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ABSTRACT: Aqueous solutions of LiCl have recently received much
attention in connection with the study of the anomalies of supercooled
water and its polyamorphism. From the point of view of computer
simulation, there is need for a force field that can reproduce the structural
and dynamical properties of this solution, and more importantly it is also
simple enough to use in large scale simulations of supercooled states. We
study by molecular dynamics the structure of the LiCl−water solutions
with the force field proposed by Joung and Cheatham (J. Phys. Chem. B
2008, 112, 9020) appropriate for the water TIP4P-Ew model potential.
We found that this force field does not reproduce the experimental ion
pairing when the Lorentz−Berthelot (LB) rules are used. By
incorporating deviations to the LB rules to obtain the crossed interactions
between the ions, it is possible to get agreement with experiment. We
have studied how the modification of the LB rule affects the structural and thermodynamic properties of the solution at
increasing concentration of the solution from the low (around 2%) to medium (around 14%) concentration regimes. We also
tested the transferability of the Joung and Cheatham force field to the water TIP4P/2005 model that works very well for
supercooled water.

1. INTRODUCTION

Aqueous solutions of salts are systems of great importance in
many fields connected to chemistry, biochemistry, chemical
engineering, etc. In this respect, solutions of simple salts
represent prototypes for the study of more complex systems.1,2

In particular, aqueous solutions of LiCl, the salt with the
smallest cation, have frequently been considered for thermody-
namic and structural studies due to their very good solvation
properties; LiCl presents in fact a high solubility.3 The
solubility of LiCl(solid) in water at room temperature
extrapolated from high temperature measurements is about
25m4 (i.e., moles of LiCl per kilogram of water), although the
solubility of the hydrated solid LiCl·H2O at room temperature
is somewhat lower, 20m,4,5 so that it precipitates first from
solution. Diffraction experiments of X-rays or neutrons have
been extensively carried out on this system6−12 and coupled
with reverse Monte Carlo techniques.13−15 Computer simu-
lation studies have been performed with different model
potentials.13,16−20

Renewed interest in LiCl aqueous solutions (LiCl(aq)) has
grown due to experiments addressed to understand the
polyamorphism of water.12,21−23 Key questions in the study
of supercooled ionic solutions are from one side how the
relevant changes in the behavior of water upon cooling could
affect its properties as a solvent,24−26 and on the other side how
the anomalies of water can be modified by solvated ions.27−30

Therefore, the topic concerned with the structural and
dynamical properties in the deeply supercooled liquid state of
LiCl(aq) is the theme of a present vivid debate.
With the idea of future applications of computer simulation

to the study of LiCl(aq) upon supercooling, or in its glassy
phases, it is a relevant matter to test simple two body potentials
that can be used in large computational calculations. Given the
relevance of these systems, many computational works have
been devoted to the development of a good force field that
could reproduce the main features of the water salt solutions,
and different approaches have been applied. Several groups
have studied salt solutions by means of ab initio molecular
dynamics (MD) simulations.31−34 However, the high computa-
tional cost of this approach restricts its application to problems
of short time and small size scales. In addition, it has been
shown that the polarization of the first hydration shell due to
the ions is negligible (except for orientational contributions).33

The effects of the ions extend only to the first hydration shell,
and they are independent of the size or charge of the ions.
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Therefore, the explicit account of the polarizability on these
studies may be not strictly necessary.
The use of empirical, standard pairwise additive and non-

polarizable intermolecular potentials presents some advantages
with respect to the ab initio methods, such as its reduced
computational cost, and the transferability to more complex
systems such as biological matter, for which the majority of
codes and force fields use this approach. Other attempts
including polarization effects have also been tried.35,36

However, the computational cost is significantly increased,
and for the majority of biological codes and force fields, these
contributions are neglected.
Several attempts to parametrize ions in water have been

carried out.37,38 The ionic force fields are usually based on the
combination with an already tested model for pure water.
Jensen and Jorgensen39 developed a force field around the
TIP4P water potential model.40 They focused on the hydration
free energy and first maximum of the ion−water radial
distribution function (RDF). Smith and Dang41,42 parametrized
the Na+ and Cl− ions based on a three-site polarizable water
model43 and the SPC/E model,44 fitting to both experimental
quantities, gas-phase binding enthalpies for small ion−water
clusters and the structure and solvation enthalpies of ionic
solutions. More recently, Joung and Cheatham45 have carried
out an extensive study in order to parametrize alkali metal
cations and halide anions (JC parameters). One of the primary
motivations of the development of the JC parameters was the
spontaneous aggregation of certain salts on DNA in molecular
simulations.46 This force field was tailored for three different
well-known water potential models, TIP3P,40 SPC/E, and
TIP4P-Ew.47 They used a more complex space of properties to
adjust the parameters of the Lennard-Jones (LJ) ionic potential.
As in the rest of the previous works, they targeted the free
energy of hydration for individual ions, the gas phase ion−water
interaction energies, and the ion−water radial distribution
function (RDF). However, they have also included properties
of the alkali halide solid phases, such as the lattice energies and
lattice constants, in order to avoid the spontaneous aggregation
of ions around DNA by balancing the crystal and solution
phases. In all of these approaches, only properties that do not
directly match ion−ion interactions in solution have been used
as target properties. In the calculations of structural properties
of aqueous solutions of salts, it is usual to focus mainly on the
distributions of ions around water and the modification induced
by ions on the structure of water, while less attention is paid to
the ion−ion correlation probably due to the absence of
experimental feedback. Therefore, the majority of these force
fields fails to reproduce the ion pairing.
Another recent attempt to optimize ionic force fields has

