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Dynamics of chiral molecules in the liquid state: Computer simulation and field effects
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The molecular dynamics of the R and 8 enantiomers of Auorochloracetonitrile (HCFC1NC), and

of the racemic mixture, are investigated with computer simulation. Some novel single-molecule

rotation-translation cross-correlation functions are reported in a moving frame of reference defined

by that of the principal molecular moments of inertia. Two off-diagonal elements of these cross-

correlation matrices have an equal and opposite time dependence for the two enantiomers and van-

ish for all t in the racemic mixture. The application of an external electric field to the chiral liquid

generates Laboratory frame c-ross-correlation functions between the molecular center-of-mass transla-

tional momentum and the angular momentum of the same molecule. These cross-correlation func-

tions are, therefore, seen in standard spectroscopic investigations of the molecular liquid state. As

the intensity of the external field is increased, the following transient and field-on equilibrium ef-

fects become observable in. the laboratory frame of reference: (i) Grientational rise transients are op-

posite in sign for the two enantiomers and vanish in the racemic mixture. (ii) These transients are

field dependent, the dependence being qualitatively, but. not quantitatively, that given by simple dif-

fusion equations such as the Debye equation. (iii) At field-on equilibrium, the Grigolini decoupling

effect is confirmed, i.e., the envelope of the oscillatory angular-velocity autocorrelation function de-

cays more slowly than the field-off autocorrelation function at equilibrium as the external electric

field strength is increased. (iv) The orientational fall transients are accelerated considerably with

respect to the time dependence of the equivalent field-off orientational autocorrelation function.

These results are interpreted with reduced-model theory, with use of Kramers equations with non-

linear potential terms.

I. INTRODUCTION

The dynamics of molecular liquids can be investigated
with various types of external probe fields. By using com-
puter simulation the field strength can be increased' to the
point at which its energy of interaction begins to compete
effectively with the natural thermal energy per molecule
(kT). The computer simulations so far have involved
electric and electromagnetic fields. Several field-induced
effects are described in this paper using a combination of
computer simulation and analytical theory. The latter is
based on diffusion equations, such as the Kramers equa-

tion, and new types of diffusion equations developed re-

cently. The analytical theory is phenomenological in
nature, i.e., descriptive rather than predictive, but. the
computer-simulation method can produce new effects
quantitatively, in preparation for an experimental investi-

gation. Fields with energy per unit time (i.e., power) far
exceeding the ones Used in this paper are now available
from picosecond pulse lasers.

In previous work' the elementary Langevin and Kielich
functions have been produced exactly by computer simu-

lation, thus proving the validity of this new technique for
all field strengths. These functions plot the t~ ao level of
orientational rise transients of integer order versus the in-

. teraction energy of the external field with the sample in
kT units. FoI dichloroIDcthanc 11qu1d at room tempera-
ture it was found' that the rise transients were dependent
on the external field strength. The greater the field
strength the faster the rise transient. This result is inter-

preted for chiral symmetry in this paper with Morita's
solution of the Debye diffusion equation. The theory
Rnd coI11puter simulation Rgrcc qUalitativcly but thcI'c RI'c

large quantitative differences wliich are attributed to
Debye's neglect of inertial, memory, and nonlinear ef-

fects.
At field-on equilibrium we confirm the field-induced

decoupling effect of Grigolini, ' both in autocorrelation

functions (ACF's) and cross-correlation functions (CCF's).
The oscillation envelope of these functions becomes
longer-lived as the external field strength increases and
the Langevin function approaches its saturation point.
This effect can be followed by the use of reduced-model

theory '" (RMT). To do this memory effectss are
essential. The decoupling effect develops with the in-

creasing predominance of the external field's strength and
influence over the intermolecular forces themselves. In
tllis pRpcl lt is coilflAIlcd both ill t}lc cllRIltloIIlcrs Rlld rR-

cemic mixture of fluorochloroacetonitrile. This body of
detailed numerical and analytical evidence for the ex-

istence of the decoupling effect requires an experimental
investigation. Field-induced decoupling delves deeply into
the fundamental nature of the molecular liquid state of
matter and requires for its basic description ' a rigorous
theoretical analysis, based on fundamental equations of
motion such as the Liouville equation. A quantitative
description of the numerical results is still not possible

analytically. Some purely phenomenological models' dv

not produce a decoupling effect at all because they do not
relate rigorously to the Liouville equation. The analytical
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theory of molecular diffusion is, generally speaking, still

at the "one-particle" stage, ' where the intermolecular po-
tential energy is ill-defined. This paper attempts to show

that a clear representation of the pair potential is essential,
and for chiral molecular dynamics some basic phenomena
of chemical physics cannot be described without such a
representation. These include the modification of physi-
cal and spectral properties observable when a racemic
mixture is made up from two enantiomers.

