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Abstract 0 The log linear solubility equation, log S = log S,  + af, was 
studied in relationship to the extended Hildebrand solubility approach. 
It is shown that the log linear form may be derived beginning with the 
extended Hildebrand approach. The log linear expression gives a good 
linear fit for semipolar drugs in a number of water-cosolvent mixtures. 
It is particularly successful when the solubility parameter, 61, of the co- 
solvent is 3 or more solubility parameter units larger than the solubility 
parameter, 62, of the drug. When the cosolvent tends to solvate the drug 
strongly, the log linear function may even hold where the solubility pa- 
rameters of the drug and cosolvent are similar. It appears, however, not 
to be applicable to nonpolar cosolvent systems. An interfacial model for 
the solubility of drugs in polar mixed solvents is based on s, a parameter 
that also figures prominently in the log linear solubility equation. When 
used to describe mixed solvent systems, the interfacial model applies in 
the region of the solubility profile (solubility uersus solvent composition) 
where the log linear relationships hold. The extended Hildebrand solu- 
bility approach is applicable over a wide range of cosolvent composition 
in mixed systems from nonpolar organic solvents to water. 

Keyphrases 0 Solubility-extended Hildebrand approach, log linear 
equation 0 Hildebrand equation-extended solubility approach, log 
linear solubility Log linear solubility equation-relationship to the 
extended Hildebrand solubility approach 

Yalkowsky et al. (l), introduced a log linear equation: 

(Eq. 1) log s = log s, + af 

which describes the solubility of some drugs in binary 
aqueous systems, where S is the solute solubility in moles 
per liter in a solvent consisting of water and a nonaqueous 
cosolvent, S ,  is the drug's solubility in water, f is the vol- 
ume fraction of the cosolvent, and is a parameter repre- 
senting the solubilizing power of the cosolvent for the drug 
and depends on the polarity of the drug and the cosolvent. 
Equation 1 was found to be applicable to systems where 
the polarity of the drug was significantly less than either 
of the solvents in the binary mixture. 

A study (2) on the solubility of p-aminoacetophenone 
in propylene glycol-water mixtures, found it necessary to 
expand Eq. 1 into a fifth degree polynomial off to account 
for nonlinearity across the range of cosolvent (propylene 
glycol) composition. The linear dependence of logarithmic 
solubility on volume fraction of the cosolvent (Eq. 1) ap- 
plied when the Hildebrand solubility parameters of both 
solvent components were much larger than the solubility 
parameter of the drug. 

THEORETICAL 

In the present report, it is shown that the linear relationship of Eq. 1 
may be considered in terms of the extended Hildebrand solubility ap- 
proach (3-5); a model in which the solubility parameter of the solute may 
be larger or smaller than that of either solvent or lie between the solubility 
parameters of the two solvents. When the range of solubility parameters 
of the solvent pair approaches the solubility parameter of the solute, the 
curve may bow sufficiently that a log linear expression of X z  on f no longer 
fits the data satisfactorily. A quadratic or higher polynomial off  must 
then be used as required by the extended Hildebrand method. 

The following derivation shows the relationship of the log linear 
equation to the extended Hildebrand solubility approach. For the solu- 
bility of a drug in pure water: 

log x, = log xi - log a, (Eq. 2) 

where Xu and Xi are the mole fraction solubility in water and the ideal 
solubility of the solute, respectively. Log a, is the logarithm of the solute 
activity coefficient in water. A general expression for the solubility of a 
drug in a binary mixture, consisting of water and an organic cosolvent, 
is: 

log xz = log X' - log a2 (Eq. 3) 

where X p  and a2 are the mole fraction solubility and activity coefficient, 
respectively, for the solute in the solvent mixture. Subtracting Eq. 2 from 
Eq. 3 results in: 

log xz = log x, + log a, - log CYZ (Eq. 4) 
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Figure 1-Solubility of caffeine in dioxane-water mixtures at 25'. The 
curves were calculated using the extended Hildebrand solubility ap- 
proach (4, 5).  Key:(.) log molarity, Curve A; (a) log mole fraction, 
Curve B. 

The logarithmic solubility of a drug in water and the drug's log a, are 
constants a t  a definite temperature. For caffeine in water at  25' (4), log 
X ,  = -2.64111 and log a,  = 1.4764; therefore, log X '  = -1.1647. 

According to the extended Hildebrand approach (3-5), the activity 
coefficient of the drug in a mixed solvent is expressed as: 

log a 2  = A(6i2 t 622 - 2W) (Eq. 5) 

where 612 and 6z2 are the cohesive energy densities of the solvent and 
solute, respectively, and W is the interaction energy density of solute and 
solvent. The term A is obtained from regular solution theory (6): 

(Eq. 6) 

where Vz is the solute's liquid molar volume, 61 is the volume fraction 
of the pure or binary solvent (total volume fraction of the two solvents 
in the solution), R is the molar gas constant, and T is the absolute tem- 
perature. 

