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Molecular-dynamics simulation of liquid water
with an ab initio flexible water-water interaction potential.
I1. The effect of internal vibrations on the time correlation functions
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A computer simulation of liquid water using the ab initio Matsuoka-Clementi-Yoshimine-Lie
(MCYL) potential has been analyzed in comprehensive detail with use of pertinent auto-
correlation and cross-correlation functions of the water molecule’s vibrational, rotational, and
translational dynamics. The autocorrelation functions (ACF’s) of dynamical quantities such as
atom velocity, center-of-mass velocity, molecular angular momentum, molecular angular velocity,
molecular dipole moment, and molecular rotational velocity vectors have been computed with
3400 configurations generated in a simulation with 343 molecules in the laboratory frame and in
the frame of the principal molecular moments of inertia. Furthermore, cross-correlation functions
(CCF’s) of many different kinds have been computed in both frames in order to study in detail the
mutual effects of vibration, rotation, and translation at the single-molecule level. In some respects
the inclusion of vibrational effects in the MCYL potential does not significantly change the pattern
of dynamical information summarized in these time correlation functions. The rotation-
translation CCE’s which were obtained recently by Evans et al. from a rigid empirical model for
the intermolecular pair potential energy in liquid water appear once more from the ab initio
MCYL potential with the same symmetry and time dependence. This is a strong corroborative
evidence for the correctness of the methods used in both cases. However, the inclusion of vibra-
tional effects by Lie and Clementi in their MCYL potential leads in this work to considerable fur-
ther insight obtained by a detailed study of cross-correlation functions between vibration and rota-
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tion and between vibration and center-of-mass translation.

L INTRODUCTION

Since the publication of a quantum-chemical potential
for water-water interaction by Matsuoka, Clementi, and
Yoshimine (referred to as MCY potential in the litera-
ture) in 1976," there has been widespread interest in the
use of this potential to study structures and dynamics of
water, ice, and solutions.2~ ! The potential was ob-
tained by carrying out large-scale configuration-
interaction calculations over the localized molecular or-
bitals in order to recover the most of the intermolecular
correlation energies. One limitation of the potential is
due to the assumption that the water geometry is fixed
from experimental data. Thus, for example, the poten-
tial is not capable of predicting geometrical changes be-
tween the vapor and liquid phases. This potential has
recently been extended to remove this limitation by Lie
and Clementi!* by incorporating another ab initio in-
tramolecular quantum-mechanical potential’® into the
MCY potential. The extended potential [henceforth re-
ferred as Matsuoka-Clementi-Yoshimine-Lie (MCYL)
potential] uses no empirical parameters other than the
atomic masses, electron charge, and Planck constant,
hence is a true ab initio potential from atomic- and
molecular-physics point of view.

- The appearance of the MCYL potential has made possi-
ble the investigation of intramolecular modes of motion of
water molecules and their effect on its translational and
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rotational dynamics. For the first time, therefore, it is
possible to see how the three fundamental types of molec-
ular motion mutually interact in the aqueous environment
at normal temperature (300 K). The simulation of the
molecular dynamics of rigid water molecules, using an
empirical site-site plus charges potential, has revealed the
presence of a well-defined statistical cross correlation be-
tween the angular velocity and the linear center-of-mass
velocity of the same water molecule a time ¢ later in the ro-
tating frame of the molecular principal moments of inertia
(1,2,3).'¢17 Further, higher-order cross-correlation func-
tions (CCF’s) were discovered in this frame involving
dynamically noninertial quantities, such as the molecular
Coriolis acceleration 2vX®, where v is the molecular
center-of-mass velocity and o its angular velocity. 8%
The existence of these higher-order CCF’s in the (1,2,3)
frame is governed essentially by the molecular point-
group symmetry?’ (in this case C,, ) and is further proof of
the intricate and ineluctable interrelation between basic
dynamical velocities and accelerations at the single-
molecule level. The recent work has demonstrated in de-
tail how the fundamental modes of rigid molecule dynam-
ics, translation of the center-of:mass and molecular angu-
lar velocity, combine to form a pattern of statistical corre-
lation functions whose time dependence can now be deter-
mined by computer simulation methods.?>~%® Recent
work has shown that CCF’s involving the noninertial
dynamical variables also exist in the laboratory frame
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" (x,,z) and form a well-defined set of nonvanishing func-
tions of time in that frame. '* 22 This paper aims to use
3400 configurations from the simulation of Lie-and
Clementi' to investigate for the first time the effect on
CCF’s of intramolecular stretching and bending motions,
of which there are three in water.

