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( )A Group Contribution Sol®ation GCS model was de®eloped to calculate infinite
( `)dilution acti®ity coefficients g based on modern computational chemistry. The GCS

model results in an a®erage error of 7% in g ` for the limited number of data points
among water, n-hexane, acetonitrile and n-octanol, whereas the errors are 47% and
52% with the UNIFAC model and the modified UNIFAC model, respecti®ely. GCS
was also used to calculate infinite dilution partition coefficients, which can be used to
determine how a dilute solute partitions between two sol®ents. Solutes were examined in
three different liquid-liquid systems: waterrn-hexane, waterracetonitrile, and waterrn-

( ) ( )octanol. With GCS, the a®erage errors are 22% for 18 solutes , 18% for 14 solutes
( )and 14% for 15 solutes for these sol®ent systems, while comparable errors are 237%,

286% and 226% with UNIFAC; and 342%, 414% and 306% with modified UNI-
FAC. The GCS model is a powerful new tool to predict the octanol-water partition
coefficients.

Introduction
Ž `.Infinite dilution activity coefficients g are of great value

in both chemical and environmental engineering. If both infi-
nite dilution activity coefficients are known for a binary sys-
tem, parameters in a two-parameter activity coefficient model
can be determined and then predictions of vapor-liquid
equilibria over the entire composition range can be made.
Also, infinite dilution activity coefficients provide important
information for the design of high purity distillation and ex-
traction processes. Moreover, knowledge of infinite dilution
activity coefficients of chemical pollutants enables us to esti-

Ž .mate how they partition in the environment Sandler, 1996 .
A large amount of experimental data on infinite dilution

activity coefficients have been collected and can be found in
Žthe literature Tiegs et al., 1986; Hait et al., 1993; Kojima et

.al., 1997 . Although direct measurement is the most reliable
way to obtain infinite dilution activity coefficients, it is costly,

Žtime-consuming and, sometimes, dangerous for example,
toxic species, and high temperatures or pressures may be in-

.volved . It is therefore desirable to have a means to predict
activity coefficients at infinite dilution.

Correspondence concerning this article should be addressed to S. I. Sandler.

A variety of thermodynamic models have been proposed to
describe the dependence of the activity coefficient on the
mixture composition, molecular structure, properties of pure
substances or intermolecular interactions. Examples include

Ž .the MOSCED model Thomas and Eckert, 1984 , the SPACE
Ž . Žmodel Hait et al., 1993 , the ASOG model Derr and Deal,

. Ž .1969 , and the UNIFAC model Fredenslund et al., 1975 .
MOSCED and SPACE, derived from the regular solution

Ž .theory Hildebrand et al., 1970 , have the advantage of using
only pure substance properties such as polarizability, polar-
ity, acidity, and basicity. Their applicability is currently lim-
ited to nonaqueous systems; therefore, they are not consid-
ered in this work. Both ASOG and UNIFAC are group con-
tribution models, however the latter has received more atten-
tion as it has been constantly examined and refined with new
experimental data. The UNIFAC model was developed from
the statistical-mechanically derived UNIQUAC model
Ž .Abrams and Prausnitz, 1975; Maurer and Praunitz, 1978 . In
this model molecules are considered to be a collection of
functional groups, and the values of adjustable group-group
interaction energy parameters have been obtained by corre-
lating data for simple mixtures containing these groups.
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Efforts have been made to obtain values for the molecular
interaction parameters in the UNIQUAC model using vari-

Žous computational methods. Jonsdottir et al. 1994, 1996,´ ´
.1997 used molecular mechanics methods to find the mini-

mum energy configurations of all possible combinations of
conformers for a pair of molecules and then used Boltzmann
averaging of the energies to determine the interaction pa-

Ž .rameters. Sum and Sandler 1999 applied quantum mechani-
cal methods to calculate the pair interaction energies in a
small cluster of molecules that were then used as the interac-
tion parameters. These methods were for the calculation of
the interaction energies between two molecules, and there-
fore can be classified as a direct method.

Here we propose an indirect approach. Using the infinite
dilution activity coefficient as a bridge, we relate the two en-
ergy parameters in the UNIQUAC model to the attractive
part of the solvation free energy. The electrostatic part of
this free energy can be obtained from various continuum sol-
vation models. In the method developed by Honig and

Ž .coworkers Tannor et al., 1994; Marten et al., 1996 the elec-
trostatic interactions are determined by solving the Poisson-
Boltzmann equation with atom-centered charges obtained
from fitting to the quantum-mechanically calculated solute
charge distribution. In the Polarizable Continuum Model
Ž . ŽPCM of Tomasi and his colleagues Miertus et al., 1981;ˇ

.Cossi et al., 1996 the Poisson equation is solved in terms of
virtual charges appearing at the solutersolvent boundary, and
the solute charge distribution is obtained from quantum me-
chanical calculations. Rather than solving the Poisson equa-
tion exactly, Cramer and Truhlar use the generalized Born
equation to approximate the electrostatic interactions and

Ž . Ždevelop the Solvation Model SM Giesen et al., 1996;
.Chambers et al., 1996; Hawkins et al., 1998 . Klamt treats the

solvent as a conductor, which results in a simpler boundary
condition for the Poisson equation, and establishes the Con-

Ž . Žductor-like-Screening Model COSMO Klamt, 1995; Klamt
.et al., 1998 . Despite the different accuracies and efficiencies,

the quantum mechanical calculations in these models is lim-
ited to the computation of the electrostatic interactions. Re-

Ž .cent work of Amovilli and Mennucci 1997 includes nonelec-
trostatic interactions, that is, dispersion and repulsion, in
PCM and no empirical or fitting parameters are needed. We,
therefore, adopt this last approach for the solvation calcula-
tion, and this leads to the development of our simple-to-use

Ž .Group Contribution Solvation GCS model. In this way we
take advantage of recent advances in quantum mechanical
solvation calculational methods to determine the UNIQUAC
parameters, and then make accurate predictions of the infi-
nite dilution activity and partition coefficients.

Theory
Acti©ity coefficient from sol©ation energy

The activity coefficient is used to describe the change in
value of the chemical potential of a species in a mixture of
mole fractions x from that as a pure component as follows

m T , P , x sm0 T , P q kT ln x g T , P , x 1Ž . Ž . Ž . Ž .1 1 1 1

Ž .Ben-Naim 1978 related the chemical potential of a species

to the work required to add one molecule into the system,
and derived the following expression for chemical potential

m T , P , x smU T , P , x q kT ln r L3 2Ž . Ž . Ž .1 1 1 1

with

N h3
1 3r s and L s1 1 3r2V 2p m kTŽ .1

where mU, called pseudochemical potential, is the chemical1
potential of species 1 at a fixed position in the fluid; N is1
the number of molecules of species 1; V is the volume of the
mixture; and m is the mass of molecule 1. Equation 2 states1
that the free energy required to insert one molecule of species

Ž .1 into a system m is the free energy of adding that molecule1
Ž U.at a fixed point m plus the energy of molecular motion1

Ž 3 .and entropy that the molecule acquires kT ln r L after it1 1
is released.

