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ABSTRACT

It 15 srgued that circular dichroisa 10 the far 1nfra ced

power absorpticn coefficient i1z determined by a combination of

cotational and translational molecalar diffusion. Dichrolsm 1n

the far infra ved provides informstion on the way the molecular

dynamics respond to left and raght civcoculsrly polarised probe

radiaticr fraom an 1nterfecometer v laser, and reweale zubtle

detarls of the statistical craoss carrelations betwsen molecalar
votaticn and translstiogn. The sample may be structurslly chicatl.
ar structurslly achiral i1n the presence of a magnetic field.

THTRODUCT IOK
Crecular dichrorsm 312 wusually the mame a1 ea ta

differential absorption of ikt sng left ciccularly polarisel!

electraomagretic radistion by 3 medium, oae ohich is civcoculay i

tirefringent (13 and cptically active. The phenomenorn otouyres 1

principle gver the whele gf the electromagaetic freguent, 37138,

but 1n practice 1ts gbhsecrvatiocn has been canfined largel., to bhe

altvra-w1olet and isible, with vecent developments (oH5-83 b, Matiz

. - -1 .
and co-workers, using 1nter fercmet; about 300G cm 10

voao down to

Fhe smid crrealar dickrarsmy . The 1ntensit

the far

rofra ced ibheatiane!

cf the probe radiation falls rapidly as infra-ret region

i= appyrosched, making the use speclalized eguipment sesential .,
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The fundamental equatiocons are given 1n section (1,
which shows that the effective angle of rotation, civcular
birefringence, and dichroism 1n the power absorption coefficient
are fundamentally interrelated, and depend on the dipole
orientation and rotational velocity time correlation functions of
the molecular dynamics of the optically active sample, for
example, an ensemble of chiral molecules. In section (2) some
experimental conditions and details are suggested, hased an
recent advances {(7-12} 11 experimental measurement of 1nfrs
red dichroism, and on the rotatory power of awvailable isotropic
molecular liguid ensembles. Section (3) discusses the role of
molecular dynamics computer simulation in the data

interpretation.

L. FUNDAMENTAL CONSIDERATIONS

An ensemble of structurally chiral! molecules is
circularly bivefringent and votates the plane of polarised
electromagnetic radiation with amn angle of rotation e . The
plare polarised radiation 1s assumed to propagate in the Z axis
of the laboratory frame (X, v, Z) and 1s a combination of left
and vight circularly polarised components whose velocities of
propagation through the chirasl ensemble are different. In genersl
the =sample absorbs, so that the plane wave in the ensemble
becomes left or right elliptically polarised as the case may be.
Defining i as a unit vector in X and 1 8s 3 unit wvector 1n ¥y the
electric field components of the electromagnetic plane wave in

the absorbing ensemble are

] S ‘4 - NN SRS
B o-eli-fi)e " & = B (e ide

Jtilising these in the Mawwell eguation prowides the following

standard expression 4 2 1 for circular birefivingence
P =

(r\LZL~ ’\R:L\> = ‘Q/“oca‘\’ <°[axx>



111

This is the difference between the ensemble averasaged real parts
of the refractive index measuvred vespectively in left and vight
circularly polarised far infra red vadiation. The guantit. Mg 1s

the magnetic permeability in vacus, N the number of molecyles per
'’

metre cubed of sample, ¢ the wvelocity of light, and ¢ dQXX the
ensemble average over the i1maginary psrt aof the Rosenfeld tenso
{2, an odd parity tensor which exists only in chiral ensembles.

There are alsc terms in ( 2 ) depending on the electric dipaole
‘electric guadrupole temsor, as in standard theory (2. The

equivalent dichroism i1in the power absorption coefficient is=

< r‘\kl"(\{ZL» = L\_w/AoN < DLQKK >
400 (3)

and the angle of rotation is

(oY = Apu e (ol >
A oo

(4)

