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Quantitative structure-activity relationships have been studied for the aqueous solubility 
of 42 halogenated benzenes (HBs) at 25°C. Multiple regression correlations of aqueous 
mole fraction solubility (X) with molecular size descriptors (total molecular surface area, 
total group surface area, molecular volume or molecular weight), melting point tempera- 
ture (MP) and a combined molecular symmetry and structure descriptor (R.Molecular 
size descriptor) are reported. A generalized correlation takes the form of 

log X = a. + a, (Molecular size descriptor)” + a2 (MP - 25)  
+ a3 (R . Molecular size descriptor) 

in which 1 < n I 2, ai refers to the ith regression coefficient and R is a molecular 
redundancy index. These correlations enable the aqueous solubility to be estimated from 
melting point temperature and structural information. The best correlation found, from 
the standpoint of reduced standard deviation and calculational simplicity, does not 
contain a melting point term (az = 0). Agreement between observed and estimated 
solubilities is quite good. More importantly, the correlations did provide very reasonable 
predictions for the 7 fluorobenzenes which were measured as part of this investigation, 
but not included in the regression analysis. The correlations may also be useful in 
screening experimental solubility for which serious discrepancies exist in the literature. 

INTRODUCTION 

Recently several workers have addressed the problem of correlating 
and predicting the solubilities of pol ycyclic aromatic hydrocarbons 
(PAHs), halogenated benzenes (HBs), polychlorobiphenyls (PCBs) and 
other nonelectrolytes in aqueous medial-’ ’. Development of a model 
which provides a semi-quantitative means of predicting the solubility of 
a given aromatic hydrocarbon is of particular importance considering 
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the well documented carcinogenic activity of this class of compounds. 
Our initial study' involving 25 polycyclic aromatic hydrocarbons 
documented thirty multiple regression correlations between aqueous 
mole fraction solubility ( X )  and molecular size descriptor (molecular 
surface area, molecular volume or molecular weight), melting point 
temperature (MP), and molecular symmetry and structure descriptor 
( R  . id). A general correlation takes the form of 

log X = a,  + a ,  (Molecular size descriptor) 
+ a2 ( M P  - 25) + ( R  . r d )  

in which ai refers to the ith regression coefficient, R is a molecular 
redundancy index and rd is the summation of interatomic distance 
within a molecule. These correlations enabled estimation of aqueous 
PAH solubility to within a factor of two in most cases employing only 
melting point temperatures and structural information for input data. 
More importantly, the correlations did provide very reasonable predic- 
tions for 10 PAHs not included in the original regression analysis. 

Successful prediction of PAH solubilities suggests that the genera- 
lized correlation expression may be applicable to subsets of substituted 
aromatic hydrocarbons, with minor modifications needed to take into 
account the chemical nature of the substituent atoms or fragment 
molecular groups. To pursue this idea further, we extend our earlier 
considerations to include halogenated benzenes. This class of com- 
pounds was selected primarily because (1) the configurational arrange- 
ment of individual atoms within a molecule is fixed by the planar rigid 
structure (2) various structural isomers provide the opportunity to 
study the aqueous solubility as a function of molecular symmetry and 
(3) the substituent groups (which in this case are the halogen atoms) are 
nonpolar in nature and interactions between the dissolved solute and 
surrounding water molecules should not involve hydrogen bonding. 
Furthermore, experimental solubilities are available for 35 different 
HBs in the literature. The published data set unfortunately contains 
only four fluorobenzenes and a limited number of "mixed" halogenated 
benzenes. For this reason we have determined experimental solubilities 
for an additional seven fluorobenzenes and results from these measure- 
ments are used to test the predictive ability of our newly-derived 
correlations. 

MATERIALS A N D  METHODS 

1 -Fluoro-4-iodo benzene, 1 -chloro-3-fluoro benzene, 1 -chloro-2-fluoro- 
benzene, l-bromo-2-fluorobenzene, l-bromo-3-fluorobenzene, 1,2,3,5- 
tetrafluorobenzene, and 1,2,4,5-tetrafluorobenzene were used as re- 
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ceived from commercial sources without further purification. Triply 
distilled water and the various solutes were placed in amber glass 
bottles and allowed to equilibrate in a constant temperature shaker 
bath at 25.00 f 0.05”C for several days. Aliquots of the equilibrated 
solutions were transferred into a tared volumetric flask and then diluted 
quantitatively with methanol. Concentrations were determined spec- 
trophotometrically in the UV region. 

