9 °C, respectively. Form III is a thermodynami-
cally stable crystal at ambient conditions. A new solid form (Form IV) of CLX was pre-
pared in the presence of Polysorbate 80 and hydroxypropyl methylcellulose (HPMC)
[16], with an onset at 145-148 °C, which was around 12-15 °C less than the identified
melting points of Forms I, Il and III. On the other hand, it has been observed the rela-
tion between molecular mobility and tendency of the amorphous celecoxib to recrystal-
lize. Grzybowska ez al. [17] show that the structural relaxation seems to be responsible
for devitrification of celecoxib if stored at room temperature (293 K). It exists a large
interest in controlling crystallization in the pharmaceutical industry.

FTIR spectroscopies allowed exploring the differentiation in molecular conformations
for distinguish polymorphic forms. The FT-IR absorption spectrum (see figure 3)
conforms to publish CLX Form I with distinctive peaks at 3340 cm™ and 3233 cm™ for
the symmetric and asymmetric N-H stretch vibration of the sulphonamide group. The
FTIR spectra also showed a characteristic S=O symmetric and asymmetric stretching
at 1164 cm™ and 1347 cm™, respectively [9, 13, 16]. The results observed by FTIR
analysis indicates that the solid phases of CLX after equilibrium with each saturated
solution in the different solvent mixtures employed remained unchanged; it agreed
with the DSC results.
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Table 1. Temperature (77) and enthalpy of fusion (DH?) of the CLX and the solid phase equilibra-

ted with saturated solutions in pure solvents.

Solvent T#(°C) DH*(J/g)
CLX Rays Macerial 162.67 99.73
CLX s 161.55 105.41
CLX Ethanol 162.54 97.41
CLX gyl acerare 162.75 97.00

CLX raw material

CLX water
- CLXethanol .
CLX ethylacetate
10
mW

' 4'0 ' 6'0 ' 8'0 ' l(')O 1;20 120 1'60 léO 22)0 2'20 2'40 2'60 2'80 fC
Figure 2. DSC thermograms of CLX and solid phases after equilibrium with pure solvents: water
(black), ethanol (blue) and ethyl acetate (red).

Relationship between drug polarity and the solubility profile

The experimental mole fraction solubility is included in tables 2-3 at the temperature
range studied (288.15-308.15 K). Figure 4 shows the solubility profiles, as a function
of the polarity of the binary liquid systems, expressed by their solubility parameters
of Hildebrand (9,) and covering a wide polarity range from 18.49 MPa'’ for ethyl
acetate to 47.86 MPa'”? for water. Solubility increases with temperature in aqueous and
the non-aqueous mixture indicating that the dissolution process is endothermic. CLX
exhibits one maximum at §, = 22.50 MPa'’? (50% ethanol in ethyl acetate), this value
does not change with temperature. This suggests that the overall polarity is mainly

responsible for the solubility changes. Solubility profiles with a single peak (usually in
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Figure 3. FTIR curves of CLX and solid phases after equilibrium with pure solvents: water (black),
ethanol (blue) and ethyl acetate (red).

ethanol-ethyl acetate) were related to less polar drugs with lower solubility parameters

[18, 19].

According to the literature, solutes with solubility parameter below d,=25 MPa'?will
have only one solubility peak [20]. The solubility parameter of CLX, estimated in accor-
dance with the group contribution methods proposed by Fedors [21] is §, =23.83 MPa'’%,
which is slightly greater than the experimental solubility maximum value obtained in
this work at §, = 22.50 MPa'%. What is fascinating about this result is that the value is
below 25 MPa'% Both values do not always correspond, despite this, this theoretical
method offers excellent advantages in the stages of pre-formulation of new drug develop-
ment. Table 4 explain the application of the Fedors method [21] for estimating molar
volume and Hildebrand total solubility parameter for CLX calculated according to val-
ues reported by Fedors [21].

