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Molecular simulations and theories are important tools for studying electrolyte solutions. In this work,
molecular dynamics simulations with one of the most widely used force field combination of water
and alkali and halide monovalent ion parameters were first conducted for the aqueous sodium chloride
solutions to predict density, self-diffusion coefficients and molar conductivity. Then the radial distribu-
tion functions were analyzed to obtain the first shell solvation radii and coordination numbers of ions,
which were found practically unchanged against concentration. Together with the force field parameters,
they were further applied into various molecular theories to predict the Gibbs energy of solvation, static
relative permittivity, mean ionic activity coefficients and molar conductivity. It is remarkable to see that
the mean ionic activity coefficients and molar conductivity can be predicted with deviations of 1.1 % and
1.4 %, respectively, up to 6 mol/kg H2O.

� 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Electrolyte solutions are widely involved in many fields such as
life, chemistry, environment, geology, oceanography, material
sciences as well as chemical and biochemical, pharmaceutical,
electrical and petroleum engineering [1–6]. There are numerous
types of electrolyte solutions in the mentioned applications, while
the aqueous solutions of inorganic salts are one of the most impor-
tant types. Even though the dissolution of inorganic salts in water
is a basic physical and chemical process, the understanding of the
process and the best practice how to simulate and model these sys-
tems are still far away from clear [7–13]. Over several decades,
many molecular simulations, theories and models have been
devoted to the study of salt solutions, especially the aqueous solu-
tions of sodium chloride (NaCl), because it is one of the most com-
mon substances in many applications and it has widely available
experimental data [8–13].

Numerous combinations of water and ionic force field models
have been proposed and applied for studying the structure and
properties of the aqueous solutions of NaCl [14–27]. The combina-
tion of the Joung and Cheatham (JC) ion model and the extended
simple point charge (SPC/E) water model has become one of the
most popular approaches. The SPC/E model was developed by
Berendsen et al. [28] and it gives a simple parameterization for
the effective charges and short-range potential, that is, the water
molecules are represented by three point charges in a rigid geom-
etry with an HAOAH bond angle (109.5�) slightly different from
that in the gas-phase H2O molecule (104.5�). Although the model
does not allow any polarization or dissociation of the water mole-
cules, it accurately reproduces some of the thermodynamic and
dielectric properties of water [28–32]. In particular, the SPC/E
model predicts accurately the density of water at ambient condi-
tion, and it predicts the critical point of water at 362–374 �C with
a density of 0.29–0.326 g/cm3, while the critical point of real water
is about 374 �C with a density of 0.322 g/cm3. It is one of the most
popular water models when studying the aqueous electrolyte solu-
tions [8,9,13,33,34]. The parameters of the JC ion model were opti-
mized following a self-consistent approach, with the hydration free
energy as the primary target property, considering a balance of the
lattice energy and interionic distances of the crystals, as well as
minimizing the binding energy and binding distance of an ion with
a single water molecule. The combination of SPC/E and JC force
fields have been applied very successfully to numerous studies,
for structures such as radial distribution function, coordination
numbers (ion pairs, hydration numbers), residence times, and for
properties and phenomena such as density, static relative
permittivity, Gibbs energy of solvation, chemical potential,
activity coefficient, solubility, nucleation, diffusion, and so on
[8,13,17,25,33–42].
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Molecular theories have been actively used for the study of
aqueous electrolyte solutions, especially the advanced equations
of state and the theories involved in these models in recent years
[11,12,43–66]. The Debye-Hückel theory [67] is probably the most
widely used theory for the ion-ion electrostatic forces. Despite the
fact that this theory was proposed and developed about 100 years
ago, very active research from different angles have been carried
out around this theory in recent years [68–87]. The static relative
permittivity, usually also known as dielectric constant, is a very
important input parameter when applying the Debye-Hückel the-
ory. There is still no consensus, however, in the context of an elec-
trolyte equation of state, whether the static relative permittivity of
the solvent (either constant or with a very weak electrolyte con-
centration dependency), or that of the solution, or the thermody-
namic part of the solution’s permittivity shall be used in the
theory. It is known that the self-potential (or solvation) term, often
expressed as the Born equation [88], does not contribute to the
activity coefficients (non-ideality) if the static relative permittivity
is electrolyte concentration independent [12]. It has been shown in
recent studies that the Debye-Hückel theory, naturally including
the Born equation, can predict qualitatively correct, sometimes
quantitatively satisfactory, the behavior of mean ionic activity
coefficients with experimental ionic radii and static relative per-
mittivity for many different types of salts [78,89–91]. The equation
for conductivity corresponding to the extended Debye-Hückel the-
ory has also shown a very promising prediction capability, espe-
cially for 1:1 electrolytes [92].

