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INTRODUCTION

One o f th e  most v e r s a t i l e  methods o f o b ta in in g  in fo rm ation
about the dynamics o f e le c tro n s  and n u c le i in  m olecules i s  the
study of th e i r  in te ra c t io n  with e lec trom agnetic  ra d ia tio n . Two
aspects are espec ia lly  important in  th is  respect:
1. Energy exchange between molecule and rad ia tion .
2. P o la riza tio n  of the  molecule and the associa ted  s c a tte r in g  of

l ig h t.
I f  rad ia tio n  energy i s  absorbed or em itted, th e  frequency o f th e
electrom agnetic f ie ld  a t which i t  occurs i s  d ire c tly  proportional
to  energy d ifferences between s ta tio n a ry  s ta te s .  Hie in te n s ity  of
these processes are  determined by e le c tr ic  o r magnetic t r a n s it io n
moments. Both q u a n ti tie s  (energy d iffe re n c es  and t r a n s i t io n  mo­
ment's) are very h e lp fu l in  te s t in g  th e o re tic a l  deductions about
the s tru c tu re  of the molecules.

Very o f te n  ab so rp tio n  o r em ission occurs o u ts id e  th e  reg ion
th a t  i s  accessib le  with curren t laboratory  equipment. I t  then be­
comes worth-while to  study  th e  p o la r iz a t io n  o f  th e  m olecules,
induced by the  electrom agnetic  ra d ia tio n  and v ib ra tin g  with the
same frequency. This can be done - in  p rin c ip le  - a t  a l l  frequen­
c ie s . Therefore i t  could c o n s ti tu te  a more convenient method o f
in v e s tig a tio n , but un fo rtuna te ly  the in te rp re ta t io n  in terms o f
molecular s tru c tu re  i s  less  d ire c t  than in  the  case of an absorp­
tio n  or emission spectrum.

In p r in c ip le  a complete knowledge o f a l l  the absorp tion  bands
contains the same information as th e  knowledge o f  a complete d is ­
p e rs io n  curve o f  the  p o l a r i z a b i l i t y ,  s in c e  both  e f f e c t s  a re
c lose ly  re la te d  (Kramers-Kronig re la tio n s ) .  In p rac tice , however,
usua lly  a small region o f the  spectrum i s  only acce ss ib le . Then
experim ental cond itions determine the  choice o f the q u a n tity  to
be studied.

In th is  th e s is  we w ill only be concerned with p o la r iz a b i l i t ie s .
In p ra c tic e  one does not study the  p o la r i z a b i l i t i e s  o f a s in g le
molecule, but the  response to  a beam o f  l ig h t  o f a la rg e  number
of molecules which compose a p iece of m atter. In r e a l i ty  one mea-
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sures the refractive index or the rotation of the plane of pola­
rization. Therefore the problem arises how these phenomenological
quantities can be used to derive the constants which characterize
an isolated molecule.
The classical solution to this problem due to Lorentz (1880)

and Lorenz (1881) leads to the formula•) **:

n2 - 1 1

where n is the refractive index, v is the number of particles in
1 cc. and a is the mean polarizability of a molecule.
In organic chemistry the molar refraction:

n2 - i M

n2 + 2 dO

where M is the molecular weight and dQ the density of the sub­
stance, has some time played an important role as an aid in de­
termining structural formulae. At present the average polarizabi­
lity of a molecule, on which the molar refraction depends, does
not contribute much to the deepening of our insight. Much more
important is the study of the anisotropy of the polarizability,
which reveals itself in birefringence, and the investigation of
higher order polarizabilities, which are responsible for the phe­
nomenon of optical rotatory power. In this thesis two aspects of
polarizability will be studied. First we will deal with the rela­
tions of the rotatory power of a piece of matter and the molecu­
lar third order polarizabilities, characteristic of a single mo­
lecule, In the second place we report the application of electric
birefringence to the determination of the structure of some orga­
nic molecules.

•) Throughout the first part of this thesis we use rationalizedgaussian units.
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CHAPTER 1

FORMULATION OF THE PROBLEM

G e n e r a l  c o n s i d e r a t i o n s

I f  a p la n e -p o la r iz e d  beam o f  l i g h t  t r a v e r s e s  a p iece  o f  o p t i ­
c a lly  a c tiv e  tra n s p a ra n t  m a tte r  th e  r o ta t io n  o f th e  p lane o f  po­
l a r i z a t i o n  i s  r e la t e d  t o  a d i f f e r e n c e  in  r e f r a c t i v e  in d ex  o f
r ig h t -  and le f t-h a n d e d  c i r c u la r ly  p o la r iz e d  l i g h t .  The r e la t io n
i s  expressed in  th e  equation:

7T
* * r — (n.  - n+) 1.1

vac

Here X i s  th e  angle in  radians/cm  over which th e  p lan e  o f  p o la ­
r i z a t io n  has ro ta te d ,  n_ and n + a r e  th e  r e f r a c t iv e  in d ic e s  fo r
l e f t -  and righ t-handed  c ir c u la r ly  p o la r iz e d  l ig h t  and \  i s  thev ac
w avelength  o f th e  l i g h t  in  vacuo. The problem  i s  to  r e l a t e  th e
phenomenological q u a n t i t ie s  n_ and n+ to  m olecular co n s tan ts .

In th e  theory  o f e le c tro n s  th e  phenomenological q u a n t i t ie s  th a t
appear in  the Maxwell equa tions, and th a t  c h a ra c te r iz e  th e  propa­
g atio n  o f  l ig h t  in  m atte r, a r i s e  through an averag ing  p rocedure ,
which e lim in a te s  th e  ra p id  v a r ia t io n s  which occur on a m olecu lar
sc a le . T herefore one has to  ex p la in  th e  c o n trib u tio n  o f  a molecu­
le  to  th e se  averages in  term s o f  i t s  i n t r i n s i c  p ro p e r t ie s  and o f
i t s  in te ra c t io n  w ith o th e r m olecules.

Each m olecule which i s  p e r tu rb e d  by an e lec tro m a g n e tic  f i e l d
becomes i t s e l f  th e  source o f secondary ra d ia t io n .  Thus th e  f i e l d
p o la r iz in g  a m olecule i s  b u i l t  up by th e  prim ary  f i e l d  coming
from o u ts id e  th e  m atte r and th e  f ie ld s  s c a tte re d  by a l l  th e  o th e r
m olecu les. T h ere fo re  th e  f i r s t  q u e s tio n  w ith  which one i s  con­
fro n ted  in  th e  development o f  th e  th eo ry  i s :
1. How i s  th e  averaged f i e ld  p e r tu rb in g  a s in g le  m olecule -  c a l ­
led  th e  lo c a l f i e ld  - r e la te d  to  macroscopic q u a n ti t ie s ?
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The primary as well as the secondary radiation propagates with
the velocity of light in vacuo c. The averaged quantities, how­
ever, describe waves which travel through matter with a smaller
velocity c/n. A second question which has to be answered is:
2. What is the detailed mechanism by which the incident wave is
eliminated and is replaced by a wave with a different velocity?

The solution to this problem is known as the extinction theorem.
The problems 1 and 2 are dealt with in chapters 3 and 4. Before,

in chapter 2, we will discuss the response of a single molecule to
an electromagnetic perturbation.

H i s t o r i c a l  r e m a r k s

The response of an optically active molecule to a beam of light
was formulated quantummechanlcally by Rosenfeld (1928). More spe­
cial but still rather general models are due to Condonetal.
(1937) (one-e1ectron model) and to Kooy (1936) and Kirkwood
(1937) (a system of coupled oscillators).
A large number of papers have appeared dealing with the problem

of the local field. In Lorentz* model (1915, 1952) the correlati­
ons of a molecule with its neighbours do not appear explicitly.
Kirkwood (1936) and Yvon (1937, II) were the first to take account of
the correlation in position, Kirkwood in a theory on the static
dielectric constant, Yvon also in a theory on refraction. Böttcher
(1 952) corrected the Clausius-Mosotti and the Lorentz-Lorenz
equation by using Onsager’s concept of the reaction field, which
also involves a correlation effect. In a series of papers by Jan­
sen, Mandei and Mazur (1955, 1956) the ideas introduced by Kirk­
wood and Yvon were combined with the effect derived by Jansen and
Mazur about the dependence of the polarizability on the density
of the gas. In a theory of the electric birefringence Mazur and
Postma (1959) also included the correlation in orientation of the
molecules.

In all these theories the dimension of the molecules was consi­
dered to be negligible with respect to the wavelength of the
light, so that the local field could be regarded as constant over
a molecule. In the theory of optical rotatory power variations of
the local field inside the molecule have to be known. The calcu­
lation of the variation of the local field gives rise to specific
difficulties and has led to several controversial statements a-
bout the Influence of the refractive index on the rotation. Pri­
marily Bo derived that the rotation was proportional to

The first result was also reached by Kooy (1936), while de Malle-
man (1924, 1925) proposed a factor 1. Finally Hoek (1939) gave a
very thorough discussion in which he analysed the origin of the
discrepancies.

The extinction theorem is due to Ewald (1912, 1916) and Oseen
(1915). A somewhat different approach was given by Darwin (1924)
who considered a plane parallel slab of matter. A general deriva­
tion of the theorem applied to normal refraction as well as opti-

a factor Later (1933) he changed this factor
.* + z
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c a l  a c t i v i t y  and a p p l i c a b l e  t o  a p i e c e  o f  m a t t e r  o f  u n s p e c i f i e d
for m was  d e s c r i b e d  by Hoek ( 1 9 3 9 ,  1 9 4 1 ) .  Pos t ma  ( 1 9 5 9 )  r e f o r m u l a ­
t e d  t h i s  t h e o r e m  f o r  b i r e f r i n g e n t  m e d i a .  I n  o t h e r  t r e a t i s e s
( e . g .  Yvon)  t h e  e x t i n c t i o n  t h e o r e m  i s  n o t  m e n t i o n e d ,  b u t  i s  i m­
p l i c i t l y  a c c e p t e d  by u s i n g  M a x w e l l ' s  e q u a t i o n s .

Although th e  problems o f th e  lo c a l f i e l d  and th e  e x tin c tio n
theorem were tre a te d  very s a t i s f a c to r i ly  by Hoek, th e  incorpora­
tio n  of the c o rre la tio n  e ffe c ts  is  lacking. In p a r t ic u la r  fo r the
o p tic a l  ro ta to ry  power th ese  e f f e c ts  should not be neg lec ted .
Goossens (1958) attempted to  approach the problem by applying On-
sager*s reac tio n  f ie ld , but i t  remains uncerta in  whether the  in ­
fluence of c o rre la tio n s  on o p tic a l a c t iv i ty  is  thereby s a t i s f a c ­
to r i ly  accounted fo r . I t  i s  our aim to  g ive a trea tm en t which
allows fo r  the  e x p l ic i t  in tro d u c tio n  o f c o rre la t io n  e f f e c ts  in
the ca lcu la tio n  of the in te rn a l d e riv a tiv es  of the f ie ld . We w ill
r e s t r i c t  ourselves, however, to  the  case in  which the  m olecular
p o la r iz a b i l i t ie s  can be considered as independent from the mole­
c u la r  environm ent. We th e re fo re  exclude any change due to  th e
form ation o f e .g . hydrogen-bonds and ch a rg e -tran sfe r  complexes,
or due to  lo ca l e le c t r o s ta t ic  f ie ld s ,  o r the  presence o f  o th e r
po larizab le  molecules (Jansen-Mazur e f fe c t) .

13



CHAPTER 2

RESPONSE OF AN ISOLATED MOLECULE TO A
LIGHT WAVE

I n t r o d u c t i o n

In t he theory of d ispersion  usually  the sem iclassica l method is
used (K ram ers*) **, 1938, C hap ter 8 ) . T h is method c o n s is t s  in
c a lc u la tin g  by quantummechanical theory the  cu rren t d is tr ib u tio n
in the m olecules induced by a l ig h t  wave, whereas the  e le c tro ­
magnetic f ie ld  remains unquantized. This cu rren t d is tr ib u tio n  is
then supposed to  behave as a c la s s ic a l source of sca tte red  rad ia ­
tio n . Where, in th is  chapter we c o lle c t the ingred ien ts necessary
for the s t a t i s t i c a l  treatm ent o f the  ro ta to ry  d ispersion  problem
we can th e r e f o r e  as f a r  as r a d ia t io n  i s  concerned  r e s t r i c t
o u rse lv es  to  th e  c la s s ic a l  form ulae (A). C orrespondingly  th e
response o f  a m olecule i s  f i r s t  d e sc rib ed  w ith  c la s s ic a l  po­
l a r i z a b i l i t y  ten so rs  (B), which are  fu r th e r  explained quantum-
mechanically in  Section C.

