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Different polymorphs of a drug often possess various solu-
bility, melting point, stability, density and x-ray diffrac-
tion. Polymorphs of slightly soluble drugs may affect the
dissolution rate of the drug and one polymorph can act as
a more active therapeutic agent than other polymorphic
forms of the same drug [1]. It has been established that
polymorphs usually show different bioavailability [2]. As
an example, aspirin is at least a dimorphic drug and it has
been presented that form II produced higher serum total
salisylate concentration than form I [3]. It also should be
noted that the solubility of enantiomers of chiral solutes is
different from each other in the pure or mixed solvents
[4, 5].
Mixing a miscible cosolvent with water is a common and
easy to use technique for affecting the aqueous solubility
of poorly water-soluble drugs. In a paper [6] solubility
behaviour and dissolution rates of two polymorphs of me-
fenamic acid in mixed solvents have been studied. Poly-
morph II showed higher solubilities in comparison with
polymorph I in different solvent media possessing the po-
larity ranging from 47.8 to 18.5 MPa1/2. The authors ap-
plied a power series of solvent’s Hildebrand solubility
parameter to correlate the solubility of polymorphs with
respect to the solvent polarity. The faster dissolution rate
of polymorph II has been reported in different dissolution
media. A concentration peak of polymorph II is obtained
quickly (within 15 min) in pure ethyl acetate and ethanol-
ethyl acetate mixture (50 : 50), whereas a maximum con-
centration plateau is attained more slowly in more polar
dissolution media, i.e. water, ethanol and water-ethanol
mixture (50 : 50). DSC thermograms of the solid phase
taken from this stage (maximum solubility) show no dif-
ference with that of polymorph II. A decrease of concen-
tration of polymorph II is observed to reach the final solu-
bility values of polymorph I within 48 to 112 h,
dependent on the polarity of the dissolution media. DSC
thermograms from this stage show a total conversion of
polymorph II to form I. The dissolution rate of polymorph
I shows a different pattern from polymorph II. It increases
with time to reach a plateau corresponding to the equili-
brium solubility [6].
Mathematical representation of solubility data in mixed
solvents enables researchers to predict the solubility of
drugs. There are a number of models presented for de-
scribing the solubility of drugs in mixed solvents. Most of
these models were briefly reviewed in a previous paper
[7]. These models will need a minimum number of experi-
mental solubility data for computing the model constants.
The number of required solubility data is an important
parameter, especially in the preformulation stage of a new
drug when only a small amount of the drug is available.
Therefore, any general model to calculate the solubility in
mixed solvents could be beneficial.
The combined nearly ideal binary solvent/Redlich-Kister
model (CNIBS/R-K) promises good fit ability with solubi-

lity of a solute in a binary solvent system [7]. The applic-
abilities of the model for correlating solubility data in aqu-
eous-cosolvent mixtures [8], describing the multiple
solubility maxima in the mixed solvents, correlating solu-
bility data at different temperatures [9], predicting the so-
lubility of structurally related drugs in binary solvent mix-
tures [10] and representation of the electrophoretic
mobility of analytes in capillary zone electrophoresis [11]
have been reported. This model is also able to predict the
solute solubility in ternary mixtures based on model con-
stants calculated from experimental solubility data in sub-
binary mixtures [12] and the theoretical basis of CNIBS/
R-K model has been provided [13]. However, this model
has not been tested for correlating/predicting the solubility
of polymorphs in solvent mixtures. In this communication,
the applicability of CNIBS/R-K model to calculate the solu-
bility of two polymorphs of mefenamic acid in two binary
solvents with a common solvent is presented. The model is:

ln Xm ¼ f1 ln X1 þ f2 ln X2 þ f3 ln X3

þ f1f2
Pp
i¼0

Aiðf1 � f2Þi þ f2f3
Pp
i¼0

Biðf2 � f3Þi : ð1Þ

Where Xm, X1, X2 and X3 are the mole fraction solubility
of each polymorph in mixture and pure solvents 1–3, re-
spectively, f1–f3 denote volume fraction of solvents 1–3
in the absence of the solute and Ai and Bi represent so-
lute-solvent interaction parameters which calculated by
least squares analysis. The basic model contains another
interaction terms for expressing interaction between sol-
vents 1 and 3. The first three terms in equation 1, i.e.
f1 ln X1 þ f2 ln X2 þ f3 ln X3, represent the ideal mixing
solubility behaviour of the solute and the variations of
physicochemical properties of crystalline form of the
drugs are included in X1–X3 terms. Numerical values of
the interaction parameters (terms A and B in equation 1)
are expected to be nearly constant for polymorphs in a
given solvent mixture. We examined this assumption by
employing experimental data of the solubility of two poly-
morphs of mefenamic acid in water-ethanol and ethanol-
ethyl acetate binary mixtures [6].
The equation developed for describing the solubility beha-
viour of polymorph I of mefenamic acid in water-ethanol
and ethanol-ethyl acetate mixtures is:

