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The free energy perturbation method with Monte Carlo simuIa1,‘ons has been used 
to calculate relative solvation free energies and ratios of activity coefficients of 
organic solutes at infinite-dilution in water at 25°C. Systems studied include hy- 
drocarbons, chlorinated hydrocarbons, and alcohols. Analysis of the free energy 
simulations reveals that a major limitation of current methodologies is our inability 
to determine a priori the electron density distribution of a molecule in a condensed, 
polarizing medium. Moreover, currently employed simulation lengths may be in- 
adequate for  convergence of the averages in some aqueous systems. These problems 
do not, however, appear to be insurmountable. In contrast to group contribution 
methods, free energy simulations are still rather primitive to be applied in a routine 
fashion for  the quantitative prediction of thermodynamic properties, but dramatic 
improvements in the technique are still to be made. 

Introduction 
Aqueous mixtures are encountered in a large number of 

industrial operations, such as petroleum processing, coal gas- 
ification, separations and waste treatment (Newman, 1980). 
These mixtures can exhibit unique phase behavior, including 
large miscibility gaps, solubility minima with increasing tem- 
perature and lower critical solution temperatures (Franks and 
Reid, 1973). As a consequence, most conventional thermo- 
dynamic models either perform rather poorly (Larsen et al., 
1987) or face insurmountable difficulties (Thomas and Eckert, 
1984) when they are applied to aqueous systems. This difficulty 
has been circumvented with the development of specialized 
parameter sets in the group contribution approach (Hooper et 
al., 1988) or by the use of novel empirical mixing rules in the 
equation of state approach (Kabadi and Danner, 1985; Michel 
et al., 1989). However, even though these strategies appear to 
work in specific cases, the empirical nature of these models 
makes it difficult to extrapolate with confidence beyond the 
range of the experimental data used in the parameterization. 

The limited success of simple engineering models in describ- 
ing aqueous solutions is hardly surprising. Water is unique in 
both its ability to dissolve electrolytes and polar compounds 
and its “aversion” toward nonpolar organics (Franks, 1973). 
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In particular, solutions of nonpolar molecules in water have 
attracted much attention over the past 50 years due to their 
unusual thermodynamic properties: favorable enthalpies of 
hydration, very large negative entropies of hydration and large 
positive heat capacity increments (Franks, 1973). Several in- 
tuitive explanations of these properties have appeared, most 
notably the “iceberg” hypothesis of Frank and Evans (1945), 
but a generally accepted interpretation is still lacking (Lazaridis 
and Paulaitis, 1992). The unfavorable interaction between water 
and nonpolar groups is thought to lead to aggregation of such 
groups in water (hydrophobic association) and give rise to self- 
assembling microstructures, such as micelles, bilayers or folded 
proteins (Tanford, 1980). 

Molecular-level information on the microscopic structure of 
aqueous solutions has been obtained by Monte Carlo or Mo- 
lecular dynamics computer simulations (Rossky and Karplus, 
1979; Geiger et al., 1979; Postma et al., 1982). In principle, 
if such simulations could describe events on experimental 
timescales, they would allow us to determine phase behavior 
directly. In practice, however, limitations in computer power 
make this task unfeasible, at least for the foreseeable future. 
Instead, a more viable approach is to infer phase behavior by 
evaluating thermodynamic potentials in idealized, computer- 
simulated systems. Particularly amenable to computational 
studies are infinitely dilute solutions. 
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Infinite-dilution activity coefficients are of fundamental im- 
portance as measures of intermolecular interactions in soh- 
tion. In addition, they are useful in many practical applications 
(Eckert et al., 1981). For binary mixtures that exhibit moderate 
deviations from ideality, knowledge of the two infinite-dilution 
activity coefficients allows the determination of the activity 

with respect to an ideal gas mixture (IGM) at the same tem- 
perature, T, composition, x,, and number density, p ,  is: 

(x,:; T) ( pr= p, - p.fCM(T,x,p) = k T  In - 

coefficients over the entire concentration range (Schreiber and 
Eckert, 197 1). Infinite-dilution activity coefficients are also 
directly related to Henry’s constants, and in the case of spar- 
ingly soluble solutes, such as hydrocarbons in water, they read- 
ily yield the solubility. Recent advances in experimental 
techniques now permit accurate measurement of infinite-di- 
lution activity coefficients (Barr and Newsham, 1987; Trampe 
and Eckert, 1990) but serious limitations to experimentation 
are frequently imposed by cost, time and safety considerations 
or the availability of chemicals. Moreover, no measurements 
can be done on molecules that do not as yet exist, such as a 
contemplated chemical or pharmaceutical product. Therefore, 
prediction of infinite-dilution activity coefficients in aqueous 
solutions would be of considerable practical utility. 

The formalism for calculating infinite-dilution activity coef- 
ficients or Henry’s constants by computer simulation has been 
presented in detail (Shing and Gubbins, 1982; 1983; Shing, 
1985; Haile, 1986; Chialvo, 1990) and requires the calculation 
of the chemical potential of the solute in the solvent. To date, 
most applications in the chemical engineering community have 
been concerned with mixtures of Lennard-Jones particles with 
the primary goal of testing analytical statistical mechanical 
theories. However, a different motive for computer simula- 
tions has prevailed in the fields of organic chemistry and bio- 
chemistry, where simulations are used to obtain quantitative 
predictions for systems of practical interest, such as organic 
reactions in solution (Jorgensen, 1989b), inhibitor binding to 
enzymes (Fleischman and Brooks, 1990) and protein stability 
(Dang et al., 1989). This practical focus has brought about the 
development of realistic molecular models for water (Jorgensen 
et al., 1983), organic molecules (Jorgensen et al., 1984) and 
proteins and nucleic acids (Brooks et al., 1983; Weiner et al., 
1984; Jorgensen and Tirado-Rives, 1988) which are thought 
to represent intermolecular interactions in aqueous solution 
with quantitative or at least semiquantitative accuracy. 

