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Abstract
We assessed the relative merits of two approaches for including polarization effects in classical force fields for the sulfate
anion. One of the approaches is the explicit shell model for atomic polarization and the other is an implicit dielectric continuum
representation of the electronic polarization, wherein the polarizability density is spatially uniform. Both the solvation and ion
association properties of sulfate were considered. We carried out an ab initio molecular dynamics simulation for a single sulfate
anion in aqueous solution to obtain a benchmark for the solvation structure. For the ion-pairing properties, the models were compared
to experimental thermodynamic data through Kirkwood-Buff theory, which relates the integrals of the pair correlation functions
to measurable properties. While deficiencies were found for both of the approaches, the continuum polarization model was not
systematically worse than the shell model. The shell model was found to give a more structured solution than the continuum
polarization model, both with respect to solvation and ion pairing.

1

Introduction

Sulfate salts are important in many technical, biological, and
environmental contexts. The sulfate ion is strongly hydrated,
as indicated by its large negative entropy of solvation, 1 and
occupies a position near the salting-out end of the Hofmeister
series. 2 This is illustrated clearly by cold denaturation experiments on elastin-like peptides, in which the effect of various
sodium salts on the lower consolute temperature was found
to correlate directly with the entropy of hydration of the anion. 3 The ion specificity of phase equilibria of biomolecules
in salt solution is exploited to grow protein crystals for X-ray
and neutron crystallography. Particularly ammonium sulfate
is an efficient protein crystallizing agent. A survey of 650
protein database entries indicates that it is the most commonly
used salt precipitant. 4 For this reason, an accurate model of
the sulfate ion is essential to, for instance, accurately describe
protein crystals incorporating ammonium sulfate-containing
buffer solution, as was attempted in ref 5 .
The description of salts containing divalent oxyanions using non-polarizable force fields appears to be problematic.

Few simulations of salts containing such anions together with
small or polar cations are reported in the literature. In those
that exist, the typical behavior is extensive ion aggregation. 5–7
In the specific case of sodium sulfate, there is excessive ion
aggregation for a range of sulfate force field parameters, but
this behavior was not encountered for polarizable models. 8
For these, a reasonable solution structure was obtained, which
was roughly consistent with experimental chemical potential
data. 8 The qualitatively different behaviors of polarizable and
non-polarizable models was attributed to the polarization of
the first solvation shell of sulfate, which stabilizes it and tends
to suppress contact ion-pairing. 8
The balance between solvation and ion pairing is important
for the structure and properties of electrolytes in general, and
the difficulties encountered in describing sulfate salt solutions
suggest that this balance is especially precarious for systems
containing multivalent ions. To investigate the solvation structure of the sulfate ion, we performed an ab initio molecular
dynamics (AIMD) simulation of a single sulfate ion in water.
This simulation was used as a benchmark to assess the performance of force field models, with the ultimate aim of finding a
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simple model that gives acceptable descriptions of both solvation structure and ion association. We also assess the performance of force field models with respect to ion association in
salt solutions by comparing to experimental thermodynamic
data. This is done via Kirkwood-Buff (KB) theory, 9,10 which
relates the radial distribution functions to experimentally accessible quantities such as the partial molar volumes and the
concentration derivatives of the chemical potential.
Special emphasis is placed on the treatment of polarization effects in the force field models. We compare a shell
model (SM) 11 of electronic polarization to an ’electronic continuum correction’ (ECC) model, treating such polarization
effectively in terms of a dielectric continuum, as suggested in
a recent series of papers. 12–15 It is important to note that these
two approaches are based on different physical assumptions,
the latter is not merely an approximation to the former. In a
SM, the polarization is assumed to be localized in the vicinity
of the atomic sites. In ECC models, however, an assumption
that the electronic polarizability density is uniform in space,
and similar to that on the macroscopic scale, is implicit in the
ansatz of dielectric continuum-like polarization. It is a priori
not obvious which of these extremes is closer to reality on the
molecular scale. ECC models have been constructed for water as well as for polar organic solvents. 13,16 This approach
has also been applied to model potassium carbonate and nitrate solutions, and gives a good account of the difference in
structure factors between such solutions measured by neutron
scattering. 17
It is found here that the ECC model is comparable to, and in
some important respects preferable to, the SM, which, as expected, is found to be similar to point polarizable models, both
with respect to the sulfate solvation structure and the sodium
sulfate solution properties. This result is qualitatively robust
with respect to moderate changes in the sulfate force field parameters.