Either W or log a2IA may be regressed in a polynomial on 61 to obtain 
calculated values of log a2 and mole fraction solubility, X z  (Eq. 3). Log 
a2/Acalc may also be obtained by a regression of log azIA on f,, where f i  
is the volume fraction of either solvent in a binary mixture (4), for ex- 
ample, water or its cosolvent. For dioxane, D, as the cosolvent: 

log ( Y Z / & ] ~  = co t C i f D  t C 2 f ~ '  t c 3 f D 3  t . . . t c, f~"  (Eq. 7) 

For caffeine in dioxane and water a t  25O, the extended Hildebrand 
equation may be expressed as a fourth degree power series in conformity 
with Eqs. 4 and 7: 

log Xzd, = log x, t log a, - CoA - ClAfo - CzAfD2 
- - c 4 A f ~ ~  (Eq. 8) 

where CO is a constant of regression. C1, Cz, C3, and C4 are the coefficients 
resulting from the regression analysis and remain constant over the range 
of binary solvent composition for a particular drug at  a definite tem- 
perature. The value of A varies, although slightly, between 0.093 and 0.103 
across the composition of water and dioxane in the caffeine system a t  
25'. 

EXPERIMENTAL 

The solubility data in mixed solvents employed in this paper were re- 
ported previously (4,7-9). The drug was brought to equilibrium with the 
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Figure 2-Mole fraction of ethyl p-aminobenzoate in pure and binary 
solvents (9). A, regular solution curve at 25'; B, extended Hildebrand 
curve for ethyl p-aminobentoate in propylene glycol-water mixture at 
37'; Xi = 0.2404 at 25'. Key: (@) solubility in individual solvents at 25'; 
1 ,  hexane; 2, dimethylformamide; 3, ethanol; 4 ,  methanol; 5, methyl- 
formamide; 6, ethylene glycol; 7, glycerin; 8, formamide; 9, propylene 
glycol (37'); 10, water(37'); (+j solubility in propylene glycol-water 
mixtures at  37', use of Eq. 186. 

mixed solvent in a constant temperature shaker bath and the drug con- 
centration was determined by spectrophotometric or other convenient 
analytic procedures. Densities were determined in glass pycnometers 
under controlled conditions. By obtaining the density of each solution, 
i t  was possible to express solubilities in units of molar, molal, or mole 
fraction concentration. 

For calculations involving the extended Hildebrand solubility ap- 
proach, regression analysis was conducted' using multiple linear re- 
gression programs (10). 

RESULTS AND DISCUSSION 

Caffeine in Water-Dioxane Mixtures-Introducing the coefficients 
of regression analysis into Eq. 8 for caffeine in a mixed solvent system 
of water and dioxane (4), one obtains: 

log X~cah = log X ,  t log (Y, - 14.62744 t 38.4195Afo 
- 109.6076Af~' t 114.3535Af~~ - 49.3831Afo4 (Eq. 9) 

Equation 9 may be simplified by truncating it after the first term in fo 
to yield: 

log X Z ~ ~ ~ ~  = log X ,  t (log (Y, - 14.62744) t 38.4195Af~ (Eq. 10) 

or in general: 

log XzCalr = log Xu, + (log a, - CoA) t C ~ A ~ D  (Eq. 11) 

The quantity in parentheses is sufficiently small to be neglected since 
log a, is equal to 1.4764 and CoA 14.627 X 0.1 = 1.4627. If the regres- 
sion procedure yielded log azIA with perfect accuracy, CO would exactly 
equal (log aw)/A. This can be seen by settingfo equal to zero in Eq. 11, 
for then the solvent obviously is water, and log azIA = log a,/A = CO. 
With the quantity within the parentheses, Eq. 11, equal to zero, one ar- 
rives at  an equation, expressed in mole fraction: 

analogous to Eq. 1, the log linear expression which, however, has usually 
been expressed in concentration units of moles per liters or grams per 
cubic centimeter. The coefficient, CIA = 38.4195A in Eq. 9, has been 
obtained by polynomial regression and is equal to IJ in Eq. 1 when con- 
centrations are expressed in mole fraction. 

One form of the extended Hildebrand expression, Eq. 8, when carried 
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0 0.2 0.4 0.6 0.8 1.0 Figure %-Log mole fraction solubility of ethyl p-aminobenzoate (0) 

and hexyl p-aminobenzoate ( * j  in propylene glycol-water mixtures 
a t  37" (9). Key: (-) from quadratic equations and (...-) from linear 
regression line. 

to the fourth power in fD, has been shown to reproduce the solubilities 
of caffeine in dioxane and water within <12% error and for most data 
points <4% error, a value the range of experimental accuracy 
(4P. 

~ i ~ ,  1, log solubility of caffeine is plotted both in units of moles per 
liter and mole fraction uerSuS volume fraction of the cosolvent, dioxane, 
as abscissa. Also marked along the horizontal axis (top of Fig. 1) are the 
solubility values, al,  of the mixed solvents, consisting of water 
and dioxane. 

