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ABSTRACT: Solubilities of carvedilol (CVD) in binary mixtures of (ethanol + propylene glycol (PG)) at 298.2, 303.2, 308.2,
and 3132 K are reported. The modified versions of the van’t Hoff and Gibbs equations were used to calculate the
thermodynamic properties (enthalpy (AH®), entropy (AS®), and Gibbs energy (AG°®) standard changes of solutions) for CVD
dissolved in (ethanol (1) + PG (2)) mixtures from the solubility data. The solubility data of CVD in (ethanol (1) + PG (2)) at
different temperatures were correlated using different mathematical models, i.e., the Jouyban—Acree model, a combination of the
Jouyban—Acree model with the van’t Hoft model, and two modified versions of the Jouyban—Acree model. Solubility data of
seven drugs in (ethanol (1) + PG (2)) at different temperatures were used to develop a quantitative structure—property
relationship model for predicting solubility in solvent mixtures. In addition, enthalpy—entropy compensation using AH® vs AG®
and AH® vs TAS® which explains the mechanism of cosolvency at different temperatures was discussed.

1. INTRODUCTION

Solubility is one of the crucial physicochemical properties in
different stages of drug discovery and development,' and
solvent mixing or cosolvency is a simple, efficient, most
frequent and feasible solubilization method used in the
pharmaceutical industry.” Solvent mixing is used in formulation
of drugs,® crystal engineering and synthesis of cocrystals,*
extraction,” and optimization of the mobile phase of high-
performance liquid chromatography (HPLC) in pharmaceutical
analysis.® In addition solvent mixing with temperature
alteration is a common method to change the solubility of
compounds in crystallization studies. Propylene glycol (PG)
and ethanol are common (widely used) cosolvents in the
pharmaceutical industry, and their mixing is used to prepare
different commercial formulations.” Addition of the cosolvent
(or cosolvents) increases the solubility of drugs in aqueous
solvent mixtures, which is an important issue in developing
liquid oral drug formulations containing low-water-soluble
drugs. On the other hand, the solubility of drugs in nonaqueous
mixtures could be used in pharmaceutical formulations such as
soft gelatin capsules where water is not compatible with such
formulations.

Carvedilol (CVD) is a nonselective # and @, blocker that is
used in the management of hypertension, angina pectoris, and
congestive heart failure. It also has antioxidant effects and more
promising therapeutic applications.” From a biopharmaceutical
classification point-of-view, CVD is a class II drug with low
solubility and high permeability. So an increasing solubility and
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dissolution rate for CVD is a useful strategy to improve its
bioavailability.® Moreover, preparation of liquid dosage forms
(e.g., for pediatric oral use form) of CVD is recommended for
formulation.”

Determination of a drug’s solubility is a costly and time-
consuming process, and the trial—and-error approach is often
used to optimize the composition of solvent mixtures for
dissolving a desired amount of a drug in a given volume of
solution. To address this issue, several mathematical models
have been proposed in order to correlate and/or predict the
solubility of drugs in solvent mixtures. In addition, modeling of
solubility in solvent mixtures can help to understand the
mechanism of solubility in solvent mixtures."

The Jouyban—Acree model was developed for correlating
and/or predicting the solubility of drugs in solvent mixtures.
The model provides accurate mathematical descriptions for
how the solubilities of drugs vary as a function of both
temperature and solvent composition for binary and ternary
solvent mixtures. The model for representing the solubility of a
drug in a binary mixture is"’
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where m; and m, are the fractions of solvents 1 and 2 in the
absence of the solute, 77 and «3" are the solubilities of the
solutes in the monosolvents, i.e.,, PG and ethanol in this work,
respectively, and J; are the constants of the model computed by
no intercept regression analysis.11

Solubility data at different temperatures could be correlated
by the van’t Hoff equation'>"?

lnxf = A+ B

T @)

and for a nonlinear relationship, a three parameter equation
could also be used,'?

sat B
In xp A+T+C1nT 3)
where A, B, and C are the model constants calculated using a
least-squares method.

A combination of the Jouyban—Acree model and the two-
parameter van’t Hoff equation has been proposed to correlate
the solubility of drugs in solvent mixtures at different
temperatures,14
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and for wider temperature ranges where nonlinear solubility
behavior is observed one uses a slightly expanded form,

B
In xfna,tT = ml(A1 + ?1 +C In T)
B,
+m2 A2+?+C211’1T

2
mym, _ i
+ T g J(my — m,) )

that contains the three-parameter van’t Hoff equation.

