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Formulas are developed for the molar constants ol live non-
linear effects of molecular orientation in liguids; namely, the di-
vleric saturation in clectrie, magnetie, or optical fields and the
cleetric as wellas the magnetic hirefringence. No assumptionis made
concerning the nature of the intermolecular Torees, and no special
model of molecular interaction is introduced. 1 the molecules may
he considered 1o possess axial symmetry, four correlation factors
Rp, Rey, Ry, and Ry can be derived. These factors appear in
the formulas of the molar constants of the Cotton-Mouton and
Kerr effects, and of the effeet of diclectrie suturation in an electrie,
magnetic, or optical ficld. The corcelation factors have heen
caleulated as functions of 999, the angle between the axes of

1. INTRODUCTION

RIENTATIONAL nonlinear effects, or phenomena

of molecular orientation, are phenomena in which
the externad electric or magnetic field produces align-
ment of anisotropic molecules causing a change in
electric, magnetic, optical, or other properties of the
medium. There are five nonlinear phenomena  of
molecular orientation which the authors intend to
vonsider in the present paper, namely: (1) dielectric
saturation in-the eleetric field or the effect of the
clectric field on the electric permittivity of the medium,
(2) diclectric saturation in the magnetic field, (3)
dielectric saturation in the optical fick! or the effect of
an intense light heam on the electric permittivity, ()
clectric birefringence or the clectro-optical Kerr effect,
(3} magnetic birefringence or the Cotton-Mouton
effect. In dense gases and liquids these phenomena are
influenced by intermolecular forces, among  which
directional forees causing short-range molecular orien-
tation are of importance. Because of intermolecular
forees, such phenomena as the scattering of light or
the Jowering of the freezing point of solutions are
intimately related with the orientational effects.

+

symmetry of the pth and gth molecules, in the absence of a bias-
ing ficld. The theory makes it possible to predict the value of the
magnetodiclectric saturation effect in diamagnetic liquids, as well
as the photodiclectric saturation, relating these phenomena to
magnetic or electrie birefringence, Moreover, the meaning of this
theory consists in the fact that it gives o quantitative explanation
of the inverse saturation effect appearing in some polar liquids and
increasing their diclectric constant. Satisfactory results have been
obtained by applying this theory 10 such phenomena as light
scattering in liquids or the lowering of the freezing point, in which
the orientationally dependent intermolecular forces play an im-
portant part.

One of us (A. P.) had previously given a theory of
molecular orientational effects in polar liquids and
their solutions in nonpolar solvents.*”7 That theory,
however, which was based on the assumption that the
directional forces due to the effect of the momentarily
nearest molecule play a greater part than other inter-
molecular forces, had but a restricted field of applica-
tion. Nevertheless, very good agreement with experi-
mental results had been obtained for nitrobenzene and
its solutions in nonpolar solvents,#7 and it had been
supported by cryoscopic measurements.? In particular,
the theory yielded a quantitative explanation of the
rather peculinr phenomenon of the positive or inverse
saturation effect consisting in an increase in the
permittivity of polar Jiquids, when placed in an electric
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field. This effect, first found in nitrobenzene by A.
Piekara and B. Pickara® in 1936, has been recently
observed in a number of other polar liquids (Pickara
and Chelkowski® and Chelkowski'). An eatlier theory
by Debye” in 1935 had failed to explain this phenom-
£non.

In the subsequent period, papers dealing with the
theory of the above-mentioned molecular orientational
effects in liquids, and, in particular, with dielectric
saturation, were published by various authors
{Frenkel,® Anselm,® Booth,”® Buckingham'®'* and
Buckingham and Pople®), nohe of whom, however,
discussed the positive saturation effect. The present
authors consider that the aptitude of e theory to provide
an explanaiion of positive saluration in polar liquids
constitules a severe crilerion for the reliability of the theory.

Recently, a paper on the theory of dielectric satura-
tion in polar liquids was published by Schellman*
wherein mention is made of the possibility of explaining
the positive saturation effect in polar liuids by that
author’s theory. However, the scope is restricted merely
10 the dipolar mechanism of saturation, the anisotropic,
anisotropic-dipolar, and both deformational terms not
being taken info account. Moreover, the author intro-
duces a specialized model of molecular interaction,
whereby the molecules interacting with a given mole-
cule do not interact with each other.

