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Constant-temperature constant-pressure molecular dynamics simulations of a two-dimensional aqueous

solution-like system are performed at many temperatures under a constant pressure.

The total number of

molecules in the system is 576, and the mole fraction of the solute is 0.5. The mutual diffusion coef-
ficient, the kinetic diffusion coefficient, and the velocity correlation between different molecules are thus
obtained. The reduced kinetic diffusion coefficient has a maximum at an intermediate temperature under
a constant pressure. This feature is consistent with the temperature dependence of the mean-square-concen-

tration fluctuations.

The lifetime of the local structure is estimated from the cross-correlation function

of displacement, which is computed from the time-averaged configurations, where the average period is

several times longer than the velocity-autocorrelation time.

The correlation length of the local

concentration fluctuations is obtained and compared with the snapshots of the configurations at several
temperatures. The dynamical properties are qualitatively in agreement with those of an alcohol-water mixture.

Local fluctuations of concentration afford informa-
tion which is useful for understanding the mixing of
liquids from a molecular point of view.? In order to
discuss the state of mixing from a dynamical stand-
point, the lifetime of local structures should be taken
into account.? For these reasons, quasi-elastic light
scattering, NMR, and Rayleigh-Brillouin scattering
experiments are performed in order to determine the
mean-square-concentration fluctuations, the mutual
diffusion coefficients, and the correlation length.1-2%
In such studies, solutions with a lower critical solution
temperature are often examined because many thermo-
dynamical quantities of such solutions show a prom-
inent temperature- and concentration-dependence.
Binary mixtures of an alcohol and water are typical
examples. For the present, it is difficult to simulale
such systems with a sufficient number of molecules by
either the Monte Carlo or molecular dynamics (MD)
method using realistic models at many temperatures
and concentrations for a systematic study, although
some works have been published reporting on work at
a few temperatures and concentrations.26-29

In a previous paper,3® a Monte Carlo study of a
2-dimensional (2-D) aqueous solution-like system was
carried out by making use of the 2-D water-like mod-
el.30 This solution model was designed to simulate
binary mixtures of an alcohol and water. This is
suitable for the systematic Monte Carlo calculation
and molecular dynamics of solutions. The mean-
square-concentration fluctuation was calculated as a
function of the temperature, the density and the
concentration. The mean-square-concentration fluc-
tuation has a maximum at an intermediate tempera-
ture. This feature is similar to those of solutions with
upper and lower critical solution temperatures.3® The
concentration dependence of the thermodynamic
properties at low temperatures is qualitatively in
agreement with that of an alcohol-water mixture.30
We perform molecular dynamical calculations on the
same model in this work.

The purpose of the present study is to see dy-
namical properties of a system where the concentra-
tion fluctuates to a considerable extent and to obtain
the mutual diffusion coefficient, the velocity correla-
tion between different molecules, and the lifetime of
the local structure.

We adopt the 2-dimensional (2-D) aqueous solu-
tion-like model.3® The solvent is a 2-D water-like
model, which reproduces the well-known anomalous
behavior of liquid water.31:32  The water-solute
interaction is anisotropic. The solute-solute inter-
action is assumed to be of the Lennard-]Jones type for
the sake of simplicity.

The merits of low dimensions are as follows. (i) We
can save computing time and memory size. This
point is important because we are going to perform
many simulations at various temperatures. (ii) The
linear dimension of the basic cell in the simulation is
larger than that of a three-dimensional cell (3-D)
(576=242=8.33) provided that the total number of
molecules is fixed. Thus, the effect of the periodic
boundary condition would be smaller in the case of
2-D than that in the 3-D calculation with the same
number of molecules. Despite theoretical predictions
that transport coefficients in a 2-D system will diverge,
a computer simulation of a small system can be used
to study the transport properties.3® The shortcoming
of our simulation on a 2-D solution is that there are no
experimental results on any 2-D aqueous-like solution
and that our results must, therefore, be qualitatively
compared with experimental results; we shall use
reduced units.3V