Apparent heat of solution changes as related to solvent composition

From the solubility data, the thermodynamic functions of solution were calculated. The
apparent enthalpy of solution (AH") and Gibbs free energy of solution (AG*,,) of CLX

7
], based on van’t

Tz

was obtained from linear regressions of In X, against 7, =
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Table 2. Mole fraction solubility of CLX in ethanol + water mixtures at several temperatures and

local atmospheric pressure of 950 hPa.

Cosolvent® 288.15 K 293.15K 298.15 K 303.15K 308.15K
0.00 1.77x 10 2.36x10% 2.72x10% 3.16x10% 3.65x10%
0.10 5.09x10% 5.97x10°% 7.00x 10°% 9.07 x 10 1.01x 107
0.20 4.71x107 6.41x107 8.17x 107 1.12x10°¢ 1.37x10°¢
0.30 1.62x10°¢ 1.94x10°¢ 2.26x10° 2.82x10° 3.69x10°
0.40 1.07x 105 2.16x10° 2.95x 105 4.32x10% 5.92x10°
0.50 8.63x10° 1.24x 10* 1.60x 10 2.23x104 2.93x 104
0.60 3.08 x 10 4.09x 10* 5.47 x 104 7.86x 10 1.01x 103
0.70 9.16x 10 1.19x 103 1.48x 103 2.12x103 2.75x 103
0.80 2.10x 103 2.79x 103 3.62x 103 5.16x 107 6.76x 103
0.90 5.42x107° 6.82x10° 8.50x 107 1.06x 10 1.30x 10
1.00 9.34x 107 1.07x 10 1.25x10* 1.62x10* 2.00x10*

“is the volume fraction of ethanol in the ethanol + water mixtures free of CLX.

Table 3. Mole fraction solubility of CLX in ethanol + ethyl acetate mixtures at several temperatures

and local atmospheric pressure of 950 hPa.

Cosolvent® | 288.15K 293.15 K 298.15K 303.15K 308.15 K
0.00 9.34x 107 1.07 x 102 1.25x 102 1.62x 102 2.00x 10*
0.10 1.74x 102 2.12x10% 2.44x10? 3.13x10% 3.82x10*
0.20 2.78x 102 3.23x 102 3.63x 102 4.08x10* 491x10?
0.30 3.58x 102 4.02x10° 4.53x 107 5.38 x 10~ 6.18x 102
0.40 4.60x 102 5.40 x 10~ 5.91x10? 7.00x 102 8.08 x 10~
0.50 6.16x 102 6.89x 107 7.61x 102 8.69 x 102 0.102
0.60 7.04x 102 7.60 x 102 8.42x 107 9.59 x 102 0.109
0.70 7.79x 102 8.52x 107 9.46 x 10* 0.108 0.118
0.80 8.21x 107 9.05x 10 0.101 0.112 0.120
0.90 7.90 x 102 8.88x 107 0.100 0.114 0.126
1.00 7.23x 102 8.16x 102 8.94x 102 9.92x 102 0.110

“is the volume fraction of ethyl acetate in the ethanol + ethyl acetate mixtures free of CLX.
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Figure 4. Solubility profile of CLX in ethanol-water (0,=26.51-47.97 MPa'’?) and ethanol-ethyl
acetate (0,=26.51-18.49 MPa'’?) at several temperatures.

Hoff equation, where 7),,, is the harmonic mean temperature = 297.98 K of the experi-
mental temperatures used, 288.15, 293.15, 298.15, 303.15, 308.15 K, and R is the gas
constant (8.3145 J/K.mol). From this regression, the intercept gives the apparent Gibbs
free energy change, AGY),,, at the experimental harmonic mean temperature, 7}, [22].

