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Molecular Dynamics Simulation of Liquid Water
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A molecular dynamics simulation has been performed for a fluid system containing 1000 water molecules
confined to a cubical box at mass density 1 gcm™3, where the ST2 type intermolecular potential has been used.
Newtonian equations of motion of molecules were solved according to the method of constraints proposed by
Ryckaert et al. Atomic radial distribution functions and corresponding partial structure functions at 24 and
93 °C were given and compared with theoretical calculations for the pentamer-monomer mixture model and
neutron diffraction data. The agreement among the three was found to be satisfactory on the whole. In order to
investigate how profoundly the periodic boundary condition influences upon the calculated values, the differ-
ence between the hydrogen-bonding behavior of molecules near the boundary and that of those in the central
part of the box was examined into details. The population of hydrogen bonds near the boundary was found to
be about 10% lower than that in the central part including about 210 molecules. In addition to these static

properties the self-diffusion process was investigated.

The study of the properties of computer model has
played a very important role in the development of the
theories of liquid. It has been the case in the theories
of molecular fluids. With respect to liquid water, such
models have provided valuable information!? neces-
sary for constructing theoretical models of the lig-
uid.>4% Since the first comprehensive works by
Rahman and Stillinger,! simulation calculations of
liquid water have been performed for various poten-

tial models such as ST2, MCY etc.,5"1% though no

decisive results have been obtained until present.

The equilibrium structure of a molecular fluid is
described in terms of partial structure functions,
a.+(Q), which is related to atom pair (s,s’) correlations.
Recently, we have calculated three partial structure
functions, aoo(Q), aou(Q), and ayu(Q),® according to
a theoretical calculation procedure!®~1” proposed for
obtaining structure factors of a fluid composed of
molecular clusters of various sizes. A substantial
agreement was found between the calculated and
experimental values.

In order to push forward the study of the liquid
structure of water further, we have attempted, here, a
computer simulation study for the fluid system con-
taining 1000 water molecules. 1t is straightforward to
calculate the partial structure functions a.(Q) and
others using computer simulation techniques. In this
paper we present first the results of partial structure
functions obtained from the molecular dynamics sim-
ulation. The results are compared with neutron dif-
fraction data!”-'® and our preceding theoretical calcu-
lations for the pentamer-monomer mixture model.1517
Further discussions on the simulation calculation are
given.

Molecular Dynamics Simulations

As a model of liquid water we used the ST2 mole-
cules of Stillinger and Rahman.? Molecular dynamics
simulations were performed for a system of N=1000
water molecules confined to a cubical box, being sub-

jected to periodic boundary conditions. The mass den-
sity was fixed at 1 gcm™3, so that the cube edge length
was 31.03 A. In evaluating potentials and forces the
interaction between two molecules was neglected
when the oxygen-oxygen distance was larger than a
cut-off distance r.. The cut-off was placed at 7.=8.46 A.

Newtonian equations of motion were solved by the
method of constraints described by Ryckaert et al.1?
This method was devised originally to deal with the
problem of large molecules having internal degrees of
freedom, and it has a general applicability. The
method of constraints is based on the cartesian equa-
tions of motion of individual atoms, being simple to
implement. The time increment At for numerical
integration of the equations of motion was taken to be

At=1.0X10"18s,

To take the molecular dynamics statistical average,
we utilized a period of 10000 A¢t. Molecular dynamics
runs were generated at two distinct temperatures, 24
and 93 °C; they correspond to fixed total energies of
—110 ¢ and —91 ¢ respectively, where ¢ is 0.07575 kcal
mol~! (1 cal=4.184 J). The total energy was monitored
every 10 steps of 4¢, and if it had drifted by +0.04 ¢ (on
the average every 500 steps) all velocities were rescaled
to recover the initial energy value.

Results and Discussion

Radial Distribution Functions. Figures 1 and 2 show
the atomic radial distribution functions goo(7), gou-
(r), and gyy(r) obtained from the molecular dynamics
runs for the ST2 model for 24 and 93 °C, respectively.