At an equally fundamental level we report in this paper
the direct observation of laboratory frame, single-molecule
CCF's induced in the chiral molecular liquid by the use of
directional fields of force such as an electric field. These
CCF's are typified by the matrix'

~c„=( p(t) J (0)),
where p is the molecular center-of-mass linear momen-

tum and J the angular momentum of the same molecule
in the laboratory frame of reference. The normalized am-
plitude of c« increases with increasing electric field
strength for enantiomers and racemic mixture. We find
in this paper that the parity theorem

~c, =O, 0&t& ~
no longer applies for chiral molecules subjected to exter-
nal electric fields. ' Different off-diagonal CCF's ("ele-
ments") of c,„have different amplitude and time depen-
dence for all field strengths greater than zero. Fundamen-
tal CCF's can be observed therefore in chiral molecular
liquids (and, in general, in all liquids) with the use of
external, directional force fields (electric, magnetic, and
electromagnetic).

In the moving frame' of the molecular principal mo-

ments of inertia the six off-diagonal CCF's of the matrix

c' '= ( p, ,(t) J, ,(0) ),
exist in both enantiomers but only four in the racemic
mixture. These CCF's are computed with both p and J
defined in the moving frame of reference (1,2,3). The
(1,3) and (3,1) elements have opposite and equal time-
dependent characteristics (i.e., + or —in amplitude) for
the 8 and S enantiomers. In the racemic mixture both of
these CCF's vanish for all t in the moving frame of refer-
ence. The molecular dynamics of two enantiomers are
therefore different when viewed in this frame, but, in the
absence of a field, are identical in the laboratory frame.
The dynamics of a racemic mixture differ in both frames
from those of a component enantiomer. ' ' Electric field
treatment in this paper produces two dominant CCF ele-
ments in the laboratory frame. For a field in the z axis
these are the (x,y) and (y, x) elements of the laboratory
frame matrix c„. These are mirror images both in the
two enantiomers and in the racemic mixture, where their
amplitudes are decreased significantly with respect to
their equivalents in each enantiomer. This paper also re-
ports the existence of the (z,x) elements in the laboratory
frame. These are much smaller than the (x,y) and (y,x)
elements and do not mirror the (x,z) elements. This kind
of detail is described further in the paper.

It is clear, therefore,
*

that the statistical correlation of a

molecule's rotational properties with its own translational
properties is a factor that must be accounted for even with
a rudimentary description, in molecular dynamical terms,
of the observable differences (e.g., spectral differences)
that exist between an enantiomer and its racemic mixture.
Laboratory-frame spectra (e.g., far infrared spectra) " in-
corporate information on rotational-translational (RT)
coupling in their frequency-dependent characteristics at
equilibrium, or in rise and fall transients of orientation.
In order to interpret these data satisfactorily we must rely
on computer simulation until analytical techniques be-
come available to match in detail the new, numerically
generated' CCF's. The theory must also be able to
describe a variety of spectra (i.e., ACF's) self-consistently.

Finally, in this paper the applied electric fields are
released instantaneously in the computer simulation, thus
producing orientational fall transients' as the molecular
liquid adjusts to field-off equilibrium at constant tempera-
ture. For the R and S enantiomers the fall transient is ac-
celerated at constant temperature with respect to the time
dependence of the equivalent field-off equilibrium orienta-
tional ACF. The first fluctuation-dissipation (FD)
theorem of statistical thermodynamics'9 is therefore in-
validated as the external field energy approaches and
exceeds the natural thermal energy per molecule. The ef-
fect persists at low field strengths and the validity of the

FD theorem is restored only in the limit E~O. The sin-

gle most significant implication of field-induced fall-
transient acceleration is that it is evidence for the future
use of well-defined, nonlinear (i.e., "multip article")
theories of molecular diffusion at field off equi libri-
um. ~ 5" Again, as in the decoupling effect, long accepted
theories of molecular liquid dynamics miss the fall-
transient acceleration completely, i.e., cannot be used to
describe the effect. In this paper transient acceleration is
reproduced phenomenologically with the use of a "two-
particle" theory, a cosinal itinerant oscillator in two di-
mensions. " Transient acceleration means that theories of
molecular diffusion, in and out of equilibrium, must be
non-Markovian and nonlinear. For consistency, it follows
that all other observable (e.g. , spectral) features of molecu-
lar diffusion also need the same ingredients and converse-
ly supply information about them

