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molecular dynamics at high field strengths

M. W. Evans

Edward Davies Chemical Laboratories, University College of Wales, Aberystwyth SY23 INE. United Kingdom

{Received 12 April 1982; accepted 5 October 1982}

The computer simulation method has been used to investigate the molecular dynamics of C,, symmetry
asymmetric tops at points along the Langevin function to saturation. The first order lincar/angular velocity
correlation function is visible in a moving frame of reference and becomes increasingly oscillatory at high field
strengths. A single molecule rototranslational Langevin equation cannot explain these results without
involving nonlinear interactions betwecn the molecule and it surroundings. The computer simulation has been
used to predict the results of experiments on laser-induced birefringence.

INTRODUCTION

In the fifth part of this series'~* we use the techniques
developed in parts 1-1V to look at the rototranslational
roolecular dynamics of a C,, symmetry asymmetric top
in the presence of a strong external field of force. In
particular we aim to extract some details of these ro-
totranslational correlation functions® which describe
how rotational motion is transmitted on average into
translational motion, and vice versa. Theseare typified
by (v(#) . w(0)), or the tensor c.f. (v()w(0)T), where v
is the center of mass molecular linear velocity and w
the resultant molecular angular velocity. The elements
of these correlation functions must be computed in a
body-fixed or rotating frame of reference in order to be
visible after ensemble equilibrium averaging, and
this frame may be defined, conveniently, as that of the
three principal moment of inertia axes of the asym-
metric top. In this frame the three components of
{v(#) - v(0)) or {w(#) - @(0)) are not identical in shape,
unlike their laboratory frame counterparts, and this
anisotropy is greatly exaggerated by the externally
applied field of force. This field is assumed to interact
with each molecule through the torque!-?

-e, xE,

where €, is a unit vector along the A axis of inertia of
the molecule, and E a field of force, assumed to lie in
the Z axis of the laboratory frame.

The molecular dynamics of 108 C,, triatomics are then
investigated statistically using computer simulation,
The simulation may be used as a numerical guide to that
which might be expected to occur when a molecular
liquid is subjected to mW /ps pulses of mode-locked
laser radiation. In part Il of this series we have dis-
cussed the application of a sinusoidal field (i.e., the
ac electric or electromagnetic type of field), but here
we have used E independent of ¢ for simplicity of analy-
sis.

DETAILS OF COMPUTATION

These are as in parts1 and Ii, with the exception that
the intermolecular potential has been modified to include
partial-charge interactions between the molecules, as
reported elsewhere.® This was done in order to model
the CH,Cl, molecule with a 3 site Lennard-Jones atom—
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atom + charges system. The effect of the external field
is to modify the averages (e} ;) for positive integral n
and make these field dependent. The graphs of {¢};) vs
e,z E; /kT should and do fall on the appropriate Langevin
functions?* which are illustrated in Fig. 1, for n=1 to
n= 6.

Here (¢} ;) denotes the average { ) over 108 molecules
of the sample of the component ¢, of the vector e, fixed
in the dipole (C,,} axis of each molecule. The power n
varies from one to six.
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FIG. 1. (a) Langevin functions (e},), n=1,3,5 (top to bottom).

Abscissa: enzEz/kT; ordinate: x={e}p. (b) As for (a),

{eip, n=2,4,6. (top to bottom). Computer simulation results.

— Analytical curves.
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FIG, 2. Angular velocity components in the moving frame of
reference. (1) A component, (2) B component, and (3) C com-
ponent. C denotes “correlation function,” as in all the follow-
ing figures.

The moving frame of reference® is defined (as in part
1V), by the equations

Uy SV e U e, + V.8, ,
vB = v:eBx+ vyeBy+ vleB.l ’
Vo= Vy€oy+ Uy €, + Uslc, -
In this notation e,, e, and &; are unit vectors along

the principal moment of inertia axes of the molecule.
vy, Vy and v, are the components of v in the laboratory

frame and v»,, vg, and v, are those in the moving frame.

With these definitions the component correlation func-
tions

<Uc(t)wg(0)) and <v3(t)wc(0)) H

exist for ¢>0.

