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Applkation of the Surface Area Approach to the Correlation and 
Estimation of Aqueous Solubility and Vapor Pressure. Alkyl 
Aromatic Hydrocarbons 

Gordon L. Amidon* and Shabbir T. Anlkt 
School of Pharmacy, University of Wisconsin, Madison, Wisconsin 53706 

A group surface area approach Is developed and applied 
to the estimation of the free energy changer for the 
fobwing processes: (I) pure (wpercoded) Hqukl to 
aqueous solutlon (AGIO), ( W )  pure (supercooled) liquid to 
gas (AG,O), and (Ill) gas to aqueous rdutlon (AG,'). 
The correspondkyl estimates of soluMlity (pure 
IlquWsolutlon and gsr/solutlon) and vapor presswe at 
298 K are eaolly made. The standard error of the 
estimate in the worst case (gas to solution) Is only 1.1 kJ 
mol-'. Analysis of the surface area models shows that 
the single varlaMe total surface area, TSA, can be used to 
estknate the pure (wpercooled) llqukl to aqueous sdutlon 
free energy change, AGlO,  wlth a standard error of 1.1 
kJ/mol. Thls apparent SlmpUcHy is due to compensating 
changes In AG20 and AG30. For the latter two steps a 
partltlontng of the TSA into group areas is required. 
Wlthin the context of the surface area model, thIs Is 
attributed to dgnlfkant differences in surface area 
coeffldents for the allphatlc and aromatic hydrogens. The 
particular choke of group surface area terms in the flnal 
selected model shows good addltlvlty as measured by 
appikatlon of the method to compounds not included In 
the study. 

Introduction 

The estimation of physical properties using correlating pa- 
rameters usually involves an inherent compromise between 
accuracy and ease of calculation. In previous work it has been 
shown that molecular and group surface areas can be em- 
ployed in an efficient and relatively reUabb manner to compute 
aqueous solubilities ( 7-3). In a more recent study the three 
steps in the thermodynamic cycle 

pure (supercooled) liquid - gas 
gas - aqueous solution 

pure (supercooled) liquid - aqueous solution 

were analyzed for polycyclic aromatic compounds with ex- 
cellent results (4). However, it was clearly noted that there 
were significant differences between aliphatic and polycyclic 
aromatic compounds for the various cycle steps. In this report 
we have investigated the application of the surface area ap- 
proach to alkyl aromatic compounds. The objectives of this 
study were (i) to assess the utUity of the surface area approach 
in estimating both aqueous soiubtlii (pure liquid to water and 
gas phase to water) and vapor pressures of alkyl aromatic 
compounds, (11) to develop the simplest surface area model 
consistent with reasonable accuracy, and (iii) to assess the 
additivity (or nonadditivity) of the model of alkyl aromatic com- 
pounds. 

'Resent address: InsMute of Phermaceutical Sciences, Syntex Research, 
Pab Alto, CA 94304 

Experhental Sectlon 

Meterlab. 1,441methylnaphthalene (99 % ), 2,3dimethyi- 
naphthalene (99%), 2,6dimethylnaphthalene (99 %), and 
9, IOdimethylanthracene (99%) were obtained from Aldrich 
Chemical Co. and were used without further purification. Eth- 
anol (95%, Commercial Solvents Inc.) was distilled before use. 
All water used was double distilled with final distillation from 
alkaline permanganate. 

so l i  was equilibriated In 15-mL ampules containing from 8 to 
10 mL of water by end-on-end rotation in a water bath main- 
tained at 25 O C .  The water in the ampule was deaerated by 
a stream of nitrogen before sealing. The solutions were sam- 
pled at different periods of time to check whether equilibration 
was complete. Eighteen days were required to achieve equi- 
librium. The number of days may be a function of the container 
and the method of equilibration. Samples were obtained by 
fiitratlon through a glass-wool plug on a pipet tip and were 
assayed by fluorimetric analysis. 

1,4-0hethyhpMhbne.  This is a liquid of density -1 
g/cm3. Following equilibration the ampules were centrifuged 
at 6000 rpm for 10 min in a temperature-controlled Beckman 
centrifuge. Ten minutes was sufficient time to separate the two 
phases although a fine film stiH remained at the surface. After 
centrifugation 5 mL of solution was withdrawn from the center 
of the ampule by means of a syringe, taking care not to touch 
the sides or the bottom of the ampule. The 5 mL was imme- 
diately diluted to 10 mL by rinsing the syringe with 95% ethanol 
into a volumetrlc flask. The solution was then assayed by 
measurlng the absorbance at 288.5 nm. The sample reached 
a constant value after 10 days of equilibration as described 
above. 

