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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Table I—Calculated Solubilities of Methyl p-Hydroxybenzoates in Individual Solvents at 25°C

Equation 7
X1 X1 )

No. Solvent vV, §4 6p 5, by (Obs.) (Cale.) Residual Error, %

1 Pentane 116.1 7.1 0.0 0.0 0.0 0.000063 0.000009 0.000054 85.7

2 Hexane 131.6 7.3 0.0 0.0 0.0 0.000077 0.000028 0.000049 63.6

3 Heptane 147.5 7.5 0.0 0.0 0.0 0.000083 0.000074 0.000009 10.8

4 Nonane 179.7 7.7 0.0 0.0 0.0 0.000106 0.000176 —0.000070 —66.0

5 Decane 195.9 7.7 0.0 0.0 0.0 0.000121 0.000176 —0.000055 —45.5
16 Diethyl ether 104.8 7.1 1.4 0.5 6.3 0.0840 0.0749 0.0091 10.8
17 Dipropf'l ether 139.4 7.3 1.1 0.4 5.0 0.0314 0.0409 —0.00956 —30.3
18 Dibutyl ether 170.4 7.6 0.8 0.3 3.9 0.0268 0.0326 —0.0058 —21.6
19 Ethyl acetate 98.5 7.4 2.6 5.3 1.9 0.1270 0.0862 0.0408 321
20 Propyl acetate 115.7 7.7 2.1 3.6 1.5 0.1366 0.1639 —0.0273 —20.0
21 Butyl acetate 132.6 7.7 1.8 2.8 1.7 0.1326 0.0828 0.0538 39.4
22 Hexyl acetate 164.5 7.8 1.5 1.9 2.2 0.1164 0.0848 0.0316 27.1
31 Methy! alcohol 40.7 7.4 6.0 8.4 7.1 0.1254 0.1155 0.0099 7.9
32 Ethyl alcohol 58.7 7.7 4.3 8.3 5.5 0.1495 0.1745 —0.0250 —16.7
33 Propyl alcohol 75.1 7.8 3.3 7.5 4.8 0.1486 0.1745 —0.0259 —17.4
35 Butyl alcohol 92.0 7.8 2.8 6.4 4.6 0.1484 0.1743 —0.0259 —-17.5
39 1-Pentanol 108.6 7.8 2.2 5.4 4.3 0.1528 0.1284 0.0244 20.0
40 1-Hexanol 125.2 8.0 2.1 5.7 3.5 0.1477 0.1694 —0.0217 —14.7
41 1-Heptanol 141.9 8.1 2.0 5.3 3.4 0.1483 0.2013 —0.0530 —35.7
42 1-Octanol 158.4 8.3 1.6 5.2 3.2 0.1381 0.1605 —0.0224 —16.2
43 Ethylene Glycol 55.9 8.3 5.4 17.9 4.4 0.0480 0.0304 0.0176 36.7
44 1,2-Propanediol 73.7 8.2 4.6 14.1 4.6 0.0941 0.0818 0.0123 13.1
45 1,3-Propanediol 72.5 8.1 5.3 10.9 7.4 0.0766 0.0560 0.0206 26.9
46 Glycerol 73.2 8.5 5.9 20.0 5.1 0.0064 0.0021 0.0043 67.2
47 1,4-Butanediol 88.6 8.2 8.1 18.2 3.7 0.1202 0.1438 —0.0236 —19.6
48 Acetic acid 57.6 7.1 3.9 7.0 3.1 0.0532 0.0820 —0.0288 —54.1
49 Propionic acid 75.0 7.2 3.8 6.0 3.0 0.0386 0.1436 —0.1050 —272.0
51 Dimethyl sulfoxide 71.3 9.0 - 8.0 2.2 5.7 0.5839 0.4965 0.0874 15.0
52 Pyridine 80.9 9.3 4.3 1.4 3.2 0.3243 0.4752 —0.1509 —46.5
53 Formamide 39.9 8.4 12.8 5.7 7.6 0.0765 0.1118 —0.0353 —46.1
54 N-Methylformamide 59.1 8.4 10.1 4.8 3.9 0.2981 0.3770 —0.0789 —26.5
55 N,N-Dimethylformamide 77.4 8.5 6.7 3.4 4.4 0.4605 0.4836 —0.0231 —5.0
56 N,N-Diethylformamide 112.0 8.2 5.6 2.7 3.4 0.4907 0.5346 —0.0439 —8.9
57 N,N-Dimethylacetamide 93.0 8.2 5.6 2.9 4.3 0.5418 0.5020 0.0398 7.3
58 N,N-Diethylacetamide 126.6 8.2 4.1 2.1 3.2 0.5299 0.5223 0.0076 1.4
59 Water 18.1 7.6 7.8 6.7 32.0 0.00027 0.00041 —0.00014 —51.9

4Solute properties: 82 =12.1, mp 399.65 K, V2= 117.5 cm?/mol, X} = 0.0988, log X§ = —1.005.