been carried out by Fyta et al. Focusing on this missing
information on previous ionic force fields, they based their
force field optimization on single-ion and ion-pair solvation
properties.48 Interestingly, they showed that within the LJ-
dimensional space and Lorentz−Berthelot (LB) combining
rules, it is not possible to parametrize anions to simultaneously
reproduce single ion properties and ion pairing properties.48

Thus, the conclusion seems to be that force fields constructed
as LJ-like and based on the standard LB mixing rules are not
able to reproduce simultaneously the single-ion and ion pairing
properties. The next step in the optimization of ionic force
fields is based on the modification of the mixing rules to obtain
the ion−ion crossed interactions,20,32,35,49,50 which in addition
may allow water-f ree ionic force fields to be built51 or it may

allow to parametrize ions independently on their ion pair.52 In
other words, by fitting the crossed interactions between water−
ions and ion−ion, it would be possible to build a transferable
ionic force field.
The pairwise additive ionic force fields moreover are tailored

for a particular water potential. The water model must be
chosen according to its performance in reproducing the
properties of pure water, although no model reproduces all
water properties.53,54 Since the choice of the ion model is
usually biased for the water model, it is relevant to check the
transferability of the ion potential to other water models.17,55

In this paper, we consider, in order to determine the
structure of aqueous solutions of LiCl, the force fields recently
proposed by Joung and Cheatham (JC)45 around the TIP4P-
Ew, which represents some improvements with respect to other
options. In addition, and given that the TIP4P-Ew para-
metrization philosophy is similar to the TIP4P/2005 (i.e.,
geometry, target properties, application of the Berendsen
polarization correction44), we have tested the transferability
of the LiCl JC force field to the TIP4P/2005.56 The possibility
of using the TIP4P/2005 together with the JC ion potential
presents some advantages for the purpose of future works
under supercooled conditions, where this potential has been
successfully tested.57 In order to improve the prediction of the
ion pairing, we check the force field to be used in our case by
considering the ion−ion structure. We compare the results of
our simulation with the experimentally estimated ion pairing
recently obtained with the neutron scattering technique.12 We
introduce a modification of the ion−ion mixed interaction to
improve the agreement with the experimental estimates. We
compare the results obtained with the normal and modified
mixing rules.
In the next section, we give the details of our computer

simulation. In section 3, we show how to modify the force field
in order to reproduce an ion contact in agreement with the
experiments. The ion structures then are studied at different
concentrations. In section 4 and 5, we present the results
respectively for the water structure and the ion hydration at
increasing ionic concentrations. In section 6, tables with
thermodynamic results and the behavior of the diffusion
coefficients are presented. In section 7, we present our test of
transferability of the JC force field. Finally, section 8 is devoted
to the conclusions.

2. SIMULATION DETAILS AND MOLECULAR MODELS

In order to study the structure of the LiCl water solutions, we
consider the JC force fields.45 We have adopted for our study
the force field associated with the TIP4P-Ew. This water
potential model in fact is able to reproduce a great number of
liquid water properties. The TIP4P-Ew potential, a modifica-
tion of the previous TIP4P model,58 is a rigid four-site model,
where hydrogens (H) are represented by two positively charged
sites connected to a neutral oxygen (O) site. The negative
charge of O is on a site (M) shifted by 0.0125 nm in the
molecular plane. The oxygen sites of the water molecules
interact with a Lennard-Jones potential. Therefore, the
potential of the ionic solution is written as a combination of
a LJ and a Coulombic potential
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where rij is the distance between two interacting particles and qi
is either the charge of an ion or the charge of a water site. The
JC parameters for LiCl(aq) are presented in Table 1, as well as
the parameters of the TIP4P-Ew potential.

The crossed interactions can be written as

ε χ ε ε σ η
σ σ

= · · = ·
+

( ) ;
2ij ii jj ij

ii jj

(2)

where i,j represents the species involved. In the original JC
potential, as in the TIP4P-Ew, the LB combining rules are
assumed and the parameters χ and η take the unit value. The
LB rules can be modified by changing χ and η. As discussed in
section 3, we modified these parameters only for the ion−ion
interaction in order to get a better agreement with experiment
for the ion−ion contact.
For the rest of the paper, we consider results obtained with

the use of the LB mixing parameters to be compared with
results obtained with modified LB (MLB) rules for the ion
interactions. LB rules are always used to describe water−ion
interactions. Thus, the notation LB/MLB refers to whether LB
rules were used or not to describe ion−ion interactions. We
expect the main effects of the MLB rules on the RDF of the
ions, but we will check how relevant are the changes in the
hydration properties and the water−water structure at
increasing concentrations.
The simulations were performed at increasing percentage

moles of solute, indicated as 100 × ns/(ns + nw). The
correspondent concentrations in mol/kg are given in Table 2.
Let us now provide some details about simulation runs.