AH® = -R X slope (1)
AGS,, =R X T, X intercept (2)

Using this approach, Krug ez a/. [22] demonstrated that the errors of the slope and
the intercept are not correlated, and the calculated thermodynamic magnitudes can
be used to detect a true chemical compensation relationship. The slopes of the van't
Hoff relationships were negative (r* values range between 0.98 - 0.99), meaning that the
heat of solution is endothermic. The straight lines were not parallel indicating that the
apparent heat of mixing (AH" = AH® - AH") changed with ethanol ratio because the
heat of fusion (AH") of the solid phase at equilibrium with the saturated solutions
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Table 4. Application of the Fedors’ method to estimate internal energy, molar volume, and Hilde-

brand solubility parameter of CLX.

Atom or functional group flflft(i)(f::?lgllri)z;s AE (cal/mol) AV (cm?/mol)
CF, 1 1020 575
CH, 1 1125 335
-CH= 9 1030 13.5
-C= 6 1030 -5.5
S 1 3380 12
O 2 800 3.8
NH, 1 3000 192
-N= 2 2800 5.0
Ring S5 atoms or more 3 250 16
Double conjugated bonds 8 400 2.2
SAE =35 125 cal/mol | ZAV =258.7 cm?/mol
0,2 =135.77 cal/cm?
3, = 11.65 (cal/cm?)”
d, =23.83 MPa*

did not differ from the values obtained for the original powder. The standard entropic
change for solution process, AS®, obtained from the respective AH* and AG¥),, values by
using equation 3:

ASS = (AH - AGXhm) / ijm (3)

Table 5 explains the apparent thermodynamic quantities of solution of CLX in all the
ethanol-water and ethanol-ethyl acetate cosolvent mixtures, at 297.98 K as function of
mixtures composition. The standard Gibbs free energy of solution, AG®),,, is positive
(unfavourable) in all cases as also is the enthalpy of solution, AH?; therefore, it can be
assured that the process is always endothermic. Figure 5 presents the standard molar
thermodynamic functions for dissolution of CLX in all the cosolvent mixtures; it can
observe AH® increases from 0 to 40% cthanol (0, = 39.40 MPa"?). Since enthalpy is
unfavourable, the initial solubility enhancement at the water-rich region (see figure
4) is entropy driven. The enthalpy increase cannot be due to larger cavity formation
energy because this energy should be smaller in ethanol than in water. This is possi-
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bly related to the breaking of the ice-like structure of water (hydrogen bonds) around
the solute, which increases both the enthalpy of and the entropy of the system. This
result shows that ethanol can lower the hydrophobic hydration effect despite being
itself a hydrogen-bonded solvent. AH* of CLX decreases above 40% ethanol in water
(see figure 5).

Therefore, favourable enthalpy is the driving force that enhances solubility at the polar
region included between 0, = 39.40 and 0, = 26.51 MPa"2. These results corroborate
other findings about solubility enhancement, which is entropy driven at the water-rich
region and enthalpy controlled at the ethanol-rich region [23-29]. The similar pattern
observed for drugs of different nature at the water-rich region suggests that the loss
of the solvent structure (entropy as the driven force) is responsible for the initial solu-
bility enhancement in aqueous mixtures. The ratio at which the dominant mechanism
changes to enthalpy depends on the nature and polarity of the drug. Figure 5 displays the
enthalpy curves in the non-aqueous, less polar mixture. The enthalpy changes are much
smaller (29 to 16 kJ/mol) than in the aqueous mixture. There are not slope changes,
indicating that a single mechanism, enthalpy, controls the solubility enhancement.

70
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Figure 5. Apparent heats of solution of CLX in ethanol-water mixtures (blue) and in ethanol-ethyl

acetate (red).
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Table 5. Thermodynamic functions of solution for CLX in ethanol-water and ethanol-ethyl acetate

cosolvent mixtures at 298.0 K.

s s s s
Cosolvent* (kJA/fml) (k;A/ntol) ( J/i(sn.K) (kJT/ifol) %SAH | %STAS
Ethanol — water mixtures

0.00 43.23 25.68 -58.9 -17.55 59.40 40.60
0.10 40.75 26.25 -48.6 -14.50 64.41 35.59
0.20 34.70 39.98 17.7 5.28 88.07 11.93
0.30 32.10 29.77 -7.8 -2.33 92.75 7.25

