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Abstract 0 An expanded solubility parameter system was tested in
conjunction with the extended Hansen solubility approach and the
UNIFAC method to calculate the solubilities of naphthalene and benzoic
acid in polar and nonpolar solvents. The expanded parameter system is
characterized by dq4 for the dispersion force, o, for dipolar forces, a basic
or electron-donor parameter, op, and an acidic or electron-acceptor pa-
rameter 8,. The correlation between the calculated and observed solu-
bilities of benzoic acid was increased by use of the four-parameter system.
An indicator variable was required to bring the solubilities into line in
strongly dipolar solvents such as N,N-dimethylformamide. For naph-
thalene, use of the four-parameter approach proved not to be an im-
provement over the three-parameter extended Hansen solubility ap-
proach. The UNIFAC method was not successful in calculating solubil-
ities of benzoic acid in the 40 polar and nonpolar solvents. A triangular
plot of the three Hansen parameters for benzoic acid, p-hydroxybenzoic
acid, and methyl p-hydroxybenzoate illustrated the contributions of
dispersion, dipolar, and Lewis acid-base (hydrogen bonding) interaction
forces among the three benzoic acid compounds and the various classes
of solvents. A multiple regression procedure for calculating the four
partial solubility parameters of drug solutes was developed.

Keyphrases O Solubility parameters, expanded-—individual solvents,
four-parameter extended Hansen approach, UNIFAC, naphthalene,
benzoic acid O Extended Hansen approach-—solubility of naphthalene
and benzoic acid in individual solvents, four-parameter system, UNIFAC
0 Benzoic acid—model drug, solubility in individual solvents, four-
parameter extended Hansen approach, UNIFAC

Recently (1) the solubility of naphthalene was investi-
gated in individual solvents. A new technique, the ex-
tended Hansen solubility approach, was compared with
the universal functional group activity coefficient (UNI-
FAC) method (2) and the extended Hildebrand solubility
approach (3). The present study was undertaken to in-
vestigate the extended Hansen method in more detail and
to expand the number of partial solubility parameters from
three in the original Hansen approach to four to account
for Lewis acid-base (electron acceptor and donor) prop-
erties. .

Naphthalene was studied in 26 solvents at 40°C and
benzoic acid in 40 solvents at 25°C. Naphthalene data were
obtained from the literature (1), and benzoic acid data were
generated in this laboratory. Both three- and four-pa-

0022-3549/84/0200-0179%01.00/0
© 1984, American Pharmaceutical Association

Accepted for publication November 17, 1982. §Present

rameter solubility systems were used to correlate the
solubilities for naphthalene and benzoic acid.

THEORETICAL

Extended Hansen Solubility Approach-—The extended Hansen
method (1) was successful in predicting the solubilities of naphthalene
in individual solvents. Naphthalene is a good model to begin the study
of nonpolar compounds in single solvents; however, it is a poor prototype
of a drug molecule. Although naphthalene provides m-electrons for so-
lute-solvent interaction, its lack of functional groups and side chains
makes it considerably less irregular than molecules typically encountered
in the pharmaceutical sciences. Benzoic acid, with its behavior in water
and other polar solvents, provides a considerably better model of a
drug.

The extended Hansen solubility equation is written:

log 3.2 = 1o @2 = Cod + Cu (B1a = 6200 + CoA Gz = g
2

+ C3A(b1n — 82p)>  (Eq. 1)

where X 4! is the solute ideal mole fraction solubility, X is the observed
solute mole fraction solubility, a; is the activity coefficient of the solute,
and C; (where { = 0,1,2,3) are regression coefficients obtained from re-
gression analysis. 09 is the partial solubility parameter representing
London dispersion forces, §;p, is the Keesom dipolar solubility parameter,
and &, is a term for generalized electron-transfer bonding which includes
hydrogen bonding and other Lewis acid-base interactions; j is 1 for sol-
vent and 2 for solute. These parameters are always taken at 25°C, re-
gardless of use. A is a term from regular solution theory (4):

Vagy?
2.303RT

where V3 is the molar volume of the solid solute taken as a hypothetical
supercooled liquid at 25°C, ¢, is the volume fraction of the solvent, R is
the molar gas constant, and 7' is the absolute temperature. The volume
fraction of the solvent is defined as:

6 = (1-X9V,
TS XV + XaVe

where V| is the molar volume of the solvent.

The partial solubility parameters, 8,4, 6,5 and é;}, for the solvents are
found in the literature (5). Solubility parameters for solid solutes are
seldom reported because organic compounds may decompose near their
melting points and because of the low vapor pressures of these com-
pounds. The properties of the solid phase cannot be used since the state

(Eq.2)

(Eq. 3)
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of a solute is essentially that of the liquid phase, even if highly super-
cooled. Hansen and Beerbower (5) provide a group contribution method
by which the partial solubility parameters can be estimated. A recent
method based on multiple regression has been suggested to obtain partial
solubility parameters for crystalline solid compounds (6).

For a given solute, d2q, 62p, and don, are constants; therefore, (log az)/A
values are regressed only on 614, 0142 61p, 017, 61n, and 6117, according
to an expression obtained by expanding Eq. 1:

log as

= C1014% + (—2C102a)014 + C261p® + (—2C202p)b1p
+ Cad1n? + (—=2C300n)81n 1 (Co + C1242 + Cabop? + C302p?)  (Eq. 4)
According to the model:

log ap

=D161g2 + Dob1g + D351p2 + D451p + D5b1n?

+ Dgbin + Dy (Eq. 5)

where Dg represents the last term of Eq. 4, made up exclusively of con-
stants. This procedure eliminates the need for solubility parameters of
the solute in the regression equation.

Expanded Parameter Approach—Karger et al. (7, 8) proposed five
specific solubility parameters for solvents and adsorbents: dispersion,
84; induction, 6;,; orientation, é,; and 8, and 6y, for acid and base effects,
respectively. The authors used this expanded set of parameters to esti-
mate selectivity in chromatography. According to their method, the
dispersion solubility parameter is determined (9) from the refractive
index fraction, X = (n2 — 1)/(n% — 2) and the expression:

04 = —2.24 + 53X — 58X?% + 22X3 (Eq. 6)

The orientation parameter (6,) is obtainable, in principle, from the
dipole moment and molar volume of the substance. It can be calculated
using the equation:

00 = {12 — 0g1)/(1 + 0.001464V) (Eq. 7)

where ot is the total solubility parameter obtained from the energy of
vaporization (4). The induction solubility parameter is obtained from
the orientation parameter and molar volume:

in = 0.00076,2V (Eq. 8)

For hydrogen bonding or acid-base effects, the 6,0, parameters of al-
cohols are obtained from:

Ath = C*Véaéb (Eq. 9)

where AHpy, is the heat of hydrogen bonding, taken as 5200 cal/mol, and
C* is a proportionality constant. For alcohols C* has a value of 1.8. With
the assumption of equal values of §, and &y, for all alcohols, it is possible
to determine the acid and base parameters for other compounds via heats
of hydrogen bonding. The expansion of Hansen solubility parameters
as proposed here divides the electron transfer solubility parameter, 6y,
to yield acidic, 8,, and basic, 8y, solubility parameters in order to quantify
electron-donor and -acceptor properties.