The constant-temperature and constant-pressure
MD(T-P-MD) method is used, because this method is
more convenient for obtaining the temperature
dependence of the system. By T-P-MD, the mutual
diffusion coefficient D353 is calculated for the system
with 576 molecules in a square cell. As the mean-
square-concentration fluctuation of the system has a
maximum around x;=0.5 (x; is the mole fraction of
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the solute),39 the mole fraction of the solute is 0.5 in
this work. The kinetic diffusion coefficient, L, is
derived from the mutual diffusion coefficient D and
the mean-square-concentration fluctuation. We want
here to discuss the temperaure dependence of the
kinetic diffusion coefficient L. The kinetic diffusion
coefficient L includes the Lo term, which equals L
when the velocity correlation between different mol-
ecules can be neglected. As this term Lo also de-
pends on the temperature, the temperature depen-
dence of L will be discussed by means of the reduced
quantities L/Lo. Its temperature dependence will be
qualitatively compared with that in an alcohol-water
mixture.2?

In order to estimate the lifetime of the local
structure, the cross-correlation function of translation
will be studied using the time-averaged positions of
molecules, where the average period is several times
longer than the velocity-autocorrelation time.?? From
the analysis of the cross-correlation of translation, the
size of the “moving unit” will also be estimated; the
“moving unit” is a group of molecules which move
together for a time much longer than the velocity-
autocorrelation time.? This size will be compared
with the static correlation lenght of the local-
concentration fluctuations. It will be shown that
these are consistent with the snapshots of the
configurations at several temperatures.

Molecular Dynamics Method

The 2-D model of an aqueous solution-like system
was described in the previous paper.3® The constant-
temperature constant-pressure MD method was shown
in another paper.3? Therefore, the model and the MD
method will be described only briefly here.

The pair potential Uap between molecules A and B
is given as follows (the suffixes A and B will be used to
express water or a solute, unless otherwise stated):

wa = UK;V(wa) + Uz;vlso(RWW’ Pwis §0W2)’ (1)
Uws = U (Rws) + U‘IS]so(Rws: Ows Ps)s (2)
Uss = UTi(Rss)- 3

Here, Uww is the water-water interaction energy,3?
R s denotes the distance between two molecules A and
B, and ¢, and ¢g, the orientation of the respective
molecules, as is shown in Fig. 1 in Ref. 30. The first
terms in Eqs. 1—3 U{£P(Rag) are the Lennard-Jones
potential functions. The parameter of these functions
and the anisotropic interaction between water and a
solute U¥Rso are given in Ref. 30.

The mass M4 and the moment of inertia I of the A
molecule are assumed as follows for the sake of
simplicity:

My = Mg = 18 (in units of atomic weight) 4)
Iy = Is = 3.34 X 10~* gm?. (5)
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We use the following reduced units.3? The energy E
is measured in units of &£=24.68 k] mol-!, (—e& is the
absolute minimum of the pair potential energy Uww);
the temperature in units of &/ks (ks is the Boltzmann
constant,) and the length, in units of Ro=0.276 nm
which is the hydrogen-bond length in Uww. The
pressure P is measured in units of /R

The T-P-MD simulations of the system mentioned
above3® are performed at many temperatures under a
constant pressure (P=0.17 &o/Ro?). This value of the
pressure is a representative one in the 2-D aqueous
solution.3® The system consists of 576 molecules in a
square unit cell with the periodic boundary condition.
The mole fraction of the solute xs is 0.5 in this work,
since a solution with this concentration is interesting
because of the large mean-square-concentration
fluctuation.3® The dynamical equations are inte-
grated with the time increment:

At = 0.435 x 10-15 (6)

by the predictor-corrector method. In our standard
run, 60000 steps are spent for the aging of the system.
After this, the 60000-step run is performed twice a
least; from these runs the statistical averages are
obtained.

The constant-temperature MD mehod by Nosé3? is
used, combined with the constant-pressure MD
method of Andersen.3”? Some things special to these
methods has heen described elsewhere.3?

