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a b s t r a c t

The properties of aqueous ionic solutions are determined by strong electrostatic interactions, which are
influenced by polarizability and charge transfer interactions. Potential models which include polariz-
ability and charge transfer have been developed for water and single ion properties. Here, the ion–ion
interactions are optimized so that the osmotic pressure as a function of concentration is reproduced.
Using the optimized potentials, the amount of ion pairing and larger cluster formation is calculated. For
NaCl, NaI, and KCl, there is a small amount of pairing, with larger clusters present as well. For KI, there is
much more pairing and much larger clusters are observed. The amount of pairing is consistent with the
law of matching affinities, with the pairs that show the least pairing also being the most mis-matched
in terms of size or solvation free energy. The charge transfered from the anions to water is more than
from is transferred from the water to cations, so the water molecules acquire a negative charge, which
increases with ion concentration.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The aqueous hydration of ions involves a balance of ion–ion,
ion–water interactions, and water–water interactions, in order of
decreasing strength. For example, the interaction energy between a
sodium and a chloride ion is −132 kcal/mol [1], the water–chloride
interaction energy is −13.6 kcal/mol [2] and the water–water inter-
action energy is −5.0 kcal/mol [3]. This balance of large energies is
indicated by the large lattice energy of salts (188 kcal/mol for NaCl)
and the large solvation enthalpy (−187 kcal/mol for NaCl) adding
up to give a relatively small heat of solution of about 1 kcal/mol [4].
The interplay of these interactions can determine if a salt is insolu-
able, completely dissociated in solution, or some intermediate
point involving ion pairing. Experimental evidence for ion pairing
for univalent ions below supersaturation comes from a variety of
sources. Ion pairing is indicated in a variety of other approaches,
including conductometry [5], potentiometry [6], ultrasonic relax-
ation [7], near edge X-ray absorption spectrocopy [8], dielectric
relaxation spectroscopy [9], and near infrared spectroscopy [10],
(see Ref. [11]), and molecular dynamics simulations [12–23]. The
most direct structural indication of pairing would come from neu-
tron diffraction or X-ray scattering but the ion–ion signal in both
approaches is small relative to the signal from water–water and
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water–ion correlations, and so these approaches rely on molecu-
lar dynamics simulations to determine the amount of ion pairing
[24,25]. Clusters larger than pairs are found for solutions under
ambient conditions at unsaturated concentrations from Raman [26]
and vibrational energy transfer [27] experiments as well as molec-
ular dynamics simulations [28–32]. The simulations revealed that
alkali halide salts can form clusters of up to about five ions and
while neutral aggregates are most probable, charged clusters are
also found, with a preference for excess cations [30,32]. The smaller
cations tend to cluster more than larger cations [30]. Experiments
on alkali-thiocyanate salts reveal a different picture. The charged
clusters in those solutions tend to have an excess of anions and the
bigger cations tend to cluster more, suggesting that cluster forma-
tion might be driven by the matching of cation and anion types
[27].

Osmotic pressure can indicate the degree of ion pairing [11].
In a concentrated solution, water–water interaction and interac-
tions between unlike ions tend to promote phase separation into a
very concentrated solution and pure water, whereas ion–water and
like–ion interactions favor a single dilute solution. If ions in a con-
centrated solution are restrained by a semi-permeable membrane,
the pressure exerted by the solution may be less than expected for
an ideal solution of fully dissolved salt. Reproduction of the osmotic
pressure for salt solutions has been used to parameterize potential
models for ion interactions [17,21,23,33,34]. Other related meth-
ods use the activity coefficient for ion-pair potential refinement
[35–37]. These efforts show that changing only the unlike ion inter-
action, thereby changing the amount of ion pairing, and leaving all
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other interactions unchanged has a strong effect on the osmotic
pressure [21,23,34]. This method is effective because small changes
in the energy can shift the balance between the contact ion pair and
the fully dissociated ions. Ion pairing is believed to be largely driven
by the strength of the water–ion interaction, as given by the law of
matching water affinities [38]. The osmotic coefficient shows a cor-
relation with the difference in the absolute free energy of solution
between the anion and the cation (Fig. 1, data from Refs. [39–41]).
This shows a similar volcano relationship (or in this case an inverted
volcano) to other thermodynamic properties [38]. The salts that
have the smallest osmotic coefficient are those with the closest free
energies of solution. This includes large anion-large cation pairs
like CsI (which has the lowest osmotic coefficient among the salts
in Fig. 1) and small anion-small cation pairs like NaF. Both small
anion-large cation (on the left of Fig. 1) and large anion-small cation
(on the right) have larger osmotic pressures.

