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We present the result of molecular dynamics (MD) simulations to calculate the molar conductivity A,, (= Ay, + Ag-) of NaClin
SPC/E water at 25°C as a function of NaCl concentration (c) using Ewald sums employing a velocity Verlet algorithm. It is found
that the MD result for A, with Ewald sum parameter x=0.10 A~ gives the closest one to the experimental data and that the
obtained radial distribution functions g;;(r) with x=0.10 A~ show a dramatic change with a very deep minimum of gy, (r) and,
as a result, sharp maxima of gy, (r) and g (r) at the distance 9.95 A, which indicates a characteristic of ionic atmosphere, the
basis of the Debye-Hiickel theory of ionic solutions. The static and dynamic properties of NaCl (aq) solutions are analyzed in
terms of radial distribution functions, hydration numbers, coordination numbers around Na* and CI7, residence times of water
around Na" and Cl7, water diffusion, and ion-ion electrostatic energies to explain the behavior of the molar conductivity A, of

NaCl obtained from our MD simulations.

1. Introduction

The theory that an electrolyte is dissolved in water and
dissociated into ions was proposed by Arrhenius
(Arrhenius’s theory of electrolytic dissociation), who won
the Nobel Prize in Chemistry in 1903, in his doctoral
degree in 1884. Before this theory was raised, it was well
known that a solution dissolved in an electrolyte passes
electricity, and Faraday explained that the electrolyte
dissolved in water is decomposed into charged ions by the
action of this electricity. By measuring the molar elec-
trical conductivity according to the concentration of
various salt solutions, Kohlrausch obtained the relation
(equation (1)) between the molar conductivity (A,,) and
the molar concentration (c) of a strong electrolyte
(Kohlrausch’s law), and he found that each ion moved
independently in an electric field. In the case of an
electrolyte dissolved in a solvent and dissociated into v,
cations and v_ anions, the limiting molar conductivity
(A7) in an infinitely dilute solution is related to the

limiting molar conductivity (1] and A°) of each ion, as
shown in equation (2) (Kohlrausch’s law of the inde-
pendent migration of ions).

A,, = A% - Kc'?, (1)
where K is a constant.

Ay = v AL+ v A%, (2)
where the limiting molar conductivities of Na* and CI” at
25°C are measured as 5.01 and 7.63 mSm”mol ™" experi-
mentally [1].

In 1925, Onsager extended the Debye-Huckel theory of
electrolyte solutions, published two years ago, to come up
with the Debye-Huckel-Onsager theory, which became an
integral part of his Nobel Prize winning achievements.
Around some ions, ions with opposite charges are sur-
rounded by electrostatic forces. In the absence of an external
electric field, the distribution of counter ions around the
central jon is symmetric. However, when the electric field


mailto:songhilee@pusan.ac.kr
https://orcid.org/0000-0003-4770-8981
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/6661196

acts, the ions at the center and the ions around them receive
forces in opposite directions to create an asymmetric ionic
atmosphere, and thereby, an electrostatic force acts in the
direction opposite to the direction in which the ions move.
The higher the concentration of the electrolyte, the greater
this effect becomes, and thus, the molar conductivity be-
comes less than in a dilute solution. This reduction of the
ions’ molar conductivity is called the relaxation effect.

Another effect of the ionic atmosphere is the electro-
phoretic effect. Ions are hydrated with solvent molecules,
and these solvent molecules move with the ions. Since the
central ions and the surrounding ions move in opposite
directions, the central ions move against the flow of the
solvent moving together with the surrounding ions. Onsager
took these two points into consideration and treated the ion
motion as a zigzag Brownian motion rather than a straight
line in the electric field and derived the following molar
conductivity equation. The Debye-Huckel-Onsager theory
is an attempt to obtain quantitative expressions which leads
to a Kohrrausch-like expression:

A, = A%~ (A+BA2)C", (3)

where A and B are coeflicients determined by temperature
and the dielectric constant and viscosity of the solvent. The
numerical values of A and B in water are 6.02 mS m> mol "/
(mol-L ™12 and 0.229 (molL™)"? [1]

A systematic conductivity study of sodium chloride-
water + 1, 4-dioxane in dilute solutions (¢ < 0.01 mol-dm™)
[2] has been conducted covering a broad solvent compo-
sition range at temperatures from 5 to 35°C. Accurate vis-
cosity and permittivity data were determined for the organic
solvent system. Evaluation of the limiting molar conduc-
tivity A®, ionic conductivities AY° and A%, and the asso-
ciation constant K, is based on the chemical model [3] of
electrolyte solutions, including short-range forces. In the
next paper [4], they reported on an extension of this study to
concentrated solutions, covering the temperature range
from 5 to 35°C at a solvent mole fraction of dioxane from
xD = 0to 0.65 and electrolyte concentration up to the limit of
salt solubility in the respective mixtures and up to 5mol-
dm™ in water. Data analysis is based on the mean spherical
approximation (MSA) [5]. Comparison is made with the
data representation by the empirical Casteel-Amis equation
[6]. The association constants of the MSA are compared with
those from chemical model calculations at low concentra-
tions (IcCM). Later on, an investigation of ion-pairing of
alkali metal halides in aqueous solutions using the electrical
conductivity and the Monte Carlo computer simulation
methods was reported. [7].