2

Simulation Methods

We consider two types of systems: a single sulfate ion in aqueous solution and solutions of sodium sulfate. The former type
of system is treated by both ab initio and force field molecular dynamics simulations, while for the latter only force field
models are used.
2.1

Ab Initio Simulations

While AIMD simulations have the potential for giving a more
accurate picture of molecular structure and dynamics than
force field simulations, it is not guaranteed that this potential will be realized for any given combination of method and
system. The description of aqueous solvation by electronic
structure methods, typically density functional theory (DFT),
2|
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has been hampered by the fact that many density functionals
give a poor description of liquid water. 18 It has been shown
recently, however, that the situation can be greatly improved
by introducing empirical corrections to include dispersion interactions. 19,20 An electronic structure method that describes
water-water interactions well can be expected to also perform
well for the sulfate-water interactions, that are dominated by
oxygen-oxygen and hydrogen-oxygen interactions. For this
reason, we consider it justified to use the AIMD simulations
described below as a benchmark for the solvation structure of
sulfate.
Born-Oppenheimer AIMD simulations were performed using the CP2K simulation package. 21 The simulated system
contained 64 water molecules and one sulfate ion. The periodic simulation cell was cubic, with an edge length of
12.41 Å. The net negative charge of the system was canceled by introducing a uniform, positive charge density. We
used the Becke correlation functional 22 together with the LeeYang-Parr exchange functional 23 and the second-generation
Grimme dispersion correction (BLYP-D2). 24 The Kohn-Sham
orbitals were expanded in a triple-zeta valence Gaussian
basis set with two additional polarization functions, optimized for condensed molecular systems (molopt-TZV2P). 25
The Goedecker-Teter-Hutter norm-conserving pseudopotentials were used on all atoms, 26 and replaced the core electrons
of oxygen and sulfur. The electron density was represented using plane waves with a cut-off of 280 Ry. The self-consistent
field cycle was converged to within one part per million each
0.5 fs time step. A temperature of 300 K was imposed using a
velocity rescaling thermostat with a time constant of 50 fs. 27
Initial configurations were obtained from a classical molecular dynamics simulation with the sulfate force field recommended in ref 8 and POL3 28 water. The simulation setup was
the same as that in ref 8 , except that the cut-off for non-bonded
interactions was reduced to 5.0 Å and that the volume was held
constant. The dimensions of the cell were determined from a
simulation at constant pressure. The force field calculations
were performed using the AMBER10 program package. 29
Five independent AIMD trajectories were simulated. The
initial portion of each trajectory, roughly 5 ps, was discarded
as equilibration of the transition from the empirical force field.
This equilibration was monitored through the convergence of
the system energy. A total of 52.5 ps of production data
was collected. The electron density of the system was saved
on the full resolution grid with dimensions of 125x125x125
points every 10 steps. This density was then decomposed into
molecular charges using Bader population analysis, 30 as implemented in ref 31 . Although atomic populations would be
desirable for comparison with the force field partial charges,
see below, such populations could not be calculated reliably
due to the use of pseudopotentials. We also calculated the
dipole moments of the water molecules, using maximally lo-

Distances
S-O
O-O
O-Os
Non-Bonded
Parameters
S
O
Os
a For the SM.

σ (Å)
3.55
3.15
0

r0 (Å)
1.5247
2.4898
0

kS (kJ/mol/Å2 )

ε (kJ/mol)
1.046
0.8368
0

Charge (e0 )
2.0
-1.0 (-3.0a )
2.0

3130.9

Table 1 Force field parameters for the sulfate ion, “Os” refers to the
shell particles for the oxygen atoms in the SM.

calized Wannier functions. 32
2.2

Force Field Simulations

The force field parameters for sulfate are shown in Table 1.
We also carried out simulations for selected variations of the
model parameters to test the sensitivity of the results to the
details of the force field, as noted below. This sulfate model
is based on an existing non-polarizable model, 33 which is
also basis of the polarizable model recommended in ref. 8 .
Two fundamentally distinct ways of treating atomic polarizability were considered, namely the SM and ECC approaches
mentioned in the Introduction. Lorentz-Berthelot combination
rules are employed throughout for the Lennard-Jones parameters.
In the SM approach, polarization is treated by affixing
charged shell particles to atomic sites by harmonic restraints.
For sulfate, shell particles were assigned to the oxygens only.
The shell charge was 2 e0 , with the oxygen partial charge made
more negative by the corresponding amount, and the spring
constant kS was chosen to correspond to a point polarizability of 1.775 Å3 for each oxygen, consistent with the sulfate
polarizability obtained from ab initio calculations. 34 Due to
the polarization catastrophe, 35 the polarizability of the oxygen
atoms in a previous variant of this model using point-dipole
polarizabilities, see ref. 8 , was assigned a value of 1 Å3 . We
found that in the SM, the polarization catastrophe could be
avoided by using positive shell charges. The physical explanation for this difference is that a shell of opposite charge to
that of its corresponding atom will typically be repelled by
the instantaneous reaction field from the surrounding solution.
As the shells then tend to be displaced towards a region of
weaker electric field, the polarization catastrophe is less likely
to occur than in the opposite situation. This is the reason for
replacing the point polarizable model with a SM, which has
similar, but evidently not identical, properties. A SM polarizable water model, SWM4-NDP, 36 was used in combination
with the SM sulfate. The fact that this water model has a di-