In the present paper the authors propose a theory of
the five nonlinear effects of molecular orientation
wherein the general formulas expressing the molar
constants have been obtained without introducing any
specialized interaction model whatsoever and without
making assumptions concerning either the nature of
the intermolecular forces or the shape of the molecules.
Moreover, the nonlinear deformation of molecules in
hoth electric and magnetic felds are taken into account.
On the other hand, in the particular case when the
molecules are assumed to be conceivable as possessing
axial symmetry, the correlation factors Rp, Resx, Rx,
and Ry (see subsequent paragraphs) have been calcu-
lated.T These formulas apply not only to dipolar but
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also to different intermolecular forces, including those
of a nonelectrical nature.

Finally, the authors’ method is applied to related
phenomena, such as light scattering in liquids (Kielich?z)
or the lowgring of the freezing point of solutions of
polar molecules in nonpolar solvents ( Piekara®).

2. KERR AND COTTON-MQUTON EFFECTS IN POLAR
LIQUIDS

Let us consider a volume V of a liquid dielectric
containing N similar molecules. The relative spatial
distribution of the N molecules is determined by the
positional variables r={r), I,, - - -tv} and the erienta-
tional variables w= {wy, @y, - -wx]. In the case under
consideration, the sei of positional and orientational
variables 7=7(r, ) is given by the 3 N-Cartesian
coordinates T,= [X,, ¥, Z,} and the 3 N-Eulerian
angles w,= {8, @p, ¥pl, p=1, 2, ---N. The molecules
possess a permanent electric dipole moment y and
anisotropic polarizabilities.

In experimental investigations on the Kerr effect,
the dielectric medium is acted on simultaneously by the
weak measuring field & of the light wave and the
strong constant electric polarizing field E. Thus, there
will be two local fields acting upen each molecule of
the medium, namely, the optical local field ¥, and the
electric local field F,. Each of the local fields consists of
an external field and of a field resulting from the
polarized molecules of the medium. The latter field
depends, in general, on the geometyical configuration
of all molecules in the neighborhood of the given one.
Tf the molecules are anisotropic, so is, in principle,
the field. For the linear effects, the local field has been
strictly accounted for.®® If, instead of the real local
field, a mean local field independent of the configuration
of the molecules be assumed, the results differ by certain
terms, the contribution of which to the polarization is
insignificant.® The anisotropy of the local field, when
taken into account in censidering nonlinear effects,
causes very great complications of a mathematical
nature pertaining—according to the present authors-—
to relatively unimportant aspects of the mechanism
of nonlinear effects in condensed media. Hence, in
assuming a local isotropic field, the authors introduce
a simplification which is not essential to the de-
scription of the mechanism of molecular orienta-
tional effects in a condensed medium as brought about
by strong applied fields. Indeed, the results obtained,
e.g., for the effect of dielectric saturation yield an
explanation of the positive saturation effect (increasing
permittivity) in quantifative agreement with the
experimental results 3™ The authors conclude that this
fact and the consistency in describing other nonlinear
effects (those of Kerr and Cotton-Mouton®#7) justify
the assumption of an isotropic local field as an admis-
sihle approach 1o the problem.
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The dipole moment induced in a molecule by the
fiekd of the light wave when a strong clectric polarizing
ficld is present is, in generad, 2 nonlinear function of the
atter. Henee, the optical polarizability of the pth
molecule of the medium is given by the following
expression (in fensor notation) : ‘

@ = ((I P b,‘j/,""lv/,-”"l I,

A de e P E By Py (2.1
where a;77 is the optical polarizability tensor of the pth
molecule in the absence of a biasing electric field,
b and ¢ are the cectro-optical deformability
tensors determining the direct effect of the biasing
clectric ficld on the optical polarizability of the mole-
cule, v and e« the directional cosines of the
axes of the molecular reference system attached to the
pth molecule with respect to the direction of the local
optical fickd B, and the Jocal electric fickl F., respec-
tively, and 4, j. &, [ are summation indiges taking the
values 1, 2, 3.

By classical statistical mechanics, the mean statistical
value of the optical polarizability of the pth molecule
as given by Eq. (2.1), for thermodynamic cauilibrium
of the system subjected to the effect of the electric field
E, is defined as follows:

/n""‘)(r, 1y exp[ Uz, 1)/ kT M
(e o=

(2.2)
/ exp[— 7 (r, 1) /kT W

with & denoting Boltzmann’s constant, 7' the Kelvin
temperature of the system, and

N
7= II(Ir,,.

Pl

the configurational space element.