Ma and co-workers'® and Sun et al.'® used modified versions
of eqs 4 and S to correlate the solubility data in solvent
mixtures at different temperatures in which the model constants
are calculated with regression analysis (with intercept). Sun and
co-workers used the following model'®
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whereas Ma and co-workers
modification on eq S as

proposed an alternative
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where D,—D, and E,—E; are the constants of the models.
Specific details regarding the derivation of eqs 6 and 7 from eqs
4 and S have been discussed earlier.'?

Thermodynamic properties of drugs dissolved in solvent
mixtures can provide valuable information regarding the
solution process from a microscopic point of view. The
standard enthalpy (AH°), entropy (AS°), and Gibbs free
energy (AG®) changes associated with the dissolution process
can be computed using a modified version of the van’t Hoff
equation16

wat AH°( 1 1
=\ T,
hm

(8)
Ty the mean harmonic temperature, is used in van’ Hoff
analysis. T}, is calculated as

Ty = ——

" . (%) 9)

where 7 is the number of temperatures.
In eq 8 R s the universal gas constant having a value of 8.314
J K" mol™". Numerical values of AG® were calculated using

AG° = —RT;, X intercept (10)
Finally, the AS® values for the solution process were computed
by combining the AH® and AG® values as follows:

AH° — AG°
Ty (11)

Relative enthalpic (%¢y) and entropic (%E&rs) contributions
of dissolving CVD in (ethanol (1) + PG (2)) mixtures were
calculated by eqs 12 and 13, respectively:

AS° =

%%, = 100 IAH®|

(i} = _—

H IAH®l + ITAS°I (12)
ITAS®I

% =100——MmM8M8M

s IAH®| + ITAS®I (13)

The literature reveals that these quantities provide valuable
information for understanding the molecular events involved in
the dissolution and transfer processes of drugs in multi-
component systems.'”'® For example, in the case of aqueous
solutions, the predominance of the entropic term is commonly
attributed to hydrophobic hydration, whereas the enthalpic
predominance is attributed to solute—solvent hydrogen
bonding.

The objectives of the present study are 3-fold: (1) to
measure the solubility data of CVD in (ethanol (1) + PG (2))
mixtures at different temperatures, (2) to correlate the
experimental solubility data using different mathematical
models, and (3) to calculate the thermodynamic characteristic
of CVD dissolved in (ethanol (1) + PG (2)) mixtures.

2. EXPERIMENTAL SECTION

2.1. Materials. CVD (0.990 mass fraction purity) was
purchased from Salehanchimi (Tehran, Iran) and was used as
received. The samples of PG (0.995 mass fraction purity) and
absolute ethanol (0.995 mass fraction purity) used to prepare
the binary solvent mixtures were supplied by Scharlau Chemie
(Barcelona, Spain). The sample of ethanol (0.935 mass fraction
purity) used for dilution of the samples prior to spectrophoto-
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metric analysis was obtained from Jahan Alcohol Teb (Arak,
Iran).

2.2. Apparatus and Procedures. The binary mixtures of
(ethanol (1) + PG (2)) mixtures were prepared as mass
fractions from 0.00 to 1.00 at 0.10 intervals. Various solubility
determination procedures were reviewed in a recent work."”
The solubility was determined using the saturation shake-flask
method of Higuchi and Connors.*® An excess amount of CVD
dissolved in the solvent was placed on a shaker (Behdad,
Tehran, Iran) and equilibrated in an incubator equipped with a
temperature-controlling system at different temperatures with
the uncertainty of 0.2 K (Nabziran, Tabriz, Iran). A period of §
days was needed to achieve equilibrium at the given
temperature. The solutions were filtered using hydrophilic
Durapore filters (0.45 um, Millipore, Carrigtwohill, Ireland)
and then diluted quantitatively with ethanol. The absorbance of
the solutions were recorded at 284 nm using a UV—vis
spectrophotometer (Beckman DU-650, Fullerton, CA, USA),
and the molar concentrations were calculated using a UV
absorbance calibration graph. Each experimental data point
represents an average of at least three experimental measure-
ments on different, independently equilibrated samples.
Densities of the saturated solutions were determined using a
S mL pycnometer. The molar solubilities of CVD expressed in
moles per liter unit were converted to mole fraction solubilities
by employing the densities of the solute saturated solutions.

2.3. Computational Methods. The solubility of CVD was
mathematically represented by five solution models: the
Jouyban—Acree model (ie, eq 1), a combination of the
Jouyban—Acree model with the van’t Hoff equation (eqs 4 and
5), and two modified Jouyban—Acree models (eqs 6 and 7).
Thermodynamic properties of solutions of (ethanol (1) + PG
(2)) solvent mixtures were calculated using the modified van’t
Hoff equation according to eqs 8—13.