Spectral Methods. UV. 2,3-Dlmethylnaphthalene, 2,6-di- 
methylnaphthalene, and 1 ,edimethylnaphthalene were mea- 
sured by UV absorption on the Cary 16 spectrophotometer. 
Standard solutions were prepared In 95% ethanol. Linear 
graphs were obtained, giving molar absorptivities of 4.968 X 
lo3  (X, = 278 nm), 4.677 X lo3 (A, = 273 nm), and 6.839 
X lo3 (A, = 288.5 nm), respectively. In the case of l,4- 
dimethylnaphthalene a standard curve for solutions in 47.5% 
ethanol was also prepared for use in the solubiUty measurement 
and gave a molar absorptivity of 6.532 X lo3 (& = 288.5). 

Fkvonknetry. 9,lO-Dimethylanthracene was assayed by 
fluorimetric analysis on a Perkin-Elmer MP-4 spectrophoto- 
fluorimeter. The difficulty that arises is the preparation of the 
standard curve for aqueous solutions. However Schwarz (8) 
has shown that the quantum yield of these pdycyck aromatics 
is about the same in both water and ethanol provided the so- 
lutions are purged with nitrogen to remove all dissolved oxygen 
before taking the reading. Hence a standard curve was pre- 
pared by using 95% ethanol solutions of dimethylanthracene. 
The bX is 259 nm and A, = 402 nm. A linear graph was 
obtained for fluorescence peak height vs. concentration. 

Vapor Pnrarwes w#r Heats d Fuekn. Vapor pressures and 
heats of fusion (for solids) were determined as previously re- 
ported (4) and are ghren in Apendlx A (see paragraph at end 

SOkMty m t e n n h m m .  #, 10--yIfwithrmne. The 
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of text regarding Supplementary material). 

Method 

Additivity in physical property estimation is best achieved on 
a free energy basis. Scheme I presents the thermodynamic 
cycle used for the free energy caiculatlons 

AGlo  = -RTIn x, (1) 

AGzO = -RTIn p o  (2) 

(3) 

where x ,  is the mole fraction aqueous solute solubility, po the 
pure liquid (or cooled liquid) solute vapor pressure (in atmo- 
spheres), and k the Henry's law constant. 

For compounds that are solids at room temperature, the 
correction to the supercooled liquid must be made (2) as fol- 
lows (Scheme I): for the pure supercooled liquid to gas step 

(4) 

AG30 = -RTIn ( x , / p o )  = RTIn k 

AG2' = AG2" - AG,' 

AGIO = AG1" - AG,' 

AG,' = AHf0(Tm - T)Tm 

for the pure supercooled liquid to aqueous soiutlon step 

(5) 

where 

(6) 

AG," and AG," refer to the sold-togas and solitesoiution 
steps, respectively, AH? is the heat of fusion at the melting 
point, T,, and Tis the temperature of interest, 298 K. AG,' 
is a measure of the lattice energy of the solid (crystal), and the 
Importance of its consideration in solute-solvent interactions 
may be Illustrated by the following examples. (I) In a study of 
the effect of chain length on the solubility for a homologow 
series of compounds, the higher homologues may be solids. 
The change in solubility of the so l i  homologue may be a result 
of the additional lattice energy of the crystal rather than any 
dramatic change in its behavior toward the solvent. Correction 
for this lattice energy by AG,' then allows comparison of the 
lower liquid homologues with the higher solid homologues (5). 
(il) Anthracene and phenanthrene are isomers but have aqua 
ous solubilities differing by a factor of 100. Their activity 
coefficients in water however are very similar (6). The dlf- 
ference in solubility is almost entirely due to the difference In 
their solid-state interactions and can be accounted for by the 
above correction (4). The aqueous solubilities, heats of fusion, 
and vapor-pressure data used for this analysis are presented 
in Appendix A (supplementary material). For vapor pressures 
not reported, the free energy values, AG20 were taken directly 
from ref 7. 

