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Consensus on the solubility of NaCl in water from computer simulations

using the chemical potential route
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The solubility of NaCl in water is evaluated by using three force field models: Joung—Cheatham
for NaCl dissolved in two different water models (SPC/E and TIP4P/2005) and Smith Dang NaCl
model in SPC/E water. The methodology based on free-energy calculations [E. Sanz and C. Vega, J.
Chem. Phys. 126, 014507 (2007)] and [J. L. Aragones et al., J. Chem. Phys. 136, 244508 (2012)]
has been used, except, that all calculations for the NaCl in solution were obtained by using molecular
dynamics simulations with the GROMACS package instead of homemade MC programs. We have
explored new lower molalities and made longer runs to improve the accuracy of the calculations.
Exploring the low molality region allowed us to obtain an analytical expression for the chemical
potential of the ions in solution as a function of molality valid for a wider range of molalities,
including the infinite dilute case. These new results are in better agreement with recent estimations
of the solubility obtained with other methodologies. Besides, two empirical simple rules have been
obtained to have a rough estimate of the solubility of a certain model, by analyzing the ionic pairs
formation as a function of molality and/or by calculating the difference between the NaCl solid
chemical potential and the standard chemical potential of the salt in solution. © 2016 AIP Publishing

LLC. [http://dx.doi.org/10.1063/1.4943780]

I. INTRODUCTION

The study of salt solutions is relevant in different areas
of knowledge. Salts are found in biological, geochemical,
and industrial problems. For this reason, it is not surprising
that many theoretical'™ and computer simulation studies have
been devoted to the study of salt solutions. The study of
NaCl solutions is particularly relevant as it is the main ionic
component of sea water. A key ingredient when performing
computer simulations is the choice of the intermolecular
potential (i.e., force field). In the case of solutions, the force
field should describe the interactions between the molecules
of water, the interactions between the ions, and the cross
interactions between the ions and the molecules of water.

Quite often, water is described by a simple rigid non-
polarizable model, and the ions are described as simple
Lennard—Jones (LJ) charged centers. The parameters of the
ion—ion interactions are usually determined to reproduce
properties of NaCl in the solid phase,’ while the parameters
of the ion—water interaction are adjusted to reproduce
some hydration properties® (enthalpies, free-energies) of the
individual ions of the salt at infinite dilution or derivatives
of the activity coefficient with respect to salt concentration.”-8
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In the last decade, it has become more obvious that phase
equilibria can also be used to determine the parameters of the
force field. In the particular case of water, the study of the
vapor—liquid and liquid—solid equilibria has been proved to
be very useful in designing intermolecular potentials.” One
may wonder if a similar approach can also be useful in the
case of ionic solutions. Several simulation works have studied
ionic solutions.'%® Some of these works have used models
that consider an explicit solvent and have been tested by
comparing their predictions to some experimental properties.
Solubility of salts in water is an interesting property to consider
when developing force fields. However, solubility is not an
easy problem using simulation studies, specially, when one
considers an explicit solvent. That may explain why the study
of the solubility for model potentials has not received much
attention until very recently.

The first reported calculation of the solubility for an ionic
system is the work of Ferrario et al.”’ for KF. Later on Sanz
and Vega® determined the solubility for KF and NaCl. The
solubility of NaCl was computed by Paluch er al.’! Since
there were some discrepancies between the results of Paluch
et al. and Sanz and Vega,*® even though both groups used the
same force field, the problem was revisited by Aragones et al.
in 2012.32 Some years ago Smith and co-workers developed
the osmotic ensemble Monte Carlo (OEMC), which allows to
determine the concentration of the salt for a certain imposed
value of the chemical potential and the solubility, using this
route, for a number of different potential models.**** Mester
and Panagiotopoulos®3® have performed the calculation of

©2016 AIP Publishing LLC
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the solubility of NaCl in water using different force fields. It
is clear that the interest in obtaining the solubility of a salt
dissolved in water by computer simulations has notoriously
increased.’'® In some of these papers, the solubility was
calculated by computing the chemical potential of the salt in
the solid phase first, followed by a calculation of the chemical
potential of the salt in solution at different concentrations
(or in the case of the OEMC by performing one single
simulation imposing the chemical potential of the solid phase).
This is so because the chemical potential of NaCl in both
phases, solid and solution, at equilibrium should be identical
(chemical potential route). However, this is not the only way
of determining the solubility. Another possibility is to use the
direct coexistence method, in which a slab of salt is put in
contact with water until equilibrium (at a certain T and p) is
reached.*’ This approach was used by Joung and Cheatham,*3
Aragones et al.,*> Kobayashi et al.,*> Manzanilla-Granados
et al.,*® and Wiebe er al.*

What is the current status of the field? First, it is now
clear that solubility changes dramatically from one force
field to another. Second, the majority of the used force
fields underestimate significantly the experimental value of
the solubility of NaCl in water (even for models where
polarization is included'®**). It is not yet clear what is the
reason for that and further work is needed to understand that
in more detail. In addition, it is clear that the solubility will be
quite useful in the future to design good force fields for salt
solutions. However, before this is achieved, there are some
technical issues that need to be addressed. The solubility of
a certain force field is unique and should not depend on the
methodology used to determine it.

In Table I the solubility values of two popular force fields
of NaCl in water (as described by the SPC/E model*’) are
presented. Results were obtained by different groups using
different methodologies. The first issue to be addressed is

J. Chem. Phys. 144, 124504 (2016)

that the solubility obtained from direct coexistence methods
is generally much higher than the one obtained from the
chemical potential route. This is certainly striking as in the
past it has been shown that coexistence properties obtained
from direct coexistence simulations®” and from the chemical
potential route were in quite good agreement for systems like
hard spheres,*’>! LJ,>> water,”> patchy colloidal models,’*
methanol,> hydrates,’*> or ionic melts.”®

The SD/SPC/E solubility reported by different groups,
by the chemical potential route, ranges from 0.6m to 0.9m,
which is a reasonable agreement taking into account the
expected uncertainty of the calculations. However, for the
JC/SPC/E model,*® the situation is not satisfactory. Moucka
et al.’’ reported a solubility of 4.8(3)m using the generalized
reaction field approach for the electrostatics in solution and
the experimental value of p; = —384.024 kJ/mol. The value
of 4.8m was also obtained by Aragones et al.’? using Ewald
sums. Later on Moucka et al*’ using the Ewald method
reported a value of 3.64(20)m. Mester and Panagiotopoulos®’
reported a value of 3.59(4)m and later on of 3.71(4)m.%
The values reported by Kobayashi et al.** range from 2.79m
to 6.52m. Before studying in more detail the origin of the
discrepancy of the solubility between the direct coexistence
technique and the chemical potential route, it seems necessary
to have a reliable value obtained from the chemical potential
route.

In this work, we will repeat the calculations leading to the
solubility of both, SD/SPC/E and JC/SPC/E models, using the
same methodology that was described in our previous works
(2007, 2012), but now using much longer runs by taking
advantage of the possibility of implementing this methodology
with the GROMACS® package. After revisiting the problem,
we have found that the re-computed values of the solubility
are in very good agreement with those reported by Moucka
et al* and by Mester and Panagiotopoulos.®® Since these

TABLE 1. Solubility m g for JC/SPC/E, SD/SPC/E, and JC-SPC/E-ion/TTIP4P/2005 models at p =1 bar and at
T =298 K or T =298.15 K, according to the case. Ewald sums were used in all calculations.