The mean percentage deviation (MPD) was calculated as an
error criterion of different numerical analyses

100

X, — X
'm,calcd 'm, exptl
MPD = — | = Tmewr
N

Xm, exptl

(14)

where N is the number of data points in each set.

3. RESULTS AND DISCUSSION

3.1. Solubility of CVD in (Ethanol (1) + PG (2))
Mixtures at Different Temperatures and Fitting Using
Different Solution Models. Mass fraction compositions of
(ethanol (1) + PG (2)) solvent mixtures, experimental (in
molar and mole fraction units), of CVD are reported in Table
1. The minimum solubility of CVD (0.0019) among the
investigated solvent systems in this work is observed in neat PG
at 2982 K, whereas the maximum solubility is obtained in
(ethanol (1) + PG (2) (4:6)) at 313.2 K. The solubility of
carvedilol is increased in the solvent mixtures and reached a
maximum value at a given temperature. In addition, increased
temperature lead to enhanced solubility of CVD as would be
expected from past observations regarding the solubility of
crystalline solutes. Mean relative standard deviations (RSDs) of
three repetitive experiments was 6.2 + 2.3%. Linearity was
observed between the logarithm of solubility vs 1/T according
to eq 2 for all solvent systems (R > 0.96). The reported
solubility data extend the available database of solubility of
pharnzlilceuticals in aqueous and nonaqueous solvent mix-
tures.

16632

Table 1. Experimental Molar Solubility (Cy + SD) and
Their Mole Fraction Values (x7,q X 1000) for CVD
Solubility in (Ethanol (1) + PG (2)) Mixtures at Different

Temperatures

ethanol mass fraction  T/K Cy = SD apr X 1000
1.0 2982 345X 107 + 1.04 X 1073 2.06
0.9 2982 423 X 1072+ 3.57 X 1073 2.64
0.8 2982 457 X 107> + 245 x 1073 295
0.7 2082 538 X 1072 + 523 x 1073 3.61
0.6 2982 556 X 1072 + 2.58 X 1073 3.85
0.5 2982 557 X 107 + 2.06 X 1073 3.95
0.4 2982 638 X 1072 + 431 X 1073 4.64
0.3 2982  7.15 X 107 + 4.69 X 1073 5.34
0.2 2982  7.05 %X 1072 + 122 X 1073 533
0.1 2982 552X 107>+ 399 x 1073 4.19
0.0 2982 252X 107* + 1.20 X 1073 1.91
1.0 3032 527 X 107% + 4.16 X 1073 2.86
0.9 3032 520 X 1072 + 429 x 1073 323
0.8 3032 6.04 X 1072 + 3.38 X 1072 391
0.7 3032 646 X 107> + 5.16 X 1073 431
0.6 3032 720 X 107% + 3.87 x 1073 4.98
0.5 3032 620 X 1072 + 7.50 x 107~ 4.36
0.4 3032 7.63 X 1072 + 4.53 x 1073 5.52
0.3 3032 7.83 X 1072 + 4.61 X 1073 5.81
0.2 3032 7.53 X 107 + 6.80 X 1073 5.65
0.1 3032 592 X 1072 + 4.61 X 1072 448
0.0 3032 3.52 X 107% + 3.40 X 1073 267
1.0 3082 623 X 1072 + 5.63 x 1073 3.77
0.9 3082  6.66 X 1072 + 6.52 X 1073 420
0.8 3082 779 X 107% + 6.04 x 1073 5.13
0.7 3082 777 X 107% + 5.55 X 1073 5.30
0.6 3082 914 X 107% + 7.94 X 1073 645
0.5 3082  7.93 X 107% + 2.61 x 1073 5.70
0.4 3082  8.64 X 107> + 3.48 x 1073 6.34
0.3 3082 874 X 1072 +2.30 x 1073 6.60
0.2 3082 808 X 1072 + 1.51 X 1073 6.17
0.1 3082  6.87 X 107> + 6.04 x 1073 5.29
0.0 3082 630 X 107> + 291 x 1073 4.90
1.0 3132 642X 107> + 3.68 X 1073 3.93
0.9 3132 7.70 X 1072 + 5.97 X 1073 4.94
0.8 3132 861 X 1072 +3.17 x 1073 5.76
0.7 3132 867 X 1072 + 5.58 X 1073 6.00
0.6 3132 119X 107! + 5.14 x 1073 8.67
0.5 3132 1.01 X 107! + 541 x 1073 7.45
0.4 3132 975 X 1072 + 8.54 X 1072 7.38
0.3 3132 928 X 1072 + 526 x 1073 7.15
0.2 3132 894 X 1072 + 7.64 x 1073 6.98
0.1 3132 817 X 1072 + 4.59 x 1073 6.45
0.0 3132 740 X 107 + 427 x 1073 592