(4). The present study is an attempt to use the four-pa-
rameter method to reproduce the solubilities of two solid
organic compounds, p-hydroxybenzoic acid and methyl
p-hydroxybenzoate, which serve as models of drug mole-
cules.

The substituted aromatic groups and flexible chains of
drug molecules, exhibiting dipolar forces, hydrogen
bonding, steric interferences, and ionic charges, make the
prediction of solubility in drug research and development
a formidable task. The results obtained with benzoic acid
in the preceding paper (4) demonstrate the most satis-
factory results that have been obtained in this laboratory
for drug-like molecules by regression analysis and by the
universal functional group activity coefficient (UNIFAC)
procedure (5). The correlation found here between ex-
perimental data and a four-parameter equation can serve
as a benchmark—a goal to be superseded in predicting the
solubility of drugs in general. As in the previous paper (4)
all solvents are “neat” or individual. The methods used
here and the conclusions reached are not generally appli-
cable to the binary solvent systems discussed earlier (1,
2).

EXPERIMENTAL

Methyl p-hydroxybenzoate USP! was used as obtained. p-Hydroxy-
benzoic acid? was recrystallized from aqueous alcohol (6) and dried at

105°C. Melting points measured by a hot-stage method3 are 485.85°K
and 399.65°K for p-hydroxybenzoic acid and methyl p-hydroxybenzoate,
respectively. Heats of fusions of p-hydroxybenzoic acid and methyl p-
hydroxybenzoate obtained by differential scanning calorimetry# are 7510
and 5400 cal/mol (7), respectively. The solvents were spectrophotometric
grade, ACS grade or redistilled before use. The mole fraction solubilities
X2 of p-hydroxybenzoic acid and methyl p-hydroxybenzoate at 25°C
were determined as described in the preceding paper (4).

RESULTS AND DISCUSSION

The solubilities of methyl p-hydroxybenzoate and p-hydroxybenzoic
acid at 25°C are found in Tables I and II and in Fig. 1. The properties of
the solutes are included in the footnotes of Tables I and II; solvent molar
volumes and partial solubility parameters are also listed. Sources and
methods of obtaining partial solubility parameters, 84, 0p, 0a, and 0y, were
described in the preceding paper (4). Briefly, 64 and d, are the dispersion
and dipolar solubility parameters of Hansen and Beerbower (8); 61, a basic
parameter, was obtained using the expression:

V128, = 60.168 + 2.45 (Eq. 1)

where V| is the molar volume of the solvent and § is a basicity parameter
provided by Kamlet et al. (9). Since 8,2 = 28,6, it is possible to obtain
d8a, an acid parameter, once dy, is calculated from Eq. 1. The term, d, is
called a hydrogen bonding parameter (4) though it includes all transfer
energies.

As in earlier papers of this series, the mole fraction solubilities (X2)
of the two drug prototypes, methyl p-hydroxybenzoate and p-hydroxy-
benzoic acid, are plotted (Fig. 1) as a function of the total solvent solu-
bility parameter, ;. Shown in the graphs are the ideal mole fraction
solubility line (X ) for the solute and the regular solution curve, calcu-
lated using the Hildebrand equation (1). The observed solubilities are

1 Tenneco Chemical Inc., Piscataway, NJ 08854,
2 Matheson, Coleman and Bell, Norwood, OH 45212.

3 Digital Melting Point Analyzer, Model 335, Fisher Scientitic Co.
4 Perkin-Elmer DSC Model 1B, Norwalk, CT.
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Table II—Calculated Solubilities of p-Hydroxybenzoic Acid¢ in Individual Solvents at 25°C