Ž .The solvation process, as defined by Ben-Naim 1987 , is
the process of transferring one molecule from a fixed posi-
tion in an ideal gas phase to a fixed position in the fluid
phase at constant temperature and pressure. The Gibbs free
energy of solvation of species 1 in a fluid then is

D gUsol T , P , x smU T , P , x ymU , IG T , P 3Ž . Ž . Ž . Ž .1 1 1

Combining Eqs. 1 to 3, the activity coefficient of species 1
can be expressed in terms of the solvation energies of species
1 in mixture and in its pure liquid, and the ratio of the num-
ber densities as follows

kT ln x g T , P , x sm T , P , x ym0 T , PŽ . Ž . Ž .1 1 1 1

smU T , P , x q kT ln r L3 ymU T , P y kT ln r 0L3Ž . Ž .1 1 1 1 1 1

r1U Usm T , P , x ym T , P q kT lnŽ . Ž .1 1 0r1

U U , IG U U , IGs m T , P , x ym T , P y m T , P ym T , PŽ . Ž . Ž . Ž .1 1 1 1

r1 U , sol U sol, 0q kT ln sD g T , P , x yD g T , PŽ . Ž .1 10r1

r1
q kT ln 4Ž .0r1

Considering the limiting case that x ™0 in a binary system,1
Eq. 4 becomes

r 0
2U sol, ` U sol, 0`kT ln g sD g yD g q kT ln1 1 1 0r1

r 0
2U Usol solsD g yD g q kT ln 5Ž .1r2 1r1 0r1

Ž . 0where we have used the relation r x ™0 s x r and sub-1 1 1 2
script 1rj to represent the property of solute 1 in pure solvent
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j. Equation 5 is based on a single molecule; for convenience,
we change to a molar basis by multiplying by Avogadro’s
number.

r 0
2U U` sol solRT ln g sDG yDG q RT ln 6Ž .1 1r2 1r1 0r1

This is the fundamental equation that allows the calculation
of g ` from the solvation energies.

Sol©ation energy
The solvation process can be decomposed into two steps:

first, the charges on the solute are turned off and the remain-
ing hard particle is inserted into the solvent. This is equiva-
lent to creating a cavity of the necessary volume in the sol-
vent. Secondly, after the solute is embedded in the solvent,
charges are turned on. In the first step, the free energy change
is a result of the repulsive interactions between the solute
and the solvent and is called the cavity formation free energy
DGU cav. In the second step, the free energy change is a result
of attractive interactions and is referred to as the charging
free energy DGU chg. The rotational and vibrational motions
of the solute may also change when it is transferred from an
ideal gas to a solution. However, the corresponding free en-
ergy change usually has a negligible effect on the total solva-
tion energy, except for large molecules. Therefore, the change
of molecular motions upon solvation has been neglected in
our study and we have

DGU sol sDGU cavqDGU chg 7Ž .

In this work the charging free energy is evaluated by the
ŽEHCD method effective Hamiltonian methods that use a

. Žcontinuum distribution of the solvent Tomasi and Persico,
.1994 . In such continuum models, the solvent is considered to

be a dielectric medium without any internal structure. The
ˆtotal Hamiltonian of the system H is the sum of the Hamilto-

ˆŽ0.nian of the solute in vacuum H , and a perturbation term1
V̂ accounting for the interaction between the solute andint
the continuum solvent

ˆ ˆŽ0. ˆHs H qV 8Ž .1 int

Solving the following Schrodinger equations¨

ˆŽ0. Ž0. Ž0. Ž0.H C s E C 9Ž .1 1 1 1

Ĥ Cs EC 10Ž .

we obtain the energies and wave functions for both the solute
Ž Ž0. Ž0.. Ž .in vacuum E and C and in solution E and C . The1 1

interaction energy D E between the solute and the solventint
is thus

Ž0. ˆ Ž0. ˆŽ0. Ž0.² < < : ² < < :D E s Ey E s C H C y C H C 11Ž .int 1 1 1 1

Ž² < . Ž <:.where the definition of the notation bra and ket can

Žbe found in quantum chemistry textbooks Szabo and Ostlund,
.1989 .

ŽUsing the concept of the charging process Langlet et al.,
.1988; Kirkwood, 1968 , we can convert D E to a free energyint

change as follows. Let l be a charging parameter with ls0
corresponding to the charges on the solute turned off, and
ls1 corresponding to the charges fully turned on. By inte-
grating the interaction energy from ls0 to ls1, the charg-
ing free energy is obtained

ls1U chgDG s D E l dl 12Ž . Ž .H1r2 int
ls 0

To carry out the integration in Eq. 12 we need to know the
ˆinteraction potential V . Formulations for the four compo-int

ˆ Žnents of V electrostatic, induction, dispersion and repul-int
. Ž . Ž .sion are given by Tomasi and Persico 1994 , Amovilli 1994 ,

Ž .and Amovilli and Mennucci 1997 ; and will not be repro-
duced here.

For the cavity formation free energy, we have developed a
new model based on UNIQUAC to take into account the
molecular shape effect and solvent-solvent interactions. The
derivation is tedious but straightforward and is presented in
the Appendix. Briefly, we combined Eq. 6 with the expres-
sion from UNIQUAC, and by varying the charges on the
solute and the solvent, we are able to separate the charging
free energy from the other two free energy contributions in
the UNIQUAC model. The results we obtained are

DGU chg
1r2

s q t yt ylnt qlnt 13Ž .Ž .1 2 12 21 1RT

DGU cav 0r kT1r2 2`s ln g comb q q 1yt ylnt yln 14Ž . Ž .Ž .1r2 1 2 1 vapRT P1

where

u yu ui j j j ii
t sexp y ; t sexp ;i j i ž /ž /RT RT

RT ln g ` combŽ .1r2

r z q r z r r1 1 2 1 1
s ln q q ln q q y q q 1y1 2 1ž / ž /r 2 q r 2 r r2 2 1 2 2

is the combinatorial part of RT ln g ` in the UNIQUAC
model; r and q are the UNIQUAC volume and surface areai i
parameters for species i; z is the coordination number, usu-
ally taken to be 10; u is the average interaction energy be-i j
tween species i and species j; P vap is the vapor pressure ofi
species i at temperature T. Further, t can be calculated fromi
the following equation

DGU chg
1r1

s q t y1qlnt 15Ž .Ž .1 1 1RT

The two UNIQUAC energy parameters t and t are im-12 21
plicit variables in Eq. 13. Together with a similar equation for

U chg Ž .DG see Eq. A27 in the Appendix , we can solve these2r1
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two equations for t and t .12 21
Combining Eqs. 6, 7, 13, and 14, we have the new Group

Ž . `Contribution Solvation GCS model for the calculation of g

RT ln g ` s RT ln g ` comb q RTq t ytŽ . Ž .1r2 1r2 1 1 2

q DGU chg yDGU chg 16Ž .Ž .1r2 1r1

The infinite dilution partition coefficient, g ` rg ` , can be1r2 1r3
calculated from the following equation

g ` g ` combŽ .1r2 1r2
RT ln s RT ln q RTq t ytŽ .1 3 2` `g g combŽ .1r3 1r3

q DGU chg yDGU chg 17Ž .Ž .1r2 1r3

Computational procedure
The quantum chemistry package General Atomic and

Ž . ŽMolecular Electronic Structure System GAMESS Schmidt
.et al., 1993 was used to calculate the charging free energy.

