1522 © 1984 The Chemical Society of Japan

Bull. Chem. Soc. Jpn., 57, 1522—1527 (1984)

[Vol. 57, No. 6
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Molecular dynamics simulations of a water-like system are performed at many temperatures and densities. A

2-dimensional model of water is used for the system with 144 molecules in a square cell.

The calculated

self-diffusion coeffcient and the dipole direction relaxation time are in good agreement with the observed values
in a wide temperature-pressure plane. Cross correlation function of displacement and local orientational order
parameter are computed by the time-averaged configurations, where the average of period is several times longer
than the velocity correlation time. The cross correlation is observed even in the third neighbor pairs, which
proves the existence of hydrogen-bonded local structure. The lifetime of this local structure is about 2X10 ps at
low temperatures and low density, where density maximum is known. The lifetime of the unstable species with
a rather high energy is found to be about 0.5—2 ps at low temperatures and low density.

In the first paper of this series,? it was shown that a
simple 2-D model of water can reproduce main features
of the thermodynamical behavior observed in real water
over a wide region of the liquid state. In the present
article, we shall study dynamical properties of 2-D
water by molecular dynamics (MD) simulations.

By MD method, Rahman and Stillinger and others?
studied static and dynamic properties of liquid water.
However, a systematic study is not yet performed on the
density dependence of the dynamical properties of
liquid water. For this reason, we are going to perform
MD simulations at many temperatures and densities.
The dipole direction relaxation time and the self-
diffusion coefficient will be calculated as a function of
temperature and density. The effects of compression on
these quantities which are in good agreement with
experimental data39 will be discussed. The present
paper also deals with the lifetime of the local structure
in liquid water which is not examined so far. Because
water molecules perform oscillatory motion within the
framework of hydrogen-bonded local structure, the
configuration is averaged over a period longer than the
correlation time of velocity. The lifetime of the local
structure will be calculated by two methods, the cross
correlation function of displacement and the local
orientational order parameter. The dynamics of the
unstable molecule which is not well bound in the
hydrogen-bonded cluster will be also studied. The
concentration of the unstable species will be obtained
as a function of temperature and pressure and will
be compared with the results of the two-state model
analysis of real water.

Molecular Dynamics Method

Classical mechanics describes the time evolution
of our 2-D water system. The Hamiltonian H for N
rigid rotor molecules consists of kinetic energy for
translational and rotational motions, plus interaction
potential energy.
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The linear and angular velocities are denoted by v

and ¢.
The pair potential U consists of a Lennard-Jones

potential and an anisotropic potential Uanis multi-
plied by a switching function S:
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where Rz denotes the distance between two molecules
1 and 2 and ¢: and ¢ the orientations of the respec-
tive molecules. The switching function S cuts down
the anisotropic potential for R12<R; and for Ri12>Rs.
The details are shown in Ref. 1.

The mass of the molecule m is 18 in units of atomic
weight and the moment of inertia I is 3.34 X104 g m2.
For simplicity, the center of mass is assumed to be the
center of the molecule (see Fig. 2 of Ref. 1).

We shall use the following reduced units.? The
energy E is measured in units of £=24.68k J/mol, ( —&o
is the absolute minimum of the pair potential energy,
t.e. & is the hydrogen bond energy), the length in
units of Ro=27.6 nm and area per molecule 4 in
units of Ro2. Pressure P is measured in units of €o/Ro?.
(If we replace Ro? by Ro3, new reduced units can be ap-
plied to the three-dimensional real water. Such reduc-
tions of units are of course only a convention, and
therefore one should be satisfied with semiquantita-
tive comparisons between the 2 D model and real water).
Temperature T is measured in units of &/R, where
R is the gas constant which is not shown explicitly
hereafter. As for the time units we use three kinds of
units:

1) Time unit for rotation
130T = (I/e,)/? = 2.86 x 1075,

2) Time unit for translation (3)
t3R = (mR2[e,)/2 = 2.37 x 107135,

3) and real time scale s.