where 1 is the sample thickness in metres and @ the anqular
freguency. The chances of obserwving the rotation angle (with the
use of a second wire grid polariser situated between the sample
and detectaor) are governed by egn. ( 4 ). The most intense tar
infra red radiation available is from a tunable submillimeter
laser { 13}, The sample thickness 1 is typically about <.l cwm,
and in the far infra red the ratic (Q/C7 is (2~ 7a=‘0h')
where ™ is the wavenumber. The ratio of dielectric loss to power
absorption in the far infra red i1s typically of the order 10—3 ,
sao that the angle of rotation is determined typically by a small
difference of quantities each of the ovder unity. The ability to
observe <9> comes down to maximising this small ditference, i.e
to the necessity of using a sawmple that 1n the visible range 1=
known to be able to raotate plane pola(ised radiation by severa
thousand degrees per metre. A yvoltation strength such as this is
possessed by single crystals of helical macromolecules, for
example. To observe far iafra ved optical activity in the lignid

state 1t is clear that the chances are maximised with the liguid
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or liguid crystal sample knrnown to bave the greatest literature

aptical rotation stirength in the visible.

The Faraday Effect inm the Far Ianfra-red

The Faraday effect can be measured through the rotation o
slane polarised electromagrnetic vadiation by a dielectric treat
~ith a magnetic field co-linear with the propagation vector of
the radiation. Recent work has shown (14 - 203 thst it iz
sccompaviied by the much weaker magneto and spin chival dichroic
effects. The dielectric may be an ensemble of structurall,
schiral molecules, and is made circularly hivefringent with the
nagnetic field. Once the circular birefringence has been
zztablished the fundamental classical field eguations i1n sectio
(1) govern the freguency dependence of the angle of rotation as
the probe electromagnetic radiation is simultaneously absorbed.

In this case the larrest rotations are probsabl:

abservable with liguid crystals, in which birefringence is
abservable ( 21 3 even at radioc freguencies with weak applie:i
nagnetic fields. A series of such rotation measurements, taken
aith different freguencies of s tunable submillimetre laser, wi
~eveal the freguency dependence of the Faraday optical rotaticr
in the far infra red, which 1s dependent on the molecular

iynamics of the sample asg described by the equation

<6>,M—(9>,”‘ = \—\-/uoc;\\‘ BS-L <°(1>:7’Z§
... (

tr
shere 85115 magnetic flux densit., and dﬁfj£> a8 totsll,
antisyvmmetric components of the tensor that mediates the effect
2t Bson d’i , the complex molecular polarisability. There ¢
slso terms 1n ¢ 5 ) dependent { 2 ) on the molecular electric

iiole / guadrupole tensor.
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. F. I. R. DICHROISM AND MOLECW.AR D/ HNAMICS

Egrs., (2 ) to ( 5) show that far irfra red dichraoism,
trcular refraction and angle of rotation are all dependent an
‘he molecular dynamics of the structurally chiral ensemble. The
‘requency dependent angle of rotation, for example, i1s gi.en b
‘he ratios of dielectric loss to power absorption 1 the far
nfra red for the right and left circularly polarised measuring
1lectromagretic plane wave. In this section we seek an
riplanation in terms of fundamental molecular dynamics for far
.nfra red dichroism of this fr1ned.

We consider firstly the case of right civculavily
solarised radiation absorbed b, an ensembile of (F) molecular
mantiomers. The dielectric compler permittivity at far 1nfra red
‘requencies and below 1s velated { 22  to the Fourier transform

¥ the molecular dipole corvelation function
Co® = Cple p (D )

ind therefore to the molecular dynamics. Similavly, the far infre
‘ed power absorption coefficient is related through Fourier

:ransformation to the votaticnal welocilty corvelation functiorn
W = AW A o

Cansider next the intevaction of left civcularly
jolarised radiation with the same ensemble. We observe a
JIFFERENT frequency dependent coumpler permittivity and far 1nfra
-ed power absorption, and the explanation for this must be fouwnd
zomewhere in the nature of the ensemble dymnamics of chival
nolecules. (In ensembles of achiral molecules there 1s no
itchroism and no optical activity, and the far infra red power
absorption measured with left armt vight civrcularly polaricse:d
yvyobe radiation is identical.)