In our previous paper [8], we reported molecular dy-
namics (MD) simulations for the ionic mobilities y of Na*
and Cl ions, in the system of Na* (or Cl™ ) ion + 1023 water
molecules, at 25°C using reaction field correction (RFC),
simple truncation (ST), and Ewald sums employing Gear’s
fifth order predictor-corrector and velocity Verlet algo-
rithms. We found that MD simulations using Ewald sum
with x = 0.20-0.30 A™' employing a velocity Verlet algorithm
gives the best result for yy,. and yq- at 25C, even though
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the calculated py,,. overestimates the experimental data and
the o underestimates them. This behavior of py,. is
opposite to that reported in our other MD simulations [9].

In this study, we have carried out MD simulations to
calculate the molar conductivity A, of NaCl in SPC/E water
at 25°C as a function of NaCl concentration (c) using Ewald
sums employing a velocity Verlet algorithm. The primary
goal of this study is to analyze radial distribution functions,
hydration numbers, coordination numbers, residence times,
and ion-ion electrostatic energies water diffusion to un-
derstand the behavior of the ionic atmosphere around Na*
and Cl” ions through our MD simulations. This paper is
organized as follows: Section 2 contains a brief description of
molecular models and MD simulation methods followed by
Section 3, which presents the results of our simulations. Our
conclusion is summarized in Section 4.

2. Molecular Models and Molecular Dynamics
Simulation Details

In order to establish systems of electrolyte solution of NaCl
for MD simulation, we consider a system of ¢=1molar
concentration (mol/L) of NaCl solution with 36 of Na* and
Cl” ions at 25°C. Then, the volume of this solution is simply
equal to V=V, =36000cm’/N, with N4, Avogadro’s
number, which is the fixed volume for all the current MD
simulations of NaCl in electrolyte systems, which gives the
length of simulation box L = 39.1009 A. It is very hard to find
the relation between the molar concentration (¢) and the
density of the solution (p,, g/cm’) of NaCl solution in the
literature. Instead, we use the experimental data of the
weight percent (% Wy,c1) and the density (p, g/ cm?) of NaCl
solutions (Table 1) to find the numbers of ions (Ny,c)) and
water (Ny). First, the relationship between p; and % Wy, q is
obtained by using the least squares method from Table 1.

pi = 0.00758333853%W y,; + 0.9942949(g/cm’).  (4)

For ¢=1mol/L of Nyac =36 with V=36000cm?/N,,
p. = (18.0152N,, + 36 x 58.443)/36000(g/cm’).  (5)

Also,

%W yact = (36 x 58.443)/ (18.0152N , + (36 x 58.443)) x 100.
(6)

Substituting equations (5) and (6) into equation (4), we
obtain N, =1956. Numbers of water molecules for given ¢
are obtained using the same process and listed in Table 2.

The SPC/E model [10] was adopted for water-water and
ion-water. The pair potential between water and ion has the
TIPS form [11]:

o 12 o 6 9.4,
. = 4 . ﬁ — ﬁ + #’
V:w 810 [( rio > < rio ) :| ];U r,‘j (7)

where 0,, and ¢;, are Lennard-Jones (L]) parameters be-
tween oxygen on a water molecule and an ion i, g; is the
charge at site j in water, and g; is the charge on ion i.
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TaBLE 1: Experimental data between %Wy,cp and p, at 25°C. The relationship (p, = 0.00758333853 % Wjac + 0.9942949) is obtained by using

the least squares method.

%Wyaci 1 2 4 6 8 10 12
pe (g/em?) 1.00409 1.01112 1.02530 1.03963 1.05412 1.06879 1.08356
%Wyaci 14 16 18 20 22 24 26
py (g/cm?) 1.09872 1.11401 1.12954 1.14533 1.16140 1.17760 1.19443

TaBLE 2: The MD simulated systems in this study.

System Number of Na*(Cl") ion (s) Number of molecules (N,,) Number of water (mol/L) %Wacl Pt (g/cmS)
Al 1 1986 0.0278 0.16308 0.99546
A2 2 1985 0.0556 0.32580 0.99658
A3 4 1984 0.111 0.64980 0.99933
A4 8 1981 0.222 1.29314 1.00432
A5 18 1972 0.5 2.87598 1.01605
A6 36 1956 1.0 5.63432 1.03727
A7 72 1918 2.0 10.8560 1.07670
A8 108 1875 3.0 15.7441 1.11362
A9 144 1828 4.0 20.3538 1.14854

Moreover, r;, and r;; are the distances between ion iand an
oxygen site of a water molecule and between ion i and a
charge site j in water, respectively. The L] parameters o;,
and ¢;, between oxygen on an SPC/E water molecule and
the Na® or Cl” ion i were fitted to the binding energies of
small clusters of ions by Dang et al. (6p0=2.876 A,
ONa0=2.876 A, 0c10=3.785A, €00 =0.6502k]J/mol, and
enao=€cio=0.5216kJ/mol) [12, 13]. The electrostatic
charges of SPC/E water and ions are gu.- = —0.8476e,
qu+ = 0.4238e, qy,+ =0.le, and ¢g- = —0.1le. The pair
potential energy of ion-ion also has the TIPS form [11]:

12 6
wes|() () gt o
Tij ri) 12 E T
where 0jj and g; are Lennard-Jones (L]) parameters
between ion i and ion j, g; is the charge on ion i, and r;; is
the distance between ion i and ion j. The L] parameters o;;
and ¢; between ion i and ion j are given by
GNaNa:2'583 A, GClCl:4'4O]- A, GNaCl:3'492 A, and
ENaNa = €cicl = €naci = 0.4184Kk]/mol [12, 13]. Recently,
even though many new models including Lennard-Jones
parameters and the electrostatic charges of ions for
aqueous electrolyte solutions have been developed
[14-16], we have used the SPC/E model for water-water
and ion-water, equation (7), since this model was used in
our previous studies with and without Ewald sums
[8, 12, 17].