The procedure of obtaining necessary parameters for calcu-
lating g ` is described below.
Ž .1 The equilibrium structure of the solute in the vacuum

is obtained by performing a geometry optimization using the
Ž . Ž . ŽHartree Fock HF method with DZPsp df basis set Double

Ž . ŽZeta basis set with polarization functions DZP Hunzinaga,
.1965; Dunning, 1970 plus one set of diffuse and polarization

functions with exponents of one-third of the most diffuse DZP
.set . The same geometry is used in subsequent solvation cal-

Ž .culations without further optimization. The DZPsp df basis
set was chosen, because it is conventionally used in this type

Žof calculations Amovilli and McWeeny, 1990; Amovilli, 1994;
.Amovilli and Mennucci, 1997; Mennucci et al., 1998 and our

preliminary studies showed that its performance on solvation
energy is comparable to a much larger basis set, such as 6-31

Ž . Ž .qqG 3d,3p or 6-311qqG 3d,3p .
Ž .2 The solvation calculation is then carried out using the

Ž . ŽHF method at the same DZPsp df level. PCM Miertus etˇ
.al., 1981; Cossi et al., 1996 was used for the electrostatic and

induction contributions, and the method of Amovilli and
Ž .Mennucci 1997 was used for the dispersion and repulsion

contributions. The shape of the solute molecule embedded in
the homogeneous dielectric solvent was described by fused
spheres centered on the solute nuclei. The radii of the spheres
used were the van der Waals radii of the atoms multiplied by
a scale factor a , listed in Table 1 and discussed in detail

Žlater. The physical properties of the solvent dielectric con-
.stant, ionization potential, refractive index, and density were

obtained from the CRC Handbook of Chemistry and Physics
Ž .Lide, 1995 .
Ž .3 The molecular structure parameters r and q were ob-

Ž .tained using the method that Abrams and Prausnitz 1975
proposed for the UNIQUAC model; however, we used their

Ž .values for water r s0.92, q s1.40 , which were deter-w w
mined from data regression. The volume and surface area of
a molecule were calculated using the optimized geometry
from step 1 and the van der Waals radius for each atom.
These values were then normalized using the van der Waals
volume and surface area of a standard segment, 15.17

cm3rmol and 2.5=109 cm2rmol, respectively, to yield

van der Waals volume
r s 315.17 cm rmol

van der Waals surface area
qs 9 22.5=10 cm rmol

In continuum models, such as PCM, a scale factor is used
to account for the fact that the dielectric of the first solvation
layer around a molecule or a group is different from that in

Ž .the bulk solution Tomasi and Persico, 1994 . Hence, instead
of directly using van der Waals radii, the radii of the fused
spheres are multiplied by the scale factors in EHCD calcula-
tions. Previously, it was found that various contributions to
the solvation energy require different scale factors. For the
electrostatic and induction contributions, a s1.2 was recom-

Žmended Miertus et al., 1981; Tomasi and Persico, 1994; Cossiˇ
.et al., 1996 ; and a s1.6 was suggested for the dispersion

Žand repulsion contributions Amovilli, 1994; Amovilli and
. Ž .Mennucci, 1997 . Amovilli and Mennucci 1997 adapted their

method so that the same scale factor a s1.2 can be used for
all energy contributions.

Conventionally, the same scale factor was assigned to all
types of atoms regardless of their chemical environment, for
example, carbonyl oxygen, hydroxyl oxygen, carbonyl carbon
and hydroxyl hydrogen all had the same value of a . How-
ever, this led to acceptable results for only a very small num-
ber of substances. Since the scale factor is used to account
for the dielectric behavior of the solvent in the vicinity of the
solute, its value depends on how the solvent molecules dis-
tribute around the solute, which should be dependent on both
the solvent and functional group of the solute. For example,
we do not expect the distribution of water molecules around
the methylene group of ethanol to be the same as the distri-
bution around the hydroxyl group in that molecule. There-
fore, instead of the assumption that the scale factors are the
same for all atoms, we adopt the idea of group contributions
to the solvation calculation and find the optimum value of a
for each functional group interaction that results in the best
prediction of infinite dilution activity coefficients. The same
value of a was used for all atoms belonging to that func-
tional group. Thus, as in UNIFAC, there is a group contribu-
tion part of the model.

The optimization procedure of the group scale factors was
as follows:
Ž .1 First, we considered the ratio of the infinite dilution

activity coefficients of alkanes in water and in n-hexane. The
scale factors for the methyl and methylene groups in the two
solvents were optimized to produce minimum errors in the
ratios of g ` for the solutes C H , C H , C H and C H .3 8 4 10 5 12 6 14
Ž .2 The scale factors of all functional groups in n-hexane

Ž .were then assumed to be the same as found in step 1 based
on the rationale that n-hexane does not have strong local
interactions, such as hydrogen bonding, with most functional
groups and its distribution is not much different around dif-
ferent functional groups.
Ž .3 To find the other scale factors, such as for the OH

group in water, we take C H OH as the solute and calculate2 5
the ratio of its infinite dilution activity coefficients in water
and n-hexane. We then optimized the scale factor for the
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Table 1. Optimized Values of the Group Scale Factor
a for Functional Groups in Water, Acetonitrile,

n-Octanol, and n-Hexane

a Value a Value a Value a Value
Functional in in in in
Group Water Acetonitrile n-Octanol n-Hexane

CH , CH , CH, C 1.42 1.24 1.14 1.103 2
Cyclic CH 1.35 1.21 1.14 1.102

UACH 1.33 1.24 1.22 1.10
H O 1.11 1.19 1.102
OH 0.88 1.15 1.15 1.10
CN 1.10 1.23 1.38 1.10
NO 1.12 1.33 1.102
Ž .Cl CCl 1.26 1.18 1.16 1.104
Ž .Cl C H CCl 1.23 1.18 1.20 1.10n 2 nq1 3
Ž .Cl C H CHCl 1.20 1.18 1.24 1.10n 2 nq1 2
Ž .Cl C H CH Cl 1.17 1.18 1.28 1.10n 2 nq1 2

UACH represents the CH group in an aromatic ring.
Examples: C H CN in water: a s1.42 for each atom in group CH and2 5 3

CH ; a s1.10 for each atom in the CN group. CH CHCl in2 3 2
water: a s1.42 for all C and H atoms; a s1.20 for the two Cl
atoms.

OH group in water until the error in the predicted activity
coefficient ratio was minimum.

