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EFFECTIVE OPTICAL ANISOTROPY OF POLAR MOLECULES
FROM RAYLEIGH LIGHT SCATTERING STUDIES

S. WOZNIAK and S. KIELICH

Nonlinear Optics Division, Institute of Physics, A. Mickiewicz University, 60-780 Pozna0144, Poland

(Reçu le 19 juin 1975, accepté le 24 août 1975)

Résumé. 2014 On calcule l’anisotropie optique effective des molécules polaires dans la deuxième
approximation du calcul statistique des perturbations en tenant compte des interactions dispersion-
nelles, dipôle-dipôle, dipôle-quadrupôle, quadrupôle-quadrupôle, dipôle induit-dipôle, dipôle
induit-quadrupôle, ainsi que des répartitions moléculaires. On montre que les interactions radiales
à trois molécules abaissent fortement l’ effet des interactions radiales à deux molécules. Une analyse est
donnée du modèle de la configuration privilégiée à deux molécules, pour des molécules polaires
allongées et aplaties. Des calculs numériques sont effectués pour le CH3CN et CHCl3 liquides, dont
les molécules présentent respectivement une anisotropie permanente positive et négative de la pola-
risabilité. La comparaison avec les résultats expérimentaux permet d’établir le pourcentage des
molécules formant des paires privilégiées dans le liquide.

Abstract. 2014 The effective optical anisotropy of polar molecules is calculated to within the second
approximation of statistical perturbation calculus taking into account dispersional, dipole-dipole,
dipole-quadrupole, quadrupole-quadrupole, induced dipole-dipole and induced dipole-quadrupole
interactions as well as molecular redistribution. Three-molecule radial interaction is considered,
leading to a very large reduction in the effect of two-molecule radial interaction. The model of favour-
ed two-molecule configuration is analyzed for rod- and plate-like polar molecules, and numerical
calculations are performed for the liquids CH3CN and CHCl3, the molecules of which exhibit,
respectively, positive and negative intrinsic anisotropy of polarizability. The calculations are com-
pared with the available experimental data, and the percentage of molecules forming privileged pairs
in the liquid is determined.
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1. Introduction. - The recent intensive studies
of matter by optical methods have yielded abundant
information on the optical properties of media and
their internal structure. In particular, the analysis
of linear [1] and especially nonlinear optical pheno-
mena [2] in liquids leads to highly stimulating conclu-
sions as to the intermolecular interactions in this state
of condensation. They intervene very markedly,
among others, in anisotropic light scattering and the
optical Kerr effect in liquids [3-6] and liquid crystals
[7]. The measurement of these two effects permits
the determination of the effective optical anisotropy
r 2 [3, 4], characterizing the optical anisotropy of the
linear polarizability of a molecule surrounded by its
neighbours in the liquid. The influence of its nearest
neighbours on the optical properties of a molecule
is weak in strongly rarefied media, such as gases under
low pressure, but is considerable in the liquid state.
Various intermolecular interactions, primarily of the
multipolar kind (e.g. dipole-dipole, dipole-quadru-
pole, quadrupole-quadrupole) [4], in conjunction with
the geometry of the molecule, lead to the emergence of

structural order in shortest-range regions in the liquid
and the formation of momentary systems of mole-
cules. In the case of molecules endowed with a per-
manent dipole moment (CH3CN, CHC13) the dipole-
dipole interaction is predominant, leading to the
formation of privileged two-molecule configurations :
an antiparallel, and a parallel configuration, as consi-
dered by Piekara [8] for nonlinear molecular reorien-
tation phenomena. Quite generally, molecular liquids
can present a diatropic, or paratropic, structure [9].

Here, we perform an analysis of the effective optical
anisotropy of dipolar liquids on the assumption that,
except for the molecules involved in the above men-
tioned two-molecule systems, no configuration is
favoured as regards the molecules of the liquid, but
that nonetheless well-defined radial, dispersional and
multipolar interactions exist between them. The
effective optical anisotropy is calculated using the
molecular-statistical perturbation calculus to the
second approximation inclusively, and is shown to
depend on angular, radial and angular-radial para-
meters. A comparison of the theoretical model
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calculations and effective optical anisotropy values
determined experimentally from anisotropic light
scattering [10, 11] permits us to assess the percentage
of molecules involved in the privileged two-molecule
systems.