A. C l a s s i c a l  r a d i a t i o n  f o r m u l a e

The m icroscopic Maxwell-Lorentz equations, which describe  the
elec trom agnetic  f ie ld s  and th e i r  dependences on th e  charge and
curren t d is tr ib u tio n  are:

c V x e + ft = 0 2.1

c V x h -  é = p v 2.2

V • h = 0 2.3

II*>l

>• 2 . 4

*) A b b r e v i a t e d  i n  t h i s  t h e s i s  by Kr.
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e and h are  th e  m icroscopic e l e c t r i c  and m agnetic f i e ld s t r e n g th s
re sp e c tiv e ly , p  i s t h e  charge d en s ity  and v i s  the  charge v e lo c ity ,
consequently  pv  i s  the  c u rre n t d en s ity . The equation  of c o n tin u ity
follow s from 2 .2  and 2.4:

y  • (pv) + P -  0 2. 5

The f i e ld s t r e n g th s  can be d e r iv e d  from a s c a la r  p o t e n t i a l  §
and a v e c to r  p o t e n t i a l  a:

2.6

h .= V x a 2.7

^  and a a r e  no t co m p le te ly  d e f in e d  by th e s e  e q u a tio n s . T h e ir
choice can be r e s t r ic t e d  by th e  so -c a lle d  Lorentz gauge:

V-a 2.8

Consequently <§ and a s a t i s f y  th e  wave equations:

- —  I  = -Pc2
2.9

A a (pv)
c

2.10

S o lu tio n s  of th ese  equations are:

$A -
f i p K

i  i7TrAB
dVB 2.11

2.12

to  which s o lu t io n s  o f th e  homogeneous e q u a tio n s  can be added,
rAB d is ta n c e  between two p o in ts  A and B and th e  b ra c e s

15



mean t h a t  p  and pv  have to  be ta k e n  a t  th e  r e ta rd e d  tim e
( t  - r ^ J c ) .  For normal re frac tio n  and o p tic a l ro ta tio n  only those
components o f p  and pv  are  o f im portance, which a re  induced by
the l ig h t  wave and which have the same time dependency. The same
a p p lie s  to  o th e r  f i e l d  q u a n t i t i e s  and they  can th e r e fo r e  be
w ritten  as the  product o f a time independent p a r t  and a fa c to r
e ia>t, where cv i s  the c irc u la r  v ib ra tion  frequency of the l ig h t .

By v i r t u e  o f  2 .5  i t  i s  p o s s ib le  to  d e r iv e  th e  charge  and
current density  from a single vector.

pv -  p‘ p  ■ -  V  • £* 2.13
1

p' = -~ jp v  i s  the  d ipo le  moment d e n s ity  of the  - m icroscopic -
tru e  charge d is tr ib u tio n .

S im ilarly  <§ and a can be derived from a Hertz p o ten tia l z:

1
a = — z $  = ~Y ’ £ 2.14
~ c

c
z = —  a s a t i s f ie s  the wave equation:

ioo ~

2.15

The so lu tion  o f th is  equation is :

{P‘ >B
Ik

i7TrAB
dVB or zA / -ik rAB

Eb
i7TrAB

2.16

to which so lu tio n s  o f  the  homogeneous equation can be added and
where e and h can be derived from z by:

i  M
e = VV • z - ~n z 2.17

c*

h = V x z 2.18
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Since a l l  quantities depend on time by a factor e la>t, we can
simplify these equations to:

e = VV • z + k^z 2.19

h = ik V x 2  2.20

When the dipole moment distribution of a scattering molecule is
known, the Hertz potential can be determined by eq. 2.16. I f  the
molecules are spherical or nearly spherical i t  i s  useful to
enclose the entire source by the smallest possible sphere and to
develop the d ip o le  d istribution with respect to the centre of
th is sphere. The Hertz vector outside th is  sphere can then be
developed in a series consisting of products of spherical Bessel-
and Hankelfunctions, and Legendre polynomials (Stratton, 1941;
P hillips, 1962) or in terms of so-called  "irreducible tensors"
(cf. Rose, 1957).

Darwin (1924) and Hoek (1939, 1941) use a Taylor ser ie s  de­
velopment which can be written as:

f  o  - i * RA/  , r d  * V e A
5 A B J P B e ---- ~ dVB 2.21

V 47T R a

Ra is  the distance of A to the molecular centre. i s  the vector
from th is  orig in  to some point B in the molecule. The nabla
operator d iffe r e n tia te s  the function o f R.  at the molecularA
centre. The integration is  over the molecular volume.

When we take only the f ir s t  two terms of the ser ie s  and in
addition assume that the wavelength of light is  much larger than
the radius of the molecular sphere, both developments are iden­
tica l.
The result is**:

l A

~ikRA ~ikRA
e ^ e A

where p  = f  Eb ^ b and 1 ■ ƒ  p'b Lb dVB
V V

2.22

2.23

*) For t h e  v e c t o r  and t e n s o r  n o t a t i o n  s e e  p.  56.
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In index notation:

( zaK

- ikRi  - i k R .
e A e A

o -------- + q „ V, --------
a 4vRa P AttRa

2.24

For l a t e r  use we give the formula of the  e le c t r i c  f ie ld ,  a r is in g
from eq. 2.19 and 2.22:

e «= (VV + k 2U)
( / ikRA *ikRAe e
! p --------- + q • V ---------
I “ 47ifl4 * " 47tR^

2.25

or ea = +

|  e- iik*4

I 4Trfî  + 4ttR/1
2.26

Here t/ or Uan i s  the  second o rder  u n i t  t e n s o r .  The f i r s t  term
between th e  b r a c e s  g ives  th e  e l e c t r i c  d ip o le  r a d i a t i o n .  The
second term i s  r e sp o n s ib le  fo r  magnetic d ip o le  and quadrupole
rad ia tion  (See e. g. Je ff reys  and Jeffreys  1956, section 24. 23).
Not a l l  redundancy i s  avoided in  these formulae s ince the Hertz
vector may con ta in  a p a r t  which corresponds to  a zero e l e c t r i c
f ie ld  (See p. 25).

B. I n t r o d u c t i o n  o f  m o l e c u l a r  p o l a ­
r i z a b i l i t y  t e n s o r s

The d ip o le  moment d i s t r i b u t i o n  p '  which a c c o rd in g  t o  th e
previous sec t ion  determines the rad ia t io n  f ie ld ,  depends i t s e l f
on the e le c t r i c  f ie ld  d is tr ib u t io n  inside the  molecule orig inating
from outside the molecule.

p ‘ (x)  =’ ƒ" a ( x , x ‘ ) *• e ( x ' ) dx' 2.27
mol

The p o l a r i z a b i l i t y  a ( x , x ' ) i s  a second o rd e r  te n s o r  d e n s i ty ,
which r e l a t e s  the  f ie ld s tren g th  a t  the po in t x'  to  the  po lar iza -
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t io n  a t  £• The q u a n ti ty  <z(x,x‘ ) i s  a g e n e r a l iz a t io n  o f  th e
tensors Akl  introduced by Born in h is  theory  o f o p tic a l ro ta to ry
power (Born, Optik, p. 406). Born considers a molecule consisting
of a number o f coupled a n is o tro p ic  harmonic o s c i l l a t o r s .  Akl
gives the dependence o f  the  p o la r iz a t io n  o f o s c i l l a t o r  k from
the e le c tr ic  f ie ld s tre n g th  a t  o s c i l la to r  i. In B orn 's theory the
fundamental re la tio n

was derived on the assumption th a t the coupled o s c il la to rs  form a
conserva tive  system. I t  w ill be shown in the nex t s e c tio n  th a t  a
sim ilar re la tio n  e x is ts  fo r the tensor density  &( x , x ' ):

a a /3 a të * )  2‘ 29

o'fxjX1) i s  not only a genera liza tion  of Born's model in the sense
th a t a continuous d istr ib u tio n , o f o s c i l la to r s  i s  considered, but
also encompasses the  one-e lec tron  model in troduced  by Condon e t
a l. (1937). I t  th en  d e s c r ib e s  how th e  induced  m otion o f  th e
e lec tro n  a t  p o in t  x depends on th e  f i e ld s t r e n g th  everyw here
inside the molecule.

I t  i s  advantageous to  charac te rize  the s ta te  o f p o la riza tio n  of
a molecule with the moments o f the continuous dipole d is tr ib u tio n
since for our purpose a few moments su ff ic e  (See e .g . eq. 2,25).
On the  o th e r  hand fo r  th e  dependence o f th e se  moments on th e
e le c tr ic  f ie ld  d is tr ib u tio n  i t  w ill be s u ff ic ie n t  to  develop the
e le c tr ic  f ie ld  by a Taylor expansion with resp e c t to  the  o rig in
and to  r e s t r i c t  ourselves to  the f i r s t  two term s. We w rite:

e (x ‘ ) ■ e ( -  ' ¥ )  e 2.30

where the d if f e re n t ia t io n s  are to  be taken a t the  cen tre  o f the
molecule.

The to ta l  dipole moment o f the molecule is :

P = J p ' ( x )  dx = p (1) + p <2) + . . . . . .  2.31

where:

p ^  = JJc:r( x , x ' ) dx dx' • e = a  • e 2.32
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and:

= JJa'(xt x ' ) x ‘ d-x dx ' : (V e) = /5 : (Ve)  2.33

The second moment i s  defined by:

q = Jp ' (x)x dx = J Ja (x ,x '  )x dx dx' • e = £>' • e 2.34

In the case of the second moment we w ill re ta in  the  f i r s t  term of
the expansion. For th e  sake o f c l a r i t y  we w i l l  d e s c r ib e  the
equations 2.32, 2,33 and 2.34 also in index notation:

Pa0  = d*‘ ep m aa/3 ep 2.35

P a 2 ) = SSa a fi( ;? ' * ' H  d* d* ' ( Vy  e/?J = A i/Syf Vy  V  2* 36

<Jay = SSaafi(*’* ')xy  d* d*‘ eyS = Pafr e/3 2*37

C. Q u a n t u m m e c h a n i c a l  d e r i v a t i o n  o f
t h e  p o l a r i z a b i l i t y  t e n s o r s

As mentioned in  the in troduction  to  th is  chapter the ca lcu la tion
of the curren t density  d is tr ib u tio n  which determines the  Rayleigh
sc a tte r in g  o f a molecule in  a s ta tionary  s ta te  n i s  e sse n tia lly  a
quantummechanical problem with the  so lu tion  (Kr. eq. 8-223)

where:

S  =  2 '
m

W °> n„ Jg • {P 2°hn  dV +
Ti(-cü + co )

+ ( Is  • dV){pV°Kn a y 2.39

• )  K r a m e r s  e x p l i c i t l y  i n d i c a t e s  t h a t  t h e  r e a l  p a r t  o f  t h e
r i g h t h a n d  s i d e  h a s  t o  be  t a k e n .  I n  t h e  p r e s e n t  c o n s i d e r a t i o n s
i t  w i l l  n o t  be  c o n f u s i n g  t o  omi t  t h i s  i n d i c a t i o n .
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The dash beside the summation sign denotes th a t m*n.
a i s  the m ic ro sco p ic  v e c to r  p o t e n t ia l  in s id e  th e  m o le c u la r
volume, coming from o u ts id e  th e  m olecu le , cu and cu are  th e
c irc u la r  frequency o f the  in c id e n t l ig h t  and th e  c i r c u la r  t r a n ­
s itio n  frequency from = E - E ) .  {pu°} i s  the m atrix

'  ton m n ' — ton
element of th e  unpertu rbed  c u rre n t d e n s ity  o p e ra to r , which i s
given by (cf. Kr. eq. 8-9):

Here (pi )0 i s  the momentum operator of p a r t ic le  i, n ^ is i ts m a s s .

The current d is tr ib u t io n  depends on tim e through a which
contains the  tim efactor eiu t , therefore:

Since a i s  th e  v e c to r  p o te n t ia l  o f  th e  f i e l d  which has i t s
o rig in  ou tside the molecule i t  behaves as a f ie ld  in  vacuo. This
im plies th a t i t  i s  possib le  to  choose the  gauge o f  the  p o te n tia ls
$> and a such th a t  £  = 0.
Consequently:

v°. ) II dx(<b e . v°. cb + cb' M l  l  —l  Mn M

j f i  J
2. 40

Ó and <t> are time independent wavefunctions.
71 1H

The unperturbed v e lo c ity  operator is :

(Kr. eq. 8-4)

ó  d> II dx ■
n " . i  .

(Kr. eq. 8-221) 2.42

iox ~
2.43

V • a = 0 2. 44

and
1

e = - •— d
c “

2.45

21



Combining 2.39, 2.43 and 2.45:

2.46

where

Je  •  t e ° > w .  dVf  - 2'
■ W"" + "wJ

tis • W >„. dvK̂ y°}
h ( ° > +  " . J

This can be w ritten  as:

p ' f f )  “ J  "$(*•*') * efz'jdx' + £(*) 2.48

where * and x '  a re  the  c o o rd in a te s  o f  two p o i n t s  w i th in  th e
molecule.

Comparing 2.48 with 2.27 i t  appears th a t  77 and £ to g e th e r  are
equivalent to & (x,x‘ )'•

h(x -  x )  i s  th e  D irac 8- fu n c t io n .  V i s  a second o rd e r  u n i t
tensor. i ^ ( x , x ' )  as well as t,(x)  a re  r e a l  q u a n t i t i e s .  This can
eas i ly  be shown by choosing a l l  the  wavefunctions <pn , <pm r e a l ,
which i s  always p o s s ib le  i f  the  Hamilton o p e ra to r ,  having <£n
and 4> as e igen func tions ,  does not con ta in  an imaginary p a r t .