The optimized values of a for various functional groups in
n-hexane, water, acetonitrile and in n-octanol, the only sol-
vents we have so far considered, are listed in Table 1. It is
noteworthy that the solvation energy is very sensitive to a ,
especially in low dielectric constant solvents. For example,
varying 0.01 units of a for a CH group would result in a2
free energy change of approximately 0.02 kcalrmol in water
Ž .dielectric constant s78.39 whereas the change is about 0.5

Ž .kcalrmol in hexane dielectric constant s1.89 .

Results
A total of eleven activity coefficients at infinite dilution are

calculated using the GCS model and compared with predic-

Žtions from UNIFAC and modified UNIFAC Gmehling et al.,
. Ž1993 in Table 2. No experimental data Tiegs et al., 1986;

.Hait et al., 1993; Kojima et al., 1997 for the infinite dilution
activity coefficients of n-octanol in acetonitrile and n-octanol
in n-hexane could be found in the literature. The absolute

Ž .average percentage deviation AA%D for 9 data points from
GCS is 7%, which is much smaller than that from UNIFAC
47%, or modified UNIFAC 52%. The infinite dilution activ-

Ž ` .ity coefficient of n-octanol in water g , n-octanol inOrW
Ž ` . Ž ` .acetonitrile g and n-cotanol in hexane g were notOrA OrH

obtained from EHCD calculations, but rather from a linear
extrapolation of the charging free energies. We found that
the charging free energy is proportional to the surface area
parameter q for a homologous series. For example, following
relations were found for alcohols in water, n-octanol, hexane
and in acetonitrile

DGchg kcalrmol sy2.636 ? q y8.190 18Ž . Ž .AlcoholrW Alcohol

DGchg kcalrmol sy4.047 ? q y5.361 19Ž . Ž .AlcoholrO Alcohol

DGchg kcalrmol sy4.249 ? q y2.750 20Ž . Ž .AlcoholrH Alcohol

DGchg kcalrmol sy3.869 ? q y5.292 21Ž . Ž .AlcoholrA Alcohol

all with a correlation coefficient of essentially 1.00. Equations
18 and 19 were determined from the results of charging free
energy calculations for CH OH, C H OH, n-C H OH and3 2 5 3 7
n-C H OH; Eq. 20 for C H OH, n-C H OH and n-4 9 2 5 3 7
C H OH; and Eq. 21 for CH OH and C H OH.4 9 3 2 5

The advantage of using these simple linear equations be-
tween the charging free energy and the surface area parame-
ter of the solute for g ` is to extend our calculationalOrW
method to other, larger systems without computational re-
source problems. The computational time of solvation calcu-
lations is mainly dependent on the number of basis functions
used for the solute. In Figure 1 we plot the CPU time vs. the
number of basis functions used. The data points correspond
to the calculations of CH , C H , C H , C H , C H and4 2 6 3 8 4 10 5 12

Table 2. Comparison of Predicted Infinite Dilution Activity Coefficients from GCS, UNIFAC, and Modified
UNIFAC at 298.15 K

GCS UNIFAC Modified UNIFAC Experiment
U UU` ` ` `SoluterSolvent g %D g %D g %D g1r2 1r2 1r2 1r2

0‡ 0 0OrA 1.93=10 5.88=10 8.40=10 NrA
0 0 0 0HrO 3.01=10 7 1.95=10 y31 2.54=10 y10 2.81=10
0 0 0 0ArO 8.38=10 12 2.79=10 y63 1.99=10 y73 7.48=10
1 1 1 1ArW 1.17=10 6 1.32=10 19 1.19=10 7 1.11=10
1‡ 0 1OrH 1.37=10 9.40=10 2.65=10 NrA
1 0 0 1WrA 1.23=10 9 8.40=10 y26 8.46=10 y25 1.13=10
1 1 1 1HrA 2.50=10 y2 2.41=10 y6 2.60=10 2 2.55=10
1 y1 y1 1ArH 2.99=10 8 4.76=10 y98 3.45=10 y99 2.76=10
3 3 2 3WrH 1.63=10 y1 1.40=10 y15 1.36=10 y92 1.65=10
4‡ 3 3 4OrW 1.01=10 y13 3.16=10 y73 4.08=10 y65 1.16=10
5 4 3 5HrW 3.97=10 y1 1.06=10 y97 6.62=10 y98 4.00=10

UUUAA%D 7 47 52
UA: acetonitrile, H: n-hexane, O: n-octanol, W: water.

UU Ž ` ` ` .%D s percentage deviation, that is, g yg rg =100.predicted experiment experiment
UUUAA%Ds Absolute average percentage deviation.

‡Charging free energies calculated from Eqs. 18 to 21.
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Figure 1. CPU time vs. number of basis functions used
in solvation calculation.
Open diamonds are calculations of CH , C H , C H ,4 2 6 3 8
C H , C H , and C H in n-octanol on a 200 MHz4 10 5 12 6 14
R10000 processor of Silicon Graphics Power Challenge. The
solid curve is calculated from Eq. 22.

C H in n-octanol using one 200 MHz R10000 processor of6 14
Silicon Graphics Power Challenge. The dependence of com-
putational time on the number of basis functions is approxi-
mately

CPU time minsŽ .
4.65y8s3.74 ?10 = number of basis functions 22Ž . Ž .

Although the exact CPU time is also affected by the scale
Žfactor a , solvent properties dielectric constant, ionization

.potential, and so on and the type of solute, Eq. 22 gives a

rough estimate of the time needed. Accordingly, it would take
approximately 28 days to complete the solvation energy cal-

Žculation for n-octanol 387 basis functions using DZPspd ba-
.sis set . This intensive computational demand is easily avoided

by using Eqs. 18 to 21, which were determined from high
level calculations for smaller molcules in each homologous
series. As will be seen later in the discussion of the octanol-
water partition coefficient, these simple equations provide a
very efficient and accurate means of predicting the infinite
dilution behavior of large molecules.

At present, the GCS model cannot provide predictions of
the infinite dilution activity coefficient for systems not con-
sidered here because of the limited a-database. To calculate
g ` of species 1 in solvent 2, we need the information of a
for all the functional groups in both liquid 1 and liquid 2. For
example, to predict the infinite dilution activity coefficient of
1-butanol in water, we need these scale factors for CH , CH3 2
and OH in both water and 1-butanol. As we have not yet
computed the a values for the functional groups in 1-butanol,
we are not able to calculate g ` of 1-butanol in water. We are
now investigating methods of estimating values for the scale
factors a of functional groups in various solvents without do-
ing extensive quantum chemistry calculations.