Equation 8
X, X,

No. Solvents vV, dq 6p 8, Sy (Obs.) (Cale.) Residual Error, %
7 Benzene 89.4 9.0 0.5 0.7 0.7 0.000033 0.000012 0.000021 63.6
8 Toluene 106.9 8.8 0.7 0.8 0.6 0.000029 0.000027 0.000002 6.9

10 Ethylene dichloride 79.4 9.8 3.6 2.0 1.0 0.00011 0.00534 -0.00523 —4755.
12 Chloroform 80.8 8.7 1.5 3.0 1.3 0.00015 0.00322 —0.00307 —2047.
16 Diethyl ether 104.8 7.1 1.4 0.5 6.3 0.0521 0.1132 —0.0611 —117.
19 Ethyl acetate 98.5 7.4 2.6 5.3 1.9 0.0737 0.0438 0.0299 40.6

21 Butyl acetate 132.6 7.7 1.8 2.8 1.7 0.0574 0.0048 0.0526 91.6

24 Acetone 74.0 7.6 5.1 2.4 2.4 0.1185 0.1186 —0.0001 —0.1

25 Dioxane 85.7 9.3 0.9 1.0 6.5 0.0844 0.0939 —0.0095 —11.3

28 Acetophenone 117.4 9.6 4.2 1.1 1.5 0.0223 0.0029 0.0194 87.0

29 Benzyl alcohol 103.9 9.0 3.1 5.9 3.8 0.0784 0.1241 —0.0457 —58.3

31 Methyl aleohol 40.7 7.4 6.0 8.4 7.1 0.1142 0.0590 0.05652 48.3

32 Ethyl aleohol 58.7 7.7 4.3 8.3 5.5 0.1213 0.1077 0.0136 11.2

33 Propyl alcohol 75.1 7.8 3.3 7.5 4.8 0.1084 0.1156 —0.0072 —0.6

34 Isopropyl alcohol 76.9 7.7 3.0 7.1 4.5 0.1297 0.1011 0.0286 22.1

35 Butyl alcohol 92.0 7.8 2.8 6.4 4.6 0.1154 0.1094 0.0060 5.2

36 Isobutyl alcohol 92.4 7.4 2.8 6.0 5.1 0.0901 0.0660 0.0241 26.7

39 1-Pentanol 108.6 7.8 2.2 5.4 4.3 0.1145 0.0767 0.0378 33.0

40 1-Hexanol 125.2 8.0 2.1 5.7 3.5 0.1121 0.0815 0.0306 27.3

42 1-Octanol 158.4 8.3 1.6 5.2 3.2 0.1032 0.0445 0.0587 56.9

43 Ethylene glycol 55.9 8.3 5.4 17.9 4.4 0.1132 0.1343 —0.0211 —18.6

44 1,2-Propanediol 73.7 8.2 4.6 14.1 4.6 0.1308 0.1318 —0.0010 —0.8

46 Glycerol 73.2 8.5 5.9 20.0 5.1 0.0301 0.0225 0.0076 25.2

48 Acetic acid 57.6 7.1 3.9 7.0 3.1 0.0444 0.0826 —0.0382 —86.0

49 Propionic acid 75.0 7.2 3.8 6.0 3.0 0.0347 0.0919 —0.0572 —164.8

51 Dimethyl sulfoxide 71.3 9.0 8.0 2.2 5.7 0.3674 0.2769 0.0905 24.6

52 Pyridine 80.9 9.3 4.3 1.4 3.2 0.1044 0.0867 0.0177 17.0

53 Formamide 39.9 8.4 12.8 5.7 7.6 0.0341 0.0331 0.0010 2.9

54 N-Methylformamide 59.1 8.4 10.1 4.8 3.9 0.1025 0.1647 —0.0622 —60.7

55 N,N-Dimethylformamide 77.4 8.5 6.7 3.4 4.4 0.2137 0.2625 —0.0488 —22.8

57 N,N-Dimethylacetamide 93.0 8.2 5.6 2.9 4.3 0.2354 0.2782 —0.0428 —18.2

59 Water, pH 2.0 18.1 7.6 7.8 6.7 32.0 0.00060 0.00104 —0.00044 —73.3

@ Solute properties: §,=15.3, mp 485.85 K, ¥V, = 94.3 cm3/mol, X{ =0.00747, logX‘; =-2.,1267.

plotted as filled circles and the predicted solubilities, obtained using Eq.
2 (below), are plotted as stars.

