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Implicit water potentials are developed for the study of thermodynamic and structural properties of
solutions of NaCl, LiCl, and KCl. The interaction potential between cations and anions is
parametrized from the ionic crystal potential. Two short-range corrections were added to the system
to account for the water solvent. The first is due to dielectric saturation which reduces the dielectric
permittivity in the vicinity of an ion. The second is a repulsive Gaussian potential which represents
the first hydration shell around the ions. Grand canonical Monte Carlo simulations were performed
to calculate the mean ionic activity coefficients. Molecular dynamics simulations were performed to
calculate the radial distribution functions of 1.0 molal solutions at 298 K which were used to
compare the structure of the explicit and implicit water simulations. The implementation of
dielectric saturation and a repulsive hydration potential results in an excellent description of the
mean activity coefficient and is able to capture structural features of contact ion pairs and solvent
separated ions. © 2007 American Institute of Physics. �DOI: 10.1063/1.2431169�

I. INTRODUCTION

Aqueous solutions of salts are important in many fields,
including biology,1–6 geosciences,7,8 and electrochemistry.9,10

There is much interest in studying electrolyte solutions via
simulations using implicit solvent models. The main reason
for this is to reduce the computational expense of performing
these simulations, since at typical �dilute� conditions there is
a large amount of solvent present in the system. One way to
remove the solvent is to propose an effective interaction po-
tential between ions based on a potential of mean force
�PMF�.11–19 However, the PMF approach is also hindered by
several problems. One is the dependence of the results on the
solvent model selected and the interaction potential param-
eters between ions and solvent. A second is that the deter-
mined potential is density dependent and many simulations
are needed to obtain accurate properties that are a function of
concentration. However, all of the potentials derived in this
manner have similar characteristics. They include a mini-
mum in the potential at short distance related to contact ion
pairing, then a steep repulsion and subsequent minima and
maxima of a damping-oscillatory nature. It is the solvent that
produces the oscillating behavior of the interaction potential
between ions at short distances, which eventually becomes
strictly Coulombic at long distances. Recently Brancato
et al.20 showed that a mean field model could be used to
predict the structure of sodium and chloride ions in solution
and the solvation free energy if the first two or three solvent
layers are incorporated explicitly into the model.

For many implicit water models of electrolyte solutions,
the dielectric constant used in evaluating the electrostatic in-
teraction between ions is set to the value of bulk water at the
temperature of interest ��s=78 for water at 298 K�. However,

in the vicinity of an ion, the water dipoles are aligned, im-
mobilizing the water in a fixed structure around the ion. This
phenomenon, called dielectric saturation, results in a de-
crease of the solution permittivity near an ion.21,22 In fact, the
permittivity of water in the immediate vicinity of a univalent
ion is thought to be around 5, reaching its bulk value at
distances greater than 6 Å from the ion.23

Recent studies have included the effect of a
concentration-dependent dielectric constant on the electro-
static interaction. Hess et al.24 developed a PMF for the NaCl
system which underpredicted the osmotic coefficient when
applied to an implicit water simulation of the solution. Stud-
ies by Gavryushov and Linse25 and Gavryushov26 developed
PMFs for a number of alkali and alkaline earth metal ions
with Cl− in water. A correction to the solution dielectric con-
stant as a function of bulk concentration to account for di-
electric saturation was employed. They found that their pre-
dicted activity coefficients for LiCl, NaCl, and KCl followed
qualitative trends, but did not obtain quantitative agreement
for solutions with salt concentrations up to 1.0 M.

In the present work, interionic interaction potentials for
the LiCl, NaCl, and KCl systems for use in implicit water
simulations are developed. The primary quantity of interest
is the mean ionic activity coefficient which determines the
equilibrium thermodynamic properties, in contrast to previ-
ous studies that focus primarily on solution structure. In
Sec. II the salt potentials are presented, as well as the con-
tributions related to dielectric saturation and hydration repul-
sion. The simulation techniques are described in Sec. III. In
Sec. IV the results for the LiCl, NaCl, and KCl systems are
presented and concluding remarks are made in Sec. V.

II. MODELS

The non-Coulombic interactions are described by the
Huggins–Mayer potential27 as parameterized by Pettit and
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Rossky28 using the data of Fumi and Tosi29,30 for the inter-
action of ions in the crystal. The potential is given by

UHM�r� = A exp�− Br� −
C

r6 , �1�

where A , B, and C are parameters governing the repulsion,
size, and attraction between ions, respectively, and r is the
distance between ions. Following the approach of Koneshan
and Rasaiah,31 instead of using Eq. �1�, the Huggins–Mayer
potential is mapped onto the Lennard–Jones �LJ� potential

ULJ�r� = 4����

r
�12

− ��

r
�6� �2�

with energy � and size � parameters. The LJ form is used for
computational convenience. The potential parameters for the
salts used in this study are given in Table I.