Molecular dynamic simulations were performed using
Gromacs59 (version 4.5). We used a velocity scaling thermo-
stat60 to keep T fixed at 298 K and a Parrinello−Rahman
barostat61 to keep pressure constant at 0.1 MPa. The relaxation

time for the thermostat and barostat was 2 ps. The LJ
interaction was smoothly switched off between 0.90 and 0.95
nm, and a standard long-range correction was employed. Ewald
sums were used to deal with the Coulombic interactions. The
real part of the Coulombic interaction was truncated at 0.95
nm, and the reciprocal contribution was evaluated by using
PME.62 We performed the simulations on 480 water molecules.
The number of anions (cations) is, for growing concentrations,
12, 15, 20, 22, 30, 40, 60, and 80. Long simulations were
performed in order to obtain accurate results, even when the
number of ions is small (i.e., 2.4%). The typical simulation
length was 70 ns, and the time step was 2 fs. We equilibrated
the initial configurations by about 2 ns. Constraints were used
to fix the geometry of the molecule of water by using the
SETTLE algorithm.63 The results were obtained by running
Gromacs in parallel using 4 CPUs; with this number of
processors, we typically obtained 45 ns/day.
In order to compare the results with the experiments,. we

have also computed the neutron interference differential cross
sections (FN(Q)) of LiCl aqueous solutions. The scattered
radiation amplitude from N nucleus at positions r1, ..., rN is
given by

∑=
=

·S Q b( ) e
j

N

j
iQ r

1

( )j

(3)

where bj is the scattering amplitude of the atom j,64 which is
independent of Q and characteristic of the isotope and spin
states of the nucleus. Q is the wave-vector, Q = |Q| = 4π(sin θ/
λ), and rj is the position of the nucleus j. Then, the scattered
intensity per atom is given by

λ θ = | |I
N

S Q( , 2 )
1

( ) 2
(4)

Neutron scattered intensity splits into self and interference
terms.65 Therefore, it is common to carry out a normalization
of the data, usually by defining a neutron interference
differential cross section:

∑λ θ= − ⟨ ⟩
α

α αF Q I c b( ) ( , 2 )N 2

(5)

where cα is the atomic fraction of the component α. Notice that
⟨bα

2⟩ may be different from ⟨bα⟩
2.65

3. POTENTIAL MODEL AGAINST EXPERIMENT: ION
CONTACT

In order to check the force field to be used in our case, we
consider the ion−ion structure by comparing the results of
simulation with the experimentally estimated ion pairing
recently obtained with the neutron scattering technique for
the concentration of 2.4%.12 From now on, we will refer to it as
experimental RDFs.
In Figure 1, we show the LiCl RDF calculated with the LB

rules (χ = 1.0 and η = 1.0) and compared with the experimental
one.12 For the standard combination rules, the gLiCl(r) correctly

Table 1. Parameters for the Joung−Cheatham Force Fields
and TIP4P-Ew and TIP4P/2005 Water Modelsa

LJ interaction ε/kB (K) σ (nm) charge q (e) dOM (Å)

Water TIP4P-Ew
O−O 81.9 0.316 43 O 0.0 0.125

M −1.0484
H 0.5242

Water TIP4P/2005
O−O 93.2 0.315 89 O 0.0 0.1546

M −1.1128
H 0.5564

Joung−Cheatham
Li+−Li+ 52.3293 0.143 97 +1.0
Cl−−Cl− 5.8683 0.491 78 −1.0

aThe crossed interactions can be obtained through eq 2. The angle
formed by hydrogen, oxygen, and the other hydrogen atom is 104.52°,
and the oxygen−hydrogen distance is 0.09552 nm for both water
models TIP4P-Ew and TIP4P/2005. dOM is the distance of the
negative charge on the H−O−H bisector. The LJ site is located at the
oxygen. σ and ε/kB are the LJ parameters and q the charge.

Table 2. Concentrations Adopted in Our Simulationsa

% 2.4 3.0 4.0 4.4 5.9 7.7 11.0 14.0
mol/kg 1.38 1.74 2.30 2.54 3.47 4.63 6.94 9.25
NLiCl 12 15 20 22 30 40 60 80

aThe number of water molecules is 480 in all cases.
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shows a first maximum at r = 0.236 nm and a second peak at
around r = 0.475 nm, indicating that Li and Cl ions are
approximately separated by one molecule of water, as found in
experiment. However, the first maximum is underestimated and
it is less intense than the second peak in clear disagreement
with the experimental results. The same trend is observed for
the JC-SPC/E parameters, but the discrepancy is indeed
greater. We optimized the mixing interaction by varying the
parameters χ and η in eq 2. The new values χ = 1.88 and η =
0.932 give the result in Figure 1. The intensity of the first peak
is correctly recovered. In the following, we will use these
parameters for the calculations with the MLB rules.
However, ion−ion partial radial distribution functions cannot