In this paper, we use recently developed models which include
charge transfer and polarizability [42–44] to examine the forma-
tion of ion pairs and larger clusters. Models for Cl−, I−, Na+, and
K+ have been developed which reproduce the single ion free ener-
gies of solution as well as other structural, energetic, and dynamical
properties [43,44]. We will adjust the interactions between unlike
ion pairs to reproduce the osmotic coefficient as a function of con-
centration as has been done in previous studies [21,23,34]. The
optimized potentials will be used for the clustering analysis of the
four salt solutions, NaCl, NaI, KCl, and KI.

2. Methods

The osmotic pressure calculations. The osmotic pressure was
calculated using the method of Luo and Roux [21] in which an
artificial semi-permeable membrane is set up, which is perme-
able to water but not to ions. This method has the virtues of being
exact, and so applicable to solutions of any concentration, and easy
to implement. This is done by simply setting up a half-harmonic
restraint which only acts on the z component of the ions according
to

Erestraint =

⎧⎪⎪⎨
⎪⎪⎩

0 z < zr

1
2

kr(z − zr)2 z ≥ zr (1)

where kr is the force constant (set equal to 10 kcal/mol/Å2) and zr

is the position of the restraining membrane (set equal to 22 Å).
There are two such restraining potentials, at ±zr, which creates a

Fig. 1. The difference in the absolute single-ion solvation free energy of the anion
and the cation and the osmotic coefficient at 1 m for alkali halide salts.

layer 2zr thick containing the salt solution. Outside this layer is pure
water. The osmotic pressure is simply the force, −kr(z − zr), that the
restraint exerts on the ion divided by the area of the periodic cell
in the x and y directions. The osmotic coefficient, �, is the osmotic
pressure divided by the ideal solution osmotic pressure, 2c(m)RT,
where c(m) is the molality of the salt solution. Notice that the fac-
tor of 2 indicates that the ideal solution limit assumes complete ion
dissociation. Ion pairing would then tend to decrease the osmotic
pressure by having fewer independent particles. These simulations
used an orthorhombic box with side x and y side lengths equal to
44Å. The box length in z allowed to vary so as to maintain a con-
stant pressure. The simulations used 5680 water molecules and the
appropriate number of ions to give the intended molality. This sys-
tem size gives a box size in the z direction equal to about 88 Å, half
of which contains the salt solution. The molality of the solution is
found from the average number of ions from −zr to +zr divided by
the number of water molecules in the same region. All four ion pairs
were simulated at a concentration of 1 m and an additional higher
concentration. The solutions NaCl and NaI were simulated at 5.0 m,
KCl at 4.8 m, the saturation concentration, and KI at 4.5 m, the high-
est concentration for which an experimental value is available [39].
The 1 m simulations used 104 ions for the NaCl and KCl solutions,
102 ions for the KI solutions, and 100 ions for the NaI solutions. The
5.0 m NaCl solution contained 496 ions, the 4.8 m KCl solution con-
tained 456 ions, the 5.0 m NaI solution 434 ions, and the 4.5 m KI
solution contained 430 ions.

The potential model. The simulations used a recently devel-
oped model which includes both charge transfer and polarizability
[42–44]. Charge transfer is treated by allowing charge to be trans-
ferred between pairs. The amount of charge transfer depends on
the distance between pairs and the model has charges which
change every time step, according to the local structure. The TIP4P-
FQ+DCT model, which treats polarizability with the fluctuating
charge method, is used for water [42]. Polarizability for the ions
is treated using the Drude model, in which a charge site is placed
on a spring [45,46]. The interaction between two ions i and j is given
by

Eij = 4�ij

[(
�ij

ri1j1

)12

−
(

�ij

ri1j1

)6
]