The intermolecular interaction between charge sites Uqq

is described by Coulomb’s law

Uqq�r� =
1

4��0

qiqj

�sr
, �3�

where qi is the charge on site i , r is the distance between the
charges, �0 is the permittivity of vacuum, and �s is the di-
electric constant of the solvent. For ions in vacuum or ex-
plicit water �s=1. For ions in implicit water at 298 K, it is
often assumed that �s=78 at all distances. We have per-
formed calculations with uniform �s=78 for purposes of
comparison. The total energy of the system is given as the
sum of the Lennard–Jones and charge interactions between
all pairs of molecules and ions, Usystem=	ULJ+	Uqq.

A. Implicit water simulations

In order to reproduce the effects of the solvent on the
electrolytes in solution, two contributions are added to the
interaction energy between ions. The first is a distance-
dependent dielectric permittivity representing the dielectric
saturation of water in close proximity to an ion. The second
is a repulsive potential between the ions located in the region
of the first hydration shell.

In the simulation of electrolyte solutions, the effect of
the solvent is usually incorporated in the electrostatic energy
via the dielectric constant as seen in Eq. �3�. However, the
use of a fixed dielectric constant assumes that the solvent
acts homogeneously over all the ions in solution. When

viewed from a molecular level, this is not the case. A
distance-dependent dielectric permittivity correction �D�r� is
proposed of the form

�D�r� = �5.2 + �s

2
� + ��s − 5.2

2
�tanh� �r − rm��

��
� , �4�

where �s is the dielectric constant of water �78 at 298 K� and
the factor of 5.2 is the limiting permittivity in the vicinity of
the ion due to dielectric saturation.23 This functional behav-
ior arises from a model for the relationship between �D as a
function of the electric field in a solvent32 and agreement
is found in the asymptotic limits: �D�r→0�=5.2 and
�D�r→��=�s. The two free parameters in this equation are
the location of the inflection/midpoint of the curve rm� and
the distance scale ��.

The hydration shell around ions in solution creates a
repulsive barrier that must be overcome if ions are to asso-
ciate in solution. In our model, this hydration energy Uhydr is
a repulsive Gaussian of the form

Uhydr =
H

�h

2�

exp�−
�r − rmh�2

2�h
2 � �5�

with a potential height given by H / ��h

2��, a mean rmh, and

a standard deviation �h.
The energy between ions is evaluated according to Eq.

�3� using �s=78. A correction term to the energy Uqq, corr

must be added to take into account the short-range nature of
�D�r�,

Uqq, corr =
1

4��0

qiqj

�sr
� �s

�D�r�
− 1� . �6�

For all of the systems studied, the box length was suffi-
ciently large so that �D�r� saturated to its value of �s before
r=L /2, making Uqq, corr→0. This expression is similar to the
correction in the work of Hess et al.24 except that here the
dielectric constant is dependent on distance and not bulk
concentration. The total system energy is then calculated as
Usystem=	ULJ+	Uqq+	Uqq, corr+	Uhydr.

The free parameters for the effect of dielectric saturation
�rm� and ��� and hydration repulsion �H , rmh and �h� are
optimized to match the experimental mean ionic activity co-
efficient for a 1.0 molal salt solution at 298 K and to produce
a cation-anion radial distribution function that has features
similar to those obtained from molecular dynamics simula-
tions with explicit water. A relationship between the standard
deviations of the two functions was imposed such that ��

=�h, thereby reducing the number of free parameters to 4.
The values of rm� and rmh were selected to fall into the region
of the first hydration shell between cation and anion as seen
in the molecular dynamics �MD� simulations. The value of H
was optimized for agreement with the thermodynamics as

TABLE II. Parameters for the implicit water electrolyte potentials.

Salt rm��Å� ��=�h�Å� rmh�Å� H /kB�K Å�
LiCl 2.15 0.50 2.0 8500
NaCl 2.70 0.57 3.1 4100
KCl 3.35 0.67 3.55 1850

TABLE I. LJ potential parameters for salt ions.

