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Abstract

Rise and decay transients of maleculsr orlentation are simulated by
computer for the enantiomern and racemic mixture of supercooled liguid
Muoroe hioroseetonitrile. The rise transients are easily distinguishable In
these three low temperatuse liquids and show a proncunced field depan-
dence ar predicted analyteally by Morita from the Smoluchowski/Debye
cquation. An original result of this investigation is that the fall ransients
wre aceelerated considerably st constant iemperature with respect ta the
equilibrium field-ofl orentationul sutccorrelation function. This is fun-
damental evidence for the use of non-Unear Kramers equations lor the
description of molecular dynamics in the liquid state of matter al
equilibrium,

1. Intreduction

In this letter 1 report, using computer simulation, a new effect
caused by the application of strong external force fields to an
ensemble of chiral molecules in the liquid state, This effect is
mvestigated through the fleld dependence of rise and fall
transients of the type {eaz) where e; is a unit vector in the
frame of the principal molecular moments of inertia and ez a
projection in the £ axis of the laboratory frame of reference,
The original result of the investigation is that the fall transients
decay much more guickly with time than the equivalent equili-
brium autocorrelation function {e;(r)-e3(0)). This viclates the
fluctuation-dissipation theorem of statistical mechanics [1].
The result cannol be explained by theones of molecular dif-
fusion, based on the diffusion of probubility density, without
the presence of a non-linear potential term in the relevant
stochastic partial differential equation of motion, making it a
Kramers equation [2-4]. More generally, the acceleration of the
fall transient - which | term the de-sxcitation effect - provides
strong support for the reduced model theory of molecular
dynamics developed from the Liouville equation by Grigolini
[4] #nd co-workers. This theory is valid both in the equilibrium
und transient condition and in its simplest form leads to an

approximate analytical description based on non-linear Langevin
equations of the type [5]:

@=—q@+ylat (1wt F() (1)

where e Is the molecular angular velocity, ¥ the friction coef-
ficlent. and F(7) o stochastic angular acceleration term. This
equation is valid only for small deviations from linearity,
measured through 8 non-vanishing v', Equation (1) is a limiting

form of the cosinal itinerant oscillator theory of Coffey and
co-workers [6].

2. Algorithm and method

The algorithm has been developed from a listing [7] based on
mtegrating numerically the equation of motion for 108 chiral

molecules; the enantiomers and racemic mixture of fluoro-
chloroacetonitrile, The site-site pair potential is described in
the sccompanying paper. The effect of an arbitrarily strong
external field is simulated by an exta torque term inserted in
the forces loop of the algorithm [8]. For an electric field this
takes the form — ux E whete g is the net molecular dipole
moment and E the external electric force field, The rescaling
routine of the compuler simulstion algorithm is used 1o
bring the temperture back to the input level at constant
volume: 133K. The rotational and translational temperatures
can become very high immediately after the instantaneous
application of the external field. At constant valume the pres-
surs must therefore become very high and the tolal energy
iemporarily positive. [ have verified that the rate of tempera-
ture rescaling has little effect on the characteristics of the rise
transient, The temperature is reduced to 133K within 0.5 to
1.0ps after field application. Field-on equilibrium is therefore
attained at this temperature, which is the same as that at field-
off equilibrium.

Al field-on equilibrium the total energy is negative, but the
potential energy is considerably higher than that at fleld.off
equilibrium ( Table [).

Fall transients from fleld-on to field-off equilibrium are
pbtained by removing the external field instantaneously. When
the field is switched off there is no abnormal temperature
fluctuation, so that the self-adjustment of the aligned molecular
liquid sample tekes place isothermally (i.e. ot constant mean
temperature 7). In the simulations reported here the field is
kept on long enough 1o ensure that the rise transient has reached
its maximum, plateau level, i.e., its limiting value at ¢ ==, This
ensures that the accelerntion of the fall transient is not due to
insufficient alignment in the ficld-on (“preparation™) stage,

3. Results and discussion

Figure 1 shows that the rise transients for the R and S enan-
tiomers are mirror images. The sign of the transient is reversed,
and this provides a simple method of distinguishing in the
laboratory frame between the dynamics of enantiomers and
racemic mixture in the presence of the glectric field. This s
potentially importamt for the direct measurement of roto-
translational crosscorrelation functions (see accompanying
paper). The time dependence of the rise transients for the R
or S liquids shows a strong field dependence. In the first approxi-
mation this can be described by the Debye diffusion equation,
as shown by Morita [9]. This author provides an exact solution
of the Debye equation in terms of a continued fraction [10].
Characteristic (1/e) rise times from the simulation of the R rise
transient have been compared with Morita's solutions, and are
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Table 1. Selecrion of thermodynamic data at field-on end field-off equilibrium

Wl kT Liquid Mean 1ans MeanRot, Potential . Totwl
kinetic energy/kJ mole ™' kinetic energy/k) male ' cnergy k] mole ™ energy/kl male !
3.0 ns 1.72 182 o = 3154 - 2701
100 5 1.78 1.79 —~ 30.83 -17.27
D R 181 1.80 —~43.51 — 3990
0.0 R .70 1.74 —48.33 - 44,89

in general much shorter, ilustrating the importance of inertial
effects.

Figure 2 fllustrates the original result of this letter. The fall
transients {eyz) fall much more rapidly 1o zero than the equi-
velent equilibrium acf. {ey(f)-e;(0)). The time dependence
of the full transients is also dependent on the fizld strength
applied prior to releasing it, The fall transients approach the
equilibrium acf. in time dependence as the applied field
strength is decreased to zero, These resuits are interpreted in
the first approximation by the following analysis, developed by
Grigolini and co.workers |4)] as a branch of their rigorous and

generally valid reduced model theory of the molecular liquid -

state,

4. Analytical theory

In the appendix it is shown that the Debye diffusion equation,
a Smoluchowski equation [2], cannot reproduce the acceleration
of the fall transients reported in this letter.