RESULTS AND DISCUSSION

Figures 2-5 illustrate the effect of an increasing field
strength on the moving frame components of the angular
velocity correlation function, As the field strength in-
creases the components become more oscillatory and
more anisotropic in appearance.

In order to reproduce these effects analytically we
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FIG. 3. Same as for Fig. 2, 8.75 kT field applied in the Z di~
rection of the laboratory frame. The effect of this field is to
increase the anisotropy of the angular motion, and all three
components are oscillatory.
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FIG, 4. Same as for Fig. 2, 17.5 kT field nearing the satura-
tion level of the Langevin function. The B and C components
of the angular velocity a.c.f. are now clearly oscillatory.

need to solve a Langevin or Kramers equation® struc-
tured so as to take into account: (a) an arbitrarily strong
driving field'; (b) the effects of rotation-translation
coupling?'®; and (c) the nonlinear interaction between a
molecule and its surroundings.®™

Grigolini et al. ' have developed a formalism for deal-
ing with the analytical problem associated with (a), as
described in part IV of this series. The effects of ro-
tation/translation coupling are illustrated in Figs. 6
9, in terms of (v (#)ws(0)) and (vg(}wy(0)). These be-
come more oScillatory again as the field strength in-
creases to saturation level (equivalent to about 35 kT).
The most interacting thing about these correlation func-
tions is that they reveal features of single molecule
diffusion which conventional theory does not commonly
envisage let alone attempt to describe. In this re-
spect the computer simulation method, with all its im-
perfections, is the only means of progress. It may be
used to guide the theoretical analysis and interpret the
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FIG, 5. Same as for Fig. 2, 35.0 kT field. The frequency of
oscillation is clearly increased compared with Fig. 4.
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FIG. 6. (1) {vc(t)wp(0)/ @H*(wH'?; no field. (2) Same as
for Fig. 1, 8.75 kT applied field.

experimental results. It is soon going to be possible
to saturate the Langevin function for liquids such as
CH,Cl; with megawatt power lasers, applied in pico-~
second pulses.

Essentially the problem facing the analytical theoreti-
cian is to rewrite the relevant equations in the moving
frame of reference, solve these successfully for cor-
relation functions such as {yg(#)wy(0)), etc., and then
transform the results into the laboratory frame. In
this frame {v({) . w(0)) or {v(f)w(0)T) vanishes for all ¢
and all strengths of applied field because of parity sym-
metry rules. (Note that these may not apply with mag-
netic fields or chiral molecules). The first attempt to
carry out this procedure was made by Ferrario'® with
the rototranslational Langevin equations derived by
Evans ef al. '® rewritten in the moving frame of ref-
erence, These Langevin type equations are single.
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FIG. 7. (C, B) element, 17.5 2T applied field.

FIG. 8. Same as for Fig. 7, 35.0 kT applied field.

molecule in nature, the interaction with the environment
being described by a combination of stochastic force/
torque terms and rototranslational friction coefficients.
They are insoluble analytically, but can be integrated
numerically by stochastic simulation. When this is done,
the moving frame correlation functions {vg(f) wy(0)) and
{vg(Hws(0)) are far too small in comparison with those of
Figs. 6-9 and indeed do not rise above the abscissa

on the ordinate scale of these diagrams.

Grigolini, Evans, Ferrario, and Marin'? have traced
the origin of this result to the neglect of nonlinear ef-
fects in the Langevin equation for single molecules.
Specifically, the interaction between one molecule and its
environment should depend on the details of the environ-
ment in quite specific ways. In other words, the details
of the intermolecular potential must be built in to the
traditional stochastic differential or integrodifferential
equations. If we restrict our attention for the moment
to center of mass linear velocity, a typical “nonlinear”
system of equations would be!:

r=v,
av

¥= -
or

"Cv'f'F(t) ’

in the Markov limit. In this simplest of cases V the in-
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FIG. 9. Some (vg(t)wc(0)/{v})!2(w)!? elements; (1) 8,75
kT fleld, (2) 17.5 kT fleld; and (3) 35.0 kT fleld,
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FIG. 10. (1), (2), and (3), respectively, (wA(t)vs(0)/ (w3)V2;
walt)va(0)/ (v§)1%; and {oclt)v{0))/ (wh)V? in the moving
frame of reference. Here V is the center of mass linear vel~
ocity. No applied field.