electric constant close to the experimental one makes it especially suitable for simulations of aqueous electrolyte solutions. An additional advantage is that a model of the sodium
ion parametrized specifically for this water model exists. 37
In the ECC approach, electronic polarization effects are
taken into account, in a mean-field way, via a dielectric continuum. 15 With respect to the forces between atoms, the screening from this electronic dielectric continuum is equivalent to
√
a scaling of all charges by a factor of 1/ εe , where εe is the
electronic part of the relative permittivity. Note, however, that
the assumption of an electronic dielectric continuum has implications for the solvation free energy, to which a self-energy
given by the Born expression has to be added. As argued in
ref. 15 , the most appropriate choice of εe is the optical dielectric constant of the material in question. In the ECC model
considered here, εe was set to 1.78, the value appropriate for
pure water. 1 Together with the ECC model for sulfate, we employed the TIP4P/2005 water model, which is parametrized to
reproduce the experimental region of the phase diagram pertinent to the various ice phases. 38 The partial charges of the
water molecule were not scaled, as these were taken as fitting
parameters in the construction of the water model. Therefore,
they should be regarded as effective charges, already taking
electronic polarization into account. 13,15
2.2.1 Solvation of a Single Sulfate Ion The system composition and volume were identical to those for the AIMD simulations described above. Long range electrostatic interactions
were taken into account using the particle-mesh Ewald method
with a grid spacing up to 1.2 Å. As in the AIMD simulations,
the negative charge of the system was canceled by a uniform
background charge density. The temperature was kept constant at 300 K using the canonical velocity rescaling thermostat. 27 The sulfate geometry was kept rigid using the SHAKE
algorithm. 39 The cut-off for short range, Lennard-Jones and
real-space Coulomb, interactions was 5 Å. To investigate the
effect of the small system size and short cut-off distance, a
system with one sulfate ion and 512 water molecules was also
considered. For this system, the cut-off distance was 9 Å and
the calculations were done at constant pressure of 1 bar using the weak coupling barostat. 40 With respect to the sulfate
solvation structure, only minor quantitative differences were
found between the system sizes. The calculations were carried
out using the GROMACS program package, version 4.5.4. 41
2.2.2 Sodium Sulfate Solutions Three system compositions were considered, containing 27, 54, and 89 formula units
of sodium sulfate and 2964, 2834, and 2601 water molecules,
respectively. This corresponds to salt concentrations of approximately 0.5, 1.1, and 1.9 m. The force field parameters
from ref. 37 were used for sodium cations for the SM simulations. For the ECC simulations, this model was modified
by removing the polarizability and scaling the charge by the
1–11 | 3

Fig. 1 Isodensity surfaces for oxygen (red) and hydrogen (gray),
corresponding to the first solvation shell of the sulfate ion. The
isovalue is twice the average concentration in the simulation box.

appropriate factor, see above. We note, however, that the
Lennard-Jones parameters should, in general, be re-optimized
to construct an optimal ECC model. The simulation setup was
similar to that for the individual ions except that the cut-off for
short range interactions was 9.0 Å and the simulations were
carried out at constant pressure of 1 bar.

3
3.1

Results
Ab Initio Simulation

The isodensity surfaces for water oxygen and hydrogen in the
vicinity of a sulfate ion obtained from the AIMD simulation
are shown in Figure 1. Both form rings around the sulfate
oxygens, the hydrogen contours narrower and closer than the
oxygen contours. This corresponds to a tetrahedral arrangement of water molecules that donate hydrogen bonds to the
sulfate oxygens, consistent with force field simulations. 8,33
In Figure 2 the radial distribution functions from the AIMD
simulation are shown, together with the corresponding radial
distribution functions for the polarizable empirical model used
in ref. 8 . The empirical model has a significantly more structured solvation shell, as indicated by the larger first peaks in
each of the radial distribution functions. The difference in
peak height between the AIMD and force field simulations is
the greatest for the radial distribution functions pertaining to
the sulfate oxygens.
The coordination number for water oxygen around the sulfate sulfur and water hydrogen around each of the sulfate oxygens are 9.4 and 2.1, respectively, in the AIMD simulations.
For the purpose of this discussion, these coordination numbers
are defined as the number of solvent atoms within 4.3 Å and
4|
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Fig. 2 Radial distribution functions for the pairs of atom types
indicated (full curves, left axis) and cumulative numbers (dashed
lines, right axis). The thick red lines are from AIMD simulations
and the thin blue lines are for the classical simulation used to
generate the initial configurations.

