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The differential scattering of left- and right-handed circularly polarized light by optically active molecules
is now well established in both theory and experiment. In this paper the dependence of Rayleigh and
Raman differential scattering intensities on the angle of scattering is analyzed. It is demonstrated that an
experimental study of this angle-dependence should enable magnetic dipole and electric quadrupole

effects to be separately evaluated, and provide a useful method for testing electronic and vibrational wave
function calculations. Results for circular differential Raman scattering are given in terms of irreducible
tensors, allowing the selection rules for polarized and depolarized Raman bands to be applied in a
straightforward way. It is also shown how the validity of the two-group model for chiral systems can be

experimentally assessed.

. INTRODUCTION

It is now well established that when optically active
molecules are irradiated with circularly polarized light,
the rate of Rayleigh and Raman scattering is dependent
on the handedness of the incident beam. The manifesta-
tion of optical activity in the Raman spectrum is of par-
ticular interest since it offers information about the
chiral environment of functional groups in large mole-
cules, and a number of experimental studies have dem -
onstrated the potential of this method, 2

In general, the difference in scattering intensity when
the handedness of the radiation is reversed is measured
relative to the absolute scattering intensity in terms of a
civculay intensity differential. As in conventional Raman
studies, this can be measured with the scattered light
analyzed for plane polarization lying either in, or per-
pendicular to the scattering plane; early experimental
difficulties in determination of the differential ratio in
the latter configuration® have now been successfully cir -
cumvented, *

In this paper the dependence of the differential ratios
on the angle of scattering is examined. It is shown how
the experimental analysis of this dependence should en-
able contributions resulting from magnetic dipole and
electric quadrupole interactions to be separately eval-
uated, providing a useful method for testing electronic
and vibrational wave function calculations. Results for
circular differential Raman scattering are given in terms
of irreducible tensors, enabling the results for polar-
ized and depolarized Raman bands to be distinguished in
a straightforward way. It is also demonstrated that the
validity of the two-group model for certain classes of
chiral molecule can be directly assessed by a simple ex-
perimental method.

Before proceeding further, it is useful to present
some basic results applicable to both Rayleigh and
Raman differential scattering. First, the circular in-
tensity differential is defined as follows®:

L(R— ) =~ L(L- ) (
L(R- p)+ I(L- )

AL(9)= p=n,1), (1)

Here I,(L/R- u) denotes the intensity of light scattered
from an incident beam with left /right handed circular
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polarization, p =1 refers to light scattered with polar-
ization vector lying in the scattering plane, and u=1
refers to light scattered with polarization vector per-
pendicular to this plane. The angle of scattering is
specified by the convergence angle 6, defined by

cosf=-k 'E’ (2)

where k is the direction of propagation of the incident
light, and k’ is that of the scattered light.

Using the methods of quantum electrodynamics, ® it
can be shown that the angle dependence of the differen-
tial ratios can be expressed in the following form:

o + Bcosh +ycos?o
a,(0)= 66 +€ cosye ¢ (3)
_a+vy+pcosd
8, ()= ZLTEECOS @)

The values of the parameters a-€ are generally ex-
pressible in terms of the molecular polarizability tensor
a,,, the gyration tensor G,,, and the quadrupole polar-
izability tensor A,,,. If the incident frequency w is not
too close to an electronic absorption band, these can be
written as’

Z—z—&—gRe(Oluxlﬁ(rlu [0y, (5)

720 Weo —
Gu= Z—z—zlm@luxlrﬂrlm [0y, (6)
h_ 80 Wyo
A).uvz g’ Z —'Z'wLZ R£<O| le|7’> <7|®uvl0> . (7)
17 rd0 Wy ~ W

Here the electric dipole, magnetic dipole, and electric
quadrupole operators are given by

