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The effect of the phase change from compressed gas to liquid in hydrogen selenide is explored
in terms of cross correlation functions. There are considerable differences in amplitude and
time dependence of the cross correlation functions which are recorded at several state points
from the liquid just below the boiling point to the compressed gas. Results are obtained for 108
and 500 molecules in order to investigate the effect of sample size on cross correlation
functions in the laboratory frame and in the frame (1,2,3) defined by the molecular moments

of inertia.

I. INTRODUCTION

Computer simulation has now developed to the stage
where the fine details of molecular dynamics can be appreci-
ated in terms of time cross correlation functions (ccfs).!™®
These measure statistically the degree of correlation between
different dynamical quantities in the same molecule. A com-
plete picture of the dynamics of a molecular liquid can then
be built up in terms of several different types of ccf. Their
existence in the laboratory frame is determined by the basic
symmetry laws of physics, including those of time reversal,
parity, and reflection symmetry. In the moving frame of ref-
erence, defined by the three principal molecular moments of
inertia, the existence of the ccf for ¢ > 0 depends on the point
group symmetry of the molecule under consideration. The
standard methods of group theory apply to the time depen-
dence of the ccf as discussed in detail recently by Whiffen.

By extensive use of computer simulation, many different
types of ccf have recently been characterized numerically,
firstly in the moving (1,2,3) frame of reference and then in
the laboratory frame (x,y,z). A theory for the laboratory
frame ccfs has been developed using the concept of linked
Langevin equations,” and at the expense of extra parameters
is able to describe the main qualitative features of the nu-
merical results from the computer simulation. Although the
theory is able to follow the numerical data qualitatively in
terms of the friction coefficient and potential energy param-
eter, it is not yet a predictive theory, i.e., it is still semiempiri-
cal in nature. For this reason it is necessary to use computer
simulation to investigate systematically the effect of varying
conditions, such as molecular geometry and thermodynam-
ics, on the magnitude and time dependence of each cross
correlation function. A systematic investigation of this kind
will allow us to see which factors are most important in con-
trolling statistical cross correlation at molecular level. One
of the simplest of the class of asymmetric top molecules is
hydrogen selenide, which is a simple liquid essentially free of
the hydrogen bonding (H bonding).

The hydrogen selenide molecule is an asymmetric top in
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which one moment of inertia is considerably smaller than the
other two. The subsequent anisotropy in the molecular diffu-
sion should therefore be greater than that in liquid water,
where the replacement of selenium by oxygen introduces the
well known aqueous hydrogen bonding. The dynamics
should therefore be those of a simple triatomic with autocor-
relation functions (ccfs) and cross correlation functions
reminiscent of anisotropic diffusion in the laboratory and
moving frames of reference. The moving frame of reference
is defined in this paper as that of the three principal molecu-
lar moments of inertia, useful for establishing the anisotropy
of the diffusion of quantities such as the cross correlation
between the molecular center of mass linear velocity and the
molecular angular velocity. Other ccfs of interest appear di-
rectly in the laboratory frame of reference and part of the
purpose of this paper is to establish their time dependence in
the compressed gaseous and liquid states of hydrogen sele-
nide.

The amplitude and time dependence is measured in
terms of number density across the phase change from com-
pressed gas to liquid and then at different number densities
in the liquid at a constant temperature just below the boiling
point. The.area beneath the ccf is then plotted as a function
of number density, thus providing an estimate of the increas-
ing strength of statistical cross correlation across the phase
change. This is repeated for several ccfs of interest in the
laboratory and moving (1,2,3) frames of reference.