In Sec. II the autocorrelation functions (ACF’s) of a
number of dynamical quantities are given, including
those of the molecular center-of-mass velocity, the angu-
lar ‘velocity, the angular momentum, the dipole orienta-

tion, and its second time derivative (the rotational veloc-"

ity). Where relevant, these are illustrated in frames
(x,y,2) and (1,2,3).
In Sec. I1I, the analysis of the large number of CCF’s

obtained in this work is carried out firstly in terms of the

symmetry of the various dyadics in frames (x, y,z) and -

(1,2,3) and secondly in terms of rotation-translation,
rotation-vibration, and translation-vibration coupling in
both frames. Cross reference and comparison is made to
the data available from the work of Evans'®!” using his
own empirical model of water referred to already in this
paper. For this purpose some higher-order CCF’s have
been computed in this work for the MCYL potential 1o
compare directly with Evans’s work using as. few as 500
configurations and 108 molecules. This serves the twin
purposes of checking for any possible artifacts arising

from sample size and/or number of configurations used .
" in the running time averages of the latter. The various’

CCF’s are classified into those which describe the vari-
ous types of cross correlations possible; and cross refer-
ence is made among members of each class or group of
CCF’s in order to gain insight into the nature of the

" single-molecule dynamics in its aqueous environment.
Finally, in Sec. IV the relation of this work to the avail-
able experimental data is discussed and suggestions are
made as to which experimental probe should be used to
isolate a given type of cross correlation.

0. TIME AUTOCORRELATION FUNCTIONS

A. Orientational autocorrelation functions

The dipole-orientation correlation function has been
obtained and found to agree with the result obtained by
Lie and Clementi.!* Figuré 1 is the rotational velocity
(¢,=wXe,, where o is the angular velocity and e, the
unit dipole vector) ACF for the molecular dipole mo-
ment, and is essentially the Fourier transform of the
contribution of molecular libration to the far-infrared
spectrum of liquid water.? Note that it is not the com-
plete spectrum because contributions are expected from
the proper modes of vibration. The results of Fig. 1 are
similar to those obtained by Evans et al. using an empir-
ical rigid site-site potential.'®!” The far-infrared spec-
trum from the ACF of Fig. 1 is similar to that illustrated
by Evans.'® The minimum in the ACF of the MCYL
potential is slightly deeper, and there is slightly more
structure in the 0.0-0.1-ps region, but otherwise vibra-
tion does not affect significantly the molecular librational
" motion of the water molecule. The results of Evans
et al. were obtained with only 500 configurations and
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FIG, 1. Normalized ro_téitional velocity autocorrelation
functions of the water molecule.

108 molecules,'®!” thus the number of configurations

and sample size do not seem to be a significant effect on
the ACF’s. The same is true for the other ACKF’s in this
paper, except for the linear velocity ACF of atoms,
which is significantly more oscillatory due to internal vi-
brations in the MCYL potential.

It is significant that the angular velocity ACF shown
in Fig. 2(a) is essentially identical with the rotational ve-
locity ACF in-normalized time dependence. This is a
consequence of the far slower time dependence of the
orientational ACF compared with the rotational velocity
ACF (Fig. 1). In other words librational motion is a far
faster process than molecular rotational diffusion. This
is reflected in the fact that the Debye relaxation time of
liquid water®® is about 50 times longer than the correla-
tion time of the molecular libration, >3

Figures 2(b)-2(d) illustrate the anisotropy of the angu-
lar velocity ACF in frame (1,2,3), the frame of the prin-
cipal molecular moments of inertia. In these figures the
3 component of this frame is the axis perpendicular to
the plane of the molecule and passing through the center
of mass; the 2 component is the axis in the plane of the
molecule approximately parallel to the oxygen-center-
of-mass line, and perpendicular to the 3 axis, and the 1

" axis is that mutually perpendicular to 3 and 2. The an-

isotropy data in Fig. 2 can be obtained in principle from
NMR spin-spin and spin-rotation relaxation. The
present computer simulation results suggest that the
time dependence about each axis of the frame (1,2,3) is
different; implying that the angular diffusion of the water
molecule is different in each direction.