VaflfS’* ')  " ~ 2
“  CO Hi h (-a >  + a> )

'  m n /

2.41
h(a> + co )’ mn

1
2 ^nn 2.50

o/ * , * ' ) -  v ( x , x ' ) + i ( x )  b(x - x ‘ )U 2.51
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{pv°} i s  then an imaginary operator and from 2.40 i t  i s  clear
' •  TIM

that:

2.52

Eq. 2.49 can be sim plified now to:

VapfZ’ï ' ) " *n h(co2 - ai2)' mn '

It follows from th is  equation that:

2. 53

Va p f x . x )  « Vfia(i.x)  2.54

Since i s  isotropic a sim ilar formula applies to &(x,x ):

2‘ 55

which was already mentioned before.
For the general formulae for a, yö and yÖ1 we have to su b stitu te  in
2.32, 2.33 and 2.34 the expression for cj(x,x ). Hie resu lts are:

v#-tF ^M il

Pafr M f S '  —   2 —  S fa 'X sftnm  2* 57n • - cu o>_

P a p y  ’  T2' 2 1 -2~ i {K^>n, * ^ * * 1  d * ' 2*58
^ '  M  m CO - CO CO „mn mn

Here

I CO
■ J{py°(x )}nm dx (Kr. eq. 8-24) 2. 59

For the derivation o f the well-known formula 2.56 use i s  made of:
1 . ; e?
ïjï*  ■ (P nm) p (P mr,)a) =  ?  ^ ^ a /S  2.60
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which are the commutation re la tio n s  o f  P,-  run and P, (Kr.eq. 8-204)
S im ila rly  fo r  th e  d e r iv a tio n  o f  fi and /3' u se  i s  made o f  th e
analogous re la tio n s :

D. G e n e r a l  r e m a r k s

J ,  Magnetic dipole and e le c tr ic  quadrupole moment
A number o f  a u th o rs  p r e f e r  to  fo rm u la te  th e  resp o n se  o f a

s ing le  molecule to  an e lec trom agnetic  p e r tu rb a tio n  in  term s of
e le c tr ic  and m agnetic  moments. T his h as  an advan tage  i f  one
assumes th a t  the phenomenological q u a n ti tie s  P and M which occur
in  the equations:

depend on the  molecular moments in a well-known way, so th a t th is
re la tio n  o f fe rs  no problem (e .g . Rosenfeld (1928), Condon et a l.
(1937), Eyring e t  a l .  (1949)). Since we do not s t a r t  w ith th e
assumption th a t  th e  dependence o f  P and M from m olecu lar mo­
ments i s  known beforehand - in  f a c t  we even do no t need th i s
dependency - i t  i s  not necessary to  introduce magnetic moments as
such.

For the  sake o f  comparison, however, we w ill give the  re la tio n
between the  second o rder moment q and th e  usual d e f in i t io n s  o f
magnetic and quadrupole moments.

The magnetic moment i s  defined by:

fe'fP ) ]
'  -  '  mn'CLf  K Pn J a  “ S O r f * ' A

2.61

D = E + P 2.62

B = H + M 2.63

m = — J x x  (pv)dx
2c y

(H eitler, 1954, p. 24, eq. 23b)
2.64

with 2.13, 2.34 and 2.37:
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2.65

where [a/Jy] i s  the permutation tensor.
[a,6y] ■ 1 for a  = 1, /3 = 2, y  - 3 o r cycl.
[â Öy] = -1 fo r a  = 2, /S*= 1, y  = 3 o r cycl.
[a/3y] = 0 fo r a. = J3, fi = y  or y  = a

The quadrupole moment can be defined by th e  equation:

ka y  * f  Pa II. * * * * * * * Xy d*  + J  P y x ad x  2*66
V V

(S tra tton , 1941, p. 433, eq. 17)

Consequently:

k = q + q 2.67ay “a y  ’ ya

Generally the  quadrupole moment is  neg lected  in considerations
about o p t ic a l  ro ta to ry  power, as i t s  in flu en ce  van ishes fo r an
iso tro p ic  l iq u id  i f  the  m olecules have no s p e c if ic  in te ra c t io n
(See chap ter 5, eq. 5 .4 ). Vol'k e n sh te in  (1950) showed th a t  fo r
a n iso tro p ic  media th e  quadrupole moment can no t be n e g le c te d
because o f  the  conserva tion  o f  energy. In  th e  case o f  an i s o ­
tro p ic  l iq u id  where the  m olecules can have a strong  in te ra c tio n
we cannot neglect them e ith e r.

I I .  Dupl icate rule
Since V • e = 0 we can add to  /3a22 and A133 an a rb itra ry

vecto r component cra , w ith o u t changing  th e  d ip o le  moment. A
s im ila r  r e l a t io n  ho lds fo r  th e  te n so r  /3 '. Here th e  reason  i s
th a t the  H ertz v e c to r may con ta in  a p a r t  which corresponds to
zero e le c tr ic  f ie ld  (See p. 18). This im plies th a t:

fi'ifii + P2/32 + ^ 3/83 = a rb itra ry  2.68

(cf. Hoek, th e s is , p. 52)

S im ilar r e l a t i o n s  a lso  apply to  h ig h e r  o rd e r  p o l a r i z a b i l i t y
tensors. (Darwin's dup lica te  ru le , Darwin, 1924).

m <* “  J c E  J c è e
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CHAPTER 3

THE AVERAGE QUANTITIES

I n t r o d u c t i o n

The response of a single molecule to a monochromatic light wave,
which was discussed in the former chapter, forms the basis of the
study of a system of many molecules. Hie f ir s t  task is  to set up
equations which give the polarization of an arbitrarily selected
molecule due to the primary fie ld  and the secondary fie ld s of a ll
the other molecules. These equations have to be averaged in order
to obtain macroscopic quantities (section A). In the reduction of
these equations we make use of molecular distribution functions
(section B) and the closely  related d istinction  between short-
range and long-range interactions (section C). In section D the
macroscopic polarizability densities are derived.

A. F u n d a m e n t a l  e q u a t i o n s

We consider a medium consisting o f N  equivalent molecules in
s ta t is t ic a l  equilibrium. These molecules are supposed to be
sufficiently spherical so that the series development of the Hertz
vector discussed in the preceding chapter (eq. 2.21) can be
applied. The position of a molecule is  specified by the coordina­
tes of it s  centre and by it s  orientation, both with respect to a
space-fixed coordinate system. The p o la r iz a b ilit ie s  a, 6̂ and
/3' , which were introduced in chapter 2B, are so defined that
the determination of the polarization of a molecule requires only
the knowledge o f the effective e lectr ic  fie ld  and i t s  derivative
at the molecular centre.

The e lectr ic  f ie ld  to which a molecule k is  subjected consists
of the primary f ie ld  E e coming from outside the medium and the
secondary f ie ld s  scattered by a ll the other molecules. This is
expressed in the formula:
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or

e(R) = E'(R) - r f f W j )  • £l  - I ' H f R , ^ )  : qt 3.1

•« ®  - K W  - f ' ^ W , )  • p i'>  -

The dash a t the  2  sign means th a t I = k has to be omitted.

vw.> ■ * ‘V  - ^ 7

R i s  the p o s itio n  vector in  a space-fixed coordinate system o f  a
po in t in s id e  molecule k; R t denotes the  cen tre  o f th e  m olecule
I. The d if fe re n tia tio n s  are  applied  a t  R r  These formulae follow
immediately from 2.25.

The p o la r iz a tio n  moments of molecule k can be ca lc u la te d  from
the e le c tr ic  f ie ld  and i t s  d e riv a tiv e  by:

p = £ ( i > * E(2)  =  5  ’ *(ëk) * ê : ( Y * ) rmR 3.5

J  ■ g  * e(Rk ) 3.6

Prom these equations i t  follows th a t:

Ek “  “ *  ’  Ë i  -  Y - k  * ?hi * Ei *  Y - k  * Ski : 2 j

* êk : { ( Y £ e)k ' Y t ^ k l )  '  E l }  3.7

ï k a Ëk '  Vh - Y &  *  •  El  3.8

Products o f th i r d  o rder p o l a r i z a b i l i t i e s  are  neg lec ted , s in ce
th e i r  c o n tr ib u t io n  to  th e  d ip o le  moment o f  k i s  sm all w ith
respect to  other terms. Therefore the moments q^ do not appear in
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th© expression fo r the derivative o f the e le c tr ic  f ie ld  (eq. 3»7)*
Sim ilarly  the moments are neglected in  eq. 3.8.

I t  i s  from these equations th a t expressions fo r the macroscopic
moment d e n s itie s  as s t a t i s t i c a l  averages have to  be derived. Via
the Maxwell equations these macroscopic moment d e n s itie s  determi­
ne the  propagation of l ig h t  through th e  medium.

The averaging procedure may be form ulated in  d i f f e re n t  ways.
Kirkwood (1936), Yvon (1937) and a lso  Mazur e t a l .  (1955, 1956,
1959) use ensemble averages, whereas Hoek (1939, 1941) and Rosen-
fe ld  (1951), follow ing Lorentz (1902), th in k  in  term s o f space
averages. This approach has the advantage o f a ce rta in  v isu a liz a ­
tio n , e s p e c ia l ly  i f  th e  l i q u i d  f o r  which th e  laws o f  l ig h t
r e f r a c t io n  a re  de riv ed  i s  a c tu a l ly  a r ig id  g la s s , life p r e f e r ,
fo llow ing  Kramers (1938, § 95 ), to  c o n s id e r  our averages as
”averages over p lan es  o f c o n s ta n t l ig h t  phase . Since in  the
theory o f o p tica l ro ta to ry  power the dimensions o f a molecule can
no longer be neglected with respect to  th e  wave length o f  l ig h t ,
the volume over which an average has to  be taken should be small
compared to  a m olecular diam eter, a t  l e a s t  in  th e  d ire c tio n  of
the l ig h t  wave. Therefore th e  volume element has to  be inclosed
by two planes o f constant l ig h t  phase, a very small d is ta n t apart,
but o f s u f f ic ie n t  extension to  con ta in  a la rg e  number o f mole­
cu les. A molecule i s  considered to  be in sid e  the volume element
i f  i t s  c e n tr e  i s .  For th e  r e s t  th e  a v e ra g in g  p ro c e d u re  i s
id en tic a l to  th a t  described  by Hoek (1939, p. 25) and Rosenfeld
(1951, chapter VI, § 1).

Ind ica ting  average values by a bar, eq. 3.7 becomes:

P~k -  f k \§ l  - ‘  h i  * El - ' :  31

+ ‘ék : ( Y i e) k -  f ê k  : ¥k?kl • El 3*9

The bar means th a t  the average i s  extended over the p o s itio n s  of
the c en tres  and o r ie n ta t io n s  o f a l l  the  molecule_s, except over
the p o s it io n  o f th e  c e n tre  o f  m olecule k. p k, a fe th u s  become
functions o f R..  The averaging i s  a c tu a lly  performed by m i ­
gration  of eq. 3.7 a f te r  m u ltip lica tion  by an appropriate d i s t r i ­
bution fu n c tio n . T h is fu n c tio n  g iv es  th e  r e l a t i v e  frequency
density  o f finding a l l  the  m olecules with t h e i r  cen tres  a t  spe­
c if ie d  p o in ts  and with given o r ie n ta tio n s . In the  neighbourhood
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of molecule k the distribution of the centres and orientations of
molecules I will strongly depend on the position and orientation
of k. At greater distances th is  correlation gradually disappears.
There i t  is  allowed to average over the positions and orien ta ­
tions of molecules I disregarding the position and orientation of
k.

Let us assume for a moment that everywhere correlations between
molecules can be neglected. I f  then as an example we consider' the
second term of eq. 3.9, i t  becomes:

-fS »  '  E k l '  Bl 3.10

The bar over has-to be continued as a second bar over fTJ,
because p  ̂ s t i l l  depends on the position of the centre of I.

This expression suggests the introduction of the internal field
and the internal derivative of the field:

H -it-yr» ,  n3.,,
and

(W:-  (Yë'h-ffYtii,) - ë? 3.12

In 3.12 a term with q has been omitted. With these expressions
3.9 can be written as:

Fk s Fk • + K : ( Y v i

■ Z ' * k ' h i '  E r f F k  Ski ’ 21 YfcfH* El

+ Y F k ' ? k r F i + Y « k ' ! ! k i : T i + f O k ' -  Yk ï k i ' F i  3.13
In the same way we find for 3.8:

U-gk- S . - f f i  - f u  • • f ' f f -  f u  - f l  3.14

When a ll correlations are neglected p7 becomes:

F a 5*,* §k * ét : (Y^i 3.15and

Ik “ é*  * Ik 3.16
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3.15 and 3.16 form together the  sim plest approxim ations fo r the
moments of an o p tic a lly  ac tive  molecule.

B. M o l e c u l a r  d i s t r i b u t i o n  f u n c t i o n s

A f u r th e r  re d u c tio n  o f th e  e q u a tio n s  3.13 and 3 .14  can be
obtained with the molecular d is tr ib u t io n  functions introduced by
Kirkwood (1936) and Yvon (1937) and g e n e ra liz e d  to  in c lu d e
o r ie n ta tio n s  by Mazur and Postma (1959). These functions can be
derived from a general d is tr ib u t io n  function , which fo r a system
in  equilibrium  and neg lec ting  v e lo c ity  dependent e f fe c ts  can be
w ritten  as:

ƒ = C exp{- Uo(Rn,6n) / kT} 3.17

Here k  i s  Boltzmann's constan t and Uq(Rn, 9n) i s  the interm ole-
cu la r energy dependent on the coordinates and o rien ta tio n s  of a l l
the molecules. C i s  a norm alization constant determined by:

< ƒ> < * 1 3.18

where in  th e  usual way b ra c k e ts  in d ic a te  in te g ra t io n  over a l l
variab les.