The detailed procedures employed in the current study for obtaining
the partial solubility parameters of the solvents are as follows.

Dispersion Solubility Parameter, 63—The &g values proposed by
Karger et al. (7, 8) are almost the same as Hansen’s 64 values (5). Since
Hansen'’s 64 has been refined over a long period of time, based on solu-
bility data, the 4 values of the solvents used in the current study are those
provided by Hansen and Beerbower (5) with a few corrections.

Polar Solubility Parameter, 6,—The polar parameter, 0p, was calcu-
lated using the modified Boettcher equation (5, 10-12):

12,108 -1

,2 ezt
V2 2+ np?

(np? + 2)u? (Eq. 10)
where V is the molar volume of the compound, ¢ is the dielectric constant,
np is the refractive index for the D line of sodium, and u is the dipole
moment expressed in units of 10718 esu-cm (Debye units). The 6, values
of the solvents in this study were obtained from Hansen and Beerbower
(5).
Basic Solubility Parameter, 6,—Recently Kamlet et al. (13) used
spectrometric methods to obtain three solvatochromic parameters, 7*,
«, and f3. The a-scale of the solvent provided a measure of proton-donor
capacity, and the 3-scale quantified the ability of the solvent to accept
a proton. Kamlet et al. have prepared an extensive table of 3-values for
solvents, and Karger et al. (7, 8) provided a limited number of 8, and 6y,
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values for solvents. It was found in the current work that a linear rela-
tionship exists between the 8y-value of Karger et al. and the 5-value of
Kamlet et al.:

V125, = 60.18 + 2.45
n=22,r2=0.918

The B-value provided by Kamlet et al. (13) in Eq. 11 yields &y, of the
solvent. For example, the 8-value of dimethyl sulfoxide is 0.76 (13) and
V = 71.3 (Table I): V125, = (60.1)(0.76) + 2.45; (71.3)1/26, = 48.13.
Therefore, 6§y, = (48.13)/(8.44) = 5.7. Table I lists &,-values for the sol-
vents. Solvents for which Kamlet et al. did not list 8-values were evalu-
ated by comparison with the extensive compilation of basicity and acidity
parameters by Griffiths and Pugh (14). Some partial parameters were
adjusted based on solubility data.

Acidic Solubility Parameter, 6,—The a-values given by Kamlet et
al. are less accurate than 8-values, as noted by the authors (13). However,
since b, 84, bp, and 8y, are known, 8, can be obtained using the following
equation:

(Eq. 11)

26,0p = 072 — 842 ~ 02 = Gp? (Eq. 12)
For dimethyl sulfoxide, 8, = 5.7 as given above; 1 = 13.04, 64 = 9.0, and
bp = 8.0 are obtained from Table 1. One gets 8, for dimethyl sulfoxide by
substituting these values into Eq. 12: 20,6 = (13.04)2 — (9.0)2 — (8.0)2
= 25.04; 6, = (25.04)/(2 X 5.7) = 2.2. The 0,-values for the solvents are
found in Table 1. :

Regression Approach Using Expanded Solubility Parame-
ters—The solubility of a compound in a liquid solvent can be expressed
as (7, 8):

log ag

= (81q = 024)2 + (810 — 820)% + 2(14 ~ d2d) (B1in — d2in)

+ 2(613 - 628)(61b - 52b) (EQ- 13)
where 0614, 024, 010s 020, 014, 024, 011, and 8oy, have already been defined.
Since 8, and 6, are both contributed from the dipolar property of the
compound, dp-values were used instead of 0, in the present study. The
induction solubility parameter, di,, a product term of 8, and V, was found
to be insignificant in improving the predicted solubilities! and was de-
leted. Equation 13 can then be transformed to:

log ag

= (81q — 024)% + (81p — O2p)2 + 2(01 — 82a) (51 = da)

(Eq. 14)

The solubility of one compound in various single solvents can be predicted
by expanding Eq. 14:

lo—g% = 8142 — 2614624 + 024° + 51p2 - 261p52p + (52,,2

+ 201201b — 201a02p — 203a01b + 2024020 (Eq. 15)

where dad, Ogp, 02a, and gy are now the solubility parameters of the solute,
which obviously are constant for a particular solute dissolved in a series
of different solvents. Therefore, the solubilities are simply estimated by
regressing (log ag)/A against 8142, 614, 81p2 G1p, 61a01bs 810, and 01 using
the model suggested by Eq. 15:

log are

=Co+ C16142 + Cab1g + 0351p2 + C451P + Cs01a11

+ Ced1a + C1d1p (Eq. 16)

where Co, C1, . . . are the coefficients of the regression equation.

EXPERIMENTAL

Materials—The solubility of benzoic acid? in a number of solvents
was compared with literature values, and the UV spectra of the various
solutions were measured. The solvents were spectrophotometric or ACS
grade or redistilled before used and are listed in Table I. The solubility
data for naphthalene was obtained from the literature (1).

Heat of Fusion and Molar Volume—The heat of fusion of benzoic
acid, determined by differential scanning calorimetry3, was found to be

1P. L. Wu and A. Martin, unpublished data.
2 Matheson Coleman Bell, Norwood, OH 45212.
3 Perkin-Elmer DSC Model 1B, Norwalk, Conn.



