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Abstract

A simple and rapid method referred to as the double log-log model for linearizing solubility data obtained from
mixed solvent systems is presented. The model was able to linearize data which could not be linearized by means of
the log-linear solubility equation. Also, the accuracy and prediction capability of the model were greater than those

of the excess free energy equation of solubility estimation.
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The phenomenon of cosolvency, through sol-
vent blending, has been widely used to increase
the water solubility of poorly water-soluble drugs
in order to formulate solution dosage forms of
the drugs. In cosolvency, a permissible water-mis-
cible organic liquid designated as the cosolvent is
mixed with water to bring about drug solubiliza-
tion.

The first quantitative expression of solubility
in mixed solvent systems known as the log-linear
solubility equation was provided by Yalkowsky
and Roseman (1981). According to this expres-
sion, the log ratio of drug solubility in mixed
solvent systems to its water solubility is linearly
related to the volume of the fraction of cosolvent
in a water:cosolvent mixture. However, several
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cases of deviation from linearity have been re-
ported (Rubino and Yalkowsky, 1987; Rubino
and Obeng, 1991). Other expressions, based on
the excess free energy in an attempt to take into
account different interactions involved in solubi-
lization, have been presented (Williams and Ami-
don, 1984a—c).

In this report, we present a new approach
referred to as the double log-log model which can
be used for the estimation and prediction of
solubility as well as the linearization of experi-
mental data that cannot be linearized by means
of the log-linear solubility equation. A method of
linearization of the excess free energy equation is
provided from which one can readily linearize the
solubility data. Also, the accuracy and prediction
capability of the double log-log model have been
compared with those of the excess free energy
equation using some experimental data.
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Double log-log model: The proposed double
log-log model for linearizing the solubility data is
expressed as:

ln[ln(xm/xw)] = ln{ln[(xm)o.s/xw]}

+B In(fe/f.) (1)
when 0 <f_ <0.5

In[In(x./x)] =In{ln[x./(xm)0s]}

+b In( f,/0.5) (2)
when 0 <f, <05

where x,, x, (x,,)os and x. are the drug solu-
bilities in the mixed solvent system, water, a sys-
tem containing 0.5 fraction of organic solvent
(and /or water) and neat organic solvent, respec-
tively, and f, and f,, denote the volume fractions
of organic solvent and water in the solvent system

These equations can be obtained from the
log-linear equation by making some assumptions
as follows;

The log-linear equation is written in the form
of Eq. 3

(xm/%,) = (xc/%,) (3)
Recognizing f. =1 —f,,, Eq. 3 becomes:
(Xe/%m) = (¥o/%4) (4)

As mentioned above, several cases of deviation
from the log-linear plot have been reported. At
f. values less than 0.5, the plots were concave
upward and at f, > 0.5 the plots became concave
downward. We assume that at f, values below
0.5 the organic solvent acts as a cosolvent and
since the degree of breakdown in the three-di-
mensional water structure is dependent on f,
(Rubino and Obeng, 1991), the solubility should
therefore depend on the ratio (f_/f,,) rather than
f. alone and on introducing the interaction pa-
rameter, B, Eq. 3 will become:

(Xm/%y) = [(Xm)os/%u] 7" (5)

Eq. 5 is valid between the limits 0 < (f,/f,,) <1
or 0 <f.<0.5 and its linear form is Eq. 1. At f_
greater than (.5, water acts as a cosolvent and its
three-dimensional structure is lost (Rubino and
Obeng, 1991), thus, the solubility depends on
fu/0.5 rather than on f,/f..

Taking into account an interaction parameter,
b, Eq. 4 becomes:

b
(Xe/%m) = [%e/ (Xm)os] ™7 (6)
The linear form of Eq. 6 is Eq. 2. Eq. 6 is valid
for 0<(f,/05) <1lor0<f,<05.
Linearization of the excess free energy equa-
tion: The reduced three-suffix solubility equation
based on the excess free energy which has been
used successfully as a general method for charac-

terizing and estimating solubility in mixed solvent
systems (Williams and Amidon, 1984b) is:

In(x,/x,)
=fc ln(xc/xw) _A1—3fcfw(2fc - 1)q2/q1
+A3—12fc2qu2/q3 + Cchfw (7)