Our system consists of 144 molecules in a square unit
cell with periodic boundary condition. The coupled
dynamical equations are numerically integrated® with
time increment

At = 0.870 X 10715 s = 0.304 ¢£°T. 4)
The total energy is conserved within 0.01% after 24000

steps, or 21 ps. At low temperatures and low density, a
long run (30000 steps or 78 ps) with time increment
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2.6x10715 s is performed to obtain the long (20 ps)
lifetime of the local structure.

At a given density the 144 molecules are placed
initially within the periodic cell at random positions,
with random orientations, and with no translational
or rotational velocities. After some steps, the kinetic
energies are reduced to decrease the temperature. This
reduction was repeatedly performed to obtain several
low temperature samples. In our standard run, 3000
steps are spent for the aging of the system. After this
interval, the subsequent period of 30000 steps, or 26
ps is the period over which the molecular dynamics’
statistical averages are calculated. Simulations are per-
formed at about 90 state points. The static properties
(energy, pressure, radial distribution function and
others) thus calculated are in good agreement with the
results of our Monte Carlo simulations.?

Kinetic Properties

A couple of dynamical quantities are calculated in a
way similar to Rahman and Stillinger’s method.? As
these results are only the 2-D version of their results, in
the first place only a part of these will be shown briefly
in the low density region (area per molecule 4=0.957
Ro?), where thermodynamic quantities of 2-D water
show interesting aspects like real liquid water under
normal pressure. After that, the dipole direction re-
laxation time and the self-diffusion coefficient will be
discussed.

The velocity autocorrelation function at temperature
T=0.18 &, area per molecule 4=0.957 Ro? crosses the
horizontal axis at 0.05ps and shows several oscilla-
tions. The Fourier spectrum has a peak at 31013 s-1
with half-full-width 6x103 s—3. The angular velocity
correlation function crosses the horizontal axis at
0.02ps. The Fourier spectrum has a peak at 9x1013
s71, with half-full-width 61013 s~1. These frequencies
correspond to the observed v. and v1.?7 These func-
tions show clearly that there exists an oscillatory
motion of water molecules at low temperatures.
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Fig. 1. The dipole direction relaxation time 7 is

plotted against the inverse of temperature 1/T at
four densities.
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The molecular dipole direction relaxation time 7 is
shown in Fig.1 at four densities. This time constant at
low densities and low temperatures has the comparable
value to the measured dielectric relaxation time.3:? The
relaxation time in the case where 4=0.821 R¢?is shorter
than thatin the case of low density (4=0.957 R¢2?) at low
temperatures 7=0.24 &. This effect of compression
is compared with the experiments on the dielectric
relaxation under high pressure,® qualitatively. Figure
1 also shows that the temperature dependence of the
dipole direction relaxation time 7 is roughly written as
tacexp(2 &/T) at low temperatures (7<50.24 &) and
as tocexp(eo/T) at high temperatures (T=0.24 &),
where ¢ is the hydrogen bond energy. The temper-
ature dependence at low temperatures seems too steep,
compared with the observed results on real water.?

The self-diffusion coefficient D is calculated from the
mean-square displacement. In Fig. 2, D is shown as a
function of T and P. The region between two dashed
lines corresponds to liquid state. At low tempera-
ture (T=0.18¢&), D is almost constant in spite of
compression, thus D shows anomalous behavior
similar to the observed one.? Figure 3 shows that the
temperature dependence of D at constant density is
well approximated to be D cexp( —&o/ T). This depend-
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Fig 2. The self-diffusion coefficient D vs. pressure P
plots are shown. Values of the temperature are
indicated next to each curve. The region between
two dashed lines corresponds to the liquid state.
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Fig. 3. Plot of D vs. 1/T at A=0.957 R.
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Fig. 4. Plot of D exp(eo/ T) vs. area per molecule 4.

ence is comparable with experimental results on
real water.? The density dependence is shown in
Fig. 4. From Figs. 3 and 4 the temperature-density
dependence of D is summarized as follows;

D = D, (A—Ay) exp (—&/T),
D, = (9+2) x 1073 cm?s™! Ry?, (5)
Ay = (0.45+0.05) Rg,

although there are some deviations especially at low
temperatures. It is worthwhile to notice that the value of
constant Ay 1s close to the area of the high density ice
(0.50 Ro?) and A-An means the area of hole in liquid
water.