2. Fundamental formulae. - We consider a liquid,
of volume V, with N anisotropic molecules of a single
species. In the absence of internai interference and
spatial dispersion, the effective optical anisotropy
is given as follows [4, 12] :

where the symbol  &#x3E; stands for statistical averaging
in the presence of molecular correlations, and Dp
is the deviator of the symmetric tensor of linear optical
polarizability Ap of molecule p, acted on by the

surrounding medium. The deviator Dp has the pro-
perty of zero trace : D : U = 0 (with U - the rank
2 unit tensor). Also, if the linear optical polarizability
tensor Ap is isotropic (as it is for non-interacting,
isotropically polarizable atoms and molecules), the
deviator Dp = 0. However, in the general case, Ap
depends not only on the optical properties of the

molecule considered in isolation (on its linear optical
polarizability ap) but moreover on how the neigh-
bouring molecules perturb its linear optical polariza-
bility ap, In this paper, we shall be dealing with
dipolar molecules having the axial symmetry
(CH3CN, CHC’3), for which the tensor elements of ap
in the system of principal molecular axes satisfy the
relation al = a2 =1- a3 (the 3-axis being taken as

the symmetry axis). For this class of molecules, ap
can be expressed in diagonal form, split into an iso-
tropic and an anisotropic part :

where ap = ap : U/3 is the mean linear optical pola-
rizability of the isolated p-th molecule, yp = a(,P) - ai
its intrinsic anisotropy, and the tensor

with kp - the unit vector along the symmetry 3-axis
of the molecule p. Restricting ourselves to transla-
tional Yvon [13] and Kirkwood [14] fluctuations and
translational-orientational fluctuations [12], we cal-
culate in a dipolar approximation the following,
successive approximations of the effective optical
anisotropy [5] :

where S(p, q, r), S( p, q, r, s) are operators symmetrizing the right-hand quantities in p, q, r and p, q, r, s respec-
tively, whereas T pq is the tensor of dipole-dipole interaction between molecules p and q, separated by r pq ; in the
absence of spatial dispersion, Tpq is of the form :

Considering two-molecule interactions only, we obtain [5, 6, 12] :
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where [15] :

is the angular correlation parameter for anisotropically polarizable molecules, with cos 8pq = kp. kq ;

is the parameter of two-molecule radial interactions [15]; and the parameters Jl, J2, Kl, ..., K. are those of
angular-radial correlations [6] :

where cos 6p = kp.r pqlr pq’ the functions f and hi being of the form :

The functions £ and h; are defined so as to vanish on isotropic averaging over all orientations with equal proba-
bility :

One notes that the parameters (10)-(13) are symmetric in the molecules p, q.
If moreover three-molecule interactions are taken into account in the isotropic molecule approximation,

the contribution to ri from these interactions is of the form (see Appendix A) :

where :

with cos 0 = rpq.rqrlrpq rqr. The integral (24) can be calculated analytically for the rigid sphere case [16].
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TABLE 1

t = 25°C, Â = 6 328 Â

e) Determined with Vm from the paper of TIMMERMANS, J., Physico-Chemical Constants of Pure Organic Compounds. Vol. 1 (Elsevier
Publ. Co. New York) 1950.

(b) From reference [10].
0 LE FEVRE, C. G., LE FEVRE, R. J. W., Rev. Pure Appl. Chem. 5 (1955) 261.
(d) STUART, H. A., Die Struktur des freinen Moleküls, Bd. 1 (Springer-Verlag, Berlin-Gôttingen-Heidelberg) 1952.
(e) GIERKE, T. D., TIGELAAR, H. L. and FLYGARE, W. H., J. Am. Chem. Soc. 94 (1972) 330.
(f) SAXENA, S. C. and JOSHI, K. M., Phys. Fluids 5 (1962) 1217.
(9) REID, R. C., SHERWOOD, T. K., The Properties of Gases and Liquids (Mc Graw-Hill, New York) 1966.

(h) Determined with the Râ value of reference [10].

3. Detailed discussion of the effective optical aniso-
tropy of dipolar liquids. - The interaction energy of
two dipolar molecules of a liquid in the configurations
ïp and 1:q can be written in the form :

where U(rpq) is the central interaction energy and

V(,rp, r,) the noncentral (tensorial) interaction energy
of dispersional, electrostatic multipole, and induced
multipole origin. Since dipolar molecules can have
a quadrupole moment as well (see Table I), the energy
V(Lp, Lq) takes the form :

with interaction energies : V"’P-dispersional; VJl- Jl-

dipole-dipole ; V4-’-dipole-quadrupole; V8-8-qua-
drupole-quadrupole ; Va - Jl-dipole-induced dipole ;
and V a- ®-induced dipole-quadrupole; the inter-
action energies due to higher order multipoles are
omitted here. The energies (26) are dependent on the
electric and optical properties of the molecule (their

dipole moment J1, quadrupole moment 0, optical
polarizability a, and anisotropy of optical’polariza-
bility y), their distances, and mutual configurations,
and are given, in references [2] and [4].