From previous results of the analysis of aqueous solubilities 
using the molecular surface area approach (2, 3), the free 

1 

:3\ AROMATIC HYDROGE NJ AREA 

0 ALIPHATIC OVERLAP ALIPHATIC SURFACE 

L--; REMAINING ALlPHATi 
J AREA 

I.--- 

Flgure 1. Partitlonlng of total surface area Into group areas: ArC = 
aromatic carbon: ArH = aromatic hydrogen; AlOV = aliphatic overlap; 
and ReAL = remaining ailphatlc. 

energy change may be related to the surface area group 
contributions by the general equation: 

n 

/=1  
AGO = €lo + c B,(GSA), (7) 

where the 0,values are parameters with units of J/(moi A2), 
and (GSA), is the surface area of the ith kind of group of atoms. 
Group additMty in eq 7 is strongly dependent on atom grouping. 
For the alkyl aromatics, the total surface area may be parti- 
tioned into an aromatic surface area, which is the sum of the 
surface areas of the aromatic carbons and hydrogens, and an 
aliphatic surface area, which may be divided into an alllphatlc 
overlap and a remaining aliphatic area. The overlap area is 
defined as the area of the aliphatic carbon atom with its atta- 
ched hydrogens which is adjacent to the aromatic nucleus (4). 
The different groups of atomic surface areas are shown in 
Figure 1. 

The parameters of eq 7 were determined by regression 
analysis. The data set consisted of 5 alkanes, 14 alkyi- 
benzenes, and 5 polycyclic aromatics. All surface areas were 
calculated by the method of Hennann ( 7) using a 1.5-A solvent 
radius. Table I lists the free energy data and the surface area 
contributions for all the compounds used in the regression 
analysis. 

Results and Mscusdon 

The first step in the analysis of the solution properties of the 
alkyl aromatics is to compare the results with the aliphatic and 
aromatic hydrocarbons. Figures 2 and 3 present the free 
energy change with total surface area (TSA) of these three 
classes of compounds for the pure liquid to aqueous solution 
and gas to aqueous solution processes. Several observatbns 
may be noted: (I) the free energy change for the pure liquid to 
aqueous solution (Figure 2) process (AG,') shows good cor- 
relation with the TSA of the molecule for all three classes of 
compounds, and the alkyl aromatic and polycyclic aromatic 
compounds lie on essentiayY the same stramt line wlth a slope 
similar to that of the alkanes; (li) the correlation between the 
free energy change and TSA for the alkyl aromatics Is much 
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Table I. Free Energy (kJ/Mol) and Surface Area (A') Contributions for the Compounds Used in the Regression Anafysi@> 
compd A& ArH ArSA AlOV ReAL AlSA TSA AG,' AG,O AG3' 

81 

benzene 
toluene 
ethylbenzene 
o-xylene 
m-xylene 
p-xylene 
propyl benzene 
isopropylbenzene 
1,2,3-trimethylbenzene 
1,2,4trimethylknzene 
1,3,5-trimethylbenzene 
butylbenzene 
sec-butylbenzene 
tert-butylbenzene 
1-methyl-4-isopropyl- 

benzene 
naphthalene 
anthracene 
phenanthrene 
pyrene 
butane 
pentane 
hexane 
heptane 
octane 

85.6 
72.7 
65.5 
62.9 
59.4 
5 9.4 
65.4 
60.0 
5 3.4 
49.8 
46.3 
65.4 
59.4 
57.3 
46.9 

120.2 
154.9 
155.1 
165.5 

0.0 
0.0 
0.0 
0.0 
0.0 

170.1 
129.8 
125.5 
101.8 
90.2 
90.2 

125.5 
119.4 

73.4 
61.8 
50.2 

125.5 
123.0 
110.4 

79.4 

203.1 
236.0 
229.2 
236.0 

0.0 
0.0 
0.0 
0.0 
0.0 

255.7 
202.5 
190.9 
164.7 
149.6 
149.6 
190.9 
179.4 
126.8 
111.6 
96.5 

190.9 
182.4 
167.7 
126.3 

323.3 
390.9 
384.3 
401.5 

0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
84.0 
44.0 

145.0 
168.0 
168.0 
3 3.4 
6.9 

205.6 
229.0 
252.1 

33.4 
2.0 
0.0 

100.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 

80.3 
0.0 
0.0 
0.0 

123.1 
152.0 

0.0 
0.0 
0.0 

155.0 
183.0 
185.0 
143.0 

0.0 
0.0 
0.0 
0.0 

255.0 
287.0 
319.0 
351.0 
383.0 

0.0 
84.0 

124.7 
145.0 
168.0 
168.0 
156.5 
159.0 
205.6 
229.0 
25 2.1 
188.4 
185.0 
185.0 
243.0 