In this work we examine the ability of state-of-the-art free 
energy simulation techniques and realistic interaction poten- 
tials to yield quantitative results for activity coefficients of 
simple organic molecules at infinite dilution in water. Specif- 
ically, we aim to answer the following questions: 

(a) Given the computing power available today and rea- 
sonable interaction potentials, can we make reliable predictions 
of aqueous solubilities of relatively simple organic compounds 
without the need for experimentation? 

(b) Are the results of these simulations of higher reliability 
than the predictions of empirical group contribution methods? 

Emphasis in our calculations is placed on chlorinated com- 
pounds due to the availability of accurate experimental data 
(Barr and Newsham, 1987; Wright, 1991; Wright et al., 1992) 
and to the relevance of these chemicals to pollution abatement 
in industrial wastewater streams. 

Thermodynamics of Infinitely Dilute Solutions 
The residual chemical potential of component i in a mixture 

where f, denotes the fugacity of component i and is defined 
by this equation. At infinite dilution, Henry’s law is valid, and 
the residual chemical potential of the solute is related to Hen- 
ry’s constant by (Shing and Gubbins, 1982): 

p?” = k T  ln(H/pkT) (2) 

We can also define a residual or excess (Prausnitz et al., 
1986, p. 518) chemical potential with respect to the IGM at 
the same temperature, composition, and pressure, P: 

(”.) pp = pi - pIIGM( T,x,P) = k T  In - (3) 

which, at infinite dilution, is related to Henry’s constant by: 

p?” = k T  In 6) (4) 

Furthermore, the activity coefficient of component i in solution 
at a given T, P ,  and x, is defined as: 

where xi is the mole fraction of this component in the mixture 
andfP is the fugacity of pure i at the same temperature and 
pressure. It follows that (Haile, 1986): 

and at infinite dilution: 

k T  In 77 = p?” - pFO (7) 

The ratio of infinite-dilution activity coefficients for two dif- 
ferent solutes dissolved in the same solvent is given by: 

-(pLP‘”-pp”)-kkTln - = ( p ~ m - p ~ m ) - k T l n  

and similarly the ratio of Henry’s constants is: 

(9) 

Free Energy Simulations 
Monte Carlo and molecular dynamics simulations readily 

yield information on the structure and the mechanical prop- 
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erties of a pure phase or a mixture. Thermal properties, how- 
ever, such as the entropy or the free energy, which depend on 
the volume of phase space sampled by the system, are much 
more difficult to obtain and require special simulation meth- 
ods. Most of the currently available methods involve the cal- 
culation of differences in free energy between systems that 
differ in a specific property, such as the number of molecules, 
the identity of a chemical group or the conformation of a 
polyatomic molecule. A review of such methods has recently 
been published by Beveridge and DiCapua (1989). 

One of the first methods for calculating free energies for 
simple fluids is the test particle method (Widom, 1963; Adams, 
1974; Shing and Gubbins, 1982, 1983). This method is based 
on the potential distribution theorem (Widom, 1963), which 
gives the free energy change upon addition of a particle to the 
system-that is, the chemical potential-as an ensemble av- 
erage over the configurations of the original system: 

,I“= -kTln(exp-$) N -  I 

where 4i is the interaction energy of the added particle with 
all other particles in the fluid and the brackets denote an 
ensemble average for the original system of N -  1 particles. In 
practice, this method is implemented by generating an ensemble 
of configurations of N -  1 particles and calculating the inter- 
action energy of a hypothetical (“ghost”) particle inserted at 
random positions in the simulation box. The method has proven 
quite efficient but fails at high densities due to the low prob- 
ability of successfully inserting a particle at these densities. 
Modifications to the method for applications at high densities 
have been proposed (Shing and Gubbins, 1982; Deitrick et al., 
1989). 

Another method of calculating free energy differences is 
thermodynamic integration implemented through the use of a 
coupling parameter (Kirkwood, 1935). If the free energy A of 
the system is a function of the coupling parameter X, then the 
change in free energy upon a change in this parameter from 
Xi to X, will be: 

dA 
AA = s ,  dx 

which, as can be shown (Beveridge and DiCapua, 1989; Haile, 
1986), is equal to: 

AA=j;(g)dA h 

where U is the total potential energy of the system and ( 
denotes a canonical ensemble average at a fixed value of X. 
The residual chemical potential is obtained if the change in 
the coupling parameter describes the insertion of a particle in 
a fluid (Swope and Andersen, 1984; Shing and Chung, 1987; 
Shing et al., 1988). This can be achieved by defining a Ham- 
iltonian where the interaction between the inserted particle and 
the rest of the system is scaled by X; for example, 

in which case the residual chemical potential is: 

1 . 1  

This method is implemented by performing a series of simu- 
lations at different values of A with the Hamiltonian given by 
Eq. 13, calculating the average ( and then numerically 
evaluating the integral of Eq. 14. At high densities this method 
performs better than the test particle method since the added 
particle is gradually “grown,” rather than inserted, into the 
system. However, at low values of X the interaction energy 4j 
can be very large leading to high statistical uncertainty in the 
ensemble average of Eq. 14 (Swope and Andersen, 1984). A 
frequently used implementation of thermodynamic integration 
is the “slow growth” method (Straatsma et al., 1986b). In this 
method a single simulation is performed while the coupling 
parameter is gradually changed from its initial to its final value. 
The ensemble average in Eq. 14 is then approximated by its 
instantaneous value and the integral by the sum of the inte- 
grands: 