+
∑
˛ˇ

qi˛qjˇ

ri˛jˇ
Sij(ri˛jˇ)

+
(

−�CT
ij |qCT

ij | + 1
2

�CT
ij (qCT

ij )
2
)

(2)

with a Lennard-Jones interaction between the ion centers, Coulom-
bic interactions between all sites on different ions, and a charge
transfer energy term. The distance between sites ˛ and ˇ on ions i
and j is ri˛jˇ, with the first site corresponding to the ion center and
the second corresponding to the Drude position. The Coulombic
interactions are damped at short-range according to

Sij(ri˛jˇ) = 1 −
(

1 + ri˛jˇ

2aij

)
e−ri˛jˇ/aij (3)

where aij determines the amount of screening. The charge transfer
between pairs is distance dependent as given by

qCT
ij =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Q CT
ij

if r1ij1 < RCT
1 ,

1
2

Q CT
ij [1 + cos(�

ri1j1 − RCT
1

RCT
2 − RCT

1

)] if RCT
1 ≤ ri1j1 ≤ RCT

2 ,

0 if ri1j1 > RCT
2 ,

(4)

as characterized by a charge transfer amount, Q CT
ij

and two dis-
tances, which reduces the charge transfer to zero over the range
RCT

1 to RCT
2 . The charge is transferred to the ion center and the Drude

charge remains unchanged. No charge is transferred between like
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Table 1
The Lennard-Jones well-depth, �, and radius, �, the Drude charge and polarizability
[43,44].

� (kcal/mol) � (Å) qD (e) ˛ (Å3)

Na+ 0.0407 2.320 −0.687597 0.157
K+ 0.0497 3.030 −1.580968 0.830
Cl− 0.1490 3.720 −4.062989 5.482
I− 0.1854 4.695 −5.562578 10.272

ions. The three charge transfer parameters are taken from quan-
tum calculations and not treated as adjustable. The charge transfer
for the ion pairs was chosen so that the amount of charge trans-
fer reproduces the results for an ion in a crystal environment,
with the ion surrounded by six nearest counter-ion neighbors. This
gives a charge transfer amount for the NaCl of 0.017 e, which is in
good agreement with a previous study which reported a charge for
sodium atom in solid NaCl equal to 0.90 e, and so a charge transfer
of 0.0167 e from each six neighbors [47]. The cut-off distances RCT

1
and RCT

2 are chosen to match the length scales of charge transfer
from the quantum calculations.

As in previous studies [34,21,23], the usual Lorentz-Berthelot
combining rule for � is modified by introducing a scaling factor, as
given by

�ij = �ij
1
2

(
�i + �j

)
(5)

This modification is only used for unlike ion pairs, and Lorentz-
Berthelot combining rule (�ij = (�i�j)1/2) is used.

The parameters for the charge transfer model are given in
Tables 1 and 2. Each ion pair has three parameters which are used
for optimization. These are the Lennard-Jones scaling parameter
for �, �ij, the Coulombic damping coefficient, aij, and �CT

ij
from the

charge transfer energy equation. The other charge transfer energy
parameter, �CT

ij
, was kept fixed, since most properties were not

found to be strongly dependent on this term. Only the ion-ion
parameters are being optimized, the water-water and water-ion
parameters are taken from previous studies [42–44]. The three
parameters were fit to reproduce the osmotic coefficient at dif-
ferent concentrations and the optimized ion dimer geometry. We
followed a simple optimization procedure in which a value of aij
was chosen, then a �ij value was found which gives the correct
dimer geometry, then �CT

ij
was varied to find optimal osmotic

coefficients. Then a different value of aij was chosen, until an overall
best set of coefficients was found.

Simulation details. All simulations were run using our own
molecular dynamics program. Simulations were carried out in the
isothermal, isobaric ensemble at a temperature of 298K and a pres-
sure of 1 atm, using a Nosé-Hoover thermostat and an Anderson
barostat [48]. The charge equilibration for the fluctuating charges
is handled via an extended Lagrangian approach [49] using charge
normal modes [50,42]. The Drude variables are given a mass equal
to 0.4 amu, which is subtracted from the mass of the ion center, and
propagated as described by Lamoureux and Roux [51]. The simula-
tions use a 1 fs time step and Ewald summation for the long-range
electrostatics [48]. The osmotic pressure simulations were run for
at least 14 ns at 1 m and 2 ns at the higher concentrations. Bonds
were constrained using the SHAKE algorithm [48]. All bulk salt solu-
tion simulations used 2840 water molecules. The 1 m simulations
used 104 and the 4.5 m simulations used 460 ions. Calculations of
the potential of mean forces and the ion charges as a function of ion
pair distance were done with umbrella sampling, with two ions and
2840 water molecules. These calculations used umbrella sampling
with umbrella windows separated by 1 Å.