0.0 
0.0 
0.0 
0.0 

255.0 
287.0 
31 9.0 
351.0 
383.0 

255.7 
286.5 
315.6 
309.7 
317.6 
317.6 
347.4 
338.4 
332.4 
340.6 
348.6 
379.3 
367.4 
352.7 
369.3 

323.3 
390.9 
384.3 
401.5 
255.0 
287.0 
319.0 
351.0 
383.0 

19.4 
22.7 
26.1 
25.9 
26.0 
25.7 
29.0 
28.7 
28.3 
29.0 
28.3 
33.0 
31.3 
30.6 
30.5 

27.4 
34.9 
35.6 
40.0 
24.1 
28.5 
32.7 
36.0 
39.8 

5.16 
8.25 

10.9 
11.6 
11.2 
11.2 
12.6 
12.7 
14.2 
14.4 
14.1 
14.9 
15.0 
14.6 
15.4 

19.6 
36.1 
34.1 
41.4 
-2.18 

1.09 
4.10 
6.99 
9.92 

* Surface areas calculated by using a 1 . 5 4  solvent radius. For solids, the free energy changes refer to the supercooled liquid.' 

I I 

IO i 
I I 
Po 250 270 290 30 330 370 390 

TOTAL SURFACE AREc\% 

Flgwe 2. Free energy of solution vs. total surface area for aliphatic 
(A), aromatic (W), and alkyl aromatic (0) hydrocarbons. 

poorer for the gas-to-solution process (AG,'), Figure 3, and 
furthermore the aromatic and alkyl aromatic compounds do not 
lie on the same line; (iii) this suggests that the linearity observed 
for AG,' is a result of considerable free energy compensation; 
and (iv) as one might expect, the slopes of the lines for the 
n-aikylbenzenes are similar to those for the nalkanes, indi- 
cating the independence of the CHp group at greater distances 
from the aromatic nucleus. 

Perhaps the most striking observation, however, is that the 
"hydrophobic" nature of the methyl groups attached to the 
aromatic nucleus is quite different from that commonly ob- 
served for methyl groups (4). From Figure 3 and Table I it can 
be noted that all of the pdymethylbenzenes fall below the line 
for the n-alkylbenzenes (the line for the alkyl aromatic com- 
pounds in Figure 3 is drawn through the ngkyl derivatives only). 
Furthermore, in going from benzene to toluene, there is an 

14.2 
14.4 
15.2 
14.3 
14.8 
14.6 
16.5 
15.9 
14.0 
14.6 
14.2 
18.1 
16.3 
16.1 
15.1 

7.83 
-1.21 

1.51 
-1.38 

26.9 
27.4 
28.5 
29.0 
29.8 

F W O  3. Bnerg~ Of hyaatkn (step 3, WWIW I) W. totel Suface 
area for allphatic (A), arOmatlC VI, n-alkyl aromatic (O), and alkyl 
aromatlc (0) hydrocarbons. 

increase of only 209 J/mol in the free energy of solvation, 
AG30, while the surface area increases by 31 A2. As another 
example, the surface area of 1,2,3-trimethylbenzene is 77 A* 
larger than benzene, yet the solvation free energies are nearly 
the same. I f  the methyl group contribution (e.g., replacement 
of an aromatic hydrogen with a CH3 group) were slmilar to that 
for aliphatic compounds, the expected free energy increase 
would be -780 and 1900 J/mol, respectively (70). Although 
there is considerable variation in the data (Appendix A), the 
significance of tMs result is reinforced by the fact that the AGSo 
values for all of the pdymethylbenzenes are similar to that for 
benzene (Table I) despite significantly larger surface areas. 

These results Indicate that replacement of an aromatic hy- 
drogen by the much larger methyl group has little net effect on 
the free energy of solvation (AG,'). Consequently the aromatic 
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Table 11. Results of Regression Analysis for the Model AG" = 0, t 0,ArC + @,ArH + 0,AIOV t 0, ReAL + @,IQ 
process 0 0  0, 

pl +. soln -2.47 0.193 
(1.9) (0.04) 

pl +. gas -25.5 0.557 
(2.2) (0.04) 

(2.5) (0.05) 
gas --t soln 23.0 -0.360 

0 2  0 3  0, 0, r S 

0.059 0.100 0.109 -4.94 0.991 0.75 
(0.04) (0.01) (0.004) (2.1) 

-0.134 0.063 0.092 6.09 0.997 0.88 
(0.05) (0.02) (0.008) (2.47) 
0.193 0.038 0.017 11.0 0.994 1.1 

(0.05) (0.02) (0.008) (2.85) 

a Values in parentheses are standard errors; r = correlation correlation coefficient; s = standard error of regression; no. of data points = 24. 
AGO in units of kJ/mol. 

hydrogens and methyl groups adjacent to the aromatic ring 
must be treated as distinct units in any general model. 