Salt � /kB�K� ��Å�
LiCl ++ 1.6859 2.069

−− 117.7604 3.487
+− 10.9723 2.629

NaCl ++ 14.3288 2.443
−− 117.7604 3.487
+− 42.4104 2.796

KCl ++ 52.5402 3.070
−− 117.7604 3.487
+− 60.3474 3.361
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well as the formation of contact ion pairs and solvent sepa-
rated ions in the radial distribution function. The values for
these parameters are found in Table II.

Figure 1 shows �D�r� as a function of r for the three salts
studied. The saturation at both small and large distances is
apparent. Second, the location of rm� increases along with the
size of the cation �Li+�Na+�K+�. This reflects the size of
the first hydration shell around the cation. In the MD simu-
lations of ions in SPC/E water by Lee and Rasaiah,33 the
location of the maxima of the radial distribution function for
the cation and the water oxygen increased with the cation
size �rLi-O=1.95 Å, rNa-O=2.45 Å, and rK-O=2.80 Å�.

The Na+-Cl− interaction potential is presented in Fig. 2.
The potential contains both dispersion and electrostatic con-
tributions. For the case where a fixed dielectric constant �s

=78 is used, only a single minimum in the curve is seen at
r=2.84 Å. For the implicit water potential, a first minimum
is seen around r=2.21 Å, which is a balance between the
enhanced electrostatic interaction between the ions due to
dielectric saturation and the onset of repulsion due to hydra-
tion. The repulsive contribution leads to a rise in the poten-
tial followed by a second minimum at r=4.93 Å. The repul-
sive potentials between Na+-Na+and Cl−-Cl− are presented in
Figs. 3 and 4, respectively. The first minimum in the
Cl−-Cl−curve is not very pronounced. This is because the size
of the Cl− ion is roughly 40% larger and the energy param-

eter is 8� more repulsive than Na+ �Table I�, and the added
repulsion due to hydration is found inside the repulsive re-
gion of the bare ion potential. The potentials presented in
Figs. 2�x� are particularly sensitive to the values of rm� , ��,
and H. The first two parameters govern the electrostatic in-
teractions, in particular the location and depth of the first
minimum in the cation-anion interaction potential. The value
of H mediates the depth of the first minimum by increasing
the energy of the potential as well as the height of the maxi-
mum representing the hydration shell.

B. Mean ionic activity coefficient

The mean ionic activity coefficient �± is a measure of
the excess chemical potential of the ions in solution. Theo-
ries have also been applied to calculate this quantity, the
simplest being the Debye–Hückel theory.34,35 The Debye–
Hückel behavior of an electrolyte solution in the infinite di-
lution limit yields

log10 �± = − A�z+z−�
I , �7�

where A is a constant related to the density, dielectric con-
stant, and temperature of the solvent, z+ and z− are the va-
lency of the cation and anion, and I is the ionic strength,
calculated by

FIG. 1. The corrected dielectric constant as a function of distance for each
electrolyte system.

FIG. 2. The effective interaction potential between Na+ and Cl− ions for the
implicit water model in this work compared the fixed dielectric constant
potential with �s=78.

FIG. 3. The effective interaction potential between Na+ and Na+ ions for the
implicit water model in this work compared the fixed dielectric constant
potential with �s=78.

FIG. 4. The effective interaction potential between Cl− and Cl− ions for the
implicit water model in this work compared the fixed dielectric constant
potential with �s=78.
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I = 12	
i

mizi
2, �8�

where mi is the molality in mol/�kg solvent� and A=0.510 for
water at 298 K.34

The mean ionic activity coefficient can also be explicitly
calculated from Monte Carlo simulations36,37 as

2 ln �± = �	 − �	ideal, �9�

where � is the inverse temperature �= �kBT�−1 and 	 is the
chemical potential. Previous studies have also been done in
other ensembles, but the calculation of the mean ionic activ-
ity coefficient is easily obtained from grand canonical Monte
Carlo �GCMC� simulations as the chemical potential is an
input for the simulation. The chemical potential as defined
for our simulation behaves as

�	 → 2 ln�N/V� for N/V → 0, T → � , �10�

where N is the number of ion pairs and V is the system
volume. GCMC simulations are performed for the implicit
solvent system, with ion pairs being inserted and deleted
from the system to maintain charge neutrality and single ion
displacement moves. The acceptance criterion for the ion
displacement move is

acc�r → r�� = min�1, exp�− �
U�� . �11�

The acceptance criterion for ion pair insertion is

acc�N → N + 1� = min�1,
V

N + 1
exp��	 − �
U�� �12�

and for deletion is

acc�N → N − 1� = min�1,
N

V
exp�− �	 − �
U�� , �13�

where 
U is the change in the system energy. The average
number of ion pairs in the system �N is an output from the
simulations. Substitution of Eq. �10� into Eq. �9� yields