Here, the total potential energy (7, /2) in Eq.
(2.2) of the system in the presence of the electric fiekd
E takes the form '

N
U, I)y= 1y~ Z}p,,-ﬂ;“‘) Fod-Sa o a0 A Y

p-t

(2.3)

with g; denoting the components of the permanent
clectrie dipole moment of the molecule immersed in
‘the medinm, a7 heing the electric polarizability tensor
of the molecude, and Uy the interaction potential
energy of N molecules. Generally, the potential encrgy
of molecular interaction, Ga, consists of the Leanard-
Jones potential, the encrgy of the dipolar inferaction
of the molecules and of the Debye inductive interace-
tion, the London dispersive forees, s of multipole
molecular interactions of various other kinds.
Substituting 2.0 and 2.3} in (2.2, expanding in
powers of the electrie field strength and neglecting
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terms of order higher than the seeond yickds
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where the symbol () denotes the operation ol sta-
tistical averaging of the quantity @ when the external
clectrie field is absent:

/'IP(T) exp{— () /R T
D) kT Vv

exp[—{

Previous to expanding (2.4}, averaging should be
effectid over all possible orientations of the pth mole-
cule with respect to the fixed reference system. To do
this, express the cosines of the gth and rth molecules
in terms of those of the pth by the transformation
formulas:
bt g, /.Uw‘(y"(u\, ”,l(r.’ "41'1')(‘,111/1. cee (2())

v, oy

where the transformation cocficients w, ", w, 7 - -,
the reference systems attached to cach molecule heing

" rectangular, are the cosines of the angles between the

axes of these systems, Thus, e, &, is the cosine
of the angle subtended by the o axis of the molecular
system attached to the pth maolecule and the J axis of
that attached (o the gth.

With the transformational formulas (2.0)
definition of the isotropic mean vidue [(2.5) Tor Uy =0
the Tollowing relations hold for the respective products

and the
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of the directional cosines of the pth, - - - sthmolecules:
(1)Y= {a @ )= (yPy P (@ Y= -« - =0,
Py =8 (0= huy @,
(PP e @ Y= 112 (2 cOS%os) i P Pena™®
+ (3 cos™ly—1) (wanwi' ™+ wa®wp?) ],
&;; being Kronecker’s symbel:

1 for i=j
5,‘;=
0 for is4f
and Q. denotes the angle between the vector & and the
vector E of the biasing electric field.
With (2.7) and from w®9=3§,; for p=4¢, Eq. (2.4)
yields a general formula for the mean statistical value
of the optical polarizability of the pth molecule,

{0 ® Y p= 4078 s+ ges § 3 (2~ cos™las) (Cii™d 5001
N
+ (2ben*ur/kT) <§6W"(") n
+%(3 cos?Qpe— 1) [3cen (S abut 818

N
F6(bepui/kT) O (Bawin @ +wa®P8y) }
o=

27m

.4
+ (aifait/RT) O (30 aPPw; 9
. gl
+ 305 ®Dw0p PO — 266 ") >
N N ;
+ (atfﬂk#t/kzp) (z Z(swa(va)wi,(pr)
=1 r=t

. +3(,,“<M)w’.k(pr)_ 28"““(@) )J} F2 (2.8)
The molar Kerr constant for a liquid is defined as
Ku= (4”/3)(N‘/F.’)( (‘xo)l’-ﬂv'r-@" (aa)lﬂﬂoe—n")’ (29)

N, being Avogadro’s number, while (o)x.0,,0 and
@) g.9,0 denote the values of (2.8) for Q=0
and Q,.=90° ie., for vectors & and E parallel -and
perpendicular, respectively.

The molar Kerr constant for a liquid is, in general,
computed from Eqs. (2.8) and (2.9) ; namely, we have

K= (22N 4/90) {3ciui+ 3018 — 2645

N
+ (2bip™ui/ kT) (Z (38w 3w @08,
1

N
— 280 @) M (@it /R T) (2 (Bwa®Pu®?
£ .
- 30 ® Py @9 —2584) )

N N

+ (a;rm/w’)g 2 (3wa®Puyom
-

+ 3wa®Pwp @ — 28 ') ). (2.10)
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Similarly, the molar Cotton-Mouton constant of a
diamagnetic liquid is

Cu= (ZTNA/QO) ‘scii.ii"m+365j,f¢°“~2(:“',-’-'”"
N

+(@iraam/kT) O (Buwa®ay o
=i

+ 304 ®Pwp®0—28,;80) )}, (2.11)
here, a;™ is the magnetic polarizability tensor and
cex™ the magneto-optical deformability tensor of the
molecule. .

