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The Matsuoka-Clementi-Yoshimine (MCY) configuration interaction potential for rigid water-

water interactions has been extended to include the intramolecular vibrations. The extended poten-
tial (MCYL), using no empirical parameters other than the atomic masses, electron charge, and
Planck constant, is used in a molecular-dynamics simulation study of the static and dynamic proper-
ties of liquid water. Among the properties studied are internal energy, heat capacity, pressure, radi-

al distribution functions, dielectric constant, static structure factor, velocity autocorrelation func-

tions, self-diffusion coefficients, dipole autocorrelation function, and density and current fluctua-

tions. Comparison with experiments is made whenever possible. Most of these properties are found

to improve slightly relative to the MCY model. The simulated high-frequency sound mode see~s to
support the results and interpretation of a recent coherent inelastic neutron scattering experiment.

cule. ' ' ' These frequency shifts are needed for a reliable
estimate of the quantum corrections to the energy and
heat capacity of liquid water.

In this paper we first report an extension of the MCY
potential to treat the internal vibrations of the water mole-
cules. Results obtained from a molecular-dynamics simu-
lation with the extended potential are then presented and
discussed.

I. INTRODUCTION

Since the publication of a quantum chemical potential
for water-water interaction by Matsuoka, Clementi, and
Yoshimine' in 1976 (henceforth referred to as the MCY
potential) and its successful application in a Monte Carlo
(MC) simulation of the structure of liquid water by Lie,
Clementi, and Yoshimine, there has been widespread in-
terest in the use of this potential to study structures and
dynamics of water, ice, " and solutions, ' '3 as well
as virial coefficients for steam. ' ' The results of the
simulations are also found to complement many recent
neutron experimental attempts at understanding the struc-
ture and dynamics of liquid water. ' ' From these stud-
ies it emerges quite clearly that the MCY potential is the
ab initio potential capable of reproducing a wide range of
the properties of water, and is on par with the best of
many semiempirical potentials. It is interesting to note
that although there are only a few ab initio potentials
for the water-water interaction, the number of proposed
semiempirical potentials runs into dozens.

The MCY potential is constructed under the assump-
tion of fixed geometry for the water molt';ules. The
geometry used is the one obtained experimentally for a
single water molecule in the gas phase: 0.9572 A for
0—H bond distances and 104.52' for 0 H 0 bond an-
gle. The potential is therefore not able to predict any
geometrical changes, which may also alter certain
structural and dynamical properties, in the liquid phase.
Furthermore, it is well-known experimentally that in-
tramolecular vibration frequencies of liquid water are
quite different from those of the isolated water mole-
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II. VfATER-%'ATER INTERACTION POTENTIAL

The potential energy between two fiexible water mole-
cules can, in principle, be written as a sum of two contri-
butions arising from intermolecular and intramolecular
motions

~(2 ap~t?i ) ~inter(~aiiitik ) + ~intra(t?i ) ~

where r?i's are the intermolecular atomic distances, and

q s the internal coordinates. The ak's used in expressing
the intermolecular interaction should depend parametri-
cally on the intramolecular coordinates to account for the
detail of the coupling between them. This is, however,
difficult to achieve in practice and, to the best of our
knowledge, it has never been done for the water-water in-
teractions. Neglecting the finer coupling between the two
interactions, i.e., treating ak as constants, is an approxi-
mation which can be justified since the accuracy of the
existing intermolecular potentials for water-water interac-
tion is probably still lower than what has been neglected.

The intermolecular potential used in the present study
is the MCY ab initio potential'
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where subscript 7 corresponds to a point called M on the

molecular C2, symmetry axis of the first molecule and is
0.2677 A away from the oxygen atom. The subscript 8 is
similarly defined with respect to the second water mole-

cule. We refer to Fig. 1 for other subscripts. There are

+ q charge on each hydrogen atom and —2q on Mq and

Ms, The set of constants obtained by Matsuoka et al. ' is,
in A and kcalhnol,

a
&

——1088213.2, az ——666.3373,

a 3
——1455.427, a4 ——273.5954;

bi =5. 152 712, b2 ——2.760 844,

b3 —2.961 895, b4 ——2.233 264

q =170.9389 .

One advantage of using that potential, besides being one
of the best in the literature, is that it is derived from first
principles and hence can be subjected to further detailed
analysis and improvements. In fact, three-body and four-
body corrections to the MCY potential have already been
achieved and used in MC simulations with encouraging
results.

Following the same spirit that is being pursued in this
laboratory, we have decided to use also an ab initio poten-
tial for the intramolecular motions. The best such poten-
tial in the literature seems to be the one denoted by D-
MBPT ( ao ) in the double-excitation infinity-order many-
body perturbation theory calculations of Bartlett, Shavitt,
and Purvis. The potential is expressed in terms of three
internal coordinates of water, changes in 0—H bond
lengths 5; =R; R—, and H—0—H bond angle 53——R, (8
—8, ), up to quartic terms

2 2 & 2
Uintra 2 fRR(~i+&2)+ z f8853+fRR'I3152+fR8(~1+'52+3

+
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+fRRR'8(~1+ ~2)(3152~3+fRR88(~1+(32)83+fRR'88|)1~2~3+fR888(~1+~2)(33l

The equilibrium bond length R, and bond angle 8g
predicted from the theoretical calculations are 0.9576 A
and 104.59', respectively, to be compared with the experi-
mental values of 0.9572 A and 104.52'. The calculated
force constants are, in 10 dyn/cm,

fRR ——8.5120, f88=0.7987, fRR ———0.0967,

fR8=0.2732, fRRR ———9.497, f888= —0. 1268,

fRRR = —0 031r fRR8= —0 034~ fRR 8= —0 512 r

fR88= —0 1565 fRRRR = 14 0 f8888= —0 032

fRRRR'= 0 05 fRRR'R'=0 06r fRRR8=

fRRR 8=0 ir fRR88= —0 08 fRR 88=0 35 i

fR888=0 104.
Since the MCY potential contains a negative-charge

center M not residing on any atom, extending the poten-
tial to the flexible water case must include a specification
of how M changes with the deformation of the water mol-
ecule. In the present study, M is assumed to always reside
on the line bisecting the H 0—H angle O(5~—M' as
shown in Fig. 1. The ratio of ro ~/r& ~ is taken to be

(5) (5)

a constant equal to the original MCY value of 0.456826.
With this choice of M, we are guaranteed to get back the
original MCY potential if there is no deformation of the
two interacting water molecules. Thus the new potential,
henceforth referred to as MCYL, can be thought of as an
analytical continuation of the MCY potential to the ~hole
space of the two interacting molecules.