The measured CVD solubilities were correlated using various
solution models briefly described in the Introduction. The
obtained quantitative structure—property relationship (QSPR)
models after including statistically significant constants (p <
0.05) are
sat

at
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The standard error of the model constants are contained in
parentheses as (+values) immediately following the respective
constant. Figure 1 illustrates the calculated solubilities using eqs

0.008 0.008
0.006 | - 0.006
3
8
3 3
530.004 - 4 0004 3
B 3
E
>
0.002 | 4 0.002
0.000 L : . : . . L 0.000

0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008

X
W, Exprimentad

Figure 1. Plot of calculated mole fraction solubilities using eqs 15 ()
and 16 (@) versus experimental values.

15 and 16 versus experimental values. The correlation
coefficients of the calculated and experimental values for eqs
1S and 16 are 0.945 and 0.944, revealing good fitness of the
data.

Figure 2 shows the MPD values and their standard
deviations. Equation 16 produced the most accurate model

30
25
20
15
10 }V

5

Mean deviation

0
15 16 17 18 19

Equation No.

Figure 2. Mean deviations and their standard deviation for the
correlated solubility data using various models.

among the investigated solution models. This finding is in
agreement with the previous observations.”>**> The results of
analysis of variance (ANOVA) reveal that the differences
between MPDs of the investigated models are statistically
significant (p < 0.0005). The ANOVA test recognizes the
statistical significance of the mean values of more than two
groups and the results reveal that at least one of the mean
values is different from others. Further statistical analyses were
conducted using Duncan’s multiple test to recognize which
model(s) is different from the others. The results of the
Duncan test categorize the mean values in the subgroups where
there is no significant difference between mean values within
the subgroup. The results of the Duncan test indicated that
MPD of eq 15 is different from other models and there are no
significant differences between MPDs of eqs 16—19.

Overall, eq 4 affords several advantages over predictive/
descriptive eqs 5—7. First the model requires a minimum
number of independent statistical significant parameters.
Second, the model is simple both qualitatively and
quantitatively, and according to the principle of Occam’s
razor, a good model does not increase beyond what is the
necessary number of entities required to explain anything. Use
of too many descriptors is one of the common errors in QSPR
and quatitative structure—activity relationship (QSAR) stud-
ies.”* Third, there is a theoretical justification for the model
constants (J;) of eq 4.°

The Jouyban—Acree model could be trained using the
solubility data of various solutes in a given binary solvent
system as has been shown for aqueous mixtures of dioxane,
ethanol, PG, and poly(ethylene glycol) 400 and the non-
aqueous binary mixture of ethanol + ethyl acetate.'” Using
these trained models, one could calculate the solubility of a
drug in all solvent compositions of the binary solvents
employing the experimental solubilities in the monosolvents,
ie, x7r and #3%. A trained model proposed for describing the
solublhty of drugs in (ethanol (1) + PG (2)) mixtures
employing the CVD data set and data sets collected from
previous works is

dx.doi.org/10.1021/ie403054z | Ind. Eng. Chem. Res. 2013, 52, 16630—16636
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which is supported (associated) with a statistically significant p
value (<0.0005) as well as F value of 259. The F value is a
function of the number of curve-fitting parameters of a model
and the number of experimental data points (N in this work).
The greater the F value is, the less the probability value (p
value), which is the more significant correlation. The back-
calculated solubility data using eq 20 were compared with the
corresponding experimental values and the obtained overall
MPD + SD was 122 + 12.5%. Details of MPDs for the
investigated drugs are listed in Table 1S of the Supporting
Information. There is no such a possibility for other models,
ie. eqs 4—7.

In addition, it is possible to train the Jouyban—Acree model
using the solubility data measured at two different temper-
atures, usually the lowest and highest temperature of interest
for each set, and calculate the solubility data in all solvent
compositions and temperatures. The same computations were
carried out using other solution models, and the obtained
MPDs for eqs 2, 4, S, 6, and 7 are 14.0, 9.7, 8.1, 8.3, and 8.9%,
respectively.