be determined unambiguously from neutron scattering
measurements. Therefore, to further test the performance of
the JC-TIP4P-Ew force field reproducing the LiCl solution
structure, we have also computed the neutron interference
differential cross section from our MD simulations for the

highest and lowest concentrated LiCl solutions considered in
this work, and compared them with the experimental ones
(Figure 2). As it can be seen in Figure 2A, the agreement for
the most concentrated solution considered in this work is quite
satisfactory. The main difference is the height of the first
maximum, higher for the FN(Q) obtained from MD
simulations. However, when modifications to the LB rules are
considered, the height of the first maximum is also reproduced.
For the lowest concentration, Figure 2B, the effect of including
modification to the standard combination rules does not show
changes in the differential cross sections, because O−D and D−
D correlations dominate.14,15 Good agreement is then achieved
using both LB and MLB rules.
The gLiCl(r) values at increasing concentration are shown in

Figure 3, both using LB and MLB rules. With the LB rules, the

intensity of the first peak increases monotonically with the
concentration. On the contrary, with the application of the
MLB rules, the highest first peak is obtained at the lowest

Figure 1. Li−Cl RDF for molar percentage 2.4% at 298 K and 0.1
MPa. Long dashed line: result of the JC-TIP4P-Ew parameters using
LB rules. Bold line: result of the JC-TIP4P-Ew parameters using MLB
rules. Point line: result of the JC-SPC/E parameters with LB rules.
Point dashed line: experimental result.12

Figure 2. Differential cross sections of LiCl aqueous solutions for two different concentrations, the highest concentration 14.0% (A) and the lowest
concentration 2.4% (B), and compared with the experimental ones 13%, replotted from Figure 3 of ref 15 and 2.4%, replotted from Figure 1 of ref 12
(black lines). Using LB rules (red lines) and using MLB rules (blue lines).

Figure 3. Li−Cl RDF as a function of salt concentration, using LB
rules (top) and MLB rules (bottom) at 298 K and 0.1 MPa. The
results are shown only for four concentrations in order to show more
clearly the trend.
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concentration, and its intensity is reduced when the
concentration is increased, in agreement with experiments.
Other trends obtained with MLB in agreement with experi-
ments are the little increase with concentration of the distance
between the first and second peaks12 and the increase of the
anion−cation contacts. The anion−cation contact pairs can be
easily obtained from gLiCl(r):

∫πρ= +n g r r r4 ( ) d
r

Li
Cl

Li 0 LiCl
21

(6)

where ρLi+ is the Li
+ number density and r1 the position of the

first minimum. The results are tabulated in Table 3. We observe

that the number of LiCl ion pairs (nLi
Cl) at the lowest

concentration is very small, close to zero, if we use LB
combining rules. It is instead about 0.2 using MLB rules, in
agreement with the experiment.
The Li−Li and Cl−Cl RDFs are reported in Figures 4 and 5.

The gLiLi(r) presents, similar to experiment, a broad peak at

∼0.55 nm. The intensity of this maximum increases with the
concentration. However, applying MLB rules, we observe the
appearance of a prepeak at lower distances (0.39 nm) when the
concentration increases. This prepeak is located at the same
position as the one observed in experiment on hyperquenched
samples,12 but also incipient at ambient temperature, it has
been assigned to the water separated contacts. The increase of
the prepeak with concentration could indicate a tendency to
phase separation or clusterization, as predicted at higher
pressures,66 and observed in simulation with another force
field.26

As shown in Figure 5, a prepeak appears in the gClCl(r) at
high concentrations with the LB rules, while with the MLB
potential a small prepeak is present even at the lowest
concentration and the effect of the increasing concentration is
enhanced.

Summarizing, the number of LiCl pairs increases when using
the MLB combining rules as compared to the results obtained
with the LB rules. In addition, if using the MLB rules, the
tendency of the system to form larger clusters also increases.
Some snapshots showing the positions of the ions in the most
diluted solution when using LB rules or MLB rules are provided
as Supporting Information.

4. WATER STRUCTURE
In Figures 6 and 7, we report the RDF of the oxygen water sites
at increasing concentration of the solute obtained with LB and

MLB rules, respectively. From the figures, it is evident that, in
the case of LB potential, the increasing concentration of LiCl
has a strong effect on the oxygen−oxygen RDF, which reflects
the perturbation of the water tetrahedral network due to the
ion−water interactions.
The second peak of the bulk gOO(r) at 0.45 nm in particular

is depressed accompanied by a broadening of the first peak.
The depressing of the second gOO(r) peak is related with the
distortion of the tetrahedral network, since it is located at
≈0.28(8/3)1/2, the tetrahedral second-neighbor distance
corresponding to a nearest-neighbor distance of 0.28 nm. For
the concentration of c = 5.9%, a shoulder appears on the right

Table 3. Anion−Cation Contact Pairs (nLi
Cl) at the Lowest

and Highest Concentrations Considered in This Study Using
Both LB and MLB Rules

% LB MLB

2.4 0.02 0.19
14.0 0.39 1.01

Figure 4. Li−Li RDF as a function of salt concentration, using LB
rules (top) and MLB rules (bottom). Every curve is shifted by 0.2 in
vertical from the previous one.

