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In computer simulations of the molecular dynamics of liquid water from 1 bar, 293 K to 200
kbar, 1043 K, direct statistical correlation has been observed in the laboratory frame of reference
between the molecular linear center of mass velocity v and (i) the dipole unit vector u, and (i) its
time derivative. These results imply that dielectric relaxation and far-infrared absorption spectra
are incompletely understood with theories which neglect cross correlations.

I. INTRODUCTION

Two of the most fundamental results in the theory of
broad band spectroscopy'~? are that the dielectric loss
and dispersion are related through a Fourier transform of
the orientational autocorrelation function (acf)

C={u(0)-p(0)) /{2,

where u is the molecular dipole moment; and that the
far-infrared absorption, the high-frequency adjunct of
dielectric loss, is related to the rotational velocity acf

C, = ((n)-f(0)) 7{a?) .

In order to interpret the dielectric and far-infrared ab-
sorptions of molecular liquids, theories of molecular dy-
namics are used to construct these correlation func-
tions*~7 usually in the time domain. It is almost univer-
sally assumed that the molecular linear velocity v plays
no direct part in the dynamics leading to both time auto-
correlation functions. This has been implicit in the
theory of rotational diffusion since its inception.®~!°

In this paper we provide the first evidence that this as-
sumption is fundamentally false because the dipole unit
vector and its time derivative-have been observed in this
work to be statistically correlated to v directly in the lab-
oratory frame (x,y,z). In other words the time cross-
correlation functions (ccf)

C,={plt)-v(0)) /{u*) " (v2)17?) ,
Cy={l1)v(0)) /({2172 (p2)172)

exist directly in the laboratory frame for r >0 at state
points from 1 bar, 293 K to 250 kbar, 1043 K in liquid
water. Therefore it would be incomplete. to interpret
dielectric and far-infrared spectra without detailed con-
sideration of cross-correlation functions. It follows that
this is also true of all types of liquid-state spectra involv-
ing the orientation vector, such as infrared band-shape
analysis,'' light and neutron scattering,'> and so on.!
The most complete method of interpretation involves
computer simulation which can be used self-consistently
to produce experimental information for comparison'*
and to interpret this properly with the role of cross corre-
lations fully recognized.

II. OUTLINE OF MOLECULAR DYNAMICS
SIMULATION

The molecular dynamics of liquid water were simulat-
ed in this work with a site-site potential constructed of
atom-atom terms and partial charges fully described else-
where in the literature.!” Simulations were made at a
range of state points over a time segment of 6000 time
steps of 0.5 fs each. The pressure in the simulation was
computed for input temperature and molar volume, and
the results are summarized in Table I. This shows that
the potential behaves satisfactorily as regards pressure
dependence up to 250 kbar in liquid water. The experi-
mental pressure in Table I is derived from the litera-
ture.'® We make no claim as to the ability of this poten-
tial to reproduce the various ice structures, however, and
in this respect the MCY potential'”!'® is the most success-
ful, as shown by the careful work of Morse and Rice."
However, the MCY potential produces a pressure which
is far too high (8000 bar) at room temperature and molar
volume, 4 18:20

The new time cross-correlation functions reported in
this work exist irrespective of the type of potential used
and are fundamental, in other words, to liquid-state
molecular dynamics in water. It is safe to infer that the
same is true for all -molecular liquids, i.e.,, cross-
correlation functions of this type always exist in liquid-
state molecular dynamics and affect the interpretation of
spectral band shapes.

Each. correlation function in this work was computed
over 6000 timesteps of 0.5 fs dumped every second step
into 3000 configurations. Running-time averages were
computed over these configurations with an efficient algo-
rithm which completed the computation in a few minutes
of real time.

ITI. RESULTS AND DISCUSSION

Having reported a comparison with experimental ther-
modynamic data in Table I we report the major new re-
sults of this paper in Figs. 1 and 2, where illustrated is
each component in the laboratory frame of the cross-
correlation functions

Cil'= (100,000 /() /2 (w2) 172)
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TABLE I. Comparison of computed and experimental pres-
sures of liquid water. Note that the last point is at the critical
point.

Molar volume Temperature P experimental P computed
{cm’/mole) (K) " (bar) (bar)
18.0 293 1.0 — 1504200
18.0 373 1000.0 1515+300
18.0 473 3000.0 3693+600
18.0 673 7500.0 87731900
18.0 773 -9500.0 12200+1 000
18.5 1273 15000.0 19 132+1 500
56.8 647 221.0 300x60
8.5 1043 250000.0 599610+12000

and

CiP=Cay(0w;(0)) /() 2 (w}) 177

at 250 kbar and 1043 K in the high-density water ob-
tained experimentally by shock wave compression. Re-
sults are also available for the following states: 1 bar, 293
K; 15 kbar, 1273 K; 250 kbar, 1043 K. The acf’s of
center of mass velocity and rotational velocity were also
computed. The cross correlation between the molecular
linear velocity v and its own rotational velocity gt is the
stronger of the two ccf’s, and both types of cross correla-

tion increase in intensity with liquid density. The use of

6000 timesteps provides the necessary high-quality statis-
tics with whioh to define the time dependence of each
component.