Table [—Solubility Parameters and Molar Volumes of Commonly Used Solvents

Solubility Parameter

Molar Hydrogen

Volume Dispersion Dipolar Bonding Acidic Basic Total

No. Solvent (V1) (64) (0p) (On) (64) () (61)
1 Pentane 116.1 7.1 0.0 0.0 0.0 0.0 7.10
2 Hexane 131.6 7.3 0.0 0.0 0.0 0.0 7.30
3 Heptane 147.5 7.5 0.0 0.0 0.0 0.0 7.50
4 Nonane 179.7 7.7 0.0 0.0 0.0 0.0 7.70
5 Decane 195.9 7.7 0.0 0.0 0.0 0.0 7.70
6 Cyclohexane 108.8 8.2 0.0 0.0 0.0 0.0 8.20
7 Benzene 89.4 9.0 0.5 1.0 0.7 0.7 9.07
8 Toluene 106.9 8.8 0.7 1.0 0.8 0.6 8.88
9 Chlorobenzene 102.2 9.3 2.1 1.0 1.0 0.5 9.59
10 Ethylene dichloride 79.4 9.3 3.6 2.0 2.0 1.0 10.17
11 Ethylidene chloride 84.8 8.1 4.0 0.2 0.2 0.1 9.04
12 Chloroform 80.8 8.7 1.5 2.8 3.0 1.3 9.26
13 Carbon tetrachloride 97.1 8.7 0.0 0.3 0.05 0.9 8.71
14 Ethylene dibromide 87.0 9.34 1.7 4.2 11.2 0.8 10.36
15 Ethylidene bromide 92.9 9.04 2.54 3.2a 10.0 0.5 9.86
16 Diethyl ether 104.8 7.1 1.4 2.5 0.5 6.3 7.66
17 Dipropyl ether 139.4 7.3 1.1 2.0 0.4 5.0 7.65
18 Dibutyl ether 170.4 7.6 0.8 1.5 0.3 3.9 7.79
19 Ethyl acetate 98.5 7.4 2.6 4.5 5.3 1.9 9.04
20 Propyl acetate 116.7 7.7 2.1 3.3 3.6 1.5 8.63
21 Butyl acetate 132.6 7.7 1.8 3.1 2.8 1.7 8.49
22 Hexyl! acetate 164.5 7.8 1.5 2.9 1.9 2.2 8.45
23 Carbon disulfide 60.0 10.0 0.0 0.3 0.2 0.2 10.00
24 Acetone 74.0 7.6 5.1 3.4 2.4 2.4 9.76
25 Dioxane 85.7 9.3 0.9 3.6 1.0 6.5 10.01
26 Aniline 91.5 9.5 2.5 5.0 1.9 6.5 11.01
27 Nitrobenzene 102.7 9.8 4.2 2.0 2.0 1.0 10.85
28 Acetophenone 117.4 9.6 4.2 1.8 1.1 1.5 10.63
29 Benzyl alcohol 103.9 9.0 3.1 6.7 5.9 3.8 11.64
30 Cyclohexanol 106.0 8.5 2.0 6.6 7.3 3.0 10.96
31 Methy! alcohol 40.7 7.4 6.0 10.9 8.4 7.1 14.49
32 Ethy! alcohol 58.7 7.7 4.3 9.5 8.3 5.5 12.96
33 Propyl alcohol 75.1 7.8 3.3 8.5 7.5 4.8 11,99
34 Isopropyl alcohol 76.9 7.7 3.0 8.0 7.1 4.5 11.50
35 Butyl alcohol 92.0 7.8 2.8 7.7 6.4 4.6 11.29
36 Isobutyl alcohol 92.4 7.4 2.8 7.8 6.0 5.1 11.13
37 sec-Butyl alcohol 92.5 7.7 2.8 7.1 6.6 3.8 10.83
as tert-Butyl alcohol 94.3 7.3 2.5 6.8 9.6 2.4 10.28
39 1-Pentanol 108.6 7.8 2.2 6.8 5.4 4.3 10.59
40 1-Hexanol 125.2 8.0 2.1 6.3 5.7 3.5 10.41
41 1-Heptanol 141.9 8.1 2.0 6.0 5.3 3.4 10.28
42 1-Octanol 158.4 8.3 1.6 5.8 5.2 3.2 10.23
43 Ethylene Glycol 55.9 8.3 5.4 12.6 17.9 4.4 15.99
44 1,2-Propanediol 73.7 8.2 4.6 11.4 141 4.6 14.77
45 1,3-Propanediol 72.5 8.1 5.3 12.7 10.9 7.4 15.97
46 Glycerol 73.2 8.5 5.9 14.3 20.0 5.1 17.64
47 1,4-Butanediol 88.6 8.2 8.1 11.6 18.2 3.7 16.36
48 Acetic acid 57.6 7.1 3.9 6.6 7.0 3.1 10.44
49 Propionic acid 75.0 7.2 3.8 6.0 6.0 3.0 10.11
50 Butyric acid 91.9 7.3 2.0 5.2 6.4 2.1 9.17
51 Dimethyl sulfoxide 71.3 9.0 8.0 5.0 2.2 5.7 13.04
52 Pyridine 80.9 9.3 4.3 3.0 1.4 3.2 10.67
53 Formamide 39.9 8.4 12.8 9.3 5.7 7.6 17.92
54 N-Methylformamide 59.1 8.4 10.1 6.1 4.8 3.9 14.49
55 N,N-Dimethylformamide 77.4 8.5 6.7 5.5 3.4 4.4 12.13
56 N,N-Diethylformamide 112.0 8.2 5.6 4.3 2.7 3.4 10.81
57 N,N-Dimethylacetamide 93.0 8.2 5.6 5.0 2.9 4.3 11.11
58 N,N-Diethylacetamide 126.6 8.2 4.1 3.7 2.1 3.2 9.87
59 Water 18.1 7.6 7.8 20.7 6.7 32.0 23.40

2Values recalculated.

4326 cal/mol (average of six measurements). The molar volume of su-
percooled benzoic acid at 25°C was taken as 104.3 em3/mol (15). The
molar volumes of the solvents were obtained from the literature (16).

Ideal Solubility and Activity Coefficient—The ideal solubility of
benzoic acid can be calculated from the heat of fusion of the solute and
heat capacities of the solid and its supercooled liquid (17):

. AH T,,,-T) AC, (Tm—T)
log X' = 4.575( ot ) sl T
AC, , Tm
i N Eq.17
1.987 T (Eq. 17)

The ideal solubility of benzoic acid was calculated using the following
data: AHf = 4326 cal/mol, T, = 395.45 K, T = 298.15 K, and AC, =
Cp! — Cg? = 13.83 cal/mol-deg (18). These quantities result in the following

ideal solubility values at 25°C: log X! = —0.6475 or X4 = 0.2251. The
activity coefficient is calculated from:

log as = log Xo' — log Xo = logz(—z—l (Eq. 18)

X2

Solubility Determination—The solubility of benzoic acid was de-
termined in individual solvents at 25°C. A suitable amount of an indi-
vidual solvent was introduced into screw-capped vials containing an
excess amount of the solute. After being sealed with several turns of
plastic tape, the vials were submerged in water at 25 + 0.2°C and were
shaken at 100 cycles/min for 24 h in a constant-temperature bath?. Pre-
liminary studies showed that this time period was sufficient to assure
saturation at 25°C.

4 Blue-M Electric Co., Blue Island, Il
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Figure 1—Solubility profile of benzoic acid in individual solvents at 25°C. See Table I for solvent numbers. Key: (- --) regular solution curve;
(—) ideal solubility line, X3 = 0.2251; (@) experimental solubilities; (%) solubilities calculated using Eq. 28.