Some characteristics of the most stable dimer configu-

H(4)
H(3)

H(2)
(7)- M'

0(

FIG. 1. Definition of water dimer geometry.

ration predicted by the new MCYL potential are given
and compared with the results from MCY in Table I.
Both potentials predict that the most stable water dimer is
of the open form with a nearly linear hydrogen bond. The
bonding energy predicted by MCYL, —5.94 kcal/mol, is

slightly lower than that obtained from MCY, —5.87
kcal/mol. Of the —5.94 kcal/mol binding energy, we

found 0.07 kcal/mol comes from the intramolecular parts
and the rest from intermolecular interaction.

The bond angles of both interacting water molecules are
found to decrease slightly with respect to the value of the
isolated water molecule. While the decrease, 0.06', for the
hydrogen-accepting water molecule is probably not signi-
ficant, the angle change for the H-donating molecule,
—0.58', should certainly be discernible in liquid water,
since every water molecule donates hydrogen in the liquid.
While both 0 H bonds of the H-accepting molecule are
elongated by 0.0038 A, the nonhydrogen bonded 0—H
bond in the hydrogen-donating molecule (see Fig. 1) is
found to be shortened slightly. The most interesting re-

sult is that the 0—H bond, which participates in the hy-
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TABLE I. Comparison of the most stable configurations of
the water dimer as predicted by the MCY and the MCYL po-
tentials.

Properties'

E;„(kcal/mol)
R ~, (A)

a (deg)

P (deg)

Ro H (A)

LH() ~(5)—H(r) (deg)

LH(3~—(6) —H(g~ (deg)

MCYb

—5.87

4

(0.9572)'

(0.9572)'

(0.9572)'

(104.52)'
(104.52)'

2.87

4
~37

0.9564

0.9665

0.9610

103.94
104.46

'See Fig. 1 for the explanation of symbols and the labeling of
atoms.
Values taken from G. C. Lie, E. Clementi, and M. Yoshimine,

J. Chem. Phys. 64, 2314 (1976).
'Parameters used in the MCY potential (correspond to the
values for the isolated water molecule).

TABLE II. Comparison of dipole derivatives for single water
molecule. '

0

drogen bonding, is predicted to be 0.01 A longer. Since
rigid monomer geometry was assumed in a rather ex-
hausted experimental investigation of the water dimer, 5

we are thus unable to compare our prediction with experi-
ments. However, as will be seen later, there does exist
some experimental evidence of the changes mentioned
above in the liquid phase.

To test the soundness of the assumption made about the
movement of the point M, we give in Table II the dipole
derivatives of an isolated MCYL water molecule and com-
pared them with the ab initio values of Bartlett et al. i
We stress again that the isolated MCYL water is not truly
isolated, but is interacting with another molecule. Table
II shows that the ir intensities for the stretching vibra-
tions of MCYL molecules should be greatly enhanced rel-
ative to the bending vibrations„compared with truly iso-
lated water molecules. This indeed seems to be the case if
we compare the experimental gaseous ir intensities with
those of the liquid phase. A more concrete justification
lies in the experimental evidence that the intensity of ab-
sorption of the 0—H stretching bond increases by rough-

ly a factor of 10 when the 0 H group forms a hydrogen
bond. Translated into changes in dipole moments, that
means the dipole derivative with respect to the 0—H
bond length should increase by a factor of 3, in quite good
agreement with our model which predicts a factor of 2 to
3.

III. MOLECULAR-DYNAMICS SIMULATION
OUTLINE

The previously discussed MCYL potential has been
used in a molecular-dynamics (MD) simulation study of
liquid water at a density of 0.998 g/cm . The system con-
sisted of 343 water molecules confined to a cubical box
and subject to periodic boundary conditions. A spherical
cutoff with radius equal to half the box length, 10.S723 A,
was used in evaluating potentials and forces. The long-
range interaction was taken into account by the momenta-
ry reaction-field (RF) method with the dielectric con-
stant of the surroundings, eRF, set equal to infinity.

The forces due to the intramolecular potentials, the in-
termolecular interaction, and reaction fields were evaluat-
ed and the Newtonian equations of motion were then
solved by a sixth-order predictor-corrector algorithm for
each atom. The initial spatial configuration of the system
was obtained from a MC run. Each atom was initially
imparted with a random velocity, which was then rescaled
and shifted so that there was no net momentum for the
system.

During the equilibration period, a time step of
2.0&10 ' sec was used in numerically integrating the
equations of motion. This period lasted for more than 40
psec, with frequent renormalization of the average kinetic
energy to 1.5krrT at the beginning. The time step was
changed to 1.5 X 10 ' sec during the last 2.6 psec of this
period and maintained at that value afterwards for all the
data collection. The time step used here is smaller than
any existing literature values in the computer simulations
of liquid water. This is done partly because MCYL water
molecules are executing fast vibrational motions with fre-
quencies up to —10' sec ', and partly because we want
to study long-time correlation behavior.