0.40 25.95 61.02 117.6 35.07 63.50 36.50
0.50 21.61 44.75 77.6 23.14 6591 34.09
0.60 18.54 44.88 88.2 26.30 63.03 36.97
0.70 15.99 40.99 83.8 25.00 62.12 37.88
0.80 13.82 43.58 99.8 29.76 59.42 40.58
0.90 11.81 32.42 69.1 20.61 61.14 38.86
1.00 10.71 28.54 59.8 17.84 61.54 38.46

Ethanol-ethyl acetate mixtures

0.90 9.08 28.93 66.6 19.85 59.30 40.70
0.80 8.19 20.25 40.4 12.06 62.68 37.32
0.70 7.60 20.38 42.9 12.79 61.45 38.55
0.60 6.93 20.47 45.4 13.54 60.19 39.81
0.50 6.32 18.22 39.9 11.90 60.49 39.51
0.40 6.07 16.40 34.6 10.33 61.36 38.64
0.30 5.81 15.72 332 9.91 61.33 38.67
0.20 5.69 14.44 29.3 8.74 62.28 37.72
0.10 5.69 17.49 39.6 11.80 59.72 40.28
0.00 5.97 15.21 31 9.23 62.22 37.78

* is the percentage of ethanol in the ethanol + water or ethanol-ethyl acetate mixtures free of CLX.

Figure 6 displays the Gibbs energy curve behaviour AG¥),,, values are positive demonstra-
ting apparently non-spontaneity of the liquid solution process and in all cases, the
experimental solubilities are lower than the ideal solubilities excepting at 100 % etha-
nol. In the polar mixture, the enthalpy of solution changed from 61 to 28 kJ/mol and the
standard Gibbs energy of solution from 43 to 10 kJ/mol, values demonstrating substantial
enthalpy-entropy compensation in a process that is largely enthalpy-driven (see figure 7).
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This can be verified by calculating the relative contributions by enthalpy (JAH®) and
entropy ({7AS*) toward the solution processes are given by equations (4) and (5) [30].
The main contributor to the (positive) standard molar Gibbs energy of solution, in most
cases is the (positive) solution enthalpy.

|AH|
AH=—1=21 00
OH = R al s (4)
T :&.100
|AH|+|TAS]| (5)

Thermodynamic functions of transfer

The thermodynamic functions of transfer from the more polar to the less polar mixtures
are obtained to validate the effect of solvent composition on the solubility increase (see
tables 6 and 7). These new functions of transfer (AG,,, ;5 AH® ;5 and AS® ;) were cal-
culated as the differences between the thermodynamic quantities of mixing obtained
in the more polar mixtures and the less polar ones, where AHY = AH® - AH" and ASY
= AH" / T%, at the same time AH" and 7%, were obtained by DSC. For the aqueous
mixture (see table 6) is favourable (negative values) when going from a more polar to a
less polar medium (increasing ethanol concentrations). The addition of ethanol to water

45

35

AG 25

hm

15

TN W I N N A N N I T Y N TN A T~ S |

Figure 6. Apparent free energy of solution of CLX in ethanol-water mixtures (blue) and in ethanol-
ethyl acetate (red).
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decreases the medium polarity (lower solubility parameter values). The solubility process
is entropy driven from water to 0.40 volumetric fraction of ethanol. Both are less than zero
as the medium polarity is further decreased (0.5-1 volumetric fraction of ethanol) and the
solubility process is enthalpy driven.

The opposite trends are observed in the case of the non-aqueous mixture (see table 7). The
transfer from the more polar (higher ethanol concentrations) to the less polar mixtures

Table 6. Thermodynamic functions of transfer for CLX from more polar solvents to less polar

solvents in ethanol + water cosolvent mixtures at 298.0 K.