Figure 5. Cl−Cl RDF as a function of salt concentration, using LB
rules (top) and MLB rules (bottom). Every curve is shifted by 0.2 in
vertical from the previous one.

Figure 6. Oxygen−oxygen RDF in LiCl solutions as a function of salt
concentration with the use of LB rules. Every curve is shifted by 0.5 in
vertical from the previous one.
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side of the first peak. It evolves to form a second peak at 0.3 nm
for c = 14%. The appearance of a second peak at approximately
the same position, 0.3 nm, in gOO(r) at increasing solute
concentration is in agreement with previous results of computer
simulations.26 This is consistent with a densification of the
water due to the presence of ions: water molecules densified at
the ion hydration shells.
By considering MLB parameters, the same structural changes

on the O−O are observed with differences at high
concentrations, since a broadening on the high r side of the
first peak appears, but it does not evolve in a secondary peak;
see Figure 7. Trends found in KCl and NaCl aqueous
solutions67 are more similar to the MLB case.
As seen in Figure 8, the OH and HH RDFs are almost

unchanged with respect to pure water for all of the
concentrations. The hydrogen bond (HB) peak appears almost
unaffected by the presence of ions apart for a broadening at
high ion concentration, consistent with a HB distortion due to
the solutes.
Therefore, the main effect of the inclusion of ion on the

structure of water consists of a distortion of the HB network,
evidenced by the strong changes in the second shell of the OO
RDF, while the hydrogen bonds are preserved. This has been
found in different ionic aqueous solutions,28,67,68 and it implies
that ions mimic the effect of an increase of pressure on water.
Equivalent results are obtained with MLB.

5. HYDRATION SHELLS
When we consider the oxygen-ion RDFs, shown in Figures 9
and 10 for the LB and MLB rules, we note that the first shell of
the Li+ is very well-defined and close to the oxygens, while the
corresponding first shell of Cl− is broader. For both cations and
anions, the position of the first hydration peak does not change
with ion concentration. It is located at around 0.195 nm for
LiO and 0.315 for ClO, with the same values obtained in the
experiment on the 2.4% solution.12 By comparing with the Li−
Cl RDF in Figure 3, we observe that the anion hydration shell
can contain contact ion pairs, while this is highly unlikely within
the Li+ hydration shell. This is an interesting asymmetry in the
hydration shells of ions in water.
The hydration shell of the Li+ ions is slightly modified by the

change in concentration (Figure 9). However, the opposite
trend is observed with the application of the MLB rules. As the

concentration increases, the first peak intensity increases with
LB rules and decreases when MLB rules are applied. On the
same direction, the Cl− hydration shell is hardly affected by the
concentration increase, but it changes significantly due to the
modification of the LB rules. With the LB rules, the ClO RDF

Figure 7. Oxygen−oxygen RDF in LiCl solutions as a function of salt
concentration with the use of MLB rules. Every curve is shifted by 0.5
in vertical from the previous one.

Figure 8. Oxygen−hydrogen (top) and hydrogen−hydrogen
(bottom) RDF in LiCl solutions as a function of salt concentration
with the use of LB rules at 298 K and 0.1 MPa. Every OH (HH) curve
is shifted by 0.5 (0.2) in vertical from the previous one.

Figure 9. LiO RDF for four concentrations using LB rules (panels on
the top) and MLB (panels on the bottom) at 298 K and 0.1 MPa. In
the panels on the right are comparisons of the first peak on an
enlarged scale in r for the lowest and highest concentrations. In the
panels on the left, every curve is shifted by 5 in vertical from the
previous one.
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shows that the increase of the presence of salt has little effect on
the Cl− hydration shell with a small broadening of the peak and
a consequent shift of the first minimum to higher distances.
However, when the MLB rules are applied, the changes in the
ion hydration shells are more marked (Figure 10). At increasing
concentration, the first shell broadens with the appearance of a
shoulder around 0.34 nm while the intensity of the second peak
slightly decreases. The deviation from the LB rules appears to
favor the hydration of the anion due to the broadening of the
first shell, while an opposite effect is found for Li+; see Figures 9
and 10.
The numbers of water molecules around the ions are

reported for the lowest and highest concentrations in Table 4.

Both around cations and anions, the number decreases with
concentration. By considering that the contact numbers of the
LiCl increases with concentration, we can say that these results
show a tendency of the ions to clusterization with increasing
concentrations.
In Figure 11, we show on the same plot the gOO(r), gLiO, and

gClO calculated with MLB rules. With the oxygen site in the
origin, there is evidence of a sort of charge ordering with a rigid
shell of Li+ cations close to the origin, while the shells of Cl−

anions and O are in the minimum of the Li−O RDF. There is a
large penetration of Cl− into the O shell and also of O into the
Cl− shell. These penetration effects are more marked for the
highest concentration. It appears that Cl− could be substitutive
to oxygens. The behavior of the gOO(r) and gClO(r) (Figure 11)
is very similar, although the number of water molecules around
oxygens is 4.2−4.3 while around anions the number is 6−7 (see
Table 4), since Cl− are about 50% larger.