The use of coupling parameters is also common in the free 
energy perturbation (FEP) method. This method uses a fun- 
damental result of Zwanzig’s perturbation theory (Zwanzig, 
1954) to obtain the difference in free energy between two sys- 
tems whose Hamiltonians differ by the “perturbation” po- 
tential AU: 

AA= -kTIn  exp-- ( 3 
where (. . .>, denotes the canonical ensemble average for the 
system described by the reference Hamiltonian. If  AU corre- 
sponds to the interaction energy of a particle added to the 
system, then AA will be the residual chemical potential and 
Eq. 16 is equivalent to Eq. 10. If the overlap in the regions of 
configuration space sampled by the reference and the “per- 
turbed” systems is small, Eq. 16 will not be of much practical 
utility in computer simulations, because the configurations 
contributing most to this average will only rarely be sampled. 
This is precisely the problem that arises in the test particle 
method at high densities. In FEP, as in thermodynamic in- 
tegration, coupling parameters can be used to effect the change 
in AU of the system gradually, by making the Hamiltonian a 
function of the coupling parameter and allowing the latter to 
vary from 0 to 1:  

Equation 16 can then be applied between any two values of 
A, and the total change in free energy will be the sum of the 
incremental free energy differences: 

U(X,+SX)-U(X,) 
k T  

AA=cAA(Xi) (18) 
i 
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Figure 1. Thermodynamic cycle for the calculation of 
relative free energies of solvation. 
AGl and AG2 are the solvation free energies, equal to the free 
energy change for “growing” a solute in the solvent. AG, is the 
calculated free energy of “transforming” solute A to solute E in 
the same solvent. 

The use of coupling parameters makes the FEP method quite 
versatile. For instance, it can be used to calculate free energies 
of artificial transformations, such as the “mutation” of one 
chemical group into another. Then, by the use of simple ther- 
modynamic cycles (Tembe and McCammon, 1984), physically 
meaningful free energy increments can be extracted. For ex- 
ample, the difference in the free energy of solvation of two 
molecules A and B, AG2-AG1, can be obtained through the 
application of the thermodynamic cycle depicted in Figure 1 
by calculating the quantity AG3 for the transformation of one 
solute into the other by computer simulation. 

Critical to the success of any computational scheme to obtain 
quantitative thermodynamic properties from simulation is the 
availability of realistic interaction potentials. For water such 
potentials have been obtained either theoretically, through ub 
initio molecular orbital calculations (Matsuoka et al., 1976), 
or empirically, by adjusting the model parameters in order to 
reproduce specific structural and thermodynamic properties 
of the liquid (Jorgensen et al., 1983). While almost all poten- 
tials developed so far assume pairwise additive interactions, 
considerable activity has been devoted recently to the devel- 
opment of more sophisticated, polarizable models for water, 
for example, Caldwell et al. (1990). 

Similar approaches have been taken to obtain interaction 
potential functions for simulations of organic molecules in 
water. One approach is to perform a large number of molecular 
orbital calculations of the organic molecule and a solvent water 
molecule at different relative positions and orientations and 
fit the results to an analytical potential function, for example, 
Swaminathan et al. (1978) and Linse et al. (1984). The other 
is the Transferable Intermolecular Potential Functions (TIPS) 
approach, taken by Jorgensen and coworkers, which associates 
with each atom a pair of Lennard-Jones parameters and a 
partial atomic charge and expresses the interaction energy as 
the sum of Lennard-Jones and electrostatic interactions (Jor- 
gensen, 1981). The partial charges are obtained through mo- 
lecular orbital calculations on the isolated molecule by either 
Mulliken population analysis or by fitting a set of partial charges 
to the quantum-mechanical electrostatic potential. The latter 
is generally considered to be the superior approach (Sin& and 
Kollman, 1984). 

Table 1. Simulations Performed and Calculated Differences 
in Solvation Free Energy (UC = Uncharged) 

- 
A1 
A2 
A3 
A4 
91 
B2 
c1 
c 2  
c 3  
c 4  
D1 
D2 
D3 
D4 
El 
E2 
E3 
E4 
E5 
F1 
F2 
GI 
G2 
G3 
G4 
G5 
G6 
G7 
H I  
H2 
H3 

1-2 

methane- dichloromethane 
methane- UC dichloromethane 
UC dichloromethane- dichloromethane 

propane- dichloromethane 
propane- UC dichloromethane 
isobutane- chloroform 

UC chloroform -chloroform 
neopentane- carbon tetrachloride 

carbon tetrachloride-UC carbon tetrachloride 
1,1 dichloroethane-chloroform 

UC 1,l dichloroethane- UC chloroform 
UC 1,1 dichloroethane- 1,l dichloroethane 
1,1 dichloroethane- trans-I ,2 dichloroethane 
1.1 dichloroethane- gauche-1,2 dichloroethane 
toluene- phenol 
toluene-phenol (40 windows) 
toluene-UC phenol 
UC phenol-phenol 
toluene- “polar” toluene 
toluene-UC phenol (12-site ring) 
UC phenol-phenol (12-site ring) 
methanol- water 

AGcaic 

- 3.56*0.3 
-0.41 *0.5 
-2.59+0.09 
-3.24*0.1 
- 4.0 * 0.1 
- 1.03 f 0.03 
- 2.52*0.07 
- 2.42 f 0.07 
- 2.32+0.06 
- 0.94 *0.06 
-2.5*0.08 
- 2.09 *0.09 
-2.41 *0.09 
+ 0.2 0.01 