Each MD simulation was carried out in the canonical
ensemble (NVT fixed), and the density of NaCl solution is
given in Table 1, which corresponds to a cubic box length of
L=39.1009 A for all the MD simulations. The usual periodic
boundary condition in the x-, y-, and z-direction and the
minimum image convention for pair potential were applied.
Gaussian kinetics [18, 19] was used to control the tem-
perature, and a quaternion formulation [20, 21] was
employed to solve the equations of rotational motion about

the center of mass of rigid SPC/E water molecules. We have
employed a velocity Verlet algorithm [22] for the time-in-
tegration algorithms: with a time step of 1 femtosecond.
For the Ewald sums, the Ewald sum parameters x are
varied from 0.05 to 0.25 A™! in 0.05 A~! increments, and the
cutoft sphere of radius R, in the real space and k., in the
reciprocal space are chosen as L/2 and 7, but |k|><27. MD
runs of 500,000 time steps each were needed for the ion-
water system to reach equilibrium. The equilibrium prop-
erties were then averaged over 10 blocks of 100,000 time
steps (0.1 ns) for a total of 1,500,000 (1.5 ns) for the systems
of given 5 values of x and given 9 molar concentrations (mol/
L). The configurations of water molecules and Na" (Cl")
ion(s) were stored every 5 time steps for further analysis.
There are two routes to calculate self-diffusion coefhi-
cients of water from MD simulations: the Einstein relation
from the mean square displacement (MSD),
D, = ! lim

! 61‘—»00

d 2
< [r;(t) = 7r;(0)] >, 9

and the Green-Kubo (GK) relation from the velocity au-
tocorrelation (VAC) function,

Jdt <v;(0) - v; (t) >. (10)

0

D. =

1

W=

3. Results and Discussion

3.1. Diffusion Coefficient. Dy,. and D¢ at 25°C in SPC/E
water were obtained from mean square displacements
(MSDs), equation (9), of Na* and CI~ from our MD sim-
ulations using Ewald sum with x =0.05-0.25 A™' employing
a velocity Verlet algorithm. We have listed sum of Na* and
ClI” diffusion coefficients D(= Dyy,+ + D¢;-) in Table 3 and
compared D as a function of molar concentration (¢) of NaCl
with the experimental data [23] in Figure 1. Figure 1 shows
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TasrE 3: Diffusion coefficients (D, 107 m*sec™") of NaCl in SPC/E water at 25°C employing a velocity Verlet algorithm, where # is the

number of (Na* or CI") ion(s).

System (n)

x=0.05

x=0.10

k=0.15

x=0.20

k=025

Best to exp.

(x, A

Al (1)
A2 (2)
A3 (4)
A4 (8)
A5 (18)
A6 (36)
A7 (72)
A$ (108)
A9 (144)

5.73
4.65
391
3.50
3.05
2.43
1.81
1.41
1.14

5.06
3.85
3.46
3.20
2.82
2.48
2.05
1.64
1.34

5.08
3.82
3.64
3.28
3.17
2.86
2.46
2.07
1.69

4.56
3.94
3.47
3.22
3.00
2.86
2.48
2.10
1.78

4.61
3.73
3.15
2.98
2.69
2.65
2.36
2.02
1.73

Al (0.25)
A2 (0.25)
A3 (0.25)
A4 (0.25)
A5 (0.25)
A6 (0.05)
A7 (0.10)
A$ (0.10)
A9 (0.10)

4.61
3.73
3.15
2.98
2.69
2.43
2.05
1.64
1.34

-

w
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FIGURE 1: Comparison of the diffusion coeflicients (D= Dy, +
D¢;-) of NaCl at 25°C as a function of the molar concentration (c) of
NaCl for given Ewald sum parameters (k) employing a velocity
Verlet algorithm obtained from MSDs of our MD simulations with
the experimental data [23].

that the MD results D for all the Ewald sum parameter x
overestimate the experimental data (O) except those (<)
with k=0.10A7" at 3.0 and 4.0 mol/L and those (O) with
x=0.05A" at 2.0, 3.0, and 4.0 mol/L.

When compared with the experimental data, the best
MD results for D are obtained at 0.0278-0.50 mol/L with
k=0.25A"" (V), at L.OM with k=0.05A"" (O), and at
2.0-4.0 mol/L with x=0.10 A™! (¢). This best result set of D
is also listed in Table 3. In our previous MD study [8], the
Ewald sum parameter x = 0.20-0.30 A~ gives the best result
for the ionic mobility pn,, and pc at 25°C in single-ion
systems in 1023 SPC/E water molecules. However, in the
current work for multi-ion systems, the numbers of SPC/E
water molecules are in the range of N, =1800-2000. Note
that the best results of D for Nxac1=1, 2, 4, 8, and 18 (the

Al~ A5 MD systems) are obtained with x =0.25 A™" which
also gives the best result for pn., and gq. in single-ion
systems in 1023 SPC/E water molecules. [2].