Model for Estimating the Free Energy Changes for the 
Cycle Steps for the Alkyl Aromatics 

The simplest model other than using the total surface area 
is to partition it into aromatic (ArSA) and aliphatic (AISA) con- 
tributions and can be written as 

model 1 
AG = eo + 0,ArSA + 0,AISA + 8,Z 

This however relies on the additivity of the separate contribu- 
tions of the alkyl and aromatic portions and, on the basis of the 
above considerations, will not be a satisfactory model for cycle 
steps 2 and 3. Given the data for the polymethyl aromatic 
compounds, any model must include a term or terms to account 
for the different nature of the methyl or methylene group ad- 
jacent to the aromatic nucleus. The terms in model 1 can be 
partitioned further to give the following hierarchy of models: 

model 2 
AG = eo + 0,ArSA + 6,AIOV + 0,ReAL + e4Z 

model 3 
A G  = eo + 0,ArC + 0,ArH + 0,AISA + e4Z 

model 4 

AG = eo + 0,ArC + 0,ArH + 0,AiOV + 0,ReAL + 6,Z 
The various group areas are defined as in Figure 1. In each 
case the group areas add up to the total surface of the mole- 
cule. Z is an indicator variable and accounts for the presence 
of an aromatic group. I t  has the value of 1 for the alkyl and 
polycyclic aromatics and 0 for the alkanes and is similar to the 
IFG coefficient discussed in earlier work (3). Several other 
models were also tested incorporating dipole moments, polar- 
izabilities, and various definitions for the overlap area such as 
the sum of alkyl and attached aromatic carbon and two carbon 
contributions of the alkyl chain. These additional terms did not 
significantly improve the correlation (8). The alkanes and the 
polycyclic aromatics were included in the data set for two 
reasons: (i) we wanted to uncouple correlations between some 
of the group surface area terms, and (ii) the polycyclic aro- 
matics give a wider range of values for the free energy changes 
and hence allow extension of the model to alkyl derivatives of 
the higher aromatics such as the aikylnaphthalenes, anthra- 
cenes, and polycyciic aromatics. Of the several models studied, 
model 4 is the most satisfactory model for AG,' and AG,', 
while all of the models work well for AGlo (8). The regression 
results for model 4 are presented in Table 11. 

Pure-Llquhl SolubHity. Comparing the results for AG,' by 
using model 4 (Table 11) with model 1 

AG,' = -4.72 + 1 6ArSA + .117 iSA - 7.611 
(1.51) fb.tO4) fO.004 (0.59) 

where n = 24, r = 0.99, and s = 0.80, shows them to have 

similar overall statistics. Furthermore, the similarity of the ArSA 
and AISA coefficients in model 1 suggests a further reduced 
model 

AG1' = -6.47 + 0.122TSA - 5.941 
(1.95) (0.006) (0.57) 

where n = 24, r = 0.98, and s = 1 .1 .  Equation 8 is surprisingly 
good given its simplicity. Only one variable, TSA, (I is a clas- 
sification variable) is needed to estimate the pure liquid (or 
supercooled liquid) to aqueous solution free energy change wtth 
a standard error of 1.1 kJ/mol. Furthermore, the TSA variable 
can be roughly estimated itself by using correlations taken from 
Table I. Hence eq 8 can easily be used to qualitatkely estimate 
AG,' for aliphatic, aromatic, and alkyl aromatic compounds. 