“x=Ze£7’n , (8)
m=2 gt

Eluv Yiu piv ’ (9)
and
1
O = 32 e Bram, —7iby,) (10)
respectively.® The explicit results for Rayleigh and
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Raman circular intensity differentials are now given
with reference to these expressions in Secs, II and III,

1. RAYLEIGH CIRCULAR DIFFERENTIAL
SCATTERING

The Rayleigh differential ratios are given by Eqs, (3)
and (4), with the following expressions for the param-
eters a-—¢;

oz=4c'1(3a,mcu ..ancw_g czuA,m) , (11)

B=2¢50,,Gy, 503, Gt wa,y,A,,) , (12)

¥=2¢H0,,Gy,+30,Gu+way, A,,) , (13)

8=2(830,, 05, ~05 @), (14)

€=y, 0y, +3a,, (15)
here

A = €0 Apou s (16)

and the implied summation convention for repeated in-
dices is employed, Note that A,, is traceless, by vir-
tue of the o, u index symmetry of 4,,,. For right-
angled scattering, the formulas for the circular inten-
sity differentials reduce to

A, <g>=a/5 , (17)
& ()= /6, (18)

giving results in agreement with Barron and Bucking-
ham,®

The three molecular parameters which can in prin-
ciple be obtained from measurement of the Rayleigh dif -
ferential scattering ratios are a,,G,,, @,,G,,, and
a,, A,.. Clearly, these cannot be obtained from the con-
ventional right-angled scattering measurements, nor
from the behavior of A, () alone. However, if the val-
ues of § and € are found, analysis of the 6 dependence
of A, (6) does enable these three parameters to be deter-
mined from the values of o, 8, and y.

Now in terms of the three principal components of the
polarizability tensor o,,, o, and o,,, we have

= A2 2 2
[ SPPe I _(xtx+ayy+azz (19)
and

00y, = (e +ay, +a,f . (20)
These three polarizability components can in general be
found from measurement of the depolarization ratio, re-
fractive index, and Kerr constant of the sample.® How-
ever, it is not necessary to determine the Kerr constant
to find the quantities in Eqs. (19) and (20). The usual
depolarization ratio, measured with the scattered light
analyzed for polarization perpendicular to the scattering
plane, is given by

= 30,0y, ~ 0,

= ) (21)
4oy 0, +20,,0,,

P

and the mean polarizability (3a,,) can be found from the
refractive index by use of the Clausius-Mosotti equa -
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tion; hence, a,,a,, and a,,a,, can be evaluated from
these two parameters alone. The values of § and € are
then provided by Eqs. (14) and (15), respectively.

Values for @, 8, and ¥ can thus be found from A,(8),
and the following equations provide the required results
for the molecular parameters:

@3,Gyu =%)(3a +2v) (22)

@Gy = f—;%(:m —58+Ty), (23)
_ 3

aquM—m(—a+B+y) . (24)

It is worth noting that this method thus provides infor-
mation about the quadrupole polarizability tensor, which
in fluids plays no part in the conventional manifestation
of chirality, namely optical rotation. Nevertheless,
optical rotation does provide information on the trace of
the gyration tensor G,, through the Rosenfeld-Condon
formula, and this together with the trace of the polar-
izability tensor «,, can be used as a check upon the re-
sult given by Eq. (23).

Useful information can in fact be obtained from the
differential scattering ratio and the depolarization ratio
alone, Dividing the numerator and denominator of Eq.
(3) by a,,a,,, we can write

a’ +8 cos+y cos?d

Au(e) = 5’ 1€ cosib , (25)
where
x'=x/oy, ., (x=a,B,7,05€) . (26)

The denominator of Eq. (25) is now readily obtained
since we have

20p,
' 27
8 3-4p,’ @7
and
; 1001 =p,)
= 2
€ 3-4p, (28)

From the behavior of A, (6) as a function of 6 we can
thus find o', 8’ and 7', and hence determine the values
Of 03,Gy /@0y, Gyy /0y, 20d Oy, Ay, /050, from
Egs. (22) to (24).