On one hand, molecular simulations show capabilities in esti-
mating thermodynamic and dynamic (transport) properties
directly via the molecular interaction models, as well as in linking
the relationship between the microscopic structure and properties.
However, molecular simulations usually take long computational
time (hours, days, weeks and sometimes even longer, depending
on the complexity and conditions of the system). Molecular
theory-based thermodynamic models, on the other hand, can pro-
vide very fast calculations, but usually only for thermodynamic
properties. In order to obtain the structural information, additional
frameworks need to be included, for example classical density
functional theory or density gradient theory for interfacial tension
and adsorption [93–97]. Both molecular simulations and molecular
models need to fit parameters to properties, and sometimes it is
very challenging to maintain the predictive capability for various
types of systems. The modern advanced thermodynamic models
have a theoretical basis and molecular simulations have also
played an important role in developing some of the most popular
models [98,99].

The main purpose of this work is to present molecular dynamics
simulations using the state-of-the-art force fields within the pair-
wise Coulombic and Lennard-Jones framework towards a doable
purpose, first to show the capabilities of simulations in estimating
density, self-diffusion coefficients and molar conductivity, and also
to provide input parameters, solvation radii and hydration num-
bers of ions, to molecular theories for predicting Gibbs energy of
solvation, static relative permittivity, mean ionic activity coeffi-
cient and molar conductivity of aqueous NaCl solutions. To the best
of our knowledge, this might be the first practice in the category
that molecular theories with direct inputs from molecular simula-
tions can accurately predict various types of properties, when com-
paring with experimental data.

The paper is organized as follows. In Section 2, the methods are
described, including the setup of molecular simulations and the
most relevant equations of the used molecular theories. The results
from molecular simulations and molecular theories are presented
and discussed in two subsections in Section 3, followed by the con-
clusions in Section 4.
2

2. Methods

2.1. Molecular simulations

Using the SPC/E water model [28] and the JC ion model for Na+

and Cl- [17], the molecular dynamics (MD) simulations were per-
formed using LAMMPS [100]. The initial configurations of the sim-
ulated models were constructed using Packmol [101,102] and
Moltemple [103]. For every simulation system, first an
isothermal-isobaric ensemble (NPT) simulation was performed
for 27 ns (ns) at 298 K and 1 bar with the relaxed process using
the Nose-Hoover barostat and thermostat, following an integration
time step of 1 fs (fs). Then another NPT simulation was performed,
with the simulation trajectory saved every 1000 simulation steps,
for 24 ns to equilibrate the system and to calculate density and
to analyze microstructures from the last few nanoseconds, Finally,
a canonical ensemble (NVT) simulation was performed for 22 ns to
calculate the self-diffusion coefficients. In all simulations, we have
chosen to fix the number of water molecules to 2800 and the num-
bers of NaCl molecules are 25, 50, 100, 150, 200, 250 and 300,
which approximately correspond to molality m equal to 0.5, 1, 2,
3, 4, 5 and 6 mol/kg H2O, respectively, according to the following
relation

m ¼ nNaCl

nH2O �MH2O
ð1Þ

wherem is the molality (mol/kg H2O) andMH2O is the molecular
weight of water (MH2O ¼ 0.018015 kg/mol), while n represents the
number of molecules.

2.2. Molecular theories

It is common practice to relate the Gibbs energy of solvation
with the Born equation [88,104,105]

DGs
i ¼

NA

1000
e2Z2

i

8pe0
1
Ri

1
ew

� 1
� �

ð2Þ

where DGs
i is the Gibbs energy of solvation (kJ/mol) of

component i with valency (charge number) Zi and solvation radius
Ri, NA is the Avogadro constant, e is the elementary charge, e0 is the
vacuum permittivity, and ew is the static relative permittivity of
water.

It has been shown in previous works [90], that the activity coef-
ficient of ions can be obtained from the extended Debye-Hückel
theory combined with the so-called self-potential term (also com-
monly known as the Born equation)

lnci ¼ � e2Z2
i

8pkBTe0er
j

1þ jr�
þ e2Z2

i

8pkBTe0
1
Ri

1
er

� 1
ew

� �
ð3Þ

where ci is the activity coefficient of ion i, kB is the Boltzmann
constant, T is the absolute temperature, er is the static relative per-
mittivity of the solution, r� is the distance of closest approach of
two ions (often the average ion radii are used), and j is the inverse
Debye screening length, given by

j ¼ NAe2

kBTe0er

X
j

cjZ
2
j ð4Þ

where cj is the molar concentration (mol/L) of ions.
The mean ionic activity coefficient is calculated from the activ-