Despite the limited ability of predicting infinite dilution
activity coefficients, GCS can accurately predict the ratio of
g ` in two solvents, that is, the infinite dilution partition coef-
ficient. These partition coefficients are of great value in in-
dustry, particularly in distillation and extraction processes,
because they can be used to determine how a dilute solute
partitions between solvents. We have considered three dual
solvent systems: waterrn-hexane, waterracetonitrile and wa-
terrn-octanol. The results for the ratio of infinite dilution ac-
tivity coefficients in each solvent pair are presented in Tables
3 to 5, Figures 2 to 4, and compared with the predictions
from the UNIFAC and modified UNIFAC models. It can be

Table 3. Infinite Dilution Partition Coefficient in Waterrrrrrn-Hexane at 298.15 K

GCS UNIFAC Modified UNIFAC Experiment
U` ` ` ` ` ` ` `Solute g rg dev g rg dev g rg dev g rg1rW 1rH 1rW 1rH 1rW 1rH 1rW 1rH

3 2 2 3C H 2.59=10 y0.29 3.04=10 y1.56 1.65=10 y1.92 4.23=103 8
4 2 2 4C H 1.51=10 y0.22 9.94=10 y1.83 5.62=10 y2.17 2.19=104 10
4 3 3 5C H 8.76=10 y0.11 3.25=10 y2.07 1.92=10 y2.38 1.06=105 12
5 4 4 5C H 3.97=10 0.00 1.06=10 y2.15 6.62=10 y2.43 4.00=106 14
4 3 3 4C H 8.16=10 0.05 5.98=10 y1.49 2.48=10 y2.02 7.46=106 12
y4 y4 y3 y4H O 6.13=10 0.01 7.13=10 0.10 7.36=10 1.48 6.06=102

y2 y1 y2 y2C H OH 5.89=10 y0.11 2.75=10 0.80 9.00=10 0.14 7.08=102 5
y1 y1 y1 y1C H OH 3.43=10 0.04 9.00=10 0.61 3.08=10 y0.02 3.21=103 7
0 0 0 0C H OH 1.38=10 y0.02 2.97=10 0.43 1.06=10 y0.18 1.43=104 9
y1 0 0 0CH NO 7.20=10 y0.36 1.03=10 y0.15 1.36=10 0.02 1.32=103 2
0 0 0 0C H NO 4.37=10 y0.01 7.48=10 0.31 7.89=10 0.34 4.45=102 5 2
1 1 1 1C H NO 2.90=10 0.18 2.45=10 0.08 2.71=10 0.15 2.12=103 7 2

y1 y1 y1 y1CH CN 3.92=10 y0.01 4.76=10 0.10 3.45=10 y0.09 4.02=103
0 0 0 0C H CN 2.55=10 0.17 4.10=10 0.46 3.11=10 0.29 1.90=102 5
3 3 3 3CCl 7.86=10 y0.06 9.32=10 0.04 1.71=10 y0.96 8.66=104
2 2 2 2CHCl 6.09=10 0.07 5.80=10 0.04 4.13=10 y0.16 5.42=103
3 3 3 3C H Cl 4.82=10 y0.02 1.70=10 y0.63 1.05=10 y0.92 4.96=104 9
2 2 2 2CH ClCH Cl 4.22=10 0.42 2.73=10 0.16 1.67=10 y0.13 2.07=102 2

UUAAD 0.12 0.72 0.88
U Ž ` ` .calc Ž ` ` .expt Ž .dev s RT ln g rg y RT ln g rg kcalrmol .1rW 1rH 1rW 1rHUUAADs absolute average deviation.
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Table 4. Infinite Dilution Partition Coefficient in WaterrrrrrAcetonitrile at 298.15 K

GCS UNIFAC Modified UNIFAC Experiment
` ` ` ` ` ` ` `Solute g rg dev g rg dev g rg dev g rg1rW 1rA 1rW 1rA 1rW 1rA 1rW 1rA

3 1 1 3C H 1.17=10 y0.14 7.88=10 y1.74 3.44=10 y2.23 1.48=104 10
3 2 1 3C H 4.64=10 y0.04 1.87=10 y1.95 9.36=10 y2.35 4.98=105 12
4 2 2 4C H 1.59=10 0.01 4.42=10 y2.11 2.54=10 y2.44 1.57=106 14
3 2 2 3C H 1.79=10 0.07 1.51=10 y1.39 1.42=10 y1.43 1.59=105 10
3 2 2 3C H 6.59=10 0.26 3.58=10 y1.47 3.85=10 y1.43 4.26=106 12

2 2 2 2C H 8.46=10 0.05 7.79=10 0.00 7.94=10 0.01 7.79=106 6
y2 y1 y1 y2H O 8.11=10 y0.05 1.19=10 0.18 1.18=10 0.17 8.84=102
y1 0 1 1C H OH 9.84=10 y0.01 3.05=10 0.66 1.21=10 0.11 1.01=102 5
1 1 1 1CH CN 1.17=10 0.03 1.32=10 0.10 1.19=10 0.04 1.11=103
3 3 2 3CCl 1.98=10 0.12 2.02=10 0.13 3.78=10 y0.86 1.61=104

2 2 2 2CHCl 7.36=10 0.02 6.06=10 y0.09 5.42=10 y0.16 7.08=103
2 2 2 2CH Cl 2.53=10 y0.04 2.19=10 y0.12 1.63=10 y0.30 2.70=102 2
2 2 2 2C H Cl 8.35=10 0.29 2.21=10 y0.50 1.12=10 y0.90 5.12=103 7

U3 2 2 3C H Cl 3.33=10 0.33 5.22=10 y0.77 3.05=10 y1.09 1.92=104 9

AAD 0.10 0.89 1.06
UExperimental data for g ` at 348.15 K was used.C H ClrA4 9

easily seen from the figures that predictions from the GCS
model agree very well with experimental measurements, while
the other two models show considerable scatter. To quantify

the error of prediction, we compare the value of RT ln
g ` rg ` with experimental data. Since RT ln g ` is the ex-1r2 1r3 1
cess Gibbs free energy of species 1 at infinite dilution,

Table 5. Infinite Dilution Partition Coefficient in Waterrrrrrn-Octanol at 298.15 K and Experimental Data for KOW

GCS UNIFAC Modified UNIFAC Experiment
` ` ` ` ` ` ` `Solute g rg dev g rg dev g rg dev g rg log K1rW 1rO 1rW 1rO 1rW 1rO 1rW 1rO 10 OW