For estimating liquid (supercooled liquid) solubility at 298 K, 
the equation 

-log x ,  = AGI0/(2.303RT) = (1.75 X 10-4)AG10 

is used. It should be noted that for soliis the AG,O contribution 
must be included (eq 6). That is 

The success of model 1 and eq 8 for AG,' is due to com- 
pensating changes in AG,' and AG,' since, as shown below, 
model 1 is not nearly as successful as model 4 for AG2' and 

Gas-Phase SolublMy. The free energy change for the gas 
phase to solution step, AG30, in Table I1 is calculated from eq 
3. The implied assumption is that Henry's law applies up to the 
aqueous solubility (4). Hence the aqueous concentration 
(solubility) at any pressure, P ,  below Po is given by 

x =  P / k  

with k being estimated from AG,'. 
For this step, model 4 is superior to model 1 ( r  = 0.994 

compared with r = 0.958, ref 8). If one assumes that the 
magnitudes of the coefficients reflect the free energy of ln- 
teraction (6AG0/A2) of a particular group with water, the 
coefficients of model 4 suggest the following: (i) the aromatic 
carbons are Intrinsically hydrophilic and (ii) the aromatic hy- 
drogens are more intrinsically hydrophobic than the aliphatic 
hydrogens. Although the ArC and ArH terms are highly corre- 
lated ( r  = 0.975), the standard errors of the coefficlents are not 
excessively large and both coefficients are significant at the 
95 % confidence level. This interpretation Is consistent with the 
observed data where replacement of an aromatic hydrogen by 
a methyl group has less of an effect on AG3' than expected 
(see above). 

A comparison of benzene and toluene Illustrates the above 
points. The changes in the surface area terms, (toluene) - 
(benzene), are -12.9, -40.3, and 84 A' for the A&, ArH, and 
AlOV terms, respectively. The corresponding contributions to 
the 6AG3' (toluene - benzene) are 4.64, -7.77, 3.17 kJ/mol, 
with a resulting 6AG3'(est) = 0.062 kJ/mol and GAG3'(exptl) 
= 0.2 kJ/mol. Thus the positive contributions resulting from a 
reduction in ArC and an Increase in AlOV are offset by a large 

AG3'. 
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Table 111. Group Surface Areas and Observed and Predicted Values of the Free Energy of Hydration for the Alkylnaphthalenes 
AG,", kJ/mol 

compd Arc ArH Alov ReAL TSA obsd pred 

naphthalene 
1-methylnaphthalene 
2-me thylnaphthalene 
2,3-dimethylnaphthalene 
2,6-dimethylnaphthalene 
1 ,&dimethylnaphthalene 
1 -ethylnaphthalene 
2-ethylnaph thalene 

120.2 
180.0 
107.4 

97.5 
94.6 
95.7 

103.6 
100.00 

203.1 
164.6 
162.7 
134.4 
122.4 
126.1 
154.0 
15 8.4 

0.0 
74.0 
84.1 

145.8 
168.0 
149.0 

38.5 
44.3 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

76.5 
80.4 

23 2.3 
347.4 
354.1 
377.6 
385.0 
370.8 
373.6 
383.1 

7.83 
7.03 
8.25 
8.12 
9.67 
6.40 
7.45 
8.5 8 

7.74 
7.70 
7.88 
8.33 
7.87 
7.49 
7.16 
9.54 

Table IV. Surface Areas (A2) and Observed and Predicted Free Energies (kJ/Mol) of Sotution for Some Polycyclic AromaticP 
AG,' 

compd AIC A H  Alov ReAL TSA obsd predC 

9,lO-dimethylanthracene 132.0 165.0 128.0 0.0 4 25 41.6 40.52 
chrysene 190.1 255.3 0.0 0.0 445.4 43.4 44.1 
l12:5,6-dibenzanthracene 224.7 288.3 0.0 0.0 513.0 45.8b 52.8 
1,2-benzpyrene 237.0 234.2 0.0 0.0 471.1 48.8 46.5 
1 ,Zbenzanthracene 189.8 262.1 0.0 0.0 451.9 44.5 44.5 
perylene 200.6 255.4 0.0 0.0 456.0 45.7 46.2 

a Experimental data in Appendix A. The observed solubility appears to be rather high. Predicted solubilities calculated by using 
model 4 .  

negative contribution from a reduced ArH term. 
The above interpretation is based entirely on surface area 

correlations. One of the limitations of this approach is that it 
does not directly account for the influence of substituents on 
the electronic changes in the molecule. This might be partic- 
ularly relevant for the aikylbenzenes where increasing methyl 
substitution increases the Lewis basicity or hydrogen bonding 
ability of the aromatic nucleus (9). The correlation coefficient 
between the A H  area and the corresponding Lewis basicity is 
-0.86, indicating that the ArH area reflects to some extent the 
Lewis basicity and the improvement in the statistics of the 
model with the inclusion of the ArH term may in part be due to 
this correlation. Hence the favorable 6AGO of solvation with 
increasing methyl substitution could also be explained as being 
a result of changes in the II character of the aromatic nudeus. 
The surface area method however cannot dtfferentlate between 
these two alternatives but has the advantage of not requiring 
experimental data in order to account for the effect. 