In using this method, it is clearly important to re-
duce experimental error to a minimum, While careful
experiments with modern instrumentation should pro-
duce quite accurate values for the scattering ratios,
there are cases where the possibility of error in the
measurement of p, merits special attention, In partic-
ular, for samples where the value of p, approaches the
upper limit of 3, caution must evidently be exercised
since the values of §' and € become very large and sus-
ceptible to error. In such circumstances the alternative
treatment for Raman scattering developed in Sec. III
should be much less error prone, The lower limit for
the depolarization ratio p, =0 only arises for an iso-
tropically polarizable molecule, and hence is unlikely
to be relevant for studies on dissymmetric compounds.
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We now turn to a consideration of A, (8), Although
less information is obtainable from A, (#) than from
A, (8), the angle dependence is evidently much simpler,
and we can write

A, (8)=n{1 + tcosb) , (29)
where
_a+y
n=Tre (30)
- _P
£= el (31)

It is instructive to compare this result with the corre-
sponding expression for a molecule whose chirality re-
sults from a dissymmetric placing of two chromophores
A and B; the two-group model for circular differential
Rayleigh and Raman scattering was first discussed by
Barron and Buckingham.!® A more recent analysis'! has
shown that in the near-zone limit, where the group sep-
aration R is much less than the wavelength of the inci-
dent light, the result takes the form of Eq. (29) with

8clwe,,, R, ot a?
veT T AP AT 5 , (32)

T G v eB VP + ok, ok, +ak,0k, v2al,al,
£=1, (33)

Since the actual value of £ for a given compound should
be readily determined by experiment from the angle de-
pendence of A;, we therefore have a good method for
checking the validity of the two-group result; the useful -
ness of the model is reflected in the proximity of £ to
the theoretical value of unity. Since only relative mea-
surements of A,(f) are required for this analysis, it
should be possible to obtain a high degree of accuracy,

I1l. RAMAN CIRCULAR DIFFERENTIAL SCATTERING

For Raman bands the parameters o —¢ in Egs. (3) and
(4) are expressible in terms of the vibrational transition
tensors oY, GY¥, and AY¥. These are given by ex-
pressions of the form

ol =8 | an (@), (34)

where |x¥) and [x§) are the initial and final vibrational
states of the molecule, respectively, and «,,(Q) is a
generalization of the normal polarizability tensor to a
nonequilibrium nuclear configuration; this may be ex-
panded in a Taylor series about the equilibrium position
Q. in the normal way, giving the leading term

a;{:z 801) (Q)
8Q
For the Raman selection rules to be most clearly evi-
dent, it is desirable to express results in terms of ir-
reducible components of the transition tensors, using the
general reduction formulas

. O Q- Qe . (35)

X=X +x2 | (36)
X% =3X0¥s,, , (37
X@ =X 35X 5, , (38)

for an arbitrary index-symmetric tensor X’,u'. We then
have
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-1
=2 (0aD6 ~waDa®) (39)

-1
B= 2?6— (~10aD6 0 +15026E +30a @ AP, (40)

-1

v 2100060 + 360 8 < Jwa AR), @D
5=6a'y o), (42)
=310 +30@a®) . (43)

There are no weight-0 contributions from the tensor A4,,
since it is traceless, For totally symmetric modes,
corresponding to polarized Raman bands, both the
weight-0 and weight-2 contributions are finite; for non-
totally symmetric modes (where p, =%), only the weight-
2 contributions are nonzero,

Again, most information can be obtained from A,(6)
if the values of 5 and € are found. In principle, these
can be determined from absolute scattering intensities
and depolarization ratios.*? Then from «, 8, and y we
can find values for the following tensor products:

aQGc® = 8% (3a -58+1Ty) , (44)

eGP = FBa+p+), (45)
3

a‘fﬁA‘fZ‘=1—6%(-a+B+y) ) (48)