Formulas (2.10° and (2.11) determining both the
molar Kerr and’ Cotton-Mouton constants are valid
for arbitrary syminetry of molecules of the system.
In the special case of molecules possessing axial sym-
metry, Eqgs. (2.10) and (2.11) yield

Ka=2xN (0" 28.%Rp+0Rou+6”Rx), (2.12)
Cr= 21 4 (A + 0™ Row), (213)
here
By%°=2¢4;/45,
A =2,Z$3.-,~/45k1', (2.14)

6= (2/45kT) (e~ a:1°) (au*—an*),
0.%= (2u*/45RT?) (°—an®),
Ayme= L (3eus i ™ Cins™)
- B¢™=(2/45kT) (a5’ 611") (03:1’"“;' an™). (2.15)

A discussion of the tensors bip®, cim®, and cip™
for axial and spherical symmetry of the molecules
has been given by various authors, see, e.g., Buck-
ingham and Pople.*®

The quantities Rp, Rcn, and Rk appearing in Eqgs.
(2.12) and (2.13), and termed correlation factors are

Rp= (}’i cos@d ), (2.16)
g1
Row=3(S (B cos@oo—1)),  (217)
=1 '

N N
Rx=34(3_ 2_(3 cos0®? cos®)—cosB™) ), (2.18)
gl el

with 69 denoting the angle between the axes of sym-
metry of the pth and gth molecules.

The correlation factors account for the interaction
of the molecules, their values depending on the con-
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figuration of the latter and on the potential energy
U x of molecular interaction.

If the deformational terms are neglected, the Kerr
and Cotlon-Mouton molar constants as defined by
Eqgs. (2.12) and (2.13) take the form obtained in an
earlier paper.”

The following relationships exist between the molar
constants K and Cu, on the one hand, and the
experimentally measured constants K and C, on the
other {(assuming a Lorentz2? local field for that of the
light wave):

= K[6m (n2+2)T) (M) (B F)? (2.19)

Cre=CL6n/ (n24+2)*Y (M /d) (11/F )2, (2.20)
where o denotes the density, M the molecular weight,
and #n the optical refractive index of the substance,
£ and I the external electric and magnetic fields,
I, heing the electric Tocal field (to be calculated, e.g.,
by a method similar to that of Onsager,” adapted to
anisotropic molecules™*¥) and F,. the local magnetic
field £,

3. DIELECTRIC SATURATION OF LIQUIDSIN ELECTRIC,
MAGNETIC, OR OPTICAL FIELDS

The method described in Sec. 2 may be used with
slight modifications for computing the dielectric
saturation or change in the dielectric permittivity
caused by an external polarizing field. This method,
for the case of molecules possessing axial symmetry,
was described In earlier papers?®® hy the present
authors. The polarizing ficld may be electric or mag-
netic, or else the electric field of an electromagnetic
wave of frequency exceeding that of Debye dispersion,
which will be termed the “optical field.” Thus, ac-
cording to the polarizing field used, we shall he dealing
with three distinct saturation effects. The molar con-
stagts, defined as follows, have been calculated for
thike cffects. The molar constant of dielectric satura-
tion in an electric field is

Su“i’? (41!'/3) (]V,,/["cz) { (8/6['",) (m;;>g

—'[(0/01",) (mh'>EJx~u} ’ (3.1)

here mg is the component of the total electric moment
of the molecule in the direction of the electric field
vector E. The method of computing the quantity
(m,;) & Is similar to the one used for computing the

2 A, Pickara and 8. Kiclich, J. phys. radium 18, 490 (1957).

%1, A, Loventz, The 1 /xcury of Electrons (B. G. Teubuer,
Leipzig, 1909).

.. Onsag\r,_l Am Chem. Soc. 58, 1486 (1930).

%A, Piekara and 8. Kiclich, Acta Phys. Polonica 18, 209
(1958).

5. Kielich, Acta Phys. Polonica 18, 239 (1958).
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mean c)ptu al polarizability, given in Sec. 2. For the
remaining effects, the molar constants Su™ and
Su® are defined by analogy, and the mean electric
moment {(mx)y and {Mmg)y.,. in the presence of the
biasing magnetic and optical fields, respectively, are to
be computed as in Sec. 2.
.The molar dielectric
electric biasing feld is

saturation constont for the

wet= (ZT*VA/!}')) {Ciiji' Cijif e -

N
o+ (dubicre/ RT) Qo (wi M Buboa @8t "0 0:) )

=]

N
@t/ ET) (O (BwalPepo

==t

+ 3w u(”")w;'k‘””) —728 iiakt) )

+ (2asfupe/ B2 T) <Z 2(3‘*’-/ (g0

gt el
3w Oy — 28 ;e1) )

N N N

F Guapimgs/ BT 30 X 2w P ™)

Tt R s

5w S, (32)

g1 pim] gl

where u; and @, denote the permanent electric dipole
moment and the tensor of electric polarizability of the
molecule, respectively, and b, ¢y the tensors
of the electro-clectric deformability of the molecule.