The paper is arranged as follows. Section I describes
the computer-simulation algorithm, explaining the choice
of the fluorochloroacetonitriles for this study. The pair
potential is tabulated in terms of Lennard-Jones atom-
atom terms and partial charges located on each atom. In
Sec. III orientational rise transients are described as a
function of field energy of interaction (pE) for enantio-
mers and racernic mixture and the field dependence inter-
preted theoretically with Morita's results '7 modified and
extended by Marchesoni for this purpose. In Sec. IV
field-on equilibrium CCF s are illustrated in both (x,y,z)
and (1,2,3) frames. The prime results are summarized in
symmetry tables and interpreted qualitatively with a labo-
ratory frame theory of coupling due originally to Condiff
and Dahler. ' Section V illustrates the decoupling ef-
fect' '" at field-on equilibrium and describes some field-
on and field-off equilibrium ACF's of interest to spectros-
copy, produced self-consistently in our computer simula-
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TABLE I. Intermolecular pair potential for fluorochloroacetonitrile, Lennard-Jones and partial
charge terms.

Atom'

N
C
C
H
Cl
F

(e3)

0.75
0.27

—0.34
—0.34

0.61
—1.64

—2.28
—1.29
—0.05
—0.38

1.33
0.06

Z

(e2)

0.3S
—0.03
—0.51
—1.59

0.07
0.02

—0.35
0.03
0.51
1.59

—0.07
—0.02

e/k
(K)

47.8
35.8
35.8
10.0

127.9
54.9

(A-')

3.0
3.4
3.4
2.8
3.6
2.7'

—0.16
—0.02

0.03
0.51

—0.16
—0.20

'Atom coordinates relative to center of mass frame of the molecular principal moments of inertia.

tion. Finally, in Sec. VI, field-induced transient accelera-
tion is illustrated for the R enantiomer and interpreted
with the Suzuki equation, "a nonlinear Langevin equation
to which the cosinal'itinerant oscillator reduces in a well-
defined limiting case.

II. COMPUTER-SIMULATION ALGORITHM

The algorithm integrates the classical equations of
motion for 108 interacting molecules of fluoro-
chloroacetonitrile. The potential energy is assumed pair-
wise additive and is built up from the atom-atom terms of
Table I. There are 36 atom-atom terms per molecular
pair. The numerical integration technique and assump-
tions involved are described fully elsewhere by Ferrario
et al. The input temperature of the simulation was 133
K and the input molar volume was taken to be 91.4 cm .
This corresponds to fluorochloroacetonitrile in a super-
cooled condition below the normal freezing point at 1 bar.
In this state the effect of the external field is accentuated
because kT is small. In this condition field-off and field-
on ACF's and CCF's were computed by running-time
averaging. ' ' The racemic mixture was investigated with

54 R molecules and 54 S molecules with the same site-site
pair potential terms of Table I. The equilibrium averaged
R-R and S-S potentials are the same but the R-S poten-
tial is slightly different. This is sometimes known as
"chiral discrimination. " The atom-atom terms of the
table reproduce this small effect approximately.

The effect of an external electric field on the molecular
dynamics was simulated by the addition in the forces loop
of the algorithm of an extra torque' —p X 8'. Here p is
the net molecular dipole moment and 8' the electric field
strength. The field was applied in the z axis of the labora-
tory frame of reference. The fluorochloroacetonitrile
molecule was chosen for the simulation because the reflec-
tion needed to generate the R enantiomer from the S for-
tuitously reverses the sign of the molecular dipole moment
in the laboratory frame. The effect of this is that an
orientational rise transient (ez, )(ez-p/~ p ~

) for the R
enantiomer mirrors that of the S enantiomer. There is no
observable transient in the racemic mixture because of
cancellation. A sufficiently strong field aligns the R (or
S) enantiomer parallel and the racemic mixture anti-
parallel. This property maximizes an observable
laboratory-frame difference between aligned enantiomers

TABLE II. Thermodynamic data from the computer simulation of fluorochloroacetonitrile, T= 133
K. [ ] denotes output from different runs; checks constancy of the total energy.

Liquid

Potential
energy

(kJ/mole)

Kinetic energy
Trans. Rot.