For depolarized bands, a{}G'Q) will be zero,

If absolute scattering intensities are not amenable to
experimental determination, it is useful to rewrite Eq.
(3) as ’

(0)= d +Bcosh +y cos®o

A § + € cos®s ’ : (47)
with
’T‘:x/“ﬁ)“%ﬁ (x=ay B,7, 5, E) . (48)

Then the denominator of Eq. (47) can be found from the
depolarization ratio, since we have!®

gae)ae)

P " 10a Na'l+12aPa%) (49)
Hence,
§=6, : (50)
and
= 1 "pj.)
€=3|——) . 51
( P (51)

The behavior of A,(#) thus enables the values of &, 3,
and ¥ to be found, and hence the results for a{y o)
afaf, «868/aBoR, and aAB/0Badl.

Again, attention should be given to the effect of errors
inherent in the measurements of scattering ratios. The
depolarization ratio lies in the range 0<p, =%, and the
lower limit corresponds to totally symmetric vibrations
in molecules of cubic or icosahedral symmetry. Al-
though this yields an infinite value for € which is ob-
viously very susceptible o error, the case is clearly
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not likely to occur for chiral molecules, On the other
hand, for any non-totally symmetric vibration we have
p: =3 and hence €=1. Since in this case the precise
values for § and € are known, the only source of error
lies in measurement of the circular intensity differen-
tial, As mentioned earlier, this analysis in terms of
irreducible tensor components is also applicable to
Rayleigh scattering, and in cases where the Rayleigh
depolarization ratio p, approaches ¥ it is certainly
preferable to use Eq. (47) rather than Eq. (25).

Finally, we note that the result for A,(8) can once
again be written in the form 7{1 + £cos8), as in Eq. (29).
The value of £, which should be readily determined with
some accuracy, is

== 10060 +15a PG E) +3wa P A2

- 100 M)G i +21¢IM)GM’ + wozw’A,‘w) ’ (52)

For non-totally symmetric modes, the weight-0 contri-
butions disappear and hence the value of £ is restricted
to the range #= £<3, The lower limit is reached in
cases where the @A terms are negligible compared to
the aG terms; the upper limit is reached when the con-
verse is true,

Recently, Prasad and Burow have computed the rela-
tive contributions of the aG and ¢4 terms in the circu-
lar intensity differentials for HCBrCIlF and DCBrCIF,
using an atom—dipole interaction model.!* Clearly, the
derivation of experimental values using the methods
described above could provide a valuable way of check-
ing and if necessary improving upon such calculations,

IV. CONCLUSION

The theory developed in this paper has been formu-
lated specifically for a single component fluid, in other
words a pure gas or liquid, Because of the low scatter-
ing intensity associated with gases, most experimental
work on circular differential scattering has involved
liquids, generally pure organic compounds, The theory
given above should be directly applicable to all such
cases. The theory is also valid for solutions, provided
solvent contributions to the depolarization ratio, re-
fractive index, etc. are taken into account. Here, how-
ever, the possible formation of a solvation shell needs
to be given careful consideration. In comparing results
with computer calculations it is obviously important to
take into account the local environment of the molecules,
since this will modify the polarizability and other prop-
erties to some extent.

In conclusion, it has been demonstrated that experi-
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mental analysis of the angle dependence of Rayleigh and
Raman optical activity offers a great deal more infor-
mation than the standard measurements for right-angled
scattering alone, Raman studies in particular should
provide a very accurate way of tésting vibrational wave
function calculations for simple chiral molecules, pos-
sibly in conjunction with vibrational circular dichroism
measurements,

For more complex compounds, the data available from
the angle dependence of Rayleigh differential scattering
provides a reliable indication of the usefulness of a two-
chromophore model, More generally, the results can
be used for testing electronic wave function calculations,
This method may have interesting implications in view
of the growing number of calculations on biological and
pharmaceutical compounds.
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