ity coefficients of (individual) ions, given in Equation (3). For an 1:1
electrolyte, such as NaCl, it can be written

lnc� ¼ 1
2

lnci Na
þ� �þ lnci Cl

�ð Þ� � ð5Þ



Fig. 1. Density of the aqueous NaCl solutions versus molality at 298 K and 1 bar.
Experimental data were taken from Zhang and Han [108] and the Exp. correlation
was from Novotny and Sohnel [109]. JC represents the results from this work (the
same applies in the following figures). Both Aragones et al. [37] and Yagasaki et al.
[34] used the same force field models.
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And it is usually the molality based mean ionic activity coeffi-
cient reported as the experimental data in literature, and they
are related via

lncm� ¼ lnc� þ lnxw ð6Þ

where xw is the mole fraction of water.
As seen from Equations (3) and (4), the static relative permittiv-

ity of the solution er is needed when calculating activity coeffi-
cients of ions and the electrolyte. Maribo-Mogensen et al.
developed a theory to predict the static relative permittivity of
pure compounds and mixtures including electrolyte solutions,
allowing a natural integration with the association theory based
equations of state [106,107]. For a non-electrolyte system, it reads

2er þ e1ð Þ er � e1ð Þ
er e1 þ 2ð Þ2

¼ q
9e0kBT

X
i

xigil2
0;i ð7Þ

where q is the molar number density, xi, gi and l0;i are the mole
fraction, Kirkwood g-factor and dipole moment of component i,
and e1 is the static relative permittivity at infinite frequency,
obtained from the Clausius-Mossotti relation

e1 � 1
e1 þ 2

¼ q
3e0

X
i

xia0;i ð8Þ

where a0;i is the molecular polarizability of species i.
The Kirkwood g-factor is given by the following equation

gi ¼ 1þ
X
j

NijPijcos cij
� 	

Picos hij
� �þ 1

l0;j

l0;i
ð9Þ

where Nij is the coordination number of molecule j around the cen-
tral molecule/ion i, Pij is the probability molecule i associated to
molecule/ion j, while Pi is the probability of molecule i being asso-
ciated with any other species, cij is the angle of the dipole moments
of the two hydrogen-bonded molecules, and hij is the inner angle of
the hydrogen bond structure.

When the ion-water association is not explicitly accounted for
within the equations of state, which is common practice, though
some recent studies have made attempts to allow explicit associa-
tions between water molecules and ions [52,66], Maribo-
Mogensen et al. proposed a modification to Equation (7) to account
for the association of ion and water molecules [107]

2er þ e1ð Þ er � e1ð Þ
er e1 þ 2ð Þ2

¼ q
9e0kBT

X
i

xiHigil2
0;i ð10Þ

where Hi is the fraction of molecule i that is not bonded (associ-
ated) to ions, which can be calculated using the information of
hydration numbers. More details can be found in Maribo-
Mogensen et al. [107] and Walker et al. [64].

Corresponding to the extended Debye-Hückel theory for activ-
ity coefficients of ions, the molar conductivity can be calculated
from the Debye-Hückel-Onsager Extended Equation (DHOEE)
[2,92]. For a single salt system, it can be written as

K ¼ K0

� NAe2

6pg
Zþj j þ Z�j jð Þ þ ZþZ�j je2

12pe0erkBT
q

1þ ffiffiffi
q

p K0
� �

j
1þ jr�

ð11Þ

where K and K0 are the molar conductivity of the system at the
specified concentration and the infinite dilution, respectively, and
q is equal to 1/2 for the aqueous NaCl solution. More details on pre-
dicting of molar conductivity of electrolyte solutions can be found
in Boroujeni et al. [92].
3

3. Results and discussion

3.1. Molecular simulations

3.1.1. Liquid density
The average density (q) was calculated using the last 4 ns NPT

ensemble simulations by LAMMPS [100]. The simulation results
are compared with the experimental data [108], and the simula-
tion data from literature [34,37] in Fig. 1. The deviations of the sim-
ulation density in this work from the experimental data and the
literature results are lower than 0.5 %, though a slight difference
is seen in the qualitative trend.

3.1.2. Self-diffusion coefficient
The self-diffusion coefficient (D) is one of the most common

properties investigated in MD simulations. In this work, D is
obtained from the equation [110]

Di ¼ 1
6
lim
t!1

d
dt

h1
ni

Xni
j¼1

r
*

j tð Þ � r
*

j 0ð Þ
 2i ð12Þ

where r
*

j tð Þ indicates the positional vector of the center of mass of
the jth particle at time t, and ni is the number of moles of species i.
The quantity in <∙∙∙> is the mean square displacement (MSD).