By analogy, the molur electric saturation constant
of a diamagnetic liguid in a magnetic field is:

Sy (20N 1/135) {3(2— cos8n) X

N
Cessiit™F Quabiacm/RT) (D wi®8e)]

=1

+3(3 cos™em— 1) [3c4j, i+ 345,58

N
+ (6pabiac™/kT) O (@08t wia®84) )
el

N
+ (aifau™/RT) (Z (Bw PP e

=l
43 t.‘(1'4/)(”,1."(1"/) — 25,-1'6“) >
F (@l BT (2 3 (B
g1 el

+ 3w " 0 — 28 o) )J} , (3.3)
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and the molar electric saturation constant for the

optical biasing feld:

.’)‘Al’-"‘;:r (27“\",1/135\) :3 (2 - (‘().‘5‘2&2,1,) [(I“h‘"'

N
+ (Z,&L,’!Y),-L«f”/k 7‘) <Zwi‘:(”“‘>5,::z>]
o=

—+ i’ (3 cos®2,,—1 ) [3(] i35

N
+ (Guadbp /R T) Qo (w8t wa®85) )

gL
N
+(a g,”a/cz"/f»’ _f[‘) <Z (3w ik(""’)wﬂ(”")
g1
-+ Swu(’“’)wj,\-_("”’) — 25”(3;‘_1) )

N ’\’

A La i/ B 12)<}_‘

q]r"l

(%(d [fﬂﬂw " (p7)

+3wil(7"’)v«‘jk("") — 251;_“(»/.4;.("'?)) >:]} ,

with b; 5o, ci ™ denoting the tensors of the magneto-
clectric deformability, and 254, cqm®™ tensors of the
optical-electric  deformability of the molecule, and
ey $Leo the angles between the vector of the measuring
electric field E and those of the polarizing magnetic H
and optical & fields, respectively.

‘The equations (3.2)-(3.4) are quite general, while
if the molecules possess axial symmetry, they yield:

Sutt=A4aN (8485 R p+ 1 Rew
426 Re— e R ) (3.5)
(3.0)
Sy= (4xN /3) (8,4 2857R p4+ O Rep+ 05" Rc)
(3.7)
Here, the following symbols have been introduced:

Axes =z -310'6 i ”].cn,
oo== by e /30R T,
)“ = (7/ 1‘9}»[ )( 'g;!"“dnr_)z,

Oe== (28 /ASKT?) (- avr)
Ogee== 18/ 458873, (3.8)
A= Jol (3 cosem—1) €47,5™+ (2= o8 ) iz, i,
Ay (u/30ETI (3 cos™Rem=—1) b 3
(2 o) b i), (39)

PIEKARA AND S,

(3.4)

KIELTCH

Mos“,,, -1

= Asne {ag'—an”) (am”—an™),
% COR- qu K - o
0= yspere =i,

Az (142 o) £14g™
2“/"_' ;;-0(] + 2 cos” Q,,,, Mb!u‘”/‘ l

3(()\ S?W, -1
s : ((1-:1:;9

hl’»? =gy (@ — an"y,

3¢ "Q‘,— 1

(,)2(:0 T e

(an®— b {3.10}

The correlation factors Rp, Rea, and Rx are defined
by BEgs. (2.18) to {2.18), while K, the correlation
factor dpp&n-m: in the dipolar term of the dielectric
saturation, is Hf the form

N N
R 4(5(3 cosOws \<LJ > cosOe)

==t reil )

- “24 24 L cosE cosIrdy)

gl pas el

(3.11)

here, G409 is the angle between the axes of symmetry
of the pith and ¢th nmiolecules.

On ne glecting deformational terms, the molar con-
stants (.5 and (3.6) reduce to those obtained pre-
V}()\;sly -

Fxperivental investigations on electric saturation
in an elec vie field deal with the variation of the di-
clectric pe mittivity given by the difference between
the diclects « permittivity e measured in a strong clec-
tric field an ' e, measured in @ weak field: A= e 6,

The varia on of the dielectric permittivity resulting
from the ef~ct of diclectric saturation in a strong
electric field & obtained in the form

Acwnt=3(d/ M Sy U= (0f/36) T (1,01 I 2
(3.12)

and the respecti e quantities resulting from the effect
of a strong magt stic or optical field are:

Acwe™=3{d/M) S, [ (3f/3€) T ey (M /IEDIE,

(3.13')
b= 3(d/ MY S ot T (8f/de) T e (B S AE) (F ),
with (3.14)

= (4 /3 (N/V) ylaset (pa/ET) (Zw ,("“’)]()I' JOF,

e
(3.15)
here, Sy, Sy and Syu* are defined by Egs. (3.2)
to (3.4) or {3.5) to (3.7}, (F¢) denoting the time mean
square of F.
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It is noteworthy that the value of Ae?, the vitriation
of the permittivity in a strong electric ticld as obtained
by measurement, in reality results from the superposi-
tion of Aea and of two by-effects arising from electro-
striction nd from the electrocaloric effect,®