Model Authors Year Method mg (mol kg’l)
JC/SPC/E Joung and Cheatham*3 2009 Direct coexistence method 7.27(7)
Moucka et al.’’ 2011 Chemical potential route 4.0(2)*
Aragones et al.3? 2012 Chemical potential route 4.8(3)
Aragones et al.? 2012 Direct coexistence method 5.5(4)
Moucka et al.* 2013 Chemical potential route 3.64(20)
Kobayashi er al.*3 2014 Direct coexistence method 6.20
Mester and Panagiotopoulos®> 2015 Chemical potential route 3.59(4)
Mester and Panagiotopoulos®® 2015 Chemical potential route 3.71(4)
Manzanilla—Granados et al.*® 2015 Direct coexistence method 5.9(3)
This work 2015 Chemical potential route 3.71(25)
SD/SPC/E Aragones et al.3? 2012 Chemical potential route 0.9(4)
Aragones et al.}? 2012 Direct coexistence method 1.94)
Moucka et al.*0 2013 Chemical potential route 0.61
Mester and Panagiotopoulos®> 2015 Chemical potential route 0.61(1)
Mester and Panagiotopoulos®® 2015 Chemical potential route 0.63(1)
This work 2015 Chemical potential route 0.68(08)
JC-SPC/E-ion/TIP4P/2005 This work 2015 Chemical potential route 3.49(28)

4This value was obtained from a linear interpolation for the Ewald summation chemical potential results presented in Figure 6, in
the work of Moucka e al.3” in conjuction with the experimental solid chemical potential value u s = —384.024 kJ /mol.
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three groups have now quite similar values of the solubility,
even though they compute the chemical potential of the salt in
water using different approaches, this strongly suggests that
the solubility, at least for these two potential models, is firmly
established. The reason why it is different from that obtained
from direct coexistence simulations should be investigated in
the future. Finally, we shall consider three interesting issues.

First, since the JC/SPC/E model is the best model
available so far when predicting the solubility (although
still far from the experimental value), we shall consider
the possibility of replacing the SPC/E model of water by
TIP4P/2005°! while keeping the ion—ion interactions and
using Lorentz—Berthelot (LB) rules®>%* to describe the ion-
water interactions. A similar study was presented by Moucka
et al.>* by using a hybrid JC-TIP4P-Ew-ion/TIP4P/2005 force
field. It will be shown that the solubility is not affected too
much by replacing SPC/E by TIP4P/2005 water, as found by
Moucka et al.** with the other water model replacement.

Second, we will consider the problem of ion pair
formation. It is difficult to determine the number of ionic pairs
from experiments, whereas it is relatively straightforward from
simulations. It will be shown that for the models considered
in this work, the number of ionic pairs is of about 0.075 when
the ions concentration reaches the value of the solubility. This
empirical rule may be quite useful to have a first rough of the
solubility of a certain force field.

Third, after analyzing some of the results for the models
considered in this work and some others, we provide a simple
prescription to estimate the solubility value of a model force
field by calculating only the difference between the NaCl solid
chemical potential and the standard chemical potential of the
salt in solution.

Il. METHODOLOGY

The solubility can be determined by calculating the
chemical potential of the salt (composed of ions X and Y) in
the solid phase, M)‘(”}d, and the chemical potential of the salt
into the solvent, ,u‘;‘(’l;”""”, as a function of the composition of
the solution. For some particular conditions of temperature,
T, and pressure, p, the solubility can be then obtained by
determining at which composition the chemical potential of

the salt is identical to that of the pure solid, i.e., solving the

sege g gso0lid _  solution
equality: uy’ = py

The chemical potential of the salt in the solid phase can
be easily calculated, for instance, with the Einstein crystal
method® or with the Einstein molecule method.®>-% Thus,
the main problem in the determination of the solubility is the
calculation of the chemical potential of the salt in solution,

solution __ 6GSOIuti0n
Hxy =\ TaNww
Xy T.p,Nuw

where Gyonrion 18 the total Gibbs free-energy of the solution,
Nxy is the number of salt molecules in solution, and N, is
the number of solvent molecules. From thermodynamics, the
solution Gibbs free-energy can be expressed as

; (D

Gmlution = Asolution + stoluziom (2)

J. Chem. Phys. 144, 124504 (2016)

with Agousion being the solution Helmholtz free—energy, p the
pressure, and V the volume. Therefore, the problem reduces
to obtain Agoiurion and pViorusion varying Nxy while keeping N,
constant and use them in Eq. (1) to compute ys)‘(”)‘,‘”"”.

By selecting a fixed number of solvent molecules, temper-
ature and pressure, NpT molecular dynamics simulations can
be used to obtain the pV,pi0n term, and the volume and density
for different salt concentrations. The solution Helmholtz free-
energy can be then computed following the methodology
described by Aragones et al. .’ where A,ojuion 1S expressed as
the sum of two contributions,

Asolution _ (Aiﬂcl)lution + Az?;ution)
kgT kpT
= Nw In (prZ) + 2NXY In (pxyAZ)
_ Nw —2N + solulion’ 3
Xyt =T 3

where kp represents the Boltzmann’s constant and Agluﬁon
term corresponds to the Helmholtz free-energy of an ideal
ternary mixture (X, Y, and w). In this work, the de Broglie
thermal wavelength of all species was settled to A, = 1 A,
and the internal partition function of all species to one to be
consistent with the choice made in previous works for the
estimation of the Helmholtz free-energy of NaCl in the solid
phase. The term A% . is a residual term that is not known
and can be calculated by Hamiltonian integration. With this
method, the XY solution is transformed into a pure reference
system, for which A:Zi is known. The transformation of the salt
solution into a pure reference fluid can be done by introducing

a coupling parameter A in the Hamiltonian of the system,
U(/l) = AUref + (1 - /1)U7 (4)

so that when A = 1, the particles of the system interact through
areference potential and when A = 0, one recovers the original
salt solution. Then, the residual free-energy of the solution
can be obtained from Hamiltonian integration as

1
Alolution = Aref + /0 (U = Usp,v,1,0d0 = Ajgy + A
)

The integrand in this equation can be obtained for a
certain composition, temperature and several values of A
(from 0 to 1) by using NVT simulation runs at the equilibrium
density of salt solution. This density can be taken from the
NpT simulation data previously performed to compute the
pV term, or by a suitable fit to the density as a function of
Nxy from those NpT simulations. For each concentration,
having obtained the integrand for each A value considered, a
Simpson numerical integration program was used to compute
the integral. Once the integral has been evaluated and we
have Gyourion for each concentration, there are several ways to
compute the chemical potential of NaCl in solution, Eq. (1),
as, for example.

1. To make a polynomial fit to Gyspion as a function of the
number of salt molecules Nnyci, as done by Sanz and
Vega in 2007. This is certainly not a good option as was
discussed elsewhere.?
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2. To make a polynomial quadratic fit to G, = A} .
+ pViowtion as @ function of concentration, which is then
substituted in the analogous equation to Eq. (2), Gsousion
= i‘ilmwn + G, to obtain a complete analytical expression
for Ggouuion for each concentration; this route will be
referred hereafter as fit G, (see Aragones et al.’> for
details). This is a much better option and in general
provides the correct value of the solubilities except when
the solubility of the model is very small and falls in the

Debye-Hiickel regime (we shall return to this point later).

In any case, of course, regardless of the procedure
used to analyze the free energies, it is necessary that the
statistical uncertainty of A% . to be small. In that respect,
in retrospective our runs of 2007 were too short (by a factor
of 80), and those of 2012 were short (by a factor of 20) when
compared to those presented in this work. In addition, in this
work, we have introduced another procedure to analyze the
Golurion TeSUlts to compute the chemical potential of NaCl in
solution, which will be referred hereafter as fit Gyopion. It is
inspired in the procedure already implemented® in 2007 to
determine the activity coefficient of the salt. We shall describe
it now.

