Journal of Molecular Liquids, 44 (1989) 27-37 27
Elsevier Science Publishers B.V., Amsterdam — Printed in The Netherlands

Computer Simulation and Group Theoretical Statistical
Mechanics of Liquid Water and Methyl Chloride:
Part 1, Neumann’s Principle.

M. W. Evans* and D. M. Heyes

Department of Chemistry, Bourne Laboratory,
Royal Holloway and Bedford New College,
University of London,

Egham, Surrey TW20 OEW,

U.K.

(Received 21 February 1989)

*Also at
[.B.M., Data Systems Division,
Neighborhood Road,

Kingston, New York 12401,

U.S.A.

and
Honorary Rescarch Fellow,
Dept. of Physics,
University of Lancastcr,

Lancaster LAl 4YB, U.K.

Abstract

Neumann’s Principle is applied to the molecular dynamics of liquids in the laboratory frame (X, Y, Z) and
molecule fixed frame (x, y, z). In the absence of symmetry breaking influences, and in an isotropic medium
of diffusing molecules, it states tha the totally symmetric irreducible representation is the key 1o whether a
thermodynamic ensemble average exists in either frame. In liquid water, with molecules of C,, symmetry, and
liquid methy! chloride, with molecules of C;, symmetry, the Neumann Principle, cvaluated with the help of
group theory, is found to be in agreement with computer simulations of components of linear and angular

momentum auto correlation functions in both framecs.
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Introduction

In a little known work of the nineteenth century, Neumann! proposed a potentially very useful principle?
which can be applied to thermodynamic ensemble (i.e. running time) averages such as time auto and cross
correlation functions, the building blocks of spectral analysis according 10 molecular dynamics®7. On the
grounds of symmetry alone, Neumann’s Principle is able to isolate thosc correlation functions that vanish for
all t from those that may exist by symmetry. In the laboratory frame (X, Y, Z) it states (in contemporary
terms) that the thermodynamic ensemble average over a variable or product of variables exists if the relevant
product of irreducible representations contains the totally symmetric representation (t.s.r.) of the Ry(3)
rotation-reflection group. If the averaging is carried out in another frame of reference, such as the molecule
fixed frame (x, y, z) of the point group character tables, the t.s.r. is that of the molecular point group itself®.
In the C,, and C,, point groups considered in this paper this is A;. The number of occurrences of the t.s.r.

signifies the number of independent averages which may exist in cither frame.

In the presence of symmetry breaking fields, such as a static electric ficld, or a chiral influence such as that
defined by Barron2 more averages may become visible in either frame according to the ficld symmetry. For
example, in a static electric field, the three dimensional isotropy of the Ry(3) group is broken® and avcrages
of the type D) may exist in frame (X, Y, Z), together with their counterparts in frame (x, y, z). A shearing
field of symmetry

dvy

= T=D0+D+ D@ (1)

applied in the laboratory frame might make possible the cxistence of all nine elements of appropriate
response auto correlation functions (a.c.f.’s) in this frame according 1o Neumann’s Principle. A typical
example is the recent computer simulation proofi? of the appearance of the cross correlation function (c.c.f.)

between orthogonal velocity components
Crz(ty = <vp(Ovz() > # < vx(vz(0) > 0]

in the laboratory frame in response to a shearing field of type (1). 'This is the first observation of a time
asymmetric c.c.f., which is a weighted sum of components due to vorticity and deformation which are respec-
tively time antisymmetric and symmetric. This discovery was the result of an extension of Neumann's Prin-

ciple to involve external field symmetries within the overall context of group theoretical statistical mechanics

(g.t.s.m.).

In this paper some predictions of the Neumann Principle as applicd to statistical mechanics are tested with
computer simulations of liquid water and methyl chloride, respectively of C,, and C,, point group symmetry.
Simulations of the velocity and angular momentum a.c.f.’s are carricd out in frames (X, Y, Z) and (x, y, z),
and the results compared with symmcetry predictions in both frames. Predictions arc also made concerning the
behaviour of time c.cf.’s in both frames.

Computer Simulation Methods

The simulations were carried out on the Cray 1s computcr of the University of London usinig the algorithm
TETRA, described elsewhere in the literaturell. The intermolecular potentials for water and mcthyl chloride
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were Lennard Jones atom atom terms with partial charge interactions . ‘These potentials are also available in
the literature!2. The liquid water was simulated at a molar volume of 18.0 cm? mole'!, and the liquid methyl
chloride at a molar volume of 55.0 cm3 mole-l. The time step for watcr was 0.5 fs and for methyl chloride 5.0
fs. The correlation functions were computed by running time averaging during the production run.
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Figure 1

(a) The (X, X) component of the velocity a.c.f. for liquid methyl chloride in the lab. frame from computer
simulation, showing two contiguous segments.  (b) As for (a), the (Y, Y) component.