II. COMPUTER SIMULATION METHODS

The equations of motion for 108 H,Se or alternatively
for 500 molecules were solved using an algorithm which in-
tegrates separately the rotational and the translational
parts.® The equations of motions are integrated using a Ver-
let algorithm.” For each molecule in the ensemble the algo-
rithm provides records of dynamical quantities such as lin-
ear velocity, angular momentum, orientation, rotational
velocity, force, torque, and so on at each time step. This
information is stored on disk and then used to compute auto
and cross correlation functions as classified fully elsewhere.
Each cross correlation function (ccf) was computed over
6000 time steps using a running time average after an initial
equilibration period of up to 20 000 time steps.
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The intermolecular pair potential of hydrogen selenide
was approximated with a 3 X 3 Lennard-Jones site-site po-
tential with the following parameters:

€/kg(Se-Se) = 350.0K; o(Se-Se) =3.54;
¢/kg(H-H) = 54.5K; o(H-H) =2.84.

The lack of H bonding in hydrogen selenide means that the
partial charges used to represent the electrostatic distribu-
tion on each atom could safely be inferred as zero.

With this model pair potential the molecular dynamics
of the hydrogen selenide were simulated at several state
points in the compressed gas and liquid, and the behavior of
the ccf obtained as a function of number density.

IN. RESULTS AND DISCUSSION

Figure 1 illustrates the direct laboratory frame ccf
between the molecular rotational velocity and the molecular
center of mass linear velocity as a function of molar volume.
As the molar volume is decreased from 180 cm>/mol in the
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FIG. 1. Cross correlation between rotational and linear velocity for differ-
ent molar volumes: (a) 180 cm®/mol, compressed gas; (b) 40 cm?/mol; and
(¢) 20 cm®/mol.
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compressed gas to 40 cm®/mol in the liquid, the amplitude of
the ccf increases by a factor of approximately 10 times, as
defined by the intensity of the first peak of tHe ccf. The ampli-
tude is plotted against molar volume in Fig. 2, and it is clear
that at high number densities there is considerable cross cor-
relation between rotational velocity and velocity in the con-
densed state of hydrogen selenide.

Figure 2(a) is a plot of the height of the first peak of the
rotational velocity to velotity ccf against the molar volume,
whereas Fig. 2(b) the equivalent for the orientation to veloc-
ity ccf. The transition from compressed gas to liquid is
marked with a dashed line. As the gas condenses into the
liquid there is a discontinuity in the dependence of the height
of the first peak on the molar volume, i.e., there is a pro-
nounced change of slope. The phase transition is measured
through the fact that the total energy of the system changes
from positive (compressed gas) to negative (liquid). At
constant temperature (kinetic energy), the change of slope
becomes apparent at a molar volume of 150 cm?/mol, which
is the point at which the total energy of the system becomes
negative. In the compressed gas the total energy is positive,
and in the liquid, negative to a molar volume of about 20
cm>3/mol, when it once more becomes positive due to the
high external pressures (about 250.0 kbar) needed to sustain
the liquid at 20.0 cm®/mol and a temperature of 243 K (just
below the boiling point at 1 bar). Statistical cross correlation
between the molecular linear and rotational velocity is there-
fore sensitive to molar volumie, and therefore to the mean
intermolecular separation. At the phase change between the
compressed gas and the liquid there is a discontinuity in the
height of the first peak of the ccf as a function of molar
volume which coincides with the point at which the total
energy of the simulation changes from positive (compressed
gas) to negative (liquid).
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FIG. 2. (a) Amplitude of the first peak of the normalized cross correlation
function (v()p"(0)) as a function of molar volume; (b) amplitude of the
first peak of the normalized cross correlation function (v(£)p7(0)) as a
function of molar volume.
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The available theory, to be described shortly, would fol-
low this effect through parameters such as the friction coeffi-
cient and the barrier height to libration. The theory is ap-
proximately capable of reproducing the simulation data in
terms of these parameters, as illustrated in Fig. 3 for the
friction coefficients and barrier heights of the caption.

The cross correlation function is derived theoretically
by solving the itinerant oscillator equations

F+4+Br 4 V(ru) = A, (),
i+ B — V(r,R) = A, (8) .