In the prior study (4), the solubilities of naphthalene and benzoic acid
were found to lie on or near the regular solution line. In Fig. 1A most of
the experimental points for methyl p-hydroxybenzoate fall near X,* and
the regular solution line, but points 51, 52, and 54-58 (for the solute in
strongly dipolar solvents) lie far above X¢f and the regular solution line.
In Fig. 1B, no relationship exists between p-hydroxybenzoic acid solu-
bility points and the dashed regular solution line. p-Hydroxybenzoic acid
is a relatively polar compound (32 = 15.3), and its solubility profile cannot
be approximated by regular solution theory. However, it is possible with
a four-parameter system to predict the solubilities of such a polar solute
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in polar (and nonpolar) solvents within a reasonable degree of accuracy
(4). The results obtained here are not highly satisfactory, but adjustment
of parameters and consideration of average molecular orientations in
specific solute-solvent interactions may lead to improvements.

Estimation of Solubilities Using Four Partial Solubility Pa-
rameters—The solubility of a crystalline solid in a number of solvents
can be expressed as (4):

log ay

= C1(d1g ~ 824)% + Cald1p — 02p)?
+ 2C3(815 — 024)(01n = B2p) + Co  (Eq. 2)
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Figure 1—Solubility profile of methyl p-hydroxybenzoate (A) and p-hydroxybenzoic acid (B) in individual solvents at 25°.C. See Table.s: [—.IH
for solvent numbers. Key: (- -) regular solution curve; (—) ideal solubility line, Xof = 0.0988 (A) and 0.00747 (B) (@) experimental solubilities;

(%) solubilities calculated using Eq. 7(A) or Eq. 8(B).
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Table III—Excess Free Energies of Benzoic Acid and Its Derivatives In Individual Solvents at 25°C

Benzoic Acid

Methyl p-Hydroxybenzoate p-Hydroxybenzoic Acid

AGE,, AGE,., Residual, AGE,, AGY,., Residual, AGY,  AGE,., Residual,

No Solvent cal/mol cal/mol cal/mol cal/mol cal/mol cal/mol cal/mol ecal/mol cal/mol