After equilibrium had been attained, each vial was removed, wiped dry,
and analyzed. The solutions were transferred to a syringe and filtered
using a filterd of pore size <1 um. After suitable dilution, the solutions
were assayed using a spectrophotometer® set at the Amax of the solute.
The solubility was determined at least six times for each solvent, and the
average value was taken, The experimental variation in solubility was
<3% in replicate samples and was consistent with an acid-base titration
method (19). The densities of the saturated solutions were determined
with a calibrated pycnometer at 25°C.

RESULTS AND DISCUSSION

Three-Parameter Solubility System—(Log «3)/A for naphthalene
solubility in 26 solvents at 40°C was regressed against the Hansen solvent
parameters (Table I, Eq. 5) to yield:

108 @2 _ 62148142 — 1270814 — 01240612 + 0538301,

+ 0.12926152 — 0.224261, + 64.62
n=26,s =1.37,r%2=0.986, F = 231, F(6,19,0.01) = 3.94 (Eq.19)

This regression equation is slightly different from the one reported earlier
(6) due to recalculation of the solubility parameters of ethylene dibromide
and ethylidene bromide.

To predict the solubility of naphthalene at 40°C in acetone, the cal-
culation is made as follows. The partial solubility parameters for acetone
are 614 = 7.6, 01p = 5.1, and 01, = 3.4. Substituting these values in Eq. 19
yields (log a2)/A = 4.24. The A-value is then calculated using Eq. 2 with
Vo=123,V,=74.0,R = 1.987, T = 313.15 K, and X' = 0.466. The vol-
ume fraction of the solvent, ¢1, is unknown since it depends on the value
of X2 (Eq. 3). Hence, A is found by an iteration procedure (20), beginning
with a value of 1 for ¢, and iterating until X s or ¢; no longer changes by
more than some small desired value, e.g., 0.0001, In the present example,
the steps of the iteration are shown in Table IL. The iteration yielded X2
(calc.) = 0.379, a result that compares favorably with Xz (obs.) = 0.378,
and provides a predicted value within a 1% error relative to the observed

5 Filter paper, Glass Fiber, Whatman Grade GF/F.
6 Beckman, Model 25.
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mole fraction solubility. The back-calculated solubilities of naphthalene,
using Eq. 19, are listed in Table III. They are within 30% error of the
observed values, except for those in aniline (31%), isopropyl alcohol (38%),
and acetic acid (68%). The residuals and percentage errors are also given
in Table IIL. Thirty percent error is taken in this work as a criterion of
acceptability. A maximum value of 15% would be highly desirable, but
is unrealistic at this stage of development of the methods.

The mole fraction solubilities of benzoic acid in 40 solvents at 25°C
are listed in Table IV. A mole fraction solubility profile of benzoic acid
is plotted on the total solubility parameter scale in Fig. 1. The data points
for observed solubilities are shown as filled circles, joined to the calculated
values (stars) by dotted lines.

When benzoic acid is dissolved in a nonpolar solvent, it tends to self-
associate, even at high dilution, through intermolecular hydrogen bonds
and other attraction forces. In benzene at 25°C, benzoic acid forms dimers
and trimers (21), in carbon tetrachloride it exists as dimers, and in alco-
hols it remains as the monomer (22). The degree of self-association of
dissolved benzoic acid and the percentages of monomeric, dimeric,
trimeric, and polymeric forms are not currently known for most solvents.
Benzoic acid is therefore treated in this study as if it behaved as a
monomer in all solvents, and the mole fraction solubility is calculated
based on the monomeric form.

(Log ag)/A of benzoic acid in 40 solvents at 25°C was regressed against

Table II—Iteration Procedure for Calculating the Solubility of
Naphthalene in Acetone at 40°C Using Eq. 19

Step ¢| A log [« 2} Xz
1 1 0.08583 0.36394 0.20158
2 0.70440 0.04259 0.18058 0.30747
3 0.57538 0.02842 0.12049 0.35310
4 0.52431 0.02360 0.10005 0.37012
5 0.50590 0.02197 0.09314 0.37605
6 0.49956 0.02142 0.09082 0.37806
7 0.49742 0.02124 0.09005 0.37874
8 0.49670 0.02118 0.08979 0.37897
9 0.49646 0.02116 0.08970 0.37904
10 0.49637 0.02115 0.08967 0.37907
11 0.49635 0.021156 0.08966 0.37908




Table III—Back-Calculated Solubilities of Naphthalene in Solvents at 40°C Using Three- and Four-Parameter Systems

Equation 29

Equation 19

Mole Fraction

Solubility X, X,

No. Solvent (X2) (Calc.) Residual Error, % (Calc.) Residual Error, %
2 Hexane 0.222 0.266 —0.044 —19.8 0.269 —0.047 —21.2
7 Benzene 0.428 0.446 —0.018 — 4.2 0.450 —0.022 — 5.1
8 Toluene 0.422 0.432 —0.010 — 24 0.436 —0.014 — 3.3
9 Chlorobenzene 0.444 0.453 —0.009 — 2.0 0.449 —0.005 — 1.1

10 Ethylene dichloride 0.452 0.455 —0.003 — 0.7 0.455 —0.003 — 0.7

11 Ethylidene chloride 0.437 0.416 0.021 4.8 0.409 0.028 6.4

12 Chloroform 0.467 0.419 0.048 10.3 0.426 0.041 8.8

13 Carbon tetrachloride 0.395 0.431 —0.036 — 9.1 0.441 —0.046 -11.6

14 Ethylene dibromide 0.439 0.442 —0.003 — 0.7 0.419 0.020 4.6

15 Ethylidene bromide 0.456 0.447 0.009 2.0 0.425 0.031 6.8

23 Carbon disulfide 0.494 0.473 0.021 4.3 0.469 0.025 5.1

24 Acetone 0.378 0.351 0.027 7.1 0.379 —0.001 - 0.3

26 Aniline 0.306 0.321 —0.015 4.9 0.402 —0.096 —31.4

27 Nitrobenzene 0.432 0.469 —0.037 — 8.6 0.466 —0.034 — 179

30 Cyclohexanol 0.232 0.241 —0.009 3.9 0.237 —0.005 — 2.2

31 Methyl alcohol 0.0412 0.0372 0.0040 9.7 0.0320 0.0092 22.3

32 Ethyl alcohol 0.0726 0.0686 0.0040 5.6 0.0599 0.0127 17.56

33 Propyl alcohol 0.0944 0.0930 0.0014 1.5 0.0910 0.0034 3.6

34 Isopropyl alcohol 0.0764 0.1023 —0.0259 —33.9 0.1051 —0.0287 —37.6

35 Butyl alcohol 0.116 0.104 0.012 10.3 0.114 0.002 1.7

36 Isobutyl alcohol 0.0925 0.0640 0.0285 30.8 0.0746 0.0179 19.4

37 sec-Butyl alcohol 0.1122 0.1284 —0.0162 —14.4 0.1364 —0.0242 —21.6

38 tert-Butyl alcohol 0.1009 0.1220 —0.0211 —20.9 0.1049 —0.0040 — 4.0

48 Acetic acid 0.117 0.192 —0.075 —64.1 0.197 —0.080 —68.4

50 Butyric acid 0.251 0.180 0.071 28.3 0.186 0.065 25.9

59 Water 1.76 x 10-% 1.75 x 10-° 1.0x 107 0.5 1.81 x 10°¢ 5.0 x 10-% 2.8

the Hansen parameters (Table I) to produce the regression equation:
log ag

= 5.4980142 — 92.79614 + 0.46860;,% — 7.39701,

+ 0.15976142 — 0.662301n + 403.17
n=40,s =17.47,r2=0.71, F = 13.7, F(6,33,0.01) = 3.40 (Eq. 20)