2 ln �± = �	 − 2 ln��N/V� . �14�

III. SIMULATION DETAILS

Simulations of ions in implicit water were performed in
the grand canonical �	VT� ensemble as a single component
system. Here, the chemical potential 	, the system volume
V, and the temperature T are held constant. During the course
of the simulation, fluctuations in the system density occur
due to the insertion and removal of ion pairs in the simula-
tion volume, ensuring overall charge neutrality. Individual
ions in the simulation box are also displaced. The mix of
moves for all simulations was 60% translation and the bal-
ance attempted insertions or deletions selected with equal
probability. Simulations were equilibrated for 10 million
Monte Carlo steps and statistics were collected over a period
of 40 million steps. Histogram reweighting38 was used to
determine a chemical potential that resulted in an �N of
either 30 or 40 pairs of ions for each system. The system
volume was varied to change the concentration of salt in the
system. NVT simulations were performed for the same con-

ditions as the MD simulations, allowing for direct compari-
son with the work of Koneshan and Rasaiah.31 A truncation
at half the simulation box length was applied for the
Lennard–Jones interactions, and the algorithm of Theodorou
and Suter39 was implemented for the tail correction. The
long-range electrostatic interactions were calculated using
the point charge form of the Ewald summation40,41 with
vacuum boundary conditions. A total of 276 k vectors were
used in the reciprocal-space calculation and a real-space
dampening factor �=6.0.

In order to obtain information about the structure of the
system, molecular dynamics simulations were performed for
the three electrolyte systems. All MD simulations were per-
formed using the GROMACS molecular dynamics
software.42,43 The system was set up with 555 SPC water
molecules and ten ion pairs. The box length is 25.54 Å,
yielding a solvent density is 0.997 g/cm3 at 298 K and an
electrolyte concentration of 1.0 molal. A Nosé–Hoover ther-
mostat was employed to keep the system temperature at
298 K. The particle mesh Ewald44 was used to evaluate the
long-range electrostatic forces. Simulations were equili-
brated for 1 ns, and production periods lasted for 4 ns. The
time step was 1 fs. For the LiCl and KCl systems, Lorentz–
Berthelot combining rules were used for the unlike intermo-
lecular potential parameters between the ions and oxygen.
The interaction between the NaCl ions and water was de-
scribed in Ref. 31.

IV. RESULTS AND DISCUSSION

The success of the implicit potential in predicting the
mean ionic activity coefficient for the LiCl system is seen in
Fig. 5. Although the potential was parametrized around a
single concentration of 1.0 m, agreement with experiment is
found over a large range of concentrations up to 4.0 m. The
Debye–Hückel approximation only agrees with experiment
for very dilute electrolyte solutions. The fixed �s=78 simu-
lations severely underestimate the activity coefficient for
concentrations �0.06 m, not capturing the minimum in the

FIG. 5. Mean activity coefficient for LiCl as a function of salt molality, m,
at 298 K. Results from the implicit model developed in this work �open
circles�, fixed dielectric constant potential with �s=78 �dashed line�, Debye–
Hückel theory �dashed-dot line� and experiment45 �solid line�.
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experimental data. However, the implicit water potential has
excellent agreement with the experimental results, even for
very concentrated salt solutions.

The radial distribution function for the LiCl system is
presented in Fig. 6. Since Li+ is a smallest cation, the contact
ion pair occurs at a lower distance than in the other salt
systems, r=1.8 Å. The MD simulation shows a hydration
layer around the ion that creates a region of no ion occupa-
tion, and then a second maximum is found at r=4.3 Å cor-
responding to the interaction of solvent-separated ions. A
single maximum at r=2.4 Å, in the region of the hydration
layer, is found for the fixed �s=78 simulations. The implicit
model captures a first maximum at r=1.9 Å, but the second
maximum occurs at a slightly higher distance of r=4.8 Å
than the explicit water case. This is a consequence of repre-
senting the repulsive hydration barrier between all ions as a
single potential. In reality, there are three different potentials
describing the hydration between the ions. However, this
would introduce an additional six parameters to the system.
Also, the radial distribution functions for an ionic system are
not independent of one another. Changes in the potential be-
tween a single ion-pair interaction can manifest itself in the
radial distribution functions of the other two ion pairs. Our
goal was to match the first contact ion pair peak while sac-
rificing agreement with longer-range structure.