Mole fraction solubilities at  25°C for the remaining 35 halogenated 
benzenes considered in this study were obtained from the literature”. 
Total molecular surface areas (TSA) and total halogen surface areas 
(TSAX) were computed using the program SAREA”. Van der Waals 
molecular volumes (V,) computed by the program MOLVI3, which 
uses an iterative summation of discrete increments within the confines 
of a given molecular unit. As it was desired to compare the viability of 
each descriptor, atomic coordinates used as input for TSA, TSAX and 
V, calculations were derived, whenever possible, from x-ray or neutron 
diffraction ~tudies’”’~. Van der Waals radii employed in both surface 
and volume calculations were 1.70 A for carbon, 1.20 A for hydrogen, 
1.80 A for chlorine, 1.35 A for fluorine, 1.95 A for bromine and 2.15 A 
for iodine. 

As in an earlier paper’, we compute the molecular redundancy index 
( R )  from the following formula 

R =  Cf= ni log ni 
N log N 

where ni is the number of atoms in the ith atom set, i is the number of 
different atom sets, and N = ni is the total number of atoms in the 
molecule. Considering as an example the 1 -fluoro-Ciodobenzene mole- 
cule (Figure l), the summation extends over the four types of non- 
equivalent carbon atoms (Ca, C,, C,, CF), the fluorine atom, the iodine 
atom, and the two types of non-equivalent hydrogen atoms (Ha, H B ) .  

R = (rice log nc. + vcs 1% ncs + nc, 1% nc, + ncF log ncF + n~ log n~ 
+ nF log nF + nH, log nHa + nHs log nH#)/(12 log 12) 

= (2log2 + 2 log2  + 1 log 1 + 1 log 1 + 1 log 1 + 1 log 1 
+ 2 log 2 + 2 log 2)/( 12 log 12) 

= 0.1860 

We also consider as part of this QSAR study, the molecular size 
discriptor based on the summation of interatomic distances, rd .  For a 
molecule composed of j atoms, r d  is computed via 

rd = 1 1 ‘ij 
i j > i  
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Figure 1 Decomposition of the 1-fluoro-4-iodobenzene molecule into sets of topologi- 
cally equivalent atoms (Ca, C,, C,,  C,, H , .  H , .  F, I) and their multiplicities. 

in which r i j  is the interatomic distances between any two atoms in the 
structure. Such a descriptor was found to be particularly useful in 
distinguishing structural isomers in our earlier paper dealing with the 
correlation and estimation of aqueous solubilities of polycyclic 
aromatic hydrocarbons. 

Following the computation and tabulation of the molecular and 
thermodynamic input data (listed in Table 1 )  multiple regression 
analysis was performed using the program HANSCH3X2’. In this 
study the logarithm of aqueous solubility (log X )  was examined in 
relation to various calculated molecular size descriptors, including the 
molecular weight (MW), TSA, TSAX, V, and r d .  Additional terms 
considered included the thermodynamic (M P-25) and symmetry ( R )  
correction terms along with various geometric combinations of the 
symmetry and molecular size descriptors. Regression equations were 
limited to contain no more than four terms. 

RESULTS AND DISCUSSION 

Correlations (Eqs 1-34) exhibiting significant statistical merit are 
presented in Table 2. The criteria employed in the decision to report a 
given correlation expression were: first the equations reported were 
required to exhibit favorable standard deviation(s) and correlation 
coefficients and second that the 95 percent confidence interval of the 
individual regression coefficients could not be inordinately large with 
respect to the coefficients themselves. In many instances the regression 
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statistics could be favourably affected by augmentation of the data set 
to include more compounds. However, in the interests of evaluating the 
effectiveness of the molecular and thermodynamic descriptors as pre- 
dictive tools we elected to determine regression coefficients based on 
only 28 of the HBs appearing in Table 1. These linear and multilinear 
correlations were in turn utilized to predict the solubilities of the 
remaining 14 compounds. Comparisons between the experimental and 
calculated values are listed in the last two columns of Table 1 for Eqs 18 
and 31. For the majority of compounds agreement between experimen- 
tal and predicted solubility is quite good; and in all instances well 
within one order of magnitude and, in most instances, differing by no 
more than a factor of two. Furthermore, the experimental uncertainty 
and reproducibility associated with solubility measurements of slightly 
soluble compounds is comparable in magnitude to the standard 
deviations of many of our correlations. For example, the experimental 
values of Miller et al." for several chlorobenzenes differ from those 
used in this study by as much as a factor of 3 or 0.477 when expressed as 
log X .  The solubility data set of Miller et aI." was not included in the 
regression analysis because we hoped to eliminate discrepancies in 
experimental conditions as much as possible by taking solubility data 
from a single laboratory. Out of curiosity, however, we did rerun the 
regression analysis using both sets of solubility data and the second set 
of correlations was nearly identical to the ones presented in Table 2. 