In view of the fu rth e r  reduction of equations 3.13 and 3.14 we
summarize the  d e f in itio n s  and p ro p e r tie s  o f  the  sim plest mole­
cu lar d is tr ib u tio n  functions.

The number density  is  defined by:

v(R) = £  <h(Rt - R ) f>  3.19

Sim ilarly:

n.(R,9)  = £  <8(R.  -  R) 8(9 . - 6 ) f >  3.20
1 ~ i=l 1

n (Ut9) i s  the  d en sity  o f m olecules with p o s itio n  R and o r ie n ­
t a t io n  9. In  a homogeneous medium both  v(R)  and n^(R,9)  are
uniform  - excep t c lo s e  to  th e  boundary o f  th e  system  - and
th e re fo re  in  f a c t  independent o f R. The m olecular d is t r ib u t io n
functions perta in ing  simultaneously to  p a irs  of molecules are.

30



3.21n J R . R ' )  = ï '  <B(R. - R)S(R - R' ) f >
i , j= l  1

nJRXe,e')  = r  <b(r . - r)B(r . - r')S(&.-d)h(d.-e')f> 3.22
4 i . i= l  1 * 1 }

In a homogeneous and iso tro p ic  medium n2(R ,R ') and nJR .R '  , 6 , 6 ' )
depend on R and R' only through the d is ta n c e  = J f l '- £ | .  For
n J R ,R ' )  Yvon derived a power se r ie s  in 1/N:

n2^— *) = v 2{g(R12) * - ^ h ( R 12) + 3.23

For increasing  R 12:

8 ( ^12) - ^  1 and h(R12) ---- ► h0 (R12) 3.24

(cf.Yvon (1937, I , p.25, eq. 67), F. Brown (1956, p. 65, 66))
Like n2(R,R'), n2(R,R' , 6, 6 ' )  and s im ila r d is tr ib u tio n  functions

fo r th re e  o r  more p a r t i c l e s  tend  to  p roducts  o f  d i s t r ib u t io n
functions of a sm aller number of molecules when the interm olecular
d is tan ces  increase . Yvon showed th a t  in l iq u id s  and gases con­
s is t in g  o f m olecules which a re  sm all w ith re sp e c t to  th e  wave
length o f l ig h t ,  the in fluence  o f the c o rre la tio n  between mole­
cu les i s  r e s t r ic te d  to  an area, which i s  a lso  small compared to
the wave length. In addition  Yvon proved th a t  the reac tion  f ie ld
which s t i l l  would e x is t  i f  m echanical c o r r e la t io n s  could  be
disregarded i s  due to  in te rac tio n s  which are also  r e s tr ic te d  to  a
region o f the  same ex tension . We assume with Mazur and Postma
(1959) th a t  these r e s u l ts  a lso  apply fo r the o r ie n ta tio n a l  p a r t
of the co rre la tio n s .

In view o f these  co n sid e ra tio n s  i t  i s  expedient to  in troduce
the  concept o f a "co rre la tio n  sphere" with a rad ius o f  the  same
order o f magnitude as the "co rre la tio n  length". The idea i s  th a t
the  m olecule which i s  a t  th e  c e n tre  o f  t h i s  sphere  f e e ls  th e
influence o f  the molecules o u tside  the  sphere as i f  they form a
continuum. The molecules in s id e  the  sphere, however, have to  be
considered as p a r t ic le s .

C. L o n g - r a n g e  a n d  s h o r t - r a n g e  i n t e r ­
a c t i o n s

With th e  a id  o f  th e  m o lecu la r d i s t r i b u t io n  fu n c t io n s  th e
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formulae for the internal field and the internal derivative of
the field can be written as:

E"(R) = Ee(R) - V 2jF(R,R')n2(R,R') ‘ P(R'W

- v‘2 JR(R,R' )n2(R,B') : Q(R')dR‘ 3.25

(VE)W(R) - (?Ee)(R) - v-2J¥RF(R,R,)h2(R.R') * E d ' W  3.26

where the macroscopic polarization densities are defined by:

P(R) *= v£k 3.27

Q(R)=vqk 3.28
The integrals over R' can be applied to the whole medium, since

the distribution function n2(R,R') becomes zero for distances
|i?' - R I smaller than a molecular diameter and therefore singu­
larities do not occur. Actually, however, a sphere with its centre
at R can be excluded from the integral without changing its value
as long as its radius is small with respect to the wave length of
light. This result which was already known in the theory of the
normal refraction also applies to optically active systems, as is
shown in the appendix. The derivation depends essentially on the
properties of F(R,R') for small values of the argument |i?' - R\ and
the assumption that the variations of P over a region of the
order of magnitude of the correlation sphere are comparable to
the variations of the primary field.
We will choose the correlation sphere as the volume to be excluded

from the integrations since outside this sphere n2(R,R') - v
(except to terms proportional to 1/N, which will be neglected).
3.25 and 3. 26 become:

Ev(R) = Ee(R) + Ed(R) 3.29

where:

V V
Ed(R) = - ƒ E(R.R') ' p(R')dR' - J S(ë>R') : Q(E'W  3,30

o(R) °(K)
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3.31(VE)"(R)  = ( ? E e)(R) - f  Yr F(R.R')  • P(R')dR'
o(R)

Because th e  c o r r e l a t i o n s  betw een k and I v a n i s h  o u t s i d e  t h e
c o r re la t io n  sphere, the  terms in th e  second and t h i r d  row o f  3.13
p e r ta in in g  to  molecules in  t h a t  reg ion  ca n ce l .  The same a p p l ie s
to  the second and th i r d  term in  3.14.

The a ssu m p tio n  t h a t  t h e  c o r r e l a t i o n  r a d i u s  i s  sm a l l  w i th
respec t  to  th e  wave leng th  im plies  t h a t  th e  o p e ra to r  fo r  the
p a r t i c l e s  i n s id e  th e  c o r r e l a t i o n  sphere  can be re p la c e d  by th e
s t a t i c  d ip o le -d ip o le  ten so r  7^ ..

V

Yvon showed t h i s  approx im a tion  to  be v a l i d  i n  t h e  th e o ry  o f
normal r e f r a c t io n .  In  th e  case o f  o p t i c a l  a c t i v i t y  i t  ca n n o t  be
adopted w ith o u t  f u r t h e r  i n q u i r y .  However, t h e  v a l i d i t y  s t i l l
holds s ince  th e  term s in  th e  s e r i e s  development o f  Fk , a f t e r  Tkl
con ta in  k to  th e  second and h ig h e r  powers. For s i m i l a r  reaso n s
t ik l — ►ïjTfcj. (See appendix). _  ________

In th e  ap p en d ix i t  i s  a l s o  shown t h a t  Tkl  = 0,  Vj Tk j = 0,
- k l  - I k  = ^ and Y i  Tk i  L i k  = 0. T h e r e fo r e  t h e  t h i r d  row o f
3 .13  and th e  t h i r d  term  in  3 .1 4  a r e  z e ro .  Thus we r e a c h  t h e
r e s u l t s :

Pk = • Ek  + ë k  : ( Y V l  -  f  Ek ’ T k l  • El

" ^  - k  ’ - i  T k i  : 2 i * ^  Êk '• Yk I k i  ’ E i  3 ,3 3

and

ï k  = Ëk * £ k '  ^  Êk '  I k  I * £  I 3*34

The summations o v er  I, now only  r e f e r  to  m o lecu les  i n s i d e  th e
co r re la t io n  sphere.

A pparen tly  t h e  e l e c t r i c  f i e l d  a t  p a r t i c l e  k i s  composed o f
three co n tr ib u tio n s :
a. The primary f i e l d  Ee.
b. The f i e l d  due to  th e  p o l a r i z a t i o n  o u t s i d e  t h e  c o r r e l a t i o n
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sphere, which can be ca lc u la te d  as a r i s in g  from a continuum, Ed
(3.30).
c. The short-range con tr ibu tion  due to  the  granular s t ru c tu re  of
the medium in s ide  the c o rre la t io n  sphere.
The derivative  of the  f ie ld  can be divided s im ilarly .

As w il l  be shown in  the  next chapter, the  f i e l d  a r i s in g  from
the continuum can be w ritten  as the sum of two surface in tegra ls :
one over the  su rface  of the  c o r re la t io n  sphere, the  o th e r  over
the  e x te rn a l  su r fa c e .  This l a s t  i n t e g r a l  c a n c e ls  th e  primary
f ie ld  (ex t in c t io n  theorem). A consequence o f  t h i s  s i t u a t io n  i s
th a t  the  e l e c t r i c  f i e l d  a t  molecule k can be c a lc u la t e d  from
contr ibu tions  a r i s in g  from the immediate neighbourhood of mole­
cule k only.

D. T h e  m a c r o s c o p i c  p o l a r i z a t i o n
d e n s i t i e s

In order to  evaluate 3.33 and 3.34, which a f t e r  m u lt ip l ica t ion
with v  give the  macroscopic p o la r iz a t io n  d e n s i t i e s  P and Q, we
have to  s u b s t i tu te  expressions for Pj and q j. For the  moments of
a molecule I we w ill  not use expressions s im ila r  to  3,33 and 3.34,
but in s tead  we w il l  t r y  to  w r i te  the  p o la r i z in g  f i e l d  a t  I in
terms of E% and ('VfiJ”. In a c e r ta in  sense we could say th a t  the
f ie ld  coming in to  the co rre la t ion  sphere from outside i s  regarded
as a "primary" f i e l d  fo r  a l l  m olecules which a re  in s id e  t h i s
sphere. This "primary" f i e l d  i s  supposed to  be descr ibed  s u f ­
f ic ie n t ly  accurately by:

Ft * r , t -(W3.35

where r , ^  i s  the  v e c to r  p o in t in g  from the  c e n t r e  o f  k to  the
c e n t r e 'o f  I. This f i e l d  d i f f e r s  from the  f i e l d  which a c tu a l ly
po larizes  molecule I according equations s im ila r  to  3.33 and 3.34.
The d i f f e r e n c e  i s  due to  the  n e g le c t  o f  c o r r e l a t i o n s  betweén
molecules I in s id e  the c o r re la t io n  sphere and ou ts id e .  But the
idea of the co rre la t ion  sphere i s  th a t  these co rre la t ions  are not
perceivable a t  molecule k and thus a re  o f  no importance for the
calculation of p^.

Up to  terms quadratic in the p o la r i z a b i l i t i e s  3.33 becomes:
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p „ - i k -  i ï  * ë k : - f a  • ï kl - l  ’ -k

- * Yilki ■ & * II

- ï ê k • Yklki ii •«
f  & • Zulu • 5!) : (YVl

~ ^  ( - k  *  Y i ï k i ^ i k  '• @ 0 '• ( Y Z ) l

•? (& *  Ykïkiïik ' ii> ■■ <**)- 'k

•  U i  -~ ê i ■■ ( . m

+ f i k  * 1*1 • i i  * ï u  •  £ » + f i k  * Yl lkt -ë l  * £ i .  * P.L , m  n

+ f  Ë k f k l k l  • *! * J j .  * P*+ f a k - T k l - J i i Y l ï l m  * f «
l  , m  L , ïïi

+ £ '  a ,  • T, , • a ,  • V T,  : g 3.36i _  « t _  L _ m  ^ l m  2 mi ,n

This se rie s  can be continued to  any desired  accuracy. In the  la s t
five  terms we have om itted fo r the sake o f b rev ity  to  s u b s ti tu te
the a p p ro p ria te  e x p re ss io n s  fo r  £ and qm. We w il l  need these
terms la te r  in  a discussion of the reaction  f ie ld . The success of
th is  development depends on how many terms have to  be taken in to
account.

The terms quadra tic  in  the  p o la r iz a b i l i ty  w ill be d iscussed in
some deta i l .  In the  th ird  column the terms -  ̂ • £"
and - 2'ySj : ' a i ’ a re  co rrec t io n s  to  the  f i r s t  term
- 2 'a ^  • Tbi * - i  * Ek% These co rrec tio n s  a r is e  i f  i t  i s  deemed
worth-while to  account of th ird  order p o la r iz a b i l i t ie s .  The ra tio
o f these correc tion  terms to  the  p rin c ip a l term i s  about equal to  a
molecular radius divided by the in term olecular d istance. They are
as important in  the  theory of the  s t a t i c  d ie le c t r ic  constan t as
in the theory of re fra c tio n . N evertheless they are almost always
n eg lec ted . The term s o f the  l a s t  column, p ro p o rtio n a l  to  th e
in te rn a l  d e r iv a tiv e  o f  the f ie ld ,  a re  re sp o n s ib le  fo r  o p t ic a l
a c tiv ity .  The f i r s t  i s  the  coun te rpart of a m olecular model o f
coupled o s c i l la to r s  as a re  encountered in the  th e o r ie s  o f  Born
(1933), Kuhn (1932), Kooy (1936) and Kirkwood (1937). The o th er
th ree  are  again  c o rre c tio n  term s, which a re  sm a lle r  th an  the
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first by the same previously mentioned ratio. Since for dense
media this factor is not very small (it can amount to 0.3) it may
be worth-while to investigate numerically the influence of the
contributions of polarizabilities, of higher order than the^third.
Similar remarks apply to the expression for the moment qk which

follows from 3.34:

ï k  = Ek * f  k I k  i £z - k I ~
I k l l l k *0 : (VE)k

+ Z ' ê k  ' I k l  * il * If. * £.L ,n
3.37

We will neglect the third terra as it is a factor A  smaller
than the second one. We mention that the second term is the
counterpart of the last quadratic term of 3.36.