In dealing with caffeine data in earlier reports (4,5), various polynomial 
expressions were used. A cubic expression was not as satisfactory the 
quartic equation; a quadratic expression yielded poor results; and an 
equation truncated to the linear term, ofD, E ~ .  12, would be unacceptable 
as a fit Over most of the curve from dioxane ( 8 ,  = to water ( 6 ,  = 
23.45). observed in ~ i ~ .  1, a linear fit is adequate from &30% cosolvent 
composition, although a straight line cannot reproduce exactly the slight 
curvature of the line. Both the upper and lower curves appear to be par- 
abolic in form, but the curvature is so slight in the 0 to 30% region of di- 
oxane concentration that the data points are adequately fit by a linear 
function. The intercept is the log solubility in water on a molar (Curve 
A) or mole fraction (curve B) scale, conformity with the criterion for 

o fd l  is 18.4, well above 62 = 13.8 ofcaffeine. It should be noted that the 
cosolvent of water in this was not the pure solvent, dioxane, but 
rather a mixture of 30% dioxane-70% water. using a log linear equation 
beyond 30 or 40% as seen in Fig. 1 would not produce meaningful results. 
Extrapolation into the region of the dashed lines in the direction of the 
arrows would produce erroneous values of solubility. Accordingly, the 
log linear technique, although often useful, should be used with caution 
Over a wide range of solvent compositions, A little effort is required 
to apply the extended Hildebrand solubility approach, but it usually can 
be made to reproduce solubility in mixed solvent systems with consid- 
erable fidelity across the entire range of binary solvent compositiop~ 

(0-30% dioxane in Fig. l) may appear to 
be approximately linear, log solubility is ordinarily not a linear function 
of / (except where a strongly solvating cosolvent is present as seen later), 
and is better fitted with a power series in f or 61 rather than with a straight 
line. 

In a manner similar to that discussed above, a 10% water in dioxane 
mixture could be taken as the cosolvent of dioxane in the region at  the 
far right side of Fig. 1. A t  this low water concentration side of the figure, 
segments that are almost linear are observed in Curves A and B. Here, 
log solubilities uersus volume fraction of water in the mixture produce 
linear functions only over a range of 10% water (& = 1G11.3). The curves 
begin to bow markedly at  10% water in dioxane because the solvent 61 is 

In Ref. 4 the volume fraction of water was referred to as &,. It was used in place 
of f0  and this led to a polynomial expression different from Eq. 9, but both ex- 
pressions result in the same calculated solubilities. 

fDMF,  VOLUME FRACTION, 
DIMETHYLFORMAMIDE IN WATER 

Figure 4-Log solubility of sulfadiazine in dimethylformamide-water 
mixtures a t  20" (7). Key: (0) log mole fraction (lower curuej; (*) log 
wlw; linear regression line (upper curuej. 
approaching the 6 2  value, 13.8, of the solute. According to regular solution 
theory, the solubility of a compound reaches a peak at  a solvent compo- 
sition where 61 = 6 2 .  The solubility w v e  approaches a maximum and 
then begins to decrease across this region and is greatly curved, as seen 
in the figure' 

Results with theophylline, thebromine, and caffeine in other solvent 
mixtures have been reported (5). They show similar trends described here 
for caffeine in mixtures Of water and dioxane. 

previous example Of a log linear approach in relation to the ex- 
tended Hildebrand model involved a solute with a solubility parameter, 
13.8, between that of water, 61 = 23.45 and the cosolvent, dioxane, 61 = 
10.01. BY taking this broad view of the subject, one is able to observe more 
clearly the regions where a log linear equation is applicable and why it 
fails when the solubility parameter of the mixed solvent approaches the 
solubilityparameter Of the "lute. 

Mix- 
tures-The 1% linear equation, Eq. 1, was originally introduced by 
Yalkowsky et al. (11, to explain the exponential increase in solubility of 
poorly water soluble compounds upon the addition of an organic cosolvent 

literature in which the solubility data was fit by Eq. i3. Unlike the case 
of caffeine in water and dioxane, Eq. 1 applies particularly well where 
the solubility Parameter of the solute is 3 or 4 units below that of the or- 
ganic component of the aqueous solvent. The solubility of n-alkyl p-  
aminobenzoates in propylene glycol-water mixtures and in several pure 

has been investigated (9). Figure 2 was prepared using data on 
the solubility of ethyl p-aminobenzoate in binary as well as individual 
Solvents. Mole fraction solubility is plottedaagainst the solvent solubility 
parameter in Fig. 2 as done in studies involving the extended Hildebrand 
approach (3-5). The regular solution line is plotted in Fig. 2 to show the 
curve on which the experimental points would fall if these polar solute- 
solvent systems followed regular solution behavior a t  25'. The regular 

-log X z  = -log X '  t A(61 - 62)' (Es. 13) 

where all terms have been defined in earlier equations. The regular so- 
lution solubility reaches a peak value at  a solubility parameter equal to 
that of the solute [6z = 12.05 ( c a l / ~ m ~ ) ~ / ~ ] ;  the mole fraction solubility 
at this point has the ideal value, Xi = 0.2404, for ethyl p-aminobenzoate 
a t  25". At 37' it is 0.3236 (-log X b 7 a  = 0.4900). 