Gyomrion 18 an extensive property and therefore it can be
expressed in terms of the chemical potentials as

w Mw + NNacl HNacl- (6)

G solution =
Golurion 18 easily obtained from the simulation results as it
has been previously discussed here. Moreover, the chemical

potential of the NaCl in solution can be expressed in terms of
the activity coefficient as

HMNaCl = u;aCl + 2RT In(m) + 2RT In(y), @)

2AA

J. Chem. Phys. 144, 124504 (2016)

where F‘LaCl is the Henry’s law (infinite dilution) standard
chemical potential of the salt and yn,c is the mean ionic
coeflicient (on the molality scale), which is a measure of
the deviation of the salt chemical potential from the ideal
solution. The activity coefficient can be described by the
following empirical expression:

—AA(m)
1+ By/(m)

which formally resembles the Davies’s equation, often used
to describe activity coefficients of real solutions.®” In this
expression, AA is related with the relative permittivity, «,
of the water model used in the calculations and temperature
as AA = 1.824 10%/(«xT)*'?. As pointed out by Mester and
Panagiotopoulos,™ it is a good idea to choose AA in this way
in order to recover the Debye—Hiickel law,’9 which is exact
at very low concentrations of the salt. This choice of AA, of
course, will depend on the water model under consideration
and it could be different from that of real water (x = 78).
The corresponding AA values for the models considered in
this work are presented in Table IV. For the JC/SPC/E and
SD/SPC/E, we used the AA values from Table XIII in the work
of Mester and Panagiotopoulos, which considered a relative
water permittivity of 73. For the JC-SPC/E-ion/TIP4P/2005,
we calculated AA using the expression mentioned above with
the relative water permittivity value of 58 obtained for the
TIP4P/2005 water model by Vega and Abascal.” In addition,
by integrating the Gibbs-Duhem equation, it is possible to
relate the parameters AA, B, and g, which describes the
activity coefficient of NaCl, to the changes in the chemical
potential of water. One then obtains, as shown by Moucka
etal 0

In(y) = In(10) [ + ﬁm} , ®

Uw = iy — 2RTmM,, — RTM,, In(10) (ﬁm2 +

where i}, is the standard chemical potential of pure water and
M,, = 0.018 kg mol ™" its molar mass. Actually, 1y, 18 trivially
obtained from our calculations by simply dividing the Gibbs
free energy of a pure water system (i.e., no ions) between the
number of molecules of water. Therefore, in this route, the
parameter AA is obtained from physical considerations and
1, from our calculations for pure water, and we just need

three parameters, namely, ,uLaC], B and g, to obtain Gysion-

lll. FORCE FIELD MODELS FOR NACL
WATER SOLUTION

In order to study NaCl in water, we have considered three
different force fields.

1. JC/SPC/E. In this force field, water interactions are
described through the SPC/E model.** The interaction
between ions is described using the force field proposed by

B3 + B*\/(m) B3 B? B3

, 444 In(By/(m) + 1) 24A4y(m) 2AA)’ ©

(

Joung and Cheatham (JC),* specially tailored for the case
of the SPC/E water model. The LJ parameters of the crossed
interactions between the ions and water are obtained using
the LB combination rules. The parameters of this force
field are provided in the supplementary material.”!

2. SD/SPCJE. Again the SPC/E model is used to describe
the water interactions, while the ion—ion and ion—water
interactions are given by the Smith-Dang (SD) model.”>7*
The crossed ion—water interaction is determined from the
LB combination rules. The parameters of this force field
are also provided in the supplementary material.”!

3. JC-SPC/E-ion/TIP4P/2005. Unlike the other two force
fields, which have already been proposed and considered
in the literature, this force field has never been studied
before. In this force field water interactions are described
by the TIP4P/2005 model, and the ion—ion interactions
are identical to those used in the JC/SPC/E force field.
The crossed LJ interaction between the ions and water
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TABLE II. Parameters for the JC-SPC/E-ion/TIP4P/2005 force field. The
parameters for the JC/SPC/E and SD/SPC/E are given in the supplementary
material.”!

LJ interaction e/kp (K) o (10\) Charge q(e)
Joung—Cheatham TIP4P/2005
Na*-Na* 177.457 2.160 Na* +1.0
CI-ClI~ 6.434 4.830 CI- -1.0
Na*-Cl~ 33.789 3.495
Na*-O 128.604 2.659
CI-0 24.488 3.994
0-0 93.2 3.159
H 0.5564
M -1.1128

is also obtained from the LB combination rules. The
parameters of this new force field are presented in
Table II. The motivation to consider this new force field
is twofold. First, we want to determine how sensitive
is the solubility to the choice of the particular water
model used in the calculations (while keeping the ion—ion
interactions). A general conclusion about this problem
would require a case by case consideration. SPC/E and
TIP4P/2005 were designed to describe the vaporization
enthalpy of water only when including the polarization
correction.*”%! This similarity in the enthalpies could imply
also similar solubilities. The second motivation was that
having TIP4P/2005 instead of the SPC/E model would
allow in the future to analyze in detail the effect of salt
into properties as the maximum in density, surface tension,
melting point, etc., where the performance of TIP4P/2005
for pure water is, in general, superior to that of the SPC/E
model.

IV. SIMULATION DETAILS

For the three models considered in this work, NpT and
free energy calculations were carried out with GROMACS.%
All NpT simulations were performed at p = 1 bar, T = 298 K,
using the Nosé—Hoover thermostat and the Parinello-Rahman
barostat, both with a relaxation time of 2 ps. In the NpT
runs, we used 20X 10° of MD steps with a 2 fs time
step. Averages of properties were obtained from the last
20 ns of the run. The shape of the box was cubic and we
used isotropic scaling in the NpT runs. The Lennard—Jones
interactions were truncated at 0.9 nm and standard long range
corrections (both for pressure and energy) were included.
The particle-mesh Ewald summations’* were used to treat the
Coulomb interactions with a 4th-order interpolation function.
The constraint algorithm was Lincs. Let us now describe
the computational details of the free energy calculations. We
have selected a pure Lennard—Jones fluid as the reference
fluid, Uy = Uy, which residual free energy, A:ﬁ}, was
obtained from the Kolafa and Nezbeda equation of state.”
The parameters of the LJ reference fluid used in all the
calculations were €,,r/kp = 78.2 K and 0,y = 3.14 A.
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To compute the free energy of the NaCl solutions, we
carried out simulations in the NVT ensemble to obtain the
integrand in Eq. (5).

For the solubility estimation, the free energy was
computed only up to a concentration slightly higher than
the solubility reported for each model, 4.112m (20 NaCl)
for the JC/SPC/E and JC-SPC/E-ion/TIP4P/2005 models, and
1.028m (5 NaCl) for the SD/SPC/E/ model.

Again, simulations were performed at 298 K using a
Nose—Hoover thermostat’®’” with a relaxation time of 2 ps and
a time step of 2 fs. The calculations started with the original
system (i.e., 4 = 0) and we used in total 21 different values of
A to evaluate the integral of Eq. (5). The A values considered
were 0, 0.02375, 0.0475, 0.07125, 0.095, 0.148 75, 0.2025,
0.31, 0.4175, 0.525, 0.6325, 0.74, 0.8475, 0.90125, 0.955,
0.9625, 0.97, 0.9775, 0.985, 0.9925, and 1. The selection of
the A spacing was chosen according to the integrand function
in order to best reproduce it with an optimized number of A’s
(see the supplementary material’!). For each value of A, the
initial configuration was taken from the last configuration of
the previous (and smaller) value of A. The integral of Eq. (5)
was evaluated using the Simpson’s integration method. For
the JC/SPC/E and SD/SPC/E free-energy calculations, we
used 2 x 10° time steps (i.e., 4 ns) for each value of A. In
addition, for the JC/SPCE/E and SD/SPC/E, three to five
independent calculations of the free energy were performed
for each solution.