With the time step of 1.5)&10 '6 sec, the total energy
was found to be conserved to better than 0.0033% in 1000
steps. Positions and velocities of all the atoms were col-
lected every 10 time steps for later analysis of the static
and dynamic properties of the MCYL liquid water. The
total number of configurations collected was 7600, corre-
sponding to a total simulation time of 11.4 psec.

Derivativesb BSP' MCYL IV. RESULTS AND DISCUSSION

Bp, /BR I

Bp, /BO

a~„/M,

0.0826
—0.36?

0.1655

0.2385
—0.5575

0.3082

'All quantities are given in atomic units.
Z axis is defined as the line bisecting the H—0—H bond angle,

whereas x axis lies in the plane of the molecule; E.
&

is the 0—H
bond length and 0 the bond angle.
'Isolated water molecule [taken from R. J. Bartlett, I. Shavitt,
and Cr. D. Purvis, J. Chem. Phys. 71, 281 (1979)].
Bonded MCYL water molecule (this work).

A. Temperature, pressure, and heat capacity

Unlike the MC simulations where, in general, tempera-
ture is a fixed input parameter and the potential energy
fluctuates, the temperature, defined as the average kinetic
energy, always fluctuates in MD. Although the total en-

ergy is a conserved quantity in the MD simulation, it is
rarely treated as an input parameter since it is usually not
known beforehand for the state one is interested in. In
our MD simulation, temperature was used as an input pa-
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rameter and repeated normalizations of the kinetic energy
were carried out during the early state of the thermaliza-
tion period. Total energy, relative to infinitely separated
water molecules, was —5.4324 kcal/rnol at the beginning
of data collection and changed by less than 0.0002
kcal/mol during the whole simulation.

The absolute temperature of our system, 300.6 K, was
determined by averaging the kinetic energies of all the
atoms over the whole data collection simulation period.
The constant-volume heat capacity C„can be obtained
from the temperature fiuctuation by

2 (T') —(T)'
(T)'

where R is the gas constant and N the number of atoms
in the system. C„calculated from our simulation is 26.5
cal/(molK), which should be expected to be higher than
the experimental value of 17.9 cal/(molK), since we are
simulating a classical system. The quantum corrections
to energy and heat capacity are important here and will be
discussed later.

The pressure evaluated from the virial of the system is
-7900 atm. Although this value is much lower than the
results of around 10000 atm obtained for the MCY wa-
ter s it is still far too high compared with the experimental
value of about 1 atm. We note, however, that in a recent
MD simulation, Wojcik has found a pressure of 8500 atm
for the MCY water

The incorrect high pressure of the MCY model requires
a short comment. Being certainly a serious shortcoming,
it should however, not be over emphasized. Indeed, in an
unpublished analysis of MC data, we have found that
high pressure arises mainly from a small percentage of
compact configurations. Alternatively stated, the MCY
potential is too repulsive, which we recall is due to the
fact that very few configurations were computed in the
repulsive region to obtain a good fit there. ' This explains
why despite the high pressure, the MCY potential is still
capable of reproducing many properties of water. Be-
sides, it should be noted that the pressure is one of those
properties which are difficult to simulate accurately. As a
case in point, using the same reaction-field method as the
present one, the pressure for the well-tested second version

of Stillinger s semiempirical potential, ST2, has been
found to be about 3000 atm, to be compared with the
original result of -600 atm. '

B. Molecular geometry in liquid mater

No dissociation of the water molecules has been ob-
served during the course of our simulation. The average
geometry of the water molecules obtained by averaging
over the system and time is given and compared with the
experimental data in Table III. The latter include the
geometries of an isolated water molecule in the gas phase
determined by ir spectroscopy as well as in the liquid
phase inferred from the analysis of recent neutron scatter-
ing data.

Table III shows that there are substantial changes in
bond angle and bond length between the gaseous and the
liquid states in our simulation. These changes are not
built into the MCYI. potential, as can be seen by compar-
ing the simulated results with those given in Table I, and
hence reflect the collective interactions in the liquid state.

The average 0—H bond length in the liquid is found to
be 0.975 A, about 0.018 A longer than the gaseous value,
and is ip good agreement with the "experimental" value of
0.966 A. It should be noted that here the experimental
value is not a measured quantity, but rather a parameter
adjusted to give a best fit in the disentangling of the ex-
perimental neutron scattering data. The simulated H—
0—H bond angle 103.5' is also found to be in very good
agreement with the experimental value of 102.8'. Using a
modified central-force model for the liquid, Bopp et al.
also predicted an elongation of the 0—H bonds and a de-
crease of the H—0 H angle. However, while their bond
length agrees with ours, their calculated bond angle,
100.9' to 101.4', seems to be too small.

Also given in Table III are the root-mean-square
changes, (~) „of the intramolecular 0-H and H-H
distances in the liquid. Here the simulated results for 0-
H and H-H are, respectively, factors of 4 and 2 smaller
than the experimental values. Due mainly to the elonga-
tion of the 0—H bond, the average dipole moment of wa-
ter as determined by the charge centers is 2.259 D, slight-
ly larger than the MCY value of 2.19 D.

TABLE III. Comparison of the geometry for the voter molecule. '

Experimental
Gas phase {ir) Liquid phase'

MD simulation
{MCYL potential)

&z,.„)

&aR„„),
(lH—0—H)

0.9572
1.514

104.52

0.966+0.006
1.51 +0.03
0.095+0.005
0.09 +0.02

{102.8)

0.975
1.530
0.023
0.050

103.5

'All quantities are given in A except angle given in degrees.
%'. S. Benedict, N. Gailar, and E. K. Plyler, J. Chem. Phys. 24, 1139 {1956).