The forbgoing formulas are valid for ditlectric dense
medin: condensed gases and - liguids, The theory of
pulgnetodiclectric saturation in parunagnetic gises
was given by Vi Vieek,® cind thay for tliullﬂik‘ncli(‘
ases by one ol the presemt atithors.! Exser wlly
the swme result Tor e ™ wits derived by Bucking-
ham!™ for diwmagnetic ouids,

Diclectric saturation in o ruagnetic fickl, ie, the
effect of o magnetic fickd on the permittivity of a
Huieh, has as yet not been observed in pure liguids.
Attempts in this direction by Pickarn and Schérer®
succertded inestablishing an upper Bmit of the effeet
only. Notwithstanding the very considerable difficulties,
investigations are heing continued in this laboratory
by modern methods,

“Phie quimtity Ae accounting for the effect of the
field of atight wave on the dielectrie permittivity his
not heen experimentally observed so far, Buckingham
aidentuted the effect on the refractive index®

“Thug, hoth effects, de* and A¢r, still await 1o he
derceted experimentally.

“The present theory makes it possible to compute
the variation of the permittivity in a4 magnetic or
optival fiekl from the experimental vidue of Kerr's
constant of u liquic. Namely, on neglecting deforma-
Homal terms in Kgs. (2.12), (3.0), and (3.7), with
regard 1o (2.19), Eegs. (3.13) and (3.14) yield

Ae a5 (3 088 1) [ont/ (420 J(kumd w) Kh(e) 1P,
(3.10)

At = (3 costQ,— D (/K& (3.17)

w[u'ru
D) e [V (0ffibe) | a0V SO, (348)
il

e LITR Ko 75 ey == ™, (3.19)

A being Kerr's constant Tor a liquid, and & the ampli-
tude of the Jight vector .
For nitrobenzene at 20°C we have the following

W Plekar, Chelkowski, and Kiclich, Z. physik. Chems 200,
375 (19587).

SLCHL Van Vieek, The Theory of Eleetvic and Magnelic Suscep-
tibilities (OxTord University Press, London, 19321,

27, Pickara wnd M. Schérer, Compt, rend, 202, 1139 (1930).

A, D Buckingham, Proc. Phys, Soe, (London) Bo9, 344
(1950,
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vitlues:
=343, 6 =28,
ko= 1301078 g = 13X 10
R=1.3X10", (3.20)
With the Lorentz® focal fichd, we have

T R LTt

Fo=[(eb2) /305, h(e)=1, (3.21)

(here, uy and o denote the permanent electric moment

and the mean electrie polarizability of an isolated

molecule, respectivelyy and Egs. (3.16), (3.17), and
(3.20) yiell

Ae ™= 183 cos®td,—1) X 10 W2,

Qe 1,203 costid,— 1) X0 V82 (3.22)

On the other hand, for Onsager’s® Jocal tield, neglecting
the anisptropy, we obtain

pe e, +2) /30 2e-1) 7 (26 ¢,) oty
w64+ 2) /300264 1)/ Qete,) Jousy

h{e) = (2e-k¢, )Y/ 3(2e4¢,2),

(where ¢, is the high-Trequency dicleciric constant of
the substance) and the results are

(3.23)

A== 1.3(3 costl = 1) X 10 M

A= 0803 cos™—1) X 10 Y81 (3.24)
The vilue of (Aewd)u, .o i3 computed from (3.22)
and (3.24) for nitrobenzene at H==4) kée, amounts to
(A6 ™) i, o= 010 80 local Lorentz ficld be as-
sumed, wherets the assumption of the Onsiger tickl
yickls  (Aewms™) o= 41000 Those values differ to
some extent from those previously given (5.10°% and
340 % respectively®)  hecause of  different  experi-
mental data used,

With the existing modern measuring technigues it
would he possible to detect hoth Ae* and Ae” by using
magnetic fickds about 40 kee or by using powerful light
Nashes of energy ux of the order of 108 watts em 2,

4. COMPUTATION OF CORRELATION FACTORS FOR A
SPECIAL MODEL
"The interaction of the molecules of o liguid, which is
of impurtance in the eifects of moleculiar orientition as
discussed in Sees. 2 and 3, is accounted for by the four
corrclation Tactors Rpy Rewy Riy ind Ry detined by Kags.
{2.16) 1o (2.18) und (3.11), respectively.