Thus it has been shown that the MD simulation of
2-D model can reproduce the main anomalous dy-
namical behavior of liquid water. On the basis of these
results, the lifetime of the hydrogen-bonded cluster
will be obtained in the next section.

Lifetime of Hydrogen-bonded Local Structure

Time Averaged Configuration. An oscillatory motion
of water molecule is seen at low temperatures and densities as
shown in the preceding section. Therefore, we use the time
averaged configuration in this section in order to obtain the
lifetime of hydrogen bonded local structure. The config-
uration is averaged over a period of 0.13ps. This means
that we study the vibrationally averaged structure (V-
structure) of liquid water as discussed by Eisenberg and
Kauzmann.”.®

Cross Correlation of Displacement. In the V-structure
it is expected that the molecules in the same hydrogen-bond-
ed cluster move to nearly the same direction on average.
On the basis of this idea, we are going to calculate the
cross correlation of displacement.

The position r, of molecule 7 at time {=0 is denoted as 9,
and the displacement of molecule 7 is r—r9. Figure 5 shows
the cross correlation of displacement of molecule ¢ and j
<(r—19)-(r—1°)> at low temperatures and low density
with the following condition at {=0. As the low density
ice type network of hydrogen bond is the square lattice in
our model,? the molecular distance R, at t=0 is classified as
follows;
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0.85R, < R;; < 1.23 R,
1.23R, < R;; < 171 Ry
1.71 Ry < R;; < 2.41 R,
or2.41 Ry < R; < 2.91 R,

It should be noticed that the linear part of cross correlation
function (R,—Roat t=0) extends up to 2X 10 ps. The value of
tangent of this linear part is as large as about 30% of that in the

(i.e. R; — Ry),
(i.e. Ry — 212R,), 6)
(i.e. Ry — 2Ry),

(i.e. R;; — 2°/°R,).
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Fig. 5. The cross correlation functions <(r—n?)-
(r,—n%)>. The initial conditions in the statistics
are indicated in the figure.
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case of i=j. Thus this figure shows that molecules and j with
R,—Roat t=0 move collectively in a period of about 2 X10 ps
to nearly the same direction.

One can see cross correlation of the displacement in the
cases of R,—2V2R and 2Ro which is negligible in the case of
more distant pair R,—2%2R,. In other words cross correla-
tion of displacement is seen even in the third neighbor pair.
Figure 6 shows the temperature and density dependence of the
cross correlation time t of displacement. In Fig. 6(a), we see
that the cross correlation time 7 depends on temperature T as
tcexp(e/ T) on average, where & is the energy of hydrogen
bond. This temperature dependence seems reasonable (cf.
Fig. 3). For this reason, a quantity 77! exp(eo/T) is plotted
against the area per molecule 4 in Fig. 6(b) in order to obtain
the density dependence of t. This figure shows that the cross
correlation time 7 at first becomes shorter due to compres-
sion from the normal density, then it becomes longer if 2-D
water is compressed to the density close to that of high density
ice.D
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Fig. 7. Plot of <cos4¢> vs. time t. The initial con-
ditions in the statistics are indicated in the figure.
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Local Onentational Order Parameter. We performed
many calculations to confirm the above lifetime by other
methods. One of them will be shown in this section. The
rotational motion, too, will be studied here.