There is also an anisotropy in the linear center-of-
mass velocity ACF in frame (1,2,3) of the principal
molecular moments of inertia. Components 1 and 2 of
the normalized ACF are very similar in time dependence
to that of the complete ACF in this frame, but the ACF
of component 3 is different. The center-of-mass linear li-
bration or *“‘cage” effect is much less pronounced in the 3
axis of the rotating frame. It is noteworthy that the
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FIG. 2. Normalized angular velocity autocorrelation functions of liquid water in the frame of the principal molecular moments

of inertia.

time dependence is almost identical with that of the
complete ACF in the laboratory frame (x,y,z). This is
more oscillatory than that obtained by Evans et al.'®!
with the rigid site-site potential, but similar to that from
the rigid MCY potential.>> Therefore, vibration has lit-
tle direct effect on the center-of-mass linear velocity
ACEF in either frame of reference.

The ACF’s of the noninertial linear velocity X,
and (Coriolis) acceleration @ X v, , in the frame (1,2,3),
which appear in the rotating-frame analysis of molecular
diffusion recently developed by Evans and described in
detail elsewhere,'%?? are again similar in time depen-
dence to the equivalents obtained by Evans from his rig-
id site-site potential. ' )

Finally, in this section we note that the ACF’s of H
and O atom velocities reported by Lie and Clementi*
have been checked to have the same time dependence
from the independent algorithms developed in this work.
These ACF’s in the rotating frame of reference (1,2,3)
have a similar but not identical time dependence. The
ACEF of the H atom velocity is the only one having high-
ly oscillatory features due to bond vibration.

III. TIME CROSS-CORRELATION FUNCTIONS

Considerable extra insight into the molecular dynam-
ics of the water molecule in an aqueous environment is
obtainable by the computer simulation of time cross-
correlation functions. The term is interpreted in the
broadest sense here to include cross correlations between
off diagonal elements of tensor products of two dynami-
cal quantities in either frame of reference. This section’

is divided into three subsections for ease of reference:
vibration-translation, vibration-rotation, and rotation-
translation couplings.

A. Vibration-translation coupling

Statistical time cross correlation between vibration
and center-of-mass translation can be used as in Fig. 3 to
illustrate the interdependence of each mode of molecular
motion. The vibration is defined through the linear ve-
locity in frame (1,2,3) of the hydrogen atom, and the
translation as that of the molecular center-of-mass in the
same (rotating) frame of reference. The nine elements of
the tensor product '

(vyityl (0))

(V}{ )l/2<vg,m_ >1/2

were obtained. The 12 and 21 off diagonal elements of
this tensor exist above the background uncertainty level
(“noise”). The other off diagonal elements vanish in the
noise, but the three diagonal elements exist, so that the
overall symmetry of the vibration-translation matrix is

1=

(n

(1,2,3)

+ + 0
+ + 0
0 0 +

The time dependence of each diagonal element is illus-
trated in Fig. 3. It is seen from Figs. 3 and 4 that the off
diagonal and diagonal elements are very anisotropic in
the rotating frame. Center-of-mass translation is cou-
pled to H-atom vibration in different ways, depending on
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the axis under consideration. The coupling in the 22
component [Fig, 3(b)] is oscillatory at the frequency of
the H atom vibration, because the 2 axis is the one that
approximately bisects the molecule through the oxygen-
center-of-mass axis. The 11 component [Fig. 3(a)] shows
the fact oscillations of Figs. 4(a) and 4(b) superimposed
on the slower oscillations of the O-atom vibrations. Fi-
nally, the 33 component [Fig. 3(c)} is free of vibrational
oscillations because the 3 axis is perpendicular to the

plane of the molecule. We shall see later that this ele- \

ment is nearly identical in time dependence with the off
diagonal element 13 of the rotating-frame CCF between
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molecular angular velocity and linear center-of-mass ve-
locity. It is also significant that only the off diagonal ele-
ments [Figs. 4(a) and 4(b)] not involving the 3 axis of the
principal molecular moments of inertia frame (1,2,3) sur-
vive. There is no coupling of the atom and center-of-
mass linear velocities between vector components paral-
lel and perpendicular to the plane of the molecule. Cou-
pling occurs for vector components which are both ei-
ther in the plane or perpendicular to the plane of the
molecule. These results differ significantly from their
equivalents obtained from any rigid water molecule ap-
proximation.