Equation (12) is considered valid only when the true diffusive
motion is observed. The self-diffusion coefficients obtained by fit-
ting different MSD periods differ greatly, so it is important to know
how long the simulation needs to be conducted to compute the
MSD and which region is used to fit the self-diffusion coefficient.
Cadena et al. [111] have argued that the value determined from a
too short time MSD usually leads to an overestimation of the
self-diffusion coefficients. It is common practice to choose a ‘mid-
dle’ region of the MSD to estimate the self-diffusion coefficients.
According to Liu et al. [112], the following variable b was used in
this work to determine the diffusive region of ions

b tð Þ ¼ d
d log tð Þ log h1

ni

Xni
j¼1

r
*

j tð Þ � r
*

j 0ð Þ
 2i

 !
ð13Þ

When the value of b reaches 1, it is considered that the ions
have reached a diffusive motion state and that period is good for
self-diffusion coefficient estimations. It was found that the ions
(Na+ and Cl-) did not reach the diffusive regions until about
5.5 ns for all concentrations. Following Maginn et al. [113], there-
fore, the period of 5.5–6 ns was used for estimating the self-
diffusion coefficients.



Fig. 3. Self-diffusion coefficient of H2O versus concentration. Experimental data
were taken from Harris et al. [121] and the simulation results were from Kim et al.
[36].
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The self-diffusion coefficients of Na+ and Cl- and those of H2O
are respectively shown in Fig. 2 and Fig. 3, in which they are com-
pared with the experimental data and other simulation results
from literature. It is readily known that all self-diffusion coeffi-
cients decrease as the solution gets concentrated, that is, the sim-
ulation results and experimental data follow the same trends. The
self-diffusion coefficients of ions from simulations are smaller than
the experimental values, but they follow similar qualitative trends.
The self-diffusion coefficients of H2O from simulations shows a
sharper decrease against concentration than the experimental
ones, and they cross each other around 1.5 mol/kg-H2O. The same
qualitative behavior of self-diffusion coefficients was reported by
Lyubartsev and Laaksonen [15] with another force filed of ions
using both Velocity Autocorrelation Functions and MSD. The JC
force field developers Joung and Cheatham reported the simulation
results of self-diffusion coefficients of Na+ and Cl- at 1 mol/kg-H2O,
with different sizes of the simulation system [35]. The self-
diffusion coefficients of ions from this work correspond very clo-
sely to their simulation results with larger system sizes, while
the more recent simulation results from Yagasaki et al. [34] with
the same force field are smaller. Kim et al. made an extensive study
on the self-diffusion coefficients of water molecules in electrolyte
solutions [36], and the estimated self-diffusion coefficients of
H2O from this work are in excellent agreement with those reported
in their simulations using the larger box size. After a comparative
molecular dynamics simulation study on the ionic mobilities of
Na+ and Cl-, Lee [114] concluded that the Ewald sum parameter
has a great impact on the simulation results. In a following study,
Lee [115] also showed that reasonable self-diffusion coefficients of
NaCl could be obtained when an appropriate value of the Ewald
sum parameter is chosen, while the best value of this parameter
varies as the number of ions in the system changes.
Fig. 2. Self-diffusion coefficient of Na+ and Cl- versus concentration. Experimental
data were taken from Mills and co-workers [116–119] and Passiniemi [120], and
other simulation results were Joung and Cheatham [35] and Yagasaki et al. [34].

4

It is common practice to correct the simulation system size
effect on the self-diffusion coefficient following the approach pro-
posed by Yeh and Hummer [122]

D1;i ¼ Di Lð Þ þ kBTn
6pgL

ð14Þ

where D1;i and Di Lð Þ are the self-diffusion coefficients of species i at
infinite size and the simulation box size (L), respectively, n accounts
for finite-size effects (approximately equal to 2.837297), and g is
the shear viscosity.

It is not very clear whether the viscosity of the solvent or that of
the solution should be used in Equation (14). It was indicated in
the recommendation of best practices for computing transport
properties from equilibrium MD simulations [113] that the viscos-
ity of the solution should be used, while Yagasaki et al. [34] clearly
stated that the shear viscosity of the solvent should be used. In this
work, both approaches have been applied. As shown in Fig. 4, the
correction with the shear viscosity of water leads to results closer
to the experimental data, but still not accurate enough, especially
at high concentrations.

