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ABSTRACT

Field applied molecular dynamics (FMD) computer simulation is used
to reveal the molecular dynamical nature of circular dichroism (CD) and
optical rotatory dispersion (ORD). The set of pseudo-scalar T positive and
P negative difference time correlation functions (DCF’s) is introduced as a
means of quantifying the different torques set up by the interaction of
left and right circularly polarised electromagnetic radiation with an
ensemble of chiral molecules. The torque difference is proportional to the
anisotropy of the Rosenfeld tensor in the molecule fixed frame and is
accompanied by frequency doubling. FMD simulation is carried out for laser
and broad band radiation for a rigid and chiral molecular structure, that
of bromochlorofluoromethane, i.e. attention is restricted to translational,
rotational and re—oriefmtational dynamics without considering molecular

vibration.

INTRODUCTION

It is well known that left and right circularly polarised
electromagnetic plane waves interact differently with a chiral ("optically
active") molecular structure. This gives rise to circular dichroism (CD) and
optical rotatory dispersion (ORD) across the complete electromagnetic

spectrum. Contemporary semi-classical descriptions {1-3} express CD and
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ORD in terms of the g and f components, respectively, of the imaginary

part of the Rosenfeld molecular property tensor:

<Ay -Ag> = dopN<ad (g)> (1)

<0> = -lpNo<a),,()> (2)

Here, f and g are the dispersive and absorptive bandshape functions
respectively. <A1.Z - ARl> is the difference in the power absorption
coefficient (neper per centimetre) measured respectively with left and right
circularly polarised radiation propagating in the Z axis of the laboratory
frame (X, Y, Z); and <8> the corresponding difference in radians in the
angle of rotation of the plane of linear polarisation. {A linearly polarised
electromagnetic plane wave is 50% left and 50% right circularly polarised.)
N is the number of molecules per cubic metre; w is the angular frequency
in radians per second of the wave: i is the vacuum permeability

(40 x 10_7Js_zC_z) and 1 the sample length in metres. The angular brackets
< > denote ensemble averaging {4}, The imaginary part, GZuBH’ of the
Rosenfeld tensor is responsible both for CD and ORD, and is well defined
{1-3} in semi-classical theory and density matrix formalism as being
proportional to a product of matrix elements of the magnetic and electric
molecular electronic dipole moments. It is positive to motion reversal (T)
and negative to parity inversion (P). Individual cartesian components both
of am//(g) and am//(t') have, in consequence, the symmetry of a
pseudo-scalar, which changes sign between enantiomorphs of a chiral
molecule. Thus, CD and ORD alsc change sign when an enantiomeric
ensemble is replaced by its mirror image, and vanish in the racemic
mixture.

This paper investigates the classical molecular dynamical
processes at the root of CD and ORD in ensembles of rigid chiral molecules
exemplified by the Cl symmetry bromochlorofluoromethanes. It uses field
applied molecular dynamics computer simulation (FMD)} {5-10} to define a
novel set of pseudo-scalar, T positive, P negative, difference time
correlation functions (DCF’s} of an ensemble of chiral molecules in the
presence of a plane polarised electromagnetic wave. The different
interactions with the chiral ensemble of the left and right components of
this wave are expressed as different torques. The latter are worked out in
section 1 and coded into the forces loop of an FMD simulation algorithm,

described in section 3. The torque difference set up between left and right
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circularly polarised plane waves and the chiral molecular structure is

shown in section 1 to depend on the anisotropy of diagonal, or principal,

i
i

conveniently approximated by that of the principal molecular moments of

elements of o,;./' in a frame (1,2,3) fixed in the molecule. This frame is
inertia. It follows that the torque difference is zero: 1) if there is no
anisotropy in the Rosenfeld tensor; 2) if the molecule is achiral, so that all
elements of the Rosenfeld tensor vanish independently. When the torque
difference is zero, there is no CD or ORD, and no DCF's.