Partial Structure Functions. The partial structure
functions a.(Q) are related to the atomic radial distri-
bution functions g (r) by the expression

0 (Q) = 4 (g (1) —111%(Q1)dr, )

where jo(x)=sinx/x, s and s’ label nucleus species, and

0=|0| (G: the scattering vector).
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Fig. 1. Radial distribution functions at 24°C. Fig. 2. Radial distribution functions at 93°C.

Now, we can calculate the partia] structure func-
tions a.(Q) for the ST2 model by using the molecular
dynamics results of g.(r) given in Figs. 1 and 2. The
calculated apo(Q), aou(Q), and ayy(Q) functions for
24°C are shown in Figs. 3—5, respectively, and are
compared with the corresponding neutron diffraction
data of Thiessen and Narten'® as well as with the
preceding theoretical calculations for the pentamer-
monomer mixture model.!» The agreement among
those three is satisfactory on the whole.

We calculated the total coherent neutron structure
factor Sm(Q) by using the three partial structure func-
tions a,(Q) given in Figs. 3—5. The structure factor
Su(Q) is defined as a sum of partial structure factors

Sss'( Q)ls)
Sm(Q) = (bo +2bn)"4[bo%Soo(Q)
+ 4bobuSon(Q) + 4bu2Sun(Q)], (2)

where b is the coherent scattering length of nucleus s,
and

Soo(Q)= 1+ apo(Q),

Son(Q)= aon(Q) + Yon(Q),

Sun(Q)=(1/2)+ am(Q) + (1/2)Yuu(Q).
The Y(Q) is generally approximated by

Yes(Q) = jo( Q7ssr)exp( — Vss’Q2),

where ry is the distance between the s and s’ nuclei,
and (27.y)? the rms variation to the distance r,y. Fig-
ure 6 shows the calculated Sn(Q) curve, together with
the corresponding observed datal” and the previous
result for the pentamer-monomer mixture model.!?
As seen in Fig. 6, the present values are in good agree-
ment with the observed data as well as with the ones
for the pentamer-monomer mixture model.

Here, the agy(Q) and ayy(Q) curves, shown in Figs. 4
and 5 respectively, are of particularly interest. First,
taking account of experimental difficulties in deter-
mining partial structure functions, it can be said that
the present aou(Q) and ayy(Q) curves essentially repro-
duce the corresponding observed data, and also that
the agreement between the agu(Q) and ayy(Q) curves
for the ST2 model and the pentamer-monomer mix-
ture model is remarkably good on the whole. These
results seem to show the effectiveness of the pentamer-
monomer mixture model for describing the equili-
brium structure of liquid water. The ST2 model has a
strong tendency for water molecules to form tetrahedrally-
coordinated structures. The dominance of a tetrahed-
ral configuration as the local environment around a
molecule on the average is essential for liquid water.
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Fig. 3. O-O structure function aoo(Q) at 24°C in comparison
with the observed data® and the calculated ones for
pentamer-monomer mixture model (p-m model).1®
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Fig. 4. O-H structure function aon(Q) at 24°C in comparison
with the observed data® and the calculated ones for
pentamer-monomer mixture mode].1®
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Fig. 5. H-H structure function ann(Q) at 24°C in comparison

with the observed data® and the calculated ones for
pentamer-monomer mixture model.1®
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Fig. 6. Coherent neutron structure factor So(Q) at 24°C in

comparison with the observed data!” and the calculated ones for
pentamer-monomer mixture model.1?
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Fig. 7. Parual structure functions at 93°C in
comparison with the corresponding ones calculated
for pentamer-monomer mixture model.1?

This feature should always be taken into consideration
in constructing a theoretical model of water. In the
pentamer-monomer mixture model, liquid water is
regarded as an equilibrium mixture of the tetrahedral
hydrogen-bonded pentamers and the non-hydrogen-
bonded monomers.?1” The present results show that
the pentamer-monomer mixture model can describe
the overall structural properties of liquid water.
Seeing further details, some discrepancies are found
for the ago(Q) curves shown in Fig. 3; a double peak
appears in the observed curve around Q=2.5 A~!, but
for the ST2 curve at 24 °C the double peak is quite less
impressive and the right peak is too high. The similar
situation was seen in the simulated X-ray scattering
intensity curves due to Rahman and Stillinger for the
BNS potential system at 34.3 °C.Y An improvement is
considered to be achieved by allowing the simulations
to incorporate the nonrigidity of water molecules.5 14
In Fig. 7 the molecular dynamics a(Q) curves for
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the ST2 system at 93 °C are given in comparison with
the calculated curves for the pentamer-monomer mix-
ture model. In Fig. 8 the Sn(Q) curve for the ST2
system at 93 °C is shown, together with neutron dif-
fraction data.!”