termolecular potential energy would have to be distance
and angle dependent to attain a basic level of realism,
[When we start adding to this basic analytical structure
an external field term, and additionally attempt to de-
scribe the angular motion of the molecule, inertial and
memory effects, the only means of obtaining a solution
is either by stochastic simulation (i, e., numerical in-
tegration, making use of a random number generator),
or by using (numerically) Dupuis renormalization alge-
bra'® on a long continued fraction of the Mori type, re-
cently generalized by Grigolini et al.*] It is clear
therefore that the computer simulation results provide
an objective assessment of what is a profound analytical
problem. :

The components (v, ()v,4(0)), {va({)vg(0)), and
(vc{vc(0)) are illustrated in Figs, 10 and 11, The
effect of the applied torque 8, XE is clearly transmitted
to the center of mass movement through functions such
as those in Figs. 6—~9. These components are not iden-
tical in the moving frame.

One of the interesting side effects of a nonlinear
theory of molecular diffusion is its ability, recently
demonstrated by Grigolini et al.,!? to produce non-
Gaussian behavior in the transient region (between ¢=0
and equilibrium) of certain correlation functions.
Switching our attention to the laboratory frame, the
transiently non-Gaussian nature of the velocity auto-
correlation function (v(?) - v(0)) is illustrated in Fig. 12
using the method developed by Berne and Harp.2® Note
that the computer simulation accurately produces the
Gaussian equilibrium level of 3/5 in (v*(Hv2(0))/{s*(0))
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FIG. 11. Top: B component; bottom: A compobent of the
moving-frame velocity a.c.f., 35.0 kT applied field.
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FIG. 12. The non-Gaussian nature of the velocity autocorre-
lation function (v(¢)* v(0)) in the laboratory frame. 35.0 kT
applied field. (1) (@(t)v%(0))/ (w*(0)), (2) (¥(t) - w(0))/ (W2(OD),
-~=2 [+ 3(@t) - v(0))/ (v?(0)))?], the Gaussian result.

even in the presence of a very strong field (equivalent
in energy to 35 k7). The analytical theory should ob-
viously aim to reproduce the solid upper line in Fig. 12
rather than the dashed line.

The angular velocity correlation function in the labo-
ratory frame (w(#) - w(0))/w?(0)), and the angular kinetic
energy a.c.f. (0*(#)w*0))/{w*(0)) are illustrated in Fig.
13 under an applied field equivalent energetically to 35
kT. For comparison, the Gaussian result!? is also
plotted, and the transient statistics are clearly not
Gaussian.

Finally, in Fig. 14 we plot the 35 kT mixed correla-
tion function

(*() ?(0))
() wH0))

For Gaussian statistics this is one for all ¢, and this
is yet another clear demonstration of the need to improve
currently available analytical theory.

SATURATING THE LANGEVIN FUNCTION: THE FAR

INFRARED

The far infrared is the frequency region equivalent to
picoseconds on the time scale of molecular dynamics.
In the simplest term the Poley absorption of dipolar
liquids is the Fourier transform of, in our notation
(e,(# -é,(0)), the rotational velocity correlation function
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FIG. 13. Same as for Fig. 12, angular velocity w laboratory
frame of reference.
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FIG. 14. The mixed second-moment a.c.f.: (©2(t)w?(0))/
[(v® (w?)1, 35.0 kT applied field. For Gaussian statistics this
remains at one for all ¢,

of the dipole unit vector e,. This c.{. is illustrated in
Fig. 15 for a 35 &T field and for the field-off case. In
the field-on case {€,(t) - 6,(0)) and (u{#) - w(0)) (Fig. 16)
are almost identical. This comes from the kinematic
relation

6, = wXxe,

and from the fact that one component of {€x(#) - e, (0))
falls to an equilibrium level of only 0.95 {Fig. 1(b)]in-
stead of the field-off level of 0.