The macroscopic moment densities P(R) and Q(R) can now be
written as

P(R) = A • EW(R) + B : (VE)v(R) 3.38

Q(R) = B' • E*(R) 3.39

A, B and B' are averaged polarizability densities corresponding
to a, jB, and ,6'.

A = v [ “ k ■' Y - k  ’ I k l  * 2 z ' f - *  * - l - W  : '• Yklk i * -z

+ 2* a,
I * Zfez * - z * I l k  * + f ? *  * l i h i  : #  * I »  ‘

: I k l k l  * 2z  ’ Ilk * “ k * I k l  * &  : Y i h k ' “ t

+ 2'a,z • I n  * £i  ‘ % ï Ife : 3. 40

5  ■ v [ & ’ |  * I k i L i k  i i  “ 'j -fc * f y l k O Z i k  : Ë i

z - ( ^ k l k i ) U k  ’ - z * I k i ' ê i

♦ 2'a, •Z ~ i k i  ’ - i  * l i k  ’ ë k \
3.41
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ê ' = v ë̂'k ■ ^ ëk -k i  * -  i + ^  êk Iki * - i  ' i n  ' 3,42

We have included a l l  terms involving p a ir  d is tr ib u t io n  functions
up to  th e th ird  order in  the  p o la r iz a b i l i t ie s .  E x p lic itly  a term
lik e  v 2 /a^  * Xkl • OLj reads as

ja (0 )  •  T(R,R' )a(6' )n2(R,R\G,6' )dR'dBdd'.
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CHAPTER 4

THE GENERAL WAVE EQUATION AND THE
EXTINCTION THEOREM

I n t r o d u c t i o n

In the equations:

P(R) -  A • E"(R) +  R : (Y E )W(R)

Q(R) =  B'  • EW(R)

Ew and ( VE) * depend on the primary f i e l d  and the  p o la r iz a t io n s
everywhere in  t h e  medium. Thus they  a re  r e l a t i o n s  between
macroscopic q u a n t i t i e s  which have the  form o f  in te g ro -d i f fe re n -
t i a l  equations. I t  appears to  be possib le , however, to  derive a
d i f f e re n t ia l  equation fo r  the  moment d en s it ie s  P and Q.

The usual procedure to  e f fec tu a te  t h i s  (e .g . Rosenfeld, 1951)
consis ts  in assuming for P a plane wave with constant amplitude
and then to  show th a t  the  in te rn a l  f ie ld  propagates in a s im ila r
way. An e s s e n t ia l  s tep  in  the  d e r iv a tio n  i s  the  e lim ina tion  of
the primary f ie ld  Ee which i s  annihila ted  by an in te g ra l  over the
outer surface o f  the  medium (extinction theorem).

Hoek (1939), however, showed t h a t  fo r  an i s o t r o p i c  medium
without op t ica l  a c t iv i ty  a more fundamental treatment i s  possible
which c o n s i s t s  in  f i r s t  d e r iv in g  the  wave equa tion  and then
proving th e  e x t i n c t i o n  theorem w ithou t  s p e c i f y in g  th e  wave
motion.

For o p t i c a l l y  a c t i v e  media Hoek r e tu r n s  again  to  th e  f i r s t
mentioned procedure, which i s  a lso  followed by authors dealing
with an iso trop ic  media (Darwin, 1924; Mazur e t  a l . , 1955, 1956,
1959).

We w i l l  show t h a t  H o ek 's  method can be g e n e r a l i z e d  f o r  an
a n is o t ro p ic  a s  w ell as  o p t i c a l l y  a c t i v e  medium. Without s p e c i-
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ty ing  the type  o f  wave motion we w i l l  d e r iv e  a d i f f e r e n t i a l
equation fo r  th e  p o la r i z a t io n  d e n s i ty  P. With the  a id  o f  t h i s
equation the  extinction theorem, which i s  no longer necessary for
deriving the wave equation, follows.

A. T h e  d i f f e r e n t i a l  e q u a t i o n  f o r  a n
a r b i t r a r y  w a v e  i n  a n  a n i s o t r o p i c
o p t i c a l l y  a c t i v e  m e d i u m

According to  eq. 3. 38 and 3. 39:

P(R) = A • EV(R) + ft : (YE)W(R)

Q(R) = B' • EV(R)

inhere:
V

K(«)■ m> * J f) “ V ® '! '11

* * ‘ 2W ® s ' »  Qfrd'w

4.1

4.2

( \ Efi)9<*) - ^ ( R ) +  J R)U ^ S*{ rv flvs+ )Vy Y(R,R' )yp*(R' )M'  4.4g l i i  / m*»

V' means a d i f f e r e n t i a t i o n  a t  f t ' ,  and V a t  fl, V denotes the
outer boundary o f  the  medium. o(R) i s  a small sphere, centred a t
ft, which i s  excluded from the in tegrations . After the  in teg ra tions
the radius of t h i s  sphere i s  reduced to zero.

Y(R,R') ---------- — ----:----  4.5
4rr |f t '-ft |

As products  o f  t h i r d  o rd e r  p o l a r i z a b i l i t i e s  a re  always ne­
glected we can combine 4.2 with 4.1:

Q(R) * B' - A' 1 - P(R) 4.6

We need a number o f  formulae which are obtained through in te ­
gration by parts :
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0L { v r r<a-!',iP>@')da ' - 4 1 ’ ■ ® ' * * ‘ 4- ’

- 4 M >  - y ' V V  v a - r , ®

V
- [ Y f M' ï K V' f i Vy 9 4.9

The s u rfa c e  i n te g r a l s  over th e  o u te r  boundary X w ith  normal
u n it  vecto rs u are:

- J Y(R,R')u/ S(E: )dS 4.10

2  2
s j)U -  /  <’ n & ö ' ) >u/ s ® '  - j  p s(S ' 4.11

2 2
J }u Ps( R ' ) d S - f  { V ; Y ( R , R ' ) } u ^ P s(R')dS

+ J Y(R.R')aa ^ P s(R')dS 4.12

With these equations 4.1 can be reduced to:
y

+ € a w  ♦ s / f i j  ♦ /  y(m ' ) cP2(R')m ' = 0 4.13o(R)

The following abbreviations are used:

cP 1(R)=pa(R )- j V u ®  • V * * v»+ cycL ;p/ - ;

- J Ba/)»(S/fyVi + cycl* >Py®> 4’14
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<2® ■ - V I ®  • V W S ' 4-15

'S j®  - - * * v e ' )

* K p s ^ l y  * * * * / $ } ' )  4' 16

% & ) ■ ■ v vi v; *
4 V W 4' ' W I  *

■ 'W W  * * V 7iA®'> «.«
Applying to eq. 4.13 the operator (A* k 2) leads to:

(A ♦ kS) eP 1(R) - tp ^ R )  -  0 4.18

since th is  ope ra to r a n n ih ila te s  the prim ary f ie ld  and i t s
derivatives and also the in tegra ls over the outer surface o f the
medium. At the same time use is  made of:

V

(A+  = - ^ 2 ® )  4.19

(see Hoek, 1939, appendix).
Substituting the expressions fo r cP i  and *?>, the wave equation

can be written as:

(•a**2) *j VW 4' ' W i  * °JC1- *
1 )

+ cycl. )Py (R) j  +

- V W *’%<Vr + *
+ Bap t^ fP y  * * V }V * V * >  m 0 4.20
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Por th e  genera l case  o f an a n iso tro p ic  and o p t ic a l ly  a c tiv e
medium t h i s  i s  a r a th e r  i n t r i c a t e  equation . In ch ap te r 5 t h i s
equation w ill be app lied  to  th e  case o f an iso tro p ic  o p t ic a lly
ac tiv e  medium.

B. E x t i n c t i o n  t h e o r e m

The ex tinc tion  theorem can be proved by su b s titu tin g
( A  + k 2 )  CP 1 ( R ' )  fo r ^ ^ R ' )  under the  in te g r a l  s ig n  o f eq .
4.13. By a p p lic a t io n  o f G reen 's  theorem, th e  in te g r a l  can be
reduced according to:

V V r
f Y ( R , R ' ) ( A  + k = J  IY ( R , R '  ) & CP 1 ( £ ' )  +

o(R)  o ( R ) L

- {AY ( R , R ' ^  ^ i ( B ' ) ] d R '

9 '  1 ________ I ________ _  > ________________Y ( R . R ' ) dm dn t=P1(B')

i fR)
- I Y ( R , R ' ) .  I » )

dn dn
dS 4. 21

The surface in te g ra l over the  small sphere i s  equal to  A R ) *
The in teg ra l over the outer surface i s  abbreviated by «Sg® *
dr] i s  a l in e  elem ent o f  th e  outw ard normal in  a p o in t o f  th e
surface in R ' -space ( R  i s  to  be regarded as constan t).

S ubstitu ting  th is  re s u l t  in  eq. 4.13 leads to :

€ ( R )  ♦ *S A - )  + 4. 22

which i s  the mathematical formulation of the  ex tinc tion  theorem.
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CHAPTER 5

ISOTROPIC MEDIA

I n t  r  o d u cjfc i o n

In section  A of th is  chapter the  general theory  i s  applied  to
an o p t ic a l ly  a c tiv e  i s o t r o p ic  medium. The l im ita t io n s  o f  our
method are  discussed in section  B, where a lso  the r e s u l ts  fo r two
simple models are given. In view of our r e s u l t s  sev e ra l recen t
papers on th is  sub ject are commented (sec tion  C).

A. R o t a t o r y  p o w e r  o f  a n  i s o t r o p i c
m e d i u m

In case o f iso tropy the  tenso r A becomes the  u n it ten so r m ulti­
p lie d  by a s c a la r  B and B' a re  reduced to  th e  perm utation
tensor m ultip lied  by constants B and B' .o o

K fi  “  AoUafi 5-1

Safty ~ B0 W \  5.2

Kfty 9 5-3

I f  5.3 i s  su b s titu te d  in  4.2 i t  follows th a t:

Qay " " Qya “ d <?oa = 0 5.4

This means th a t  in  an is o tro p ic  medium th e  quadrupole moment,
which depends on th e  symmetric p a rt of g, vanishes (chapter 2D).

Substitu tion  o f  5.1, 5. 2 and 5.3 in 4.20 y ie ld s:
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(l - ir f .j lA  ♦ k!)P. * * .{V .V , * * V  P ,

♦  (Ba - B'o)k2[a^y)^y Pp = O

M ultip ly ing  5 .5  w ith Va and summing over a  g ives:

/ l  ♦ -  4„J<A • k!)V„P„ - 0

As P does n o t s a t i s f y  th e  same wave e q u a tio n  as E e eq.
im plies th a t:

V P = 0a a

i f  th e  assumption A 0 /  - — holds.

Eq. 5 .7  s im p lif ie s  5 .5  to :

1 + 2- A „ R - B '
A P  + k 2 -------1 — 2 P . + fe2 - 2— T-2-  [o(0y] V = 0

a i  - * i - 4*- r ^
We suppose now th a t  th e re  a re  so lu tio n s  fo r  P s a t i s fy in g  th e
equation:

(A + n 2k 2)P ■= 0

S u b s titu te d  in  5.8 i t  follow s th a t:

Applying the operator V x to  th is  equation and using:

V x V x P =VV • P - AP = - AP = n 2fe2P

i t  follows:

„2 .  L L A A sl] V x P + n2fc2
* - K

P - B'
0 . P

1 - 4  A3 o

5. 5

5.6

5 .6

5.7

5.8

wave

5.9

5.10

5.11

5.12
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Prom the equations 5.10 and 5.12 i t  follows th a t:

1 j
1  -

=  ±
B -  B'_o_____ o
1 - \  a3 o

nk 5.13

with the corresponding so lu tions:

P =  0 5.14

The meaning o f  t h i s  r e s u l t  can perhaps b e s t be i l l u s t r a t e d  by
considering a plane wave tra v e ll in g  in  the  3 -d irec tion :

P
- inkx

P e
—  o

3 5.15

In components 5.14 y ie ld s:

Pt ± iP2 = 0 5.16

With a right-handed choice o f axes the + sign re fe rs  to  a r ig h t-
handed, th e  - sign to  a le ft-h an d ed  c ir c u la r ly  p o la r iz e d  wave.
C a lling  th e  ro o ts  o f 5.13 corresponding to  th e  upper o r lower
sign n+t n_:

B - B'
«+ “ n_ -  -P ^  0 k 5.17

3 o

The ro ta tio n  o f the plane of po la riza tio n  follows from F re sn e l 's
formula (cf. eq. 1 .1):

which becomes:

X = -----  (nm - n+)
vac

X
k 2 B'  -  B___ __Q______ Q_

2 1 - ■{A3 o

5.18

5.19

The righ t-hand  s ide  of 5.13 i s  very small with resp e c t to  the
other terms in  the equation. For example a ro ta tio n  o f 1 radian/cm
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£ '  - B
im p lie s  t h a t  (n_

magnitude o f 10‘ 5,
approximation:

- n+) o r  -

whereas n
1 -  1/3 Ao
2 i s  about

k

2.

i s  o f th e  o rd e r  o f

T herefore  to  a good

{ ♦  K1 - T n 2 + 2

‘  -
5. 20

Substitu tion  in  5.19 y ie ld s:

X mi (B'
'  O

B )O 7 5.21

This equation has the same appearance as Hoek's f in a l  formula.
I t  a lso  con ta ins th e  fa c to r  n -j -2  to  the  f i r s t  power. The d i f ­
ference i s  th a t  our constants Bq and B'o incorporate  the reaction
f ie ld  and c o r re la t io n  e f f e c ts .  Given our model eq. 5.21 i s  in
p rinc ip le  exact, since BQ and B'0 can be calcu lated  to  any desired
accuracy.