It has subsequently been found that a root-finder method (23) is more
satisfactory than simple iteration, and this technique is now used in place
of iteration in the extended Hansen solubility approach. Since the
right-hand side of Eq. 20 is a function of the three partial parameters,
which together constitute 8y, it can be designated as f(4;). Combining this
with Eqgs. 2, 3, and 18, one obtains:

f(X3) = (log Xof — log X9)(2.303RT)[V1(1 — X3) + VoX))2
- Vo[Vi(1 — X9)1%/(8)) =0 (Eq. 21)

X can be found by a trial and error method. For ethyl acetate (8;4 = 7.4,
b1p = 2.6, and 61, = 4.5), one may substitute these partial solubility pa-
rameters into Eq. 20 and obtain f(61) = 1.7836. The mole fraction solu-
bility of benzoic acid in ethyl acetate can then be estimated from Eq. 21
using V; = 98.5, Vo = 104.3, T = 298.15 K, and log Xof = —0.6475. Table
V lists the values of X2 found during the trial and error procedure, which
can easily be accomplished by use of a programmable calculator. The
root-finder subroutine ZBRENT found in The International Mathe-
matics and Statistics Library (IMSL) (23) can be run on an electronic
computer? to obtain the calculated solubilities. It was observed that 24
of the 40 solubilities were within 30% error of the experimental result.
The calculated solubilities (Eq. 20) for benzoic acid at 25°C are found
in Table IV,

Estimating the Partial Solubility Parameters of Benzoic
Acid—Using the extended Hansen three-parameter system as previously
reported for naphthalene (6), the regression equation obtained for benzoic
acid can be transformed to a form that yields the partial solubility pa-
rameters of the solute. The steps are as follows:

%—‘33 = 5.489(5142 — 16.877014) + 0.4686(31,? — 15.7855,,)
+0.1597(51,2 — 4.1476,) + 403.17  (Eq. 22)
1"%‘2 = 5.489(014% — 16.877814 + 71.208)

+ 0.4686(6;p2 — 15.78501, + 62.292)
+0.1597(812 — 4.14781, + 4.299) — (5.489)(71.208)

— (0.4686)(62.292) — (0.1597)(4.299) + 403.17 (Eq. 23)

Therefore, 71.208 = 842 and (71.208)1/2 = 8.44 = §,; likewise for dgp and
52},2
log oy

i 5.498(81q — 8.44)% + 0.4686(014 — 7.89)2

+ 0.1597(6;n — 2.07)2 — 18.27 (Eq. 24)

The partial solubility parameters, 629 = 8.44, 6o, = 7.89, and o1, = 2.07,
have thus been obtained by a regression method involving only solvent
partial solubility parameters, together with experimental data from which
(log as)/A is calculated. The total solubility parameter, dr, for benzoic
acid by this method is:

O1% = 89g2 + 89p% + Oon? = (8.44)% + (7.89)2 + (2.07)2 = 137.77
or = (137.77)/2 = 11.74 (Eq. 25)

This value compares favorably with 6z = 11.5 given in the literature (15).
An earlier publication (5) gave daq = 8.9, d2p = 3.4, and dzp, = 4.8, from
which &, = 10.7. These values appeared to be quite low, so they were re-
calculated in 19748 to be 894 = 10.5, 855 = 2.8, and b, = 4.8, from which
de = 11.9, in good agreement with g calculated by Eq. 25.

Agreement with the partial parameters of Eq. 25 is less satisfactory,
partly because Cy was allowed to have any value that the computer found
gave the best fit to the solubilities in Table IV. That resulted in C; =
5.489, which is contrary to both theory and experience with London
(dispersion) forces. Though they are omnidirectional and universal, they
can interact only once with each nearest neighbor, so that any value of
C, other than 1.000 must be an artifact. Trial runs with the computer
constrained in that way show that the loss of accuracy in predicting sol-
ubility is not serious. It will be necessary to continue with this approach
at a later time.

Graphical Solubility Relationships: Triangular Diagrams—To
demonstrate graphically the effects of solvents, Teas (24) expressed the
three solubility parameters of Hansen as functions:

fa= da = 0p - On

4 Patopton P batdp+on P g+ dp+op
These functional values are plotted along the three axes of the triangular
graphs in Fig. 2. The points for the solvents, numbered according to the
listing in Table I, are then entered on each triangular graph. Solvents with
high solvencies (mole fraction solubilities >0.150) for benzoic acid are
plotted as filled circles, and those with low solvencies are plotted as open
squares. A boundary line has been drawn around the solvents in Fig. 2A
with solvencies for benzoic acid greater than X, = 0.150. Triangular
solubility plots for p-hydroxybenzoic acid and for methyl p-hydroxy-

(Eq. 26)

7 University of Texas Cyber Computer System.

8 Unpublished data.
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benzoate are shown in Fig. 2B and C, respectively. The data for these
compounds are given in the following paper (25).

As observed in Fig. 2A high solubility of benzoic acid occurs in solvents
having fq = 0.25-0.70, f, = 0.05-0.45, and f, = 0.17-0.45, which fall in the
center region of the diagram. Solvents with high /4 values, such as num-
bers 1-9, result in low solubility of benzoic acid. Glycols and water with
high /), values (numbers 43, 46, and 59) also yield poor solubility of benzoic
acid. Benzyl alcohol (number 29) produces intermediate solubility, X o
= 0.144, and because of its dq-, 6p-, and dn-values, falls within the
boundary of good solvents in Fig. 2A.

The partial parameters of benzoic acid can be estimated from Fig. 2A,
noting that the center of the high solubility region is at fq ~ 0.47, f, ~
0.23, and /), = 0.30. Assuming that 62 = 11.45 as the average of the data
above, we may calculate that 024 = 8.9, 89, = 4.4, and 8oy, = 5.7, These were
much more definite than could be obtained by Hansen’s (5) plotting
method and quite possibly better than either Eq. 25 or the calculations
done during 1974.