1 Pentane 2157 1992 165 4359 5512 —1153 — - -

2 Hexane 1875 1863 12 4240 4839 —599 — — —

3 Heptane 17562 1747 5 4196 4264 —68 - - -

4 Nonane 1641 1654 —13 4051 3750 301 — - -

5 Decane 1589 1654 —65 3972 3750 222 — — -

6 Cyclohexane 1833 1461 372 - — — — — —

7 Benzene 701 1397 —696 - - — 3212 3812 —600

8 Toluene 664 871 —213 - — — 3289 3331 —42

9 Chlorobenzene 569 642 —73 — — — - - —
10 Ethylene dichloride 696 175 521 - - - 2499 199 2300
12 Chloroform 330 226 104 - - — 2335 499 1836
13 Carbon tetrachloride 898 1093 —195 — — — — - —
16 Diethyl ether 120 —86 206 96 164 —68 —1150 —1610 460
17 Digroprl ether — — - 679 522 157 — — -
18 Dibutyl ether — — — 773 657 116 — — —
19 Ethyl acetate 184 171 13 —149 81 —230 —1356 —1048 —308
20 Propyl acetate — — — ~192 —300 108 — - —
21 Butyl acetate 167 387 —220 —174 105 —279 —1208 262 —1470
22 Hexyl acetate — — — —97 91 —188 - - -
24 Acetone 114 38 76 - — - —1637 —1638 1
25 Dioxane —140 —194 54 — — — —1436 —1500 64
27 Nitrobenzene 545 311 234 — - - - - —
28 Acetophenone 107 250 —143 - — — —648 561 —1209
29 Benzyl alcohol 264 —45 309 — — — —1393 —1665 272
31 Methyl alcohol 191 630 —439 —141 —93 —48 —1616 —1224 —392
32 Ethyl alcohol 136 276 —140 —245 —337 92 —1651 —1581 —70
33 Propyl alcohol 135 170 —35 —242 —337 95 —1585 —1623 38
34 Isopropyl alcohol 89 168 —79 - - — —1691 —1543 —148
35 Butyl alcohol 65 137 —72 —241 —336 95 —1622 —1590 —32
36 Isobuty! alcohol 231 292 —-61 - — — —1475 —-1291 —184
39 1-Pentanol 210 142 68 —258 —155 —103 —1617 —1380 —237
40 1-Hexanol 99 91 8 —238 —319 81 —1605 —1416 —189
41 1-Heptanol — — — —241 —422 181 — — -
42 1-Octanol 74 102 —28 —198 —287 89 —1556 —1057 —499
43 Ethylene glycol 554 494 60 428 698 —270 —1610 —1712 102
44 1,2-Propanediol — - — 29 112 —83 —1696 —1700 4
45 1,3-Propanediol — — — 151 336 —185 — - —
46 Glycerol 1552 1440 112 1621 2282 —661 —826 —653 —-173
47 1,4-Butanediol — — — —116 —222 106 — — —
48 Acetic acid 175 164 11 367 110 257 —1056 —1424 368
49 Propionic acid 104 148 44 557 —222 779 —910 —1487 5717
51 Dimethyl sulfoxide —485 —465 ~—20 —1053 —956 —97 —2308 —2140 —168
52 Pyridine —513 —460 —53 —704 —930 226 —1562 —1452 —110
53 Formamide 231 714 —483 152 —73 225 —900 —882 —18
54 N-Methylformamide —249 —379 130 —162 —793 631 —1552 —1833 281
55 N,N-Dimethylformamide —462 —468 6 —912 —941 29 —1987 —2109 122
56 N,N-Diethylformamide — — — —949 —1000 51 — — -
57 N,N-Dimethylacetamide —501 —502 1 —1008 —963 —45 —2044 —2143 99
58 N,N-Diethylacetamide — — — —995 —986 —9 — - -
59 Water 3656 3420 236 3497 3249 248 1494 1168 326

where 84, 8p, 84, and dy, have previously been defined and Co, Cy, C2, and
(5 are the coefficients obtained as a result of multiple regression analysis.
Log az is the logarithm of the solute activity coefficient, where:

g = X2‘/X2 (Eq. 3)
and
Vady?
- E . 4
A = T 303RT (Eq. 4)

where V' is the molar volume of the solute, considered as a hypothetical
supercooled liquid at the temperature of the solution. The molar volume
of methyl p-hydroxybenzoate and p-hydroxybenzoic acid are 117.5 and
94.3 cm®/mol, respectively, which are obtained as the average of apparent
molar volume in the solutions (10) and by the group contribution method
of Fedors (11). The solvent volume fraction, ¢;, and R and T have their
usual meanings.
The ideal solubility, X, of the solute can be approximated by:
log Xyt = Alln’ ( L 1)
82 TS 303R\T, T
where AH [ is the heat of fusion of the solute, R is the gas constant, T,
and T are melting points of the solute and solution temperatures, re-
spectively, in degrees Kelvin,
Once A is calculated, one can use the regression equation (Eq. 2) to

(Eq. 5)

calculate a9, and knowing X for the solute, X, is obtained from Eq. 3.
To obtain the A value, however, requires a value of the volume fraction :
of the solvent, ¢,; but, ¢, depends on the value of X 2, the quantity sought.
This difficulty can be overcome by simple iteration (3), or in a more
satisfactory way by use of a root-finding method, as provided in the In-
ternational Mathematical and Statistical Library (IMSL) (12) and de-
scribed in the preceding paper (4).

The solubility of a solute, such as methy! p-hydroxybenzoate, in a
solvent with known parameters can be calculated by expanding Eq. 2,
recognizing that the partial solubility parameters for a particular solute
are constants. Then:

'—"%"1 = Do+ D161a% + Dodra + Dydip2 + Dedip

+ Ds61a01b + Debia + D61y (Eq. 6)

where Dy is a constant of regression and D,~D7 are regression coefficients

associated with the partial solubility parameters. The regression equation

was obtained by use of a multiple regression program (13) for methyl

p-hydroxybenzoate in 36 solvents at 25°C and was found to be:

1 ,

% = 7341842 ~ 133.4814 + 1.1380,,2 — 16.570,p
+ 0.90326,,011, — 0.66058,, — 4.2316;, + 623.85

n=236,s =1061,r? = 0.87, F = 27.3, F(7,28,0.01) = 3.36 (Eq.7)
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Figure 2—Relationship between excess free energies of mixing of benzoic acid (A), methyl p-hydroxybenzoate (B), and p-hydroxybenzoic acid
(C) derived from measured (Eq. 9) and calculated (Eq. 10 for benzoic acid) solubilities at 25°C. The line is drawn with unit slope and zero intercept.