Section 2 discusses some of the molecular dynamical implications of
the torque difference AT in terms of the set of DCF's. Each non-vanishing
member of this set has components which are pseudo-scealars, and each
emerges automatically from the FMD simulation as a consequence of AT. A
DCF is always present as some underlying component of a CD or ORD
spectrum, and exists in the laboratory frame (X, Y, Z) as a quantity
generated by the interaction of plane polarised electromagnetic radiation
with a chiral ensemble. The specific DCF responsible directly for CD is
shown in section 2 to be a rotational velocity DCF, the Fourier transform
{11} of the left hand side of eqn. [1]). Section 4 illustrates DCF's from an
FMD simulation of the S and R enantiomers of bromochlorofluoromethane,

modelled by a rigid site-site potential taken from the literature {12}.

1. THE TORQUE DIFFERENCE, AT.
To work out the torque difference AT in a form suitable for FMD
simulation we consider circular dichroism through a specific mechanism

described through the induction

m® = ol i(g)Real (E (3)

m® = ol @ Real EP) (4)

of a magnetic dipole moment m, in a given enantiomer. Here, the R and L
superscripts denote right and left circularly polarised respectively. The
magnetic dipole moment is produced by the product of the real quantity
O‘ZaB//(g) with the real parts of the electric field strengths (volts per metre)

Real (E®) = E(i cosd, - f sindy) (5)

Real (EV) = E (i cosd, + j sind,) (6)
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respectively. The corresponding magnetic flux densities (in Tesla) are

Real (B™) = B,(i sind, + j cosdy) (7)

Real BP) = B(-i sing, + J coad)) (8)

The right and left torques are consequently defined in frame (X, Y, Z) as

T® = -m®x Real (B®) (9)

TE

n

-mYx Real (B"W) (10}

We have considered a plane wave propagating in the Z axis of the

laboratory frame (X, Y, Z). The torque difference is, accordingly

AT =TV - T® (11)

Here i and j are unit vectors in axes X and Y respectively, i is the root of
minus one, Eﬂ and BD are scalar amplitudes, and the electromagnetic phases

are

bp =0t -x, T (12)

where X and X, are respectively the left and right propagation vectors.
The phases are approximated in the FMD simulation of this paper with

¢L=QI'IL'T {13)
b, » Py = 0t | (14)

We transform this into the frame (1, 2, 3) of the principal molecular
moments of inertia, a frame which is assumed to be the same as that of the

principal components of aﬁj//' In frame (1, 2, 3) therefore

m, ug.u(g) 0 4] E,

m,| = 0 aly®m 0 E, (15)
0 0 aliuG)



where the electric and magnetic field components have been transformed
{13-16} using

E, = epby +e,k
E, = exBy + ey (16)
E, = eyEy + eyfy

Here ey € and e, are unit vectors in axes 1,.2, and 3 respectively. The

torque components in frame (1, 2, 3) are therefore

T, “g.zz(g)EuBm - “Izl.ﬁ(g)EuBu
T, = “lzl,as(g)EuBu - “g,xl(S)EuBu (17)
Ty = “lz,,n(g)EuBu = “gn(g)ELzBu

and

Tr = “g,n(g)EmBm - “11{.33(3)EBBM

Tp - “g:B(K)EmBm - “Ill,u(g)EmBm (18)
Ta = 9u@®ExBy - 0u@EgBy

Some algebra gives the torque difference components

Ty -Tix = (@h2(8) - 0t 53@)(Erytsy ~ €08, )8I0Q ONE By
2~ Tor = (0253(8) ~ 02,11 (8))(Esrtyy ~ €58, JEINQONEB, (19)
Ty -Top = (11(8) - alh 1@ (e pEpy — €126, )8R WA E B,

These are finally back transformed into frame (X, ¥, Z) using the

transformation matrix

T, eix €y eyl T
Tyl = ey €y ey |T; (20

1z €z € 3

Note that the torque difference compeonents depend on the anisotropy of
the principal Rosenfeld tensor components, and on the frequency factor sin
(2wt). The torque difference therefore acts at twice the angular frequency
of the incoming wave. It is also useful to note that integration of the
torque over configuration is the work done, which is minus the potential
energy, The potential energy difference between right and left components

is therefore
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A(AH) = -mP BB + mP B, (21)

For optical rotatory dispersion, replace g everywhere by f. From eqn [19]
we deduce immediately that the individual torque difference components in
frame {1, 2, 3) and also (X, Y, Z) are pseudo-scalar quantities, positive to
T and negative to P. When incorporated in the forces loop of an FMD
algorithm (section 3) they generates pseudo-scalar DCF’s described in
detail in section 4.