U1CH 8.29=10 NrA NrA NrA 1.094
UU2 1 1C H 5.86=10 8.89=10 2.81=10 NrA 1.182 6
UU3 2 1C H 2.39=10 2.49=10 8.57=10 NrA 2.363 8
UU3 2 2C H 9.88=10 6.96=10 2.65=10 NrA 2.894 10
UU4 3 2 4C H 3.97=10 0.02 1.95=10 y1.76 8.27=10 y2.27 3.82=10 3.395 12
UUU5 3 3 5C H 1.32=10 y0.04 5.45=10 y1.93 2.60=10 y2.37 1.42=10 4.116 14
UUU5 4 3 5C H 5.14=10 y0.11 1.52=10 y2.20 8.24=10 y2.56 6.21=10 4.667 16
UU4 3 2C H 1.61=10 1.23=10 6.25=10 NrA 3.005 10
UU4 3 3 4C H 3.73=10 0.02 3.45=10 y1.39 1.97=10 y1.39 3.63=10 3.446 12
UU3 3 3 3C H 1.13=10 y0.02 1.51=10 0.16 1.18=10 0.16 1.16=10 2.156 6
UUy1 0 0CH OH 7.28=10 1.62=10 1.43=10 NrA y0.773
UU0 0 0 0C H OH 3.66=10 0.04 6.59=10 0.39 4.04=10 0.10 3.44=10 y0.312 5
UU1 1 1C H OH 1.49=10 1.85=10 1.26=10 NrA 0.253 7
UU1 1 1C H OH 3.98=10 5.22=10 3.96=10 NrA 0.884 9
UU2† 2 2C H OH 1.80=10 1.44=10 1.25=10 NrA 1.565 11
UU2† 2 2C H OH 6.88=10 4.04=10 3.99=10 NrA 2.036 13
UU4† 3 3C H OH 1.00=10 3.16=10 4.08=10 NrA 3.158 17
UU6† 5 5C H OH 2.14=10 1.93=10 4.42=10 NrA 5.1312 25
UUU0 0 0 0CH NO 4.01=10 0.05 4.76=10 0.15 4.06=10 0.06 3.68=10 y0.343 2
UUU1 1 1C H NO 1.28=10 2.27=10 1.51=10 NrA 0.182 5 2
UUU1 1 1C H NO 3.61=10 6.36=10 4.75=10 NrA 0.873 7 2
U0 0 0 0CH CN 1.40=10 y0.04 4.71=10 0.68 1.99=10 0.17 1.48=10 y0.343

C H CN 7.10=100 0.13 2.28=101 0.82 1.17=101 0.42 5.74=100 0.16UU
2 5

UUU3 3 3 3CCl 7.11=10 0.10 6.95=10 0.09 1.24=10 y0.93 5.99=10 2.644
UUU2 2 2 2CHCl 8.32=10 y0.01 7.86=10 y0.04 5.31=10 y0.27 8.40=10 1.903
UU3 3 3CH CCl 1.91=10 y0.26 1.95=10 y0.25 NrA NrA 2.98=10 2.493 3
UUU2 2 2 2CH Cl 1.84=10 0.07 2.57=10 0.26 1.10=10 y0.24 1.65=10 1.252 2
UU2 2 2 2CH CHCl 5.17=10 y0.02 7.33=10 0.18 3.17=10 y0.31 5.37=10 1.793 2
UU3 2 2C H Cl 1.05=10 4.07=10 2.18=10 NrA 2.043 7
UU3 3 2C H Cl 4.13=10 1.59=10 6.68=10 NrA 2.644 9
UU2 2 2 2CH ClCH Cl 1.53=10 y0.28 3.32=10 0.18 1.80=10 y0.18 2.44=10 1.482 2

AAD 0.08 0.70 0.83
U Ž .Data from Sangster 1997 .

UU Ž .Data from Suzuki and Kudo 1990 .
UUU Ž .Data from Isnard and Lambert 1989 .

†Charging free energies calculated from Eqs. 18 and 19.
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Figure 2. Prediction of the infinite dilution partition co-
( ` ` )efficient in waterrrrrrn-hexane g rrrrrg at1 rrrrr W 1 rrrrr H

298.15 K.

RT ln g ` rg ` directly reflects the accuracy of the solvation1r2 1r3
Ž .energy calculation. Absolute average deviations AAD for the

three models are shown in the last lines of the tables. For the
waterrn-hexane system, the absolute average deviations are
0.12, 0.72 and 0.89 kcalrmol for the GCS, UNIFAC and mod-
ified UNIFAC models, respectively, corresponding to errors
of 22%, 237% and 349% in the infinite dilution partition co-
efficient. For the waterracetonitrile system, the AADs are
0.10, 0.80 and 0.97 kcalrmol from the three models, corre-
sponding to errors of 18%, 286% and 414% in g `. For the
waterrn-octanol system, the three models give AADs of 0.08,
0.70 and 0.83 kcalrmol, respectively, corresponding to 14%,
226%, and 306% error in g `. Generally, GCS gives reliable

Ž y4infinite dilution partition coefficients over a wide range 10
6.to 10 , whereas UNIFAC and modified UNIFAC fail for

large values. Overall, the average error of the excess Gibbs
free energy from the GCS model developed here is smaller
than errors from the other two models by at least 0.5 kcalrmol,
and the average error of the ratio is smaller by an order of
magnitude.

Figure 3. Prediction of the infinite dilution partition co-
( ` ` )efficient in waterrrrrracetonitrile g rrrrrg at1 rrrrr W 1 rrrrrA

298.15 K.

Figure 4. Prediction of the infinite dilution partition co-
( ` ` )efficient in waterrrrrrn-octanol g rrrrrg at1 rrrrr W 1 rrrrr O

298.15 K.

Another important application of the infinite dilution par-
tition coefficient is to determine the distribution of chemical
pollutants in the environment, which is largely determined by
the octanol-water partition coefficient K . In particular,OW
K is known to give reasonable estimates of how a chemi-OW
cal partitions between water and the lipids of biota, and also
is used to estimate the soil-water and sediment-water parti-

Ž . Ž .tion coefficients Sandler, 1996 . Tse and Sandler 1994
showed that K is strongly correlated with the ratio of infi-OW
nite dilution activity coefficients in water and n-octanol. We
used GCS to predict the infinite dilution partition coefficient
in the waterrn-octanol system for 31 solutes in Table 5 and
then found the correlation to the octanol-water partition co-

Ž .efficient to be shown in Figure 5

g `
1rW

log K sy0.71q0.92 log 23Ž .10 OW 10 `g1rO

Figure 5. Correlation of the logarithm of the predicted
activity coefficient ratio in water and in n-
octanol to the literature values of the octanol-
water partition coefficient.
The line is the correlation log K s y0.71 q 0.9210 OW

Ž ` ` . Ž 2.log g rg with a correlation factor R of 0.99.10 1rW 1rO
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compared to the similar correlation log K sy0.65q0.9110 OW
` ` Ž .log g rg of Tse and Sandler 1994 based upon 1210 1rW 1rO

measured activity coefficient ratios. Note that calculations for
n-C H OH, n-C H OH, n-C H OH and n-C H OH are5 11 6 13 8 17 12 25
done with Eqs. 18 and 19. The prediction for log K of10 OW
n-dodecanol, the largest value having been considered so far,
is 5.08 which is in very good agreement with the experimental
value 5.13.