(kJ/mole) (kJ/mole)
Total energy

(kJ/mole) pE/k T

S
R-S

[—48.33]
[—4S.46]
[—48.20]
—47.65
—47.78

[1.70]
[1.76]
[1.80]

—1.75
1.75

[1.74]
[1.83]
[1.75]
1.75
1.75

[—44.89]
[—44.87]
[—44.65]
—44.15
—44.28

0
0
0
0
0

—48.S4 1.76 1.80 —44.99

1.79 1.74 —39.83 2.0

R-S

S
R-S

[—31.23]
[—30.83]
[—31.38]
[—30.95]
[—32.54]
[—32.11]
—27.51
—30.54

[1.78]
[1.78]
[1.S1]
[1.80]
[1.71]
[1.73]

1.76
1.72

[1.75]
[1.76]
[1.74]
[1.76]
[1.76]
[1.75]

1.75
1.82

[—27.28]
[—27.70]
[—27.84]
[—27.40]
[—29.07]
[—28.63]

—24.00
—27.01

[10.0]
[10.0]
[10.0]
[10.0]
[10.0]
[10.0]

50.0
50.0
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and racemic mixture, providing an extra experimental
variable.

The potential energy of the sample at field-on equilibri-
um (Table II) increases with external field strength. The
potential energy of the racemic mixture for strong fields is
consistently a little lower (more negative) than that of ei-

ther enantiomer. The kinetic energy is always maintained
the same in the simulation with temperature rescaling to
the input temperature. This is the standard technique
used in constant-volume molecular-dynamics simula-
tion. The application of an external field means that the
molecules of the sample adjust from low to high potential
energy at constant temperature. The adjustment process
is isothermal, i.e., the sample is thermostated. The effi-
ciency of this thermostat can be varied by varying the fre-

quency of temperature rescaling. We have verified that
rescaling, with very strong fields, produces small, spurious
oscillations in the rise transient, but has little or no effect
on its underlying time dependence. For intermediate field
strengths there is very little abnormal temperature fluc-
tuation after field application. The input, equilibrium,
fluctuation. range was +25 K.

With field-effect computer simulation it is possible
therefore to compute rise and fall transients for different
applied field strengths for the enantiomers, ACF's and
CCF's for enantiomers and racemic mixture at field-on
and field-off equilibrium, and thermodynamic properties.

C
G3

C
g) C3

C

0.5
l

t irne(ps)1 0

I

0.5 t i roe(ps) 1.0

p+~i+ Q2

p +A2+
p +A.3+

in which
A,„=(n + 1)(n +2),

Q22
n(n+I) (n+2)eo

(2n +3)(2n +1)
The same result can be obtained straightforwardly as

a continued fraction of the Mori type. From Eq. (3.1)
it follows that

lim (cos8(t) ) = lim —,eoA(O, eo)
k —+ac p~o

=L (eo), (3.2)

III. ORIENTATIONAL RISE TRANSIENTS

There have been recent attempts at ' solving the
Debye diffusion equation in the presence of strong exter-
nal fields. These approximate solutions suggest a field
dependence of the characteristic rise-transient time, de-
fined for convenience as the e ' time. Morita's solution,
for example, is expressed ' as a Laplace space continued
fraction. Marchesoni has extended the validity of
Morita's result for comparison with the results of a com-
puter simulation' of dichloromethane at 296 K. Morita
obtains for the Laplace transform of the rise transient
[(cos8(t) ) ]

2e0 A
W, ( ( cos8(t) ) )= —(p, e0 ), (3.1)

3 p
where

A(p, eo) =

C
(D

C
u) C)

~ — I

0.5 =0.1

where L( )eisothe well-known Langevin function.
taboo limits of the rise transients in Fig. 1 fall on
mirror-image Langevin functions for R and S enantio-
mers. This check has been used before by Evans' to test
the basic validity of field-effect computer simulation. If
we normalize the rise transient by

( ) 1
(cos8(t) ) (3.3)

(cos8( &x& ) )
the corresponding function from Morita's theory is, in La-
place transform,

l l

0.5 t t me ps) 1.0

FIG. 1. Rise transients for fluorochloroacetonitrile. {a)
Curve 1, pE/kT=1. 0; curve 2, 2.0; curve 3, 50.0; S enantiorner.
(b) Curve 1, 0.5; curve 2, 1.0; curve 3, 10.0; curve 4, 20.0; curve
5, 50.0; R enantiomer. (c) 50.0kT field. Curve 1, A enantiomer,
(right-hand-side scale); curve 2, S (left-hand-side- scale). Inset:
racemic mixture, same abscissal scale. Ordinate: (ei, ).
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A(O, eo) —A(p, eo)
A i(p) =

pA(o, eo)
(3.4)