As far as we are aware this is the first time that direct
cross correlation has been observed between the molecu-
lar center of mass velocity v and the fundamental orienta-
tional vector pu and its time derivative, which underpin
the interpretation of so much spectroscopic data in the
literature. The theory of rotational diffusion and its
many variations and derivatives takes no account of these
direct and fundamental statistical correlations. This
theory is often used, however, in the interpretation of

T T T T T T T L
~ 0.02f X -
:/\ \

s 0.0
v
& -0.02
=X
s
A -0.04
<
% -0.06
v

-0.08

l N R | 1 1 | 1 1 1 j
0.02 0.06 0.1 0.14 0.18
t (psec)
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FIG. 2. The diagonal elements of {g,(1)u,(0))/

({a 312> for water at 1 bar and 293 K (ij =x,,2).

molecular dynamics and spectral band shapes, and such
interpretations are now seen clearly to lead to false con-
clusions. This is because the theoretical assumptions are
fundamentally incorrect in assuming implicitly that the
intensity of the cross-correlation functions in Figs. 1 and
2 is zero for all 2. Computer simulation therefore leads to
a fundamentally more accurate appreciation of liquid-
state molecular dynamics and the interpretation of spec-
tral band shapes.

The origin of the new cross correlations in the labora-
tory frame must be sought in the fact that the total veloc-
ity of an atom in a molecule is

V.=V+ioXy, 8))]

where @ is the molecular angular velocity (note that

- molecular vibration has been neglected). Thus

(Vo (£)-v,4(0)) = (v(£)-v(0)} + {v(8)-@(0) X u(0))

+ -0 en-e(0)) . (2

Therefore the central term on the right-hand side is the
one observed in this work which measures the strength of
rotation-translation coupling direct in the laboratory
frame. A simple theory for the coupling term can be con-
structed from the linked Langevin equations

Vv=—Av—2A,n1+F, 3)

ji=—Ap—~A,v+N , (4)

where A,, A, and A, are friction coefficients. The second
equation above is a Langevin equation direct in the rota-
tional velocity, since it is possible in general to construct
linked Langevin equations for any two fluctuating vari-
ables X and Y. Equations (1) and (2) are analytically solu-
ble,! the cross-correlation function being described as

2
(vit)-(0)) =(—(Ubj))mk,,e —bisin[(c —b?)'/ %)
Cc —

ifesb?, (5)
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2
(v(t)-p(O))=sz(—_u_c))—l/gk,,e‘b’sinh[(bz—c)'/zt}

ifc<b?, (6)

where b =2(A, +A,) and c =4, A, —A,A,. Furthermore,
the friction coefficients A, and A, can be found from the
velocity and rotational velocity acf’s individually. There-
fore the new cross correlation of this work can be de-
scribed approximately in terms of the new coupling pa-
rameter A,,. This depends on the nature of the molecule
and on the thermodynamic state of the liquid. It is the
analogy of the Debye relaxation time for rotation-
translation coupling and can be used in the same way to
characterize the molecular dynamics. It can be observed
experimentally with a combination of tracer diffusion,
far-infrared spectroscopy, and computer simulation.

The optimum fit to the computer simulation data at 1
bar and 296 K was found with the three friction
coefficients A, =1.0, A, =25.0, and A, =50.0; and this is
illustrated in Fig. 3. The simple theory reproduces
reasonably accurate representations of the velocity and
rotational velocity acfs together with the cross-
correlation function, in terms of the three friction
coefficients. For example, the translational velocity auto-
correlation function becomes negative at about 0.04 psec,
as found in the molecular dynamics simulations of wa-
ter,'#2% and the velocity-rotation cross correlation rises to
a maximum of about 0.3 at ~0.02 psec, as found in Fig.
2. However, the theoretical curves have the usual limita-
tions of an essentially Markovian treatment, for example,
they cut the t =0 axis with a finite slope. This can only
be remedied through use of memory functions, but at the
cost of analytical intractability and over parametriza-
tion. It is significant, however, that the linked Langevin
equations produce a negative overshoot in both acfs as
observed computationally. This is not possible with
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FIG. 3. Theoretical results for the velocity acf, the rotational
velocity acf, and the cross—correlation function from the linked
Langevin theory Egs. (3} and (4). See text for the values of the
parameters used.

decoupled Langevin equations, which produce simple ex-
ponentially decaying acf’s if memory effects are neglected
and give no result for the time cross-correlation function
in the laboratory frame (x,y,z).

Finally we note the result

{f(0)v(0)) = —{v(1)(0))

from the simulation as required by independence of the
time origin used in the expression, so that

}‘r: = ;\'lr
in Egs. (3) and (4).
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