Although we have not e x p lic it ly  d ea lt with m ixtures i t  w ill be
obvious how the  p re s e n t tre a tm e n t can be extended to  system s
containing d iffe re n t molecules.

I t  may be o f some in te r e s t  to  consider a lso  o ther so lu tions of
eq. 5.8 which more c lo se ly  correspond to  what happens in  ac tua l
polarim etry. We introduce as a t r i a l  so lu tion  a plane wave, again
tra v e ll in g  in  th e  3 -d ire c tio n  but having a r e a l  amplitude which
may a lso  depend on x^  ( " l in e a r ly "  p o larized  l ig h t  with ro ta tin g
plane of p o la riza tio n ):

- i k n x o

t ( x 3) .  Po(x3)e 3 5.22

Writing u for the  u n it  vecto r in the  3 -d irec tio n , the equation
V • P m 0, y ie ld s:

u • P' -  ikn u • P -  0 5,23— ■—O *  —o

Since P and P'o are re a l i t  follows th a t u • PQ -  0, which implies
th a t  we have a transverse  wave.

With the abbreviations:

46



f  |  m  A
n 2 =  -  ■]

1 -  4 A3 o
the wave equation becomes:

and y  = •*
B - B '_2____ 2_

5i  - 4 aJ C

5.24

(A + &%2)P - 2y V  x P = 0 5,25

S u b s titu tin g  5.22 in  5.25 y ie ld s :

- 2ikn  P' + k 2(ri2 -  n 2)PQ + 2 ik n y u  x PQ - 2 y u  x P' = 0 5.26

W riting th e  r e a l  and im aginary p a r ts  o f  t h i s  equation  g ives:

P* + k 2(n 2 -  n 2)Po - 2 y u  x P' = 0 5.27

fÓ ‘ x Po = 0 5.28

Prom th e s e  two eq u a tio n s  P o and th e  v a lu e  o f  n can be d e r iv e d .
S c a la r  m u l t ip l ic a t io n  o f  5 .28 w ith  PQ g iv es :

E0 '  £'0 = 0 5.29

which im p lie s  th a t  th e  a b so lu te  len g th  o f  th e  v e c to r  P i s  con­
s ta n t .  I t  i s  e a s ily  shown th a t  th e  so lu tio n  o f 5.28 and 5.29 is :

(Poh  = | P 0 I C 08<V*J + *P) 5.30

(Po > 2 m | P0 | s in (y x 3 + yp) 5.31

This means th a t  th e  angle X (in  radians/cm ) over which th e  v ec to r
PQ ("p lane o f p o la r iz a t io n " )  has ro ta te d  to  th e  r ig h t  i s :

X J  5.32

which i s  th e  same r e s u l t  as 5.19, as i t  should be o f  course.
D iffe re n tia tio n  o f  eq. 5.28 to g e th e r with t h i s  equation  y ie ld s :

£"o +  y \ 0  ■  0  5.33

On th e  o th e r hand th e  d i f f e r e n t ia te d  eq. 5.28 to g e th e r  with 5,27
gives:
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5.34P" + k2(n2 - n2)Po = O

These two equations imply that:

n 2 - ü 2 + - ^ y 2 5.35
k 1

Por all practical purposes n = n.

B. L i m i t a t i o n s  a n d  a p p l i c a t i o n s

It may be useful to recapitulate at this point the main
characteristics of our model and to discuss its limitations. We
consider the medium as an assembly of identical almost spherical
molecules each of which is characterized by polarizability ten­
sors q, ft and An arbitrarily selected molecule has a position
and orientation which is correlated with positions and orientati­
ons of other molecules within a sphere, the correlation sphere,
about the selected molecule. With molecules outside this sphere
no correlations have to be taken account of. This model of course
is only of limited applicability.
A first limitation consists in the neglect of the dependence of

polarizability terms on the density of the medium (Jansen-Mazur
effect). The influence of this effect on the polarizability
densities B and B' has not yet been studied. In a classical pic­
ture of the polarizability this effect is due to anharmonically
bound electrons. Anharmonicity, however, is important in the one-
electron model for optically active molecules (Condon et al.,
1937). It consists of an anisotropic harmonic oscillator with an
added cubic term in the potential energy.
Perhaps more serious is the deviation from the spherical shape.

Here too, it is difficult to estimate the error introduced by
our assumptions without explicit calculations. This point could
be very important in the case of macromolecules, but on the other
hand, phenomenologically the optical properties of systems with
large molecules do not deviate essentially from systems with
small molecules. ' [i,
A drawback of our model is that in the final formula B and B

occur in the combination BQ - B'o, which in our derivation of this
formula is more or less fortuitous. In other derivations based on
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simpler models (Born, 1933; Kooy, 1936) or in some macroscopic
derivations (Ramachandran, Ramaseshan, 1961) optical activity
is described by one second order pseudo tensor (gyration tensor),
which is not necessarily built up from two third order tensors.

Although the transition to an isotropic medium has not been made
until chapter 5, the general formulae which have been given
before, should not be applied to an anisotropic medium without
caution. For the molecular distribution functions were supposed
to depend on the distance between the molecules and not on the
direction of the line connecting their centres.

App I ications

As an illustration we will derive the expression for the optical
activity of a molecule represented by coupled anisotropic polari­
zabilities. This model has been studied extensively by Born
(1933), Kuhn (1932), Kooy (1936) and Kirkwood (1937). To this
model we can apply equation 3.41 neglecting all /3 and ^'-tensors
and considering a molecule as an assembly of almost spherical
units with anisotropic polarizabilities a, interacting through
dipole-dipole forces. The fact that the units constitute an opti­
cally active molecule shows up in a strong correlation between
positions and orientations of the units. In this description the
molecule may be rigid as well as flexible. Neglecting correlations
between molecules, eq. 3.41 applied to the present model yields:

where j is the number of units in a molecule and v is the number
of molecules in 1 cc. This equation can be simplified by assuming
that the polarizabilities are linear along the unit vectors 6,
and 6,:

* -Ik, 1=1
5.36

2k = k̂ k̂ k 5. 37

2l = CTl M l 5.38

Introducing (cf. Looyenga, 1955):

> -
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h h ^ ik 5.40

we find:

B - - vO 2 ' cr.cr, S. 1Diku l °  k lu k lk,  1=1
5.41

In molecules where a l l  groups attached to  an asymmetric carbon
atom have a x ia l  symmetry about th e  bond jo in in g  them to  the
asymmetric centre, these pairw ise in te rac tio n s  contribu te  nothing
to  the  o p tic a l  a c t i v i t y  (Kauzmann and Eyring, 1941; Kauzmann,
Clough and Tobias, 1961). In th a t  case h igher approxim ations of
eq. 3.41 should be used.

As a second i l l u s t r a t i o n  we w ill  fo r a sim ple case derive an
approximation to  the reac tio n  f ie ld . Let us omit the c o rre la tio n
between th e  p a r t i c l e s  except th a t  they  can be approxim ated as
hard spheres which can not approach more closely  than a molecular
diam eter. In add ition  we w ill assume th a t  th e  a  p o la r iz a b i l i t ie s
are  iso tro p ic . Prom eq. 3.41 i t  follows:

The second and f i f t h  term  can e a s i ly  be shown to  vanish  (see
appendix). The th i r d  i s  zero because the  averaged fo u rth  o rder
tensor is  symmetric in  the ind ices 8 and e, while the permutation
tensor is  antisymmetric in  these ind ices. For s im ila r reasons the
fourth  term i s  zero. The s ix th  term, which rep re sen ts  the  f i r s t
approximation to  the  reac tion  f ie ld  does not vanish.

where V i s  th e  volume o f th e  medium and a i s  th e  ra d iu s  o f a

t . W  - « ' f  «iH t l ) r (y lk)

■ v Z  * y t l)T(a\ l)r (y lk)[W \P 0

• v l '  /3o[aSe]Vr*>r|*^r£u >ao - vX ‘ [8£y]/50
I I

5. 42

T(J l)TÜk) 3 ae487rV a 5.43
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m olecule (see  Kirkwood, 1936; K irkw ood's T i s  Ifrr tim es th e
tensor T used by us). Summing 5.43 over a l l  p a r t ic le s  and su b s ti­
tu tin g  in  5.42 y ields:

a p y

Sim ilarly  3.42 y ields:

vB' { 1 + —a—ö f [a/3y]° I Utora3 J

B'apy vP'n ( 1 +
\

V *  U8na3 f
[a/Sy]

5. 44

5.45

Aslanian and Vol'k e n sh te in  (1959) a lso  c a lc u la te  th e  re a c tio n
f ie ld  in order to  study th e o re tic a lly  the influence o f solvent on
o p tic a l a c t iv i ty .  They use a more sp e c ia liz ed  model than  we do.
This re s u l ts  in a correc tion  term which has the same shape but i s
le s s  simple than ours.

C. C o m m e n t  o n  r e c e n t  p u b l i c a t i o n s

7. Goossens (1958)
In  h is  th e s i s  Goossens aims a t  im proving H oek 's th e o ry  on

o p tic a l a c t iv i ty  by refo rm ulating  the  theory  in  such a way th a t
O nsager-B ö ttcher's  concept o f  th e  in te rn a l  f i e l d  can be used.
Hoek shows why th e  p a r t  ( Y E ) W equal to  (V x E)w d i f f e r s  from
V x £" but i s  equal to  V x Et where E i s  the  average f ie ld  which
occurs in  Maxwell's equations. His p roof is  given fo r the model
leading to  Lorentz* lo ca l f ie ld . Goossens remarks th a t ,  in  our
n o ta tio n , ('V x E) w i s  equal to  - Bw, where Bv i s  the working
magnetic induction . Since th e  diamagnetism o f a l iq u id  im plies
only a very s l ig h t  d iffe rence  between Bw and B, th is  e n ta i ls  th a t
(V x E)w i s  fV  x E). As th i s  i s  a very general r e s u l t  i t  a lso
holds for the Onsager-Böttcher model.

Goossens' fundamental equation (Goossens ID11 or ID16) can be
w ritten as:

(n2 - l )E(B,t)  = p7TvcrG(n)E(R,t) + 8 ttvct ' ikn[u x E(R,t)]  5.46

For conparison we reproduce our eq. 5.10:
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(n2 - l)P(R) = A P(R) + (B 5.47

Ifncr in eq. 5.46 corresponds to  a o f our theory and Sncr' to
(60 ■ p ' ) .  G(n) i s  a factor dependent on the re fra ctiv e  index
which converts the average f ie ld  into the internal f ie ld . In the

t n 2 + 9
Lorentz approximation G(n) = u—^ , whereas Ag = v a g and
B - B' = V(PQ ~ In th is  case both formulae are the same.
I f  the Onsager-Böttcher model i s  applied:

and a i s  the radius of the cavity in which a molecule is  embedded.
G(n) involves the influence o f the reaction f ie ld .  According to
Goossens only the internal f ie ld  ** as far as i t  works on a  i s
affected. This has a d efin ite  influence on the f in a l formula for
the optical a c tiv ity . Numerically i t  becomes practically  indepen­
dent o f the refractive index.

According to our eq. 5.21, however, reaction f ie ld  and corre­
lation e ffe c ts  only show up through their  influence on (B - Bg)
whereas the dependence on rotation o f  refractive  index remains
unchanged. Although the origin  o f th is  discrepancy i s  d if f ic u lt
to analyse, i t  may be that those terms in Rg which have ak as the
f ir s t  factor are contained im p licitly  in Goossens* factor G(n).
It may be also that the neglect o f the difference between Bw and
B i s  not su ffic ien tly  warranted.

II .  Aslanian and Vol'kenshtein (1959)
These authors study the influence o f solvent on op tica l a c t i­

v ity . They consider the interactions between an op tica lly  active
molecule consistin g  o f  two coupled anisotropic p o la r iz a b ilit ie s

*) I t  s h o u l d  b e  n o t e d  t h a t  i n t e r n a l  f i e l d  h e r e  me a n s  t h e  f i e l d
a c t u a l l y  p o l a r i z i n g  t h e  m o l e c u l e .  I t  d i f f e r s  f r om o u r  d e f i n i ­
t i o n  o f  t h e  i n t e r n a l  f i e l d  ( s e e  p.  2 9 ) .

2n  ̂ + 1 1 - fa
5 48

where:

J_  2n2 - 2
^ a3 2n2 + 1

5.49

52



with a so lvent molecule having an i s o t ro p ic  p o l a r i z a b i l i t y .  Three
co r rec t io n s  to  the  Lorentz approximation are in troduced .