Overall, the results confirm that combination of the
Jouyban—Acree model and the van’t Hoft equation could be
used to correlate the solubility of CVD in (ethanol (1) + PG
(2)) mixtures at different temperatures; these results are in a
good agreement with previous studies.' ¢

3.2. Thermodynamic Parameters of CVD Solutions in
(Ethanol (1) + PG (2)) Mixtures. Thermodynamic parameters
including AH®, AS°, and AG® of CVD solutions in (ethanol
(1) + PG (2)) mixtures at 305.7 K (mean harmonic
temperature) were computed using eqs 8—13. AH®, AS°, and
AG® in all solvent fractions are positive, and therefore, the
dissolution process is endothermic and entropically driven.
Relative contributions of enthalpy and entropy reveal that in all
cases the main contributor to the standard Gibbs free energy of
solution process of CVD is the enthalpy (for details, see Table
2S of the Supporting Information).

3.3. Enthalpy—Entropy Compensation of Solution.
The phenomenon of enthalpy—entropy compensation is widely
applied in thermodynamic analyses of proteins, ligands, nucleic
acids, and drug solubility.””*® In the last case, this analysis is
used to investigate the mechanism of solubilization at different
temperatures, in particular the possible presence of hydro-
phobic hydration around nonpolar moieties of drugs dissolved
in aqueous mixtures.”” > In this study, plotting AH® as a
function of TAS® and AH° vs AG° were used to assess
enthalpy—entropy compensation for CVD solubility in (ethanol
(1) + PG (2)) mixtures at 305.7 K (Figure 3). The linear plot
(* = 0.999) of AH® vs TAS® with the slope approximately
equal to 1.0 is illustrated for the solubility data in these solvent
mixtures (Figure 3a). However, a nonlinear plot was observed
for AH® vs AG® (Figure 3b). These results confirm previous
studies that a linear profile between AH® and AS° cannot
display the enthalpy—entropy compensation accurately because
the range of AG® measured in this study is much smaller than
the range of AH®. Then, with respect to AH®, AG°® & constant
(near to 13.5 k] mol™) and so linear AH°—AS° compensation
follows from AG® = AH® — TAS®.>**® Thus, plotting of AH®
vs AG® can be used to assess enthalpy—entropy compensation

@ 60,0
500
© i
= 40.0
S 300 -
°§ 20.0
10.0
0.0 |
0.0 20.0 40.0 60.0 80.0
(b) TAS® (kJ/mol)
15.0
14.5 10
= 14'0 e 09 ¢ 00
fEé ' ¢ 038
= ¢ 07
- 135 o0t 05
| 13.0 ’.0.2 004 ¢ 06
03
125 ‘
0.0 20.0 40.0 60.0 80.0
AG° (kJ/mol)

Figure 3. Enthalpy—entropy compensation plots: (a) AH® vs TAS®
and (b) AH® vs AG?® for solubility of CVD in (ethanol (1) + PG (2))
solvent mixtures at 305.7 K.

and the effect of changing polarity of the medium on the
solution process of the solute. The results show a complex and
nonlinear profile with negative and positive slopes (if the
composition points are connected by lines and the mass
fraction of each cosolvent is varied by 0.10), indicating either
entropy or enthalpy driving the solution processes according to
the mixtures composition. According to the literature, negative
slopes are associated with entropy-driven cosolvent effects
whereas positive slopes correspond to cosolvent effects driven
by the solution enthalpy.”®~>* Nevertheless, because of the lack
of information about the structural nature of (ethanol (1) + PG
(20)) mixtures, explanations at the molecular level in terms of
solute—solvent or solvent—solvent effect are not possible.

4. CONCLUSION

The solubility profile of CVD in (ethanol (1) + PG (2))
solvent mixtures shows a nonlinear pattern with maxima.
Different models were applied to correlate solubility data of
CVD in ethanol + PG. Combination of the Jouyban—Acree
model with the van’t Hoff equation can be used to correlate the
solubility of CVD in (ethanol (1) + PG (2)) mixtures with
significant parameters and with a better interpretation. In
addition, the Jouyban—Acree model was applied to propose a
QSPR model to calculate solubility drugs in (ethanol (1) + PG
(2)) at different temperatures. It can also be concluded that the
solution process of CVD in (ethanol (1) + PG (2)) mixtures is
entirely dependent on the cosolvent composition. Nonlinear
enthalpy—entropy compensation was found for CVD in the
studied solvent system according to a plot of AH® vs AG°.

dx.doi.org/10.1021/ie403054z | Ind. Eng. Chem. Res. 2013, 52, 16630—16636
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