6. THERMODYNAMIC AND KINETIC PROPERTIES
As shown in Tables 5 and 6, the internal energies, volumes, and
densities of the solutions are almost unaffected by the

deviations from the LB mixing rules. For an addition of almost
60% of salt, the volume increases an order of 20%, while the
density increases only for an amount of about 10%. The
packing fraction of the solution (ϕ) has also been tabulated in
Table 5. The packing fraction increases almost linearly with the
ion concentration, which reflects the capacity of water to host
ions. Moreover, ϕ increases as long as ions and water molecules
fill up approximately 75% of the total volume at the highest
concentration. The small size of the Li+ ions reduces the
coordination number of water molecules around them (see
Table 4), and then, the packing of Li+ ions is less effective with

Figure 10. ClO RDF for four concentrations using LB rules (panels on
the top) and MLB (panels on the bottom) at 298 K and 0.1 MPa. In
the panels on the right are comparisons of the first peak on an
enlarged scale in r for the four concentrations.

Table 4. Hydration Shells

number of water molecules

concentration ion LB MLB

2.4% Li+ 4.0 3.8
Cl− 6.6 7.1

14% Li+ 3.5 3.2
Cl− 6.1 6.6

Figure 11. O−O, Cl−O, and Li−O RDFs for the lowest and highest
concentrations at 298 K and 0.1 MPa (MLB rules).

Table 5. Thermodynamic Results Using LB Rulesa

Nions % mol/kg U (kJ/mol) V (nm3) ρ (g/cm3) ϕ

24 2.4 1.38 −65.81 14.876 1.022 0.587
30 3.0 1.73 −70.36 14.992 1.028 0.595
40 4.0 2.30 −77.71 15.188 1.038 0.608
44 4.4 2.54 −80.57 15.266 1.042 0.614
60 5.9 3.47 −91.59 15.591 1.056 0.634
80 7.7 4.63 −104.47 16.003 1.073 0.657
120 11.0 6.94 −127.47 16.868 1.101 0.699
160 14.0 9.25 −147.43 17.747 1.126 0.736

aInternal energies are given in kJ mol−1 (per mol of particles N+ + N−
+ NH2O). The number of water molecules is 480 for each solution. ϕ is

the packing fraction of the solution (ϕ = (π/6)(1/V)∑I Niσi
3).

Table 6. Thermodynamic Results Using MLB Rulesa

Nions % mol/kg U (kJ/mol−1) V (nm3) ρ (g/cm3)

24 2.4 1.38 −65.78 14.886 1.021
30 3.0 1.73 −70.32 15.005 1.027
40 4.0 2.30 −77.67 15.203 1.037
44 4.4 2.54 −80.53 15.282 1.041
60 5.9 3.47 −91.49 15.612 1.055
80 7.7 4.63 −104.31 16.031 1.071
120 11.0 6.94 −127.28 16.881 1.101
160 14.0 9.25 −147.24 17.733 1.127

aInternal energies are given in kJ mol−1 (per mol of particles N+ + N−
+ NH2O). The number of water molecules is 480 for each solution.
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respect to the packing induced by bigger ones, such as Na+.69

However, it is also the small size of Li+ ions that allows the
system to accommodate a higher number of them. These
results indicate the great capacity of water of incorporating ions.
The configurational energy strongly decreases when the water−
water HB interactions are replaced by the strong Coulombic
water−ion interactions. The potential energy becomes
considerably more negative at increasing ion concentration.
The absolute value increases on the order of 120% from the
lowest to the highest concentration. The fact that similar results
are found with the use of LB and MLB rules indicates that the
ion pairing does not play a relevant role in the macroscopic
thermodynamic behavior.
In Figure 12, the densities of LiCl solutions predicted by the

JC-TIP4P-Ew force field are compared with the experimental

results as a function of the concentration. The experiments
show a linear increase for the whole range of concentration. In
simulation, the density for low concentration has a linear
increase with a value not so far from the experimental result,
but with increasing concentration, there is a bending of the
curve that deviates from the experimental trend.
It has also been already shown that the JC force field tailored

for the SPC/E water model fails in reproducing the
experimental density of NaCl solutions.49 However, the JC-
SPC/E provides a better description of the density of NaCl
solutions, that is overestimated by about 2%, whereas the JC-
TIP4P-Ew underestimates the density of the LiCl solutions by
about 8%. Therefore, the JC ionic force field does not
reproduce all salt solutions with the same accuracy. On the
basis of this, the JC ionic force field should be corrected to
increase the density of the LiCl solutions. One possibility would
be to modify the LB rules, but in this case, the water−ion
interactions, which is the only way to increase the density of the
system without reparameterizing the force field.17 The
modification of the water−ion interactions has not been
considered in this work; however, one should reduce the value
of η in eq 2 to reduce the O-ion distance, and hence increase
the density of the system.
In Figure 13, the diffusion coefficients of water and ions are

reported as a function of concentration. The trend is a decrease
of the diffusion at increasing concentration for both cases of LB
and MLB rules. As reported in the inset of the figure, the