+ 0.09*0.08 
- 0.15 kO.1  
- 0.10~0.07 

-0.815*0.04 
-2.21*0.1 

-0.002+0.3 
-2.3k0.3 
-8.9*0.4 

-7.78*0.2 
- 0.49 *0.07 
-7.56*0.3 
- 0.05 *0.01 
- 0.52*0.1 
- 7.02*0.3 
-2.88+0.35 
- 1.47*0.37 
-0.96iz0.37 

In this work, we have used TIPS-type potential energy func- 
tions in conjunction with Monte Carlo simulations and the 
FEP method to calculate differences in solvation free energies 
for organic solutes at infinite dilution in water and from these, 
the ratios of their infinite-dilution activity coefficients using 
Eq. 8. The solutes studied include hydrocarbons (methane, 
propane, isobutane, neopentane, and toluene), chlorinated hy- 
drocarbons (dichloromethane, 1 , l  and 1,2 dichloroethane, 
chloroform, and carbon tetrachloride) and alcohols (methanol 
and phenol). The simulations performed are listed in Table 1. 

Simulation Method 
The potential energy is expressed as the sum of Lennard- 

Jones and Coulomb potential functions (Jorgensen, 1981): 

where the sums are over all pairs of interaction sites, 
A,= ( 4 ~ i u ) ~ ) ~ ” ,  Ci= (4q~f)’’~,  qi is the partial electric charge of 
interaction site i and ri/ is the separation between interaction 
sites. The form of this equation implies that the geometric 
mean combining rule is used for both Lennard-Jones param- 
eters. The interaction sites are usually atoms; however, non- 
polar hydrogens bonded to carbon atoms can be combined 
with the carbon atom to form a single “united” atom. The 
TIP4P model for water (Jorgensen et al., 1983) used in this 
study has a total of four interaction sites: the oxygen atom, 
the two hydrogen atoms, and a center for the negative charge 
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Table 2. Interaction Potential Parameters for the Solvent and 
the Solutes 

4 
(United) t (Electron 

Molecule Atom u (A)  (kcal/mol) Units) 

H O.OO0 O.OO0 +0.520 
TIP4P water. 0 3.15365 0.155 O.OO0 

M O.OO0 O.OO0 - 1.040 
TIP3P water* 0 3.15061 0.1521 -0.834 

H O.OO0 O.OO0 +0.417 

methane.' CH, 3.730 0.294 O.OO0 
propane. CH3 3.905 0.175 O.OO0 

CH2 3.905 0.118 O.OO0 
isobutane" CH3 3.910 0.160 O.OO0 

CH 3.850 0.080 O.OO0 
neopentane' CH, 3.960 0.145 O.OO0 

C 3.800 0.050 O.OO0 
dichloromethane' CH2 3.800 0.118 +0.500 

C1 3.400 0.300 -0.250 
chloroform' CH 3.800 0.080 +0.420 

Cl 3.470 0.300 -0.140 
carbon tetrachloride: C 3.592 0.1013 +0.392 

1,l dichloroethane CH 3.800 0.080 +0.300 

C1 4.0804 0.347 -0.098 

CH, 3.910 0.160 +0.100 
C1 3.635 0.282 -0.200 

1.2 dichloroethane CH2 3.983 0.114 + 0.250 
C1 3.635 0.282 -0.250 

methanol * CH3 3.775 0.207 +0.265 
0 3.070 0.170 -0.700 
H O.OO0 O.OO0 +0.435 

toluene CH 3.750 0.110 O.OO0 
C 3.750 0.110 O.OO0 

CH3 3.910 0.160 O.OO0 
phenol CH 3.750 0.110 O.OO0 

C 3.750 0.110 +0.265 
0 3.070 0.170 -0.700 
H O.OO0 O.OO0 +0.435 

~ ~~~~ 

12-site aromatic ring$ C 3.550 0.070 -0.115 
H 2.420 0.030 +0.115 

'Jorgensen et al. (1983); "Jorgensen et al. (1984); 'Jorgensen (1989a); 'Rao 
and Singh (1991); 9 Jorgensenet al. (1981); 8 Jorgensenand Ravimohan (1985); 
0 Jorgensen and Severance (1990). 

located along the dipole vector. All parameters for the mol- 
ecules studied here are listed in Table 2. 

The parameters for methane, isobutane, propane, neopen- 
tane, carbon tetrachloride, 1,2 dichloroethane, and methanol 
were obtained from the literature (references are listed in Table 
1). For dichloromethane and chloroform we used unpublished 
parameters suggested by Jorgensen (Jorgensen, 1989a). For 
1,1 dichloroethane we used the Lennard-Jones parameters of 
isobutane for the CH and CH3 groups, and the Lennard-Jones 
parameters of 1,2 dichloroethane for the chlorine atoms. The 
partial charge distribution for this molecule was chosen to give 
a reasonable dipole moment (p  = 2.45 D), somewhat higher 
than the experimental value (p  = 2.0 D), as is the usual practice 
in condensed phase simulations with effective, pairwise ad- 
ditive potentials (Jorgensen, 1981). The parameters for the 
amino acid tyrosine were used for phenol (Jorgensen and Ti- 
rado-Rives, 1988). Two different models were investigated for 
the aromatic ring of toluene. The first consisted of six united- 

Table 3. Geometrical Parameters of the Solvent and the 
Solutes 

C(SP3)-C(SP3) 
C(sp3)-CI 
C(arom)-C(arom) 
C-CH3 (toluene) 
C-0 (phenol) 
0-H (phenol) 
C-0 (methanol) 
0-H (methanol) 
0-H (water) 
0-M (water) 
C(arom)-H(arom) 

r (A) 6 (degrees) 

1.54 H-0-C (phenol) 109.5 
1.758 H-0-C (methanol) 108.5 
1.39 H-0-H (water) 104.52 
1.47 
1.38 
0.96 
1.43 
0.945 
0.9572 
0.15 
1.08 

atom sites of zero partial charge while the second was a full, 
12-site description with polar C-H bonds. The geometrical 
parameters for the molecules are listed in Table 3. 