It is abundantly clear from Fig. 15 that the effect of
the 35 27 field is to shift the far infrared Poley peak ab-
sorption® to a higher frequency and to sharpen it very
considerably. This observation provides us with a
sensitive method of studying molecular dynamics at
Langevin saturation by monitoring the effect of a power-
ful (MW) laser on far infrared spectrum of CH,Cl,. This
experiment is planned with the Atomic and Molecular
Physics Institute of the CNR at Pisa, Italy, with Salvetti
etal.
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FIG. 15. — Rotational velocity autocorrelation function:
(@4(t) - 84(0))/ (23(0)), 35 kT fleld of the dipole unit vector Aey,.
The oscillatory structure of this function meansg that the far
infrared peak is sharpened and shifted to high frequencies in
comparison with the field off case. —- No field applied (lower
absecissa scale).
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FIG. 16. Comparison of the — rotational velocity and © an-
gular velocity a.c.f. at 17.5 & T applied field.

SATURATING THE LANGEVIN FUNCTION:
DIELECTRIC RELAXATION

The problem of how a dielectric loss spectrum re-
sponds to a perturbation greater than 27 in energy has
been treated by Ullman.?' According to this author, the
loss curve is shifted to higher frequencies by the applica-
tion of the field, However, in the normal course of
events, the dielectric relaxation time naturally lengthens
as the barrier to diffusion increases.® Relaxation times
about the long axis in a mesophase are, e.g., much
longer than those in the isotropic phase of the same
molecule at roughly similar temperatures. At the
same time, the liquid in the presence of an aligning field
greater than k7 (in energetic terms) is of course bire-
fringent, so that components of the dipole a.c.f.

{e, () - o, (0)) behave differently.

By reference to computer simulation results such as
those in Fig. 17, it is clear that the effect of the field
is to decrease the correlation time along the laboratory
Z axis (the field direction). To establish these results
using stochastic differential equations would be a difficult
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FIG. 17. The effect of a 17.5 kT field on the orientational
a.c.f. (e4(t)* e4(0)) (observable in dielectric spectroscopy),
dotted line. The laboratory frame components of this a.c.f.

are marked 1, 2, and 3, and one goes to a final level of about
0.90. This point is also marked on Fig, 1(b) is the graph of (e ;)
vs energy ratio—the Langevin function. The other two components
gotozero, sothatthe completea.c.f. (e,(t)-e,(0)) goes to about
3/5 ag t —~=, The 1/e correlation time in the absence of the field
is 0.5 ps, and shorter in the presence of the field. The
latter refers to the c.t. of (e,(t) -e4(0)) — ¢ed).
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task, and they are, at the same time, valuable for the
interpretation of laser-induced birefringence.

CONCLUSIONS

(1) The computer simulation method has been used
to investigate the molecular dynamics of C,, symmetry
asymmetric tops at points along the Langevin function
to saturation.

{2) The first-order correlation function between
molecular linear velocity v, and angular velocity w is
visible in a moving frame of reference and becomes
oscillatory at high field strengths.

(3) In order to explain the numerical indications, a
theory of rotational diffusion is required which details
the intermolecular interaction more accurately than up
to now. The simple concepts behind the Langevin equa-
tion, even when modified for moving-frame rototrans-
lation, no longer work.

(4) The computer results, even at 35 2T, are ac-
curately Gaussian at equilibrium, but are transiently
non-Gaussian.

(5) The computer simulation may be used to predict
the results of experiments in laser-induced bire-
fringence.
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APPENDIX

In this appendix we note the Gaussian relation between
the first and second moments of the angular velocity
autocorrelation function. Following Ferrario’s deriva-
tion we have'®

(w(0) . w(0)wX0) . w(0)) =3 (';—:'r)z* 3(}121)2* 3 (%)2

1 1 1
cam (o),
VA A A

2
(wlf) - W(Hw(0) - (0)) = (kT)z[(I‘_1 . 11‘, + ;1;)

3 2 2
% OB U YOI

i

where

x1€8) = (w () 0)(0)) A wy (0) wy(0)) ,
x:(t) = {w,y(#) wy(0)) /L wy(0) wy(0)) ,

)(3“) = (wa(t) w,(O))/(wa(O) “’3(0)) ’

are the moving frame components of the angular ve-
locity a.c.f. This frame is defined by the axes of [,,
I,, and I, the principal moments of inertia. These
equations have been used to calculate the Gaussian
curve in Fig. 13.
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