It is observed that solutions of ethyl p-aminobenzoate in the individual 
solvents are not regular solutions since they do not lie on the bell-shaped 
regular solution curve in Fig. 2. The solubility in most of the solvents falls 
below the ideal solubility line, Xiso = 0.2404, and this indicates that ethyl 

A recent report (11) states that a number of semipolar drugs exhlbit parabolic 

*Iky1 p-Aminobenzoates in Water-Propy'ene 

linearity stated earlier, i.e., 61 considerably larger than 6 2 ,  the lowest value to water' They found a number Of from their Own work and the 

Although parts of the line is calculated using the expression: 

rather than linear log solubility uersus cosolvent composition curves, 
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Table 11-Mole Fraction Solubilities of Ethyl p-Aminobenzoate at 37" in Propylene Glycol-Water Mixtures a 

Propylene Log "2 xZcale x 104 xZCde x 104, 
Glycol, % 61 A C  Log "2 A x ' , ~  x 104 Linear Eq. 18a Quadratic Eq. 18b  

0 23.45 0.1013 3.244 32.020 1.845 1.757 1.810 
20 21.74 0.1011 2.839 28.080 4.688 5.278 5.218 
40 20.07 0.1002 2.230 22.255 19.055 16.175 15.679 

18.37 0.0990 1.847 18.657 46.026 49.870 48.389 60 
80 16.68 0.0949 1.338 14.099 148.59 163.16 161.73 

100 14.99 0.0775 0.671 8.658 690.24 645.06 661.48 
Solvent solubility a Reference 9; solubilities, X +  obtained with the extended Hildebrand solubility approach, Eqs. 18a and b; - log Xzl = 0.49000,62 = 12.05, V2 = 144. 

parameter, ( c a l l ~ r n ~ ) ~ f ~ .  Equation 6. 

p-aminobenzoate is not highly solvated. By contrast, ethyl p-amino- 
benzoate associates strongly with N,N-dimethylformamide (Point 2 in 
Fig. 2), producing a solubility (X2 = 0.4260) above the ideal solubility 
line. The point for ethyl p-aminobenzoate in propylene glycol a t  37' 
(Point 9) lies slightly to the right of the regular solution curve which was 
drawn for solutions a t  25'. 

The discussion of the solubility parameter of the compound ( 6 2  = 12.05) 
and the regular solution line is also important for the treatment to follow. 
However, the current report is a study dealing with mixed solvent systems 
and attention is drawn to the propylene glycol-water mixtures in Fig. 2. 
One observes that the data points for the solubility of ethyl p-amino- 
benzoate in mixtures of water and propylene glycol (at 37') lie alongside 
the 25' regular solution line. On this scale, solubility in water (Point 10) 
and in 20% propylene glycol (bottom scale) are imperceptible. The points 
rise to reasonable solubility values for 3@100% propylene glycol solutions. 
The line passing through the points in Fig. 2 was calculated using the 
extended Hildebrand solubility approach, Eq. 18a of Table I: 

log CYZIA = -37.7097 t 3.343061 - 0.015661' 

Multiplying both sides by A and adding -log X i  yields: 

-log Xzcde = 0.4900 t A(-37.7097 t 3.343061 - 0.015661') 
(Eq. 22) 

from which Xzcde is obtained. 
Since the solubility parameter of propylene glycol (61 = 15) is suffi- 

ciently different from that of ethyl p-aminobenzoate ( 6 2  = 12), the curve 
in Fig. 2 may be transformed into a linear form by use of the log linear 
approach. Figure 3 shows the plots for two esters, ethyl and hexyl p- 
aminobenzoate, in propylene glycol-water mixtures a t  37' (9). 

The linear least-square line through the data is represented in Table 

f D M F ,  VOLUME FRACTION, 
DIMETHYLFORMAMIDE IN WATER 
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Figure .&-Mole fraction solubility of sulfadiazine (Xi = 0.0030) in 
dimethylformamide-water mixtures a t  20" (7). Key: (a) experimental 
solubility; (- --) regular solution curve, Eq. 13; (-,I extended Hilde- 
brand line, Eq. 23 (cubic expression). 

I by Eq. 14a, and the linear form is compared with a quadratic expression, 
Eq. 14b for the ethyl ester. Although the coefficient of determination is 
higher for the quadratic, R 2  = 0.9964, than for the linear form, R 2  = 
0.9942, the Fisher F ratio conversely is greater for the linear (690) than 
for the quadratic (417) expression. Furthermore, the partial F values for 
introducing / and then f2 show that f2 is not significant when its F value, 
1.8, is compared with the table value, 10.1, at  the 95% level. The log linear 
fit is, therefore, considered to be satisfactory. 

In Table I (Eqs. 18a and b), the extended Hildebrand solubility ap- 
proach is shown for a regression of log azIA on 61 in both linear and 
quadratic form for the ethyl ester. Again, the F value is significantly larger 
for the linear than the quadratic, and the partial F values suggest that 
the quadratic is not as satisfactory as the linear equation. Although the 
statistical analysis of the hexyl p-aminobenzoate in propylene glycol- 
water mixtures is not included here, the same conclusion was reached in 
the case of this ester. The comparison of X z ,  observed, with X Z ,  calcu- 
lated, for the ethyl ester using both the linear and quadratic forms, Eqs. 
18a and b, is found in Table 11. These results show the quadratic equation 
to yield slightly better solubility predictions. But the curves in Fig. 3 for 
the ethyl and hexyl esters of p-aminobenzoate show that differences 
between the linear and quadratic approaches are insignificant. Since only 
six data points are available, further statistical testing would not be 
fruitful. 