'%. E. Thiessen and A. M. Narten, J. Chem. Phys. 77, 2656 {1982}.
Calculated from (Ro H) and (RH H).
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C. Radial distribution functions
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The calculated H(k) curves in Fig. 3 are obtained by
using the MD simulated results of g &(r) as shown in Fig.
2 and the intramolecular parameters given in Table III.
Thus the only empirical information used in our total
structure functions are the coherent scattering lengths.
We see from Fig. 3 that the agreement between the simu-
lated and experimental H(k) is quite good for the sample
containing 99.75 mol% deuterium. With the exception of
the height of the most pronounced peak, the positions and

0.5
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mental

intensities of the experimental results are rather well
reproduced in the simulation. It should be noted that this
agreement is not achieved through the improvement in the
MCY potential, but rather because of the improvement in
the experimental data. We also note that if the experi-
mental / ~ as given in Table III are used in constructing
our H(k), then a full agreement will be seen for larger k
values.

The kind of agreement found above persists down to
sample containing 35.79 mo1% deuterium. When there is
hardly any deuterium in the sample (0.01 mo1% D), the
simulated H(k) is seen to depart quite noticeably from
the experimental results. Using the experimental I hereaP
hardly improves the discrepancy. Since the experimental
accuracy deteriorates as the deuterium content is de-
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FIG. 3. Neutron total structure functions for liquid water
(same as Fig. 4).

FIG. 4. Partial structure functions for liquid water (deuteri-
um contents are expressed in mole percentage).
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creased, due to the very large incoherent scattering cross
section of the light hydrogen, it may be premature to at-
tribute all the disagreement to the simulated results. It
seems more appropriate to conclude that more theoretical
and experimental work are needed.

Figure 4 shows the experimental and simulated partial
structure functions h~~(k) defined by

h p(k)=a p(k)+5 pen p(k)

where 5oo ——0, 5oH ——1, and 5HH ———,'. These three func-

tions, boo(k), hoH(k), and h HH(k), are treated and solved
as unknowns in the equations of structure functions by
Thiessen and Narten. Unlike the structure functions,
they are related only to individual pair correlations and
thus should provide crucial tests of various water models
if they can be accurately determined.

Our results show that there are two pronounced split
peaks at 2 A ' and 3 A ' in boo(k). That is in confor-
mity with the x-ray data, ' whereas the left peak of
boo(k) derived from neutron scattering is highly sub-
dued. Besides that, the general agreement between the
simulated and experimental boo(k) is very good. Less
satisfactory agreement is found in the partial structure
function for OH. The worst case happens, as expected, in
hHH(k), a quantity related to the correlations of the hy-
drogen atoms.

D. Velocity autocorrelation functions

gen atoms. These functions are normalized to (v (0)),
which are 4.68X10 cm /sec and 7.46X10' cm /sec,
respectively, for oxygen and hydrogen. The average tem-
peratures calculated from them are 300 and 299 K,
respectively. These are quite close to the average tempera-
ture of the system, 300.6 K, mentioned before.

Besides seeing the finer detail due to the intravibration-
al motions, we find that the global structures of our
VACF's are very similar to those obtained for the MCY
potential. The global shape of the VACF for oxygen is
also very similar to that for argon near its triple point.
The difference is mainly qualitative: The former's time
scale is about a factor of 4 smaller and its amplitude of
oscillation larger than the latter. Thus the cage effect in
liquid water shows up in about 0.08 psec, instead of 0.3
psec as in liquid Ar. The figure also shows that except
for the vibrational motions, both oxygen and hydrogen
atoms would lose their memories of the motion in -0.5
psec, to be compared with -2.0 psec for Ar. 3s

The self-diffusion coefficient D for each atom can be
calculated from VACF according to one of the Green-
Kubo relations as

D 3 t v 0 v t
0

Carrying out the integration up to 3.735 psec, we obtain
1.8X10 cm /sec and 1.9X10 cm /sec, respectively,
for oxygen and hydrogen atoms.

The Fourier transform of VACF

Figure 5 shows the velocity autocorrelation functions
(VACF), (v(0) v(t) )/(v (0) ), for the oxygen and hydro-

y(co) = f dt(v(0) v(t) )e' '
nkgT
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FIG. 5. Velocity autocorrelation functions for oxygen and hydrogen atoms.
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is called the spectral density. The factor before the in-

tegration sign is chosen so that

J dtog(to) =3,
the number of degrees of freedom for each atom. Our re-
sults obtained by fast Fourier transform of VACF are
presented graphically in Fig. 6.

Due to their high frequencies, the band centered at
1740 cm ' is undoubtedly the intramolecular bending
mode, while those at 3648 and 3752 cm ' must be associ-
ated with intramolecular 0—H bond stretches. Compar-
ing with the classical harmonic motions of the isolated
molecules, which are obtained from the intramolecnlar
potential we used and which are also shown in Fig. 6, we

find that going from gas to liquid phase, there are an up
shift of 55 cm ' in the bending frequency and down
shifts of 198 and 203 cm ' in the stretching frequencies.
These shifts are all in good agreement with the experi-
mental ir and Raman results of 50, 167, and 266 cm
respectively. ' Recently Chen et al. have also observed
frequency shifts from the incoherent inelastic neutron
scattering spectra. ' Their values at 30'C, interpolated
from the three temperatures measured, are 70, 120, and
210 cm ', respectively. These values are, however, inferi-
or to the ir and Raman data since current energy resolu-
tion in neutron scattering experiments is still much lower
than the latter.

Table IV compares frequency shifts calculated frotn
various potential models with the experimental ir and Ra-
man results. It is clear from the table that our results are
among the best, if not the best, in reproducing the experi-
mental data. It should be pointed out that all potentials
but ours in Table IV are of the semiempirical type. The
frequency shifts at 52'C calculated from another well-

used simple-point-charge potential, also a semiempirical
potential, are found to give very poor results compared
with the experimental values. '

Since the center of mass (c.m. ) of the water molecule is
very close to the oxygen atom, the drastic intensity differ-
ence between the q&(to)'s of hydrogen and oxygen in Fig. 6
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FIG. 6. Spectral densities (top) and enlargement of partial
spectral densities (bottom) for oxygen and hydrogen atoms.