Mutual Diffusion Coefficient

In a binary liquid system there are three diffusion
coefficients, viz. the two self diffusion coefficients and
the mutual diffusion coefficient. The former are
calculated from the mean-square displacement or
from the velocity autocorrelation3® in the MD
simulation. The latter is interesting in solutions with
local concentration fluctuations.?  The mutual
diffusion coefficient can be obtained from the mean-
square displacement of the center of mass of all water
molecules <Rwcm(t)2> as follows:3®

_ Q My 2 49
D= ENowes [(—Ms )0w+0sJ tlif:: —at—<chu(‘)2>:

@

where ca is the concentration (number density) of the
species A, the velocity of the center of the mass of
the system is fixed as 0, N is the total number of
molecules in the system and Ma is the mass of the
species A. The quantity Q is often called the
thermodynamic factor and is defined as:
Q= XwXg

N(Ax)%

where xa 1s the mole fraction of the species A and
where <(Ax)2> is the mean-square-concentration
fluctuation.3® The mean-square-concentration fluc-

(8)
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Table 1. Thermodynamic and Transport Properties of the 2-D Aqueous Solution Using
Micro Canonical MD and Constant-Temperature Constant-Pressure MD
Micro canonical MD T-P-MD

Run 1 Run 2 Av. Run 1 Run 2 Av.
T[eghg™t 0.230 0.231 0.230 0.229 0.229 0.229
PleyR,2 0.130 0.137 0.134 0.131 0.131 0.131
A/NR? 1.296 1.296 1.296 1.302 1.332 1.317
E[Ne, —0.605 —0.608 —0.606 —0.601 —0.592 —0.596
N{(A%)%) 1.19 1.29 1.24 1.36 1.35 1.36
Dw/10-7 m?s-1 0.355 0.313 0.334 0.319 0.341 0.330
Dg/10~7" m?s™1 0.311 0.337 0.324 0.348 0.417 0.383
D/10-" m?s™! 0.204 0.156 0.180 0.211 0.137 0.174

T is the temperature, P is the pressure, 4 is the total area of the system, E is the potential energy,
{(Ax)?) is the mean square concentration fluctuation, Dy and Dg are the self diffusion coefficients of the

water and the solute, and D is the mutual diffusion coefficient.
the total number of molecules in the system N=576.

tuation is calculated using the radial-distribution
function.30

Although it has been proved that the sufficient
averages of the static quantities are the same in micro
canonical MD and in T-P-MD,34:39 nothing is known
about the mutual diffusion coefficient. For this
reason, typical examples of calculations in the two
methods are compared in Table 1. The results are not
very different from each other for the micro canonical
MD and T-P-MD.

As the mutual diffuion coefficient D has the
thermodynamic factor Q, the kinetic diffusion co-
efficient L is more directly related to velocity
correlation functions between different molecules:39

D=QL, 9)
with:
(10
(11)

(12)

L = L, + xwxs(Dww+ Dss—2Dws)
L, = xsDy + %wDs,

Dan = [} Ceadt)oa, O3, %)

where va; is the velocity of an i-th molecule of the
species A. Da is the self-diffusion coefficient of the
species A. By the use of Eq. 10, the trend of the
cooperative translation in the binary mixture can be
seen from the comparison of L with Lo, because the
second term in Eq. 10 comes from the velocity
correlations between different molecules. At the same
time, we would like to discuss the temperature
dependence of L by means of the reduced quantity
L/Lo since the first term Lo in Eq. 10 also depends
on the temperature. The temperature dependence of
L/Lo is shown in Fig. 1. The reduced kinetic
diffusion coefficient L/Lo has a maximum value
around T=0.24 &/ks. The mean-square-concentra-
tion fluctuation also has a maximum value around
the same temperaure (Fig. 7 in Ref. 30). The second

The mole fraction of solute x5=0.5,

T T
6 2D solution
-2
| P=0.17€Ry. |
X5 =0.50
Sa4t 1
=1} _
| I
a
0 1 1
0.20 0.25 4030 0.35
TIEgkg
Fig. 1. Plot of the reduced kinetic diffusion coef-
ficient L/L, vs. temperature 7T, at P=0.17 ¢,/R?,
Xs=-0.5.
1.0 T T T T
2D Solution
T=0.236€0kg
P=0.17€R5’

fas(t)

t/ps

Fig. 2. The correlation function of velocity fyg(t) vs.
time t. T=0.236 ¢y/kg, P=0.17 &/Ry?, x3=0.5.

point to be mentioned about Fig. 1 is that the value of
L/Lo 1s larger than 1.