Quantum calculations. Quantum theory of atoms in molecules
(QTAIM) [52] analysis is carried out for NaCl, KCl, NaI, and KI dimers

and clusters. The NaCl and KCl dimer studies use MP2 with the aug-
cc-pvTZ basis set on Na and Cl and the 6-311++G(2d,2p) basis for
K. These studies used the QTAIM analysis software developed by
Henkelmann and coworkers [53]. All other studies use the AIMAll
software package [54]. Quantum calculations with chloride are car-
ried out in NWChem version 5.1 [55]. Calculations with iodide
use Gaussian09 [56]. For iodide, the effective core potential (ECP)
MWB46 is used at the Hartree-Fock (HF) level.

To better understand CT in the condensed phase, clusters of ion
pairs are studied. A face-centered cubic cell consisting of 27 ions
placed at their distances in salt crystals is formed. A single-point
calculation is carried out at HF level; due to computational expense,
the basis set size was reduced to aug-cc-pvDZ for Na and Cl. Peri-
odic boundary conditions (PBC) are not applied, and the dielectric is
ε = 1. A calculation was attempted with ε = 6, which is more relevant
to the solid salt environment but proved to be too computationally
demanding. In these “mini-crystal” clusters, the charge of the cen-
tral ion is calculated. These calculations show that CT per ligand
is about half of the CT seen for gas-phase dimers. Calculations on
dimers with the dielectric equal to six also show CT half of that for
dimers when the dielectric is one.

3. Results

The optimized parameters for the ion pairs, along with previous
parameters for the ion water interactions, are given in Table 2. The
properties of the optimized models, compared to those used for
parameterization, the dimer distance and the osmotic coefficients,
are shown in Table 3. The osmotic coefficients for the four salts are
shown in Fig. 2. The osmotic coefficients of the model are in good
agreement, showing both the dependence on ion pair identity and
concentration.

Pair correlation functions between the ion-pairs, at concentra-
tions of 1 m and 4.5 m, show a range of structures (Fig. 3). The ion
pairs NaCl and KCl show a contact ion peak around 3 Åas well as a
solvent separated peak and a third smaller peak. These pair corre-
lation functions are qualitatively similar to others calculated using

Fig. 2. The osmotic coefficients of the model (symbols) and experiment [39] (lines)
as a function of concentration.
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Table 2
Charge transfer, electrostatic damping, and Lennard-Jones combining rule parameters for ion pairs and ion-water [43,44].

QCT (e) rCT1 (Å) rCT2 (Å) �CT (kcal/mol/e) �CT (kcal/mol/e) a � (Å)

Na+ - Cl− 0.022 1.8 5.5 381.73 232.35 0.64 1.036
K+ - Cl− 0.024 2.0 5.5 332.99 232.35 0.64 1.065
Na+ - I− 0.024 2.2 5.5 341.12 232.35 0.69 1.030
K+ - I− 0.036 2.3 5.6 324.88 232.35 0.70 1.035
Na+ - H2O 0.033 1.7 3.3 275.33 1602.6 0.10 1.0
K+ - H2O 0.024 2.0 3.7 304.57 6306.7 0.10 1.0
Cl− - H2O 0.057 1.9 3.1 95.51 995.8 0.60 1.0
I− - H2O 0.075 2.0 3.6 26.80 -896.2 0.66 1.0

Table 3
Properties used in potential refinement: the optimized dimer distance, compared to the quantum mechanical results and the osmotic coefficients at different concentrations,
compared to experiment [39].