Discussion
The GCS method proposed here has been shown to yield

accurate values for infinite dilution activity coefficients and
partition coefficients for a number of systems. The success of
GCS can be attributed to two factors. First, a difference of
charging free energies rather than single charging free energy
is used to calculate g `. As a result, computational errors from
the use of the HF method, which neglects electron correla-
tion contributions, and the use of an incomplete basis set,
which are important in individual calculated charging free
energies, are of much less importance when a difference is
considered. Some researchers have tried to account for these
factors by adjusting the atomic radii of the solute so that cor-

Žrect solvation energies are obtained Sitkoff et al., 1994;
.Marten et al., 1996 . However, in that approach errors of dif-

ferent origins are artificially made to cancel each other, that
is, errors from neglecting electron correlation and an incom-
plete basis set cancel errors from an artificial choice of solute
atomic radii. While some success has been achieved with this
approach in predicting solvation energies of various solutes
in water, a different set of atomic radii were then required

Ž .for each solvent Sitkoff et al., 1996 . In our model, by using
a difference between two charging free energies, there is a
separate error cancellation between the two calculations of
neglecting electron correlation, and of using an incomplete
basis set. That is, errors of the same origin cancel. Moreover,
the use of physically meaningful group scale factors which
account for different solvent distributions around each
functional groups avoids the inconsistency of using solvent-
dependent atomic radii.

The second reason for the success of the GCS model re-
sults from the replacement of the Scaled Particle Theory
Ž . Ž . ŽSPT Pierotti, 1976 used by others Pfund et al., 1990;
Tomasi and Persico, 1994; van Duijnen et al., 1996; Barone

.et al., 1997 with the more realistic cavity formation free en-
ergy derived from the UNIQUAC model. SPT was developed
to estimate the free energy required to create a spherical cav-

Ž .ity in a hard sphere solvent. Claverie 1978 later extended
this model to account for nonspherical solutes. Despite all
these efforts, the accuracy of the SPT is questionable. The

Ž .study of Floris et al. 1997 shows that the free energy differ-
ence between SPT and Monte Carlo simulation for creating a
pentane-shaped cavity in water is about 2.8 kcalrmol, corre-
sponding to an error of 11,134% in g `. Researchers using
SPT calculations have redefined the shape of the cavity in

Žorder to obtain a more accurate solvation energy Barone et
.al., 1997 . However, as shown from the study of Cossi et al.

Ž .1996 , the charging free energy is very sensitive to the choice
of atomic radii. Refinement of the cavity shape not only
changes the cavity formation contribution, but also changes
the charging free energy contribution. Therefore, their lim-

ited success probably stemmed from the cancellation of er-
rors of different origins. Rather than modifying or extending
SPT, we have separated the charging free energy contribu-
tion from the UNIQUAC model and thereby developed a
new model for the cavity formation free energy. The capabil-
ity of UNIQUAC in correlating the phase behavior for a wide
variety of compounds suggests that this may be a more accu-
rate cavity formation free energy. This postulate is supported
by the success of the Group Contribution Solvation model in
describing activity coefficients for both large, for example,
C H , and small, for example, CH CN, solutes in different7 16 3

Ž .solvents water, n-hexane, acetonitrile and n-octanol .

Conclusions
There has been considerable effort devoted to predicting

the phase behavior of mixtures. Unlike other work which at-
tempt to directly calculate the unknown energy parameters in
thermodynamic models, we use an indirect approach to
achieve this goal. By equating the g ` expressions from both
the UNIQUAC and solvation models, we were able to relate
t and t in UNIQUAC to the charging free energies,12 21
which were then determined from ab initio solvation calcula-
tions. This approach has several advantages. First, it avoids
the ambiguous meaning of the parameters in this thermody-
namic model. In the derivation of the UNIQUAC model, ui j
is the average interaction between species i and j. However,
it is not clear how to orient two molecules to get correct aver-
age interaction energy, how to average the energies of vari-
ous orientations, or the effect of neighboring molecules. Sec-
ondly, the indirect approach we have used here is not model
specific. We have chosen to use the UNIQUAC model be-
cause of its success with various types of mixtures. Any other
liquid solution model could have been used, and relations
obtained between its energy parameters and the charging free
energy. Finally, the indirect approach used here can be more
efficient than the direct calculation of interaction energies.
In our work, the energy of only one solute molecule in a con-
tinuum is computed in each calculation, whereas at least two
molecules, both the solute and the solvent, need to be in-
cluded in the direct approach. Because the computational
time increases with the number of molecules, or, to be exact,
the total number of basis functions used, our method allows
one to consider larger solute molecules.

We have shown that the Group Contribution Solvation
Ž .GCS model is capable of accurately predicting infinite dilu-
tion activity coefficients because of the use of differences in
charging free energies, and the use of a better model for the
cavity formation free energy. The introduction of group scale
factor a allows us to study solvation in various solvents using
a coherent molecular description, and to predict the behavior
of large molecules from the behavior of small molecules.
These scale factors are currently obtained from fitting the
computational chemistry calculations to experimental data for
infinite dilution activity coefficients. While we know the scale
factors are closely related to the distribution of the solvent
molecules around a functional group, their dependence on
the molecular properties and intermolecular interactions is
not yet known, and will require more research. The present
database of the group scale factors has been used to success-
fully predict infinite dilution partition coefficients, and we are
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in the process of extending this database to include addi-
tional solvents. A strong correlation between the predicted
infinite dilution partition coefficients from the GCS and the
octanol-water partition coefficients has also been found. This
suggests the utility of the GCS model in environmental stud-
ies, as well as the more traditional applications in chemical
engineering.
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Notation
gsGibbs free energy per molecule

GsGibbs free energy per mole of molecules
hsPlanck’s constant
ksBoltzmann’s constant
Rsgas constant
asgroup scale factor, the ratio of the atomic radii used in solva-

tion calculation and van der Waals radii
Ls thermal De Broglie wavelength
rsnumber density

Superscripts
0spure substance

Ž .0 s in vacuum
`s infinite dilution
)s the molecule is fixed at a certain position

cavscavity formation
chgscharging
IGs ideal gas
solssolvation

Subscripts
1, 2sspecies 1, 2
1r1sspecies 1 in pure fluid 1

Ž .1r2sspecies 1 in pure fluid 2 infinite dilution condition
Asacetonitrile
Hsn-hexane
Osn-octanol
Ws water
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Appendix: Derivation of the Cavity Formation Free
Energy from UNIQUAC

In the UNIQUAC model, the excess Gibbs free energy
is calculated from a combinatorial term, which accounts for
size and shape differences, and a residual term, which arises
from different intermolecular interactions between unlike
molecules

Gex Gex comb Gex resŽ . Ž .
s q A1Ž .

RT RT RT

Gex comb f z uŽ . i i
s x ln q x q ln A2Ž .Ý Ýi i iRT x 2 fi ii i

Gex resŽ .
sy x q ln u t A3Ž .Ý Ýi i j již /RT i j

where

x qi i
u sarea fraction of species isi x qÝ j j

j

and

x ri i
f s volume fraction of species isi x rÝ j j

j

The activity coefficient is obtained by taking derivative of the
excess Gibbs energy with respect to the mole number of
species of interest which gives

ln g s ln g comb qln g res A4Ž . Ž . Ž .i i i

f z u fi i i
lng comb s ln q q ln q l y x l A5Ž . Ž .Ýi i i j jx 2 f xi i i j

and

u tj i j
ln g res s q 1yln u t y A6Ž . Ž .Ý Ýi i j již / u tÝ k k jj j

k

Ž . Ž .where l s zr2 r y q y r y1 . For binary mixtures at infi-i i i i
nite dilution, the activity coefficient is

r z q r z r r1 1 2 1 1`ln g s ln q q ln q q y q q 1y1 1 2 1ž / ž /r 2 q r 2 r r2 2 1 2 2

q q 1yt ylnt s ln g ` comb q q 1yt ylntŽ .Ž . Ž .1 12 21 1 1 12 21

A7Ž .