Here B is the Langevin friction coefficient, a special form of
the more general memory function. This has been assumed
to be the same for the two equations, in general the friction
coefficients are different in magnitude, but this leads to
mathematical complexity. The potential term Vis generated
by assuming that the rotational and linear velocities are not
statistically independent in frame (x,y,z). In general the de-
pendence of ¥ on its argument is unknown, being the out-
come of inter- and intramolecular potential energy terms. It
is assumed that it can be expanded in a Taylor series. The
potential energy will in general have minima and maxima
(potential wells and barrier heights) and it is reasonable to
approximate these with an even powered Taylor series in the
energy, such as a cosine. In the first approximation only the
energy term in the argument squared is retained. Differenti-
ating this gives
Virp)= —2Vy(r,p) .

The terms on the right-hand side of the Langevin equations
are Wiener stochastic noise terms as usual, and the equations
in this form are soluble analytically using the methods re-
cently developed by Coffey ef al.’® The results are given in
terms of the friction coefficient and the barrier height ¥, in
Fig. 3.

If the simple assumption is made that the friction coeffi-
cient Sis inversely proportional to the molar volume then an
attempt can be made theoretically to reproduce the results of
Fig. 2, i.e., the height of the first peak of the cross correlation
function vs number density. The friction coefficient and bar-
rier height cannot be defined unambiguously, but the three
dashed curves in Fig. 3 represent combinations of the two
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FIG. 3. Theoretical representation of the height of the first peak of the nor-
malized cross correlation function {v(z)p"(0)) from the linked Langevin
equations of the text. The height of the first peak is plotted against the po-
tential ¥V for different friction coefficients recorded on the figure. The sig-
nificance of the dashed lines is explained in the text.

parameters which lead to approximately the same depen-
dence of peak height on molar volume as appears in Fig. 2 to
the phase transition. The theoretical results of Fig. 3 do not
succeed in reproducing the discontinuity at the phase transi-
tion itself. Langevin equations in general do not have the
capability of reproducing phase transitions and associated
discontinuities. Note that the equivalent diffusion equations
with rotational velocity replaced by angular velocity will not
be a valid description of the molecular diffusion process be-
cause they would give a finite result for the cross correlation
function between angular and linear velocity. In fact this ccf
vanishes due to the different parity symmetry of molecular
angular velocity and linear center of mass velocity in the
laboratory frame (x,p,z).

The theory can be solved self-consistently for other auto
and cross correlation functions of interest, as described else-
where in greater detail.!!

The computer simulation can also be used to generate
the cross correlation between orientation and linear velocity.
The resulting first peaks as a function of the molar molume is
described in Fig. 2(b). The overall pattern for this laborato-
ry frame ccf is similar to that between the rotational velocity
and the molecular linear velocity, i.e., the amplitude in-
creases as a function of pressure (or with decreasing molar
volume). This implies that the existing theories of molecular
diffusion become less and less valid with decreasing molar
volume for an asymmetric top triatomic such as hydrogen
selenide (molecular point group C,,). This is because there
is a lack of statistical cross correlation built in to these theo-
ries.

In the moving frame of reference defined by the princi-
pal molecular moments of inertia, the cross correlation
between linear and angular velocity has two nonvanishing
elements whose amplitude depends inversely on the molar
volume. There is no self-consistent theory available yet for
both the moving and laboratory frame cross correlation
functions cited in this paper, and computer simulation is
therefore the only means of obtaining the complete range of
data on the important statistical correlations in hydrogen
selenide (liquid and gas). In this respect the work of this
paper shows clearly that the fundamental molecular dynam-
ics of hydrogen selenide are heavily influenced by cross cor-
relation, which becomes stronger with decreasing molar vol-
ume.

The range of cross correlation functions of this paper
was recomputed with a sample of 500 molecules, and no
substantial effects of box size were found. This means that
the cross correlation functions reported in this paper are es-
sentially speaking a realistic representation of statistical in-
terrelations in liquid hydrogen selenide for the given pair
potential.
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