The purpose was to have accurate results to compare
with those reported recently by Moucka et al.***! and Mester
and Panagiotopoulos®® for these systems. In the case of the
JC-SPC/E-ion/TIP4P/2005, we used only one free energy
calculation per solution, but now using 4 x 10*steps (i.e., 8 ns).
In all cases, the average value of the integrand of Eq. (5)
was obtained for each value of A from the last 3 ns of
the run (i.e., discarding the results of the first ns). The rest
of simulation details in these free-energy calculations were
identical to those of the NpT simulations, except that no
barostat was considered.

V. RESULTS

We will start our discussion by considering the JC/SPC/E
model since for this model, there are more available solubility
studies in the literature to compare with and it will help us
to describe the application of the methodology that will be
used later for the other two models. In this work, experimental
density data were taken from a polynomial expression’® and
for the rest of properties we used Hamer and Wu’® analytical
expressions that are representative of the original experimental
data.

A. JC/SPC/E

To evaluate the solubility, both the NaCl solid chemical
potential and the NaCl chemical potential in solution
are needed. For the former, we used the result obtained
by Aragones et al.,”? 1" = —384.12 kJ/mol (using the
reference state labeled as ref2 as will be discussed later). It is

important to remark that the JC force field is a successful model



124504-6 Benavides, Aragones, and Vega

that reproduces almost exactly the experimental value of the
chemical potential of the solid, uf\l"%ﬁxp = —384.024 kJ/mol.

For the determination of the chemical potential of NaCl in
solution, a fixed number of water molecules was used, namely,
N, = 270. Thus, the different concentrations considered were
matched by changing the number of ions. We first performed
NpT simulations of the NaCl solutions, from which the
densities of the solutions were obtained (both in units of
mass per unit of volume and number density of particles).
In Fig. 1 the experimental density of the NaCl in water is
compared to the simulation results for the JC/SPC/E force
field at different molalities m (i.e., number of moles of
NaCl per kg of water). As it can be seen, the density of
the solutions varies smoothly with the salt concentration. In
addition, this model reproduces the experimental densities at
low and intermediate concentrations but overestimates them at
higher concentrations, in agreement with available simulation
data of other authors.

The density as a function of the number of NaCl for
all concentrations considered (Nn,c; between O and 25) is
well represented by a third-order polynomial in terms of the
number of NaCl as

P(N/A3) = ro + r\Nyact + 1aNgyey + r3Nmocp (10)

where N is the total number of particles per unit volume,
N = N, + 2Nnac1, and r; are the fitting parameters tabulated
in Table III.

We then performed the Hamiltonian integrations from the
real system to the LJ reference system in the NVT ensemble
at the equilibrium densities obtained from the NpT runs. The
results of the Hamiltonian integration are presented in the
supplementary material.”! From these results we computed
the Gibbs free energy of the solutions at the different
concentrations considered. The chemical potential of NaCl
in solution is then obtained from the derivative of the Gibbs
free energy with respect to the number of NaCl molecules at p,
T, and N,, constant (Eq. (1)). As already discussed in Sec. II,
one possible approach is the route referred as fit Gysions
where the Gibbs free energies of the solutions are fitted to
Eqgs. (6)-(9); the parameters of this fit for the JC/SPC/E model

—— This work JC-SPC/E-ion/TIP4P/2005
12 — Exp data
—— This work JC/SPC/E

p/gecm

| |
0 1 2 3

m / mol kgiI

F
W
=)

FIG. 1. Density versus NaCl molality for the JC/SPC/E and JC-SPC/E-
ion/TIP4P/2005 force fields compared to the experimental values (as indi-
cated in the legend).
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TABLE III. Coefficients for the polynomial fits to the number density

p(N/ A3) as a function of the number of NaCl molecules used in the solubility
calculus for the three force fields considered in this work.

Model ro-10 r1-103 ry-10° r3-107
JC/SPC/E 0.334133 0.153941 -0.235243 0.141983
SD/SPC/E 0.334119 0.129930 -0.25298 0.0

JC-SPC/E-ion/TIP4P/2005 0.333482 0.172770 -0.308400 0.268313

are tabulated in Table IV. The absolute values of the standard
chemical potential depend on the arbitrary choice of the de
Broglie wavelength. In Table IV, the results labeled as refl
correspond to a reference state where A, = 1 A. To compare
with the experimental results, where a difference reference
state is chosen, it is necessary to add a constant, C;. For
the NaCl the value of the constant is Cyac; = 386.8 kJ/mol,
whereas for water one should use C, = —202.256 kJ/mol
(see Appendix B of Aragones et al.*? for the justification of
these constants). The chemical potentials consistent with the
reference state are labeled as ref2 in Table IV.

The chemical potential of NaCl in the solid phase (green
horizontal line) and in solution is presented in Fig. 2 as
a function of molality. The solubility of NaCl in water is
determined by the intersection of the two NaCl chemical
potentials and is 3.71m. This recalculated solubility is now
closer to the values reported by Moucka et al.*>** and Mester
and Panagiotopoulos®® showing the equivalence of the three
methodologies. It is also shown in this figure that regardless
of the procedure used to analyze the free energies of this
work, fit to Gypuion OT to G, the same solubility is obtained.
Therefore, the method used to fit the Gibbs free energies does
not affect the value of the solubility, and one can even use
finite differences to estimate the chemical potential,

Nnac1,2 + NNaci,1
2

_ Gmlution(NNaCI, 2) - Gsolution(NNaCI, 1 ) ( 11 )
(NNac1.2 = Nxact 1) ’

MNaCl (

where Nnyci,1 and Nyycl2 are two selected numbers of NaCl
in solution considered cases.

As it can be seen in Fig. 2, the chemical potential
obtained from finite differences (magenta triangles) is fully
consistent with that obtained from the other two routes to
analyze the results (i.e., fit to G, or fit to Gyprion). Notice that
the predictions of three different groups using three different
methodologies are now in agreement for both the solubility
and the chemical potentials of NaCl in solution. The solubility
calculated by these three groups for this model (i.e., 3.7m) is
certainly lower than the experimental value (6.15m), which
indicates deficiencies in the force field. In our calculus, we
decided not to use results of Gyyui0on at concentrations too
much higher than those of the solubility to remove the
possible risk of crystal precipitation of the supersaturated
solution.”"8283 Notice that precipitation of the supersaturated
solution would spoil the determination of the free energies, as
when using Hamiltonian integration one should not have any
phase transition along the integration. Until the issue of salt
precipitation is clarified in a future work (i.e., the nucleation of
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TABLE IV. Fit parameters for the solution chemical potential of the three models. In all cases, 270 molecules of water were used in the calculations. The
chemical potentials are expressed in kJ/mol and the solubilities in mol/kg. In the line labeled with an asterisk, the standard chemical potential of the salt
was obtained from the analysis of highly diluted solutions (using 2000 molecules of water instead of 270). Results labeled as refl, use 1 A for the thermal
de Broglie wavelength. Results labeled as ref2 use the same reference state as used in experiments. The coefficient AA was obtained from the value of the
temperature and of the dielectric constant of the considered water model. The standard chemical potential of water was obtained directly by dividing the Gibbs
free energy of pure water between the number of water molecules. For the SD/SPC/E and JC-SPC/E-ion/TIP4P/2005, the value of B was fixed to 1.5 and was not

optimized.