Sulfadiazine in Water-Dimethylformamide Mixtures-The sol- 
ubility of sulfadiazine in mixtures of water (61 = 23.45) and dimethyl- 
formamide (61 = 12.14) a t  20' has been measured previously (7). The 
solubility parameter of sulfadiazine is 11.9, as calculated by the Fedors 
method (12). Yalkowsky et  al. ( l ) ,  referred to this study as one which 
should lend itself to a log linear analysis. The mole fraction solubility and 
grams of solute per gram of solution a t  different composition of cosolvent 
are shown in Fig. 4. 

Although the solubility parameter of dimethylformamide is close to 
that of sulfadiazine, the points do not curve away from linearity as 100% 
dimethylformamide is approached. Similar results have been found with 
sulfonamides in dimethylacetamide. Dialkylamides strongly solvate the 
sulfonamides, and in a series of solvent mixtures, one of which is a di- 
methylamide, the curve rises t o  a sharply pointed apex rather than a 
rounded maximum. This phenomenon may account for the good fit 
provided by an exponential solubility curve, i.e., a linear fit (Eq. 15a, 
Table I) on a plot of log solubility uersus volume fraction. Mole fraction 
solubility is plotted against the solubility parameter, 61, of dimethyl- 
formamide-water mixtures in Fig. 5, in contrast to the log mole fraction 
plot of sulfadiazine in Fig. 4. In addition to 61, the volume fraction of di- 
methylformamide ( ~ D M F ) ,  in the water-cosolvent mixture is indicated 
on the horizontal axis (top line of Fig. 5). The extended Hildebrand sol- 
ubility approach, Eq. 23, was used to plot a curve through the experi- 
mental points. The Hildebrand regular solution line, calculated with Eq. 
13, is included in the figure to indicate its relationship to the experimental 
points and the extended Hildebrand line. The regular solution curve is 
flat rather than peaked as in Fig. 2 because of the scales used in the hor- 
izontal and vertical axes. The ideal mole fraction solubility, X 1  = 0.0030, 
which corresponds to peak solubility on the regular solution line, is ob- 
served to be about one twentieth of the actual solubility of sulfadiazine 
in dimethylformamide a t  20'. The regular solution line does not repro- 
duce the solubility of sulfadiazine in water-dimethylformamide mixtures; 
whereas the extended Hildebrand solubility equation fits the experi- 
mental points well. The regression equation best employed for this pur- 
pose is a cubic expression: 

log (~2IAca1c  = -206.441 t 29.752861 - 1.4559961~ t 0.025831761~ 
(Eq. 23) 

where n = 14, R 2  = 0.9998, s = 0.1998, F = 18609, and F ( ~ , I O , O . O ~ )  = 3.71. 
The linear and quadratic forms, Eq. 190 and b in Table I, are adequate 
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Table 111-Solubility of Sulfadiazine in Water-Dimethylformamide Mixtures at 20° a 

Residuals, 61 v1, A,  
f D M F  (cal/cm3)1/2 cm3/mole cm3/cal log a2 (log (YZ,J/A * XzOb X lo4 Xzdc X 104 % 

0 23.45 18.05 0.12448 2.96185 23.71491 0.0327 0.0334 -2.1 
0.005 23.39 18.36 0.12448 2.92739 23.47131 0.0354 0.0359 -1.4 
0.01 23.33 18.67 0.12448 2.89891 23.23027 0.0378 0.0384 -1.6 
0.02 23.21 19.30 0.12448 2.83592 22.75577 0.0437 0.0440 -0.7 
0.03 23.09 19.92 0.12448 2.77743 22.29114 0.0500 0.0503 -0.6 

0.10 22.26 24.29 0.12447 2.35255 19.32585 0.1330 0.1177 11.5 
0.20 21.07 30.54 0.12444 1.95135 15.69879 0.3350 0.3333 0.5 

0.50 17.49 49.32 0.12415 0.86574 6.75256 4.080 4.346 -6.5 

0.05 22.86 21.17 0.12448 2.66751 21.42721 0.0644 0.0644 -0.0 

0.30 19.88 36.81 0.12440 1.57822 12.57256 0.7910 0.8173 -3.3 

0.70 15.18 61.44 0.12252 0.00805 0.05759 29.40 29.468 -0.2 
0.78 14.32 65.98 0.11971 -0.41290 -3.09509 77.50 70.293 9.3 
0.89 13.18 71.93 0.11182 -0.88909 - 8.0801 8 232.0 239.84 -3.4 
1.00 12.14 77.40 0.09609 -1.30320 - 13.60746 602.0 608.05 -1.0 
Reference 7; back-calculated solubilities X obtained with the extended Hildebrand solubility approach; 62 = 11.9 (cal/~m~)”~; V2 = 167 cm3/mole, log Xi = -2.5236. * Equation 23, (cubic expression). (log a&.)%(above) X A (Column 4 above) = log a h ,  then log + 2.5236 = log X2. 

for this purpose but the cubic equation (Eq. 23) is better, as indicated 
by its R2, s, and F values. The 61 values for the solvent mixtures and the 
A values are found in Table I11 together with a comparison of actual 
solubilities, Xzob., and calculated v!ues using the cubic expression, Eq. 
23, together with Eq. 3 where log X’ = -2.5236 for sulfadiazine at  20°. 