In Figure 2, we have compared the best obtained D (O)
and D with x=0.10A"" (©) as a function of ¢ with the
experimental data (O). However, the obtained structural and
dynamic properties of the MD systems are totally different
for the different values of the Ewald sum parameter «, which
is discussed in the following sections. Instead of choosing the
MD systems for the best obtained D to the experimental data
with different x, we have chosen those of the same
k=010 A" which give D (<) closest to the experimental
data among those with the same «, but less closer to the best
obtained D with different «. Figure 2 also shows Dy,. and
D¢y with k=0.10 A~ as a function of ¢. Dy at all the ¢ (mol/
L) is greater than Dy,,, and these two values become equal as
¢ increases.

At very low concentrations, the D values of NaCl are
much higher than the experimental data, the values at 0.222
and 0.5 mol/L are slightly higher than the experimental data,
and the values at 1.0 and 2.0 mol/L are similar to the ex-
perimental data. At 3.0 and 4.0 mol/L, it is slightly lower than
the experimental data. This result can be highly dependent
on the choice of the Ewald sum parameter, «, as discussed
above.

3.2. Molar Conductivity. We plotted molecular conductivity
A,, (= Ayge + Ag-) of NaCl as a function of ¢/? obtained
from D in our MD simulations in the inset of Figure 2, where
A; = D;z?F*/RT, where z; is the charge on the ion in units of
the electronic charge e, F is the Faraday constant, R is the gas
constant, and T is the absolute temperature.

Both the experimental data and the MD results for A, of
NaCl show two linear dependences (Ex1 and Ex2) as a
function of ¢"/%. The value of the first slope for the first 4
experimental points (Exp. Ex1) and that of the second slope
for the rest 6 points (Exp. Ex2) are —8.83 and -2.94
mS m? mol™'/(mol-L™")"?, respectively. Those for the first 3
MD results (MD Ex1) and the rest 6 results (MD Ex2) are
—34.73 and —4.47 mSm? mol Y/(mol-L7H)"?, respectively.
According to the Debye-Huckel-Onsager (DHO) theory,
equation (3), the slope (A+BA;) is equal to -891
mS m?mol™/(mol-L™")""? with the numerical values of A
and B in water, 6.02 mSm?mol /(mol-.L™})"? and 0.229
(molL™)"?, and A}, of NaCl, 12.64 mSm?mol™ [1]. In
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FiGure 2: Comparison of the best diffusion coefficients (D), those
with £ =0.10 A-1, and Dy,. and D- at 25°C as a function of ¢ with
the experimental data [23]. The inset shows comparison of molar
conductivity (Am) of NaCl as a function of c1/2 obtained from D
with the experimental data.

conclusion, the MD results for A,, of NaCl show two linear
dependences like the experimental result, but the value of the
first slope is too large for the DHO theory and the value of
the second slope is similar to the experimental result.

3.3. Radial Distribution Functions g, (r) and Running Hy-
dration Numbers n;,, (r). The radial distribution functions,
Gio (1) and g, (1), and the running hydration numbers, n,,(r),
for the ions (Na* or Cl7) and the O or H atoms of SPC/E
water molecules are shown in Figure 3 for the A6 MD system
(c=1.0mol/L, each Na"(Cl") 36 ions with 1956 water
molecules) with xk=0.10 A™! as a function of distance. The
running hydration number is defined as

n;(r) = Jr g:; (r') amrdr'. (11)
0

Figure 3 shows the typical g;,, (r) functions with posi-
tions of gcio (r) at the first maximum 3.25A and the first
minimum 3.95 A, of gcrH (r) at the first maximum 2.30 A
and the first minimum 3.10 A, 9Nao, (r) at the first maximum
2.35 A and the first minimum 3.15 A and INaH (r) at the first
maximum 3.00 A and the first minimum 3.75 A. The posi-
tions of the first maxima and minima of g,, (r) and g, (r) are
almost the same for all the values of ¢ and x considered in
this study and the magnitudes of those maxima and minima
are very slightly different for all ¢ and «. These radial dis-
tribution functions g;,, (r) of multi-ion systems are almost
the same to those of single-ion systems [2].

The hydration number #;, (R;) in the first shell is defined
through equation.(11) from the ion-oxygen distribution
functions g;, () where the upper limit of integration R, is
the radius of the first hydration sphere, which corresponds
to the first minimum in g,, (r). That is, R, = 3.95 A for gcio
(r) and 3.15A for gnao (r). We have listed the average
hydration numbers ny,0 (R;) and n¢io (R;) for the values of
x=0.05,0.10 and 0.25 A™" in the first hydration shells of Na*
and CI™ in SPC/E water at 25°C in Table 4. The values of ny,0
(R,)) and nco (R,) are almost the same for x=0.05A7"
(5.64-5.85 and 7.55-7.62), k=0.10A"" (5.67-5.90 and
7.65-7.82), and x=0.25 A! (5.47-5.69 and 7.51-7.68).

3.4. Radial Distribution Functions g;; (r) and Running Co-
ordination Numbers n; (r). The MD systems of small
numbers of ion(s) — the A1 [each Na*(ClI") 1ion] and the A2
[each Na*(Cl") 2 ions] show unstructured g;(r) functions
due to the very small numbers of ion(s). The radial distri-
bution functions, gnana (1), gnaci (1), and geicy (1), and the
running coordination numbers, #y,n, (1), Bnac (1), and
ncicr (r) at 25°C for the A6 MD system [c=1.0 mol/L, each
Na*(Cl") 36 ions with 1956 water molecules] with
k=0.25A"" and k=010 A" are shown in Figures 4 and 5,
respectively. The radial distribution functions g;; (r) of other
MD systems (the A3 ~ A5 and the A7 ~ A9) with the same
k=0.25A"" are very similar to those of the A6 (Figure 4)
with slightly different magnitudes of peaks, which are rather
similar to the ordinary g;,, (r) functions (Figure 3). However,
the g;; (r) functions with different « are totally different. For
comparison, we show the g;; (r) and n;; (r) functions of the
A6 MD system with x=0.10A"" in Figure 5, in which a
dramatic change occurs with a very deep minimum of
Inaci(r) and, as a result, sharp maxima of gnan, () and geic
(r) at the distance 9.95A. Which is closer to nature,
k=0.10A"" or 0.25A7"2