At low temperatures water molecule has local orienta-
tional order due to the hydrogen bond. The angle ¢, is the
orientation of the molecule ; measured from the vector R,
(see Fig. 2 in Ref. 1). The average < cos4¢> is used to ex-
amine the local orientational order, as shown in Fig. 7. In
the case of low density ice at OK (Fig. 5 in Ref. 1), this order
parameter has the following values:

<COS 4¢> =1, Rij = Ro’ 2R0,
<lcosdp>= -1, R;; = 2'/?R,. (7)

One can see the local orientational order in the first neigh-
bor (R,—Ro) and the second neighbor pair (R,—2V2Ro). The
half-life period of <cos 4 ¢ > (orientational relaxation time)
is 15 ps in the case of R,—Ro. This value is in good agree-
ment with that of the cross correlation time of displacement.

The density dependence of orientational relaxation time
is shown in Fig. 8. Figure 8(a) shows that the temperature
dependence of the orientational relaxation time 7 is written as
tcexp(2&0/T) at low temperatures (7<0.24¢&o) (cf. Fig. 1).
As for the density dependence, the cross correlation time of
displacement and the relaxation time of <cos 4 ¢> has a
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Fig. 8. a) The orientational relaxation time 7 of

<cos4¢> vs. the inverse of temperature 1/T. b) Plot
of tlexp(2&0/T) vs. area per molecule A.

similar behavior as that shown in Figs. 6(b) and 8(b). Figures
1, 6, and 8 indicate that the initial effect of pressure increase
(at low temperatures and low pressure) leads to increased
fluidity, known to be true in the case of real water.3:4

Dynamics of Unstable Species

In the preceding section it was described that molecules
with the oscillatory motion are stable and are located in the
hydrogen-bonded cluster. This section is devoted to the
dynamics of the unstable species. On the contrary to the
preceding section, the time averaged configuration is not
used here.

The binding energy (BE) is defined as follows:

1
BE; = 75;3 U; (8)

In liquid water the distribution of BE is as wide as shown in
Fig. 9in Ref. 1.9 The BE of the molecule with one hydrogen
bond is about 0.5 &. The molecule with more than one
hydrogen bond may be called stable species. Thus, we call
this molecule unstable species if the following condition is
fulfilled:
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The relaxation of BE for unstable species is shown in Fig. 9.
Here, the molecules are classified according to Eq. (9), where
BE is taken to be the value at t=0. The deviation of BE from
its equilibrium value relaxes to 0.5 times the deviation at
initial condition at about t=0.5ps (short term) and then
decays as a function exp(-t/t), t7=1.5 ps (long term) (4=0.957
Ro?, T=0.179 &). The long term of relaxation time of BE is
shown as a function of temperature and density in Fig. 10.
It can be seen that this relaxation time 7 does not depend
strongly on density and that its temperature dependence is
written as tocexp(eo/ T).
The velocity autocorrelation functions

gy o <0(0)0(0)>
I = Zoorole)S (10)

of both species are shown in Fig. 11. Dynamical properties
are different in two species. The behavior of fTR (t) for the
unstable species is very similar to that of liquid Ar.1® The
unstable species has a larger self-diffusion coefficient than the
stable one.

The concentration x of the unstable species is shown as a
function of T and P in Fig.12. This figure is similar to the
results of the mixture model by Konda and Yamamoto.?
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Fig. 10. The long term of the relaxation time 7 of
BE vs. the inverse of temperature 1/7.
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In this section, the relaxation of BE is calculated and it
turned out that the short term of relaxation is about 0.5 ps
and the long term one, about 1.5ps. Therefore, classifica-
tion like Eq. (9) is meaningfull in observations where the time
scale in not longer than several ps. Such classification may
be usefull in understanding of the anomalous behavior of
liquid water, like the simple two-state model.

Concluding Remarks

The vibrationally-averaged structure (V-structure)
of liquid water was discussed by Eisenberg and
Kauzmann.”:® In the present article the size and life-
time of the vibrationally-averaged local structure in
2-D water are obtained to be about 13 molecules (as far
as third neighbors) and about 2x10ps by observing
time scale of 0.13ps at low temperatures and low
density, where the density maximum is known.