The statistical analyses presented in Table I indicate that the log linear 
equation (Eq. 19a) provides a satisfactory fit of the data across the range 
of solvent mixtures from water to pure dimethylformamide. Figure 4 also 
shows that the linear fit is quite adequate. Therefore, the log linear ex- 
pression is suitable for sulfadiazine in dimethylformamide-water as well 
as for ethyl and hexyl p-aminobenzoate in propylene glycol-water mix- 
tures. However, the curve in Fig. 5, where X p  is plotted against 61 (or 
f D M F ) ,  is best fit by a third degree power series (Eq. 23). The residuals 
(Table 111) are surprisingly small when the data is fit with this cubic 
equation. 

Log Linear Equation and Solubilizing Power, u-In addition to 
expressing log solubility uersus volume fraction, Eq. 1, in molar terms 
(l), Yalkowsky et al. (13) used mole fraction concentration: 

log xz = log x, + uf (Eq. 24) 

jc’ 
y* 

3‘ 

I I I I I 

0.1 0.2 .3 0.4 0.5 

f ,  VOLUME FRACTION, AMIDE IN WATER 

Figure 6-Log mole fraction solubility of methylparaben in form- 
amide-water (.) and dimethylformamide-water (*) at 25’ (8). Key: 
(-) from Eq. 16b (quadratic); (--) from Eqs. 16a and 17a using linear 
regression. 

X Z  is the mole fraction solubility of the solute at a volume fraction f of 
the cosolvent, X, is the mole fraction solubility of the solute in water, 
and u is a measure of the solubilizing power of the cosolvent for the drug 
(13). The term u, which is the slope of the lines represented by Eq. 24, 
was defined for mixed solvent systems (12) as: 

where yw and ye are macroscopic interfacial tensions between a model 
hydrophobic substance, tetradecane, and water, and between tetradecane 
and the pure cosolvent, respectively; C is a correction term for the mac- 
roscopic surface tensions, accounting for the small radius of curvature 
at the solute-solvent molecular surface; HYSA is the hydrophobic surface 
area of the semipolar solute as calculated by a computer program origi- 
nally written by Hermann (14); k is the Boltzmann constant; and T is the 
absolute temperature. The value for C should remain relatively constant 
for various solute-mixed solvent systems, and the value was found to vary 
within a relatively narrow range, 0.52-0.56, for several systems (13). 
According to Eq. 25, the value of u should not change for various com- 
positions of water and cosolvent in a binary solvent mixture, u being the 
constant slope of a linear expression, Eq. 24. 

According to this interfacial model, it should be possible to calculate 
solubilities of drugs in polar solvent mixtures using either the linear form 
of the extended Hildebrand solubility approach: 

log xz = log xi - COA + uf (Eq. 26) 
or the log linear expression, Eq. 24, where (I = C I A  is defined by Eq. 
25. 

The interfacial model was tested (8) by determining the solubility of 
methylparaben (62 = 11) in aqueous systems containing various con- 
centrations of the cosolvents, formamide, methylformamide, and di- 
methylformamide. Contrary to the requirements of Eq. 25, the u values 
were observed to vary in formamide-water from 2.77 to 4.46. For a 
number of other amide-water cosolvent systems, values for u varied from 
3.40 for acetamide to 6.43 for dimethylpropionamide. 

Figure 6 shows the log mole fraction solubility of methylparaben in 
formamide-water and dimethylformamide-water cosolvent systems. The 
curve with formamide as the cosolvent is not linear but rather parabolic, 
and it is well fit by a quadratic expression, Eq. 16b, Table I, of the 
form: 

log xz = log x, + of + Czf’ (Eq. 27) 

The regression leading to Eq. 166 gives a log mole fraction solubility of 
methylparaben in water of -3.6009, whereas the experimental value is 
-3.6091. This is an error of 1.9% in predicting the experimental solubility, 
X, = 0.000246, in water, a close estimation using a quadratic expres- 
sion. 

The need for a quadratic equation accounts for a previous inability (8) 
to obtain a constant value for u over this range (f = 0.0-0.35) of form- 
amide compositions. Despite the fact that a linear fit of the points pro- 
duced a regression line with an R 2  of 0.996, visual observation of the curve 
indicated that u (Eq. 24) would not be constant over this composition. 
One would not predict, however, that u would vary as much as actually 
found (2.8-4.5). Despite this variability, it is interesting to calculate an 
average u, leaving C as an adjustable parameter as suggested previously 
(13). 
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f D M F ,  VOLUME FRACTION, 
DIMETHYLFORMAMIDE IN WATER 
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Figure 7-Mole fraction solubility of methylparaben in dimethyl- 
formamide-water a t  25" (8). Key: (a) experimental solubility; (-) 
back calculation curve, Eq. 21 b, extended Hildebrand approach. 