Other MD systems (the A3 ~ A5 and the A7 ~ A9) with
the same k=010 A~" have also almost the same gii(r) to
those of the A6 (Figure 5) with slightly different magnitudes
of peaks. Also, the g;(r) functions for the A3~A9 MD
systems with «=0.0 (no Ewald sum), 0.05A7", and 0.15A™"
are similar to those for those MD system with x=0.10 A"
(Figure 5), but the running coordination numbers #;,(r) are
different, while those g;;(r) for the A3 ~ A9 MD systems with
x=0.20 A" are similar to those with x=0.25 A~ (Figure 4).
In Figure 5, gnana (1) and g (r) at short distances are
nonzero but the corresponding average ny,n, (1) at 50A
and ngg (1) at 6.5 A are very small, 0.17 and 0.21, respec-
tively, but ny,¢q (r) at 5.0A and 6.5 A are already 0.28 and
1.20. As the distance r increases, ny,n, (r) and nge (r)
increase slowly, then suddenly reaching 2.04 and 2.10 at
9.95 A, while the corresponding average NNacl (r) is 2.73 at
8.0 A and slowly reaches about 3.80 at 9.95 A.

3.5. Ionic Atmosphere. We have also listed the average co-
ordination numbers ny,n. (R1), #ica (R), and nyac; (Rl)
(=nciva (Ry)) for the A3 ~ A9 MD systems with k=010 A~}
in the coordination shells around Na* and Cl™ at 25°C with
R,;=9.95A in Table 5, while the coordination numbers ;;
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g (r)

— g(r)CI" 02~
g (r) CI" H*
== n(r) Cl" 02"

g (r) Na* 02~
--- g(r)Na*H"
--- n(r)Na*t 02~

F1GURE 3: Radial distribution functions g,,(r) and g;,(r) and the running hydration numbers n;, (r) and ny, (r) of SPC/E water molecules for
the A6 MD system at 25°C as a function (3f the distance r (A) between the ion (i) and the oxygen (O) and hydrogen atom (H) of a water
molecule using Ewald sum with x=0.10A - 1.

TaBLE 4: The average hydration numbers (n;, (R;)) and residence times (7;,, ps) of water molecules in the ﬁrsot hydration shells of Na™ and CI™
in SPC/E water at 25°C employing a velocity Verlet algorithm where R, =3.15 A for Na* and R, =3.95A for CI".

k=0.05A"" k=010A"" k=025A""

System

nnao (Ry) TNaO nao (Ry) Tclo nnao (Ry) TNaO nao (Ry) Tcio nnao (Ry) TNaO nao (Ry) Tcio
Al 5.65 12.9 7.62 8.59 5.67 13.5 7.82 9.26 5.69 14.0 7.58 9.26
A2 5.66 15.6 7.63 9.52 5.70 18.0 7.82 9.86 5.65 18.6 7.64 10.4
A3 5.66 16.7 7.63 9.38 5.71 18.7 7.82 10.3 5.68 194 7.51 12.0
A4 5.66 16.3 7.59 9.56 5.70 18.2 7.81 10.6 5.69 21.3 7.52 12.1
A5 5.64 14.3 7.57 9.43 5.70 18.4 7.78 10.5 5.67 21.2 7.54 12.8
A6 5.67 13.8 7.55 9.47 5.74 18.0 7.78 11.1 5.64 22.4 7.59 13.1
A7 5.78 13.2 7.59 9.75 5.76 17.9 7.65 11.7 5.53 23.7 7.63 14.2
A8 5.85 14.0 7.62 10.3 5.90 18.8 7.69 12.6 5.47 25.8 7.68 15.6
A9 5.94 13.9 7.65 10.8 5.98 20.0 7.72 14.1 5.31 28.0 7.71 17.1

(Ry) for the A3 ~A9 MD systems with x=0.25 A7! are not
defined since g;; (r) for k=0.25 A~! show neither any clear
maxima for gec (r) and gnana (1) at Ry =9.95 A nor a clear
minimum for gy,q (r) at R;=9.95 A. For the A3 (each
Na*(CI") 4 ions) and the A4 (each Na*(Cl") 8 ions), Mnana
(Ry) and ngy (R;) are less than 1. The ratios of ny,c; (Ry)/
(nnana (R1)+1) and ngne (R)/(nga (Ry) +1) for the
A5~ A9 MD systems are greater than 1 which indicates a
characteristic of ionic atmosphere: Averaged over time,
counterions are more likely to be found by any given ion.
The time averaged, spherical haze, in which counterions
outnumber ions of the same charge as the central ion, has a
net charge opposite in sign to that on the central ion.
Relating to the running coordination numbers, ny,n, (1),
fnact (1), and nee (1) as seen in Table 5, we can imagine an
imaginary sphere with Na* at the origin and 9.95 A from it,
filled with water molecules, with more number of Cl™ inside
the sphere and less number of Na™ near the surface of the

sphere. Figure 6 shows a snapshot of the ionic atmosphere
with Na* at the origin and 9.95 A from it, obtained from our
MD simulation. Since an electric field is not applied to a
solution of ions in this study, an asymmetric ionic atmo-
sphere, the relaxation and the electrophoretic effects are not
observed, but it is currently under studying by applying an
electric field to a solution of ion.