As a f i r s t  c o r r e c t io n  they  c a lc u l a t e  th e  i n d i r e c t  coup ling  o f
th e  a n is o t ro p ic  p o l a r i z a b i l i t i e s  v ia  s o lv e n t  m olecules.  The r e ­
s u l t  i s  an i n t r i c a t e  equa tion  which has the  same g en e ra l  appea­
rance as our re ac t io n  f i e ld  co r rec t io n  (eq. 5.44 and 5.45).

As a second co r re c t io n  changes in th e  a n is o t ro p ic  group p o la r i ­
z a b i l i t i e s  due to  i n d u c t i v e  e f f e c t s  o f  t h e  e n v iro n m e n t  a r e
in t r o d u c e d .  However, i f  t h e  r e s u l t i n g  e q u a t io n  (e q .  16) i s
averaged, no change in  the p o l a r i z a b i l i t i e s  remains.

As a t h i r d  c o r r e c t i o n  A s lan ian  and V o l 'k e n s h te in  in t r o d u c e
h y p e r p o l a r i z a b i l i t i e s  o f  th e  d i f f e r e n t  groups. This  means t h a t
th e  p o l a r i z a b i l i t i e s  depend on th e  s t a t i c  f i e l d  o f  th e  d ip o le
moments o f  o th e r  molecules. As we did not in troduce  th e  change of
the  p o l a r i z a b i l i t y  in  our theory , we w il l  no t d iscu ss  t h i s  p o in t
fu r th e r .

I I I .  Venkataraman (1961)
The s t a r t i n g  p o in t  o f  t h i s  au tho r  i s  th e  p o l a r i z a b i l i t y  theory

as applied  by Ramachandran to  the  ro ta to ry  power o f  /3-quartz and
some o th e r  c r y s ta l s .  Small molecules as well as polymers a r e  a s ­
sumed to  c o n s i s t  o f  groups w ith  second o rd e r  p o l a r i z a b i l i t i e s
only. For t h i s  model Venkataraman a r r iv e s  a t  an equation which i s
s im i la r  to  our eq. 5.41 which was o b ta in ed  by s p e c i a l i z in g  our
general equation (ch ap te r  5B) fo r  th e  same model.

53



APPENDIX

In chapter 3 (p. 32) it has been stated without proof that in
a number of integrals a spherical region does not contribute to
the value of these integrals. The integrals are:

V
It = V 7 J F(R,R' )n2(R,R‘ ) • P(R' )dR' Al

V
12 ■ v*2 ƒ H(R,R' )n2(R,R') : Q(R')dR' A2

V
13 = v'2 J ̂ FfR.R') • P(R')dR' A3

The radius of the sphere which has its centre at R should be
small with respect to the wave length of light. Small means that
if the integral over the spherical region is expanded in powers
of k, terms with powers > 1 can be neglected.

In order to simplify the proof we assume that P and Q can be
represented by plane waves:

P(R') x Ed!)**p{ikn(R-R‘)} A4

Q(R') = Q(R)exp{ikn(R-R‘)} A5

where n is n times the unit vector in the direction of the wave.
n is the refractive index.
Expanding F(R,R‘) • P(R') to the first power in k, yields:

Fap(°‘r)Pp(r) =
1
tfn P Sa/jJ +

’ ik 72 (3babpby - Sa/3V ]  Pp(°) A6
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where 6 i s  a u n i t  vec to r  po in ting  from R to  R' and r  =
I f  now we i n t e g r a t e  over th e  p o l a r  angles  6 and <p, th e  term
independent o f  k and th e  term p ro p o r t io n a l  to  k v a n ish .  The
higher order terms may be neglected according to  our assumption.

Similarly for I 2 we develop H(R,R') : Q(R‘ ) which becomes:

Ha fiy (° ‘ r )Q/3y(r )  "  —

1
IfTT

-  {- 15babJ>y  + 3(byhap ♦ bj>ay ♦ b j ^ ) }for'

ikn„ , “I
+ —  il5babpbybs - 3 ( b jb ^ afi + bsbpBay + bsb j 0y)} W ^ f o )  A7

Again terms independent o f  k and p ro p o r t io n a l  to  k d isappea r
a f t e r  in te g ra t io n  over a s p h e r ic a l  s h e l l .  This r e s u l t  app lie s
immediately to  J ,  as:

yre(r .r ')  = - m .B ' )  as

In addition we have to prove that:

I k l  « 0 A9

^ k l ^ l k  = 0 A1°

¥ l  I k l  " 0 A11

Y ilk iC ik  * 0 A12

These e q u a t io n s  hold  s in c e  in  each c a se  i n t e g r a t i o n  o f  th e
expression under the  bar over po lar  angles gives zero. This can
be shown by s tr a ig h t fo rw a rd  c a lc u la t io n s  or more e le g a n tly  by
symmetry considerations.
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N O TATIO N AND SYM BOLS

The descr ip tion  of the  o p t ic a l  ro ta to ry  power requ ires  s c a la r
q u a n ti t ie s  and c a r te s ia n  ten so rs  o f  the  f i r s t ,  second and th i r d
rank. In some equations the tensors are written in components. As
much as possib le  the f i r s t  f ive  characters  o f  the  Greek alphabet
are used as su ff ix e s .  The summation convention i s  applied which
means th a t  one has to  sum over the three  values of an index i f  i t
appears twice (contraction).

We a lso  use a shorthand n o ta t io n  where a l l  vec to r  and tensor
q u a n ti t ie s  are underlined. The dyadic product o f  two tenso rs  of
a r b i t r a r y  rank  i s  denoted  by w r i t i n g  one n ex t  to  th e  o th e r
without a connecting sign in  between. A dot between two tensors
i n d ic a te s  a c o n t r a c t io n ,  a colon a double c o n t r a c t i o n .  For
example in eQ» 3.7 i s  a second order tensor and V • Ee = d iv£e
i s  a s c a l a r .  This n o ta t io n ,  however, i s  not unambiguous as i t
does not show which ind ices  a re  con tracted . To avoid confusion
some of the equations are given in both notations.

L i s t o f  s y m b o l s

A second o rder  p o l a r i ­ B,BK macroscopic, in te rna l
z a b i l i t y  te n s o r  den­ magnetic induction
s i ty C m o rm a l i s a t io n  c o n ­

Ak ian i n t e r a c t i o n  t e n s o r s tan tr between p a r t i c l e s  k h i aux il ia ry  function
and I D d i e l e c t r i c  d isp la c e ­

Ao sca la r  p o la r iz a b i l i ty ment
density E.E' macroscopic, e x t e r ­

B.B' t h i r d  o rd e r  p o l a r i ­ n a l  e l e c t r i c  f i e l d
z a b i l i t y  ten so r  den­ strength
s i t i e s (er i n t e r n a l  e l e c t r i c

B ,B'o* 0 scala r  p o la r iz a b i l i ty f ie ld
densit ie s (V E )W i n t e r n a l  d e r i v a t i v e

of the e le c t r i c  f ie ld
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E d a u x i l ia r y  e l e c t r i c
f ie ld

E  ,Em* n energy leve ls
F dynamic d ipole-d ipole

in te rac tio n  tensor
G(n) au x ilia ry  function o f

n

H
*»

dynamic in te r a c t io n
tensor

H macroscopic m agnetic
f ie ld  streng th

I a u x ilia ry  in te g ra ls
M molecular weight
M macroscopic magnetic

dipole density
to ta l  number o f mole­
cules in the system

P macroscopic e le c t r i c
dipole density

P—nm e le c tr ic  dipole tra n ­
s it io n  moment

a radius of a sphere
a vector p o ten tia l
6 un it vector
c v e lo c ity  of l ig h t  in

vacuo
do density
e • charge o f p a r t ic le  i
e microscopic e le c tr ic

f ie ld  strength
f d is tr ib u tio n  function
ƒ function o f n

d is tr ib u tio n  function
h (R 12) d is tr ib u tio n  function
2rih Planck 's constant
h m icroscopic m agnetic

f ie ld  strength
i VT

current density

Q m acro sco p ic  h ig h e r
moment density

R ,  R',  R k p o sitio n  vectors
R 12
r a d is tan ce  o f A to  mo­

lec u la r  cen tre
s k i au x ilia ry  function

s u r f a c e  i n t e g r a l s
over the  o u te r boun­
dary

dS surface element
T- ik l s t a t i c  d ip o le -d ip o le

tensor
T absolute temperature
U s e c o n d  o r d e r  u n i t

tensor
Uo in term olecular energy
V volume o f the medium
M ' au x ilia ry  vectors
Y (R 12 )

k

Green's function

2tt co
\  =7

quadrupole moment
m ■ mass of p a r t ic le  i
m magnetic dipole moment
i i j > k* ® p a r t ic le  ind ices
n , n re f ra c tiv e  ind ices
n n  tim es u n i t  v e c to r

in  d ir e c t io n  o f  th e
wave

n . . ( R . - • ) d i s t r i b u t i o n  f u n c ­
tio n s

m ,n n u m b e r i n g  o f  wave
functions

o(R) volume o f  a s m a l l
sphere a t R

Eb dipole moment density
a t  B
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Pk dipole moment of p a r­
t i e l e  k

( E i )  op momentum o p e ra to r o f
p a r t ie le  i

I k higher moment o f par­
t i e l e  k

rAB d is ta n c e  b e tw een  A
and B

- I k d istance vecto r p o in t­
ing from k  to  I

a. fry,
S , e , / x coordinate indices
a sc a la r p o la r iz a b ili ty
a second o rder p o la r i ­

[ay3y]
z a b il i ty  tensor
permutation ten so r

M th ird  order p o la riz a ­

W o

b i l i t i e s
sc a la r  p o l a r i z a b i l i ­

y
t ie s
angle

S ( R r R )

Sa£
i . l n n

Dirac S - function
W eierstrass  symbol
au x ilia ry  functions

dr) l in e  e le  m e n t  o f  a

’Q ( i - i ' )

normal vector
p o la r iz a b i li ty  tenso r

6
density
o r i e n t a t i o n  p a r a ­

K

meters o f a molecule
Boltzmann's fac to r

p o s itio n  vec to r of B
in  the m olecular space

s ( B ) s u r f a c e  o f  a sm a ll
sphere a t R

t time
u u n it vecto r
V charge v e lo c ity
*•*' p o s i t io n  v e c to r s  in

the  m olecular space
z Hertz p o te n tia l

wave length
V number density
P charge density
1 macroscopic surface

a k s c a la r  p o la r iz a b i l i ty
constant

z ( - > -  ) p o la r iz a b i l i ty  ten so r
density

4> ,4>“ n* mb wave fu n c tio n s
§ sc a la r  p o te n tia l
X ro ta tio n  angle
* phase angle
CO c ir c u la r  frequency
V Nabla operator
A Laplace operator
* complex conjugate

function o f E

e function of E e

3 fu n c tio n  o f  s u rfa c e
in te g ra ls
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C H A P T E R  6

IN T R O D U C T IO N

When a homogeneous i s o t r o p i c  t ra n s p a ra n t  medium i s  p laced  in  a
s tro n g  e l e c t r i c  f i e l d ,  i t  becomes b i r e f r i n g e n t .  This  phenomenon
i s  known as th e  e l e c t r o - o p t i c a l  Kerr e f f e c t  (Kerr, 1875). Let us
c o n s id e r  a beam o f  l i g h t  which p a s s e s  th rough  th e  medium in  a
d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  s t a t i c  e l e c t r i c  f i e l d .  The
components o f  th e  l i g h t  with th e  e l e c t r i c  vec to r  p a r a l l e l  to  the
s t a t i c  e l e c t r i c  f i e l d  and th e  one v ib r a t in g  p e rp en d icu la r  to  th e
f i e l d ,  p ropagate  with d i f f e r e n t  v e l o c i t i e s  r e s u l t i n g  in  a phase
d if fe ren c e  A. This phase d i f fe ren c e  i s  p ro p o r t io n a l  to  the  l ig h t
path I and to  th e  square o f  th e  e l e c t r i c  f i e l d  E. The p ro p o r t io ­
n a l i t y  co n s tan t  B, which i s  c a l l e d  th e  Kerr co n s tan t  i s  de f ined
by:

A -  2ttBIE2 6.1

Usually A i s  given in  rad ians ,  I in  cm. and E in  e . s .u . .  B depends
on th e  n a t u r e  o f  th e  medium, i t s  te m p e ra tu re  and d e n s i t y  and
moreover on the wave length  o f  th e  l ig h t .* )

A i s  also proportional to the difference in re fractive  index
(n -n  ) of l ig h t  v ibrating  p a ra lle l  and perpendicular to the
'  p s
e l e c t r i c  f ie ld :

27rl(n  — n )
A .  -----1_E----- iL

k

where k  i s  th e  wave len g th  o f  th e  l i g h t  in  vacuo,
and 6 .2  y ie ld s :

6 . 2

Combining 6.1

B = 1
k  Ë*

6.3

To i n d i c a t e  o rd e r s  o f  magnitude B can amount from 7.10 9 fo r

•) In part two of this thesis we use electrostatic units.
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liquid carbon tetrachloride to 4.10*5 for liquid nitrobenzene
(both at room temperature for yellow light). Moreover it may be
positive as well as negative.

The results of measurements on gases are usually expressed with
another Kerr constant:

where n is the refractive index of the medium. K has the advantage
of being practically independent of the wave length.

For liquids the molecular Kerr constant is used:

where M is the molecular weight, £ is the dielectric constant
and d is the density of the medium. Sometimes the factor 6 is
omitted. It is supposed that to a first approximation this
constant K characterizes the molecule independent of its state

JR
of aggregation.