diffusion coefficient of the water molecules shows a similar
behavior with the use of LB or MLB rules; however, the
application of the MLB rules slightly increases the diffusivity at
high concentration.
For Li+ ion at the lowest concentration (2.4%), when the LB

rules are applied, we get a value of 1.11 × 105 cm2/s, very close
to the value 1.22 × 105 cm2/s obtained for Li+ interacting only
with water.71 At this concentration, the cation−anion and
cation−cation interactions are very weak, as can be deduced
from the low peak of the gLiCl(r) in Figure 1. Switching on the
MLB correction of the cation−anion potential the diffusion of
Li+ strongly decreases. It remains below the values obtained
with the LB interaction at moderate concentrations. For the Li+

ions, the diffusion seems little affected by the hydration. The
cage of the water molecules around the cations is well-defined,
and it does not change much with concentration or with the
switching on of the corrections to LB rules (see Figure 9).
Instead, the Cl− ion diffusion appears to depend mainly on the
hydration. The D of Cl− decays with a trend similar to water for
both LB and MLB calculations, MLB induces a faster decay at
high concentration. By considering the first shell of gClO(r) in
Figure 10, it is clear that the MLB potential makes broader the
cage around cations, enhancing the time of escaping. We note
that the diffusion coefficients of the ions converge to similar
values at high concentration; this also indicates the tendency of
the ions to clusterize.

7. TRANSFERABILITY OF THE IONIC FORCE FIELD:
JC-TIP4P/2005 FORCE FIELD

As it has been previously discussed, depending on the aims of
the study, the choice of the ionic force field can be biased by
the water potential model, since they are constructed around
specific water models. The transferability of the JC-TIP4P-Ew
ions to the TIP4P/2005 was recently tested by Moucka et al.55

for NaCl aqueous solutions. They calculated the NaCl chemical
potential in water and estimated its solubility in water TIP4P/
2005. They obtained good agreement with the results with
TIP4P-Ew, both for the variation of the electrolyte chemical
potential with concentration and for the value of solubility.
Therefore, we tested the LiCl JC force field tailored with the

TIP4P-Ew for its transferability to the TIP4P/2005 water
model, a potential that has been successfully used to study
water upon supercooling.

Figure 12. Density versus LiCl molality for the JC-TIP4P-Ew force
field using LB rules (squares and blue line) and MLB (diamonds and
red line) compared to the experimental values.70

Figure 13. Diffusion coefficient of Li+ and Cl− in solution as a function
of concentration obtained with the use of LB and MLB rules. The
same quantity for water is reported in the inset.
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In Figures 14 and 15, we present the RDF obtained with the
two different force fields for water. The comparison is done

with the use of LB rules. The JC-TIP4P/2005 combination
gives results very similar to the original JC-TIP4P-Ew.
Concerning the ion pairing, the gLiCl(r) is almost unchanged

and the only difference between the results of the two force
fields is a small enhancement of the prepeak in the gClCl(r) at
lower distances (0.39 nm) at high concentrations; see Figure
14.
The hydration shells of both ions are not modified by the

water model change neither at low nor high concentrations
(Figure 15). The small difference in the gOO(r) corresponds to
the slight differences between the two water models in the
absence of solutes. The increasing concentration induces the
same changes on the RDF with a shoulder that appears on the
left side of the main peak (Figure 15).
We have also compared the thermodynamic and kinetic

properties predicted by JC-TIP4P-Ew and JC-TIP4P/2005. As

for the structural properties, both force fields produce
essentially the same thermodynamic properties (see Tables 5
and 7). The main difference between them is on the internal

energy of the solution, and this difference is more evident at the
lowest concentration; the macroscopic properties are domi-
nated by the water−water interactions. However, the density
difference remains constant for all salt concentrations. The
diffusion coefficients obtained using the JC-TIP4P/2005 force
field are also in good agreement with the original JC-TIP4P-Ew.
The main difference is for the Li+, 0.141(20)10−5 cm2 s−1 for
the JC-TIP4P-Ew and 0.096(20)10−5 cm2 s−1 for the JC-
TIP4P/2005 for the most concentrated solution; in any case,
both results are within the error bars.
Summarizing, the JC-TIP4P/2005 force field produces very

similar results.
As we have previously discussed, the ion pairing structure can

be corrected including deviations to the LB combining rules. By
repeating the same procedure used before, we found that a
proper set of MLB parameters for the JC-TIP4P/2005 potential
is χ = 1.88 and η = 0.934, very close to the MLB corrections for
the JC-TIP4P-Ew. Thus, it can be concluded that also with the
MLB rules there is a close agreement between the results
obtained with the two different choices for the water model.