Effects of the Periodic Boundary Conditions on Dis-
tributions of Hydrogen Bonds. In a molecular
dynamics simulation of liquid systems, a periodic
boundary condition is required in order to minimize
surface effects, and the influences of artificial correla-
tions imposed by the condition have been believed to
be satisfactorily small for substantially large cells. For
hydrogen-bonded fluids like water, however, there is a
possibility that the periodicity condition affects the
aspect of “‘hydrogen bonding”’ between molecules. In
the following we examine the effects of the periodic
boundary condition on distributions of hydrogen
bonds.

In measuring the degree of hydrogen bonding, we
follow a guideline due to Rahman and Stillinger.? If
the interaction energy for a given pair of molecules lies
below an assigned negative cut-off energy Vus, the pair
is hydrogen bonded and if their interaction equals or
exceeds Vus, they are not hydrogen bonded.

In order to see the degree of hydrogen bonding near
the surface of the box, we classify molecules into two
groups, and calculate separately the distributions of
hydrogen bonds for each group;

group I: 0.2L<x; y), <0.8L
group II: xj, y;, 27<<0.2L and x;, y;, z>0.8L

where L is the edge length of the cubic box and x;, y;,
and z; are the center of mass cartesian coordinates of
molecule 5.

In Fig. 9 we show the distributions of hydrogen
bonds thus obtained for five different values of Vus.
These were determined by averaging over a period of
1000 At. From the comparison between the histograms
for group I (about 210 molecules in the central part of
the box) and those of group II (about 790 molecules
near the surface), it is seen that the mean of the distri-
bution for group II clearly shifts to lower numbers of
hydrogen bonds. The population of hydrogen bonds
which are destroyed near the surface is estimated
roughly to be 10%. The cause of lowering of the degree
of hydrogen bonding in group II is supposed as in the
following. The periodic boundary condition clearly
constrains the freedom of the molecules in motion
near the surface of the box on the whole. This con-
straint subjected to the condition, probably that
with respect to the rotationary degree of freedom of
molecules, is considered resultantly to shift the degree
of hydrogen bonding in group II to a lower magnitude
than that in group I. Thus, it can be said that in the
present simulation the molecules in group I (about 210
molecules) as the inner part resemble more exactly to
the real water. In order to avoid such effects due to the
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Fig. 8. Coherent neutron structure factor Sm(Q) at 93°C in
comparison with the observed datal” and the calculated ones for
pentamer-monomer mixture model.1?
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Fig. 9. Effects of periodic boundary conditions on distributions of hydrogen bonds. The results were

obtained for 24°C.

periodic boundary conditions in a simulation of lig-
uid water, the total number of molecules is desired to
be as large as in the present simulation.

Self-Diffusion Process. The normalized velocity
autocorrelation function for the molecular center of
mass motion is given by

W) = <ERTOTO>/<ETTOE>,  ®)

where 7; is the center of mass velocity for molecule j.
Figure 10 gives the normalized velocity autocorrela-
tion function ¥(t) at 24°C, including the simulation
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Fig.10. Velocity autocorrelation function for the
molecular center of mass motion at 24°C in
comparison with the ones for MCYL model given by
Lie and Clementi.!®

calculation of Lie and Clementi for the MCYL model
at 27°C.1¥ The present result is consistent with the
results of Stillinger and Rahman’s simulations?
expected at the corresponding temperature. Then, we
find that the curves for the ST2 and MCYL models
substantially resemble each other on the whole,
although a more pronounced oscillatory behavior after
the first negative region appears in the ST2 curve.

The self-diffusion coefficient D can be calculated by
means of a Green-Kubo relation. Using the (t) curve
given in Fig. 10, we obtain 2.8X1075 cm?s™! for the
ST2 model at 24°C. This value is consistent with the
results of Stillinger and Rahman extrapolated at the
corresponding temperature.
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