2000.0

allows us to identify immediately that the broad band cen-
tered around 500 cm ' is due mainly to the rotational
motions of the molecules, whereas the bands centered
around 40 and 190 cm ' arise from the hindered transla-
tional motions.

TABLE IV. Comparison of shifts in intramolecular vibrational frequencies of the water molecules in

going from gaseous to liquid phases. All quantities are given in cm, negative number indicates down-
shift in frequency.

Vibrational modes CCL'
Water models

8JH' Wattsd Expt. '

p& (syminetric stretching)

p2 (bending)

p3 (asymmetric stretching)

307
224
359

—118
100

—229

—322
60

—433

—152
91

—183

—198
55

—203

—167
50

—266

'Version two of the central-force model of Stillinger and Rahman [J. Chem. Phys. 6$, 666 (1978}]. Re-
sults taken from reference given in c.
A. D. Carney, L. A. Curtiss, and S. R. Langhoff, J. Mol. Spectrosc. 61, 371 (1976).

'Modified CF2 potential from P. Bopp, G. Jancso, and K. Heinzinger, Chem. Phys. Lett. 98, 129
(1983).
R. O. %'atts, Chem. Phys. 26, 367 (1977). Results taken from P. H. Berens, D. H. Mackay, G. M.

White, and K. R. %'ilson, J. Chem. Phys. 79, 2375 (1983).
'Taken from D. Eisenberg and W. Kanzmann, The Structure and Properties of Water (Oxford Universi-

ty, New York, 1969). The stretching frequency assigned to the water molecule in the liquid is taken to
be 3490 cm ', the center of a very broad band in the infrared spectra of liquid water.
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Experimentally, there is a broad and intense band in the
ir spectrum near 700 cm ' and extends from 300 to above
900 cm '. ' This can certainly be identified with the
motions represented by the broad band extending from
300 to —1100 cm ' in our (co). There is also a prom-
inent shoulder near 193 cm in the experimental ir spec-
tra, to be identified with the motions of oxygen atoms as
Fig. 6 shows. The peak centered at 40 cm ' in our spec-
tral density should correspond to the narrow band appear-
ing at -60 cm ' in the Raman and inelastic neutron
scattering spectra.

Experiments also found a very broad but very weak
band with its maximum near 2125 cm ', ' which has
been assigned by Williams as a combination of the bend-

ing band with the intermolecular modes of the libration
and hindered translation. ' Interestingly, this band also
appears as a shoulder of the bending peak in p(co), as
shown in Fig. 6. Our results indicate the existence of two
even weaker broad bands centered at 3233 cm ' (see Fig.
6) and 4188 cm

E. Quantum corrections to energy and heat capacity

The areas under p(co) for oxygen and hydrogen in Fig.
6 are both found to be equal to 3.0, the number of classi-
cal modes for each atom. Integration of p(a&) from 1487
cm '

up shows that the number of modes of the internal
vibrations of the water molecules has dropped to 2.87 in

the liquid state. This shift of some of the internal degrees
of freedom down to the intermolecular region has also
been observed by Berens et al. z in their MD simulations.

Following Berens et a/. , we will treat all the motions
contained in the spectral density as quantum harmonic os-
cillators to find the quantum corrections to the internal
energy and heat capacity obtained in the classical MD
simulation. The intermolecular zero-energy correction
thus found is 15.905 kcal/mol, while the vibrational ener-

gy and heat capacity are, respectively, 1.703 kcal/mol and
9.050 cal/(mol K). Treating also the vibrations of the iso-
lated water molecule as quantum vibrators with frequen-
cies of 1684.5, 3846.1, and 3954.9 cm ', the zero-point
energy, total energy, and heat capacity calculated for a
single water molecule at 300.6 K are, respectively, 13.56
kcal/mol, 0.0015 kcal/mol, and 0.041 cal/(mol K). Com-
bining all these results with the classical energy and heat
capacity obtained in the MD simulation, we find —6. I6
kcal/mol and 17.6 cal/(molK), respectively, for the total
energy and heat capacity of liquid water. These are to be
compared with the experimental results of —8.1 kcal/mol
(total energy) and 17.7 cal/(mol K) (heat capacity). While
the experimental heat capacity is well reproduced by the
MCYL model, only with the inclusion of three- and four-
body interactions can the calculated internal energy be
substantially improved. %e note that allowing the mol-
ecules to vibrate has improved the heat capacity of the
MCY model 14.9 cal/(mol K).

It is one of the main purposes of the present study to
determine the quantum corrections in MC simulations
with the MCY potential. To do this, we will approximate
the intermolecular vibrational spectra density by y(co) for
~ less than 1487 cm ' and use, ,~ to scale the results,

since there are only six modes in the rigid model, whereas
we have 6.130 modes in the intermolecular motions of the
present MD simulation. The zero-point energy and vibra-
tional energy calculated from g(co) are 3.3308 and 1.7014
kcal/mol, respectively. Subtracting the classical vibra-
tional energy of 6 RT from the scaled sum of the preced-
ing two quantities, we obtain 1.342 kcal/mol for the
quantum correction to the total energy obtained from MC
simulations with rigid water geometry.

There is an additional correction due to the intramolec-
ular frequency shifts for a water molecule passing from
the gas to the liquid phase, and it should be considered be-
fore a comparison with experiments can be made. In-
tegrating p(co) upwards from 1487 cm ', we find 12.5738
and 0.0011 kcal/mol, respectively, for the zero-point ener-

gy and vibrational energy. After scaling their sum by

2 87p and then subtracting zero-point and vibrational ener-

gies of an isolated water molecule from them, we obtain
—0.416 kcal/mol for the quantum effect due to frequency
shifts. Thus the total quantum correction to the internal

energy calculated from MC simulations with rigid water
geometry is about 0.93 kcal/mol. This value is consider-
ably larger than 0.2 kcal/mol estimated semiempirically
by Owicki and Scheraga. With our estimate of the quan-
turn correction, a MC simulation with MCY plus three-
and four-body potentials yields an internal energy of
—8.02 kcal/mol, in very good agreement with the experi-
mental value of —8.1 kcal/mol.