The clear dependence of our computer simulation A&(p)
on electric field strength is shown in Fig. 2 with curves
calculated from the rise transients by numerical Laplace
transformation. Morita introduces a characteristic rise-
transient time r~ by fitting with a simple exponential—t/w~
e ". Marchesoni has shown that this is equivalent to
setting p=O in all the denominators of Eq. (3.1) except
the first, so that he obtains a characteristic time

50.0
10.0
2.0
1.0

Simulated
(ps)

0.06
0.12+0.01
0.35+0.02
0.70+0.10

Theoretical
(ps)

1.80
2.91

23.62
23.40

TABLE III. Comparison of characteristic rise-transient times
from the simulation of the R enantiomer with Morita's solution
of the Debye equation. Debye relaxation time equals 30.0 ps
[I/e time of the field off (p(t).p(0) }] from the computer
simulation.

3 1.(eo)
r, =A(O, eo) =—

2 ep
(3.5)

of Morita's theory. This is compared with the e ' levels
of the normalized rise transients for the 8 enantiomer
from the computer simulation in Table III. There is a big
difference between the theory and the simulation. The
qualitative trend is, however, the same, but it would be
surprising if this were not so. This result is similar to the
comparison made by Evans et al. for dichloromethane at
296 K, but for the chiral case the discrepancy is more pro-
nounced. For the purposes of comparison the Debye re-
laxation time has been estimated directly from the corn-
puter simulation of the field-off dipolar ACF. An im-
provement of the analytical theory is possible using the
theorems and methods of RMT incorporating memory,
inertial, and nonlinear (two-particle) effects. This is
expected to close the gap (Table III) between the theory
and computer simulation. It is essential, for further pro-
gress, to initiate the experimental study of the field depen-
dence of rise transients. This seems to be possible using
laser fields, generating second-order rise transients via
the molecular polarizability (the Buckingham effect).

Finally, in this section, we note that for strong (50.0
kT) electric field [Fig. 1(e)] there is, essentially speaking,
complete alignment in the R and S enantiomers and com-
plete antiparallel alignment in the racemic mixture, where
the transient average vanishes.

'l .0—

0.5

'o I I

P (7Hz)

FIG. 2. Laplace transform of normalized rise transients, S
enantiomer: curve 1, 50.0kT field; curve 2, 2.0kT field. Ordi-
nate, A ~(p); abscissa, p/THz.

IV. RT COUPLING

The available single-particle diffusional theories of the
molecular liquid state cannot yet deal very effectively
with the fact that molecules can both translate and rotate
at the same time, and that the two types of motion are not
statistically independent. ' The attempts at adapting
Langevin or Kramers equations for such a description
have not been useful in practice because of inconsistencies
and great complexity. For this reason Debye's idea of
"rotational" diffusion is still used almost universally in
the analytical interpretation of, for example, spectra, in
the liquid state. Of the recorded attempts at deriving c~
analytically the first and clearest is that of Condiff and
Dahler. ' This important paper shows that several fluid
mechanical phenomena can arise from the coupling be-
tween molecular rotation and mass flow, and may be
stimulated by the interaction of molecular electromagnetic
multipoles with external fields. Recently Evans has in-
duced bulk translation in molecular liquids such as CC14
with inhomogeneous electric fields. Papers on the analyti-
cal theory of RT coupling are reviewed in Ref. 3, Chap. 5.
A recent paper by Steiger and Fox claims that there are
basic inconsistencies in the earlier treatments of Hwang
and Freed and Evans. The theory should satisfy the
parity law' ' c„=O in the laboratory frame for an isolat
ed sample of molecular liquid. However, Ryckaert
et a/. ' have used computer simulation to show that
CCF's such as c,„exist in a moving, molecular frame of
reference. This work for linear molecules has been ex-
tended to other molecular symmetries by Evans

t a( 17, 18,31—37

The symmetry characteristics of the off-diagonal CCF's
of c,', ' are summarized in Table IV for the enantiorners
and racemic mixture of fluorochloroacetonitrile. The
numbers in this table denote the maximum levels attained
by the first peak of the normalized off-diagonal CCF's at
field-off equilibrium. The noise level in each entry is es-
timated at about +(+)0.01 and the symbol 5 is used to
denote that the signal is below the noise, i.e., the CCF is
either very small in amplitude or must vanish (diagonal
terms) by symmetry. (We have checked that the diagonal
elements are indeed all buried in the background noise. ) It
is clear from Table IV that the symmetry characteristics
of c~™for the racemic mixture are different from those
of either enantiomer. There is also a difference between
the two enantiomers In particular th. e (3,1) and (1,3) ma-
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0.05