B. Vibration-rotation coupling

The effect of vibration can be studied by considering

-the normalized tensor product

{(v(t)o™(0))
(V}{)l/Z(wZ)I/Z

Figure 5 shows the time dependence of the four off-
diagonal elements of this CCF tensor in frame (1,2,3).
The diagonal elements in this case vanish in the noise, so
that the overall symmetry of the matrix is

C,= (2)

(1,2,3)
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0 0
0 0
+ +
This situation is opposite to the symmetry of the
vibration-translation matrix described already. Figure 5
shows that the 31 and 32 components of the CCF are
essentially perfect mirror images of each other in time
dependence, while there is some residual asymmetry in
the otherwise mirror-image behavior of the 23 and 13
components. Since the molecule can only vibrate in the
molecular plane, we see that the effect of vibrations
shows up in the 13 and 23 components as small ripples.
Figures 6(a) and 6(b} confirm the symmetry of Fig. 5
for the equivalent CCF matrix between the molecular
angular velocity in frame (1,2,3) and the linear velocity
of the oxygen atom. In this case the whole matrix is
dominated by the 31 element [Fig. 6(a)]. Due to the fact
that the amplitude of the oxygen vibration is much
smaller than that of hydrogen, no ripples have been seen
here. The 13 element [Fig. 6(b)] seems to be signal, but
its amplitude is ten times smaller. All the other seven
elements vanish in the noise, so that the overall symme-
try is

+
+
0

oo |00
3 (v%>1/2(m2)1/2 (1,2,3) +~ 0 0

It is very interesting to cross reference Figs. 3(c) and
6(a), which illustrate the time dependence of the 33 com-
ponent of the vibration-translation matrix and the 31
component of the oxygen linear translation to molecular
angular velocity CCF matrix, respectively. The time

dependence of these elements is seen to be essentially the
same, with slightly different maxima. Furthermore, Fig.
6lc) shows that the 13 component of the CCF for molec-
ular angular velocity to molecular center-of-mass linear
velocity in frame (1,2,3) is identical with the component
in Fig. 6{(a). This can be explained by the proximity of
the oxygen atom to the molecular center of mass. Thus
there is a clear interrelation among the CCF tensors of
vibration-translation, vibration-rotation, and, in Fig.
6(c), rotation-translation.

C. Rotation-translation coupling

The relevant matrix is the tensor product between the
molecular angular velocity in frame (1,2,3) and the
molecular center-of-mass velocity in the same frame

{v, o (DT(0))

<v§.m. )I/Z(a)2>l/2

Figures 6(c) and 6(d) shows that the matrix is dominated
by the 13 element, but that there is a trace of a signal in
the mirror-image element 31 [Fig. 6(d)]. The existence
of these two elements is allowed by group theory.?® It is
significant and important to note that the result of Fig.
6(c), obtained from the MCYL potential with 3400
configurations for 343 molecules, is almost identical in
time dependence and amplitude with the equivalent ele-
ment obtained by Evans'®!” from his site-site model of
rigid water, using only 500 configurations for 108 mole-
cules. This is convincing evidence for the reality of
these cross-correlation functions from two wholly in- - -
dependent computer simulations of liquid water. The
pattern of the rotation-translation CCF matrix is

Q 4= (4)

(1,2,3)
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and this corroborates the simulation by Evans.!®!" In
both simulations the matrix is dominated by the
equivalent of the 13 component. Therefore, there is lit-
tle or no effect of vibration on rotation-translation cou-
pling. This means that the large amount of data now
available from the previous work of Evans and cowork-
ers'®?® on rotation-translation in a variety of rigid mole-
cule symmetries is essentially valid as it stands for their
flexible counterparts. This is an important step forward
in our understanding of these subtle phenomena in the
liquid state of molecular matter.

Nonvanishing (diagonal) elements also exist for the
“higher-order” CCF matrix between the molecular
noninertial Coriolis linear acceleration in frame (1,2,3)
and the center-of-mass velocity, i.e., the matrix

(vem () Xa(t)vI (0))

5=
(vg.m. )1/2((02>1/2

(5)

(1,2,3)

The diagonal elements of Cs can be compared directly
with those provided by Evans!®!” in the literature from
his rigid-site potential. Again the rigid and flexible wa-

ter potentials provide similar results, but not quite iden-

tical for this higher-order CCF. The time dependence
for the MCYL potential is slightly more oscillatory, and
the negative minimum in the 33 element is deeper in the
MCYL potential than in the Evans potential.