3.1.3. Molar conductivity
The molar conductivity (K) measures the efficiency of a solution

conducting electricity. The Nernst-Einstein equation [2] is com-
monly used to relate the self-diffusion coefficients and the molar
conductivity. When the motion of the ions within an electrolyte
solution is uncorrelated, this equation shows that the ionic mobil-
ity is proportional to the self-diffusion coefficient (Di):

KNE ¼ NAe2

kBT

X
i

v iZ
2
i Di ð15Þ

In principle, this relation is only valid at infinite dilution. As
seen from Fig. 5, the experimental molar conductivity and the cal-
culated ones via Equation (15) from the experimental self-diffusion
coefficients, high-order polynomials applied for fitting the data
shown in Fig. 2, meet perfectly at the limiting zero concentration,
while they diverge quickly (more than 2 % deviation already from
0.002 mol/kg H2O). It is surprising, though, to see that the self-
diffusion coefficients predicted from simulations give very reason-
able values of molar conductivity, for example below 3 mol/kg
H2O. It would be interesting to figure out whether this is merely
a coincidence due to error cancellation or there are some funda-
mental explanations.

In a long series of works, Harris, Hertz, Mills and their col-
leagues [123–126] had proposed and developed the concept of
velocity (cross-)correlation coefficients to improve the Nernst-
Einstein relation, which can be summarized as [127]



Fig. 4. Self-diffusion coefficient of Na+ (Top) and Cl- (Bottom) versus concentration,
comparison with corrections of the simulation system size using either the viscosity
of water or the solution. The references for the experimental data are given in Fig. 2.

Fig. 5. Molar conductivity versus molality, comparison among experimental data
[129–137], calculated results from experimental and simulated self-diffusion
coefficients via Equation (15), and calculated results from experimental self-
diffusion coefficients with correction using velocity (cross-)correlation coefficients
via Equation (16) [127].

Fig. 6. The RDF curves of Na+ – O- (Top) and those of Cl- – O- (Bottom) at different
concentrations.
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K ¼ KNE 1� Dð Þ ð16Þ
For the aqueous solution of NaCl, the deviation Dwas calculated

from

D ¼ 2f 12 � f 11 � f 22
D1=v1 þ D2=v2

ð17Þ

where the values of f 12, f 11 and f 22 are from Woolf and Harris [125].
The velocity (cross-)correlation coefficients were given for

aqueous NaCl solutions from 0.01 to 3 mol/L. It is worth mention-
ing that the values given in the relevant tables shall be directly
5

used, that is, the Asterix (Asterisk) given for f 12, f 11 and f 22 in those
tables shall be omitted, according to the follow-up correction
[128]. The corrected molar conductivity from the self-diffusion
coefficients following Equation (16) is also shown in Fig. 5. There
is no doubt that it is a very successful method. It is also worth not-
ing that, instead of individual self-diffusion coefficients, Lyubartsev
and Laaksonen [15] applied the interdiffusion coefficient in the
Nernst-Einstein equation, which shared the same characteristic
of Equation (16), and they obtained molar conductivity with values
lower than the experimental ones.
3.1.4. Radial distribution function
The radial distribution function (RDF) plays an important role in

liquid-state physics, for instance for studying the structure of liq-
uids and solutions. RDF describes the spherically averaged local
organization around any given atom. It is common practice to
use the site-site RDF of Na+ – O- and Cl- – O- to study the structural
information of ions and water [15,17,34]. Fig. 6 presents some site-
site RDF curves at different concentrations (the molality numbers
given in the legends are approximate ones, as explained in the sec-
tion of Methods).

It is apparent that the concentration does not have an impact on
the positions of the first maximum and minimum peak points, for
which a similar behavior was reported by Ghaffari and Rahbar-
Kelishami [138] with a different ion model. The first maximum
peak points of the RDF of Na+ – O- and that of Cl- – O- are allocated
at 2.37–2.38 Å and 3.13 Å, respectively, which are almost exactly
the same values reported by Joung and Cheatham [35] and Yaga-
saki et al. [34]. The first minimum peak points of these two RDF
curves are at 3.17 Å (Na+ – O-) and 3.81 Å (Cl- – O-), which are
slightly lower than those (3.19 Å and 3.86 Å, respectively) given
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by Joung and Cheatham [35]. The peak values increase as the solu-
tion gets concentrated, which is more pronounced for the case of
the RDF of Cl- – O-.