Model AA B B IJItIaCI,rqu 'ufu,ref] I“;IaCI,refZ ﬂtu,ref? SOlublhty
JC/SPC/E 0.5677 1.5232 0.1126 =779.01(60) —-38.10(30) —-392.21(60) —240.36(30) 3.71(25)
JC/SPC/E* 0.5677 0.9045 0.1352 —778.50%(60) —38.10(30) —391.70(60) —240.36(30) 3.68(25)
SD/SPC/E 0.5677 1.5 0.1251 —767.55(60) —38.10(30) —380.75(60) —240.36(30) 0.68(08)
JC-SPC/E-ion/TIP4P/2005 0.803 1.5 0.0922 —=776.28(60) —-38.69(30) —389.48(60) —240.95(30) 3.49(28)

saltin a supersaturated solution®4%%), we have decided to be on
the safe side and used only Gsion results for concentrations
slightly above the solubility limit. In any case, in Fig. 2 the
indigo and orange dashed lines represent the extrapolation
of our results to concentrations above the solubility limit.
Good agreement is found with the estimates of the chemical
potential of NaCl in solution reported by Moucka et al.**** and
Mester and Panagiotopoulos®” for the supersaturated solution.
It is worth to mention that Mester and Panagiotopoulos* have
used the BAR method, implemented in GROMACS, for the
free energy while we are using Hamiltonian integration, as
implemented in GROMACS. Moucka et al.**** have used
the Monte Carlo with particle insertion method (OEMC). As
it can be seen, the three methods give solubilities that are
mutually consistent (within the statistical uncertainties) but at
the moment we cannot say which method is the most efficient.
In Figure 2 we also have included the Aragones et al.?? results
for the same model, where the solubility predicted was 4.8m.
As it can be seen, the main reason for that was that our
values of the chemical potential were low, due to insufficient
equilibration. The message is that longer runs than those used

380 —-=

-384.12

-390 — =

Aragones et al. (2012)
® Mester and Panagiotopoulos (2015) 7
= NaCl solid
— Exp data
® Moucka et al. data (2013) 7
— This work ( fit Gmhmon )
This work ( fitG, )
A Finite differences for the JC/SPC/E

-1
Mact (kJ mol )

-400

| | | | |
1 2 3 4 5 6

m (mol kgfl)

-410
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FIG. 2. NaCl chemical potential versus molality for the JC/SPC/E model as
obtained from the results of this work using either the fit Gopysion proposed
in this work or the fit G, proposed by Aragones et al.>> This figure shows
the equivalence of both methodologies. We also have included results of
Mester and Panagiotopoulos®> and Moucka er al.*? Dashed curves represent
an extrapolation of our results. The dashed—dotted curve represents the results
from Aragones et al.>? The solid NaCl chemical potential is represented by
a horizontal line, from Aragones et al.’?> Experimental data (black curve) of
Hamer and Wu’® are also included. The estimated uncertainty in the chemical
potential of NaCl in solution from this work is of 0.6 kJ/mol.”!-80-81

in our previous work were needed to determine the chemical
potential of the salt in solution with accuracy. We think a
similar conclusion can be done for the Kobayashi et al.*?
solubility results.

Other interesting properties can be obtained form this
chemical potential route as, for example, the excess chemical
potential. In Figure 3 the excess NaCl chemical potential as
a function of molality is presented together with Mester and
Panagiotopoulos results.>

As it can be seen, the fit G0, TOUte, that accounts for the
Debye-Hiickel law, is able to reproduce the low concentration
limiting behavior of Mester and Panagiotopoulos.’® This
behavior is not obtained if one uses the fit G, route. Therefore,
although the G, route was able to provide a correct value of the
solubility for this model, it does not provide accurate results of
the chemical potential at low concentrations; the region where
the excess chemical potential of the salt decreases with the
concentration of the salt. For this reason, the fit G50, route
used in this work should be preferred, especially when dealing
with salts with low solubilities or when one is interested in
the low concentration behavior of the chemical potential of
the salt in solution. The variation of the excess chemical
potential with the concentration of the salt is connected with

-736 T T
— This work (G, ...) 7
738 @® Mester and Panagiotopoulos (2015) |
This work (G, )
~ — Exp data 3
S 10 g
-7
=
Lw) 4
2 7
g 742 B
g
Z -
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= a4 \_//
-746 —
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FIG. 3. NaCl excess chemical potential versus molality for the JC/SPC/E.
Results of this work using the fit to Gourion (indigo continuous line) and us-
ing G, fit (orange continuous line), Mester and Panagiotopoulos™> (red solid
circles) data, and experimental results’? (black continuous line) are presented.
Excess chemical potentials obtained as ftexe Nac1 = yNaCl—ZRTln(pNaCIAZ)
with A, =1 A.
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the variation of the activity coeflicient (on the molarity scale)
with the concentration. Details about how to relate the activity
coeflicient on the molality scale (used in this work) with that
on the molarity scale are provided in the excellent review of
Hamer and Wu.”

In Fig. 4(a) the water chemical potential as a function of
molality obtained in this work is represented together with the
results of Mester and Panagiotopoulos® and Moucka et al.*
(as indicated in the legend). The agreement between the
three different methods is good. Notice that we are including
long range corrections and Mester and Panagiotopoulos™ it
seems they do not. Our calculations are for a temperature of
298 K which is slightly different from that considered for the
other two groups (i.e., 298.15 K). In any case the standard
chemical potentials of pure water obtained by the three groups,
My ropo are in agreement (Mester and Panagiotopoulos:®

—240.20(3) kJ/mol, Moucka et al.:*' =240.30 kJ/mol and this
work: —240.36(30) kJ/mol.)

When interested in colligative properties, it is crucial
to determine the water activity in the solution.” The water
activity as a function of molality is shown in Fig. 4(b) together
with the Mester and Panagiotopoulos® and Moucka et al.*
results. Again the three methodologies provide similar results.

Let us now turn to another interesting property, the NaCl
activity coefficient. In Fig. 5 we present the natural logarithm
of the mean activity coefficient, Iny, as a function of molality.
Our results exhibit the same tendency of those from the works
of Mester and Panagiotopoulos®> and Moucka et al.**

An accurate determination of the activity coefficient is
even more challenging than an accurate determination of the
chemical potential. The explanation of this apparent paradox
is that to estimate y one needs not only accurate values of the
chemical potential, but also accurate values of the standard
chemical potential of the salt, :“Lacr As it was discussed by
Sanz and Vega,30 the value of '“Laa is related to the excess
value of the chemical potential of the salt in solution at infinite
dilution. Therefore, to estimate y with high accuracy, both
UNact and uLaCl should be known with high accuracy. For the
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J. Chem. Phys. 144, 124504 (2016)
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FIG. 5. NaCl natural logarithm of the mean activity coefficient, In y, versus
molality at 298 K and 1 bar for the JC/SPC/E. Results of this work using
y;aCl =-391.70 kJ /mol (dotted—dashed curve) and pLaCl =-392.21kJ/mol
(dotted curve) are presented. We have also included Moucka et al.** (dashed
curve) and Mester and Panagiotopoulos™ (red solid circles). Black solid line
represents experimental data of Hamer and Wu.”® The estimated uncertainty
in In y from this work”8%-8 is 0.17. We have included two points (magenta
squares) with their uncertainty to illustrate the error bars on our results at high
concentrations.