Examination of Table 2 reveals that the better two parameter 
correlations combine the melting point contribution with either the 
molecular surface area 

log X = 1.04 - 4.10(TSA) - .0.0101(MP-25) (Eq. 12) 
s = 0.151 r2 = 0.991 F(2,25) = 1424 

log X = - 1.81 - 1.45(TSA)' - 0.00805(MP-25) (Eq. 17) 
s = 0.134 r2 = 0.993 F(2,25) = 1806 

or molecular volume descriptor. 

log X = -0.01 - 42.6(Vw) - 0.0103(MP-25) (Eq. 22) 
s = 0.141 r2 = 0.992 F(2,25) = 1614 

log X = -2.39 - 185(Vw)2 - 0.00833(MP-25) (Eq. 27) 
s = 0.157 r2 = 0.991 F(2,25) = 1304 

An interesting discovery which was not originally anticipated based on 
our earlier studies' is the dissimilar results obtained for molecular 
weight correlations. Molecular surface area (Eq. 12) and molecular 
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SOLUBILITIES OF HALOGENATED BENZENES 289 

volume (Eq. 22) correlations are comparable in predictive accuracy 
with standard deviations of 0.151 and 0,141, respectively, and both are 
far superior to the corresponding 2 parameter molecular weight expres- 
sion (Eq. 2) which has a standard deviation of 0.534. 

Molecular weight correlations could be significantly improved by 
introducing a second molecular size descriptor 

log X = -2.99 - 0.00290(MW) - 0.00940(MP-25) - 2.21(TSAX) 
(Eq. 3) 

s = 0.147 rz = 0.992 F(3,24) = 1000 

Despite the reduced standard deviation, the usefullness of Eq. 3 must be 
questioned since comparable, and in many cases better, predictions can 
be made with either of the three term molecular surface area or 
molecular volume correlations given in Table 2. In addition, computa- 
tional time is not saved as Eq. 3 requires that the halogen group 
molecular surface area be calculated. Similarly, standard deviations for 
the three parameter molecular surface area and molecular volume 
correlations are in general lower than their two parameter counter- 
parts. Reduced standard deviations, however, must far outweigh the 
additional time required for calculation if the expression is to offer 
practical advantages. 

The best overall correlation we found contains three parameters. 

log X = - 1.75 - 1.44(TSA)’ - 0.00422(MP-25) - 0.883(R.TSAX) 
(Eq. 18) 

s = 0.107 rz  = 0.996 F(3,24) = 1921 

Very good predictions could still be obtained if the melting point term 
was removed. 

log X = - 1.61 - 1.49(TSA)’ - 1.59(R.TSAX) (Eq. 31) 
s = 0.131 r2 = 0.993 F(2,25) = 1891 

It is difficult based on our regressional data set to conclude if the 
removal of the melting point term is significant since only 14 out of the 
28 compounds are crystalline at 25°C. From a thermodynamic point of 
view, the melting point term is required to properly describe the 
solubility of crystalline compounds. Elimination of this term should not 
be construed as a complete departure from thermodynamics, but rather 
an attempt to predict a compound‘s melting point temperature from 
structural information, thereby replacing a2 (MP-25) in our genera- 
lized correlation expression with a linear combination of molecular 
descriptors. As shown in Table 3, there is a high correlation between 
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MP-25 and R .TSAX (squared correlation coefficient of 0.87). Predic- 
tive expressions requiring a priori knowledge of the compound’s 
melting point temperature are of no use if the required information is 
not readily available. Equation 31, on the other hand, requires only 
structural information which can be estimated, if need be, assuming a 
rigid and planar structure. 

Results from this study indicate that our generalized correlation 
expression should take the form 

log X = a, + a, (Molecular size descriptor)” + a, (MP-25) 
+ a3 ( R  . Molecular size descriptor) 

with the total group molecular surface area being another very viable 
molecular size descriptor and 1 I n 5 2. The 34 correlations listed in 
Table 2 are specific one, two, and three-parameter expressions derived 
from our generalized form. As one might surmise from this study, the 
selection of predictive expression depends, to a large extent, on the 
predictive accuracy desired and the effort that one is willing to spend. 
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