2.3 Å of the respective solute atom, which correspond to the
approximate positions of the first minima of the relevant radial
distribution functions. For the force field simulation, the corresponding numbers evaluated for the same cut-off distances
are 12.1 and 2.8. Thus, the typical number of hydrogen bonds
to each of the sulfate oxygens is close to two in the AIMD simulation while the force field model predicts a number closer
to three. While the solvation structure is qualitatively similar between the AIMD and force field calculations, the latter
displays significantly stronger hydration.
Bader population analysis for the sulfate gives a total charge
in a narrow distribution around -1.62 e0 , with a standard deviation of 0.02 e0 . It has been noted previously that the Bader
charge of chloride in water obtained from ab initio calculations does not correspond to the nominal charge, but to approximately -0.8 e0 . 42 Thus, the relative change compared to
the nominal charge is very similar between chloride and sulfate. The Bader charges on the water molecules were also
calculated, to discern where the electron density shed by the
sulfate ion is located. It was found that each water molecule
had an excess charge of approximately -0.006 e0 . Interestingly, the water partial charge was largely uncorrelated to the
distance from the sulfate ion. The excess electron density thus
appears to be approximately evenly distributed over the water molecules in the simulation box, rather than concentrated

original
qO -20%
qO +20%
σO -5%
σO +5%

Ss -Ow
SM
12.32
11.78
12.66
12.55
11.98

ECC
10.55
10.04
10.97
11.03
9.81

Os -Hw
SM
2.92
2.84
2.95
2.93
2.88

ECC
2.33
2.27
2.40
2.44
2.15

Table 2 Coordination numbers for different variants of the sulfate
model. The cut-offs are 4.3 and 2.3 Å for the Ss -Ow and Os -Hw
coordination, respectively.

to the first solvation shell as one might intuitively expect. To
determine whether this was an artifact of either the absence
of explicit counterions or insufficient system size, single point
calculations were performed on configurations from the (0.5
m) salt system. These calculations resulted in similar values
of the sulfate charges and sodium charges of around 0.9 e0 ,
with the remaining excess negative charge still located on the
water molecules. Thus, the reduction of the sulfate charge is
a true feature of the underlying model, as opposed to a feature
of the calculation set-up, but the almost even distribution of
the excess charge over water molecules appears to be due to
the absence of counterions.
The average dipole moment of the water molecules was 3.1
D with a standard deviation of 0.3 D. No statistically meaningful dependence on the distance to the sulfate ion was detected.
The sampling, however, was not sufficient to either confirm
or refute the structure seen in the dipole moment profile from
force field simulations, see ref 8 and the SI.
3.2

Reproduction of the Solvation Structure By Force
Field Models

To investigate the sensitivity of the sulfate solvation structure
to the force field parameters, we considered a limited set of parameter variations around the values given in Table 1. These
consisted of 5% increase or decrease in the oxygen LennardJones size parameter σO and a 20 % increase and decrease in
the oxygen partial charges, with the corresponding change in
the sulfur partial charge to maintain the total charge. A halving and doubling of εO was also considered, but was found
to have an effect very similar to that of the variation in σO .
Apparently, the effect of the variation of εO on the softness of
the repulsive part of the Lennard-Jones potential has concequences similar to those of a change in the oxygen size embodied by σO . Oxygen polarizability of 1 Å3 , same as in ref 8 ,
was also considered for the SM sulfate, but the change had
only minor structural consequences. For this reason, only the
variations in σO and qO are discussed in detail below.
The effect of the parameter variations on the coordination

