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A molecular dynamics simulation has been performed in the sodium sulfate dissolved sodium chloride aqueous
solution, as a simplemodel of seawater. The structure has been analyzed to determine the configuration of a sul-
fate anion and a neighboringwatermolecule. The complex formation between sulfate anion andwatermolecule
has been discussed by the diffusion coefficient, the conductivity and the rotational correlation function.
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1. Introduction

Recent years, much attention has been paid on the air pollution of
sulfur oxide, which is formed by the burning of sulfur in the fossil fuel.
As a consequence, the sulfur oxide falls as the acid rain on the soil, rivers,
and ocean, which brings heavy damage to the historical architectures,
the ecological systems, and the human health. Therefore, the study of
sulfate anions, or SO4

2−, in aqueous solution is of great importance on
the environmental view point. Besides it plays a key role in the solution
chemistry and in the biochemical reactions [1,2,3].

In the previous studies, we have performed molecular dynamics
simulation (MD) on the effect of the solution of carbon dioxide, meth-
ane, and nitrate anion into the seawater [4–7]. We have also examined
the transport properties of dilute electrolyte solutions considering the
hydration of ions [8]. As a serial work of MD simulations for electrolyte
aqueous solution,wewish to examine the effect of sulfate anions on the
structure, transport, and dynamical properties of the sodium chloride
aqueous solution, as a simple model of the seawater.

2. Materials and methods

The essential methods of molecular dynamics study are same as our
previous works [4–8], however, they are described briefly for the
readers' convenience.

The system contains Na+, Cl−, SO4
2− ion, and water molecule. SO4

2−

ion and water molecule are treated as the rigid body models. The

transferable intermolecular potential functions for 4-site model
(TIP4P) are used for water [9]. The interactions between molecules
and ions are represented as the pair potentials. For Na+–Na+, Na+–Cl−,
Cl−–Cl−, Na+–TIP4P, and Cl−–TIP4P, the interactions are represented as,

ϕij rð Þ ¼ ziz je2

r
þ C
r9

−
D
r6

; ð1Þ

where zi is the valence number of the ion i, and e is the elementary charge.
The used parameters are taken from the literature [10]. The potential func-
tions for the rest of the ion pairs are represented as follows,

ϕij rð Þ ¼ ziz je2

r
þ A
r12

−
B
r6

: ð2Þ

The configuration and the charges of sulfate anion are determined
using Gaussian09 at the B3LYP/6-311++G level of the theory in a cav-
ity within the IEF-PCM solvent field. The obtained SO4

2− ion is shown in
Fig. 1. The obtained charges are 0.621e for S,−0.6552e for O, which are
different from the charges for SO4

2− used in the potentials in literature
[11–14]. The rest of the potential parameters are taken from the litera-
tures: SO4

2−–SO4
2−, SO4

2−–TIP4P, SO4
2−–Na+ [15]; SO4

2−–Cl− [16].
The calculation of MD is performed under the NTP constant condi-

tion. In other words, the number of particles, the temperature 298 K,
and the pressure 1 atm are constant during a simulation procedure.
The Ewald method is used for the calculation of the Coulomb interac-
tion. The MD calculation is executed for 50,000 steps using 0.2 fs for
one time step. The reason of short time step is to detect the fast ionic
movement in the solution. The Na2SO4 is dissolved from 0.5 mol/kg to
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2.0 mol/kg in the 0.60 mol/kg NaCl aqueous solution, which is the sim-
ple model of the seawater. The unit of mole concentration per kg solu-
tion is used for convenience to compare with the experimental
conductivity data in literature. The MD cell including 10,000 TIP4P
water molecules are used to calculate the detailed structure change
caused by adding Na2SO4. The numbers of used ions and molecules
are listed in the Table 1. The main calculation of MD is performed at
the supercomputing facilities in the Kyushu University, using SIGRESS
ME package (Fujitsu) [17].

3. Results and discussions

To examine the short range configuration of ions, the partial pair dis-
tribution function, gij(r), is calculated using the obtained MD data, as
[18],

gij rð Þ ¼ V=ninj
� �

∑
ni

k
dkj r−

Δr
2

; r þ Δr
2

� �
= 4πr2Δr
� �

; ð3Þ

where V is the volume of theMD cell. ni and nj are the numbers of ions i
and j, respectively. dik is the number of k ion in the spherical shell of the
thickness Δr at the distance r from the central i ion. The integrated
coordination number, nij(r), is defined using gij(r) as,

nij rð Þ ¼ ∑
nbr=Δr

n j=V
� �

gij n � Δrð Þ: ð4Þ

The obtained gij(r)'s and nij(r)'s are shown in Figs. 2–6. As the con-
centration of Na2SO4 increases, the decreasing tendency of nij(r)

corresponding to the lowering of thefirst peak heights of gij(r) are clear-
ly seen.

According to Figs. 4 and 6, the possible configuration of SO4
2− and

water molecule might be interpreted as follows. As seen in Fig. 6, the
first neighbor distance between O in SO4

2− and H in water is r1 =
2.5 Å. On the other hand in Fig. 4, the first neighbor distance between
S in SO4

2− andO inwater is r3=3.9 Å. The position of r1 and r3 are rather
stable because of their high sharp peaks. However, as seen in Fig. 6, the
second neighbor distance between O in SO4

2− and H in water, i.e. r2, is
unstable, whichmay be changeable from r2 = 3.88 A, to 4.62 A etc. cor-
responding to the low secondand third peaks of gOSO4Hw(r). The estimated
configuration of SO4

2− and neighboring water molecule is shown sche-
matically in Fig. 7. This unstable configuration may yield the various
network structures of water molecules around SO4

2− ion [19]. In other
words, the complex such as [SO4·(H2O)n]2− is formed in the solution.
In our previous work, the complex formation in the NaNO3 aqueous so-
lution was discussed in relation to the ionic conductivity [6]. This point
at issue will be discussed later.

Next, we examine the velocity auto-correlation function (VAF),
bvi(t)·vi(0)N, and the frequency dependent diffusion coefficient,
Di(ω), which is expressed as [18],

Di ωð Þ ¼ 1
3
∫∞0 vi tð Þ � vi 0ð Þh i cosωt dt: ð5Þ

Di(ω)s for the SO4
2− ion at different Na2SO4 concentrations are

shown in Fig. 8. The slight shift of the peak position to the higher fre-
quency can be seen as the Na2SO4 concentration increases. This result
is also understood as the enhanced cage effect by the water molecules
surrounding SO4

2− ions.

Fig. 1. The configuration and the charges of SO4
2− determined using Gaussian09. The

estimated zi for S and O atoms are 0.621, −0.655, respectively. The highest occupied
molecular orbits are also shown in the figure.

Table 1
Number of ions and molecules used in MD.

Na2SO4 Water Na+ Cl− SO4
2−

0.5 mol/kg 10,000 322 121 101
1.0 mol/kg 10,000 569 131 219
1.5 mol/kg 10,000 862 143 359
2.0 mol/kg 10,000 1217 158 529

Fig. 2. gNaOw(r) and nNaOw(r) for the concentration of Na2SO4 0.5, 1.0, 1.5, and 2.0 mol/kg.
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