JC/SPCJE, the values of ,uLaCl (using ref2) reported by Moucka
et al.,** Mester and Panagiotopoulos®® and in this work are
—391.28, —391.70(20), and —392.21(60) kJ/mol, respectively,
while the experimental value is —393.13 kJ/mol. Although the
results from the different groups are in reasonable agreement
the discrepancies seem to be larger than for the chemical
potential at finite concentrations. These discrepancies are
related to finite size effects in the estimation of /‘Lacr
The methodology described in this work requires to fix the
number of molecules of water from the very beginning of the
calculations. When using 270 molecules of water, the smallest
amount of NaCl that one may have (i.e., one molecule) yields
a concentration of 0.206m. Since /,lLaCl depends on a property
at infinite dilution,’® one may suspect that ., is affected
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FIG. 4. (a) Water chemical potential versus molality for the JC/SPC/E model. (b) Water activity versus molality for the JC/SPC/E, SD/SPC/E, and
JC-SPC/E-ion/TIP4P/2005 models. Results of this work for the JC/SPC/E model (indigo continuous line), SD/SPC/E (orange continuous line), and JC-SPC/E-
ion/TIP4P/2005 model (green continuous line) and their extrapolation predictions (dashed lines) are presented. We have included the work of Mester and
Panagiotopoulos35 ((a) red solid circles and (b) continuous line), Moucka et al.** (a) blue solid circles and (b) continuous line) and Hammer and Wu’° (black

continuous line) results. Activity of water obtained from u,, = uj, + RT In(a ).
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by finite size effects (i.e., by the smallest concentration that
can be sampled by a certain number of water molecules).
To analyze this point in more detail, we have performed
new calculations for the JC/SPC/E using 2000 molecules of
water and five different concentrations (results are given in
the supplementary material’!), Nyac1 = 0,1,2,3,4.

The results for Gyyrion Of these diluted solutions with
2000 molecules of water were fitted using a slightly modified
version of the Davies equation® (see the supplementary
material’"), and the new ,uLaCl was —391.70(60) kJ/mol which
is closer to Mester and Panagiotopoulos,*-¢ —391.70(20) and
—-391.60(20) who considered in their calculations at high
dilution up to 5000 molecules of water. We then fitted the
results of Ggpuion for 270 molecules of water by imposing
,uLaCl obtained from the simulations of highly diluted solutions
in the fit rather than leaving it as free parameter. The results
of the fit are presented in Table IV. The activity coefficients
computed in this way are also plotted in Fig. 5 (dashed-dotted
line). As it can be seen, the agreement with the predictions
from Moucka et al** and Mester and Panagiotopoulos®®
improved. It should be mentioned that with this new fit, the
value of the solubility is not modified and one obtains a value
of 3.68(25), very close to the value of 3.71(25)m obtained
using only the results from the 270 molecules of water study.
In summary, when having a small number of molecules of
water, ,uLaCl should be considered as a fitting parameter, which
provides a reasonable initial guess for the standard potential
of the salt. However, since the determination of ﬂ;laCI is
affected by finite size effects, an accurate determination of
the activity coefficient requires an accurate determination of
ﬂLaCl’ which requires to use systems with a large number of
water molecules. Nevertheless, the solubility and the chemical
potential at finite concentrations seem to be hardly affected
by the system size. In fact, the results of this work using
270 molecules of water are consistent with those of Mester
and Panagiotopoulos*® who used in most of the cases 500
molecules of water. It is clear from the discussion above that
our approach to estimate activity coefficients has large error
bars, and to reduce them one needs both longer runs (to reduce
the error in the determination of chemical potentials at finite
concentrations) and larger systems (to improve the predictions
at infinite dilution required to estimate the standard chemical
potential).

B. SD/SPC/E

The densities obtained from the NpT simulations for this
model for all the concentrations considered (number of NaCl
between 0 to 7) can also be as expressed in terms of the
number of NaCl as a third-order polynomial. In Table III the
polynomial fit constants are presented. Again, the solid NaCl
chemical potential used in this work was obtained by Aragones
et al.,? y;ﬂg = —384.07 kJ/mol. The free energies obtained
for this model from Hamiltonian integration are presented in
the supplementary material,”! and the parameters of the fit to
Gonrion are given in Table IV. For the activity coefficient, it
is found that the value of B is commonly close to B = 1.5.7°
The same was true for the JC/SPC/E model. For this reason
and to reduce the number of parameters, we use the value

J. Chem. Phys. 144, 124504 (2016)

B = 1.5 in the fit. We checked that this choice was quite good
and that the fit did not improve significantly by allowing this
parameter to be adjustable.

The chemical potentials of NaCl in the solid phase and
in solution as a function of molality are shown in Fig. 6. The
intersection of the two phase NaCl chemical potentials occurs
at 0.68m in good agreement with Moucka et al.*® and Mester
and Panagiotopoulos.’® In this figure, we have included the
results of Mester and Panagiotopoulos®® and the experimental
data. In addition, estimated values of the chemical potential
of NaCl in solution using the finite differences method were
included as an additional test of our prediction. As it can be
seen, the agreement between both simulation methodologies
is very good. It should be pointed out that the solubility would
be 0.65m if the value —384.28 kJ/mol reported by Moucka
et al.** was used for the chemical potential of the solid. As
it can be seen, the SD/SPC/E model predicts a solubility
one order of magnitude smaller than the experimental value.
Thus, although the SD/SPC/E model describes fairly well the
densities of the NaCl solutions, it fails in the prediction of the
solubility value. So, a model that describes very accurately the
densities of the NaCl solutions does not necessarily predict
good solubilities.

For this model, we predicted in 2012 a solubility (from
free energy calculations) of 0.9m, which is only slightly higher
than the one reported here. Again, it seems that using longer
calculations, the solubility decreases, and good agreement
with the results of other groups is also obtained using this
methodology.

In Fig. 7 the In y as a function of molality is shown for
the SD/SPC/E model. Although our results should be taken
with care as the standard chemical potential of the salt was
obtained from the simulations using 270 molecules of water,
the agreement with Mester and Panagiotopoulos®>3° is good.
In Fig. 4 we have included the water activity for this model
and found that the results are similar to those of the JC/SPC/E
model.
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FIG. 6. NaCl chemical potential for the SD/SPC/E model versus molality
of this work (indigo continuous line) and its extrapolation (indigo dashed
line). Also shown: Mester and Panagiotopoulos35 (red solid circles), Moucka
et al.*® (blue solid squares), finite difference method predictions (magenta
triangles up), and experimental data (black continuous line) of Hamer and
Wu.”” The estimated uncertainty in the chemical potential of NaCl in solution
from this work”!8%8! is of 0.6 kJ/mol.



124504-10 Benavides, Aragones, and Vega

—— SD/SPC/E This work
® Mester and Panagiotopoulos JCP 142 (2015)
r @ Mester and Panagiotopoulos JCP 143 (2015) q

In(y)

-0.4 — —

03 ! ! ! il
0 02 04 0.6 0.8

m (mol kgfl)

FIG. 7. NaCl natural logarithm of the mean activity coefficient, In y, versus
molality at 298 K and 1 bar for the SD/SPC/E. This work (indigo continuous
line) and the work of Mester and Panagiotopoulos®>-3 (red solid circles and
blue solid diamonds).

C. JC-SPC/E-ion/TIP4P/2005

For this new model, the densities obtained from the NpT
runs can be fitted very well to a third-order polynomial in terms
of the number of NaCl. The coefficients of the fit are presented
in Table III. In Fig. 1, the density is shown as a function of
molality. As for the JC/SPC/E model, this model overestimates
the experimental density, specially at high concentrations.
Free energies for this model obtained from the Hamiltonian
integration runs are presented in Table V.