numbers are shown in Table 2. The cut-offs are 4.3 and 2.3 Å,
respectively, the same as for the AIMD coordination numbers.
Note that the actual minima of the corresponding radial distribution functions are not located exactly at these positions, see
Figures 3 and 4 below. For the SM sulfate, the Ss -Ow and Os Hw coordination numbers are around 12 and 2.9, respectively,
in all cases. These are in line with the values from the pointpolarizable model and thus significantly larger than the values
from the AIMD simulation. The ECC model shows a slightly
broader variation in coordination numbers, with typical values
being around 10-11 for the Ss -Ow coordination number and
2.2-2.4 for the Os -Hw coordination number. The minima of
the corresponding radial distribution functions occur at larger
r for all the force field variants than for the AIMD. Using the
actual minimum position for each force field variation would,
therefore, result in higher coordination numbers.
The variation of the radial distribution functions with the
oxygen partial charges and sizes for the SM sulfate in the region around the first peak is shown in Figure 3. Increasing the
magnitude of qO or decreasing σO exasperates the overstructuring seen in Figure 2. Increasing σO brings the peak heights
more in line with those from the AIMD simulations, but worsens the agreement between between the peak positions for the
radial distribution functions involving Ss . The agreement with
the AIMD simulation appears conspicuously better, however,
for the model with reduced magnitude of qO . The height and
position of the first peak in the Ss -Hw radial distribution functions is well reproduced by the model with less negative oxygen partial charges, but the first minimum thereafter is better
reproduced by the model with more negative oxygens. With
respect to the first peak, the trend in the Ss -Ow radial distribution function is similar. The heights of the first peaks in both
the Os -Ow and Os -Hw are also best reproduced by the model
with the least negative oxygen partial charges. The large difference in the first peak height of radial distribution functions
can be reconciled with the smaller difference in the coordination numbers, see Table 2, by noting that the peak narrows
with increasing negative oxygen charge. While both the peak
positions and heights are improved by reducing the magnitude
of the oxygen partial charges, the solvation shell of this sulfate model variant still contains a too large number of water
molecules overall.
In Figure 4, the effect of varying the oxygen size and partial charge on the radial distribution functions is shown for the
ECC sulfate. Although the trends are similar to those for the
SM sulfate, the magnitude of the variations are smaller. The
peak heights are systematically smaller than for the SM sulfate
and the typical agreement of the peak heights with the AIMD
radial distribution functions is better. This is especially true
for the Os -Ow and Os -Hw radial distribution functions. In contrast to the situation for the SM model, it does not appear to be
possible to improve the agreement significantly by varying the
1–11 | 5

Fig. 3 First peaks of the sulfate water radial distribution functions
for the atoms indicated from the AIMD simulation (black curves),
the SM version of the sulfate force field presented in Table 1 (green
curves) and variations of this model: Full curves correspond to a
20% increase (red) and decrease (blue) in the magnitude of qO and
dashed curves correspond to a 5% increase (red) and decrease (blue)
in σO .

oxygen partial charge only: Making the oxygen less negative
improves the position of the first peak of the Ss -Ow radial distribution function but deteriorates the agreement with respect
to both shape and height. Overall, however, the agreement
with the AIMD simulation is better than for the SM sulfate
model.
To assess the effect of the charge scaling in itself, as opposed to differences in the water model, a model identical to
the ECC sulfate in every way except that the charges are not
scaled was investigated, see Figure 5. The solvation structure was broadly similar to that for the SM model, which is
remarkable. Due to the fact that the SM model contains electronic polarization explicitly, one would rather expect that the
SM and ECC models would be mutually similar and different from the non-polarizable model. Possible reasons for this
observation will be discussed below.
6|

1–11

Fig. 4 Same as Figure 3 but for an ECC version of the sulfate model.

Fig. 6 Radial distribution functions for 0.5 m sodium sulfate
solutions with the SM and ECC sulfate models. Red, blue and black
curves are for the, Ss -Na, Na-Na and Ss -Ss radial distribution
functions, respectively. The dashed lines show the cumulative
numbers of Na+ ions around Ss , right axis.

The induced dipole moments of the water molecules as a
function of distance to the sulfate ion were calculated for the
SM sulfate model variants and the results are shown in the
SI. Although notable differences were found, the qualitative
feature that the first solvation shell was more polarized than
the bulk, seen in ref 8 , was retained in all model variants.
3.3
Fig. 5 Same as Figure 4, but with the full ionic charges.

Salt solutions

Simulations of salt solutions using the SM sulfate were performed with both the force field variant in Table 1 and the
variant where qO was reduced by 20%. The former model
was found to be similar to the polarizable model in ref. 8 . The
latter model formed aggregates similar to those seen for nonpolarizable models of sodium sulfate solutions in that work.
We also tried a model with a 10% reduction in |qO |, to investigate what oxygen partial charges are needed for a soluble
sodium sulfate model, and this model also gave rise to cluster formation. A polarizable water model is thus not sufficient
to guarantee the solubility of sodium sulfate for all combinations of force field parameters within the physically reasonable space, and the model considered here appears to be close
1–11 | 7

0.5 m
SM
ECC
exp
1.1 m
SM
ECC
exp
1.9 m
SM
ECC
exp

Ncc

Ncw

Γ

ρ (g/cm3 )