In applying our procedure to the NaCl system, some
interesting solution behavior was encountered. In attempting
to reproduce the results of Koneshan and Rasaiah,31 MD
dynamics were performed with the same set of conditions.
The combining rule used for the ion-water interactions was
fit to the dimer potential minimum distance from quantum
mechanical calculations and the experimental vapor phase
heat of formation.28 At the end of the 5 ns simulation run, a
large cluster of sodium and chloride ions had formed in the
system, and would not dissociate. This phenomenon was
seen for multiple initial configurations of ions and water in
the system. In attempts to determine if the combining rule
led to this problem, the Lorentz–Berthelot combining rule
was also applied to this system, but clustering once again
resulted. When the unlike interaction parameters from Ref.
28 were implemented for the LiCl and KCl systems, cluster-

ing was found in the KCl system, but not for LiCl. In sys-
tems that clustered, the strength of the ion pair interaction
was evident even in the dilute case of a single ion pair. Over
the course of the simulation, once the ions came into close
proximity to one another, a stable ion pair was formed that
did not break up for the duration of the simulation. This leads
to difficulty in determining the structure from the explicit
water MD simulations, as the first contact peak begins to
grow very large. Clustering of NaCl in water during MD
simulations was previously reported.46 For several different
NaCl and water potentials, the rdf and cluster properties were
calculated. It was found that the structure of the solution was
highly dependent on the choice of the interaction potentials,
with the first contact ion peak falling in a range from 2.5 to
3.0 Å. In addition, clusters of multiple ions can form due to
the compensation of cation repulsion by the attraction with
anions.

The structural characteristics for developing our implicit
model were taken from other studies. The first contact ion
peak for the models used in our system is found at r
=2.1 Å.31 A second broad peak has been shown to exist
around 5 Å.46 The results are presented in Fig. 7. The fixed
�s=78 simulations have a single maximum in the g�r� lo-
cated at r=2.9 Å, in agreement with previously published
results.31 When compared to other work, this shows that ion
coordination occurs in the region of the actual hydration
shell and shows no evidence of ion pairing. The implicit
water model developed shows good agreement with the lo-
cation of the contact ion peak �r=2.2 Å� and a second maxi-
mum is present at r=4.9 Å. The lack of structure at longer
distances is due to a formulated lack of repulsion in the sec-
ond hydration shell. The structure presented shows similar
features of contact ion pairing and solvent separated ions
similar to LiCl.

Figure 8 presents the predicted mean ionic activity coef-
ficient for the NaCl solutions as a function of salt concentra-
tion. Agreement between Debye–Hückel theory and experi-
ment only occurs in very dilute solutions �0.003 m. The
fixed �s=78 simulations do not extend the agreement with
experiment to much higher concentrations and do not predict
a minimum in the mean activity coefficient over the entire
concentration range studied. For comparison, the result from

FIG. 6. Radial distribution function for Li+ and Cl− ions at 298 K and
�LiCl�=1.0 m. Implicit result is from NVT-MC simulations, explicit result is
from 4 ns MD simulations, and the fixed dielectric constant �s=78 result is
from NVT-MC simulations.

FIG. 7. Radial distribution function for Na+ and Cl− at 298 K, �NaCl�
=1.0 m. Implicit result is from NVT-MC simulations, and the fixed dielec-
tric constant �s=78 result is from NVT-MC simulations.
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the restricted primitive model �RPM� with �±=2.76 Å per-
formed by Panagiotopoulos47 is shown. The RPM model in-
teracts via electrostatic interactions with a hard-sphere repul-
sion. The RPM model does predict a minimum in the activity
coefficient at 1.6 m, but still underpredicts the experiment.
The implicit model formulated in this work has a slight un-
derprediction of the activity coefficient, predicts a minimum,
and then increases more rapidly than any of the other results.
The mean ionic activity curve is better reproduced up to
concentrations of 3.0 m with the implementation of dielectric
saturation and a repulsive hydration potential.

The largest cation of the systems studied is for the KCl
electrolyte. The result for the mean ionic activity coefficient
for the KCl system is seen in Fig. 9. The fixed �s=78 simu-
lations underestimate the experimental results for all concen-
trations �0.15 m. They also do not predict a minimum in the
mean ionic activity coefficient which occurs around 3.0 m
experimentally. The implicit water potential overestimates
the coefficient for concentrations �0.6 m, but does predict a
minimum around 1.0 m.