The experimental values in a binary solution of -
butyl alcohol and water are as follows: L/Lo= about
2 at 24°C and about 5 at 63°C.2Y The order of
magnitude of L/Lo shown in Fig. 1 is comparable to
the experimental results.2) The temperature depen-
dence below about 0.24 &/ks in Fig. 1 is qualitatively
in agreement with such results.2?

As the value of L/Ly is larger than 1, the general
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tendency for the same species to move in the same
direction is seen in this solution. In order to see this
more directly, the correlation functions of velocities
between the different molecules are shown in Fig. 2.
The correlation functions of velocities fag (t) are
defined as follows:

_ vai(t)-v5,(0))
v4:(0)-v5,(0))’

The normalization constants at temperature 7=0.236
€o/ks are given below:

(Owi(0)-vw;(0)> = —0.7 X 10®m?s-2,
(owi(0)-05;(0)> = —0.8 x 10°m?s-2, (14)
(0s:(0)-05,(0)> = —0.7 X 10®m?s-2,

From Eqs. 12—14 and Fig. 2 it may be seen that Dww
and Dss are positive, while Dws is negative. The
tendency mentioned above for the same species
generally to move in the same direction may be seen
again in Fig. 2.

There are two time constants in the correlation
functions in Fig. 2. They are 0.05ps and 1 ps. As
these time constants are derived from all the pairs in
the system they are not adequate for an examination of
the lifetime of the local structure. For this reason, the
lifetime will be studied in a different way in the next
section.

Jas(?) (i%J). (13)

Il

I

Lifetime of the Local Structure

In this section, we will estimate the lifetime of the
local structure due to fluctuations in the concentra-
tion. An oscillatory motion of water molecules is seen
at low temperatures and densities, as is shown in Ref.
32. Therefore, we use the time-averaged configuration
in order to obtain the lifetime of the local struc-
ture.3? The configuration is averaged over a period of
0.13 ps which is several times longer than the veloc-
ity autocorrelation time. We calculate the cross-
correlation of displacement as in the case of the
estimation of the lifetime of the hydrogen-bonded
local structure in 2D water.3? When the position r; of
i-th molecule at time t=0 is denoted as r?, the dis-
placement of the molecule i is r—r?. Figure 3 shows
the cross-correlation of the displacement of the mol-
ecules i and j <(r—7?)-(r;—1°)> where the following
conditions, with the molecular distance Rj set at t=0:

1.5R0 <Rij(0) <2-5R0 (i.e. Rtj(O)—2Ro),
3.5R,<R(0)<4.5R, (i.c. Ri;(0)—4Ry), (15)
5.5R,<Ry;(0) <6.5R, (i.e. Ry;(0)—6R,).

The linear part of the cross-correlation function
extends up to 3X10 ps in the case of R;j{0)—2R,. The
tangent of this linear part is about 25% as large as that
in the case of (=j. Thus, this figure shows that the
molecules i and j with R;—2Ro at t=0 move
collectively in nearly the same direction over a period
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Fig. 3. The cross correlation function {(r;—ry?).

The initial conditions in sta-
T=0.236 ¢,/kg,

(rj—rj°)> vs. time t.
tistics are indicated in the figure.
P=0.17 &/Ry?, x3=0.5.

of about 3X10 ps.

As the molecular distance at t=0 increases, the cross-
correlation decreases, as is shown in Fig. 3. We
tentatively use one-tenth of the correlation in the case
of 1=y (the dotted line in Fig. 3) as the criterion to
determine whether or not the cross-correlation is
sufficiently large. By this criterion, we see that the
correlation length of translation is about 4R in Fig. 3.

The cross-correlation time and the length of the
solute-solute pair are about the same as those of the
water-water pair at 7=0.236 and 0.270 eo/ks. At low
temperatures, the length of the MD run was not
enough to determine the correlation length. The
temperature dependence of the cross-correlation time t
and length §ins are as follows:

(T =0.202 ¢y/kg) = 9 X 10 ps, run length=131 ps,
7(T=0.236 eo/kg) = 3 X 10 ps, &irans=4R,,
run length=131 ps,

7(T=0.270 £5/ks) = 4 ps, Eirans = 3Ry,
run length =104 ps,
(16)

where the length of the MD run used in the analysis is
also shown. The value of the correlation time at
T=0.202 ¢/ks listed above is only a tentative one,
because the MD run was not long enough to
determine such a long correlation time (9X10 ps).