1.16
0.34
0.55

-0.60
-0.87
-0.64

0.73
0.45
0.52

1.067
1.051
1.057

2.51
0.44
0.61

-1.54
-1.03
-0.87

1.20
0.50
0.55

1.134
1.105
1.123

2.70
0.46
0.33

-2.02
-1.23
-0.91

1.30
0.53
0.48

1.228
1.179
1.212

Table 3 Kirkwood-Buff excess coordination numbers. The
estimated error in Ncc and Ncw is typically within 0.1 and that in Γ is
within 0.05 as determined by block averages. For the SM model at
the higher concentrations the error is larger: 0.5 for Ncc , 0.3 for Ncw
and 0.2 for Γ.

to the border between clustering and non-clustering models.
The radial distribution functions for sodium sulfate solutions with the SM and ECC sulfate models are shown in Figure 6. There is a larger degree of ion association for the SM
than for the ECC, as can be seen most clearly from the Ss Na radial distribution function and the corresponding cumulative numbers. For both force fields, there are three well separated peaks in the Ss -Na radial distribution function. The
first and second peaks correspond, respectively, to contact ion
pairs and solvent-shared ion pairs. The third peak, which is
much less pronounced, can be described as corresponding to
solvent-separated ion pairs. Both the first and second peaks
have a shape that suggests some internal structure. For the first
peak, the shoulder at small r corresponds to bidentate contact
pairs, while the main peak is composed of monodentate contact pairs, see SI.
As can be seen from the cumulative numbers, the first peak
in the Ss -Na radial distribution function for the SM sulfate
contains fewer ions than the corresponding peak for the ECC
sulfate, though it is higher. The difference in the second peak
is greater, a fact that can be seen clearly from both the radial distribution functions and the cumulative numbers. The
like-ion radial distribution functions are qualitatively similar
between the SM and ECC sulfate solutions, but show greater
structure in the former case.
The radial distribution functions can be related to experimental partial molar volumes and the concentration dependence of the chemical potential through the Kirkwood-Buff
(KB) integrals, Gi j
Z ∞

Gi j = 4π
8|
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(gi j (r) − 1)r2 dr,
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(1)

which can be deduced from measurements of those properties. 9 Note that the salt has to be formally treated as a single
chemical species due to the electroneutrality condition. 10 For
a binary electrolyte, all relations become formally equivalent
to those for a neutral compound if all ions are treated as indistinguishable. 43 This convention is adopted here. In Table 3,
the KB integrals implied by the simulated radial distribution
functions are shown and compared to the experimental values, in terms of the dimensionless quantities Ncc = nc Gcc =
nc G+− − 1 and Ncw = nw Gcw , where index c denotes “solute”
(“c” for co-solute) and w denotes “water”, and nc = n+ + n−
is the total concentration of ions. Ncc and Ncw are to be interpreted as the excess number of water molecules and ions,
respectively, in the vicinity of any ion. See SI for a complete
discussion and the details of the procedure by which the KB
integrals were calculated from experimental data. Also the
mass density, ρ, and the parameter Γ, related to the molar activity derivative according to
1
1
∂ ln ac
=
,
=
∂ ln nc
1 + Ncc − nnwc Ncw
νΓ

(2)

where ν is the number of ions in a formula unit, are presented
in Table 3.
The SM consistently gives a too large value for Ncc , while
the ECC model typically gives slightly too small values. Thus,
the former model overestimates and the latter underestimates
ion association. This is also reflected in Γ in both cases. Note
that the qualitatively similar radial distribution functions in
Figure 6 give very different values of Ncc . This illustrates that
this quantity is a sensitive measure of association in salt solutions. For Ncw , both the ECC and SM models tend to give a too
negative value, though the SM model at 0.5 m concentration,
which agrees with experiment within the simulation error, is
a notable exception. The ECC and SM predict densities on
opposite sides of the experimental value.
Several variants of the ECC model were also considered,
as this could be achieved at moderate computational cost, and
show relatively moderate differences in Ncc and Ncw , as discussed in detail in the SI. The exception is the variant with
reduced |qO |, which gives a significantly larger value of Ncc ,
around 0.64. This can be ascribed to an increased propensity to form “bidentate” ion pairs, where the sodium ions
are located between the oxygen atoms, as the sulfur becomes
less positive. This observation also gives a hint towards why
the corresponding SM sulfate model variant shows clustering,
as the same mechanism should be present in the polarizable
model.
The present results for the SM sulfate are consistent with the
results in ref 8 , which reports Γ at 0.5 m for two water models
as 0.53 and 0.71. This indicates that the behavior of sulfate in
polarizable water models is robust. The SM sulfate, however,
overestimates ion association at high concentration, though it

does not give rise to the irreversible cluster formation seen for
non-polarizable models. It is important to note that Ncc and
Ncw are not independent quantities; a larger number of ions
in the vicinity of any given ion will displace water molecules
and make Ncw more negative than for a less strongly associated
salt with the same solvation properties. Thus, it would be an
error to conclude that a model variant with Ncw close to the
experimental value describes solvation realistically if a similar
agreement is not seen for Ncc .