2. THE SET OF NON-VANISHING DIFFERENCE CORRELATION FUNCTIONS

In general the members of this set are defined by

| “.(M;(OPJ _ I«‘(t)ﬂ(oyj
qu>"‘<B,’>V’j [<Af>‘ﬂ<B:>‘”J
@ ™

AC,0) = (22)

The sub-set of difference auto—correlation functions (DACF’s) is defined by
the special case A = B and a = B. Otherwise the DCF is a cross correlation
function. Both auto and cross DCF components are pseudo scalars.
(Conventional ACF and CCF components are scalars {17}.) In general there
are many non-vanishing components of this set, all generated by the
torque difference components [19]. The work reported in this paper
appears to be the first to define the set of DCF’s, the fundamental
molecular dynamical signature of CD and ORD. All members of the set
vanish in an achiral ensemble, or in a racemic mixture, and also vanish
when there is no applied electromagnetic field. Clearly, CD and ORD are
unobservable without the use of probe radiation and without field -
molecule interactions represented by [11]. In other words there are no
DCF's at field free equilibrium, and they are supported only in what we
call the "field-applied” or "field-on" steady state, which is the statistically
stationary state of the ensemble in the presence of electromagnetic probe
radiation. This can be at one frequency, ®, (laser radiation) or can be
made up of a large number of different frequencies - "broad band"
radiation.

Note that DCF’s can be defined either in frame (X, Y, Z), or in
frame (1, 2, 3). In frame (1, 2, 3), however, there exist pseudo-scalar
correlation functions {18-21} in the absence of an electromagnetic field,
which switch sign between enantiomorphs {18). These are not DCF’s

however, because they do not need to be generated by a torque
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difference. For example, the pseudo—scalar components of the CCF between
molecular linear centre of mass velocity {(v) and the same molecule's
angular velocity, ®, exist only in frame (1, 2, 3} at field free equilibrium,

and in this state change sign between enantiomorphs. The DCF

[ <v, (Nw,(0)> ] ) [ <y, (Hw4(0)> ]

AC, (@ =
~O l<vf>m<m§>1ﬂlm [<vf>’”‘<mi>mjm

(23)

may, however, be induced both in frame (X, Y, Z}) and (1, 2, 3) by the

torque difference [19], which will change the time evolution of the original
field free CCF's of frame (1, 2, 3).

The DCF directly responsible for CD is that of the rotational
velocity, the time derivative {22} of the permanent molecular electric dipole
moment. A conventional rotational velocity correlation function is the
Fourier transform of the power absorption coefficient {22}, and clearly, CD
is from eqn [1] a difference in power absorption coefficients measured for
the same chiral ensemble with right and left circularly polarised radiation.
In section 4 it is shown that the rotational velocity DCF is one out of &

large number of related DCF’s, computed from the same FMD trajectories.

3. ¥FMD SIMULATION.
The FMD method {23 - 26} was applied with ensembles of

(S) and (R) bromochlorofluoromethane molecules in the liquid state at 293
K. The site-site interaction potential was used as in the literature {18}
-E(C—C) = 358K; o(C-C) =3.4A;
€
;(H—H) = 100K; o(H-H) =28A;
-E(F—F) = 549K, o(F-F) =27A

-E(Br—Br) =218.0K; o(Br-Br) =3.9A;

%(cz-cz) =158.0K; o(CI-Cl) =3.6A;

q(C) = 0335lel; o(F) =-022 |ef; q(H) = 0.225]e|;
g(Br) =-0.16 |e|; g(CD) =-0.18 |e|;
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with Lorentz-Berthelot combining rules {18}. The torque [19] was coded
into the forces loop of the algorithm TETRA, whose complete code has been
given elsewhere {27} and trajectories for 108 molecules generated with a

time step of 5.0 8. Second order transient ensemble averages of the type
1 2 2
<er”;i <€y <>
2 2 2
<€y <apr; <ty
2 2. _.2
<eyy>; <ey”; <exx>

CHRCULAR DICHAOISM, (S)yBROMOCH.OROFLUOROMETHANE.
ROTATIONAL VE.OQITY DCF'S, EOBO = 400.