The de-excitation effects of Fig. 2 are pronounced, even for
values of the energy ratio wf(KT near to 1.0, This proves
beyvond reasonable doubt that Kramers equations with non-
linear potential lerms are needed for a proper description of
liquid state molecular dynamics. It is not sufficient w work
with & theory which is non-Markovian [2] but linear, in the
sense Lhat the potential term in the diffusion equation is Linear.
Linear theorfes produce fall transients identical, when nor-
malised to one at the time origin, with the equilibrium a.c.l.
f11,12]).

In the first approximation the adisbatic chimination pro-
cedure developed by Grigolini et al. [4] may be used to obtain
the following expression for the fall transient {rom an isolated
sample at field-on equilibrium:

ap I =ty 0
—a31
0
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g1
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Flg. | Rise rransients for the enantiomers and recemic mixture of fuoro.
¢hloroneetomitriie for nE/XT = 50.0. (1) R;(2) 5. (3) RS,
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(:c'n 8(1) = exp (—-J‘: D{r"y dl') {cos 8(0)) (2)

Dy 'I: oft, 7) dr o, 1y = (u’(rp,-t-r-r'{w’mm
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In this series of relations {w?(0)) is the equilibrium field-on
mean square angular velocity; (w')y the field-off equivalent:
v and 7' the lnesr and nondinear frction coefficients of the
non-dinear Langevin eq. (1); #(2, r) denotes the non-equilibrivm
two-time suto<orrelation function of e; during the decay
process; and {cos #(r)) denotes the fall transient. For R = 0 this
result reduces to Kubo's linear stochastic oscillator [12], for
which fall transient and equilibrium orientational acf, are
identical. For eq. (2) to work, therefore, requires R >0, Le., the
tempemture of the field-on sample, measured through the mean
square angular velocity , must be infinitesimally greater than that
of the field-off sample. The theory embodied in eq, (2) therefore
applies, strictly speaking, to a sample isoleted from its surround-
ings in the sense that it cannot dissipate the temperature increase
caused by the field application, The computer simulation and
eq. (1) are comparable therefore only for the smaller field
strengths. Such a comparison is given in Fig, 2.

The original result of this letter, the field-induced acceleration
of the fall transient at constant tempersture, implies that the
Kramers diffusion equation at field-off equilibrium, as well as
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Fig. 2 Equilibrivm acf. e ir) e, (0)! for R, compuler simulation.
==, Fall trangients, ¢omputer simulation sfter the instanmaneous
removal of electric flelds equivalent 1o (1) @ETkT = §0.0: (2) 10.0; (%)
2,00 (4) 1.0, (5) 0.5 () ——, Fall ransient from eq. {2}, caloulsted fos
R =035 (TH2)*; 3 & 3.0 THz; ' = 20.0 (THz)": {w lgq = 1.0 (THz)*,
Note that for vy — Ay') =0, the thearetical fall wansient must decay
infinitely quickly, even for R — 0, the condition of the computer simu-
lstion. (7) As for (6), R =0.1 (THz)*; » = 300 THe, 4" = 250 (THz2)?,
(st bgg = 1.0 (THE)',
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g at ficld-on equilibrium must contain a non-linear potential term,
* Smoluchowski equations, or linear Fokker-Planck equations
(2], cannot produce the simulated transient acceleration. These *
non-linear Kramers squations are exemplified by the cosinal
itinerant oscillator theory of Coffey and co-workers [2-4, 6].

Finally [ mention that the technology is available, in prin.
ciple, to test the simulation reported in this paper experimen-
tally. Transients can be induced by electromagnetic radiation-
laser fields. The power available in picosecond or sub-picosscond
pulses from these devices can reach the terrawatt level. Streak
camers detection svsiems can detect rise or Tall transients over
sub-picosecond intervals. The transients produced in this way
would be mixtures (because of the chiral symmetry of the
sample) of first and second Legendre averages over orientation
|2, 3], and could be observed isothermally with the efficient
removal of heating effects, Such lasers are ememplified by
VULCAN of the 5 E.R.C. Rutherford/Appleton Lab,, UK., or
the Los Alamos carbon dioxide laser,
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Appendix

Coffey et al, [2, 11] have shown that the decay transient afler
the instantaneous removal of a square wave pulse from a liquid
sample is given by the Debye diffusion equation (2) as

teos 8(r)) = § ['ﬂ ("0 —"¥T) — 1}/S (s'“‘";)ﬂ‘ﬁ

_2_:! ﬂ""“i e’“—ﬁ !"(I-f,lﬂ).'. 0[71]] (Al)

Here o = /KT, 7 Is the Debye relaxation time, and 1, the
length of time for which the pulse was applied prior to its
removal.

The attainment of field on equilibrium in the computer
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simulation corresponds to the limiting case r; == In this
limit eq. (A1) becomes

{cos O(I)}l—:—: i [Tnit""' —h etV

i

+__ fli"l' =iy - : e 4
i ] e [const] e

Iy

10+
(A2)

Equation (A2) implies that the equilibrivm a.c.f. and fall-
transient decay identically as the simple exponential ™", Tha
normalised fall transient in this limit is independent of ¥, and
fy. The Debye diffusion equation cannot, therefore, produce
accelerated transient decay from field-on to field-off equili-
brium st constant temperature,
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