Vapor Pressure. For the pure liquid to gas phase process, 
model 4 is again the most appropriate. Model 1 is much less 
satisfactory with a standard error of 2.9 kJ/mol. The vapor 
pressure of the pure (supercooled) liquid is calculated from eq 
2. 

As in the previous discussion of the contributing cycle steps, 
the relative magnitudes of the coefficients may be interpreted 
in terms of the contribution of the different group surface areas 
to the free energy of vaporization. The positive coefflclent for 
the aromatic carbon area may be attributed to the strong in- 
teraction between the aromatic residues in the pure liquid 
phase. The ArH coefficient is negative and suggests a de- 
crease in the free energy of vaporization with increasing ArH 
area, while the AlOV and ReAL coefficients are positive and 
result in increasing free energies of vaporization with increasing 
group surface area. The coefficient of the ReAL term is 
identical with that for the alkanes and suggests an independ- 
ence of the methylene and aromatic group at longer chain 
lengths. A consequence of the different contributions of the 
group surface areas is the correct prediction that the poly- 
methylbenzenes have a higher free energy of vaporization 
(lower vapor pressure) compared to corresponding n-alkyi- 
benzene. Finally it may be noted that the major portion of the 
change in the free energy of solution (AG,') with increasing 
methyl substitution is largely a result of the increased interaction 
of the polymethylbenzenes in the pure liquid phase ( 70). 

Mocki pnd#ctknr. The value of the above analysis is fur- 
ther enhanced by its extension to estimating the solution 
properties of compocrnds which were not includd in the orighal 
analysis. Table 111 lists m a c e  area and observd 
and predict4 free energ&s of hyckatbn, AGaO, for napmhalene 
and some of its alkyl derivatives, where the predicted free en- 
ergies were calculated by using model 4. In most cases the 
model Is qualitatively correct In predicting the effects of the 
methyl group on the gas-phase solubility. The standard error 
of the prediction Is 0.89, which Is somewhat smaller than the 
standard error in Table 111 (1. l), Indicating no lack of fit. Thus 
in going from 1- to 2-methylnaphthalene, the solubility de- 
creases, whereas, in going from 2,3dlmethylnaphthalne to 
1 ,edimethyInaphthalene, the solubility increases as estimated. 
The agreement between observed and estimated values for 
AGIO and AGzO is also good. 

Table I V  contains compounds for which only data for AGIO 
are available. Except for 1,2:5,6dibenzanthracene, the 
agreement is very good. Thus, the surface area approach, 
combined wlth the goup area definitions employed, appears to 
be able to provide useful estimates of the solution free energy 
changes. A potential appllcatlon of this approach Is to vary 
insoluble hydrocarbon compounds for which accurate experi- 
mental data are unavailable or difficult to obtain. 

Summary 

The group surface area approach has been shown to give 
excellent estimates of the free energy changes associated with 
the following three processes (see Scheme I): (I) pure (su- 
percooled) liquid to aqueous solution (AG,'), (li) pure (super- 
cooled) liquid to gas (AGZo), and (ili) gas to aqueous solution 
(AG30). The most satisfactory model is 
AGO = €lo + &A& = B,ArH + 8,AIOV + 0,ReAL + €15Z 

where the coefficients for each equilibrium step are given in 
Table I1 and the surface area terms defined in Figure 1. The 
standard error of the estknate in the worst caae (gas to sokrtkn) 
is only 1.1 kJ/md (0.26 kcal/md). The surface area perwknins 
scheme In Figwe 1 combined relative slmpllclty with a high 
degree of additivity. The addltMty was tested through calcula- 
tions on compounds not Included In the regression analysis, 
alkylnaphthalenes and polycyclic aromatics. In both cases 
agreement was excellent, with the standard error of the pre- 



J. Che” Eng. Data 1981, 26, 33-38 33 

diction not significantly different from that for compounds used 
in the original regression analysis. 

For the pure (supercooled) liquid to aqueous solution step, 
a very simple model involving the total surface area (TSA) of 
the molecule can be used to estimate AGl0 for alkyl, aromatic, 
and alkyl aromatic hydrocarbons. The apparent success of this 
simple model for AGl0  is due to considerable free energy 
compensation since it is much less satlsfactory for AG20 and 
AG30. The failure of the simple TSA model for AG20 and 
AG30 appears to be due to a need to treat aromatic carbon 
and hydrogen atoms as distinct units. The results for 6AGSo, 
for example, suggest that the aromatic carbon is considerably 
more hydrophylic and the aromatic hydrogen considerably more 
hydrophobic than aliphatic methylene units on a per unit area 
basis. 