The only unknowns in Eq. A7 are the energy parameters
t and t . If we have the infinite dilution activity coeffi-12 21
cients of each species in the other, we can determine these
two parameters and make predictions of vapor-liquid equilib-
ria over the whole composition range. It is possible to obtain
the infinite dilution activity coefficients from the solvation
calculation. From Eq. 6

DGU sol DGU sol 0r1r2 1r1 2`ln g s y qln A8Ž .1 0RT RT r1

We can find the relationship between t , t and the charg-12 21
ing free energy of the solvation energy by equating Eqs. A7
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and A8

DGU chg DGU chg DGU cav DGU cav 0r1r2 1r1 1r2 1r1 2
y q y qln 0ž /ž /RT RT RT RT r1

s ln g ` comb q q 1yt ylnt A9Ž . Ž .Ž .1 1 12 21

where we have used the relation DGU sol sDGU cavqDGU chg.
We can separate the different contributions to the solva-

tion energy using the following four four steps:
Ž .1 We first turn off charges on component 1.

U chg ˆU chgIn the solvation model: DG sDG s01r2 1r1

U cav ˆU cav 0DG DG r1r2 1r1 2`ln g s y qln A10Ž .1 0RT RT r1

ˆThe superscript indicates that the charges on the solvent
molecules are turned off, that is, a hard-particle solvent is

U chg U cav ˆU cav ˆU cavŽused. Note that DG q DG s DG q DG s1r1 1r1 1r1 1r1
DGU sol, where DGU chg qDGU cav corresponds to the process1r1 1r1 1r1
that only the charge on one molecule 1, which is considered

ˆU chg ˆU cavas the solute, is turned off; and DG qDG corre-1r1 1r1
sponds to the process in which the charges on both solute

.and solvent molecules are turned off.
In UNIQUAC for this case: u su su s0, t s1, t11 12 21 21 12

Ž .sexp u rRT st22 2

ln g `s RT ln g ` comb q q 1yt A11Ž . Ž .Ž .1 1 1 2

Equating Eqs. A10 and A11, we obtain an expression for
the cavity formation free energies

U cav ˆU cav 0DG yDG r1r2 1r1 2 `qln s RT ln g comb q q 1ytŽ . Ž .1 1 20RT r1

A12Ž .

Subtracting Eq. A12 from Eq. A9, we obtain an equation for
the charging free energies

U chg ˆU chgDG yDG1r2 1r1
s q t yt ylnt A13Ž .Ž .1 2 12 21RT

Ž .2 Now we change component 2 to component 1 in the
above mixture so that

u11
t sexp st2 1ž /RT

and Eq. A12 becomes

U cav ˆU cavDG yDG1r1 1r1
s q 1yt A14Ž .Ž .1 1RT

U chg U cav ˆU chg ˆU cavSince DG qDG sDG qDG , with Eq. A14,1r1 1r1 1r1 1r1

we obtain the following

U chg ˆU chgDG yDG1r1 1r1
s q t y1 A15Ž .Ž .1 1RT

We can now eliminate the carats in Eqs. A12 and A14 by
taking their difference

DGU cavyDGU cav 0r1r2 1r1 2 `qln s ln g comb q q t ytŽ . Ž .1 1 1 20RT r1

A16Ž .

Similarly, for Eqs. A13 and A15, we have

DGU chg yDGU chg
1r2 1r1

s q 1qt yt yt ylnt A17Ž .Ž .1 2 1 12 21RT

The Group Contribution Solvation model can be readily ob-
tained from subtracting Eq. A16 from Eq. A8.
Ž .3 We now turn off the charges on component 2. In the

ˆU chgsolvation model: DG s01r2

ˆU cav U chg U cav 0DG DG yDG r1r2 1r1 1r1 2`ln g s y qln A18Ž .1 0RT RT r1

In the UNIQUAC model: u su su s0, t s1, t s12 21 22 12 21
Ž .exp u rRT st11 1

ln g `s ln g ` comb q q ln t A19Ž . Ž .1 1 1 1

Equating the above two equations, we obtain

U chg ˆU cav U cav 0DG DG yDG r1r1 1r2 1r1 2 `y q qln sln g comb yq lntŽ .1 1 10RT RT r1

A20Ž .

Then, subtracting Eq. A20 from Eq. A9, we obtain

ˆU chgDG1r2
s q 1yt qlnt ylnt A21Ž .Ž .1 12 1 21RT

Ž .4 Again, we change component 2 in the mixture in step 3
to component 1 and Eq. A20 becomes

U chg ˆU cav U cavDG DG yDG1r1 1r1 1r1
y q sy q lnt A22Ž .1 1RT RT

and Eq. A21 becomes

ˆU chgDG1r1
s q lnt A23Ž .1 1RT
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With above equations, we can find the relation between
the energy parameters and the charging free energies. From
the addition of Eqs. A15 and A23, we get

DGU chg
1r1

s q ln t qt y1 A24Ž .Ž .1 1 1RT

While from the addition of Eqs. A13 and A23, we have

DGU chg
1r2

s q t yt ylnt qlnt A25Ž .Ž .1 2 12 21 1RT

By interchanging the indices, we obtain the two additional
equations

DGU chg
2r2

s q ln t qt y1 A26Ž .Ž .2 2 2RT

and

DGU chg
2r1

s q t yt ylnt qlnt A27Ž .Ž .2 1 21 12 2RT

We can now find expressions for the cavity formation free
energy from the UNIQUAC model. First, the solvation en-
ergy of pure species 1 at low pressure is

DGU sol DGU chg DGU cav IG vapr P1r1 1r1 1r1 1 1
s q s ln s ln A28Ž .0 0RT RT RT r r kT1 1

where we have used the ideal gas law r IGs P vaprkT.1 1

Combining Eqs. A9 and A28, we have

DGU chg qDGU cav vapP1r2 1r2 1
yln 0RT r kT2

s ln g ` comb q q 1yt ylnt A29Ž . Ž .Ž .1 1 12 21

Finally, we combine Eqs. A25 and A29 to obtain the expres-
sion for the cavity formation free energy

DGU cav 0r kT1r2 2`s ln g comb q q 1yt ylnt ylnŽ . Ž .1 1 2 1 vapRT P1

r z q r z r r1 1 2 1 1
s ln q q ln q q y q q 1y1 2 1ž / ž /r 2 q r 2 r r2 2 1 2 2

r 0kT2
q q 1yt ylnt yln A30Ž .Ž .1 2 1 vapP1

By changing the indices 2 to 1 in the above equation, we also
obtain

DGU cav 0r kT1r1 1
s q 1yt ylnt yln A31Ž .Ž .1 1 1 vapRT P1
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