To calculate the free energy change for the transformation 
of one solute to another we performed five simulations at 
values of X equal to 0.1,0.3,0.5,0.7, and 0.9. In each of these 
simulations we calculated the difference in free energy for a 
change in the coupling parameter in both directions; that is, 
6X = + / - 0.1. The total free energy is obtained as the sum of 
the ten individual AGs. The transformations were performed 
in a way that optimizes overlap in the structures of the two 
solutes. For example, in the propane-to-dichloromethane sim- 
ulation the two methyl groups were gradually transformed to 
chlorine atoms while the length of the carbon-carbon/chlorine 
bonds was increased from 1.54 to 1.758 A. 

The solute was initially placed at the center of a 20A cubic 
box containing 267 water molecules which had been previously 
equilibrated at 25°C. A number of water molecules equal to 
the number of heavy atoms in the solute were then deleted. 
This system was initially equilibrated for 500-K configurations 
at constant volume to relieve repulsive contacts between water 
molecules and the solute. Constant pressure equilibrations were 
then performed at each of the five values of X for another 500- 
K configurations, followed by 2.5-M configurations for the 
production runs in the NPT ensemble. 

The program BOSS was used for all calculations (Jorgensen, 
1989a). Periodic boundary conditions were employed with 
preferential sampling of water molecules near the solute (Ow- 
icki and Scheraga, 1977). The statistical uncertainty was es- 
timated by the standard deviation of the mean from five subsets 
of the production run. The water-water and water-solute in- 
teractions were cut off at 8.5A with a quadratic "switching" 
function between 8 and 8.5A. All simulations were carried out 
at 25°C and 1 atm. With these settings the transformation of 
one solute into another took a total of about two CPU days 
on a single processor of a SGI 4D-220 workstation. 

Results 
The calculated differences in hydration free energies for the 

individual simulations are reported in Table 1. For many sys- 
tems replicate runs were performed in order to assess the sta- 
tistical precision of the results. This approach gives a better 
estimate of statistical uncertainties than does the method of 
subaverages, since correlations between the subsets of data in 
the production runs can lead to an underestimation of these 
uncertainties by the latter method (Straatsma et al., 1986a). 

AIChE Journal June 1993 Vol. 39, No. 6 1055 



Table 4. Calculated Differences in Solvation Free Energy and Ratios of Infinite Dilution Activity Coefficients at 25°C 

1-2 

methane- dichloromethane 
propane - dichloromethane 
isobutane- chloroform 
neopentane- carbon tetrachloride 
1, I dichloroethane- 1,2 dichloroethane 
1 ,I dichloroethane-chloroform 
toluene- phenol 
methanol- water 

f Y* 
(torr) 

204,440 
7,060 
2,675 
1,287 

227 
227 

28.4 
126.9 

f 7‘’ 
(torr) 

G,,, 
(kcal/mol) 

Y p I M  
(Calc.) 

Y p I M  
(UNIFAC)’ 

429 
429 
193.4 
115 
79 

193.4 

23.8 
0.44” 

- 3.44 
- 3.97 
- 2.42 
- 2.33 
- 1.5 
f 0.07 
- 7.9 
- 1.77 

0.71 

4.36 
4.64 
4.4 
0.76 

10,164 
3.8 

50.8 
N/A 
1.07 
1.1 
0.3 
1.19 
0.92 
1,097 
2.24 

0.55 
16.9 
23.7 
5.86 
1.95 
1.38 
146 
1.3 

‘All are saturation vapor pressures (Boublik et al., 1973, 1984; Wilhoit and Zwolinski, 1971) except for phenol. For the aliphatic hydrocarbons the vapor pressure 

Fugacity of the hypothetical pure subcooled liquid, obtained from the vapor pressure of solid phenol (CRC Handbook) and the ratio f L / f S  calculated by the 

‘Calculation with standard UNIFAC parameters using the program available with Sandler’s textbook [Sandler, 19891. 
‘All chlorinated compounds from Wright (1991, 1992); methane, propane and isobutane from Mackay and Shiu (1975); neopentane from Medir and Giralt (1982); 

has been used as the reference fugacity for the ypD reported for these gases (Mackay and Shiu, 1975). In the other cases nonideal vapor corrections are negligible. 

method of Weimer and Prausnitz (Prausnitz et al., 1986, p. 418). 

*. 

methanol from Bergmann and Eckert (1991) by extrapolation to  room temperature. 

Several simulations were also performed using the so called 
“electrostatic decoupling” procedure (Bash et al., 1987). Here 
the transformation is performed in two steps: in one the Len- 
nard-Jones parameters are changed and in the other the partial 
charges. This procedure allows a separate determination of the 
contribution of van der Waals and electrostatic interactions to 
the calculated free energies. The averages of free energy dif- 
ferences from the runs in Table 1 are listed in Table 4. These 
averages have also been used to calculate ratios of infinite- 
dilution activity coefficients which are compared to experi- 
mental values and to UNIFAC predictions in Table 4. N o  error 
bars are reported in this table, since the number of repeated 
runs was small. However, one can make a qualitative assess- 
ment of the statistical uncertainty by inspection of the results 
in Table 1. 