In Fig. 2B, it is observed that two distinct classes of solvents provide
reasonable solubility for p-hydroxybenzoic acid, 62 = 15; the alcohols and
glycols (excluding glycerol, number 46) on the one hand and the strongly
dipolar solvents such as N,N-dimethylformamide (number 55) and di-
methyl sulfoxide (number 51). The fact that the moderately dipolar
pyridine (number 52) is a good solvent, but the strongly dipolar form-
amide (number 53) is not, shows the difficulty of classifying solvents in
a general sense. It is the detailed matching of the partial parameters of
solvent and solute that controls the specific solubilities. The two peak
regions probably correspond to the two functional groups on the solute,
as is found in elastomer swelling (5). Hydrocarbons, esters, and acids are

&

Figure 2—Triangular solubility plots of benzoic acid, 65 = 11.5 (A),
p-hydroxybenzoic acid, 3 = 15.3 (B), and methyl p-hydroxybenzoate,
02 = 12.1 (C) in individual solvents at 25°C using fractional solubility
parameters. See Table IV for solvent numbers and benzoic acid solu-
bilities. Key: (®) mole fraction solubility >0.150 (A}, >0.090 (B), and
>0.100 (C); (01) mole fraction solubility <0.150 (A), <0.090 (B), and
<0.100 (C).

not good solvents for p-hydroxybenzoic acid, presumably because one
or more partial parameters do not match.

Methyl p-hydroxybenzoate, [62 = 12.1 (26)] like benzoic acid [6 = 11.5
(15)] is semipolar and is best dissolved by solvents located in the central
region of Fig. 2C. The good solvents could be considered to constitute one
large central region of the diagram, but they are better separated into
three distinct regions representing esters, alcohols, and strongly dipolar

Table V—Demonstration of Trial and Error Process for
Calculating Benzoic Acid Solubility in Ethyl Acetate at 25°C
Using Eqgs. 20 and 21

Step X, f(Xs)

1 0.3 —2591063
2 0.1 3262236
3 0.2 —455342
4 0.15 1076195
5 0.19 —183640
6 0.185 —42185
7 0.183 15509
8 0.184 —13419
9 0.1835 1024

10 0.1836 —1868

11 0.18354 —133

12 0.18353 157

13 0.183535 12

14 0.1835352 6

15 0.18353564 0
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Figure 3—Solubility profile of naphthalene in individual solvents at 40°C. See Table I for solvent numbers. Key: (- -) regular solution curve;
(—) ideal solubility line, X4 = 0.466; (®) experimental solubilities; (%) solubilities calculated using Eq. 29.

solvents, respectively. The two acidic solvents, acetic acid (number 48)
and propionic acid (number 49) lie in the center of this general solubility
region yet were poor solvents for methyl p-hydroxybenzoate. If the two
lower peaks are combined with dashed lines as shown in Fig. 2C, they can
be explained as an interaction of the solvent with the hydroxyl group of
the solute, whereas the upper peak may be a response of the solvent hy-
droxyl group to the ester group of methyl p-hydroxybenzoate.

The triangular diagram of Teas (24) appears to characterize these three
solutes and the solvents which dissolve them in an illuminating manner.
It is observed that all nonpolar solvents are congregated in the lower left
corner.

Universal Function Group Activity Coefficient (UNIFAC)
Method for Benzoic Acid Solubility—The UNIFAC (2) program was
used to calculate the solubilities of benzoic acid in most of the solvents
at 25°C. For 34 predictions, 16 calculated solubilities are within 30% error.
Six solvent results could not be calculated due to unavailability of the
interaction energies needed for functional groups in the UNIFAC tables.
The results are listed in Table IV.

A Four-Parameter Solubility System—(Log «2)/A of benzoic acid
was regressed with the four new partial solubility parameters listed in
Table I, as suggested by Eq. 16. The regression equation obtained was:

108 @2 _ 7 1865147 — 1210819 + 0.473481,2 — 6.96951,

+ 0.650361261 — 1.03301, — 2.87461, + 522.79
n =40,s = 5.89,r2 = 0.83, F =21.9, F(7,32,0.01) = 3.25 (Eq. 27)

The estimated mole fraction solubilities of benzoic acid from Eq. 27 are
shown in Table IV using the root-finding method (Eq. 21, Table V). Of
the 40 estimates, 25 predicted solubilities are within 30% error of the
experimental values.

To account for facile electron donation by the strongly dipolar solvents
(numbers 51, 52, and 54-57), an indicator variable, I, was incorporated
in the regression yielding:

108 @2 _ 5 1958,42 — 36.908,4 + 0.218861, ~ 260351,

+ 06139612016 — 1.966015 ~ 2.95501p + 174.25 — 20.271
n =40,s = 3.38,r2 = 0.94, F = 66.5, F(8,31,0.01) = 3.15 (Eq. 28)

In calculating the solubilities, / was assigned a value of one for strongly
dipolar solvents and zero for all other solvents in the series.. The im-
provement of Eq. 28 over Eq. 27 by the use of the indicator variable, I,
suggests that the highly polar solvents (numbers 51, 52, and 54-57, which
in most cases strongly accept a proton from the solute and do not self-
associate through intermolecular hydrogen bonding) be treated as sol-
vents uniquely superior in solubilizing effect on benzoic acid. Investi-
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gations should be made concentrating specifically on this class of unusual
solvents for the dissolution of drugs, particularly of the proton-donor
type.

As is evident to those familiar with the application of I, Eq. 28 in fact
represents two equations. For solvents, exclusive of the dipolar ones, the
equation contains terms in d-, p-, a-, and b-parameters plus the constant,
174.25. Here I equals zero. For solutions containing the dipolar solvents,
1 becomes unity and Eq. 28, in addition to identical terms ind, p, a, and
b, now includes a constant, 174.25 — 20.27 = 153.98. This smaller value
for the constant decreases (log az)/A and accordingly increases X for
the solute in these solvents, as may be observed in Fig. 1. The inclusion
of I therefore raises the parabolic-like curve of Eq. 28 sufficiently to pass
through the experimental points for benzoic acid solubility in the strongly
dipolar solvents. For methyl p-hydroxybenzoate and p-hydroxybenzoic
acid, the very polar solvents form a separate subclass of solvents in Fig.
2B and C, and a simple addition of an indicator variable cannot provide
a good fit of calculated values to experimental points (see Ref. 25).

The solubilities calculated from Eq. 28 using the root-finding method
are listed in T'able I'V; 29 of 40 or almost three-quarters of the predictions
are within 30% error. The mole fraction solubility of benzoic acid in the
40 solvents is plotted in Fig. 1. Calculated solubilities, using the four-
parameter solubility system, are shown as stars on the figure and are
connected by dotted lines to the experimental points, indicated by filled
circles.

