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The technique of computer simulation is used to reveal a new and unsuspected phenom-
enon of the molecular liquid state which is observable by several different spectroscopic
techniques. The phenomenon is explained in terms of the effect of a molecule's rotation on
its own translation (or vice versa). This is directly measurable in optically active mole-
cules, and exists for all molecules in the liquid state.

PACS numbers: 61.25.Em

The technique of computer simulation has been
developed to the point where the molecular dynam-
ics of optically active mol. ecules in the l.iquid
state can be studied in detail for the first time.
These molecules have no center of inversion and
exist as C, mirror-image pairs, known as enan-
tiomers. An equimolar mixture of these enan-
tiomers is a racemic mixture.

In this Letter I report the first computer sim-
ulation of two enantiomer liquids and of their 50/
50 racemic mixture. A new, unexpected, and

generally valid spectroscopic phenomenon is re-
veal. ed by these computations, and can be ex-
plained precisely in terms of rota. tion/translation
coupling on a fundamental, molecular scale.

The algorithm was based on a l. isting from Col-
laborative Computational. Project 5 (CCP5) of the
Science and Engineering Research Council (U.K.),
extensively modified by Ferrario et a/. ' ' The R
and S enantiomers of 1,1-chlorofluoroethane
(Fig. 1) were modeled with a 5X 5 site-site poten-
tial consisting of atom-atom Lennard-Jones

terms and partial charges located at the atomic
sites. The Lennard- Jones parameters were

(e/k)(Cl-Cl) = 127.9 K; o(Cl-Cl) = 3.6 A;

(e/k)(C-C) = 35.8 K; cr(C-C) = 3.4 A;

(~/k)(H-H) = 1o.o K; 0 (H-H) = 2.8 A;

(e/k)(F-F) = 54.9 K; 0'(F-F) = 2.7 A;

(~/k)(CH, -CH, ) = 158.6 K;

0'(CH, -CH, ) = 3.5 A.

(2)

(3)

(4)

(5)

Partial charges were used as given by Nafie,
Pol.avarapu, and Diem. '

At 293 K, with an estimated liquid density of
1.1 g mol ', 108 molecules of each enantiomer
were used in two separate mol. ecul. ar-dynamics
runs. Data from these runs were used to evalu-
ate a wide range of time correlation functions
in both the laboratory and rotating frames of ref-
erence, ' the latter defined for convenience as
that of the principal mol. ecular moments of inertia.
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FIG. 1. The S enantiomer of 1,1-fluorochloroethane.
The x, y, and g axes label the principal-moment-of-
inertia frame, intersecting at the center of mass. The
principal moments of inertia are I„ I» and I,. The
direction of the resultant molecular dipole moment is
labeled u. Inset: The frame of the unit vectors e&, e2,
and 93 (see text). The R enantiomer is obtained by
holding a mirror to the plane of the paper, i.e. , by
interchanging the positions of H and I . L

The ra, cemic mixture was simul. ated at the same
density with the same pair potential. (consisting
of the 25 site-site terms) by use of 54 mo!.ecules
of type R and 54 of type S. Autocorrelation and
cross-correlation functions (ACF's and CCF's)
were constructed of three unit vectors e„e„
and e, in the principal. moment of inertia axes;

. their time derivatives e„e„and 5„' the center-
of-mass velocity, v; the resultant molecular
angul. ar velocity, cu; and the molecular angular
momentum, J. Correl. ation functions among the
last three vectors were computed in both frames
of reference.

The most important result of this simulation is
exempl. ified in Fig. 2 in terms of the laboratory-
frame ACF's (e,(t) e, (0))/(e, ') and (e,(t) e, (0))
(P,— and P, -rank I egendre polynomials). These
functions are the same, within the noise gener-
ated by the computer technique itself, for the R
and S enantiomers, but strikingly different for
eke ~acetic mixture. I have verified that the
same pattern is exhibited for the other vectors
mentioned above.