For the solid NaCl chemical potential, we used the result
obtained by Aragones et al.,*? ysN”éigl = —384.12 kJ/mol. Since
the ion—ion interactions are identical in the JC/SPC/E and
JC-SPC/E-ion/TIP4P/2005 force fields, also the chemical
potential of the NaCl in the solid phase. In Fig. 8 the
chemical potentials of NaCl for this model and for the
JC/SPCE both in solution and in the solid phase are presented
together with the experimental data. The intersection of the
solution chemical potential model with the solid chemical
potential occurs at 3.49m. Thus, the solubility of this new
force field is almost equivalent to that of the JC/SPC/E,
3.71m, although 0.2m smaller, which confirms our working
hypothesis that one should not expect big differences in the
solubility when replacing the SPC/E model of water by the
TIP4P/2005 model while keeping the ion—ion interactions.
Since Joung and Cheatham® proposed a force field for
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FIG. 8. NaCl chemical potential versus molality for the JC-SPC/E-
ion/TIP4P/2005 model of this work (indigo dashed line) and our extrapo-
lated predictions (indigo dashed line) and for the JC/SPC/E model (orange
continuous line) and our extrapolated predictions (orange dashed line). The
solid NaCl chemical potential is shown as a green horizontal line and the
experimental data’ are presented with a black continuous line. We have also
included finite difference method predictions (magenta triangles up).

many salts in SPC/E water, it seems that replacing SPC/E by
TIP4P/2005 (while keeping the ion—ion interactions) and using
the LB combination rules will yield similar results. Joung and
Cheatham®” also proposed a force field for NaCl in TIP4P-Ew
water.®® Since TIP4P/2005 and TIP4P-Ew are quite similar
in many respects (i.e., both models do also incorporate the
Berendsen correction to the vaporization enthalpy), it is also
likely that the solubility will be quite similar when replacing
TIP4P-Ew by TIP4P/2005 in the calculations (while keeping
the ion—ion interactions and using LB combination rules
for the ion—water interactions). In fact, Moucka er al.®?
have already shown some evidence of this. Notice though
that the JC/TIP4P-Ew ion force field does not seem to be
very accurate as it predicts a solubility of about 1.4m and
recently Mester and Panagiotopoulos have obtained the same
value.’>* Remind that the solubility of the JC/SPC/E was
of about 3.71m and the experimental value is about 6.14m.
For this reason, it seems that the ion-ion interactions are
better described by the JC/SPC/E force field. In summary, one
should not expect big changes in the solubility of a model
when replacing SPC/E by TIP4P-Ew or TIP4P/2005 (when
keeping the ion-ion interaction and using the LB combination
rules). After all, these models incorporate the Berendsen

TABLE V. Free-energy components of JC-SPC/E-ion/TIP4P/2005 solutions at 298 K and 1 bar. All the solutions
have 270 water molecules. Energies are given in kJ per mole. The number density p = N /V is given in particles
per A3, where N = N, w+2NnNac1- The chemical potential of NaCl is given in kJ per mole of NaCl.

NNac1 P G.rolutinn Ainregral ArLef]’mf pv.volurion Ait{i,[“[i{m m (1’1’101 kgil) ﬂ]r\?;ét]t{;’;ﬂ
0 0.033348 —10447.39(30) -8951.18(30) 1447.16 049  -2943.86 0.000 —00

1 0.033518 —11238.51(60) -9724.47(60) 1480.43 049  —-2994.96 0.206 —399.58(60)
2 0.033682 —-12022.91(60) —10497.58(60) 1513.49 049  -3039.31 0.411 —396.45(60)
5 0.034138 —14365.65(60) —12816.78(60) 1611.34 049  -3160.70 1.028 —391.95(60)
12 0.035024 —19795.28(60) —18209.14(60) 1830.35  0.51 —3416.99 2.466 —386.70(60)
15 0.035336 —22113.95(60) —20513.24(60) 1919.83  0.51 -3521.06 3.084 —385.09(60)
17 0.035526 —23657.11(60) —-22046.46(60) 1978.02 0.52  —3589.19 3.495 —384.11(60)
20 0.035785 —25967.49(60) —-24341.36(60) 2063.22 0.52  —3689.87 4.112 —382.75(60)
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polarization correction in their design. It is also true that, at
least with respect to the solubility, the force field proposed
by JC for SPC/E water yields the best estimate, although still
lower than the experimental value.

For comparison of the effect of using a different water
model in the force field of the salt solution, in Fig. 9 the
NaCl natural logarithm of the mean activity coefficient, In vy,
versus molality at 298 K and 1 bar is shown for the JC-SPC/E-
ion/TIP4P/2005 and the JC/SPC/E models. It can be seen
that JC-SPC/E-ion/TIP4P/2005 is in better agreement with
the experimental data than the JC/SPC/E model, especially
above 2.2m. At very low concentrations, the opposite is true
(due to the fact that the dielectric constant of TIP4P/2005
deviates more than SPC/E from the experimental value). The
dielectric constant of these two models is lower than the
experimental value, so the initial decrease of the activity is too
pronounced. Although our results for the activity coefficient of
the JC-SPC/E-ion/TIP4P/2005 should be taken with care as the
standard chemical potential of the salt was obtained from the
simulations using 270 molecules of water, it is clear that activity
coefficient of this model is lower than that of the original
JC/SPC/E model. In Fig. 4(b) we have included the water
activity for this model and found that at high concentrations it
is somewhat closer to the experimental values.

D. lonic pairs

We have also investigated the ionic pairs formation (a
cation and an anion in direct contact in the solution) at
different concentrations for the three models considered in
this work. The number of ionic pairs (per i0n) Ziopic—pairs Was
obtained using the cation—anion radial distribution, gna+-ci-
(1), in the solution obtained from the NpT runs and integrating
it up to the first minimum (located at a distance of 7,,;,) as!>8?

Vmin
2
Nionic-pairs = 4'71-pNa+ / r gNa*—Cl_(r) dr’ (12)
0

051~ [ Exp Data -]

- IC/SPC/E This work ' = -392.21 kJ/mol RN

- — IC/SPC/E This work 'y, (, = -391.7 kl/mol RS
[ | = - JC-SPC/E-ion/TIP4P/2005 Rt 1

In(7)

2
m (mol/kg)

FIG. 9. NaCl natural logarithm of the mean activity coefficient, In y, versus
molality at 298 K and 1 bar for the JC-SPC/E-ion/TIP4P/2005 model shown
as indigo dashed line. Results for the JC/SPC/E are also presented, using two
values for I‘Lacv one obtained from the study of diluted solutions having 270
molecules of water and the other one obtained from the analysis of diluted
solutions having 2000 molecules of water. Experimental data (black solid
curve) of Hamer and Wu’? are also included.
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where py,+ is the Na* number density, obtained as

IvNa+
v .

PNa* = ( (13)

In Fig. 10, the results for the number of ionic-pairs are
presented. As expected, the number of ionic pairs increases as
the solution becomes more concentrated for the three models
considered in this work.

E. Two simple empirical rules to estimate
the solubility of a model

After analyzing the solubility of these models and the
ionic pairs formation, we found an empirical prescription to
estimate the solubility of a certain force field at room 7 and p.
As it can be seen from the figure, the concentration at which
the number of ionic pairs (per ion) is close to 0.075 (i.e., about
7% formation) is very close to the solubility of the considered
model. At least this prescription works very well for the three
models considered in this work. This is an efficient rule for
testing models. To have an idea of the advantage of using this
rule to test models, we can compare the time that it takes to get
the information for the ion pairing criteria with the time that
it takes to obtain the solubility by Hamiltonian integration;
NpT calculations for 8 different concentrations take one day
using a cluster with eight CPUs. Free energy calculations for
8 solutions (for just one model) take 24 days in a cluster with
8 CPUs. The CPU used was an Intel Xean X5680 with a clock
frequency of 3.33 GHz.