dimer rmin(Å) osmotic coefficient osmotic coefficient

Model QM c (m) Model Experiment c (m) Model Experiment

NaCl 2.35 2.30 1.0 0.95 ± 0.04 0.936 5.0 1.21 ± 0.05 1.191
KCl 2.67 2.67 1.0 0.90 ± 0.04 0.898 4.8 0.98 ± 0.05 0.990
NaI 2.68 2.68 1.0 1.01 ± 0.04 0.989 5.0 1.44 ± 0.05 1.415
KI 3.00 3.10 1.0 0.93 ± 0.04 0.928 4.5 1.05 ± 0.04 1.033

non-polarizable potentials for NaCl [17–19,25,24,33,58,57,59] and
KCl [18,19,25,57] including those with ion-ion interactions that
have been optimized to reproduce osmotic pressures [21,34] and
activities [37]. The pair NaI has the smallest contact pair peak, with
a bigger solvent separated peak, in agreement with previous simu-
lations [34,37]. A small contact pair peak for NaI is consistent with it
having the largest osmotic pressure. KI has a large contact pair peak
and no solvent separated peak. Potential of mean force calculations
for KI find a very shallow free energy minimum for the solvent sep-
arated peak [18]. A larger contact pair peak for KI, and therefore a
bigger amount of ion pairing, is consistent with KI having a small
osmotic pressure.

The potentials of mean force, w(r), between ion pairs (from sim-
ulations with only the two ions) show similar results to the pair
correlation functions (Fig. 4) at higher concentrations. (Each w(r) is
adjusted so that the value at a separation of 8 Åis equal to −1/4��0�,
where �0 is the vacuum permittivity and � is the dielectric
constant of the model, 78.) KI has the deepest contact pair mini-
mum and no solvent separated local minimum. NaI has a solvent

Fig. 3. Pair correlation functions for ion pairs at 1 m (solid line) and 4.5 m (dashed
line).

separated minimum about as deep as that of the contact pair. The
number of contact pairs, NCP, can be found by integrating the ion
pair correlation function, g(r), over the contact pair peak, as given
by

NCP = 4�
p

∫ rcut

0

g(r)r2dr (6)

where 
p is the number density of ion pairs [58]. This corresponds
to integrating out to a cut-off distance of 3.5 Åfor NaCl, 4.0 Åfor KCl
and NaI, and 4.5 Åfor KI. Note that there is an arbitrariness of this
definition of an ion pair, given that the pair correlation functions are

Fig. 4. Potential of mean force between ion pairs for NaCl (green dashed line), KCl
(black solid line), NaI (blue dot-dashed line), and KI (red dotted line). (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of the article.)
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Table 4
Ion pairing, ion clustering for clusters up to size three, and average charge values for salt solutions at different concentrations.

NaCl KCl NaI KI

1 m 4.5 m 1 m 4.5 m 1 m 4.5 m 1 m 4.5 m

NCP 0.16±0.01 0.53 ± 0.01 0.21 ± 0.01 0.62 ± 0.01 0.11 ± 0.01 0.40 ± 0.01 0.66 ± 0.03 1.52 ± 0.02
NCP+SSP 0.85 ± 0.02 2.86 ± 0.01 0.94 ± 0.03 2.90 ± 0.01 0.69 ± 0.02 2.39 ± 0.02 1.11 ± 0.04 2.68 ± 0.02
p(1) 0.84 ± 0.01 0.558 ± 0.008 0.798 ± 0.009 0.493 ± 0.006 0.891 ± 0.004 0.655 ± 0.005 0.47 ± 0.02 0.133 ± 0.003
p(2) 0.067 ± 0.006 0.117 ± 0.003 0.085 ± 0.004 0.125 ± 0.001 0.049 ± 0.002 0.110 ± 0.001 0.133 ± 0.04 0.045 ± 0.002
p(3) 0.007 ± 0.002 0.034 ± 0.001 0.009 ± 0.001 0.0378 ± 0.0005 0.0032 ± 0.0004 0.0257 ± 0.0009 0.037 ± 0.002 0.0187 ± 0.0009
cation charge (e) 0.899 0.893 0.917 0.907 0.899 0.896 0.914 0.904
anion charge (e) -0.804 -0.802 -0.800 -0.792 -0.807 -0.801 -0.813 -0.813
water charge (e) -0.0017 -0.0074 -0.0021 -0.0094 -0.0017 -0.0077 -0.0018 -0.0073