See Tables I-III for solvent numbers.

The estimated solubilities of methyl p-hydroxybenzoate obtained from
Eq. 7 are listed in Table I. The (log a3)/A values fall within a standard
deviation of +£10.61. The coefficient of determination, 2, which gives the
fraction of the variance in the dependent variable that is explained by
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the regression equation, is 0.87. Therefore 87% of the solubility results
(variances) are predicted by Eq. 7. As observed, the calculated F ratio
(27.3) is significantly larger than the table value (3.36).

All statistical parameters, therefore, indicate that the relationship is



Table IV—Correlation Coefficients of Solubility Parametersa

Three-Parameter System

84 dp 8n
Sa 1.000
Sp 0.076 1.000
6n —0.183 0.623 1.000
Four-Parameter System
(Sd 6p 63 Bb
84 1.000
op 0.076 1.000
da —0.083 0.439 1.000
ob —0.143 0.468 0.252 1.000

4n = 59 for each system,

significant. Yet the most meaningful test is how close the calculated
solubilities approach observed values. In previous work (3) an error of
<30% from observed solubility was accepted as reasonable. A study of
Table I shows that 22 of 36 or 61% of the predicted solubility values meet
this criterion. The results are plotted in Fig. 1A where the calculated
solubilities for methyl p-hydroxybenzoate (stars) are attached by dotted
lines to the experimental points (filled circles).

Using the four-parameter system, the regression equation obtained
for p-hydroxybenzoic acid at 25°C in 32 solvents was:

log as

= 10.658,4% ~ 177.0814 + 1.04061,2 — 14.735,,

+2.0720,4011 — 8.1076;, — 12.088y, + 790.82
n =325 =1093,r2=0.81, F = 14.6, F(7,24,0.01) = 3.50 (Eq. 8)

The calculated solubilities for p-hydroxybenzoic acid are shown in Table
11 and plotted in Fig. 1B. It is observed that 17 of the 32 results or 53%
are within 30% of the observed solubility values. These are the best results
that can be expected at this stage of the research for these highly irregular
solutions. As shown in the preceding paper, both of these solutes show
bimodal interactions (cf. Figs. 3 and 4 of Ref. 4), and that may be a major
cause for perturbation of the single-peak models implied by Egs. 6-8.

Thermodynamics of Irregular Solutions—Scatchard (14) suggested
that nonideal behavior of a solute in solution could be expressed as an
“excess free energy” of mixing:

AGE = RT In (X41/X0) (Eq. 9)

The excess free energies of methyl p-hydroxybenzoate and p-hydroxy-

benzoic acid in solution at 25°C were obtained from Eq. 9 and are listed
in Table I1I as experimental values. The AG"m, values for benzoic acid,
the solubility of which was reported earlier (4), were also included. The
calculated results, AG¥ ., are obtained from a rearrangement of the
four-parameter regression equation, which for benzoic acid (4) is:

ACEcpe = Va2 cale(2.125014% — 36.9081q + 0.21885,,2

~ 2.60361p + 0.61396,,011 — 1.9660,,

— 295561, + 174.25 — 20.27]) (Eq. 10)
The AGE.qc along with E”pr and the residuals for methyl p-hydrox-
ybenzoate and p-hydroxybenzoic acid at 25°C are listed in Table III. The
previously reported (4) values for benzoic acid are included for compar-

ison. The results for benzoic acid demonstrate that most of the calculated
excess free energies, AGE .. are within 500 cal/mol of the experimental

Table V—Factor Matrix Obtained from Principal Factor
Without Iteration

Three-Parameter System

Factor 1 Factor 2 Factor 3
ba —0.158 0.976 0.1561
dp 0.880 0.280 —0.383
On 0.913 —0.101 0.396

Four-Parameter System

Factor 1 Factor 2 Factor 3 Factor 4
da —0.132 0.972 0.080 0.180
ép 0.833 0.273 0.072 —0.476
ba 0.718 0.020 —0.650 0.248
op 0.749 —0.152 0.558 0.324

Table VI—Varimax Rotated Factor Matrix for Three and
Four Solubility Parameters

Three-Parameter System

Factor 1 Factor 2 Factor 3
b4 0.995 0.048 —0.092
Sp 0.062 0.941 0.333
on —0.114 0.340 0.934

Four-Parameter System

Factor 1 Factor 2 Factor 3 Factor 4
da 0.995 0.048 —0.042 0.072
dp 0.058 0.941 0.227 0.243
ba 0.046 0.208 0.972 0.103
Sb 0.080 0.227 0.105 0.965

values, except for two solvents, benzene (~696 cal/mol) and ethylene
dichloride (521 cal/mol).