3.1 WEAK INTERACTIONS. - In calculating the
correlation parameters J and K we assume the follow-
ing form of the two-molecule correlation function
9(2) (,rp,,rq) [3] :

where

If the intermolecular interactions are not excessively
strong, one can proceed by a series expansion of the
exponential function. In the zeroth approximation,
all J and K except JR vanish. With the energy

V(rp,, co., co.) taken into account, the influence of the
various interactions (26) on the correlation parame-
ters is found to be given by the following expressions :
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The a (n) and rxn) are numerical coefficients or ones
dependent on the mean linear optical polarizability a
and its anisotropy y, and are given in table II. The
factors at aÂ and rx1n) in eq. (28) and (29) indicate the
type of interaction to which the contribution is due

(e.g. hv/kT indicates the contribution from disper-
sional interactions, M’IKT the dipolar contribution,
etc.). The parameters K; of the interactions repre-
sented by eq. (26) are of the form :

The (31n), like the X!n), are numerical coefficients or
ones dependent on such molecular parameters as

the mean linear optical polarizability and polariza-
bility anisotropy of the molecule. The coefficients

(31n) are assembled in table III.

The  r-n &#x3E; occurring in eq. (28)-(35) are two-

molecule radial correlation parameters of the form :

3. 2 STRONG INTERACTION. - By strong interaction
we mean the formation of momentary molecular
assemblies (e.g. pairs of molecules). Their form

depends on the optical, electric and geometrical
properties of the isolated molecules.

3.2.1 Molecules with positive anisotropy of linear
optical polarizability (y &#x3E; 0). - In a dipolar axially-
symmetric molecule, the dipole moment is directed

along the symmetry axis (p = ,uk). Molecules with
positive anisotropy, y &#x3E; 0, tend to form pairs in
which the two dipole moments are mutually anti-

parallel (Fig. la). With the two molecules thus
arrayed, we have the relations : cos 0p = cos 6q = 0,
cos (x - O,q) = - cos Opq, and the interaction ener-
gies of eq. (26) become functions of cos Opq. We now
have [4] :

In order to circumvent integration over r pq in eq. (10)-
(13), we approximate the mutual distance between
the two molecules [17] :

where the parameter u takes values from the interval
0.6 , u  0.74. Our calculàtions are performed for
u = 0.6. For the antiparallel configuration, the para-
meters J and K can now be written as follows :

FIG. 1. - Favoured configurations for rod and plate-like axially-
symmetric dipolar molecules : a) antiparallel ; b) parallel.
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TABLE Il

Coefficients ce% and ,!n) occurring in eq. (28) and (29)
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TABLE III

Coefficients (31n) occurring in eq. (30)-(35)

(43) where z + 1 is the number of molecules forming an
assemblage; the L,,(yl, ± Y2) are Langevin functions

(44) [18] :

whereas the coefficients b;, c; are given in table V. The higher and higher approximations to the effective optical
anisotropy (7)-(9) now become :

3.2.2 Molecules with negative anisotropy of linear optical polarizability (y  0). - Molecules with a
negative anisotropy (y  0) tend to align with dipoles parallel (Fig. lb). Their geometrical axes are then parallel
to the vector connecting their centres as described by the relation : cos 6p = cos oq = cos 6pq = 1. The

energy (26) does not depend on the angles Opq, Op, 0q, and we have JA = z, whereas the parameters Ji, K and JR
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are now given by (42), (43) and (44), respectively. The coefficients b; and Ci for this configuration (as well as for
the antiparallel one) are given in table V. The effective optical anisotropy (7)-(9) now becomes :

4. Numerical calculations and conclusions. - We
carried out numerical calculations for two selected

liquids, namely CH3CN and CHC’31 with axially-
symmetric molecules possessing positive and, respec-
tively, negative anisotropy of their linear optical
polarizability. Table 1 gives the properties charac-
terizing the two liquids as well as their molecules.
The effective optical anisotropy F,,,p, determined from
anisotropic light scattering measurements, differs
from the polarizability anisotropy of the isolated
molecule y2, the difference being due to contributions
from various interactions. This dif’erence rep - y2
is positive in both liquids.
With the aim of calculating strictly T;nter - the

influence of interactions on the effective optical
anisotropy - we took into consideration moreover a
higher approximation to effective anisotropy in the
isotropic molecule approximation [19] :