In the methane-to-dichloromethane simulations (runs A1 to 
A4) the dominant contribution comes from electrostatic in- 
teractions between dichloromethane and the solvent (runs A3 
and A4) with a smaller, favorable contribution coming from 
dispersion interactions (run A2). The difference between the 
two charging runs (A3 and A4) is substantially larger than the 
error bars calculated by the method of subaverages in both 
simulations. The average calculated AG gives a ratio of activity 
coefficients equal to 0.71, which is slightly higher than the 
experimental value of 0.55. 

In the propane-to-dichloromethane simulations (runs B1, 
B2, A3 and A4) the van der Waals contribution is also favorable 
(B2) due to the more favorable dispersion interactions for the 
chlorine atoms with water compared to the methyl groups. 
This result added to the average of the results from the two 
dichloromethane charging runs (A3 and A4) gives a free energy 
change of -3.94 kcal/mol, which is close to that obtained 
from the one-step perturbation (Bl). However, the calculated 
ratio of infinite-dilution activity coefficients is higher than the 
experimental value by a factor of 3. The largest uncertainty 
in this calculation is in the free energy of charging dichloro- 
methane-the three values obtained for this free energy change 
are: - 2.59 kcal/mol (A3), - 3.24 kcal/mol (A4), and - 2.97 
kcal/mol (BI-B2), which can account for nearly all of this 
discrepancy. It should also be noted here that the error bar 
for run B2 is much smaller than that for the analogous run 
from methane (A2). This is due to the fact that, in the trans- 
formation of propane to dichloromethane, the chlorine atoms 
replace the methyl groups, while in the methane-to-dichloro- 

methane transformation, the two chlorine atoms must be 
“grown” into and thereby displace the solvent. The much 
better precision obtained in run B2 indicates that it is important 
to achieve maximum overlap in structures of the two inter- 
converted solutes. 

Three different simulations (runs C1 to C3) for the trans- 
formation of isobutane to chloroform gave comparable results, 
the average of which is -2.42 kcal/mol. About 1 kcal/mol 
of this can be attributed to the electrostatic interactions of 
chloroform with water (run C4). The average value leads to a 
ratio of infinite-dilution activity coefficients which is signifi- 
cantly smaller than the experimental value and therefore is an 
underestimation of the free energy change for the transfor- 
mation. 

Three different simulations (D1 to D3) were also performed 
for the transformation of neopentane to carbon tetrachloride. 
The free energy changes from these runs agree within 0.5 kcal/ 
mol and the average value of the free energy difference (- 2.33 
kcal/mol) gives a ratio of infinite-dilution activity coefficients 
close to the experimental value. The dominant contribution to 
the calculated free energy change for this transformation comes 
from dispersion interactions. Charging carbon tetrachloride 
(run D4) contributes only + 0.2 kcal/mol, indicating that the 
partial charges chosen for this molecule do not make much 
difference in the calculated free energy change. The very good 
agreement with experiment obtained for this transformation 
compared to the poor agreement obtained for the propane-to- 
dichloromethane transformation supports the observation 
made above that discrepancies with experiment in the latter 
case are due to statistical uncertainties associated with the free 
energy calculations for the charging process and possibly to 
inaccurate values for the partial charges. 

For the transformation of 1,1 dichloromethane to chloro- 
form we performed three equivalent one-step simulations (runs 
El to E3) as well as the three-step simulation: uncharging 1,l 
dichloroethane (ES), transformation to uncharged chloroform 
(E4), and charging chloroform (C4). The small difference in 
the hydration free energies for these two solutes appears to 
come from a balance of dispersion interactions for the hydra- 
tion of chloroform (C4 + E4), which favor chloroform (it has 
one more chlorine atom), with electrostatic interactions (E5), 
favoring the hydration of 1,1 dichloroethane which is much 
more polar. The average free energy change for the four trans- 
formations is +0.07 kcal/mol, leading to a ratio of infinite- 
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dilution activity coefficients equal to 0.76 vs. 1.38 from ex- 
periment. The free energy change for the three-step simulation 
is substantially more positive (+ 0.455 kcal/mol), perhaps due 
to uncertainties in the charging/uncharging calculations. How- 
ever, the discrepancy with experiment cannot be attributed to 
these uncertainties alone. As noted above, the assignment of 
partial charges may be an additional source of error. 

The transformation of 1,l to 1,2 dichloroethane consisted 
of two simulations: in the first, 1,l dichloroethane was trans- 
formed into gauche 1,2 dichloroethane and in the second into 
trans 1,2 dichloroethane. The free energy differences calculated 
from these simulations are - 2.3 *0.3 and 0.0*0.3 kcal/mol, 
respectively. Assuming about 33% trans population [it is about 
35% in the pure liquid (Millot and Rivail, 1989)] we estimate 
- 1.5 *0.3 kcal/mol for the overall transformation. This value 
is somewhat more negative than the experimental value (- - 1 .O 
kcal/mol), leading to a ratio of infinite-dilution activity coef- 
ficients of 4.4 vs. 1.95 from experiment. 