The average value of u in the formamide-water system, obtained from 
a least-squares linear fit of the curve in Fig. 6 is 2.734 (Q. 16a). Referring 
to Eq. 25, y, = 51.9 for water-tetradecane and yc = 31.2 for form- 
amide-tetradecane. The hydrophobic surface area of methylparaben is 
130A2 or 130 X cm2. At 25", T = 298.15'K and the Boltzmann 
constant equals 1.38 X erg molecule-' degree-'. Using Eq. 25, one 
gets: 

C(51.9 erg/cm2 - 31.2 erg/cm2) 130 X cm2 
2.734 = 

(2.303) (1.38 X erg/molecule deg) (298.15 deg) 
C = 0.9627 2 1.0 

Yalkowsky et al., accepted C values as large as 1.0, but not ordinarily for 
this kind of system. Considering the approximations, however, this is an 
acceptable fit. 

In Fig. 6, one observes that for methylparaben in dimethylformam- 
ide-water, a plot of log X z  uersus volume fraction, f = 0.0 tof  = 0.5, of 
the cosolvent appears to be linear. Here, the R2 for linear and quadratic 
functions (Table I, Eqs. 17a and b) differ little. The partial F values show 
that the quadratic term is unnecessary. The volume fraction of dimeth- 
ylformamide has been carried only to f = 0.5 in previous work (8) as ob- 
served in Fig. 6. However, the line probably becomes markedly curved 
at higher volume fractions of cosolvent, and Eqs. 17a and b can no longer 
be used here. This can be observed by setting f = 1.0, i.e., 100% methyl- 
formamide, in Eqs. 17a and b, resulting in X z  values greater than unity, 
which is not possible. Therefore the solubility of methylparaben in di- 
methylformamide-water can be considered log linear only to f = 0.5. 

Both the linear and quadratic equations (Eqs. 17a and b, respectively) 
have a constant, equivalent to log X,, of -3.60 (-3.607 for linear and 
-3.592 for quadratic) or X, = 0.000251. The slope of the line, identified 
as u, is -5.2 (5.24 for linear and 5.0 for quadratic). Using Eq. 25 to cal- 
culate C, with yc for dimethylformamide-tetradecane equal to 4.6, one 
obtains at 25" in the range off = 0.0-0.5: 

5.2 = 
C(51.9 - 4.61130 X 

C = (5.2/6.49) = 0.80 

Although C is ordinarily considered to have a value of 4.35-0.55, a value 
of 0.8 is not unreasonable. 

(2.303)(1.38 X 10-16)(298.15) 

The solubility equation suggested by Yalkowsky et al. (13): 

should therefore provide a satisfactory approach for calculating the 
solubility of relatively hydrophobic drugs in water-cosolvent systems. 
The interfacial treatment is predicated on this log linear relationship 

-4 I I I I I I 

0 0.2 0.4 0.6 0.8 1.0 
fc, VOLUME FRACTION OF COSOLVENT 

Figure 8-Log mole fraction solubility of testosterone in chloroform- 
cyclohexane (*); and in isopropyl nyristate-cyclohexane (.) a t  25'. 
Key: (.-) linear regression line; (-) regression lines, (A) cubic, (B) 
quadratic. 

between drug solubility and cosolvent volume fraction. If, however, the 
solubility parameter of the solute is similar to that of the cosolvent or is 
between the 61 value of the cosolvent and water, the points on the para- 
bolic curve may be in a region of significant curvature; then the log linear 
equation and the interfacial model, involving u, will not apply. On the 
other hand, the extended Hildebrand solubility approach handles drugs 
in polar and nonpolar solvent systems, whether the drug's solubility 
parameter is greater than, less than, or lies between the solubility pa- 
rameters of a solvent pair, such as water and dimethylformamide. The 
following example dzmonstrates the use of the linear form of the extended 
Hildebrand solubility approach. 

The solubility X z  of methylparaben in dimethylformamide-water 
mixtures 61 = 18 (f = 0.5) to 61 = 23.5 (f = O.O), from previous works (8) 
is shown in Fig. 7. The extended Hildebrand equation used to obtain the 
calculated line for these data may be linear, Eq. 21a, or quadratic, Eq. 
21b of Table I. The statistical parameters show these equations to be 
equivalent. The A values range from 0.058 in pure dimethylformamide 
to 0.087 in water. The -log X i  = 1.0051. A t  a volume fraction of di- 
methylformamide of 0.37,61 = 19.28 and A = 0.0777. Equation 210 yields 
log a2/A = 8.2894 and Eq. 21b gives log a2/A = 8.4131 for this mixture. 
When multiplied by A, the results from Eq. 21a gives log a2 = 0.6441. 
This value is added to -log X i  to obtain 1.6492. Changing the sign and 
taking the antilog results in Xmethylparaben = 0.0224. The observed value 
is 0.0221. The percent error in the back calculation is thus 1.5%. 