What is the difference between the ensemble dynamics in
the far 1infra red of chivral and achiral molecules”

The answer is kmown from vrecent molecular dynamics

—omputer simulations (23 - 26 } which show that the statistical



rrelation between centre of mass velocity ( x_» and angular
locity ({} } changes sign between diffusing chiral enantiomer:
is occurs, however, in the frame (x, vy, z) defined by the
incipal molecular moments of inertia, and not directly in the
boratory frame (X, ¥, Z), where such coryelations are allowed
symmetry (27 - 303, but have not been observed by computer
mulation, and appear to be very s=mall or zevo { 31 >. Graoup
eoretical statistical mechanices { 27 - 30 } shows that 1n the
west symmetry C1 chiral point group all nine elements aof the

oss corrvelation function flc.c

G = DR

ist for an ensemble of (R) enantiomers and 31l switch s=ign 1o
e (S) enantiomer, wvanishing 1n the racemic mixture.

vyithermore, such behaviour is conmfined exclusively to this and
lated key '"switching" c.c.f.'s, or time derivatives such a= tF
c.7. in frame (%, y, z) between the net force and rnet targque o
e same molecule.

The frequency dependent far 1nfra red power absorption
efficients of an ensemble of (R) enantiomers and an ensemble ¢
) enantiomers appear different in circularly polarised
diation (right or left), but are itdentical when measured with
polarised radiation. The switching c.c.f. reveals its presence
ly indirectly, therefore, under the right obserwvations!
nditions through the molecular "antermmae", the permanent dipol
memt and 1tg time derivative.

We conclude that the c.c.f. <’Y‘(k)%3(°)>' with mine
mponents in general, is responsible for this and 12 the
namical manifectation of structural chirality, resulting in
r infra vred circular dJdichroism. Conversely the latter may be
2d to provide an experimental measure of the effect of the
z.f., to measure 1ts effect quantitatively 1n terme af L) the
ver absorption coefficient; 2) the dielectric lossyi 3) the
3le of rotation.

This conclusion ie reinforced from egn. 3 Y, which show

at far infra red dichroism 1 the power absorption coefficient
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is directly propovtional toc an appropriate ensemble average of a
scalar component of the Rosenfel:l tensaor, whaose quantum
mechanical origins (1, 2 } make it a product of the molecular
electric and magnetic dipole matrix elements. This product has
the same symmetry as the cross corvelation function between
molecular rotation and translation. Furthermore the magnetic
dipole is classically praoportianal to a molecular angular
momentum, so that we expect tc sce a cross correlation of the
type QAEi(f)SLJF)» whose elements switch from one enantiomer to
the oppeosite in the laboratory frame. Far infra red «dichroism
provides specific information on this type of switching
carrelsation functien, which can be built up by computer
simulation. Finally it is known from computer simulation (32, 33
that the electric dipole‘ét iz corvelasterd divectly 1n the
laboratory frame to linear velocity through a non—-vanishing
(#‘(t)y_b(°‘>> leading again to the expectation that » 13
caorrelsated to-gz in opposite ways for opposite enantiomers. This
15 3 fundamental and general result for all structurally chiral

ensembles.,

3. EXPERIMENTAL DETALILS.

We have argued that far 1nfira red dichroism, if observable
experimentally under optimised condditions, 1s an elegant methoad
of isalating the effect of the switching c.c.f.'s which are
solely responsible for the effect. ln this section we suguyecst
methods of optimising the experimental conditians using
submillimetre lasser and 1nterferometric spectroscops .

a) Use of Tunable Submillimetre [ asers.

Tunable lasers are now avalilabte which produce many spot
frequencies ( 13 > throughout the far infra red range. One of the
strongest lines 1s near 80 cm_1 . anl this should be chosen
initially and =tabilised. The gutput from the laser 1s plane
polarised with an accurately machined vertical wire grid
polariser and passed through a sample cell containing the masximum
possible thickness of a liquid ar liquid crystal with a visible

optical raotation strength of thousands of degrees per metre. The
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rotation of the plane of the output radiaticn i1s measured with
second wire grid polariser which is rotated until the signral a
the detector is maximised. The rotation of the seconud wire ric«
polariser with respect to the first gives the angle‘i§>.