3.6. Residence Time Correlation Functions and Residence
times. The residence times are calculated from time cor-
relation functions [8-10, 24] defined by

N
1 h
R(r,t) = — Y [6,(r,0)- 6;(r,1)], (12)
Ny, i=1
where 6, (r, t) is the Heaviside unit step function, which is 1 if
a water molecule i is in a region r within the coordination
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--- g Clc1r --- n(r)C1"C1™
FIGURE 4: Radial distribution functions gNaNa(r), gNaCl(r), and
gCICl(r), and the running coordination numbers, nNaNa(r),

nNaC}(r), and nCICl(r) for the A6 MD system at 25°C as a fungtion
of r (A) between the ions (i) using Ewald sum with x=0.25A -1.
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g (r)
[38]
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n (r)

—— g(r)Na*Na*
g (r) Na* CI” - n(r)Na* ClI”
--- gl Cl --- n(r)Cl" CI”

--- n(r) Na* Na*

FiGure 5: Radial distribution functions gNaNa(r), gNaCl(r), and
gCICl(r), and the running coordination numbers, nNaNa(r),
nNaCl(r), and nCICl(r) for the A6 MD system at 25°C as a function
of r (A) between the ions (i) using Ewald sum with k= 0.10A -1.

shell around the ion at time ¢ and 0 otherwise, and Nj, is the
average number of water molecules in this region r at t=0
[8-10, 24]. Figure 7 shows the time dependence of Ln[R (r,
1)] for water in the first hydration shell of the Na™ and Cl~

ions with R, =3.95 A for gcio (r) and 3.15 A for gnao (1) and
that for Na*or Cl™ in the coordination shell around the ClI~
or Na* with R, =9.95A at 25°C calculated from our MD
simulations. The residence time ¢ is obtained by fitting the
time correlation function to an exponential decay <R (r, t)
>exp (-t/1), which is useful particularly when ¢t is large.
Table 4 shows the average residence times of water in the first
hydration shell of the Na* and Cl™ ions for all the MD
systems with x=0.05A"", 010 A™", and 0.25A7".

In Table 4, the values of Ty, and 7¢yo for the A1 MD
system are exceptionally smaller than those for the other MD
systems. Tn,0 are always greater than 7¢;o with given values
of x and both the residence times increase with « for all the
systems. Roughly saying, Tn.o with x=0.05A7" increases
and decreases with the concentration of NaCl, ¢, and 70
increases monotonically with ¢, while 75,0 and 7¢o with
%©=0.10 and 0.25 A™! increase with c. Generally, both resi-
dence times for all the MD systems with x =0.05 A™" are too
low, those with ©=0.25A"" are too high, and those with
x=0.10 A™" are moderate.

Table 5 shows the average residence times of Na™ and C1™
in the coordination shell around Na® and ClI~ with
R, =9.95A for the A3~ A9 systems with x=0.10A"". Ap-
proximately, the values of Tn,n, and 7¢; are in the range of
20-50 ps, while 7x,¢; and T¢py, are in that of 110 and 115 ps.
Also, Tnun, and Ty increase with ¢, while Ty, and TN,
are independent of ¢. The ratios of T,/ Tnana and Tona/
Tcicy for the A5~ A9 MD systems are greater than 1 which
indicates that oppositely charged ions attract each other.
Also, the increase of Ty,n, and 7o and, as a result, the
decrease of the ratios of Tn,c/Tnana and Tana/Taicr With ¢
means that the migration of Na"(or CI”) occurs hardly due
to the increasing numbers of Na*(or Cl7)

3.7. Water Diffusion. We have listed diffusion coeflicients
D,, of SPC/E water at 25°C for the all MD systems with
x=0.05, 0.10, and 0.25A™" in Table 6. For the pure water
system, a recent MD simulation study [25] of 1024 SPC/E
water molecules using Ewald with x=0.20 A™" employing
the vV algorithm reported 2.78 x 10~ m?/s obtained from
MSD (mean square displacement, equation (9)) and
2.75x10°m?/s from VAC (velocity autocorrelation,
equation (10)) function at 300K, which overestimate the
experimental data at the same temperature (2.39 x 10~ m®/s
(26, 27] and 2.49x10°m?/s [26-28]). However, TIP4P/
2005 water model [29] gives an excellent agreement,
2.39x 10 m?/s, obtained from both the MSD and VAC in
our previous study [25] with the experiment one.

D,, obtained from our recent MD simulations [8] as a
function of RFC(reaction field correction), ST(simple
truncation), and Ewald sum parameter employing the Gear
algorithm overestimates the experimental data, while D,
employing the vV algorithm underestimates except for ST
and Ewald with x>0.45 A", These MD simulations [8]
reported that D,, is 3.03 x 10~ m*/s in the Na*-water system
and 3.09x107°m?/s in the Cl -water system using ST
employing the Gear algorithm with N, = 215 of SPC/E water.
An MD simulation for alkali Earth metal cations (Mg*",
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TABLE 5: Average coordination numbers (ni,ﬂ (Ry)) and residence times (7;; ps) of Na” and Cl” in the first ucoordination shells around Na* and
Cl” in SPC/E water at 25°C with x=0.10 A™" employing a velocity Verlet algorithm where R, =9.95A. n; (R1)* = n;; (R1) +1.