The estimated excess free energies are less satisfactory for the two
benzoic acid derivatives. For methyl p-hydroxybenzoate, 5 of 36 calcu-
lated excess free energies have errors >500 cal/mol relative to the ob-
served values. For p-hydroxybenzoic acid, 6 of 32 calculated excess free
energies are >500 cal/mol in error.

The observed free energies AG! Fexp are plotted (horizontal axis) versus
AGE, . (vertical axis) for benzoic acid, methyl p- -hydroxybenzoate, and
p-hydroxybenzoic acid in Fig. 2A-C. The straight lines plotted on these
three graphs are drawn with slopes of unity and pass through the origin.
The vertical distance of each point from the line is a measure of the re-
siduals of Table I1l and gives an indication of the adjustment that must
be made in the four parameters of the predicting equations. From the
difference of excess free energies between the observed and estimated
values, one can calculate the error in calories per mole caused by one unit
difference in a solvent solubility parameter. With methyl p-hydroxy-
benzoate in glycerol, for example, 8y, was changed from 5.1 to 6.1 and 8,
was correspondingly adjusted from 20.0 to 16. 8 (to keep or, the same) while
holding the other values constant. The AG E.aic value obtained by this
adjustment became 2070 cal/mol. Comparing this value with the original
AGE 41 value (2282 cal/mol) demonstrates that an increase of one unit
in &y, decreased the predicted excess free energy by 212 cal/mol. This
example suggests the changes in partial solubility parameters that are
required to obtain more exact solubilities.

Estimating the Partial Solubility Parameters of the Solute—As
reported earlier (4), the regression equation for a specific solute in a
number of solvents can be used to estimate the partial solubility pa-
rameters of the solute. For methyl p-hydroxybenzoate, Eq. 7 can be
rearranged to:

log ay

= 7.341(0y4 — 9.09) + 1.138(8,,, — 7.28)2
+ 0.9032(6,, ~ 4.68)(61, — 0.73) — 45.59 (Eq. 11)

Comparing Eq. 11 with Eq. 2 shows that 624 = 9.09, 6., = 7.28, 82, = 4.68,
and 6, = 0.73 for methyl p-hydroxybenzoate. The total solubility pa-
rameter 61 can be calculated by summing the squares of these partial
values and taking the square root of the sum:

dap? = og® + (521,2 + 269409 = (9.09)2 + (7.28)2

+ 2(4.6810.73) b1 = 11.94 (Eq. 12)

This value compares satisfactorily with the value, 12.1, reported elsewhere
(7).

The partial solubility parameters of p-hydroxybenzoic acid can be
obtained by transforming Eq. 8 to the following:

108 @2 _ 1 0,65(8,4 — 8.31)2 + 1.04(81, — 7.08)?

+ 2.072(614 — 5.83) (83, — 3.91) — 44.06 (Eq. 13)
It is seen from Eq. 13 that dug = 8.31, b2, = 7.08, 02, = 5.83, 6o, = 3.91, and
dor = 12,84 for p-hydroxybenzoic acid. The total solubility parameter
for p-hydroxybenzoic acid calculated by Fedors (11) group contribution
(15.3) and the value (dor = 12.84) obtained by regression show poor
agreement. Undoubtedly, there are faults in both methods. Fedors’
procedure, while generally accurate, tends to overestimate 7 for aro-
matics.