ln Xm ¼� 12:631f1 � 6:310f2 � 5:563f3 � 3:308f1f2

� 2:319f1f2 f1 � f2ð Þ þ 3:165f1f2 f1 � f2ð Þ2

þ 3:870f2f3 � 1:859f2f3 f2 � f3ð Þ
þ 3:264f2f3 f2 � f3ð Þ2 ð2Þ

Where f is the volume fraction of the solvent, and 1, 2
and 3 refer to water, ethanol and ethyl acetate, respec-
tively. The equation for polymorph II is:

ln Xm ¼� 12:321f1 � 5:977f2 � 5:313f3 � 3:305f1f2

� 4:838f1f2 f1 � f2ð Þ � 3:804f1f2 f1 � f2ð Þ2

þ 3:332f2f3 � 1:521f2f3 f2 � f3ð Þ
þ 2:692f2f3 f2 � f3ð Þ2 ð3Þ

The validity of the model constants has been checked
using t-test and the constants are statistically significant at
the 0.05 level.
To assess the accuracy of the models for reproducing ex-
perimental data, the mean percentage deviations, MPD, is
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calculated by:

MPD ¼ 100

N

P j Xmð ÞCalc:� Xmð ÞExp:j
Xmð ÞExp:

 !
ð4Þ

Where N is the number of data points in each set, (Xm)Calc.
denotes calculated data and (Xm)Exp. represents experimen-
tal solubilities which are taken from the reference [6].
Romero et al. [6] employed a power series of solvent’s
Hildebrand solubility parameter for correlating solubility
data of the polymorphs. The model for polymorph I is:

ln Xm ¼� 56:4928þ 6:611dm � 0:2937d2m

þ 0:005283d3m � 0:0000341d4m ð5Þ
And for polymorph II:

ln Xm ¼� 27:8450þ 2:6043dm � 0:0906d2m

þ 0:0008974d3m ð6Þ
In which dm is the Hildebrand solubility parameter of
mixed solvent calculated based on the solubility parameter
of pure solvents:

dm ¼ f1d1 þ f2d2 þ f3d3 ð7Þ
The fit ability of the equations is evaluated by fitting the
experimental data of polymorphs I and II as separate sets.
MPD values for correlative eqs. (2) and (3) are 7.7 and
2.5% for polymorphs I and II, respectively, where the
MPD values for back-calculated solubility of polymorphs
I and II are based on equations 5 and 6 are 13.2 and
13.2%, respectively. These calculations could be employed
to screen the experimental data to detect the possible out-
liers. Also, the equations are capable of predicting the un-
measured solubilities after training by a minimum number
of experimental data. The average MPD values for the
proposed and for previously published models are 5.1 and
13.2%, respectively. The proposed equation improves the
fit ability of the solubility profile by a factor of 2.6 in
comparison with eqs. (5) and (6) [6].
To check the prediction capability of CNIBS/R-K model,
the solubility of polymorph I and II are predicted by
eqs. (2) and (3). The resultant MPD values are 13.4 and
12.8%. It should be noted that the solubility data of poly-
morph I (or II) are not included in computing the model
constants of eqs. (3) (or 2). This means that one can pre-
dict the solubility of other polymorphs in mixed solvents
using the solubility data of the polymorph in pure solvents
and their interaction parameters, which are calculated on
the basis of the solubility of one polymorph in a given
solvent mixture. The corresponding MPD values for pre-
dicted solubilities of polymorph I by eq. (6) and of poly-
morph II by eq. (5) are 26.5 and 20.7%, respectively. The
overall mean percentage derivation (MPD) for the pro-
posed and previously published models are 13.1 and
23.6% and these represent an improvement factor in the
prediction capability of the proposed model of 1.8. The
criterion in choosing a model is its accuracy and therefore
the MPD values should be as low as possible.
One can reproduce solubility data for both polymorphs
with a single equation and the value of MPD obtained for
33 data points fitted into equation 1 is 8.5%. As a com-
parison Romero et al. [6] employed a modified version of
their model to reproduce the solubility curves of both
polymorphs as:

ln Xm ¼� 18:2826þ 0:5452lnX1 þ 2:3687dm

� 0:0836d2m þ 0:0008337d3m ð8Þ

where X1 denotes the mole fraction solubility of each
polymorph in pure solvent 1 (water) and from this equa-
tion the MPD is 17.5%. With the equation proposed here
there is an improvement by a factor of 2.1.
The summary of the accuracy of the discussed models for
correlation and prediction purposes is presented in the
Table. Careful examination of the Table reveals that the
proposed equation is superior to the previously published
equations both from correlation and prediction points of
view. Although it should be noted that both models pro-
duced very small MPD’s when compared with values of
117 to 2500% [14]. However, the overall advantage of the
proposed model is that it produced correlative errors less
than experimental uncertainty (usually ~10%) and there-
fore, it is suggested to use the proposed model to calcu-
late the solubility of different polymorphs in mixed sol-
vent system.
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Table: Mean percentage deviations (MPD) for the equations
studied using different numerical methods

Polymorph Na Eq. (1) Eqs. (5), (6)

Correlative equations I 20 7.7 13.2
II 13 2.5 13.2
both I and II 33 8.5 17.5

(for Eq. 8)

Predictive equations I using data of II 20 13.4 26.5
II using data of I 13 12.8 20.7

a N is the number of data points in each set