all very close to one at the cut-off distances, but these cut-off dis-
tances are reasonable given that they are 1.2 Åto 1.5 Å(or about half
an ionic radius) larger than the dimer energy minimum distance
(Table 3). The values are given in Table 4. At 1 m, NaCl, KCl and NaI all
show about the same amount of ion pairing, from 0.1 to 0.2, which
means 10 to 20% of the time an ion is paired. KI shows increased
pairing, so that an ion pair is formed about 80% of the time. At higher
concentrations, there is more ion pairing, but the increase is not as
much as the ratio of the concentrations. This means there is rel-
atively less ion pairing, compared to random chance, as indicated
by the contact pair peaks in the pair correlation functions which
decrease with concentration. Other studies, for NaCl and KCl solu-
tions, have also seen a decrease in the contact pair with increased
concentration [21,25]. These studies find ion pairing fairly close to
the CT model results, with NCP less than 0.5 and smaller for NaCl
than KCl, but the results do depend on the water and ion models
[17,21,25].

The random probability to have two ions together can be found
from Equation 6 by setting g(r) to 1 at all distances beyond an
excluded volume radius, rev. This gives Nrandom

CP = (4�/3)
p(r3
cut −

r3
ev). Values of rev can be found from the pair correlation functions,

at the distance where the g(r) first equals 1. This gives values of rev

equal to 2.45 Å, 2.89 Å, 3.00 Å, and 3.18 Å, for NaCl, KCl, NaI, and KI,
respectively. The amount of contact pairing just by random chance,
at 1m, is then 0.073, 0.102, 0.092, and 0.144 for NaCl, KCl, NaI, and
KI, respectively. For NaCl and KCl, the amount of ion pairing is about
a factor of two higher than the random value and for NaI, it is only
slightly higher. At 4.5 m, Nrandom

CP will be 4.5 times the value at 1m,
giving 0.33, 0.46, 0.41, and 0.65 for NaCl, KCl, NaI, and KI, respec-
tively. At this concentration, only KI has an ion pairing significantly
higher than random.

The relationship between ion pairing and osmotic pressure is
checked by changing the value of �CT

ij
which is part of the charge

transfer energy term. This term is short-ranged and can be used
to change the amount of ion pairing while leaving the rest of the
interactions unchanged. The ion pairing for the optimized mod-
els and a model with an increased value of �CT

ij
(and so more ion

pairing) are shown in Fig. 5. All models show a decrease in the
osmotic coefficient with increased contact pairing, in agreement
with previous studies [21,23]. The three ion pairs NaCl, KCl, and
NaI all show a similar relationship between contact pairing and
osmotic coefficient, �, with KI showing different dependence. The
other ions pairs with the large amount of contact pairing seen in
KI would be expected to have a much smaller � than that of KI.
One noticeable difference between KI and the others from Fig. 3
is the lack of solvent separated pair. Including the solvent sepa-
rated pair in the definition of an ion pair would lead to relatively
more pairing for NaCl, KCl, and NaI (Table 4). This definition of
ion pairing, labelled NCP+SSP, is found by integrating the g(r) to 6 Å.
Even with this definition of ion pairing, KI has more pairing than
KCl at 1m, although not by that much, but has a larger osmotic
coefficient, implying that more than ion pairing is important. Note

that at the higher concentration, NCP+SSP is larger for KCl than for
KI.

Additional characterization can be done by examining the ion
clusters formed in the solutions. Ions are taken to be paired if they
are within the cut-off distance, rcut, given above, and are grouped
into larger clusters if any ion is part of more than one pair [30,32].
The cluster distributions are given by p(n), which is the average
number of clusters of size n divided by the total number of ions,
Nions. This definition of p(n) is normalized so that the sum over all
cluster sizes times the number of ions in that cluster equals 1, or

Nion∑
n=1

p(n)n = 1 (7)