The oscillatory motion of water molecule has a time
constant of about 0.02—0.05ps. The relaxation time
of dipolemoment of the water molecule is about 5 ps.
The binding energy relaxes with decay constants of
about 0.5—1.5ps.

The author would like to thank Professor
Tsunenobu Yamamoto, Dr. Keiji Okazaki, Dr. Shuichi



June, 1984]

Nosé, Dr. Kenkichi Okada and Dr. Kazuo Maki for kind
discussions. A part of the computation was done at the
Computer Center of the Institute for Molecular Science
and at the Kyoto University Data Processing Center.

References

1) K. Okazaki, S.Nosé, Y. Kataoka, and T. Yamamoto, J.
Chem. Phys., 75, 5864 (1981).

2) A. Rahman and F. H. Stillinger, J. Chem. Phys., 55,
3336 (1971); F. H. Stillinger and A. Rahman, ibid., 57, 1281
(1972); A. Rahman and F. H. Stillinger, J. Am. Chem. Soc.,
95, 7943 (1973); F. H. Stillinger and A. Rahman, J. Chem.
Phys., 60, 1545 (1974); 61, 4973 (1974); A. Rahman, F. H.
Stillinger, and H. L. Lemberg, ibid., 63, 5223 (1975); W. F.
Van Gunsteren, H. J. C. Berendsen, and J. A. C. Rullmann,
Faraday Discuss. Chem. Soc., 66, 58 (1978); F. H. Stillinger
and A. Rahman, J. Chem. Phys.,, 68, 666 (1978); 1. R.
McDonald and M. L. Klein, zbid., 68, 4875 (1978); A. Geiger,
F. H. Stillinger, and A. Rahman, ib:d., 70, 4185 (1979); D. C.
Rapaport and H. A. Scheraga, Chem. Phys. Lett., 78, 491
(1981); R. W. Impey, M. L. Klein, and 1. R. McDonald, J.
Chem. Phys., 74, 647 (1981); R. W. Impey, P. A. Madden, and

Dynamical Properties of 2-D Water

1527

1. R. McDonald, Mol. Phys., 46, 513 (1982).

3) R. Pottel and E. Asselborn, Ber. Bunsenges. Phys.
Chem., 83, 29 (1979). See also Y. Lee and J. Jonas, J. Chem.
Phys., 57, 4233 (1972); J. Jonas, T. DeFries, and D. J. Wilbur,
ibid., 65, 582 (1976); E. Lang and H.-D. Ludemann, ibid., 67,
718 (1977); Ber. Bunsenges. Phys. Chem., 84, 462 (1980); . 85,
603 (1981).

4) L. A. Woolf, J. Chem. Soc., Faraday Trans. 1, 71, 784
(1975); 72, 1267 (1976); D. J. Wilbur, T. DeFries, and J. Jonas,
J. Chem. Phys., 65, 1783 (1976); K. Krynicki, C. D. Green, and
D. W. Sawyer, Faraday Discuss. Chem. Soc., 66, 199 (1978);
K. R. Harris and L. A. Woolf, J. Chem. Soc., Faraday Trans.
1, 76, 377 (1980).

5) C.KondaandT. Yamamoto, Chem. Phys. Lett., 50, 324
(1977).

6) See, e.g. L. Verlet, Phys. Rev., 159, 98 (1967); S.
Toxvaerd, Mol. Phys., 29, 373 (1975).

7) D. Eisenberg and W. Kauzmann, ‘“The Structure and
Properties of Water” Oxford U.P., New York (1969).

8) Seealso F. Hirataand P. J. Rossky, J. Chem. Phys., 74,
6867 (1981).

9) See also Y. Kataoka, H. Hamada, S. Nosé, and T.
Yamamoto, J. Chem. Phys., 77, 5699 (1982).

10) A. Rahman, Phys. Rev., 136, A405 (1964).