1304 A

The corvelation factors may be expressed as Jollows:

v Ry=1+ (Z(-n cosO DY, .1
uF
Rew=143 (3 @ (cos0tr~3)),  (4.2)
qFp
Ry=1-43 (Z("’Z") (cosO@) cosOm — eosOten) )
qAp TFEp
423 cosOw ), (4.3)
il
«=1—3 (Z"”Z(" {cosOD cos0m) — 1 cosO))
urp rEp
+ 3@ cosO@ (2— DT cosOT) )
D r¥p v p
+5(3@ cosO)ir) (2317 cos'?
qEp 7
F+ 33 o), (4.4)
rAp  sHEp

where all X_’s shoukd be extended to all indices ¢, 7,
s=1,2, -+ N, excepl g=p, r=p, s=p.

It will be seen from Egs. (4.1) to (4.4) that if the
energy of molecular interaction Uy=0, the statistical
mean values () defined by Eq. (2.5) become identical
with the isotropic mean values, and, because of
{c0s0)=10, (cos?0)=}, we have

R1-= m\/::.Rx= s=1- (45)

Thus, the formulas obtained in Secs. 2 and 3 hold for
rarefied gases.

To compute the correlation factors numerically for
liquids, it is necessary to make assumptions as to the
shape of the molecules and the nature of the forces
with which they interact. This problem is, in general,
a very involved one, and we shall proceed to consider
an important particular case of dipole pairwise coupling
of the molecules.

Namely, assuming a very simple model for this kind
of interaction (see A. Pickara’#7), Fgs. (4.1) to (4.4)
yicld the correlation factors previously computed,*?
namely:

Ry=1%1,
Rey=1+(1-3 L/y),
¢ Ryx=14(1—3 L/y)=%2L,
Re=1-2(1—3 L/y)+(51.%4) L,

wherein L= L(y) is the well-known Langevin function,
and y=W /kT, the energy of dipole coupling of a pair
of molecules in 27" units.

"The upper sign applies to pairs of molecules tending
toward almost parallel mutual orientation, while the
Jower sign in the formulas holds for molecules tending
toward almost antiparallel array. In this last case Rg
changes the sign for y>1.33 and thus the inverse
saturation effect appears in formulas (3.5) and (3.12),
because the term —OgRy predominates in polar
liquids2®?

(4.0)

PIEKARA AND 5.

KIELIcH

“The correlation factor Rp for polarization as defined
by (£1) was obtained by Kirkwood® (see also ¥roh-
lich’s monograph®) and computed numerically some
time ago for pairwise molecular interaction by Harris
and Adler,® Harris® and Buckingham and Pople.

5. MOLECULAR LIGHT SCATTERING IN LIQUIDS

If the effect of molecular interaction be taken into
account in considering light scattering in liquids and
neglecting the fluctuation of the local field, the 8 com-
pouent of the intensity of the light scattered is obtained
in the form®:

I az=1,(2m/ NNV /[ (24-2) /3
{ (cos¥ /) vaia i+ [ (cos?u+3) /90 Ja i"an X

N
(2 Bua PP —8:0u) )}, (5.1)

4=l

where 1, is the intensity of the incident beam, A the
wavelength in weno, T the distance to the’ point of
observation, Q.. the angle subtended by the electric
veetor of the incident light wave & and the vector 8,
(s denotes the unit vector perpendigular to T and
determining the position of the analyzer) and y=
BNET, as first computed by Smoluchowski” and
Einstein*® with 8 denoting the isothermal compressi-
hility of the substance: g= —1/V(aV/dP)r. For an
ideal gas y=1.

For a nonpolarized incident beam, the degree of
depolarization of the light scattered in the liquid is
given by

2,1.', Qos==90°

D= - (5.2)

L ayttovm 00+ o520
and by (5.1), we have
D,
_ 6aa;* Z:l (3w P P9 — 8;i001) )
=0t T (a0 — 6500 )
(5.3

The constant of light seattering (Rayleigh’s con-
stant) is defined as

R=(I1/1,) (r*/V);

here 7y is the total intensity of the light scattered by
the volume V of the liquid in the direction perpendicular
to that of the incident beam of natural light, to be

(54)

3 7. Kirkwood, J. Chem. Phys. 7, 911 (1939).

#1). Frohlich, Theary of Diclecirics (Oxford University Press,
London, 1949). :

3 1, 1. Harris and B. ). Adier, J. Chem. Phys. 21, 1631, 1351
(1933).