-0.1
0

(b)

I I

0.5tirne {ps)

0.05

I

0.5 time (ps}

FIG. 5. Moving frame CCF elements. (a) R enantiomer,

{2,1) element; (b) as for {a) S enantiomer.

A fundamentally important result of the electric field
treatment is illustrated in Fig. 7. The application of an
electric field makes c«visible in the laboratory frame of
reference. Its dominant elements for a z axis electric field
are the (x,y) and (y,x) elements in the laboratory frame
(x,y,z). The normalized amplitude of'these elements in-
creases with the strength of the external electric field.
These elemental CCF's are mirror images, within the
noise, for all E& 0. They reach a maximum normalized
amplitude at pE/kT=10 for both enantiomers and ra-
cemic mixture, and thereafter become more oscillatory
with increasing E (Fig. 8). These elements are illustrated
for pE/kT=10. 0 in Fig. 9. As in Fig. 8 there is a small
but significant difference between the CCF*s for the ra-
cemic mixture and an enantiomer. Most of the other ele-
ments of c«vanish in the noise of the simulation runs,
but at pE/kT=50. 0 it is just possible to quantify the
(z,x) elements. These are low in amplitude compared
with the (x,y) or (y,x) elements but are more oscillatory
in time dependence (Fig. 10). Again there seems to be a
significant difference between the behavior of the enan-
tiometer and the racernic mixture. We have not been able
to see the other elements of c,„above the noise, but they
inay exist for t &0. The general symmetry characteristics
of ~c„are summarized in Table V.

As in Table IV the entries in these matrices denote the
sign of the first peak of each elemental CCF so that the
(y,x) entry is + and so on. Table V holds for all field

strengths E & 0. The (z,x) entry is negative because there
is a negative trend in the first peak of this oscillatory CCF
at pE/kT=50. 0 (Fig. 10). This may persist at lower field
strengths. It is clear that the symmetry characteristics of
Table V are different from those of the Table IV. Both
tables are generated self consistently -in the computer simu-
lation. The analytical theory of RT coupling must be able
at some stage to account for this finding. In principle, all
the off-diagonal elements of c„and c,'„' may exist in the
enantiomers, but two of these disappear, as we have seen,
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time{ps)

005

-0.05

I I

0 time(ps}
FIG. 6. Moving frame CCF elements, field-on equilibrium.(a), (3,2) element, 50.0kT field; ———,{2,3) element; ra-

cemic mixture. (b) As for (a), (2,1) element.

FIG. 7. Laboratory frame CCF elements, S enantiomer.
Curve 1, , (y, x), 20.0kT field; ———,(y, x); 2.0kT field.
Curve 2, as for curve 1, (x,y) elements. Elements normalized as
in (x,y)—= (p (tv'(&)) l((p„')' '(&j', )' ').
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FIG. 8. Laboratory frame CCF elements, 50.0kT field.
Curve 1, . . . , racemic mixture; hatched area is the difference
(assumed to be noise) between the two enantiomers; (y,x} ele-

ment. Curve 2, as for curve 1, (x,y} element.

FIG. 10. As for Fig. 8, (z,x) element of the laboratory frame.
Curve 1, racemic mixture; curve 2, difference between R and S
enantiomers, hatched, assumed to be noise.

in the racemic mixture for c,'„' but not for c«. Observ-
able spectral differences between enantiomer and racemic
mixture therefore hold information on CCF's and their
time dependence. This can be extracted provided that the
spectroscopy is backed up by computer simulation as an
aid to interpretation.