For naphthalene in single solvents at 40°C, the regression equation
using the four-parameter solubility approach is:

log o

1 = 0.5713014% — 12.0181q — 0.095178,2 + 0.338161p

+ 0.1673012015 — 0.091878;, + 0.48246;, + 62.31
n = 26,5 = 1.20,r2= 0.990, F = 257, F(7,18,0.01) = 3.85 (Eq. 29)

The calculated solubilities are listed in Table III and plotted in Fig. 3.
Of the 26 predictions, isopropyl alcohol (34%), isobutyl alcohol (31%),
and acetic acid (68%) show >30% error. The four-parameter approach
(Eq. 29) offers no significant advantage over three parameters (Eq. 19)
for naphthalene, as observed in Table III.

Estimating Solubility Parameters of the Solute Using a Four-
Parameter System—The regression equation obtained from the four-
parameter system, as suggested by Eq. 16, can be transformed into an
expression similar to Eq. 14 to predict the partial solubility parameters
of the solute. For benzoic acid, Eq. 27 was rearranged to:

108 @ _ 7 186(5,4 — 8.42)% + 0.4734(31, — 7.36)

+ 0.6503(810 — 4.42) (81 — 1.59) — 16.76  (Eq. 30)



Comparing Egs. 30 and 14, the solubility parameters of benzoic acid can
be taken as 024 = 8.42, b = 7.36, 6gs = 4.42, and dgp, = 1.59. The total
solubility parameter is:

o1 = (842 + 82 + 28,6012 = [(8.42)2 + (7.36)% + 2(4.42)(1.59)]1/2
dr=11.79 (Eq. 31)

The regression equation containing an indicator, i.e., Eq. 28, can be
transformed to:

!
8 X2 _ 9195(514 — 8.68)2 + 0.2188(3;, — 5.95)2

+0.6139(15 — 4.81)(61p — 3.20) — 3.13 — 20.27] (Eq. 32)
Equation 32 suggests that 854 = 8.68, 8o = 5.95, 89, = 4.81, 09, = 3.20, and
&1 = 11.90 for benzoic acid. The total solubility parameter, o, for benzoic
acid obtained from Eqgs. 30 and 32 compares satisfactorily with the value
(11.5) given in the literature (15).

For naphthalene, Eq. 29 can also be changed to:

I
208 %2 _ 0.5713(31q — 10.51)2 — 0.09517(5yp — 1.78)2

+ 0.1673(614 + 2.88)(61 — 0.55) — 0.24 (Eq. 33)

Although Eq. 29 yields satisfactory solubilities for naphthalene, it is
observed that 02, has been given the wreng sign in Eq. 33. If the sign is
disregarded, 624 = 10.51, 895 = 1.78, 82, = 2.88, and gy, = 0.55, and the
total solubility parameter is equal to 10,81. This value may be compared
with 3 = 9.64 for naphthalene as found in the literature (1). Since 02, has
the wrong sign, however, the values must be rejected. Additional study
is needed to determine why on occassion the regression procedure assigns
the wrong sign to a parameter. The fault is not necessarily in the proce-
dure, since Hansen’s original plotting method has also been known to
assign a negative value to a solute parameter—presumably because the
center of maximum interaction lies closer to an axis than the radius of
the circle of uncertainty (10-12).

Partial Solubility Parameters and Molecular Interactions—The
magnitude of the solubility parameters of Table 1 should be noted as they
relate to each class of solvents. The alcohols (numbers 29-42) like the
carboxylic acids (numbers 48-50) show strong proton-donor, or acid, and
moderately strong proton-acceptor, or basic, character. The glycols
(numbers 43-47) have very high proton-donor qualities (5,). Dimethyl
sulfoxide and pyridine (numbers 51 and 52, respectively) and the dialk-
ylamides (numbers 55-58) are predominantly proton acceptors as re-
flected in their 6,-values. Dimethyl sulfoxide has a large d,-value, as do
formamide and methylformamide. Dioxane and aniline (numbers 25 and
26, respectively) are moderately strong Lewis bases (dp); aniline is also
dipolar (6,). Ethylene dichloride and ethylidene chloride (numbers 10
and 11, respectively) show significant dipolarity by way of their ,-values,
almost equal to that of acetone (number 24) and acetophenone (number
28). Methyl alcohol, (number 31), often considered to have solvent
properties unlike the other alcohols, exhibits a relatively large 0p-value.
The ethers (numbers 16-18) are not dipolar, are weak Lewis acids (low
da-values), and show good proton-acceptor or basic (6p) character. The
esters (numbers 19-22) show moderate dipolarity (3y). The moderate
Lewis acid character of the esters, as reflected in their 8,-values, is
somewhat surprising. It is interesting to note the large Lewis acid (J4)-
characteristics of ethylene bromide and ethylidene bromide (numbers
14 and 15).

A comparison of the partial solubility parameters of solvents and so-
lutes provides an estimate of the molecular interactions between these
species, particularly where high solubility results are found in Fig. 2. The
partial solubility parameters for benzoic acid (Eq. 32) are 6q = 8.68, &
= 5.95, 6, = 4.81, and &, = 3.20. The solvents that dissolve benzoic acid
to the greatest extent are dimethyl sulfoxide, pyridine, N,N-dimethyl-
formamide, and N,N-dimethylacetamide. They have relatively large basic
parameters, 8y, favoring interaction with benzoic acid, which has an acidic
parameter, 8, = 4.8. Formamide has a large basic parameter, o, = 7.6, and
should interact strongly with benzoic acid to produce significant solu-
bility. The solubility is low (Table IV, Fig. 1) because formamide also has
a large acidic parameter, 8, = 5.7 and tends to self-associate.

The partial solubility parameters of the solvents in Table I must be
taken as tentative at this time; some will no doubt change as the work on
solubility theory progresses. For now, these parameters lend a rough
quantitative measure and a quasi-theoretical basis to the molecular forces
involved in solvent-solvent and solvent-solute interactions.

CONCLUSIONS

This paper represents the second test of the extended Hansen solubility
approach and the UNIFAC method. In an earlier study (1) the solubility
of naphthalene in 24 solvents at 40°C was predicted satisfactorily by these
two methods, UNIFAC being favored because it required no initial sol-
ubility data for regression as needed for the extended Hansen approach.
It was recognized, however, that naphthalene was a poor model of a drug
molecule.