Fig. 7 presents the RDF of Na+ – Cl- at 1 mol/kg H2O and 5 mol/
kg H2O, and it also contains the corresponding RDF with the same
force fields at 4.9 mol/kg H2O, digitalized from Saravi and Pana-
giotopoulos [41]. Apparently, simulation results from both studies
are in excellent agreement to each other. It is also observed that
the first maximum and minimum peak points, even the second
maximum peak point to some extent, are essentially not affected
by the concentration, which is the same behavior seen in the RDF
of ions and (the Oxygen atom of) water molecules. The first maxi-
mum and minimum peak points are allocated at 2.81–2.83 Å and
3.51 Å, respectively, which are essentially the same values reported
by Joung and Cheatham [35]. A similar conclusion was given by
Benavides et al. [26] from a study on a force field model for the
aqueous NaCl solution based on another water model. A significant
difference of the RDF of Na+ – Cl-, compared with those of ions and
water molecules, is that the first maximum peak, corresponding to
the contact ion pairs, is lower than the second maximum peak
which corresponds to the solvent-separated ion pairs. Another
noticeable difference is that the concentration has a larger impact
on the maximum peak values. As concentration increases, on one
hand, the first maximum peak and the second maximum peak
become larger and smaller, respectively. This implies that Na+

and Cl- tend to form contact ion pairs easier at higher concentra-
tions, which might be partially responsible for the decrease of
the self-diffusion coefficients of ions, as shown in Fig. 2. It shall
be emphasized, however, that the solvent-separate ion pairs are
still more significant at higher concentrations. On the other hand,
the value of the first minimum peak has practically not changed.
3.1.5. Coordination number
The average number of water molecules around a given ion and

the number of contact ion pairs can be obtained from the so-called
coordination number, which is identified by integrating the RDF up
to the first minimum peak (the first solvation shell)

Nij ¼ 4pqj

Z R1min

0
gijðrÞr2dr ð18Þ

where R1min is the first minimum peak position of the corre-
sponding RDF (first solvation shell radius), r is the distance, and
qj is the number density of species j.

The coordination numbers of the RDF of Na+ – O- and Cl- – O-,
also known as hydration numbers of ions Na+ and Cl-, are pre-
sented in Fig. 8. Even though the hydration numbers of Na+ and
Cl- respectively, very slightly, decrease and increase as the solution
gets concentrated, in reality they can be considered practically
Fig. 7. The RDF curves of Na+ – Cl- at different concentrations, compared to
literature [41].
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unchanged. The average hydration numbers of Na+ and Cl- are
5.8 ± 0.07 and 7.2 ± 0.06, respectively. These values match accu-
rately with the numbers reported by Joung and Cheatham [35]
and Yagasaki et al. [34].

The coordination numbers of the RDF of Na+ – Cl-, also known as
the number of ion pairs, are plotted in Fig. 9. Unlike the hydration
numbers of ions, the number of ion pairs increases much more
rapidly when the concentration gets higher, which is also indicated
in the RDF of Na+ – Cl- from Fig. 7. As seen from Fig. 9, the results
from this work are in good agreement with literature data [33,35].

3.2. Molecular theories

3.2.1. Gibbs energy of solvation
When the first shell solvation radius is known, the Gibbs energy

of solvation can be predicted using the Born equation, given in
equation (2). Therefore, the first shell solvation radius used in this
context is often called Born radius. The calculated Gibbs energies of
solvation of Na+ and Cl- using the static relative permittivity of
water from molecular simulations (73.3) and from experimental
data (78.49) [42] are compared with the experimental data from
literature in Table 1. Noticeable deviations can be seen among
these experimental data, up to 15–20 %. The values reported by
Fawcett [139] have been widely used in molecular theories and
models [50,104,105], while Joung and Cheatham [17] chose to
use the data from Schmid [140] for parameter optimization of
the force fields. It is interesting to see that the predicted Gibbs
energy of solvation of Na+ matches the experimental data reported
by Fawcett [139] accurately, while the estimated Gibbs energy of
solvation of Cl- is much closer to the one report by Schmid [140].
The Gibbs energy of solvation is the Gibbs energy change for the
process of transferring an ion from vacuum to solvent. As very
nicely discussed in detail by Joung and Cheatham [17], numerous
experimental values of Gibbs energy of solvation had been
reported for individual ions, under different assumptions how to
decompose the energies of electrolytes into ions, while none of
the approaches has been able to get fully validated or assessed.
More discussion can be found in Joung and Cheatham and the lit-
erature cited there [17]. Therefore, the predicted Gibbs energy of
solvation with the Born equation can be considered overall satis-
factory, which indicates that the Born radii (the first solvation shell
radii) from molecular simulations are reasonable. More impor-
tantly, these Born radii essentially do not change with concentra-
tion, as discussed above, which makes it convenient when they
are used in molecular theories and models. The static relative per-
mittivity of water might be largely affected by the setup in simula-
tions or the use of different force fields [30], while it is also worth
noticing that the value of the static relative permittivity of the sol-
vent has a much smaller effect than the Born radii, as seen in
Table 1. This is also consistent with the statement given by Hum-
mer et al. [141], who made extensive studies on the Gibbs energy
of solvation from molecular simulations.