1 M. Smoluchowski, Ann, Physik 28, 205 (1908).

A Einstein, Ann. Physik 33, 1275 (1910).
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computed from K. (3.1) (see Born®). Thus, we have
R= N,/ 22 /N (04-2) [ va it
N
A3 S (3 (3wa e — 5560 M. (3.5)
s

Hence, assuming the molecules to possess axial
symmelry, we have

D= (68,2Rea) / (Sy+ 7.2 Rem), (5.6)
andd
R=[x2(n2—1D)Y2NN v+ 282 Rew),  (5.7)
with
8,7 (@’ -— au”) [ (a4 2a0") (5.8)

denoting the quantily known as. theoptical anistoropy
of the molecule, and Rey the correlation factor delined
by (4.2).

I the moleculir interaction be neiglected, the fore-
going formulas take the form of those of Born for per-
fect gases s

By (3.0), Eq. (5.7) giving the scattering constant R
becomes identical with the Cabannes-Rovard formula,

R=[x2(n—1)%/ (2NN Ty (6+6D,)/(6=TD0),  (5.9)

with Rew involved in D,

From the Cabinnes-Rocard formula (5.9), the
scattering constant R of a liquid may be computed if
the degree of depolarization 1, is known experimentally
for the latter.

The scattering constant R may, however, be com-
puted from Eq. (5.7) if the value of the corrclation
fuctor Rew is known. The theoretical compution of the
correlation factor Rgu is, in general, an involved
problem; its value may be determined, though, from
the molar Kerr and Cotton-Mouton constants, Thus,
by (2.12) and (2.13) we have for nonpolar liguids, on
neglecting small (lgformulional terms:

(5.10)
(5.11)

S =2xN O Reu,
(( YA 2‘!‘:\, 4 ”f""R(.‘M-

The constants -A , and Ca being known [as com-
puted by (2.19) and (2.20) from experimental data,
the correlation factor Rey may be computed from the
above relations and, ultimately, the scattering constint
R for a given liquid is obtained from (5.7).

Recently, much importance has been attached to
measuring the scattering constant R of benzene, which
pliys a great part in determining molecutar weights by
Dehye’s method. However, the results of those meas-
urements are nol consistent, as those of Carr and
Zimm,* and other authors yiekl “high” values of the

® M. Born, Optik (Verlag Julius Springer, Berdin, 1933}

“ . Cabannes, La diffusion de la omitre (Hermann et Cie,
Paris, 1929).

1 (. J. Carr and B. W, Zimm, J. Chem, Phys. 18, 1016 (1950)
(quoted from reference 42).
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constant R of henzene; R=48.107% ™ (at I'=298°K,
A=4360 A), whereas those of Cabannes,® Harrand,*
and others yicld “low” values amounting to R=28.10"%
em

Computing the scuttering constant R by the Caban-
nes-Rocard formula (5.9) from the experimental degree
of depolarization ), of benzene, we have K==27.10°
cml

On the other hand, for henzene, measurements of
the Cotton-Mouton constant yield the correlation
factor Rew=0.62, whereas measurements of Kerr's
constant result in a value of Rey=0.57. Inserted in
. (5.7), the two values yielkd R=30.10"% em™ and
R=28.3-10"% cm~!, respectively, which should indeed
be considered to represent a rather good degree of
agreement. between  theoretical and  “low™  experi-
mental values.

6. LOWERING OF THE FREEZING POINT OF LIQUIDS

Surely, the effect of the lowering of the freezing point
of liquids is no moleculur orientational effect; however,
directionally dependent molecular interaction plays
an important part therein,

Let AT, denote the lowering of the frecaing point
of an ideal solution, and AT that of the solution under
consideration; then the quantity

7= (AT u—~AT)/AT

measures the deviation of the solution from the state
of an idcal solution, which, in turn, is & certain measure
of the molecular interaction existing between the
molecules of the solute. Let m denote the molar con-
centration; the curve j=j§(m) may he traced experi-
mentlally.

Theoretical consisderations#:# yield 7 in the form

(6.1)

j=32(N/V)J, (6.2)
where J is the multiplc integral
J= f Coxp(— Un/kT) —13dr (6.3)

extending over the sphere of action of radius R, and
Uy is the energy of molecular interaction.
For pairwise dipole coupling® in sufliciently dilute
solutions, the integral (6.3) takes the form
n
Je= 4#/ [{r"/a) sinh{a/r) — 1 Jridr (6.4)
ro
with a=p/ kT, and 7, denoling the smallest distance
between the coupled dipoles.

The present theory has been checked for some dilute
solutions of polar substances in benzene. The tangents
(djfdm) yee 1o the curve j(m), as computed theo-
retically from (6.2) and {6.4), were generally found to
be in good agreement. with the experimental curves.®

M., Harrand, Ann. phys. 8, 646-(1953).
N R. M. Fuoss, J. Am. Soc. 56, 1027 (1934).