As pointed out by Condiff and Dahler' the properties
of CCF matrices are fundamental to the understanding of
fluid-mechanical phenomena generated from the applica-
tion of fields to molecular liquids. In a parallel simula-
tion of the achiral asymmetric top dichloromethane, we
have verified that c«also appears in the laboratory
frame upon electric field treatment, but that for a homo-
geneous electric field the computer-simulation sample as a
whole does not translate. The observation of c« in the
laboratory frame is an important result, because it means
that RT coupling is directly observable by standard spec-
troscopic methods, in particular by field-induced
birefringence. In general the parity theorem c,„=0is al-

ways violated for any molecular symmetry by an imposed
directionality, i.e., a field of force in the laboratory frame.
Birefringence has been observed with electric, magnetic,

0.2

and electromagnetic fields (Kerr, Faraday, and Bucking-
ham effects) and the apparatus used is capable of picking
up a minute level of birefringence. In doing this it is au-

tomatically observing CCF's by imposing directionality
via the probe field. In fact c,„never vanishes with any
known spectroscopic technique because the sample is al-

ways probed with a parity-breaking field, however weak.
It is precisely the presence of this field that allows us to
see spectra, and it is precisely this that induces the pres-
ence of CCF's in the laboratory frame. (They are always
there in the moving frame. ) It is questionable, therefore,
whether the protagonists of induced birefringence, for ex-

ample, have been seeing what they think they were seeing.
With strong inhomogeneous or polarized fields the RT

effects become obvious (i.e., there is bulk translation), as
shown in a striking series of experiments by Evans with
a very simple apparatus.

It is important to simplify the formidably difficult
theory of RT coupling as exemplified in the work of
Steiger and Fox. This would aim to produce a general
description of RT effects of technological importance.
Using the theory of Condiff and Dahler' it is possible to
obtain a basic, qualitative description of the computer-
simulation results. Assuming that the parity theorem is
invalidated by the lack of inversion symmetry in chiral
liquids' it is possible to calculate c„analytically provided
we assume that this has only one dominant element and
that the three moments of inertia of the molecule are
roughly equal. In this limit the RT CCF's are illustrated
by the curves of Fig. 11. The available analytical theory
of RT coupling, however sophisticated, cannot yet provide
more than a shadow of the detail available from computer

TABLE V. ~c„symmetry table for fluorochloroacetonitrile.
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FIG. 9. As for Fig. 8; ———,R enantiomer;
mixture; 10.0kT field.
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FIG. 15. Rotational velocity ACF (e,(i) ei(0))/(ei), ra-
cemic mixture, 50.0kT field.

defined limits ' by the ACF ((p(t).p(0) ), where p is the
net molecular dipole moment. For fluorochloroacetoni-
trile p is a combination of the unit vectors ei, ez, and e3
of the principal moment of inertia frame (Table I). In
Fig. 13 we illustrate the effect of increasing field strength

on the ACF (ez(t) e2(0)) for R enantiomer, S enantio-
mer, and racemic mixture. The decoupling effect
develops with increasing field strength Sim.ilar features

are observed for (e3(t) e3(0)) (Fig. 14) and (ei(t) ei(0))
(for pE/kT=50. 0 in the racemic mixture, Fig. 15). Fig-
ures 13—15 imply that field decoupling is easily visible in
the far infrared as a pronounced frequency blue-shift and
sharpening of the broadband absorption in response to a
powerful external force-field (e.g., a train of MW pulses
from a Nd: YAG laser). Experimental verification of
these simulations is necessary.

VI. FIELD-INDUCED FALL- TRANSIENT
ACCELERATION

If the electric field is turned off instantaneously the
sample adjusts from a state of high potential energy to
one of thermal equilibrium (Table II). The temperature
rescaling routine of the standard constant volume
molecular-dynamics algorithm maintains the temperature
of the sample within the input bounds (e.g., +25 K).
There is no temperature effect of releasing the field be-
cause the sample is thermostated in this way. The kinetic
energy at field-on and field-off equilibrium is the same
(Table II). Orientational averages such as (ez, ) decay to
equilibrium as fall transients. The fluctuation-dissipation
theorem of nonequilibrium statistical thermodynamics
implies that the normalized fall transient and the equi-
librium, field-off orientational ACF are identical in time
dependence for a given orientational vector. The great
majority of analytical models ' produce this result, in-
cluding the Debye diffusion equation for all field
strengths E.