Factor Analysis for Three- and Four-Parameter Solubility
Systems— Factor analysis (15) offers the possibility of analyzing the
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Figure 3—Relative positions of 8, and 8, (four-parameter system, O)
to that of [Factors 3 and 4] in comparison with the relative positions
of 6p and by, (three-parameter system, ®) to that of [Factors 2 and 3].
Note that the open point 8, is closer to the [Factor 3] axis than closed
point bp is to its [Factor 2] axis. Also, the open point by is closer to its
axis [Factor 4] than is the closed point oy to its [Factor 3] axis.

independencies (noncorrelations) between the independent variables
in regression equations. It can be used to test whether the three- or the
four-parameter solubility approach forms a better set of variables. In
multiple linear regression it is assumed that all the independent variables
are mutually independent. In this study, the factor analysis program was
obtained from SPSS (13) and was run on the University of Texas Cyber
System. The three- and four-parameter systems are listed in Table I of
the preceding paper (4); most of the data can also be found in Tables I
and II. Table IV lists the correlation coefficients of these solubility pa-
rameter systems. As can be seen in Table IV, 84 is almost uncorrelated
with the other partial solubility parameters in both systems. For these
solubility parameters, 6, and 0, are moderately correlated, with the
correlation coefficient equal to 0.623 (2 = 0.388). This condition is un-
desirable, for it indicates that the variables are not independent of one
another. For the expanded four-parameter solubility system, the corre-
lation coefficient of 6, and 8, is 0.439 and that of 6, and 6y, is 0.468 which
are a little high, but are satisfactory in the present study (r2 <0.22 in both
cases). The correlation coefficient between 6, and 6y, is 0.252, which
represents only slight correlation (r2 = 0.06); therefore, these variables
are independent of each other, a most desirable characteristic for multiple
regression.

Table V lists the factor matrix obtained using the principal factor
method without iteration (13). It can be seen from Table V that 4, and
8y, are heavily loaded on Factor 1 and 4, is loaded on Factor 2. Factor 3
does not contribute much in the three-parameter system. For the ex-
panded four-parameter solubility system, 04 is loaded on Factor 2, i, is
loaded on Factor 1, but also slightly loaded on Factor 4; 6, and 9}, are
loaded on Factor 1 and Factor 3. The unrotated factors in Table V shows
that four solubility parameters form a better system of independent
variables than three solubility parameters.

Orthogonal factor rotation (13) was also used to compare these two
systems of variables. Varimax-type rotation (13) was carried out by as-
suming the partial solubility parameters to be mutually independent.
The procedure attempts to force independent variables to be loaded on
different Factors and heavily on one Factor only. The results are found
in Table V1. For the three-parameter system, d4 is completely loaded on
Factor 1, but 8, and &y, are less successful in loading on Factors 2 and 3,
respectively.

For the four-parameter system, d4, 0, and 8y, are heavily loaded on
Factors 1, 3, and 4, respectively; dp, is less satisfactory in loading on Factor
2. The relative position of 8, and dy, to that of Factor 3 and Factor 4 for
the four-parameter system was plotted in Fig. 3 in comparison with the
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relative position of 6, and 0y, to that of Factor 2 and Factor 3 for the
three-parameter system. It can be concluded that four solubility pa-
rameters are more independent than the quantities in the three-pa-
rameter solubility system. This is a desirable feature of the four-pa-
rameter system.

CONCLUSIONS

The UNIFAC (5) program which had been used earlier in computing
solubilities of naphthalene (3) and benzoic acid (4) in individual solvents
was not used in this study due to lack of parameters for interaction
energies of phenolic —OH/—COOH groups in the data bank of the
UNIFAC program.

The regression equation for predicting the solubility of a solute can
be cast into the proposed model (Eq. 2) to get partial and total solubility
parameters of the solute. The total solubility parameters obtained by this
method are close to the values reported elsewhere for benzoic acid and
methyl p-hydroxybenzoate. For p-hydroxybenzoic acid the total solu-
bility parameter, 12.84, obtained from Eq. 13 is different from the value,
15.3, calculated by Fedors’ (11) method.

The magnitude of the constant terms in Egs. 11 and 13, namely —45.59
and —44.06, suggest that four solubility parameters are still not sufficient
to explain all interactions between solute and solvent for the two solutes,
methyl p-hydroxybenzoate and p-hydroxybenzoic acid, as compared with
naphthalene and benzoic acid, whose simpler structures result in constant
terms closer to zero (—0.24 and 3.13, respectively) in the transformed
regression equations (4). On the other hand, this constant is not merely
a catch-all for errors as in most regressions, but contains the entropies
of mixing due to disparities in volume and shape between solvent and
solute. Therefore, reducing the constant value to zero is not a realistic
goal.
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