Correlation Length of Concentration Fluctuation

In the preceding section, the cross-correlation
length of translation was estimated. Now we are
going to obtain the static correlation length of the
local fluctuation of concentration.

There are many definitions of the correlation length
in a solution.2®% We define the following function
using radial-distribution functions:
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6 2D Solution
| - T=0.236€0k3’ |
— T=0.270
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uww(R) + 95g(R) - 2gy5(R)

R/Rg

Fig. 4. The distribution function Ag(R) defined in
Eq. 17, at T=0.236 and 0.270 &,/ks, P=0.17 ¢,/
R2, x5=0.5.

Ag(R) = gww(R) + gss(R) — 2gws(R) 17)

because the integration of this function with respect to
the molecular distance R is proportional to the excess
mean-square fluctuation in the concentration (cf. Eqs.
2.12, 2.19 in Ref. 30):

N{(Ax)%) = xwxs + ——N—(chxs)2 Ag(R)d?R, (18)
4 0
where A4 is the total area of the system.

This function Ag(R) is plotted at 7=0.236 and 0.270
&/ks in Fig. 4. At the point shown by an arrow, the
function is 0. As the function Ag(R) is positive in the
0.8Ro<R<4Ro range at T=0.236 &0/ ks, we can see that,
in this case, the same species have a tendency to gather
in the region where the molecular distance is less than
4Ro. This length 4Ro is identified with the static
correlation length of the local-concentration fluctua-
tion in this work. The correlation length at T7=0.270
g0/ ks 1s 3Ro. It was difficult to estimate the correlation
length at low temperatures by this method because the
radial-distribution functions oscillate frequently with
a large amplitude (cf. Fig. 18 in Ref. 30).

In order to confirm the correlation length men-
tioned above, typical configurations at several
temperatures are shown in Fig. 5. Circles with a
rectangular indication are water molecules; circles
without a rectangular indication mean solutes. The
stable pair with a pair energy larger than 0.55 & is
connected by a straight line.

There are many water-rich regions and solute-rich
regions at T=0.236 &/ ks, and the characteristic radius
of these regions is about 4Ro. The radius of these
regions at T=0.270 &/ ks is seen as about 3Ro. These
values are in agreement with the correlation length
determined by Ag(R). The radius of the water-rich
region at a low temperature (T=0.202 e/ ks) is read as
511 Ro while that of the solute-rich region is about
3+1 Ro.
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T=0.270€0ks' P=0.17€0Rs> X5=0.50

o S i B

Fig. 5. Some examples of configurations. Circles with
a rectangular indication are water molecules, where
the diameter is the Lennard-Jones parameter oy
(=0.212 nm). Circles without a rectangular indica-
tion mean solute and the diameter is ggg(=0.228
nm). The stable pair with bond energy larger than
0.55 ¢, is connected by a straight line. P=0.17 g/
R,2%, xs=0.5.
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Although the present model is too simple, let us
compare the correlation length obtained with that in
the real system, as we have no experimental results on
any 2-D aqueous-like solution. The correlation
length observed in a 2-butoxyethanol-water mixture
at 23 °C is about 2 nm.29 The order of magnitude of
our correlation length (5R¢=1 nm) is in agreement
with such an experimental result.25

A few configurations are shown in Fig. 5 because it
is easier to see some examples of configurations in a
2-D solution than in a 3-D solution. However, it
should be noted that the configurations shown in Fig.
5 are special, as they depend on the model assumed.
The present model has a tendency toward phase
separation at an intermediate temperature (around
T=0.236 €0/ ko) This feature is seen by the temperature
dependences of the mean-square-concentration fluc-
tuation, the reduced kinetic diffusion coefficient, and
the free energy.3® The temperature dependence of the
mean-square-concentration fluctuation is as follows:

N{(Ax)2) = 0.55 + 0.05, T = 0.202 &y/kg,
N{(Ax)?) = 1.3+ 0.3, T = 0.236 ¢,/ks, (19)
N{(Ax)?) = 0.67 + 0.08, T = 0.270 £,/kg,

where pressure P=0.17 g0/ Ro2.
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