The evperiment is repeated ad) as a function of sample
thicknezsy b of measuring frequency. The procedure is repeated
for the racemic mixture to provide a baseline and to eliminate
spurious effects. The rotation angle should be a linear fungtion
of the sample thicknesz 1in the ensntiomer, and should wvanish in
the racemic mixture. Messurements at different laser freguencies
provide the freqguency dependence of the opticsl sctivity.

b)) Interfercmetry
The above method using a laser provides information at spot
frequencies only, and should be supplemented with broad band far
infra red Michelson interferometyy { 22 ¥, However, this method
must utilise circularly polsarised radistion directiy, 1.e. wmust
zeparate the right and left civcularly polarized components of
1lane polarised far infra red radiation. The slegyant work of
afie and co-workers {6 - 83 has provided data ta 300 cm“1 e ing
Micolet 7199 interferometer with a piezza-optic modulator to
titch the probe broad band radiation from vight to left
roularly polarised at &0 kHz (6 ~ B3, Vibrational circular
throism bhas by now provided information on chiral complexes,

1cal macromolecules, amel simple chival molecular structures.

gtilising & germantum (34 2 qodulator which is transparent in
far infra red, and optimistimy beam (divider material, =source
b pressure mercury’, and detector (helium cooled Rollind, the

rument designed by Nafie et al. can probably reach the far
y red, thus opening up an area vich in information (22 5.
rther source of information 15 isperszive far infra red
ferometry { 35 1}, where the sample is held in one arm of

iterferometer, and which gives the frequency dependent



DISCUSSION

Far imfra red dichroism 2legantly isglates the influence of
labaoratory and moving frame switching c.c.f. 's on the "anterna”
correlation functions whose Fowrier tranmsforms are the far infra
red power absorption and dielectric complex permittivit,. Theze
are the molecular rotational velocity { 22} and dipole
correlation functions respectively. The switching c.c.f.'s are
the only source of difference between the far infra red power
absorptiaon af an enanticmer measuvred with left armt right
circularly polarised radiation.

Vibrational sbsorptions in the infra red and Raman are
accompanied by rotaticnal detair!, which in the liguid state
becomes broadened and fused i1nto shoulders around the ~“ibrationsl
peak freguercy which contain information about the liguid state
molecular dynamics. The antenna in this case 1s the infra red
transition ipole moment art 1ts time corvelation fumction 1n
frame (X, ¥, Z). In general the spectrum is the result of
molecular dynamics 1nvolwving statistical cross correlat:ion
between wvibration, rotation anmd translation. If any of these
cross caorrelations switch siyn between emnantiomers there will be
an effect on the shoulders of the already obsevrvable ( 6 - 12 :
vibrational civcular dighroism which 1s freqgquency dependent. The
"baseline" spectyrum, where these cross corvelation cancel, is
again that of the racemic mixbtimne. We conclude that wvibrational
circular dichroism also provides information on "hidden' craoss
correlation functions of a chivrali tiquid, 1tnformation which can
be computer simulated and animated. In general there are man,
vibrational proper wmodes which can be used for this type of stud
for & particular chiral liguid. The higher the fregquency, the

greater the dichroism.

117



119

M. . Evans, Phys., Rew. Lett.. 117 press.
g

CELY R, OFL Moutran., A. H. Price, and M. W. Evans, 1. Chem.
ac., Favaday [1, 71 (1979) 18%q.

re23 M. W. Evans, G. J. Evans, . V. Cotfev and P. Grigolini,
"rolecular Dvrmamics. ", (Wilew loterscience, bNew York, 18z,

kyieger, 19910,

(1983 371,

M, t. Evane, Phys, Res, Leltt., S

G
i1l

{843 abid., 3. Chem. Soc.., Farada, Trans. &, 79 (1983) 1811,

FE%Y ibid.. Phys., Seripta, 30 1984y 94,

iBi1o., Phys Rewo Lett,, % 01588 [59) Froce . Rew . A, Tl
ADL7
LETP M, WL Ewans, Phyve. Lett. A, 134 (19RIF 407,
<283 1bid., Phys., Rew. A, 39 «193% 041,
T29 ibid.. Chem. Phyvs., 132 (1989 1.

£33 1bid., Mel. Phys,, &7 (198%: |

{31 M. W. Evans, Caradian 1. Chem., csubmitted.
&

-

32 M, 4, cang, G, U, Lie, and E. Clements, I, Chem. Phys,. 88
1988 5197,

33F bid., Phys., kRev., A, 37 J19dEy 2548,

=

armd G. Holwarth, fppl. Opt., tae 1375 4%y,

verlain, "The Principles of Intecrferometric

vodiWileyr., Chicheetey