F. Self-diffusion coefficient

The mean-square displacements (hr ) for oxygen and
hydrogen atoms are shown graphically in Fig. 7. It is in-
teresting to note that there is no vibrational structure, as
we have seen in VACF, in (b,r ) due to the randomness
of the vibrational phases, whereas the existence of
separate curves for 0 and H indicates the presence of the
rotational motion of HiO. We have not shown a separate
mean-square displacement curve for c.m. since there is
hardly any visual difference between it and 0. The figure
was obtained by averaging over all the atoms and every
11th configuration as the time origin.

The linear behavior of (br ) for t&0.5 psec means
that the motions of the atoms in liquid water are begin-
ning to be dominated by random processes after that time.
This is consistent with the observation that both atoms
lose most of their memories of velocities in -0.5 psec. It
should be noted, however, that the detail of the molecular
interactions is still playing a role even at 2 psec since the
two curves are not yet parallel as they should be in a com-
pletely diffusive motion.

Shown in Fig. 7 are also the experimental values of
(hr ) for H determined from the inelastic neutron
scattering. Comparing with the experimental data, the
hydrogen atoms in the MCYL liquid seem to diffuse too
slowly, an indication that the hydrogen bonding in MCYL
may be too strong. From the slope of the last 600 points
and with the help of Einstein's relation, the diffusion
coefficients for 0 and H are found to be 1.9X 10 and
2. 1X10 cm /sec, respectively. These values are in
good agreement with those obtained previously through
the Green-Kubo relation, but are too low compared with
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DACF is caused mainly by the librational motion of the
water molecules. We see from Fig. 7 that the mean-
square displacement of H relative to c.m. increases initial-

ly and then starts decreasing after -0.03 psec. This can
be explained as caused by the oscillations of the molecular
dipole-moment ~ectors. We have found the initial
behavior of DACF can be fitted quite well by

f (r) = da cos[8cos(cot +a) 8cosa—],

0.090.030.01 0.05 0.07
t (psec)

FIG. 7. Mean square displacements for oxygen and hydrogen
atoms (top) and enlargement of mean-square displacements for
hydrogen, center of mass, and free water molecule for t less

than 0.1 psec (bottom).

the experimental value of 2.4)& 10 cm /sec.
I.et us now turn our discussion to the short-time

behavior of b,r . At times much shorter than the charac-
teristic collision time, any tagged particle is expected to
move like a free particle and hence its mean-square dis-
placement is given by uut, where uu is the thermal veloci-
ty We ha.ve plotted uut for the c.m. of HzO at 300.6 K
and compared it with (hr ) for H and c.m. in Fig. 7. It
is clear from the figure that the free-particle behavior of
c.m. of liquid water lasts only about 0.02 psec, an order of
magnitude shorter than argon. The slowing down of the
mean-square displacement for H between 0.03 and 0.07
psec will be discussed in Sec. IV G.

G. Dipole autocorrelation function and dielectric constant

Figure 8 presents graphically the dipole autocorrelation
function (DACF), (p(0) y(r)), normalized to (p, (0))
=5.11717 D . The rms dipole moment is thus 2.262 D,
almost identical with the average value of 2.259 D men-
tioned earlier.

The spectra of DACF shows that it contains very little
intramolecular bending vibration and hardly any high-
frequency stretching. Thus as expected, the decay of

with 8=0.32 and r0=1.04X10' sec '. The formula is
derived by assuming the dipole vectors are executing free
oscillations between —8 and 8 with angular frequency m.
The frequency found corresponds approximately to the
peak of the librational band in the spectral density (Fig.
6). The angle of oscillation is about 18'.

After dropping to 0.9 at t-=0.03 psec, half-period of
the oscillation, the preceding function would start to in-
crease. However, there are also structural breakings
which tend to decrease the DACF as t increases. The
combination of the two mechanisms would result in slow-

ing down the displacement of H in Fig. 7 and maintaining
the correlation of DACF for t between 0.03 and 0.07 psec.
This explanation is consistent with the observation that
the glitch in DACF is linked to the negative region in the
angular velocity autocorrelation. Our analysis would
mean that the lifetime of the H bond should be in the
range of 0.03—0.07 psec, which is also consistent with the
analysis of Rapaport for the MCY potential.

The DACF after 0.15 psec can be normalized and fitted
to

—t /w) —t/~&
ae +(1—a)e

with a =0.0524, v&
——0.2106 psec, and &2

——4. 1426 psec.
The standard deviation of the fitting is less than 0.0016.
The small component dies much faster, therefore the
long-time behavior is controlled by the main component
with a relaxation time v, of -4.1 psec. The dielectric re-
laxation time ~~ can be estimated from
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where eo and e„are the static and high-frequency dielec-
tric constants, respectively. Using experimental dielectric
constants of 80 and 1.77, the dielectric relaxation time for
the MCYL water is estimated to be 6.1 psec, to be com-
pared with the experimental value of 7.4 psec at 30'C. 9

The collective orientational correlation is generally de-
fined through the finite sy-stem Kirkwood Gx factor by

Gsc= -'

where N is the number of particles in the ensemble. The
dielectric constant can then be calculated by

4~«z pI ~o—1 2&RF
2

9k' T 3 2E'RF+ Eo

where n is the number density and p~ the mean-square di-
pole moment of the water molecule in the liquid. From
the calculated pi, G» calculated in our simulation is
1.45+0.84, which gives 26+14 for the dielectric constant
of the MCYL water. This dielectric constant is compar-
able to the value 34+1 found for the MCY water at 292
K. 3 It is interesting to note that the dielectric constants
of the MCY and the MCYL models are about 2.5 times
too small compared with the experimental value of 80,
whereas the other popular semiempirical water model ST2
i,s about eight times too large.