NNaNa ncici NNaC 1 NCiNa

i, Nact (R)/Mnana Manva (R)/Mcicr
a

SYStem (Rl) TNaNa (Rl) Tcicl (RI) TNaCl (Rl) Tc (Rl)* (Rl)* TNaCl/TNuNa TClNu/TClCl
A3 118 12.8 182 14.6 .632 55.3 .632 58.0 — — 4.32 3.97
A4 371 15.2 374 17.6 1.22 74.5 1.22 94.0 — — 4.90 5.34
A5 1.25 22.1 1.41 25.0 2.70 110. 2.70 120. 1.20 1.12 4.98 4.80
A6 2.04 27.0 210 29.6 3.80 115. 3.80 114. 1.25 1.23 4.26 3.85
A7 3.67 34.3 395 381 5.84 102. 5.84 102. 1.25 1.18 2.97 2.68
A8 5.83 42.2 6.33 482 8.29 106. 8.29 108. 1.21 1.13 2.51 2.24
A9 7.93 48.6 8.55 513 10.7 115. 10.7 115. 1.20 1.12 2.37 2.24

5

22

5

FIGURE 6: A snapshot of ionic atmosphere with Na + at the origin
and R1=9.95 A from it, filled with 132 water molecules at 25°C. 3
Na+: dark blue and 4 Cl-: dark cyan.

Ca®", Sr**, and Ba*") in an aqueous solution at 25°C of SPC/
E water potential (N,,=215) using Ewald employing the
Gear algorithm reported that D,, is in the range of
2.46-2.62x 107" m%/s [17].

In Table 6, roughly speaking, D, with ©=0.05A" in-
creases up to the A7 MD system with slow decreases as ¢
increases, while D, with x=0.10 A~! has almost the same
values up to the A6 MD system with sudden decreases, and
D,, with £=0.25 A™" decreases monotonically up to the A6
MD system with sudden decreases. The behavior of Dy, with
k=010 A" seems to be the most reasonable one: D,, has
almost the same values up to n=36 Na"(Cl") ions and
decreases suddenly for n=72, 108, and 144.

In a study of the system-size dependence of translational
diffusion coefficients and viscosities of pure water in mo-
lecular dynamics simulations under periodic boundary
conditions [30], for a cubic simulation box of length L, the
diffusion coefficient is corrected for system-size effects as
Dy =Dppc +2.837297 kgT/(6r1L), where Dppc is the diffu-
sion coeflicient calculated in the simulation, kg is the
Boltzmann constant, T is the absolute temperature, and # is

Time (ps)
— Al 00 A4 Na-Cl
...... A3 o---0 A8 Na-Cl
--- A5 ¢--¢© A4 Cl-Na
-- A7 A--A A6Cl-Na
----- A9

F1GURE 7: Logarithm of residence time correlation functions for the
hydrated SPC/E water molecules at 25°C in the first hydration shell
of Na+ and Cl- and that for Na+or Cl-in the coordination shell
around Cl- or Na+ with R1=9.95A obtained from our MD
simulations with x=0.10 A - 1.

the shear viscosity of the solvent. Using T=298.15K and
L=39.1009 A for our systems and # = 0.854 cP at 300 K, Dy-
Dppc=0.1856 x 10~ m*/s which is quite small, compared to
our calculated D, =2.02-2.84 x 10" m?/s with k=0.10 A~
(Table 6). This correction for D,, is not included in this study.

A recent study [31] reported that the effect of salt on the
dynamics of water molecules follows the Hofmeister series.
For some structure-making salts, the self-diffusion coeffi-
cient of the water molecules, D,,, decreases with increasing
salt concentration and for other structure-breaking salts, D,
increases with increasing salt concentration c. Both ratios of
experimental and simulation D,, (NaCl)/D, (bulk) almost
linearly decrease with ¢ up to 0.75 and 0.5 at c=4 M.

A more recent study [32] reported that when used with a
good-quality water model, e.g., TIP4P/2005 [29] or E3B [33],
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TaBLE 6: Water diffusion coefficients (10™° m?/s) at 25°C employing a velocity Verlet algorithm, where # is the number of (Na* + Cl") ions.

System (n) k=0.05A" k=010A"" k=025A"
Al (2) 2.74 2.81 2.68
A2 (4) 2.76 2.79 2.66
A3 (8) 2.80 2.82 2.64
A4 (16) 2.87 2.82 2.62
A5 (36) 3.01 2.84 2.52
A6 (72) 3.15 2.80 2.38
A7 (144) 3.25 2.58 2.05
A8 (216) 3.14 2.32 1.76
A9 (288) 2.94 2.02 1.51

this method recovers the qualitative behavior of the water
diffusion trends of experiment shown that the water dif-
fusion coefficient increases in the presence of salts of low
charge density (e.g., CsI), whereas the results of simulations
with nonpolarizable models show a decrease of the water
diffusion coefficient in all alkali halide solutions.