0.8 1
~0.9 -
-10 1, - T
0 1 2
PICOSECONDS
Figure 1
Rotational Velocity DCF’s, X component: ————- Y component;

. Z component.
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were recorded over 2,000 time steps, until a plateau level was reached. The
latter indicates that the ensemble has reached a field-on steady state,
which is statistically stationary. In this condition, DCF’'s were constructed
by running time averaging over a span of 6,000 time steps for both
enantiomers, and recorded to 400 time steps. This procedure gave "good
statistics” and clearly isolated each DCF above the statistical noige.

in coding the torque {19] the following numbers were used in the

absence of ab initio or experimental data on the anisotropy of the

CRCULAR DICHROISM. (5)-BROMOCH. OROFLUOROMETHANE.
ORENTATIONAL DCF. E0BQ = 400.

Figure 2

As for Figure (1), orientational DCF's.
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Rosenfeld tensor in the bromochlorofluoromethanes:

i " I}
aml H am N am(g)

= 1:2:3 (5 (27)
~(1:2:3) ®

1

i.e. a simple ratio 1:2:3 with each element changing sign between
enantiomers. This procedure was considered adequate to demonstrate the
existence of DCF’s.

The simulation was repeated for several laser frequencies in the

visible (one hundred terahertz (THz) range), mimicking the measurement of

CRCLLAR DICHROISM, {5-BROMOCHLOROFLUOROMETHANE
ANGULAR MOMENTUM DCF'S, EDBO = 400.

'&3‘]

PICOSECONDS

Figure 3

As for Figure {1}, angular momentum DCF’s.
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dichroism and optical rotation at one {laser) frequency. In this way the
{classical) simulation was made to mimic a CD and ORD band, rather than

monochromatic dichroism and rotation at one laser frequency.

4., RESULTS - THE DIFFERENCE CORRELATION FUNCTIONS AND TRANSIENTS.
Figs (1) to (5) illustrate the DCF’'s of several molecular vectors.

Specifically, Fig (1) illustrates the rotational velocity DCF which is the

Fourier Transform of the absorption difference of circular dichroism. In

each case the Z component becomes different in time dependence from the

CRCULAR DICHROISM, {5)-BROMOCHLOROFLUOROMETHANE.
EOBD » 400; E1Z, E27, E3Z SECOND ORDER TRANSENTS.

A LA A AR T I har TP I I I D AL P e T a S

[
?"\\"I:J.‘- [VFSOPIORAR P ST Ry

0.0+

T

0 1 2 3 4 S 2] 7 8 9 10
PICOSECONDS

-

Figure 4
" Second order rise transients due to the torque difference (19) of the
text. Z component of 1 unit vector of frame {1,2,3): ————- Z

component of 2 unit vector; Z component of 3 unit vector.
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X and Y components, illustrating the anisotropy that accompanies the
development of CD and ORD, both with laser frequencies and broad band
frequencies. This is particularly marked in the orientational DCF's of
Figure (2), whose component along the Z propagation axis is a slow,
monotonic, decay, and the other two components are rapidly oscillating
functions with approximately the same time dependence. A similar pattern
is observed in the angular momentum DCF’s of Fig (3), and in the second
and fourth order orientational rise transients of Figs (4) and (5), defined

respectively as <euz>, <ezzz> and <euz>; and <eu4>, <ez[‘> and <e”4>.

CRCULAR DICHAOISM, (S-BROMOCHLOROFLUOROMETHANE.
EOBO = 400; EZ, E27, £3Z FOURTH ORDER.

TRANSIENTS
Q0

T

0.9 1
0.8 1
0.7
0.8
0.5
0.4

0.3

ardly

0.0 4 ot .. - -

Figure 5

As for Figure 4, fourth order transients.
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The DCF’s isolated in this paper are given for the purposes of
demonstration, and other mechanisms may well contribute to the observed
spectrum of circular dichroism and optical rotatory dispersion. These will

be presented in future work.

CONCLUSION

Tield applied molecular dynamics computer simulation has been used
for the first time to isolate the pseudo—-scslar correlation function
responsible fundamentally for circular dichroism (CD) and optical rotary
dispersion (ORD).
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