(c) As for (a), the (Z, Z) component.
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The Application of Neumann’s Principle

We consider the lincar velocity (v) and angular momentum (J) a.c.f.’s in frame (X, Y, Z). The product of

irreducible representations in each case is

rore = oo = o + p{? + p?
) = p{of" = p® + b + D

where we have used the Clebsch Gordan Theorem!? and standard notation for the irreducible (D) represent-
ations of the Ry(3) rotation-reflection point group. The subscripts denote even (g) or odd (u) to parity
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As for Fig. (1), the angular momentum a.c.f.
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reversal, and the superscripts the order of the spherical harmonics. In both cases, and indeed for all time
acf.’s, the product contains the t.s.r. Dy®. This significs the exisience of one independent element of the

a.c.f., which in isotropic media is:

<IR(O)vx(0) > = < v (Oplt) > = < vp(O)r(0) >

< IOV Tx(8) > = < Jp(0)Jp(8) > = < Jz(0)5()) > @

This prediction is corroborated for the lincar velocity a.c.f. of liquid mcthy! chloride in Fig. (1), showing the
time dependence of each diagonal element to be tha same within the noise for two contiguous segments. The
same is true in Fig. (2) for the angular momentum a.c.f. in frame (X, Y, 7). These reults are in agreement

therefore with Ncumann's Principle.

Fig. (3) shows how a Z axis electric field of symmetry D,()) breaks the isotropy of the trace of the tensor
<J(0)JT(t)>. The independent element Dy(® now represents

—%—( < Jy(0)x(t) > + < Jp(O)p(t) > + < J5(0)J5(1) >)

The full symmetry is that of eqn. (3), but the D,() electric ficld has no cffect on the off diagonal elements.

This has again been confirmed by computer simulation in this work.

The Molecule Fixed Frame, (x, y, z)
Liquid Methy! Chloride

In the C;, point group the frame (x, y, z) is defined with reference 1o the literature point group character
table. The D) symmetry of v maps on to A; + E in this point group and the D) symmetry of J on to A,
+ E. In the isotropic liquid the relevant product of representations for the a.cf.’s of v and J in frame (x, y,
7) are respectively

TO(Y) = (A4, + E)(Ay + E) = 24, + Ay + 3E

W) = (Ay + E)(Ay + E) = 24, + Ay + 3E ®)

showing in cach case the existence of two independent clements of the a.c.f. With reference to the point group

character tables these are

<n(Op()>=< ‘:v(o)"y(’) > # < v,(0),(8) >

< IO (D) > = < L(0)(0) > # < JLO)IA1) > ©

Thus, Neumann'’s Principle shows that the time dependence of two diagonal clements are the same , and the
third is different. Figs (4) and (5) show that this is cxactly what is found by computer simulation for two
contiguous clements, each of about 4,000 time steps. Neumann'’s Principle is applicable both in the familiar
lab. frame (X, Y, 7) and in the molecule fixed frame (x, y, 7) of the standard point group character tables.
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Figure 3

The angular momentum a.c.f., diagonal elements, simulated for liquid water in the laboratory frame (X, Y,
Z). (a) Field on (points); field-off (line); (X, X) element. The points denote two contiguous runs.
(b) As for (a), the (Y, Y) component. (c) As for (a), the (Z, Z) component.
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As for Fig. 2, moving frame (x, y, z) of the point group character tablc. Note that the time dependence of
one element is different as predicted by group theory and Neumann’s Principle. No applied electric field.
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As for Figure (1), frame (x, y, 2).



Liquid Water (The C,, Point Group)

The product of reptéscntalions of the velocity and angular momentum a.ci.’s in this case are

T(IT() = (4, + By + B(A, + By + By) = 34, + 24y + 2B, + 28, 9

which is the same for the angular momentum a.c.f. In either case there are three independent elements, which
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As for Figure 3, frame (x, y, 7).
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signify three independent diagonal elements. Again these symmetry predictions are confizmed by computer
simulation as in Figs. (6) and (7). In these figures are illustrated the cffect of a static electric field applied to
the Z axis of the frame (X, Y, Z). The D" symmetry of the static electric field maps on to A} B, + B; of
the frame {x, v, z) in the C,, point group. We have secn the effect of the electric ficld in not being able to
promote new off-diagonal elernents of the acf. of velodty or angular momentem in frame (X, Y, Z). What
is the equivalent effect in frame (x, y, 2)?
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As for Pigure 6, velocity a.c.f.
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In group theoretical terms the symmetry of the electric ficld maps on to (x, y, z) as described, allowing the
possible existence of thermodynamic averages corresponding to A;, By, and B,. In the absence of the field
only the A; type averages survive. These are illustrated in the field-off and field-on cases in Figs. (6) and (7).

The possible extra off diagonal elements in frame (x, y, z) are those of B; and B; symmetry, i.e.
<v(If0) > < w0} > <w(pAD) > < w()rA0) >

and these may be discernible by computer simulation, of foe example, aligned liquid crystals.

Conclusions

Computer simulation of water and methyl chloride have confirmed the validity of Neumann’s Principle in the
laboratory frame of reference, (X, Y, Z), and in the molccule fixed frame (x, y, z) of the standard point group
character tables.
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