Ethanol /
volume fraction AG'_, AHS_, AS TAS, ,
Medium A Medium B kJ mol! kJ mol"! J mol' K kJ mol"
0.00 0.10 2.48 -0.57 -10.22 -3.05
0.10 0.20 6.05 -13.73 -66.35 -19.78
0.20 0.30 2.61 10.21 25.51 7.61
0.30 0.40 6.15 -31.25 -125.44 -37.40
0.40 0.50 4.34 16.27 40.00 11.93
0.50 0.60 3.07 -0.09 -10.59 -3.16
0.60 0.70 2.55 3.85 4.37 1.30
0.70 0.80 2.17 -2.59 -15.97 -4.76
0.80 0.90 2.01 11.16 30.68 9.15
0.90 1.00 1.10 3.88 9.31 2.78
1.00 0.00 1.63 -0.50 -6.77 -2.02
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Table 7. Thermodynamic functions of transfer for CLX from more polar solvents to less polar sol-

vents in ethanol + ethyl acetate cosolvent mixtures at 298.0 K.

Ethyl acetate N
Volume fraction AGY_, AHS_, ASy s TASS ,
Medium A Medium B kJ mol! kJ mol™ J mol' K kJ mol"
0.00 0.10 1.63 -0.39 -6.77 -2.02
0.10 0.20 0.89 8.68 26.14 7.79
0.20 0.30 0.60 -0.13 -2.44 -0.73
0.30 0.40 0.66 -0.08 -2.51 -0.75
0.40 0.50 0.61 2.24 5.48 1.63
0.50 0.60 0.25 1.82 5.29 1.58
0.60 0.70 0.26 0.68 1.39 0.41
0.70 0.80 0.12 1.29 393 1.17
0.80 0.90 0.00 -3.05 -10.24 -3.05
0.90 1.00 -0.28 228 8.60 2.56

(higher ethyl acetate concentrations) is enthalpy driven (AH,_,< 0 and AS’,_ ;< 0) for
0.0, 0.3, 0.8 and 0.9 mass fraction of ethyl acetate. However, for 0.1, 0.2 and from 0.4 to

0.7 mass fraction of ethyl acetate, AH, ,> 0and AS’, ;> 0 and the solubility process is
controlled by entropy.

Enthalpy-entropy compensation analysis of CLX

There are several reports in the literature that have demonstrated enthalpy-entropy com-
pensation effects for the solubility of drugs in aqueous or non-aqueous co-solvent mix-
tures. The graph of AH® as a function of AG®),, at mean harmonic temperature allows
us to observe similar mechanisms for the dissolution process according to the tenden-
cies obtained [24, 25, 27, 31-34]. Figure 8 shows fully that CLX in the cosolvent system
presents nonlinear AH® vs AG¥,, compensation with positive slope in an interval from
pure ethanol to 40 % ethanol in water. On the other hand, from pure water up to 40 % eth-
anol in water a negative slope is obtained. Accordingly, it follows that the driving function
for the drug dissolution process is the enthalpy in the former case; while in the second case,
the driving function is mainly the entropy. The results show the usefulness of the enthalpy-
entropy compensation analysis to identify changes of the mechanism of co-solvent action.
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Figure 8. Enthalpy-entropy compensation in ethanol-water (blue) and ethanol-ethyl acetate mixtures (red).

CONCLUSION

The equilibrium  solubility of CLX in ethanol-water and ethanol-ethyl acetate at
T=288.15-308.15 K was reported, mole fraction solubility of CLX increases continu-
ously from neat water to 50% ethanol in ethyl acetate (0, = 22.50 MPa!?) at all tem-
peratures studied. Based on van't Hoff equations the respective apparent thermodynamic
quantities of solution and transfer of CLX were calculated. In ethanol-water, the enthalpy
of solution curve against solvent composition passes through a maximum at 40% ethanol
in water. Non-linear enthalpy-entropy compensation analysis is observed demonstrating
different dissolution mechanism with the variation in the proportion of the cosolvent.
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