For the toluene-to-phenol transformation (run G1) the cal- 
culated difference in hydration free energy is more than 2 kcall 
mol greater than that obtained from experiment. Thus, the 
calculated and experimental ratios of infinite-dilution activity 
coefficients differ by almost two orders of magnitude. This 
transformation was also performed in 40 windows (run G2) 
to examine the possibility that a perturbation step of 6X = 0.1 
was too large. The results were almost identical though. A free 
energy simulation transforming nonpolar toluene to “polar” 
toluene was also performed to determine whether the results 
were sensitive to the polarity of this molecule. In fact, toluene 
has a small dipole moment of 0.375 D (Reid et al., 1987), 
which will be slightly enhanced in solution. Molecular orbital 
calculations (George et al., 1988) have also found a surplus of 
positive charge (0.036 electron units) in the methyl substituent. 
The “polar” model of toluene was constructed by distributing 
the negative charge equally to the united carbon atoms of the 
aromatic ring. This gives a dipole moment of 0.49 D, which 
is a reasonable value for toluene. The free energy change for 
this transformation (run GS) was found to be only - 0.05 kcall 
mol, and hence the polarity of toluene is unable to account 
for the large discrepancy with experiment. 

The source of the discrepancy was identified by applying 
the “electrostatic decoupling” procedure (runs G3 and G4) 
which shows that the charging phase of the simulation con- 
tributes approximately 7.5 kcal/mol of a total of 8 kcal/mol 
for the free energy change. Thus, it is clear that the source of 
the discrepancy is in the electrostatic part of the potential 
function. Figure 2 shows the free energy change for charging 
phenol as a function of the coupling parameter X, where X = 0 
corresponds to zero partial charges and A =  1 to the partial 
charges listed in Table 2. The steep slope at high values of X 
is most striking and can be related to changes in the solute- 
water orientational correlations during the charging process. 
At low charge, water molecules near the hydroxyl group of 
phenol orient in a way characteristic of hydrophobic hydration 
(Lazaridis and Paulaitis, 1992; and references therein); that is, 
without preferential orientation of either positive or negative 
charges towards the neutral solute. The energy change asso- 
ciated with a perturbation in A, when averaged over all “un- 
perturbed” water configurations, will thus give a small free 
energy difference, as shown in Figure 2, for X c O . 5 .  At high 
partial charge, the water molecules will orient in a way that 

W 
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Figure 2. Calculated free energy of charging phenol as 

a function of the coupling parameter. 

allows them to form hydrogen bonds with the hydroxyl group. 
For such configurations any “perturbation” that increases the 
partial charges on this group will always be accompanied by 
a large negative change in energy. Thus, the calculated free 
energy will be very sensitive to the value of the partial charges. 
For example, the partial charges for tyrosine used in the 
CHARMM force field (Brooks et al., 1983) are about 93% of 
those in the OPLS force field used in this study. The AG 
corresponding to h=0.93 in Figure 2 is about - 6.2 kcal/mol. 
A charge distribution that matches the experimental dipole 
moment of phenol (p  = 1.6 D) would correspond to h = 0.73, 
which in Figure 2 gives AG = - 3.7 kcal/mol. Clearly, a rig- 
orous method of specifying the electron density of the solute 
is needed, as well as how this density is affected by a particular 
solvent, if reliable predictions of solvation free energies are to 
be made. Similar observations of the sensitivity of these free 
energy simulations to the choice of partial charges have also 
been reported in other recent publications (for example, Kuy- 
per et al., 1991). 

In previous work it was found that six-site models of aro- 
matic rings do not describe adequately interactions with water 
(Jorgensen and Severance, 1990) and that 12-site models are 
superior (Randelman et al., 1989). We therefore repeated the 
simulation with the 12-site representation of the aromatic ring 
(runs G6 and G7), but found essentially the same results. In 
conclusion, the large discrepancy between simulation and ex- 
periment in this transformation appears to be due to the very 
high sensitivity of the free energy calculations to the partial 
charges on the hydroxyl group of phenol. The range of rea- 
sonable values that can be assigned to these partial charges 
can lead to calculated ratios of infinite-dilution activity coef- 
ficients that differ by several orders of magnitude. This sen- 
sitivity to the partial charges has also been noted elsewhere 
(Essex et al., 1992). Indeed, after submitting this manuscript, 
we received a preprint from Prof. Jorgensen which reports 
good agreement with experiment for the solvation free energies 
of substituted benzenes, including toluene and phenol, using 
much smaller partial charges for phenol (Jorgensen, 1992). 

For the methanol-to-water transformation, which of course 
gives directly the infinite-dilution activity coefficient of meth- 
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anol, three different simulations were performed (runs H1 to 
H3). While the calculated values for these runs differ sub- 
stantially, the average AG of hydration ( -  1.77 kcal/mol) cor- 
responds to an infinite-dilution activity coefficient for methanol 
that is in reasonable agreement with experiment. The wide 
variation in the results for these runs was also observed to a 
lesser extent for charging dichloromethane (runs A3 and A4) 
and suggests that the amount of sampling commonly reported 
in the literature and which was adopted in this work, can be 
inadequate. 

Conclusions 
The most widely used methods for estimating activity coef- 

ficients have been based on the group contribution approach. 
Current methods, such as UNIFAC (Larsen et al., 1987), use 
molecular thermodynamic models for the excess Gibbs free 
energy, but their predictive capabilities rely on formidable 
correlations of existing equilibrium data for binary mixtures. 
The general methods provide fast, reliable estimates for a wide 
range of simple mixtures, but perform poorly for aqueous 
solutions. Specialized parameter sets (Hooper et al., 1988) have 
been developed for such systems and do offer some improve- 
ment, but cannot be extrapolated with confidence beyond the 
database used in the parameterization. In contrast, free energy 
simulations provide a fundamentally new route to predicting 
thermodynamic properties of mixtures with a distinct advan- 
tage over the group contribution approach. Specifically, they 
are based on potential energy functions derived from pure- 
fluid data, such as radial distribution functions, heats of va- 
porization or crystal structures, and not from thermodynamic 
information on mixtures. In Table 4, we compare predictions 
of y$/yr from our free energy simulations to those obtained 
from standard UNIFAC. For the aqueous systems studied, the 
two methods are in comparable, although not very good agree- 
ment with experiment. 