The radial distribution function between K+ and Cl− is
presented in Fig. 10. The contact ion pair distance is seen at
a larger distance, r=2.8 Å. Unlike the LiCl system, the MD
simulation does not show a complete depletion of ions in the

hydration region. A second prominent maximum for the
solvent-separated ions occurs at r=4.8 Å. Similar to the LiCl
electrolyte solution, the fixed �s=78 simulations has a maxi-
mum in the first hydration layer at r=3.5 Å. The implicit
potential is able to reproduce the contact ion pair maximum
at r=2.8 Å, and has a second very broad maximum at
r=4.7 Å.

V. CONCLUSIONS

In this paper, an effective way to develop implicit water
potentials for monovalent electrolyte solutions was pre-
sented. This was done by adding two short-range corrections
to the interaction potential between ions. The first is an elec-
trostatic correction due to dielectric saturation of the solvent
in the vicinity of an ion. The dielectric saturation is incorpo-
rated using a distance-dependent dielectric permittivity. This
allows for the creation of contact ion pairs, which is seen in
the radial distribution functions of all electrolyte solutions in
this study. The second is a repulsive Gaussian potential rep-
resenting the hydration shell around an ion. As modeled, the
variation in the dielectric constant occurs in the region of this
hydration layer. Parameterizing these corrections for the
NaCl, LiCl, and KCl electrolyte solutions at 298 K, it was
shown that the implicit potentials capture features of the
structure of the fluid as well as the thermodynamic proper-
ties, in this case the mean ionic activity coefficient.

Improved agreement between the explicit solvent radial
distribution functions and the implicit models may be ob-
tained by creating separate repulsive potentials between the
three pairs of ions. For simplicity, a single repulsive potential
was used to represent the hydration layer between cations,
anions, and the cation-anion pair. In reality, the ion-oxygen
distance is different for each salt; incorporating this effect
would give greater control in matching aspects of the struc-
ture. Additional repulsive terms may be added to represent
successive hydration layers. Since all of the corrections are
short-ranged, there is little added computational expense to
implement them in simulations.

The results for the structure of the solutions and the
mean ionic activity coefficient show that the assumption of
using a fixed dielectric constant to represent the properties of

FIG. 8. Mean activity coefficient for NaCl as a function of salt molality, m,
at 298 K. Results from the implicit model developed in this work �open
circles�, fixed dielectric constant potential with �s=78 �dashed line�, RPM
model �Ref. 47�, Debye–Hückel theory �dashed-dot line�, and experiment
�Ref. 45�.

FIG. 9. Mean activity coefficient for KCl as a function of salt molality, m, at
298 K. Results from the implicit model developed in this work �open
circles�, fixed dielectric constant potential with �s=78 �dashed line�, Debye–
Hückel theory �dashed-dot line�, and experiment �Ref. 48�.

FIG. 10. Radial distribution function for K+ and Cl− ions at 298 K and
�KCl�=1.0 m. Implicit result is from NVT-MC simulations, explicit result is
from 4 ns MD simulations, and the fixed dielectric constant �s=78 result is
from NVT-MC simulations.
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the solvent is not correct. Using the fixed dielectric constant
model, the radial distribution function between cation and
anion indicated ions present at distances where ions are typi-
cally excluded by water in the explicit simulations. The ef-
fect of a concentration-dependent dielectric permittivity re-
produces the lowering of the solvent permittivity due to the
presence of ions, but once again this is a bulk property. It
does not give any understanding of what is occurring on the
molecular level between ion and solvent and it is only an
averaging of the effects of dielectric saturation.

One final comment is addressed to the transferability of
the models proposed in this work. The interaction potential
between the salt ions is a reparametrization of the ionic in-
teraction in the salt crystal. The use of this potential for
electrolyte solutions is only augmented by the use of the
experimental dielectric constant of the solvent at the tem-
perature of interest, a dielectric saturation correction at short
distances, and a short-range repulsion between ion and sol-
vent species. The results of studies where the potential of
mean force is calculated from explicit solvent simulations
are based on the solvent model used as well as the interaction
parameters between ion and solvent. There is no such con-
sideration in our implicit models. Also, the potentials of
mean force are concentration dependent. This makes them
not readily amenable to simulation techniques like GCMC in
which the density of the system fluctuates. An attempt was
made to see if the implicit potentials were transferable to a
higher temperature �323 K�, however the implicit models
overestimated the mean ionic activity coefficient for all of
the systems, showing that, in their current form, the implicit
models are not transferable to other temperatures.
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