The group surface area approach has the advantage of 
providing all group area terms in one calculation. I t  is not 
necessary to account dlrectly for group proxlmity effects since 
these are included implicitly in the area calculation. Conse- 
quently it can be used to estimate AGl0,  AG20, and AG30 for 
compounds for which data are unavailable or difficult to obtain. 
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Isopiestic Determination of the Osmotic Coefficients of Aqueous 
Na,SO,, MgSO,, and Na2S04-MgS04 at 25 “C 

Joseph A. Rard’t and Donald 0. Mlller 
University of California, Lawrence Livermore National Laboratow, Livermore, California 94550 

The osmotic coefflclents of aqueous NazS04, MgS04, and 
an equimolal mixture of these salts have been measured 
by the lsopiestlc method at 25 O C .  The solublilties of KCI, 
Na2S04*10H20, and MgSO4*7H20 have also been 
determlned. The results are compared to other available 
activity and soiubflity data for these salts. Lead-squares 
equations were used to represent these data and to 
calculate activity coefficients of Na2S04 and MgS04. 
Discrepancies between Isopiestic and 
freezlng-polnt-depresdon measurements for moet 2-2 
electrolytes may be due to the neglect of the temperature 
dependence of the heat capaclties. 

Introductlon 

Solutions of Na2S04 and MgS04 are of geochemical interest 
because of their presence in seawater and certain other natural 
brines. In addition, Na2S04, Na2S04-1 OH20, MgS04, MgS04* 
7H20, Na2S04-MgS04*4H20, and Na2S04-MgS04-2.5H20 all 
form natural minerals, so data for their solutions are of interest 
in interpreting their dissolution behavior. 

The mutual diffusion coefficients of aqueous Na2S04 and 
MgS04 have recently been reported (7).  To convert these 
values to thermodynamic diffusion coefficients requires activii 
ty-coefficient or osmotic-coeff icient derivatives. Examination 
of the available activity data for these salts at 25 OC indicated 
discrepancies of up to several percent between the various 
studies. In addition, osmotic coefficients from the freezing- 
pointdepression and isopiestic methods are not in very good 
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agreement for MgS04 (2, 3). Since differentiation yields even 
larger uncertainties, it was char that additional accurate actMty 
measurements are required for these salts. In this report iso- 
piestic data are presented for aqueous Na2S04, MgS04, and 
their equimolal mixture. 

Experlmentai Section 

The isopiestic apparatus is the same as previously described 
(4). The measurements were performed at 25.00 1 0.005 OC 
(IPTS-68). The molecular weights used were 18.0154 g/mol 
for H&, 142.037 g/md for Na#04, 120.303 g / d  for MgS04, 
95.211 g/mol for MgC12, 74.551 g/mol for KCI, and 98.074 
g/mol for H2SO4. 

The preparatlor~ and analyses of the KCI and Hm4 isopiestic 
standards have been described elsewhere (4, 5). The Na2SO4 
and MgS04 were from the same high-purky samples used for 
the diffusion coefficient study ( 7). MalUnckrodt analytical 
reagent MgS04 and Baker Analyzed Nam4 were recrystaked 
and filtered. A sample of the MgS04 stock solution was 
evaporated to dryness and then analyzed for impultieg by uslng 
direct current arc optlcal emission spectroscopy. The knpvltles 
found were ca. 0.003% Ca, 0.001 % B, 0.0008% Si, and less 
than 0.00002% Na by weight. Other alkali and akl lne earths 
were below their detection limits. The stock solutions’ con- 
centrations were obtained with a precision of -0.01% by 
dehydration of weighed samples at 500 OC. 

The isopiestic mdailties are the average of two samples, and 
are known to at least 10.1 % (in most cases to f0.05% or 
better). Ail weights were converted to mass. The molalities 
of the solutions at isopiestic equilibrium are listed in Tables I 
and 11. Also included in Table I1 are four MgCI2 points; up to 
8 weeks were allowed for these low-concentration equillbra- 
tions. The osmotlc coefficients of the KCi and H#04 isopiestk 
standards were calculated from available equations (6, 7). The 
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