In contrast to UNIFAC, however, significant improvements 
in the free energy simulations are anticipated. Specifically, it 
appears that a set of partial charges consistent with all the 
experimental data could be identified. For example, an increase 
in the partial charges of chloroform would give results in closer 
agreement with experiment for both the isobutane-to-chloro- 
form and the 1,l dichloroethane-to-chloroform transforma- 
tions. Also, a decrease in the partial charges of dichloromethane 
would improve both the methane-to-dichloromethane and pro- 
pane-to-dichloromethane calculations. However, making these 
adjustments in an empirical fashion so as to improve agreement 
with experiment would defeat the purpose of these simulations 
unless a set of partial charges truly transferable to other mol- 
ecules could be found. This appears highly unlikely, and there- 
fore, more rigorous methods of assigning partial charges must 
be examined. 

In most applications, electrostatic interactions are described 
by Coulomb’s law with partial charges derived from molecular 
orbital calculations. However, there is no generally accepted 
way to do this. In addition, there is no practical method of 
treating the effect of the solvent on the electron density dis- 
tribution. For example, partial charges derived theoretically 
can be scaled to fit the experimental vapor-phase dipole mo- 
ment or, for a condensed phase, to fit a “somewhat” larger 
dipole moment. However, this practice may not be satisfactory 
for highly polar molecules because, as we have seen in Figure 

2, the free energy calculations can be sensitive to small vari- 
ations in the assigned partial charges when these are large. One 
promising approach has been recently developed (Cramer and 
Truhlar, 1992) that incorporates a continuum description of 
the solvent into a quantum mechanical Hamiltonian for sem- 
iempirical self-consistent field calculations. A similar treatment 
of the solvent has been incorporated in ab initio calculations 
as well (Wong et al., 1991). Both approaches account for the 
polarizing effect of the solvent, but suffer from uncertainties 
associated with the continuum approximation. 

Currently employed simulation lengths (a few million con- 
figurations with Monte Carlo or a few picoseconds for mo- 
lecular dynamics) appear to be inadequate for convergence of 
the averages in some systems. A number of other recent pub- 
lications have also recognized the difficulty of achieving con- 
vergence in free energy simulations (Mitchell and McCammon, 
1991; Mazor and Pettitt, 1991; Saqi and Goodfellow, 1991). 
Sampling is much more severe a problem in water compared 
to simple fluids, since water has an extremely “structured” 
configurational space. However, the sampling problem is des- 
tined to be alleviated with the expected increase in computing 
power. Also, the methodology of free energy simulations itself 
is likely to accept further improvements. For example, a recent 
analysis of systematic sampling errors in FEP calculations 
would provide better detection and control of such errors 
(Wood et al., 1991). 

In conclusion, free energy simulations appear promising, 
but still rather primitive to be applied in a routine fashion for 
the quantitative prediction of thermodynamic properties of 
aqueous solutions. At present, however, these simulation 
methods can play an important role in guiding the development 
of new engineering thermodynamic models for aqueous so- 
lutions by enhancing our understanding of the molecular origin 
of hydration phenomena. One important direction is the dis- 
section of the free energy into components arising from specific 
interactions, such as van der Waals or electrostatic interactions, 
and also components that arise from specific molecular groups 
(Daggett et al., 1989; Gao et al., 1989). Another important 
advance would be the development of methods to separate the 
calculated free energies into enthalpic and entropic contribu- 
tions. Current approaches for doing so suffer from high sta- 
tistical uncertainty. Alternative methods that calculate the 
entropy, for example, Lazaridis and Paulaitis (1992) or the 
enthalpy alone would be an important complement to free 
energy simulations. 
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Notation 
A = Helmholtz free energy 
A ,  = repulsive parameter of the van der Waals interactions 
C, = attractive parameter of the van der Waals interac- 

tions 
f, = fugacity of component i in the mixture 
f P  = fugacity of pure component i at the temperature and 

pressure of the mixture 
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Greek letters 

$= = 
y, == 

pfGM ( T,x,P) = 

P =  
0, = 
$4 = 

fugacity of component i in an ideal gas mixture at 
the same temperature, composition and pressure 
fugacity of component i in an ideal gas mixture at 
the same temperature, composition, and number 
density 
Gibbs free energy 
Henry’s constant of component i in the mixture 
Boltzmann’s constant 
pressure 
partial atomic charge 
absolute temperature 
potential energy 
composition 
the mol fraction of component i in the mixture 

activity coefficient of component i in the mixture 
activity coefficient of component i in the mixture at 
infinite dilution 
Lennard-Jones energy parameter 
coupling parameter 
chemical potential of component i in the mixture 
residual chemical potential of component i in the 
mixture 
residual chemical potential of component i in the 
mixture at infinite dilution 
residual (pressure) chemical potential of component 
i in the mixture 
residual (pressure) chemical potential of component 
i in the mixture at infinite dilution 
residual (pressure) chemical potential of pure i 
chemical potential of component i in an ideal gas 
mixture at the same temperature, composition and 
number density 
chemical potential of component i in an ideal gas 
mixture at the same temperature, composition and 
pressure 
density 
Lennard-Jones energy parameter 
interaction energy of the added particle with the sys- 
tem 
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