IV. LABORATORY FRAME
CROSS-CORRELATION FUNCTIONS

The computation of CCF’s in the laboratory frame
_provides a check on the correctness of the algorithms
vsed in this work. For example, the CCF matrix be-
tween molecular center-of-mass linear velocity and
molecular angular velocity must be a null matrix in the
laboratory frame because the response of each vector to
parity inversion symmetry is opposite for an isotropic
liquid medium. This is corroborated in this work by the
individual computation of all nine elements of the ma-
trix. The elements all vanish in the noise. Similarly any
laboratory frame CCF involving atom velocity and angu-
far velocity also vanishes by the parity rule in the labora-
tory frame, and this was also checked by computing
each element individually. Each vanished in the noise of
the simulation for all #, as required by fundamental sym-
metry rules in the laboratory frame of reference,

On the other hand, the existence of off-diagonal ele-
ments of tensor products involving the same vector at
t=0 and t =t is not forbidden by symmetry in the labo-
ratory frame. In this work we have checked individually
the off-diagonal elements of the tensor products

{v m(t)vT (0)?
Co= 20' '1/2 m:. 172 (©)
(vc.m. ) <vc.m. ) (x,3,2)
apd
[ (0lne"(O)
Cqy= (02)172( p2)172 o) @) _



involving the molecular center-of-mass linear velocity
and the molecular angular velocity in the laboratory
frame. The diagonal elements of course exist, because
these are the components of the ACF’s in the laboratory
frame. However, little is known about the time depen-
dence of the off-diagonal elements in the laboratory
frame. Figures 7(a) and 7(b) provide evidence for the ex-
istence of the z-x component in the laboratory frame of

the linear molecular center-of-mass tensor product and -

the z-y component of the molecular angular velocity ten-
sor product, respectively. The latter is particularly strik-
ing, because its time dependence seems to be identical
with that of the equivalent ACF. The former is much
smaller in amplitude, and its £=0 value seems to be pre-
cisely zero. These elements are not symmetry forbidden
in the laboratory frame, even in a perfectly isotropic
sample, and their existence in the diffusing asymmetric
top seems to be confirmed by this work. Figure 7(b)
shows that the z component of molecular angular veloci-
ty in frame (x,y,z) is correlated to the y component at
the same instant in time, i.e.,

(o,(0w,(0))

2\1/2¢, 2\1/2 ‘
(0" w}) ](w,z)

0.02 T T ) T 1 [ —
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FIG. 7. Elements of the normalized cross-correlation func-
tions C¢(¢) and C,(¢). Superscripts indicate the components of
the tensor.
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All other off diagonal elements of the matrix vanish in
the noise. This kind of cross correlation can arigse in
principle from cooperativity of the molecular angular
motion about the z axis of the laboratory frame, or from
molecular spin induced by rotation-translation coupling
in frame (1,2,3). The origin of these new types of cross
correlation requires further careful analysis.

Finally, we mention the existence in the laboratory
frame of the diagonal elements only of the CCF tensor
between the linear velocity of the hydrogen atom at time
t and the linear velocity of the molecular center of mass
at t=0 for the same molecule. In great contrast to the
equivalent result in the rotating frame, discussed al-
ready, these diagonal elements have essentially the same
time dependence, because of the overall isotropy of the
system in the laboratory frame. These elements reach a
normalized maximum value of only about 0.03. Howev-
er, translation-vibration coupling in the laboratory frame
is weak in contrast with the situation in the rotating
frame.

V. EXPERIMENTAL OBSERVATIONS

In this section we suggest briefly ways of probing the
new results presented in this paper by experiment. The
original paper of Lie and Clementi'* compares the simu-
lation with many conventional experimental sources of
information on the thermodynamics, structure, and au-
tocorrelations. However, the experimental investigation
of cross-correlation function is a considerably more
difficult undertaking. At present there exist two indirect
methods of investigating rotation-translation coupling
both suggested by Evans.’*3 One involves electric
field-induced birefringence and the other a careful com-
parison of the properties of an enantiomer and its racem-
ic mixture. For water, only the first method is relevant.
The agreement between the two independent computer
simulations requires the effort to be made to use the
Kerr-effect method (electric-field-induced birefringence)
to try to see the new CCF’'s experimentally using the
method suggested in the literature.*

Rotation-vibration coupling and the closely allied
phenomenon of vibration-translation coupling as seen in
this work can in principle be investigated by a careful
analysis of the infrared or Raman rotation-vibration ab-
sorption in liquid water. In steam the (quantized) mutu-
al effects of vibration on rotation can be studied in detail
using high-resolution spectra, and this is well known.
However, the extension of this type of investigation to
the liquid state is much less well pursued. The results of
the present simulation, and the cross-correlation func-
tions of this paper may therefore catalyze some more ex-
perimental studies into mode-mode coupling in liquid
water at the single-molecule level.
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