(For example, if only single ions are present, there would be Nions
a particle clusters and p(1) = 1. If all ions are paired in two particle
clusters, there would be Nions/2 two particle clusters and p(2)=1/2.)
The cluster distributions are shown in Fig. 6(a) and (b) and the val-
ues for the smaller clusters are given in Table 3. The NaCl, KCl, and
NaI solutions show similar clustering with about 80 to 90% of the
ions are unpaired at 1 m. For the KI solution only about half the ions
are unpaired at 1 m. A significant fraction of the ions are present as
pairs (the values of p(2) are numerically different from NCP because
there is a different normalization and also NCP includes ion pairs
that are present as part of larger clusters). Larger clusters are also
formed. At 1 m, for NaCl no clusters larger than 7 are observed and
for NaCl, KCl, and NaI p(n) appears to drop off exponentially. Simi-
lar results for NaCl and KCl have been reported by Chen and Pappu
[30]. Much larger clusters are observed for KI. At 1 m, clusters up to
size 27 are seen and at 4.5 m, there are clusters of around 300 ions,
which represents about 2/3 of the total ions of the system. Visual
inspection of these large clusters reveals that they are extended

Fig. 5. Osmotic coefficient as a function of contact pair fraction for models variations
of the different ion pairs at 1 m.
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Fig. 6. Ion clusters distributions for solutions of NaCl (green dashed line), KCl (solid
line), NaI (blue dot-dashed line) and KI (red dotted line) at concentrations of (a) 1 m
and (b) 4.5 m. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)

throughout the solution and do not represent compact crystal-like
structures. These clusters are probably driven by a strong tendency
for KI to form pairs, which can then form chains. The amount of
clustering will depend on the cut-off used for pairing, rcut, but even
if this value is reduced to 4.0 Å(the value used for KCl and NaI) these
large clusters are still found.

The clusters can be characterized in terms of composition and
structure. The radius of gyration, RG, of the clusters as a function of
cluster size is shown in Fig. 7. Shown are the results for NaCl and
KI at a concentration of 4.5 m. The results for KCl and NaI are very
similar to those of NaCl and the results at the lower concentration
are similar as well, except larger clusters are not formed. For com-
parison, the radius of gyration for clusters with a linear geometry
and in an NaCl lattice geometry are plotted. For the linear clusters,
RG increases linearly with cluster size n and for the cubic geometry,
RG increases as n1/3. When plotted on a log-log scale, the slopes will
give the exponent of the dependence on n. The lines are generated
using a nearest neighbor distance of 3.5 Å, appropriate for KI. Up to
about a cluster size of 10, the RG increases as a linear chain. For the
larger KI clusters, RG does not increase linearly, but the clusters are
still appreciably larger than an ideal (compact) crystal would be.

The composition of the clusters can be described using its formal
charge, which gives the relative number of cations to anions. The
charge of the clusters in the 4.5 m solution as a function of size is
given in Fig. 8. The cluster charges at 1m are similar. Overall, clusters

Fig. 7. Radius of gyration for ion clusters of size n in 4.5 m NaCl (green solid line)
and KI (red dotted line) on a log-log scale. Also shown is the radius of gyration for
ideal linear (upper dotted line) and ideal crystal (lower dotted line) clusters. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

Fig. 8. Formal charge of the ion clusters of size n in 4.5 m NaCl (dashed green), KCl
(solid), NaI (dot-dashed blue). and KI (dotted red line). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)

larger than two are positively charged, on average. Of the ions not
part of a cluster, there tends to be small preference for anions (since
the larger clusters have a preference for cations). This is an excess
of anions about 0.1 to 1 % at 1 m and about 2 to 8% at 4.5 m, with KI
(having more larger clusters) at the high end.

The charge of an ion as a function of distance between the sol-
vated cation and anion is shown in Fig. 9. This is for a solution with
a single ion pair. The anions get more negatively charged when an
ion pair is formed, because there is more charge transfer from the
anion to water than there is to a cation (see Table 2). The anion

Fig. 9. The cation (top) and anion (bottom) charge as a function of ion pair separation
for NaCl (green dashed line), KCl (black solid line), NaI (blue dot-dashed line) and KI
(red dotted line). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)
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charge is slightly larger around a separation of 4.5 Å, about a half
Angstrom greater than the minimum between the contact and sol-
vent separated pairs (see Fig. 4). At this separation, some solvation
shell water molecules are lost, resulting in less charge transfer. A
more negative chloride ion upon pairing with sodium is seen in
analysis of classical potentials using ab initio calculations [47]. The
charge of the cation changes less upon pairing, because the differ-
ence in the cation-anion and cation-water charge transfer amounts
are not as large. Similar results for LiF ion pair formation from ab
initio molecular dynamics have been reported, in which the anion
charge changes more than the cation charge as a pair is formed [60].