Nonpolar Cosolvent Systems-In contrast to water-cosolvent sys- 
tems, it is interesting to consider nonpolar solvent mixtures having sol- 
ubility parameters lower than the solubility parameters of the solute. 
An investigation to be published (15) involves a study of the solubility 
of testosterone (62 = 10.9) and testosterone propionate ( 6 2  = 9.5) in cy- 
clohexane (6, = 8.2) with cosolvents such as chloroform (61 = 9.1), ethyl 
oleate (61 = 8.6), and isopropyl myristate (61 = 8.9). It was found that the 
log linear relationship did not hold in these systems. Even chloroform, 
which strongly solvates the steroidal solutes, did not produce a log linear 
plot. As observed in Fig. 8, the lines are markedly curved when plotted 
as log X Z  against the volume fraction of the cosolvent. Least-square 
straight lines are included, but statistical analysis is not needed to show 
that the experimental data yield nonlinear curves. 

A report on benzoic acid in various proportions of hexane and ethyl 
acetate (16) was also studied for possible log linear characteristics. The 
solubility parameter of benzoic acid, 11.5, is greater than either hexane, 
7.3, or ethyl acetate, 8.9. A plot of log X 2  versus volume fraction of the 
cosolvent, ethyl acetate, in the solvent mixture showed considerable 
curvature. The line was well fitted by a quadratic equation of the ex- 
tended Hildebrand approach but not by the log linear form. 

Ternary Solvent Systems-In recent work (171, the solubility of four 
sulfonamides has been determined in a ternary solvent consisting of di- 
methylacetamide (61 = ll.l), glycerin (61 = 17.7), and water (J1 = 23.5). 
Two compounds of lower solubility in dimethylacetamide, namely sul- 
fadiazine ( 6 2  = 13.2) and sulfisomidine ( 6 2  = 12.6), produced nearly 
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straight lines when log X p  was plotted against the solubility parameter 
of the ternary solvent4. Two compounds of generally greater solubility, 
sulfathiazole ( 6 2  = 13.1) and sulfamethoxazole ( 6 2  = 11.6), produced 
highly curved lines which require quadratic or higher power series 
equations to fit the points. The solubility parameters of the drug mole- 
cules in these systems fall between the 61 values of the highly polar sol- 
vents, glycerin and water, and the strongly solvating aprotic solvent, di- 
methylacetamide. The curves show no peaks, but rather rise to a maxi- 
mum mole fraction solubility in pure dimethylacetamide. 

CONCLUSIONS 

It may be concluded that the log linear solubility relationship, i.e., log 
solubility versus volume fraction of cosolvent (Eq. 1) as introduced by 
Yalkowsky et al. (l), gives a good linear fit for semipolar drugs in a 
number of water-cosolvent mixtures, particularly when the solubility 
parameter of the solute is -3 solubility parameter units lower than that 
of the cosolvent of a water-cosolvent mixture. When the cosolvent, such 
as dimethylformamide, is a strong solvating agent for the solute, sulfa- 
diazine, a straight line function may persist up to  100% cosolvent even 
though the solubility parameters of drug and cosolvent are quite similar 
(<2 or 3 6 units apart). 

For a system, caffeine, in an ordinary solvent pair, such as water and 
dioxane, or for theophylline in a moderately solvating mixture, such as 
water and polyethylene glycol 400 (5), the solubility parameter of the drug 
lies between the values of water and the cosolvent. Then, the log linear 
expression may be applied only over a limited range of solvent mixtures 
on either side of the solubility parameter of the solute. For example, the 
plot of log solubility versus volume fraction in a caffeine solution in water 
and dioxane was shown to be linear in dioxane from 0 to 30% and nearly 
linear in water from perhaps 0 to 10%. The log linear expression could 
not reproduce the solubility data for caffeine over the central range from 
30 to 90% dioxane where the curve rises to an apex then falls as the solvent 
composition approaches pure dioxane. 

In some systems, which might be predicted to follow the log linear re- 
lationship, a straight line function is not satisfactory but a higher order 
function, such as a quadratic or cubic in 61 or volume fraction provides 
a fit to the experimental data points. Systems of nonpolar solvents, e.g., 
cyclohexane, in conjunction with cosolvents such as chloroform, isopropyl 
myristate, and ethyl acetate have not been found, in limited studies, to 

~~ ~~ 

4 Volume fraction is not appropriate as the independent variable in a ternary 
solvent system, but solubility parameter of the solvent mixture may be used in- 
stead. 

yield log linear relationships. These solutions, like more polar ones, are 
satisfactorily reproduced by use of quadratic, cubic, or quartic equations 
employed in the extended Hildebrand solubility approach. Ternary 
solvent systems, both polar and nonpolar, are under study. 

It was found possible to derive the log linear equation from the ex- 
tended Hildebrand solubility approach, thus providing a quasitheoretical 
foundation for the log linear equation based on solubility parameters. 
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