3.8. Energetics. Equations (7) and (8) have 18 potential
energies, which are (1) water-water, (2) water-Na", (3)
water-Cl’, (4) Na*-Na™, (5) CI"-CI’, and (6) Na™-Cl" LJ
potential energy and the corresponding electrostatic
(Coulomb) energy in real and reciprocal spaces for the
Ewald sum. The important potential energy that deter-
mines the molar conductivity of an electrolyte can be the
electrostatic energy of ion-ion in real space and reciprocal
spaces for the Ewald sum. In Table 7, we compared the
average electrostatic energies of the electrolytic system
obtained using the Ewald sum of x=0.10A"" and the
velocity Verlet algorithm. Na™-Na* and CI™-Cl" electro-
static energies in real space increase monotonically as the
number of Na*(Cl") ions increases and the corresponding
Na®-Cl" energy also increases negatively, whereas the
corresponding electrostatic energies in reciprocal space
increase and decrease with the number of Na*™(Cl") ions.
The ion-ion electrostatic energy in real space seems to be
more important than in reciprocal space when deter-
mining the molar conductivity of an electrolyte. Ion-ion
electrostatic energy, which increases monotonically in
real space with the number of Na*(Cl") ions, positively or
negatively, retards the diffusion of ions. In conclusion,
the molar conductivity of the electrolyte decreases with
the concentration of the electrolyte.

The molar conductivity of an electrolyte is found to
vary with the concentration. One reason for this variation
is that the number of ions in the solution might not be
proportional to the concentration of the electrolyte (that
is, a strong or a weak electrolyte). Second, because ions
interact with each other strongly, the conductivity of a
solution is not exactly proportional to the number of ions
present. Figure 8 shows the sum of diffusion coeflicients
(O) of all ions multiplied by nin D4 to Dag in Table 3 for
systems Al to A9 for k=0.10 A™". The sum of the “Ideal”
diffusion coefficients (---) of all ions obtained from Dy,
multiplied by 7 in Table 3 for all identical systems is also
shown. Here, of course, the molar conductivity of a so-
lution is exactly proportional to the number of ions

TaBLE 7: The average electrostatic energies (k]/mol) per ion of the
electrolyte systems using Ewald sum with x=0.10 A~ employing a
velocity Verlet algorithm, where 7 is the number of (Na* or Cl7)
ion(s).

Na*-Na* Cl-cr Na*-CI’

System (n

Y ) Beal Beal Real reciprocal
reciprocal reciprocal
Al (1) — — — — 029 383
A2 (2) 0.00 13.4 0.93 15.7 -11.0 -2.16
A3 (4) 1.70 30.9 2.89 26.5 -23.3 -7.59
A4 (8) 6.86 33.2 6.67 34.9 —48.2 -18.0
A5 (18) 34.1 38.0 29.9 39.3 -100 -42.8
A6 (36) 52.8 34.5 42.7 31.7 -131 -32.9
A7 (72) 107 15.9 90.2 14.1 -193 —-13.5
A8 (108) 182 14.4 162 12.8 -272 -11.9
A9 (144) 257 491 232 4.61 —347 —4.05
800 T T T T T T T T T T T T

600

Q 400

200

&
0 50 100 150
Number of Na* (Cl7) ion(s)
O—O MD result
--- Ideal

F1GuRre 8: Sum of diffusion coefficients of all the ions in the systems.
MD result: multiplied by n in DA1 to DA9 in Table 3 for systems A1l
to A9 for x=0.10 A — 1 and ideal: obtained from DA1 multiplied by
n in Table 3 for all identical systems.
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present. The deviation of the sum (O) of the diffusion
coefficients from the “Ideal” diffusion coefficient (---) is
due to the delay of the moving ions due to the strong ion-
ion electrostatic interaction in real space as described
above.

4. Conclusions

We have carried out molecular dynamics (MD) simulations of
NaCl in SPC/E water at 25°C to calculate the molar conductivity

., of NaCl as a function of NaCl concentration (¢) using
Ewald sums employing a velocity Verlet algorithm.

It is found that the structural properties of the MD systems
with different « are totally different. The obtained ion-ion radial
distribution functions g;; (r) with x=0.25 A7 show the ordi-
nary behavior similar to the ion-water radial distribution
functions glw (r). However, those functions g;(r) with
x=0.10 A" give a dramatic change with a very deep minimum
of gnaci(r) and, as a result, sharp maxima of gnun, () and gaia
(r) at the distance R, =9.95A. The ratios of nxuc; (Ry)/(Nnana
(Ry))+1) and ngp, (Rl)/(ﬂclcz (Ry)+1) for the A5~A9 MD
systems with x=0.10 A™" are greater than 1 which indicates a
characteristic of ionic atmosphere. This is the actual evidence of
the basis of the Debye-Hiickel theory of ionic solutions.

It is also found that the MD result for A,, of NaCl with
Ewald sum parameter x = 0.10 A~ gives the closest one to the
experimental data. The behavior of A,, is close to the ex-
perimental date except at very low concentrations which are
much higher than the experimental data. The analysis of
radial distribution functions, hydration numbers, coordi-
nation numbers around Na* and Cl7, residence times of
water around Na™ and CI~, water diffusion, and ion-ion
electrostatic energies support this finding. It has been found
that the ion-ion electrostatic energy in real space plays an
important role in explaining that the molar conductivity of
the electrolyte decreases with concentration.

Compared with the experimental data, the best MD results
of Dy,+ and Dy~ for Nnacy =1, 2, 4, 8, and 18 are obtained with
x=0.25 A", This is consistent with the best result for PNy and
Y. in single-ion systems in 1023 SPC/E water molecules. [2]
This indicates that the Ewald sum parameter x=0.25A""
suitable for systems with a small number of ions and 1000 to
2000 water molecules. However, as the number of ions increases
without significant fluctuations in the number of water mol-
ecules, x changes for the best MD results of Dy« and D¢;-. We
conclude that the appropriate value of « is determined by the
number of ions rather than the water molecule.
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