Another simple empirical rule is related with the
difference between the NaCl solid and the standard dissolution
chemical potentials of different models and the solubility of
each model. As can be seen in Fig. 11, the solubility of the
considered models is approximately given by

my = 1.552 +0.275 (w24 -yl - (14)

@® IC/SPC/E
® SD/SPC/E
@ JC-SPC/E-ion/TIP4P/2005

0.125—

0.1

0.075 -

Tonic pairs

0.05— —

0.025 — —

( \ \ \ \
1 2 3 4 5

m (mol kgfl)

FIG. 10. Number of ionic pairs versus molality for the JC/SPC/E, SD/SPC/E,
and JC-SPC/E-ion/TIP4P/2005 models. The horizontal line corresponds to
0.075 ionic pairs value. The star symbols with the corresponding model
colors (see legend) show the solubility of the three models obtained in this
work. The continuous lines with the corresponding model colors (see legend)
are simple polynomial fits to the number of ionic pairs as a function of
molality to guide the eye.
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FIG. 11. Solubility as a function of the difference between the NaCl solid
chemical potential and the NaCl standard dissolution chemical potential
for the JC/SPC/E, SD/SPC/E, JC-SPC/E-ion/TIP4P/2005, JC/TIP4P-Ew,
AH/BK3,10:449091 KBI.SPC/E,”362 and SD-BMHTF-SPC/E*>%3-% models
(see legend). The dashed green line is just to guide the eye and show the linear
data correlation. The star symbol shows the NaCl experimental solubility.

The chemical potentials in this expression are given in
kJ/mol.

As long as the NaCl solid chemical potential and the
NaCl standard chemical potentials of a model are known, we
can have an idea of their solubility at room T and p. The NaCl
chemical potential can be obtained, for instance, by using
the Einstein crystal methodology® or the Einstein molecule
method.®>% The standard chemical potential of the salt in
solution can be calculated by using highly diluted solutions
and one of the three methodologies mentioned in this work.
Interestingly, the correlation is successful in describing the
results for a polarizable model of NaCl in water.!0:#49091
The experimental solubility is out of the correlation line of
these models. This correlation seems to be valid for other 1:1
salts solutions, as long as the salt crystal structure is NaCl
type, as, for example, Nal and KCIl. For instance, for the
JC/SPC/E models of Nal and KClI, the solubility predicted by
this linear correlation would be 7.85 and 2.39, respectively,
in good agreement with the calculated values by Mester and
Panagiotopoulos:*® 7.75m and 2.65m.

When designing force fields for electrolytes in water,
usually hydration properties at infinite dilution (as, for
instance, the standard chemical potential) are used as target
properties. However the results of Fig. 11 show that the
solubility is rather controlled by the difference between the
chemical potential of the solid and the standard chemical
potential of the salt in solution. Besides since the number of
ionic pairs found at a certain concentration is controlled by the
solubility (see Fig. 10), one may conclude that this difference
of chemical potentials is also controlling the number of ionic
pairs in solution.

VI. CONCLUSIONS

In this work, we have computed the solubility of several
models of NaCl in water using computer simulations. The
chemical potential of the solid phase was obtained from
Einstein crystal calculations. The chemical potential of the
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salt in water was evaluated by performing Hamiltonian
integration following the same approach that was described
in our previous work. The main difference with respect to our
previous work is that much longer runs are used here (possible
since we used now the efficient MD program Gromacs) and
the way of analyzing the results for the total Gibbs free-energy
of the system. The solubility predictions obtained in this work
for both the SD/SPC/E model and the JC/SPC/E models are in
good agreement with the results of Moucka et al.*” and Mester
and Panagiotopoulos.® This is gratifying as for these two
models, the results of three different groups, using different
approaches, are mutually consistent. Therefore, these results
can be regarded as a benchmark for solubility calculations of
NaCl in water.

The solubility of the two first models considered in this
work is significantly lower than the experimental one. In fact
the solubility value found for the SD/SPC/E, 0.68(08)m, is
about ten times lower than the experimental value (i.e., 6.14m).
For the JC/SPC/E the solubility is 3.71(25)m, which is 40%
below the experimental value. It is not clear why most of
the potential models proposed so far for NaCl in water
underestimate the solubility with respect to the experimental
value (which may explain why the number of ionic pairs is
usually high in simulation studies””*®). Clearly some further
work is needed to understand the origin of that. In any case
it is clear that there is room for improvement when designing
force fields for sodium chloride solutions.

It is interesting to point out that these two models use the
same model to describe water interactions (in fact they use
the respectable SPC/E model) while they differ significantly
in the prediction of the solubility (the solubility of JC/SPC/E
being six times larger than that of SD/SPC/E). That illustrates
that when describing the solubility, “chemistry” rather than
“physics” matter. At low concentrations the variation of
the activity coefficient (which is related to the variation
of the excess chemical potential) can be described by the
Debye-Hiickel law, and the limiting constant of this law
depends only on temperature and of the value of the dielectric
constant of the solvent (i.e., of physical variables). Since
both models use the same model of water, they behave
in a similar way in this “physical” regime. However, their
solubility differs significantly due to “chemical” differences
(contained implicitly in the force field), as they differ in the
value of the chemical potential of the solid, in the value of the
standard chemical potential of the salt in solution (which is
related to the excess chemical potential of the salt at infinite
dilution) and on the activity coefficients at medium and high
concentrations. These are “chemical” differences. It is rather
naive to expect to understand the problem of the solubility
of NaCl in water, by focusing only on a physical variable,
i.e., the dielectric constant of the solvent.

Since the results of the JC/SPC/E seem to be reasonable,
we have analyzed the possibility of replacing the SPC/E
model of water by the TIP4P/2005. It has been found that
the predictions of the density and of the solubility change
very little with this replacement. The solubility, although
reasonable, is again low as compared to the experimental
value. There may be certain advantages in having a reasonable
NaCl model (with a not too low solubility) which uses the
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TIP4P/2005 instead of SPC/E. For instance, studies related
with cryoscopic effects (i.e., the change in the melting point of
ice due to the presence of salt) will be much easier when using
TIP4P/2005 as the melting point of this model is of about
252 K, and the dynamics at this temperature will be faster
than that of SPC/E water at its melting point (for this model
the melting point is of 215 K). Second, there is high interest
in understanding the behavior of water at low temperatures
(i.e., supercooled water). Since TIP4P/2005 describes very
well the properties of water at low temperatures (including the
maximum in density), it seems reasonable to use this model in
combination with a reasonable model of NaCl. It seems that
the JC-SPC/E-ion/TIP4P/2005, although far from perfect, can
be a reasonable choice.

Finally we have determined the number of ionic pairs
(per ion) as a function of the salt concentration. We found
empirically that when the concentration of the salt is close to
that of the solubility, the number of ionic pairs is of about
0.075. At least this rule seems to work for the three models
considered in this work (and it remains to be studied if the
rule holds or not for other models of NaCl in water). The
advantage of this rule is that it allows to estimate the solubility
of a force field from cheap NpT runs (necessary to determine
the number of ionic pairs) and not from expensive chemical
potential calculations. Notice that these rules only apply at
room T and p. In any case, there is no a free lunch, and this rule
is only approximated, as the only rigorous way of determining
the solubility is by equating the chemical potential of the
salt in the solid phase with that of the salt in the solution.
In any case it may be useful as a rough first guess. Also
we have found another approximated prescription relating the
solubility to the difference between the chemical potential
of the solid and the standard chemical potential in solution.
Although this prescription is approximated since it does not
include the activity coefficient, it holds reasonably well.

There is still a final conclusion. The solubility of the
models SD/SPC/E and JC/SPC/E obtained from the chemical
potential route by three different groups (differing only in the
way the chemical potential is obtained) is mutually consistent
and in good agreement. However the values obtained from this
route are entirely different from those obtained from direct
coexistence simulations. It is clear that both techniques should
provide the same value of the solubility. The reason of this
discrepancy is not clear and should be investigated in more
detail in future studies.
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