F’ = 36 a’  r-’ &#x3E; . (52)

We performed our numerical calculations of the

parameters r - n &#x3E; with the function g(rpq) in the
form :

where

the potential U(rpq) being of the Lennard-Jones (18-6)
type; gl(rpq) and g2(rpq) are successive approximations
to the distribution function in the rigid sphere approxi-
mation, and are to be found in reference [20]. In
table IV we give the contributions to the effective
optical anisotropy from various types of interaction
calculated in accordance with the considerations of
section 3.1. In the case of the liquid CH3CN, the

TABLE V

Coefficients bi and ci for antiparallel and parallel
configuration

decisive contribution, markedly in excess of afl the
others, is due to dipole-dipole interaction. Two-
molecule radial interactions yield a positive contri-
bution, amounting to 18,13 x 10-48 cm6, whereas
three-molecule radial interactions yield a negative
contribution of - 12,92 x 10-48 cm6, thus jointly
contributing 5,21 x 10-48 CM6.

In the case of CHC’3 the largest contribution to
effective optical anisotropy is due to dispersional

TABLE IV

Interactions influence on the effective optical anisotropy (in units of 10-48 cm6), at t = 25 °C
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and radial interactions. It should be noted that the
one from two-molecule radial interactions, described
by the Lennard-Jones (18-6) potential is considerable
amounting to 77.58 x 10-48 cm6, but is strongly
lowered by the contribution from three-molecular
radial interactions, eq. (23), which amounts to
- 75.72 x 10-48 cm6. The negative sign of the
contribution from dipole - dipole interaction
(- 0.48 x 10-48 cm6) is due to the negative aniso-
tropy of linear polarizability of the CHCl3 molecule
(y  0).
The effective optical anisotropy thus calculated for

CH3CN and CHC13 amounts to 130.86 x 10-48 cm6
and 8.55 x 10-48 cm6 respectively and differs
from the experimentally determined values lof
5.33 x 10-48 cm’ and 7.64 x 10-48 cm6 [10]. The
divergence, in the case of CH3CN, is very considerable.
Consequently, we assume the existence of two-

molecule systems as well, as considered in section 3.2,
i.e. that the molecules of CH3CN tend to array
themselves in pairs with antiparallel dipoles and those

. of CHCl3 with their dipoles parallel to each other.
On this model we obtain by eq. (38), (39) for CH3CN
y, = 3.68 and Y2 = - 0.02 and hence by eq. (46)-
(48) a value of F2 = 2.50 x 10-48 cm6, where F2
stands for the effective optical anisotropy of the
molecule when in a two-molecule pair of antiparallel
dipoles. Denoting by x the percentage of molecules
forming two-molecular pairs and by ré the effective
optical anisotropy of the molecule at weak interaction
with its neighbours (Table IV), one can determine x
by comparison with the value of Té p from anisotropic
light scattering measurements. One has :

whence

Insertion into (55) of TW = 130.86 x 10-48 cm6,
Té p = 5.33 x 10-48 CM6 and F2 = 2.50 x 10-48cm6
leads to x = 0.977.

Calculations along similar lines for CHC13 with
rf = 2.71 x 10-48 cm6 from eq. (49)-(51),
jTeip = 7.64 x 10-48 cm6 from table I, and

F2 = 8.55 x 10-48 CM6 from table IV lead, by
eq. (55), to a value of x = 0,156.

These results show that, in liquid CH3CN, the vast
majority of molecules form two-molecular systems
with antiparallel dipoles of the component molecules.
In liquid CHC13 the percentage of molecules involved
in pairs is very markedly lower, quite obviously
because the dipole moment of the CH3CN molecule
is more than three times larger than the dipole moment
of CHC13. By thé way, the percentage of molecules
involved in pairs in these liquids is probably lower than
the percentage calculated above, as in reality mole-
cules in pairs are much closer to each other than the
result of eq. (40), which describes the mean distance
between molecules in the liquid. Even so, the above
model of a liquid, composed of axially-symmetric
molecules having a permanent electric dipole moment,
provides an adequate interpretation of the effective
experimental value of the optical anisotropy.
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APPENDIX A

The contribution to effective optical anisotropy F2 from triple radial interactions of isotropically polariza-
ble molecules is given by the following expression [2, 15, 19] :

where rp, rq, rr are position vectors of molecules p, q, r whereas g(3) (rp, rq, rr) is the three-molecule radial corre-
lation function which, in our case, takes the form :