In the present work, benzoic acid as well as naphthalene solubilities
were studied in a wide range of solvents using UNIFAC and the extended
Hansen solubility parameter approach. UNIFAC was less satisfactory
for benzoic acid than the extended Hansen procedure, only 47% of the
solubility results showing <30% error. (From solubility studies conducted
in these laboratories, 30% was taken as a criterion of maximum allowable
deviation from observed solubility.) Sixty percent of the solubilities were
predicted by the Hansen approach (within 30% error of observed results).
Apparently UNIFAC cannot satisfactorily reproduce the solubility results
for more polar solutes like benzoic acid and its analogues; however, the
interaction energy parameters for groups such as NHz and COOR are not
currently found in the UNIFAC tables, and the application of UNIFAC
to polar systems must await development of new parameters. The Hansen
approach is also deficient, probably because its third solubility parameter,
On, cannot be expected to reflect both the electron-donor and electron-
acceptor characteristics of complex organic drug molecules. An expanded
four-parameter system was developed in this study, involving 84, 6, and
both an electron-donor () and electron-acceptor (6,) parameter. These
new parameters were obtained as described and are listed in Table I for
59 solvents commonly used in pharmaceutical and industrial technology.
Representative solvents were included from a number of classes: aliphatic
and aromatic hydrocarbons, halogenated derivatives, ethers, esters, ke-
tones, alcohols, glycols, acids, amides, and water. The four partial pa-
rameters of Table I are seen to describe the nonpolar, dipolar, and proton-
or electron-transfer characteristics of each solvent.

Solubilities of naphthalene and benzoic acid were estimated using an
expanded version of the Hansen equation with four, rather than three,
solubility parameters. The success of the benzoic acid solubility corre-
lations was increased by use of the new four-parameter system, 63% of
the solubilities being predicted using four parameters as contrasted to
60% with three parameters. The strongly dipolar solvents (numbers 51,
52, and 54-58) were still not well represented with the four-parameter
system. They were satisfactorily handled, however, when an indicator
variable, I, was added to account for their irregular behavior.

The final equation involved separate parameters for weak dispersion
forces, dipolar character, electron-donor and -acceptor effects, and a fifth
“dummy” parameter or indicator variable for the strongly solvating
amides and dimethyl sulfoxide. This expression, Eq. 28, successfully
predicted benzoic acid solubilities for nearly three-fourths of the solvent
systems. Cyclohexane (—87.3% error), ethylene chloride (—141.2% error),
diethyl ether (—41.6% error), butyl acetate (31.1% error), nitrobenzene
(—48.5% error), benzyl alcohol (—68.6% error), methy! alcohol (52.4%
error), formamide (55.8% error), and N,N-dimethylacetamide (—40.0%
error) produced errors larger than the accepted 30%. Only three were far
above the 50% error range, and this is quite encouraging. For naphthalene,
use of the four-parameter equation did not improve the accuracy over
the three-parameter system. Only 3 of 26 solvents showed errors of >30%
of the observed solubility whether the three- or the four-parameter ap-
proach was used.

Using the three-parameter system and triangular plots, the action of
solvents on benzoic acid (82 = 11.5), p-hydroxybenzoic acid (62 = 15), and
methyl p-hydroxybenzoate (82 = 12) was graphically demonstrated.
Solvents of intermediate polarity (as measured by the three partial sol-
ubility parameters ég, 0p,, and 0p), and belonging to various classes, suc-
cessfully dissolved benzoic acid (Fig. 2A). p-Hydroxybenzoic acid was
predominantly soluble in the alcohols and the dipolar amides (Fig. 2B);
methyl p-hydroxybenzoate (Fig. 2C) was soluble in alcohols, esters, and
the dipolar amide solvents. These triangular figures provide a particularly
illuminating picture of the solubility of a drug in various groups of sol-
vents, based on a three-parameter solubility classification. They also
provide a means to calculate partial solubility parameters of drugs and
other solid solutes. In a similar scheme, Snyder (27) has classified solvents
into nine types on a triangular grid. The solubilities of p-hydroxybenzoic
acid and methyl p-hydroxybenzoate are studied in some detail in the
following report (25).

Benzoic acid, p-hydroxybenzoic acid, and methyl p-hydroxybenzoate
appear to serve well as drug prototypes. The current study indicates the
measure of success that can be expected with semiempirical approaches
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to solubility theory at this stage of development. The four partial solu-
bility parameters for solvents, particularly the new acid (3,) and base (5;,)
terms, should find use in the pharmaceutical sciences as well as in in-
dustrial technology. The multiple regression and triangular plot methods
of estimating partial solubility parameters for solutes are promising steps
toward characterizing the polar and nonpolar properties of drugs and
related biochemicals. The partial solubility parameters of Table I are
tentative and no doubt will be changed somewhat as dictated by addi-
tional findings.
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Abstract O The recently introduced four-parameter extended Hansen
approach was used to study the solubility of p-hydroxybenzoic acid and
methyl p-hydroxybenzoate in 32 and 35 individual solvents, respectively.
The results are compared with those for benzoic acid in 40 solvents.
Seventeen of the thirty-two or 53% of the calculated solubilities of p-
hydroxybenzoic acid were within the established solubility criterion (i.e.,
<30% error from the experimental value). Twenty-two of thirty-six or
61% of the calculated solubility values for methyl p-hydroxybenzoate
met the solubility criterion. Experimental excess free energies of solution
for p-hydroxybenzoic acid and methyl p-hydroxybenzoate were plotted
against theoretical values using the expanded four-parameter solubility
regression equations. From such results, adjustments may be made in
the partial solubility parameters to bring the calculated solubilities in
line with experimental results. Multiple regression analyses were used
to estimate the total solubility parameter and the four partial solubility
parameters of the two benzoic acid derivatives. Satisfactory results were
obtained for methyl p-hydroxybenzoate, but poor agreement was found
for p-hydroxybenzoic acid for the total parameter when compared with

the Fedors group contribution method. Both the multiple regression and
group contribution methods may yield inaccurate solubility parameters
for relatively polar solid solutes. Factor analysis was used to test the
adequacy of three- and four-parameter approaches in the evaluation of
drug solubility. A principal factor method without iteration and or-
thogonal factor rotation were used to compare the two expanded solu-
bility parameter approaches. Factor analysis showed that four solubility
parameters were significantly more independent and presumably more
satisfactory than three parameters.

Keyphrases 0O Solubility parameters, expanded—individual solvents,
four-parameter extended Hansen approach, p-hydroxybenzoic acid,
methyl p-hydroxybenzoate O Extended Hansen approach—solubility
of p-hydroxybenzoic acid and methyl p-hydroxybenzoate in individual
solvents, four-parameter system O Benzoic acid derivatives—p-hy-
droxybenzoic acid, methyl p-hydroxybenzoate, use as model drugs, sol-
ubility in individual solvents, four-parameter extended Hansen ap-
proach

The solubility of a number of drugs in mixtures of two
solvents has been analyzed with the extended Hildebrand
solubility approach (1, 2). Subsequently, the solubility of
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naphthalene and benzoic acid in individual solvents was
studied using the Hansen three-parameter solubility ap-
proach (3, 4) and a new four-parameter solubility system
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