This is an original, general, and unexpected
resul. t, and should be observable straightforward-
ly with spectroscopies such as' far-infrared ab-
sorption, diel. ectric dispersion, spontaneous and
stimulated Raman scattering, infrared absorption,
Rayleigh scattering, inelastic neutron scattering,
tracer diffusion, and related techniques designed
to look at band shapes and transport properties
of the liquid state. It would be interesting to

0
I

05
I

1.0 ps

synthesize both R and S 1,1-fluorochloroethane
and to test the molecular simulation directly.

The cl.assical theory of molecular diffusion ig-
nores the effect of a molecule's rotation on its
own transl. ation and vice versa. ' This effect can
be observed for example through the elements
of the rotating-frame correlation matrix'
(v(t)Jr(0)). In Fig. 3 I illustrate that the (1,3)
and (3, 1) elements (see Fig. 1) of this matrix
are equal but opposite in sign for the P and S en-
antiomers and vanish for al. l t in the ra, cemic
mixture. The (2, 1), (1,2), (3,2), (2, 3), and

diagonal elements remain the sa»&e in both the

FIG. 2. (a) Dashed lines: (1), (e &(t).e &(0))/(e &2),
S enantiomer, laboratory frame; and (2), same as (1),
R enantiomer. Solid line, same as for (1), racemic
mixture. Note that the Fourier transforms of these
functions give far-infrared spectra (Ref. 9). The far-
infrared spectrum of the racemic mixture peaks at
roughly tzoice the frequency of either enantiomer, whose
spectra are identical within the computer-generated
noise. (b) P

&
(first rank) (Refs. 8 and 9) and P &

orien-
tational ACF's of e„ laboratory frame. Solid lines:
(1), R enantiomer; (2), S enantiomer; (3) racemic
mixture (P,). Dashed lines: (1), S enantiomer; (2),
R enantiomer; (3), racemic mixture (P,). The P,
functions can be related (Ref. 8) to infrared band shapes
and dielectric loss curves, and the P2 to Baman and
Bayleigh spectra. The dielectric relaxation time from
(b) is muck skoxtex for the racemic mixture than for
either enantiomer liquid.
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FIQ. 3. The critical (3, 1) and (1,3) elements of
(v (t)J (0)) in the rotating frame (a) .Dashed line,
(8, 1) —= (va(t)Jq(0))/(v )'/ (8& )~~ for the R enantio-
mer; solid line, (1,3) for the A enantiomer. (b) Dashed
line, (3, 1) for the 8 enantiomer; solid line, (1,3) for
the S enantiomer. N. B. These are opposite in sign to
those of (a). {c) Dashed line, (3,1) for the racemic
mixture; solid line, (1,3) for the racemic mixture.
Note that (i) the noise level may be judged from the
fact that all these should vanish by symmetry at t =0;
(ii) the functions are reliable out to about 0.3 ps and
thereafter become too noisy for comment; (iii) (c) is all
noise, i.e. , both elements have vanished; {iv) the noise
is caused purely by restrictions on computer time, and
can be cut out by long enough runs. The noise level
here is much higher, relatively, than for the ACF's
of Fig. 2.

enantiomer liquids and racemic mixture. In the
racemic mixture, therefore, ttvo eLements of
the matrix (v(t)J (0)) vanish, the rest remaining
the same as those in either enantiomer.

This property is responsible for the labo~atoyy-
frame differences illustrated in Fig. 2, which
are therefore directly observable spectroscopic

manifestations of molecular-scale rotation-trans-
lation coupling. There seems to be no other way
of explaining why the rototransl. ational spectrum
of a mixture of 50% enantiomerA in 50% enan-
tiomer 8 should be different from that of either
component when the spectra of each pure compo-
nent are identicaL. (This applies also for labo-
ratory-frame ACF's such as those of v, co, and J
or of mol. ecul. ar force and torque. )

Finall. y, I mention that rotation-translation
coupling is present in all molecular liquids,
optically active or not, but can be seen directly
in the former, as I have shown.
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