From the relation between G~ and the Kirkwood g~
factor"

3eo(2eaF+ 1)
Gx= Sx ~(2eo+ 1)(2eaF+ eo)

we obtain gir ——0.98+0.55. If the shells are defined by the
minima in the oxygen-oxygen RDF, then we find that
fluctuations in gx come almost exclusively from the mole-
cules lying beyond 5.6 A. The first and second shells con-
tribute 0.50 and —OA6, respectively, to g&. The substan-
tial antiparallel correlation in the second shell is worth
noting since it is in variance with existing models about
the structures of ice and liquid water. ' It, however, is in
agreement with the findings for ice according to the
Bernal-Fowler rule. ' Due to H-bond breaking and larger
amplitude of oscillations, the contribution of the first
shell in liquid water should be less than 1.3, the value for
a tetrahedrally bonded central molecule. This is what we
find in our simulation, although the value seems to indi-
cate that the directionality of the H bonding in the model
is not strong enough.

The dipole moment of the water molecule calculated
from the charges of the MCY model is 2.19 D, a value
much higher than the experimental value of 1.85 D for an
isolated water molecule. To see if this is merely a result
of the fitting, we have carried out a series of MRD-CI cal-
culations for the water dimers at linear H-bonded
geometries with Ro& around 2.87 A. The basis set used
was taken from Clementi and Habitz and found to be
able to reproduce the experimental dipole moment of an
isolated water at one reference MRD-CI level. Analyzing
the dimer results in terms of single water moments, we
have found that the dipole moment of the water molecules

ranges from 2.17 to 2.43 D. Thus it is reasonable to as-
sume that the dipole moment of the MCY water does
have a physical meaning and probably represents an aver-
age over all the 66 configurations studied. ' Using the
MCY plus three-body potential in a molecular-dynamics
simulation study, our preliminary result shows that the
average dipole moment 2.48 D is actually higher than the
dimer values, due to collective polarization. This is in
quite good agreement with the generally accepted experi-
mental dipole moment of water in the liquid, 2.4 D, and
that obtained from the semiempirical polarizable model of
Finney and Goodfellow, 2.5 D.

%ith the above dipole moments, gz must be 2.6 in or-
der to reproduce the experimental static dielectric con-
stant. But this value seems to be unreasonably high com-
pared with the value for ice, 2.1, calculated according to
the Bernal-Fowler ice rule. ' One way to reduce the value
of the required gx is to increase the iMi. Much higher
values of the dipole moment for ice have indeed been pro-
posed. Thus these seem to indicate that a closer reexam-
ination of the commonly used eo-gx relation and/or di-
pole moment for liquid water may be needed.

H. Static and dynamic structure factors

The density correlation function is one of the most im-
portant functions in the study of the dynamic properties
of fiuids. The spatial Fourier transform of it is called in-
termediate scattering function F(k, t) and is a convenient
quantity in both general discussion and actual calculation.
The intermediate scattering function

) ~ ~ —ik [r (0)—r„(t))

calculated from the coordinates of c.m. are shown graphi-
cally in Fi . 9 for the two lowest k values, 0.2890 and
0.4086 A, accessible in our simulation due to the use of
periodic conditions. It should be cautioned, however, that
this figure and all the following ones are intended to con-
vey semi-quantitative information only, since we have
merely 7600 points for the average of collective properties
(similar to the case of calculating the gx factor). The
temporal Fourier transforms of the correlation functions
do not, however, seem to vary very much if more points
are added (we have tested that with 1350 more points).

The temporal Fourier transform of F(k, t) is called
dynamic structure factor S(k,co), whereas F(k,0) is the
static structure factor S(k). The results of our simula-
tions are shown in Figs. 9 and 10. In the hydrodynamic
limit (k '~~interatomic separations), S(k,co) is expected
to consist of three peaks centered at ~=0 and m=+c, k,
where c, is the adiabatic sound speed. Figure 9 shows a
we11-defined sound wave at ~=—48 cm ' for k =0.2890
A, from which we obtain c, =3130 m/sec for the MCYL
water. This is about equal to the value of 3040 or 2900
m/sec for the MCY liquid, * but about twice the experi-
mental value of 1500 m/sec. The calculated MCY
sound speed of 3040 m/sec was originaBy thought to be
the normal sound speed by Impey et al. However, a re-
cent work indicates that it should be identified with the
high-frequency sound speed 3310 m/sec observed in a
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coherent inelastic neutron scattering experiment. ' That
excitation has been interpreted as a mode propagating
within the H-bonded network of liquid water. ' Since the
relaxation of the water geometry would make H bond
stronger, we should therefore expect a higher sound speed
in our MCYL model. This is indeed the case. We also
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FIG. 9. Normalized intermediate scattering functions (top)
and dynamic structure factors (bottom, in units of 10 ' sec) for
liquid water.

found the damping of the mode to be roughly proportion-
alto k .

The existence of the high-frequency sound mode has
first been predicted by Rahman and Stillinger in their MD
simulation with the ST2 potential. Both high-frequency
and normal sound waves show up clearly in their S(k,co)
at k =0.3374 A '. As with the experiment, ' however,
we do not observe both the normal and the high-frequency
sound modes in S(k,co) at the smallest k studied, 0.289
A . Thus we are planning a MD simulation with much
larger system to study if the latter mode observed both in
our case and the experiment is indeed not the high-k limit
of the normal sound wave.

The width of the central Rayleigh peak reveals how fast
the entropy fiuctuation is dissipated at constant pressure.
The width is given by A,k /pC& in the hydrodynamic
theory, where A, is the thermal conductivity and C~ the
constant pressure heat capacity. Using the experimental

Cz, we estimate A, -=1.9X10 cal/(cmsecK) for the
MCYI. water, to be compared with the experimental value
of 1.4)&10 cal/(cmsecK). We note that our width is
somewhat broadened due to the use of Hanning function
in the Fourier transformation, and the possible existence
of an unresolved normal sound mode. The calculations of
C& and longitudinal viscosity will be reported when we
have much lower k results.