This picture is, however, illusory, as the simulation re-
sults, summarized in Fig. 16, now show clearly. The time
dependence of the fall transient depends on the field
strength applied in the field on equilibrium -state prior to

I

2 time ~ps) 4

FIG. 16. Field-induced fall-transient acceleration. Dashed
lines are theoretical fall transients from the Suzuki equation.
Curve 1, field-off equilibrium orientational ACF (ei(t) e2(0) ).
Curve 2, 50.0kT field, orientational fall transient (eq, (t)).
Curve 3, as for 2, 20.0kT field; curve 4, as for 2, 10.0kT field;
curve 5, as for 2, 2.0kT field; curve 6, as for 2, 1.0kT field;
curve 7, as for 2, 0.5kT field; curves 8 and 9, increasing non-

linear friction coefficient y' of Eq. (5.1).

releasing the field. For strong fields (e.g., pElkT=50. 0)
there is a striking acceleration (Fig. 16) of the fall tran-
sient with respect to the field-off orientational ACF.
Fall-transition acceleration persists with weaker applied
fields. In the limit E~O fall transient and ACF become
similar in time dependence from the computer simulation.
(When E=0 there is, of course, no fall transient. ) Fall-
transient acceleration has been detected before, in a com-
puter simulation'~ 5" of dichloromethane at 296 K, but
the effect in Fig. 16, in the low-temperature state, is very
much more pronounced.

Grigolini was the first to understand the significance of
fall-transient acceleration to field off, equilibr-ium molecu-
lar dynamics. This has been discussed briefly in the In-
troduction. With Marchesoni he has developed and
solved numerically a cosinal itinerant oscillator model for
its interpretation. ' " The key property of this model is
the nonlinear dependence of the potential energy of in-
teraction between the diffusing particle and a representa-
tion of its immediate surroundings, termed by Grigolini
the "virtual" particle. The virtual particle is also diffus-
ing and is assumed to interact with the rest of the molecu-
lar ensemble (the thermal bath) with friction and stochas-
tic terms as in the Langevin equation. ' The cosinal
itinerant oscillator model is therefore a two-particle
model. Its mathematical structure can be obtained by fol-
lowing the principles of RMT, i.e., by applying repeat-
edly to the basic equation of motion, e.g., the Liouville
equation, suitable projection operators. The ACF s of in-
terest produced .by this analytical model are non-
Markovian. ' The nonlinear nature of the cosine function
implies analytically that these ACF's (such as that of the
molecular angular velocity at field-off equilibrium) are
also non-Gaussian. The latter property is by now well
known from many different molecular-dynamics simula-
tion runs. The most important property of this model
is its ability to reproduce fall-transient acceleration in a
qualitative but entirely self-consistent manner. " It be-
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co = yco—+y'(co (t))co+F(t) (6.1)

to which the cosinal itinerant oscillator reduces in the
Markov ("long-time" ) limit. [Note that RT coupling is
ignored in Eq. (6.1).] In the Suzuki equation co is the
molecular angular velocity at field-off equilibrium, y the
friction coefficient, F a stochastic angular acceleration
term, (co (t) ) the field-off equilibrium mean square angu-
lar velocity, and y a nonlinear friction term. In the limit
y' —+0 the Suzuki equation reduces to the rotational
Langevin equation ' for the isotropic diffusion in three di-
mensions of a spherical top with embedded dipole. Gri-
golini et al. ' '" have solved this equation for the fall
transient (cos8(t) ). The field-acceleration effect is repro-

comes clear, therefore, that the root cause of transient ac
celeration is the nonlinear nature of the interaction between

.a diffusing molecule and its immediate surroundings,
termed by Grigolini the virtual particle.

It is important to realize that the existence of fall-
transient acceleration means that the traditional one-
particle theory of molecular diffusion at field off -equilibri

um is too limited. This is true even if we ignore, for the
sake of argument, the new RT coupling effects of Sec. IV
and fall back into the habit of using terms such as "rota-
tional" or "translational" diffusion.

The Suzuki equation. Finally, in this paper, we use a
simple nonlinear diffusion equation to reproduce qualita-
tively the simulation results of Fig. 16. This is the Suzuki
equation:"

duced qualitatively as illustrated in Fig. 16. A quantita-
tive description would involve, self-consistently, a descrip-
tion of'RT coupling.

VII. CONCLUSIONS

Computer simulation of the molecular dynamics of
chiral molecules is a means of describing in detail some
fundamental new features of the molecular liquid state.
Some, like the modification of properties brought about
by mixing enantiomers, have been detected experimental-
ly; others, like field-induced decoupling and fall-transient
acceleration, have not yet been observed experimentally;
still others, the manifestations of RT coupling, are funda-
mental features of liquid-state broadband and transient
spectroscopy which have not been recognized as such in
the literature. Future work is intended to describe the ex-
periment:al measurement of field-induced transient ac-
celeration and field decoupling with the use of powerful
laser fields.
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