8. CONCLUSIONS
We performed computer simulations of aqueous solutions of
LiCl under ambient conditions as a function of ionic
concentration with the recent potential proposed by JC
adapted for the TIP4P-Ew water model. The range of
concentrations was varied from 2.4 to 14% mol of solute.
The original JC potential, where the Lorentz−Berthelot (LB)
rules are used, does not reproduce the experimental LiCl ion
pairing. We checked that the agreement can be obtained by
introducing a modification of the Lorentz−Berthelot (MLB)
rules in the LiCl cross-interaction. With MLB rules, the
behavior of the first peak height of the gLiCl(r) as a function of
concentration is in agreement with the trend found in
experiments. Concerning the gLiLi(r) and gClCl(r) RDFs, the
MLB potential predicts stronger effects for increasing
concentration, in particular with an enhancement of a prepeak
at shorter distances from the first shell at low concentration.
This indicates that MLB rules favor a tendency to phase
separation.
In analogy with other ionic aqueous solutions, the LiCl salt

affects particularly the second shell of the gOO(r). While the
hydrogen bond is preserved, the tetrahedral structure of the
water network is modified by increasing concentration of ions,
as has been observed for other salt solutions.28,67,68 This
behavior is similar to LB rules or including deviations. The
MLB rules, however, show trends in better agreement with
results on NaCl(aq)67 and on KCl(aq).67,72

The hydration shells of Li+ show small changes with
concentration. At increasing salt concentration, the intensity

Figure 14. Li−Cl, Li−Li, and Cl−Cl RDFs using the JC-TIP4P-Ew
parameter with the TIP4P/2005 (solid lines) and TIP4P-Ew (dashed
lines) water potential models for two concentrations, 2.4 and 14%.

Figure 15. O−O, Li−O, and Cl−O RDFs using the JC-TIP4P-Ew
parameter with the TIP4P/2005 (solid lines) and TIP4P-Ew (dashed
lines) water potential models for two concentrations, 2.4 and 14%. For
the Li−O and Cl−O RDFs, the 14% curves are shifted by 2.5 and 0.5
upward, respectively.

Table 7. JC-TIP4P/2005 Thermodynamic Results Using LB
Rulesa

Nions % mol/kg U (kJ/mol) V (nm3) ρ (g/cm3)

24 2.4 1.38 −67.81 14.839 1.024
160 14.0 9.25 −147.88 17.782 1.124

aInternal energies are given in kJ mol−1 (per mol of particles Nions +
NH2O). The number of water molecules is 480 for each solution.
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of the first Li−O peak increases with LB and decreases with
MLB rules. The use of MLB produces more marked changes as
a function of concentration on the hydration shells of Cl− with
the appearance of a shoulder on the right side of the gClO(r)
peak.
The potential with MLB corrections makes the tendency of

clusterization of ions more evident. This was predicted in large
scale simulations of ions in water modeled with the mW
potential26 for increasing concentrations from 5% to the
limiting value 20%, for which an incipient phase segregation
was found upon cooling.
Ion pairing does not appear to play an important role in

determining the macroscopic thermodynamic behavior of LiCl
aqueous solutions, while the diffusion of ions shows a similar
trend with concentration but differences due to the use of MLB
are observed and they are more marked for Li+ ions.
From the results of our computer simulations, there are

indications that the JC potential in conjunction with the
TIP4P-Ew reproduces well-known trends of ionic aqueous
solutions found in experiments and computer simulations. The
use of MLB rules improves the agreement with experiments for
the ion−ion structural properties, while it has not much of an
effect on the water structure apart from the highest
concentrations investigated for which there are not exper-
imental results to compare. Preliminary calculations at lower
temperatures indicate that the simulation shows a similar trend
to the experimental findings; for instance, the first peak of the
Li−Cl RDF increases at low temperature and the second peak
is almost unaffected. We plan future extended studies in the
supercooled states.
The interesting features found in the ion diffusion deserve

further work. We think that the improvement of the JC
potential proposed in this work can be of great help in future
studies, and we highlight the importance of including deviations
of the LB rules to obtain a proper description of the structure of
ion solutions in water. This type of approach has started to be
considered in the literature,20,32,49,52 since the necessity of
incorporating deviations into the LB combining rules has
become evident to properly describe the interaction between
cations and anions.
By considering that the ionic force fields are constructed

around specific water models, it is of great interest to test the
transferability of the JC ion potential to other successful water
models.55 We have tested in LiCl(aq) the transferability of the
JC ion potential to the TIP4P/2005 water model56 for the
purpose of future works under supercooled conditions. We
have observed that both force fields, JC-TIP4P-Ew and JC-
TIP4P/2005, produce the same results.
By taking into account the results obtained by Moucka et

al.,55 it can be deduced that the transferability of the JC-TIP4P-
Ew ions to the JC-TIP4P/2005 force fields is valid for LiCl and
NaCl. Given that these two water models are quite similar in
many respects like geometry, fitted target properties, and
application of the Berendsen polarization correction,44 we
would expect that this transferability would be verified more in
general.
We expect that this work will stimulate experimental studies

with the aim to elucidate the structure of aqueous solutions as a
function of ionic concentration and in particular in the case of
LiCl(aq) upon supercooling. New experimental results would
allow the ionic force fields to be checked and improved. In
addition, this study may be helpful to the study of other related
structural effects such as the proposed ion chain formation in

solution.73−75 For future work, it will be interesting to analyze
these effects. Despite the amount of work carried out so far,
there is still room for further enhancements, especially in view
of further studies of aqueous solutions approaching glassy
phases.
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