On going over to co-ordinates attached to molecule q and on performing integration over rq in eq. (A. 1), we get
a six-dimensional integral in the variables rpq, (Ppql0pql rqr, (Pqrl Oqr’ In order to calculate the integrals, we carry
out the transformations indicated in reference [21]. We go over to variables qJ - = qJpq - (Pqrl (P + = (Ppq + 9qr,
and integrate over qJ + ; next, we perform a transformation from variables cos ()pq, cos Oqr, qJ - to 0, oc, f3, defined
in figure 2. The Jacobian of this transformation is sin 0 cos 0. Finally, on going over from 0 to rpr, we have :
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FIG. 2. - Coordinate system for the calculation of the influence
of triple molecular radial interactions on the effective optical

anisotropy.

Integration in (A. 3) over a and fi leads to eq. (23) since, for rigid spheres,

Likewise, from the general expression (5), one can obtain a term in four-molecule correlations which, in
atomic liquids, play an important role leading to a positive contribution [22].

APPENDIX B

In order to calculate the parameters ( r-n &#x3E; we have recourse to the following forms of the functions gi
and 92 from the expansion (53) [20] :
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Those parts of  r-n &#x3E; which originate in the functions gi and g2 are of the fonn :

and

References

[1] FLEURY, P. A. and BOON, J. P., Adv. Chem. Phys. 24 (1973)
1 ; GELBART, W. M., ibid. 25 (1974) 1.

[2] KIELICH, S., in : Dielectric and Related Molecular Processes,
ed. Davies M., Chem. Soc. London, 1972. Vol. 1, Chapter 7.

[3] KIELICH, S., J. Chem. Phys. 46 (1967) 4090; Proc. Phys. Soc.
90 (1967) 847; Chem. Phys. Lett. 2 (1968) 112.

[4] KIELICH, S., LALANNE, J. R. and MARTIN, F. B., J. physique
33 (1972) C 1-191.

[5] KIELICH, S. and WOzNIAK, S., Acta Phys. Pol. A 45 (1974) 163.
[6] WOzNIAK, S., Acta Phys. Pol, A 47 (1975) 633.
[7] GIERKE, T. D. and FLYGARE, W. H., J. Chem. Phys. 61 (1974)

2231.

[8] PIEKARA, A., Acta Phys. Pol. 10 (1950) 37, 107;
PIEICARA, A. and KIELICH, S., J. Physique Rad. 18 (1957) 490;

J. Chem. Phys. 29 (1958) 1297;
KIELICH, S., Acta Phys. Pol. 17 (1958) 239.

[9] PRINS, J. A. and PRINS, W., Physica 23 (1957) 253.
[10] MALMBERG, M. S., Thesis, University of Maryland, 1967;

MALMBERG, M. S. and LIPPINCOTT, E. R., J. Colloid Interface
Sci. 27 (1968) 591.

[11] BOTHOREL, P., SUCH, C. and CLEMENT, C., J. Chim. Phys.
69 (1972) 1453.

[12] KIELICH, S., Chem. Phys. Lett. 10 (1971) 516.

[13] YVON, J., C. R. Hebd. Séan. Acad. Sci. 202 (1936) 35 ; La

Propagation et la Diffusion de la Lumière, Actualités

Scientifiques et Industrielles, N° 543 (Herman et Cie,
Paris) 1937.

[14] KIRKWOOD, J. G., J. Chem. Phys. 4 (1936) 592.
[15] KIELICH, S., Acta Phys. Pol. 22 (1962) 299; 30 (1966) 683;

Mol. Phys. 6 (1963) 49.

[16] LEVINE, H. B. and MCQUARRIE, D. A., J. Chem. Phys. 44
(1966) 3500.

[17] STUART, H. A., Molekülstruktur (Springer Verlag, Berlin)
1967. 

[18] KIELICH, S., Opto-Electronics 2 (1970) 5.
[19] KIELICH, S., C. R. Hebd. Séan. Acad. Sci. 273 (1971) 120;

Opt. Commun. 4 (1971) 135.
[20] NIJBOER, B. R. A. and VAN HovE, L., Phys. Rev. 85 (1952) 777.
[21] HELLER, D. F. and GELBART, W. M., preprint entitled « Colli-

sion Induced Optical Properties of Simple Fluids : I.

Short Range Electronic Distortion and the Density
Dependent Dielectric Function ».

[22] ALDER, B. J., WEIS, J. J. and STRAUSS HERBERT, L., Phys.
Rev. 7A (1973) 281.