4

Discussion

The SM variants consistently overestimated the coordination
number of water around sulfate. Furthermore, a too large degree of association is seen in salt solutions. Particularly, the
SM sulfate with the best solvation structure does not give rise
to a soluble sodium sulfate model. The ECC model variants
give solvation structures closer to that from the AIMD simulations. The ECC models, except for the variant with reduced
magnitude of the oxygen partial charges, see SI, underestimate
the degree of ion association. This is probably unavoidable
with existing water models, as the ECC approach effectively
entails scaling up the solvent dielectric constant by εe . 15 A
water model that has a “good” dielectric constant for use in
non-polarizable models will therefore, by that very fact, be
inappropriate for use in ECC models.
The dielectric constant of TIP4P/2005 water is around 60, 38
and, therefore, the effective dielectric constant in the ECC
model is around 107, compared to the experimental value of
around 80. The average of long-range electrostatic interactions between ions in the present ECC model are thus systematically underestimated by about 25%. To resolve this problem, it appears necessary to construct a non-polarizable water
model with a dielectric constant of around 45, which would
be compatible with ECC models with εe taken as the experimental value of the optical dielectric constant, 1.78. Pending the construction of a water model with acceptable dielectric properties when interpreted in the ECC framework, it is
hardly meaningful to further refine the ECC sulfate model. In
contrast, the SWM4-NDP model reproduces the experimental
dielectric constant quantitatively. 36
The dipole moment of the TIP4P/2005 water model and the
reported average dipole moment in liquid phase of the SWM4NDP water model are similar, 36,38 2.31 and 2.46 D, respectively. The value obtained from reinterpreting the TIP4P/2005
dipole moment in the ECC framework is 3.07 D, 15 though the
assumed dielectric screening actually reduces the strength of
the ion-water interactions. It appears likely that the similarity
in dipole moment to a large extent explains the similarity between the solvation structure in SWM4-NDP and TIP4P/2005
water with full sulfate charge, which both differ considerably from the TIP4P/2005-based ECC model. The polariz-