There is more charge transferred to a water molecule from an
anion than from a water molecule to a cation. This results in a
net negative charge on the water molecules [44,47]. The average
charges of the ions and water are shown on Table 4. An ion pair
transfers about -0.1 e of a charge to water, on average among these
ion types. That charge is shared among the water molecules of the
system, probably mostly on the first solvation shell [44,47], and gets
larger, per water molecule, as the ion concentration increases. The
charge of the water, as a result of charge transfer from an ion, has
been shown to have an important influence on water translational
diffusion time scales [61].

4. Conclusions

Potentials for ions and water which include polarizability and
charge transfer have been previously demonstrated to give accu-
rate single ion properties, including hydration free energies and
solvent structure [43,44]. By a combination of quantum calculations
of ion/water clusters, to determine the amount of charge transfer
between ion pairs in solution, and modification of the Lorentz-
Berthelot combining rules for the Lennard-Jones interaction, the
models can accurately reproduce the osmotic coefficient for con-
centrated salt solutions (Fig. 2), as has been demonstrated for other
potential models [17,33,34,21,23]. Because the osmotic pressure is
sensitive to the amount of ion paring [21,23] (and see Fig. 5), these
optimized potentials can be used to examine the amount of ion
pairing and larger ion cluster formation.

Among the four solutions, NaCl, KCl, and NaI are fairly similar,
with contact pair and a solvent separated peaks in the ion-ion pair
correlation functions (Fig. 3) and, while the contact pair peaks may
appear large, the amount of ion pairing is not that significant. At
a concentration of 1 m, 10 -20% of ions are paired; the amount of
pairing purely by chance would be about 10%. At a higher concen-
tration of 4.5 m, none of these three pairs demonstrates pairing
much larger than random. Clusters larger than pairs are observed,
with probability that falls off exponentially with size (Fig. 6(a) and
(b)). The KI solution behaves much differently. There is substantially
more ion pairing and clustering, so that even at 1m most ions are
paired or in larger clusters. The clusters for all four ion types form
extended almost linear structures, with no evidence of crystal-type
compact structures (Fig. 7).

The cations tend to cluster more than the anions, so that clus-
ters of size bigger than two tend to be positively charged (Fig. 8).
This is true for even numbered clusters, as well, which might be
expected to have an identical number of anions and cations. A pref-
erence for cations in the clusters was seen in previous simulations
of NaCl and other alkali halide salts [30,32]. KI and KCl form larger
clusters and also tend to have clusters with a smaller anion/cation
imbalance. NaI tends to pair and cluster the least, which is con-
sistent with the law of matching affinities, since this pair is the
most different in terms of hydration free energies among these
four ion pairs (KI is the most similar). We find that the smaller
cation forms fewer clusters, in disagreement with previous sim-
ulation results using non-polarizable potentials [30,18] indicating

that the clustering depends on the details of the potential mod-
els, as has been noted [18]. Our results are in agreement with the
2D IR experiments of Bian et al. [27], (with Li+, Na+, K+, and Cs+ as
the cation and SCN− as the anion). The osmotic pressure-optimized
(non-polarizable) potentials of Luo and Roux find more ion pairing
for KCl than NaCl, in agreement with our results [21]. For any of
these anions in our study or the others (Cl−, Br−, I−, and SCN−), the
larger cation would match the water affinity the best, so the larger
cations should cluster more. It is surprising that the cations have
a stronger tendency to be part of a cluster, since the ions K+ and
Na+ are more hydrophilic than Cl− and I−, with larger hydration
free energies [40]. This may be because these particular anions are
larger than the cations and excess cations can be arranged around
the larger anions without being in as close contact as two large
anions would be around a cation. Size matching has been proposed
to be important for ion pairing [62], and size matching may be a
factor for the larger clusters as well.
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