The A, g and C, were described in the origi-
nal paper (Williams and Amidon, 1984a) and the
other symbols have been defined in this report.
Eq. 7 can be rearranged to give:

xm xC
ln(—) ln(—)
xW xW

= +2f,
fefw S
) A 14, _ A1—3'qz)
qs dq
A _3q
+C,+ ——=22 (8)
q1

If the corresponding expressions of Eq. 8 for
two successive [In(x,, /x,)1/f.f., i.e., terms i and
i+ 1 are subtracted from each other, then Eq. 9
can be obtained:

xm
ln( — )
xW

xm
ln(———)
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Table 2
Fit of phenytoin solubility data in different solvent systems to double log-log model
Solvent system Eq.1? Eq.2°

1 M r 1 N r
Propylene glycol : water 1.2324 (1.2317) ¢ 0.8258 0.9964 1.1776 (1.2053) ¢ 1.1217 0.9996
1,3-Butandiol : water 1.3502 (1.3238) 0.7215 0.9989 0.9298 (0.9484) 1.3357 0.9998
Polyethylene glycol 200 : water 1.5585 (1.5150) 0.7219 0.9982 1.3171 (1.2948) 1.5351 0.9999

# Data points at f, values of 0.1, 0.2, 0.3, 0.4 and 0.5 were used.

® Data points at f,, values of 0.1, 0.2, 0.3, 0.4 and 0.5 were employed.
4 Values between parentheses are the experimental values of In[In((x )¢5 /%)) and InllnCx_/(x )y s)], respectively.

1, intercept; S, slope; r, correlation coefficient.
Solubility data were taken from Rubino et al., (1984).

It is obvious that a plot of the left-hand side of
Eq. 9vs (1 /f,,, . — 1/fu)/(f.,, — fc,) gives a line
whose ordinate intercept is equal to 2[(A4;_ ;-
4,/43) — (A, _5-4q,/4,)). After inserting the nu-
merical value of this term into Eq. 8, from the
plot of [In(x_/x ) /(f.f.) vs {In(x_/x ) /f., +
2fl(A;5_1-a,/95) —(A,_5"q,/q,)]}, the value of
[C,+(A4,_5"49,/4,)] is obtained which is the or-
dinate intercept of the resulting line.

The double log-log model and linearized forms
of the excess free energy equation were applied
to the data obtained from solubility studies of
alkyl p-hydroxybenzoates and alkyl p-amino-
benzoates in propylene glycol : water mixtures re-
ported by Rubino and Obeng (1991). The data
which had not been linearized by the log-linear
model were linearized by both methods, as be-
came evident from the high correlation coeffi-
cients (Table 1).

Plots of the left-hand sides of Eq. 1 and 2 vs
the corresponding independent variables should
produce lines with the ordinate intercepts of
In[In((x,,)os/x4)] and Inlln(x_./(x,)o5)], respec-
tively. There was an excellent agreement between
the intercepts and experimental values of the
In[In(x ) 5/x,)1 and In[In(x_/(x )y 5)] terms, in-
dicating the suitability of the double log-log
model.

The accuracy and prediction capability of the
double log-log and the excess free energy models
have been assessed using Eq. 10:

L (%D)’

=X {[[(xm)cal - (xm)exp]/(xm)e’m] x 100}2
(10)

where L(%D)? is the sum of squares of the
percent difference between the calculated and
experimentally obtained values of x,, relative to
its experimental value at each f,, and (x_,)., and
(x)erp denote the calculated and experimental
values of x, at f_. The value of (x)_, is calcu-
lated by inserting numerical values of B, b and
the ordinate intercepts of Eq. 9 and 8 together
with the experimental values of x,, x. and (x_ )5
into the appropriate equation (Eq. 5, 6 and 8). As
can be seen from the Y(%D)? values in Table 1,
in general, the accuracy and prediction capability
of the double log-log model are greater than
those of the excess free energy model. The lower
the ¥(%D)?, the more accurate is the model.

The double log-log model was also applied to
solubility data of phenytoin in different solvent
systems given by Rubino et al. (1984) and the
goodness of fit of data to the model is evident
from the high correlation coefficients as demon-
strated in Table 2.

In conclusion, the double log-log model offers
a simple and practical way of linearizing data for
the cases which cannot be linearized by the log-
linear method as well as a more accurate method
of predicting and estimating drug solubility in
mixed solvent systems as compared with the ex-
cess free energy model.
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