ability of the SWM4-NDP model is 0.97825 Å3 , 36 i.e., significantly lower than the experimental gas-phase value of 1.44
Å3 . While the polarizability in condensed phases is not necessarily equal to the gas phase polarizability, the effective polarizability of water molecules in the liquid has been estimated
to be similar to the gas phase value, which is also the result
obtained from the Clausius-Mossotti relation. 44 Ab initio calculations have given liquid state polarizabilities between 1%
larger and 4% smaller than the gas phase value. 45–47 Thus, a
reduction by more than 30 %, as assumed in the SWM4-NDP
model, 36 appears unlikely. This is not to be confused with the
situation for anions, the polarizabilities of which are highly
sensitive to the chemical environment. 47–49 The SWM4-NDP
water model may in fact give an incomplete treatment of electronic polarization effects, even at the dipole level, and the
balance between electronic and nuclear contributions to the
response to electric fields is not well reproduced. A similar
conclusion about the POL3 model was reached in ref 17 .
While the insufficient polarization may be a feature of this
particular water model, it may also be indicative of a potential insufficiency of the approximation of SM or point-dipole
like polarization for water. The multipole expansion of the
atomic polarizability is not guaranteed to converge. 50 Pointpolarizable and similar models, such as SMs, are thus not universally applicable. Even in cases where they can in principle be applied, dipole-like polarization is not necessarily sufficient, and may give rise to unphysical behavior. A stark example of such behavior is the polarization catastrophe, where the
induced dipoles diverge due to mutual polarization. 35 In some
cases, the correct value of the dipole polarizability cannot be
used, as it gives rise to this unphysical situation. The deviation from point dipole polarizability-like behavior has been
investigated for halide-water complexes in the gas phase. 51 It
was found that the point polarizability model overestimated
the polarization for small separations. The situation could be
improved by using a Thole-type approach, 35 in which a finite
spatial extent of the induced charge density is introduced ad
hoc.
Charge scaling, which is functionally equivalent to an ECC
treatment of polarization, has been applied to ionic liquids, often with good result for both structure and dynamics. 52–55 No
explicit assumptions were made about dielectric continuumlike screening. Rather, the scaling factor was used as an adjustable parameter and justified in terms of charge transfer, if
at all. In light of the arguments advanced in refs 12–15 , charge
scaling would appear to be mandatory in models of ionic liquids without explicit polarization. In these systems, there is
no high dielectric constant solvent to partially compensate for
the effect of neglecting electronic polarization. If dielectric
screening on the microscopic scale is indeed similar to the
bulk dielectric response, the strength of the electrostatic interaction between ions would thus be overestimated by a factor of
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εe , typically around two for organic compounds. With respect
to the contribution of electrostatic interactions to the Boltzmann factor, neglect of electronic polarization would then be
roughly equivalent to cooling a room temperature ionic liquid
to cryogenic temperatures.
The Bader charge on sulfate in water was found to be lower
than the nominal charge by a factor of about 0.8, which suggests that a considerable degree of charge transfer takes place
in the system. Hydrogen bonding between water molecules
is associated with a small amount of charge transfer. 56–59 In
isotropic bulk water, the average net charge transfer is zero
due to symmetry, but if this symmetry is broken (e.g. by the
introduction of a solute) a non-zero charge transfer could occur. Assuming that there is charge transfer also between water
and the sulfate oxygens, this type of mechanism could explain
the reduced sulfate charge seen in the AIMD simulations. The
charge scaling in the ECC model, by a factor of 0.75, is similar to the reduction of the sulfate charge found in the AIMD
simulation. While the justification in terms of dielectric-like
polarization may appear incompatible with the charge transfer
picture, we note that the distinction between charge transfer
and electronic polarization necessarily becomes blurred in the
condensed phase. Thus, a coarse grained description of polarization may well include effects that could reasonably be
classified as charge transfer in a more detailed treatment.
In light of these considerations, ECC type models appear to
be an attractive alternative to more elaborate models that explicitly include polarization effects, as they appear to permit a
simple and reasonably accurate description of the polarization
in condensed phases. It is important, however, to recognize the
limitations of this type of models. As ECC models constitute
a reinterpretation of the meaning of the effective parameters
of existing non-polarizable water models, the ECC models inherit the disadvantages of such models. Most conspicuously,
this type of model is not directly transferable to states where
the local environment of each particle is significantly different from the state at which it was parametrized. This makes
modeling of interfaces and phase coexistence problematic. It
appears that ECC models are directly applicable to such problems only when the phases are similar with respect to their
electronic polarizabilities. Fortunately, this holds to a good
approximation for the important case of water/hydrocarbon
systems. Other systems such as air-water and water-metal
interfaces are more problematic, but could in principle be
treated within a dielectric continuum model if the effects of
the boundaries between different continua are treated explicitly. Techniques for doing so have been developed within the
context of coarse grained simulations. 60
The success of the ECC model also indicates that the explanation of the difference in association between polarizable
and non-polarizable sodium sulfate models in terms of the polarization of the first solvation shell is incomplete. 8 In non10 |
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polarizable models, the relative strength of ion-ion interactions to ion-water interactions is systematically higher than
in ECC models. The excessive association in non-polarizable
models can thus be ascribed to an overestimation of interactions in ion clusters, due to a lack of screening from electronic polarization, similar to the situation in ionic liquids
discussed above. As this screening is present in polarizable
models, though it may not be captured perfectly by a given
parametrization, this feature may contribute to the explanation of the clustering observed for non-polarizable, but not for
polarizable, models in ref 8 . This would explain why the ECC
approach, like the polarizable model, is capable of producing
non-clustering sodium sulfate solutions despite being fundamentally unable to reproduce the excess polarization of water
molecules in the first solvation shell of sulfate. Also, this may
well be the explanation why the ECC model shows a larger
population of contact ion pairs than the SM, see Figure 6, despite that the total population of ion pairs is smaller.
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Conclusions

We considered two ways of including polarization in force
fields for the sulfate ion, namely the SM and ECC approaches
where polarization is treated explicitly and implicitly as a dielectric continuum, respectively. The ECC approach consistently gave rise to less structured solutions, both with respect
to the solvation structure of a single sulfate ion and the ion association in solution. With respect to the solvation structure,
the ECC model gives a degree of structuring commensurable
with AIMD simulations while the SM gave rise to a systematically over-structured solvation shell. The ECC model shows
too weak ion association in salt solutions while the SM displays too strong ion association, as compared to the experimental Kirkwood-Buff integrals. Given the fact that the ECC
model is computationally simpler than the SM, the present results suggest that the former approach may be the method of
choice where applicable.
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57 O. Gálvez, P. C. Gómez and L. F. Pacios, J. Chem. Phys., 2001, 115,
11166–11184.
58 E. D. Glendening, J. Phys. Chem. A, 2005, 109, 11936–11940.
59 R. Z. Khaliullin, A. T. Bell and M. Head-Gordon, Chemistry: Eur. J.,
2009, 15, 851–855.
60 D. Boda, D. Gillespie, W. Nonner, D. Henderson and B. Eisenberg, Phys.
Rev. E, 2004, 69, 046702.

1–11 | 11