3.2.2. Static relative permittivity
The static relative permittivity of the solution was predicted

using the theory of Maribo-Mogensen et al. [107], as summarized
in Section 2.2. The basic properties and parameters of ions and
water were taken from Maribo-Mogensen et al. [106], and the
average hydration numbers of water molecules around ions are
from this work (Section 3.1.5). The values are listed in Table 2.
The average association probability of water molecules at the given
condition, needed in Equation (9), was calculated from the SAFT-
VR Mie equation of state following the approach reported by
Walker et al. [64]. The required parameters are given in Table 3,
which contains the SAFT-VR Mie parameters for water [64], and
also the JC ion model parameters of Na+ and Cl- [17]. Water mole-



Fig. 8. The coordination numbers of Na+ – O- and Cl- – O- versus concentration.

Fig. 9. The coordination numbers of Na+ – Cl- versus concentration, compared with
literature results from Joung and Cheatham [35] and Benavides et al. [33].

Table 1
Comparison of the Gibbs energies of solvation estimated in this work and the experiment

Ion R1min(Å)
(with H2O) Estimation using Equation (2)

ew(sim.) ew(exp.)

Na+ 3.17 432.3 432.7
Cl- 3.81 359.7 360.0

Table 2
Key parameters for calculating the static relative permittivity * [106].

Species l0(Debye) a0 � 1040(C2m2=J)

H2O 1.855 1.613
Na+ 0 2.221
Cl- 0 3.557

* All the parameters were taken from Maribo-Mogensen et al. [106], except for the hyd
(Section 3.1.5).
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cules and ions are all assumed spheres, which means the length of
the species is 1, and ions are also assumed non-associating. The
details of the calculations with regard to the SAFT-VR Mie equation
of state as well as the prediction of the static relative permittivity
of an electrolyte solution can be found from Walker et al. [64]. The
required density is either from molecular simulations or experi-
mental data.

The predicted static relative permittivity values are compared
with experimental data, correlations and simulation results from
literature in Fig. 10. It is worth mentioning that noticeable devia-
tions are seen among experimental data from different literature
sources [143,144], even more than 30 % at high concentrations.
The predicted results from molecular theories and molecular sim-
ulations are respectively larger and smaller than the experimental
data, and apparently both of them follow a clear decreasing trend
as the concentration increases. As discussed above, the simulated
al data from literature.

DGs
i (kJ/mol)

Experimental data

Schmid [140] Marcus [142] Fawcett [139]

370.8 364.5 424.0
373.3 339.8 304.0

hij(degree) cij(degree) Nij(with H2O)

109.5 69.4 4
0 0 5.8
0 0 7.2

ration numbers of the ions, which are from the molecular simulations in this work



Table 3
Parameters of water and ions used in the SAFT-VR Mie equation of state [17,64].

Species Z kr ka �=R(K) r(Å) �AB=R(K) KAB(Å3)

H2O 0 17.02 6 266.68 3.0063 1985.4 101.69
Na+ +1 12 6 177.14 2.159 0 0
Cl- �1 12 6 6.345 4.830 0 0

Fig. 10. Static relative permittivity versus concentration, comparison among
experimental data [143,144], correlations [145], simulations [42] and theory
predictions [107] with different density, either from simulation (Sim. Dens) or
experiment (Exp. Dens).
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density is very close to the experimental data (Fig. 1), so it is not
surprising to see that the theory predicts almost the same static
relative permittivity values using these two sets of density. The
experimental correlation of density [109] was used in the follow-
ing calculations.

The effect (sensitivity) of hydration numbers in Equations (9)
and (10) has been studied and the results are presented in
Fig. 11. The hydration numbers of 6 and 5 water molecules respec-
tively around Na+ and Cl- were from Maribo-Mogensen et al. [107],
while the other two combinations are round numbers from the
actual values obtained in this work. It can be seen that the effect
of hydration numbers is overall moderate, with difference up to
10 % at high concentrations.
3.2.3. Mean ionic activity coefficient
The mean ionic activity coefficient was predicted with the