The zig-zag behavior of the S(k) curve shown in Fig.
10 is a good indication of the difficulty in calculating col-
lective correlation functions. Note that the curve was ob-
tained by connecting the adjacent calculated points with
straight lines and that not every allowable k was included
for k greater than 2.4 A '. Since the c.m. is close to the
oxygen atom, S(k) is expected to resemble the structure
function H(k) determined from the x-ray scattering and
the partial structure function boo(k) determined from the
neutron scattering experiments. In the limit of small k,
one has the compressibility relation

lim S(k) =nkvd TXz. ,k~0

where n is the number density and XT the isothermal
compressibility. Extrapolating the calculated S ( k) to
k =0 gives S(0)—=0.03. Thus the compressibility of the
MCYL water is -2.2&(10 atm ', about a factor of 2
too small compared with the experimental value of
4.5X10 atm '. From calculated XT one obtains
2150 m/sec for the isothermal sound speed.

1.2— I. Current fluctuations
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Another important correlation function which provides
information regarding the frequency-dependent shear
viscosity is the transverse current correlation function

J«(k, t)= —g gu~~(0)u«(t)e
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FIG. 10. Static structure factor for liquid water.

5.0

where U~~ is the velocity component of molecule m along
an axis a, which is perpendicular to the k vector. The
Jt(k, t) shown in Fig. 11 is the average of the results ob-
tained for two mutual perpendicular a axes. The initial
value of J,(k, t) should be equal to k&T/m, the thermal
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FIG. 11. Normalized transverse current correlation functions

(top) and their temporal Fourier transforms (bottom, in units of
10 "sec) for liquid water.

FIG. 12. N ormalized longitudinal current correlation func-
tions (top) and their temporal Fourier transforms (bottom, in

units of 10 ' sec) for liquid water.

velocity squared. J,(k,O) calculated for the lowest two ac-
cessible k's are, respectively, 1.38&10 and 1.43&(10

/sec, checked very well with the theoretical value of
l.39 X 10 cm /sec for c.m. at 300.6 K.

The temporal Fourier transform of the transverse
current correlation functions J,(k, co) is also shown in Fig.
11. In the hydrodynamic limit, J,(k,~) should be a

orentzian function centered at co=0, describing an ex-

ponential dissipation of the transverse current fiuctuation.
owever, the damping may be slowed down ff' '

1

to sustain the propagation of shear waves in the finite-k
domain. This seems to be the case in our simulation for

=0.2890 A and beyond. From the half-width of the
peak, we estimate the kinematic shear viscosit to be

cm /sec, corresponding to a kind of general
1 y 0 e

ized shear viscosity of 0.3 cP, a value indeed smaller than
t e experimental hydrodynamic shear viscosity of 0.8 cP. '

From the position of the peak, we estimate the shear wave
is propagated at 1.6&10 cm/sec, a value close to that
found for the ST2 potential 1.1)& 10 cm/sec.

Finally, we give in Fig. 12 the longitudinal current
correlation function

J (k ) y y 0) )
—ik [r (0)—r„(t)]1

Un

m n

and its temporal Fourier tr»sform Jl(k, co), where U & is
e velocity component of molecule m along the k direc-

tion. The normalization factors J&(k,O) calculated are

equal 0.2890 and 0.4086 A '. Like J (k 0), t eys ould
equa to k&T/m. But since there is only one velo-

city component along k, the statistics here are seen not to
be as good as that for J,(k,O).

Since J)(k,co) is related to g(k, ~) by6

CO

J)(k,co) = S(k,~),
0 0

no dhscussion of it will be given, except to note that it pro-
vi es a check for S(k,co). Due to the factor ~, J&(k,o))

calculated JI(k, t) terminating too soon, (2) t ' '
l

ror, »d (3) the use of Hanning function in the Fourier
transform.

V. SUMMARY AND CONCLUSIONS

%'e have extended the Matsuoka-Clementi-Yoshimine
configuration interaction potential for rigid water-water
interactions to handle the intramolecular vibrations. The
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resulting potential uses no empirical parameters other
than the atomic masses, electron charge, and Planck con-
stant, and can be considered as a truly ab initio potential
in the field of atomic and molecular physics.

The new potential was then used in a molecular-
dynamics simulation of liquid water at room temperature.
The results indicate that it can predict successfully the
radial-distribution functions of liquid water, and the
geometrical changes and internal vibration frequency
shifts of the water molecules relative to the gas phase.
Other properties investigated include total internal energy
(E), heat capacity ( C„),pressure (P), self-diffusion coeffi-
cient (D), dielectric relaxation time (rq), dielectric con-
stant (e), isothermal sound speed (cr ), compressibility
(Xr ), thermal conductivity (A, ), generalized shear viscosity
(ri), and its propagating speed (cz). The high-frequency
adiabatic sound speed found at the lowest k allowed in the
present work sems to confirm the results of a recent neu-

tron experiment. However, to definitely decide that it is
not merely a high-k limit of the normal sound mode, a
much lower k is needed. Since the smallest wave vector
that can be studied in the simulation is proportional to

n '~, a supercomputer or parallel processing is required
if we are to probe the hydrodynamic region. We are plan-
ning to do this soon.

Given the fact that the potential contains no empirical
parameters, it is gratifying to see that a vast variety of
static and dynamic properties of liquid water can be cal-
culated quite well from it. Presently we are also studying
the effects of the three- and four-body interactions on the
pressure, dielectric, and dynamic properties of the MCY
water as a preliminary step toward simulations where
both flexibility of the molecules and many-body interac-
tions are to be included.
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