extended Debye-Hückel theory, Equation (3), using the average
size parameters of ions (usually called the distance of closest
approach, (2.159 + 4.830) / 2 = 3.4945 Å). In these calculations,
Fig. 11. Sensitivity of hydration numbers on the static relative permittivity
prediction. The first combination of hydration numbers was from Maribo-
Mogensen et al. [107], while the other two combinations are round numbers from
the actual values (5.8 and 7.2 obtained in Section 3.1.5).
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we used two salt concentration dependent static relative permit-
tivity curves predicted in the previous section (3.2.2) with different
hydration numbers. This investigation can show how the impact of
parameters used in predicting the static relative permittivity is
transferred to the prediction of other properties. In the meantime,
it can also tell the importance of using the right parameters for
more accurate predictions. The results are presented in Fig. 12. It
is remarkable to see that the mean ionic activity coefficient can
be predicted very accurately, with the most stable information
merely from molecular simulations plus some basic properties of
water and ions. The average deviation of the prediction is 1.1 %,
with a maximum deviation smaller than 8 % up to 6 mol/kg H2O.
This calculation suggests that the actual hydration numbers from
molecular simulations should be used when they are available.
Otherwise, higher deviations are obtained. The fact that the pre-
dicted static relative permittivity is larger than the experimental
data, as seen from Figs. 10 and 11, may somewhat reflect the on-
going debated topic whether there is a kinetic depolarization con-
tribution which cannot be captured by molecular thermodynamic
theories, and shall not be included in thermodynamic modeling
[12]. The mean ionic activity coefficients predicted directly from
recent molecular dynamics simulations with the same force fields
are added for comparison. It needs to be pointed out that the sim-
ulation results shown in Fig. 12 are the average values, and the
uncertainty may vary from about 30 % to 80 % at different salt con-
centrations [41].

3.2.4. Molar conductivity
The molar conductivity was predicted with the Debye-Hückel-

Onsager extended equation, Equation (11), using the viscosity of
water (0.8909 mPa-s) [148], the average size parameters of ions
(or the distance of closest approach, 3.4945 Å) and the molar con-
ductivity at infinite dilution (50.08 and 76.31 S-cm2/mol for Na+

and Cl-, respectively [92]). The results are presented in Fig. 13, in
which different approaches of the static relative permittivity has
been applied. The studied approaches include the static relative
permittivity values of water from molecular simulations and
experimental data, as well as those predicted in the previous sec-
tion using the theory of Maribo-Mogensen et al. [106,107] with
Fig. 12. Comparison of the predicted mean ionic activity coefficients from the
extended Debye-Hückel equation using two different static relative permittivity
curves from Fig. 11 with the experimental data [146,147] and simulation results
[41].



Fig. 13. Molar conductivity versus concentration predicted from the Debye-Hückel-
Onsager extended equation. The static relative permittivity in the solid line is
predicted using the theory of Maribo-Mogensen et al. [106,107] with rigorous
coordination numbers (the black line in Fig. 10 and Fig. 11), while the other two are
constants (either from simulations or experiment [42]). The references for the
experimental data can be found in the caption of Fig. 5.
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the rigorous coordination numbers (that is, the black line in Fig. 10
and Fig. 11). It can be concluded that the static relative permittivity
value of water has a minor effect on the results, and they can be
used for satisfactory predictions below 2 mol/kg-H2O, while a salt
concentration dependent static relative permittivity is very impor-
tant for high concentration regions. It is again remarkable to see
that such an accurate prediction, with an average deviation of
1.4 % and the largest deviation smaller than 7 % up to 6 mol/kg
H2O, is obtained.
4. Conclusions

In this work, molecular dynamics simulations and molecular
theories were used to predict various properties of the aqueous
sodium chloride solutions. With the SPC/E water model and JC
ion model, it is found that the solution density can be predicted
very accurately, lower than 0.5 %, with molecular dynamics simu-
lations. The self-diffusion coefficients of ions are underpredicted,
while the qualitative behavior is very reasonable. However, the
self-diffusion coefficients of water molecules are quantitatively
satisfactory from low to medium concentrations, while the pre-
dicted ones present a quicker decrease as the concentration
increases. Using the Nernst-Einstein equation, the self-diffusion
coefficients predicted from simulations can give very accurate
molar conductivity below 3 mol/kg H2O. By analyzing the radial
distribution functions of ion-ion and ion-water, it is found that
the first shell solvation radii and coordination numbers of ions
are practically not changed with concentration. With the first shell
solvation radii, the Gibbs energy of solvation can be predicted very
satisfactorily, within the errors among the experimental data
reported in literature. Using the JC ion model parameters and the
coordination numbers from simulations, the static relative permit-
tivity is overpredicted compared to experimental data of a some-
what high uncertainty. However, the mean ionic activity
coefficients and molar conductivity can be predicted very accu-
rately, lower than 1.5 %, in the entire range of concentrations (up
to 6 mol/kg H2O), using this overpredicted static relative permittiv-
ity. This may somewhat reflect an on-going debated topic that
there is a kinetic depolarization contribution which cannot be cap-
tured by molecular thermodynamic theories, and it shall probably
not be included in thermodynamic modeling.
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