The counter part of the Kerr effect is the electric di-
chroism. Both effects give in principle the same information since
from a complete knowledge of the dispersion of the Kerr effect
the electric dichroism can be calculated by the Kramers-Kronig
relations and vice versa. Unlike the similar situation in optical
rotation where the dispersion of optical activity can be measured
through an absorption band, the determination of electric
birefringence is practically unfeasible in a region where ab­
sorption occurs. Although the study of electric dichroism has
become possible since the pioneering work of Kuhn et al. (1939),
Liptay and Czekalla (1960) and Labhart (1961), and its theoreti­
cal interpretation has certain advantages, its application is
restricted to those substances that have easily accessible
absorption bands.

In gases and liquids the electric birefringence is mainly due
to an orientation of optically anisotropic molecules. If the
molecules have a permanent dipole moment its coupling with the
static field will in the first place determine the degree of

Ek
K = —  =

n
ftp ~  ^

n E2
6.4

GknEM

(n2 + 2)2(e + 2)2d
6.5
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o r ie n ta t io n .  U sually  sm alle r  in  magnitude i s  th e  coupling o f  the
a n is o t ro p ic  s t a t i c  p o l a r i z a b i l i t y  with th e  e l e c t r i c  f i e l d .

In the  s o l id  s t a t e  o r i e n ta t io n  o f  molecules may s t i l l  occur but
genera l ly  the  e l e c t r i c  b ire f r in g en ce  w il l  be due to  a deformation
o f  the  molecules and o f  the  c r y s ta l  l a t t i c e .  Deformation e f f e c t s
may a l s o  p lay  a r o l e  in  t h e  Kerr e f f e c t  o f  i s o t r o p i c  m olecules
l i k e  CH,, CC1. and A in  th e  gaseous s t a t e .  I t  may a ls o  be t h a t

4 T 4
o th e r  more s u b t l e  e x p l a n a t io n s  ap p ly  in  t h e s e  c a s e s .  In  t h e
l i q u id  s t a t e  the m olecular  d i s t r i b u t i o n s  may become a n i s o t r o p ic
(a n iso tro p ic  e l e c t r o s t r i c t i o n ) .

Our measurements p e r t a in  to  d ipo le  molecules only , so t h a t  our
considera t ions  w i l l  be r e s t r i c t e d  to  o r ie n ta t io n  e f f e c t s .  Without
going  i n t o  d e t a i l s  one can say t h a t  t h e  K err e f f e c t  g iv e s
inform ation about th e  m olecular shape. In a f l e x ib l e  molecule i t
may c o n t r ib u te  to  th e  conform ational a n a ly s is .  For t h i s  purpose
th e  measurement o f  th e  Kerr e f f e c t  i s  no t  s u f f i c i e n t  s in c e  th e
i n t e r p r e t a t i o n  r e q u i r e s  a l s o  t h e  knowledge o f  d ip o le  moment,
average p o l a r i z a b i l i t y  and d e p o la r iz a t io n  fa c to r .  These a d d i t io ­
nal da ta  can be obta ined  in  favourable  cases from measurements of
d i e l e c t r i c  c o n s ta n t ,  r e f r a c t i v e  index and l i g h t  s c a t t e r i n g .  In
o th e r  cases  some o f  th e  d a ta  have to  be e s t im ated ,  fo r  in s ta n c e
with the a id  o f  a d d i t i v i t y  ru le s .

A d e t a i l e d  t h e o r e t i c a l  i n t e r p r e t a t i o n  i s  w e l l - fo u n d e d  f o r
measurements on gases, but here the experiments are  d i f f i c u l t  and
th e  r e s u l t s  lack  s u f f i c i e n t  ac cu ra cy .  Moreover many chem ical
compounds have too low a vapour p ressu re  a t  normal tem perature and
decompose a t  h ig h e r  tem p era tu res .  With l i q u id s  th e  measurements
are l e s s  d i f f i c u l t  bu t the  t h e o r e t ic a l  i n t e r p r e t a t io n  i s  hampered
by the  i n s u f f i c i e n t  knowledge about th e  e l e c t r i c  f i e l d  working on
an in d iv id u a l  molecule. This d i f f i c u l t y  appears tw ice .  F i r s t  in
es tim ating  the f i e l d  t h a t  a c tu a l ly  o r i e n t s  a molecule. Secondly the
p o la r iz in g  f i e ld  o f  a l i g h t  wave i s  not exac tly  known.

As a so lu t io n  to  th e se  problems we have assumed t h a t  the formu­
lae  which apply fo r  th e  gas phase can a l s o  be used fo r  conside­
r a t i o n s  o f  th e  l i q u i d  phase i f  th e  lo c a l  f i e l d s  a re  c a lc u l a t e d
acco rd in g  t o  t h e  L o re n tz  model. Some a u th o r s  (K lages ,  1952,
Steppuhn, 1956; Narayana Rao, 1958) use a model o f  th e  Onsager-
Böttcher type. Because o f  the u n c e r ta in t ie s  o f  some o f  th e  assump­
t io n s  (e. g. shape o f  th e  ca v ity ,  e f f e c t iv e  d i e l e c t r i c  constan t
o f  th e  m olecu lar su b s tan ce )  we d id  not c o n s id e r  i t  w orth -w hile
to  in troduce refinem ents which go beyond the  Lorentz model.
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T h e  o r i e n t a t i o n a l  t h e o r y  f o r  g a s e s

For a gas of not too high density the refractive index of a
light wave is related to the polarizability of the molecules by
the Lorentz-Lorenz equation:

N is the number of molecules per cc., a is the mean polarizabili­
ty.

In the case of electric double refraction this equation has to
be replaced by two equations, one for light vibrating parallel
(6.7), the other for light vibrating perpendicularly (6.8) to the
static electric field.

Up - 1

r»2 + 2P

IfTT
—  Nap
3 p

ns 1 Cm
—  . —  Na

n 2 + 2 3 s

6.7

6.8

a and a are the mean polarizabilities in parallel and perpendi­
cular directions. The problem is now to relate these polarizabi­
lities to the anisotropic polarizabilities of the individual
molecules.

Each molecule is characterized by a dipole moment, a static and
an optical polarizability tensor (visualized as polarizability
ellipsoids). Usually it is assumed that the principal axes of
polarizability are the same for static as well as for optical
polarizabilities. Moreover a relation suggested by Gans (1921) is
used stating that the optical polarizability is equal to the
static polarizability times a factor which depends on the
frequency of the light. The static polarizabilities along the
principal axes are denoted by > a 2 »a 3 * optical polariza­
bilities by a. ,a2,a_j. The components of the dipole moment along
the same axes are /j , /Xj , /x̂  •

The mean polarizabilities a , ag are obtained by averaging the
molecular polarizabilities over all orientations each with its
proper Boltzmann factor. The procedure is somewhat more compli­
cated but essentially similar to that followed in the theory of
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d i e l e c t r i c  p o la r i z a t io n .  I f  th e  expressions for th e  mean p o l a r i ­
z a b i l i t i e s  a r e  s u b s t i t u t e d  in  t h e  e q u a t io n s  6 .7  and 6 .8 ,  th e
d i f fe ren ce  o f  these  equa tions  gives the  Kerr c o n s tan t* ':

7r / n 2 + 2 \  2 o
K = —  ( ----------  I (e  + 2)2N(eL + e2) 6 . 9

with '

1 c
~ 45^7 " a 2 ^ a l  ~ a 2̂  + ^ 2  " “ p f a 2 ” a 3) +

+ (a3 - öi1)(a 3 -  a ^ l  6.10

6 2 = ^ 2  [ft*} * M p fa j  “ a 2>> + ft*! ‘ ^ a 2 ’ +

+ ( f 4  - - a ^ ]  6- n

e i s  the  d i e l e c t r i c  c o n s ta n t .  8 i  i s  c a l l e d  th e  an iso tro p y  term,
6„ i s  the  d ip o le  term.

In p r i n c i p l e  i t  i s  p o s s ib le  to  determine 8  ̂ and &2 s e p a ra te ly
from th e  tem p era tu re  dependence o f  th e  Kerr c o n s ta n t .  As 8 2 i s
o f ten  much la rg e r  than 8 . ,  t h i s  method i s  inaccu ra te .  Therefore a
d i f f e r e n t  procedure i s  accepted. With th e  Gans r e la t io n :

8 j becomes:

Q ,  \ (a  -  a  j 2  + (a  .  a  } 2 + (a .  a  ; 2 ]  6 . 13
1 l>5kT n - 1 L 1 2 2 3 3 1 J

The expression between b rack e ts  can be derived from th e  degree of
d e p o l a r i z a t i o n  o f  R a y le ig h  s c a t t e r i n g .  nm i s  t h e  r e f r a c t i v e
index f o r  i n f i n i t e  wave len g th  which in c lu d es  th e  in f lu e n c e  o f
in f ra re d  absorptions.

Prom th e  knowledge o f  8 i  and 8 2 , which can now be c a lc u la te d
from th e  Kerr co n s tan t  K, one can determine and a 3 sepa­
r a t e l y  i f  t h e  mean p o l a r i z a b i l i t y ,  th e  d ip o le  moment and i t s
o r ie n ta t io n  with re sp ec t  to  th e  p r in c ip a l  axes are a lso  known.

• )  De b y e  a nd  S a c k  ( 1 9 3 4 )  g i v e  t h e  d e r i v a t i o n  w h i c h  w a s  o r i g i n a l l y
f o r m u l a t e d  by  L a n g e v i n  ( 1 9 1 0 )  a n d  B o r n  ( 1 9 1 8 ) .
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I f  the  Gans r e l a t io n  holds  or nea rly  ho lds 8  ̂ i s  always p o s i t i ­
ve. A n eg a tiv e  sign  fo r  K can only be caused by th e  d ip o le  term
Q For example in  ch lo ro fo rm  where th e  d ip o le  l i e s  a long  th e
a x is  o f  the l e a s t  p o l a r i z a b i l i t y ,  th e  Kerr co n s tan t  i s  n eg a tiv e .
As 8 .  and 9 2 have a d i f f e r e n t  te m p e ra tu re  dependence, i t  may
happen t h a t  th e  Kerr c o n s ta n t  changes s ig n  a t  a c e r t a i n  tempe­
ra tu re  (e .g .  e th y la lco h o l) .

M o l e c u l a r  K e r r  c o n s t a n t s  f r o m  m e a ­
s u r e m e n t s  o n  s o l u t i o n s

For d i l u t e  s o lu t io n s  B r ieg leb  (1931) sugges ted  th e  fo l low ing
formula:

/ i 2  = mKl f l  * 6,14

where the  su f f ix e s  i ,  2 and 12 r e f e r  t o  so lven t,  s o lu te  and so lu­
t io n .  f j  and ƒ 2 a re  molar f r a c t io n s .

i s  c a l c u l a t e d  from e x p e r im e n ta l  d a t a  a c c o rd in g  to  th e
m 12

formula:

_ 6 \ n ^ B 12 M19
• 1 2 ' v  * 2)2j (2

6. J5

fo r  th e  same formula a p p l ie s  but with s u f f ix e s  1 in s te a d  o f
JR  1

12.
I f  now J ( j  i s  c a lc u la te d  from eq. 6.14 the r e s u l t s  ob ta ined  by

s e v e r a l  a u th o r s  show t h a t  t h e  v a l u e s  s c a t t e r  such  t h a t  t h e
a p p l i c a b i l i t y  o f  t h i s  method has been questioned  (S tu a r t ,  1952,
p. 430). T h e re fo re  Le F evre  and Le F evre  (1955, p. 281) have
suggested  a somewhat d i f f e r e n t  p rocedure .  F i r s t  th e  q u a n t i t i e s
B, e, d and n which a re  th e  d i r e c t  r e s u l t s  o f  measurements on
d i l u t e  s o lu t io n s  a r e  smoothed as l in e a r ,  o r  when necessary , p a r a ­
b o l ic  functions of ƒ

e 12 = é l (*  * & 2  + 6.16

d12 = dl (1 + r^ 2  +

fCD

n 12 ~ n 1 ^  + ^ 2  + 6.18
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B12 = Bl (*  + *ƒ 2 + 6. 19

In s e r t in g  th ese  exp ress ions  in eq. 6 .15 leads  to:

r j + i  + K - H ^ -  Jge 6.20

where:

e,  + 2ni  +  2

and a r e  th e  m olecular w eights for th e  so lv e n t  and s o lu te .
For a gas i t  follows from eq. 6 .4 , 6 .5 ,  and 6 .9 :

I t  i s  assumed t h a t  fo r  „ ( 2) same formula ho lds  e s p e c i a l l y
i f  the  s o lv e n t  has a low Kerr e f f e c t  and c o n s i s t s  o f  m olecules
which presumably have no s p e c i f i c  i n t e r a c t i o n  w ith  t h e  s o lu t e
(e .g .  CC1 ) .  From th e  form ulae 6 .1 0  and 6.11 f o r  6  ̂ and 6 2 i t
follows th a t  th e  m olecu lar  Kerr co n s tan t  depends on s ix  unknown
q u a n t i t i e s ,  th e  th r e e  p r i n c i p a l  p o l a r i z a b i l i t i e s  and th e  t h r e e
components o f  th e  d ip o le  moment with re s p e c t  to  th e  axes o f  the
p o l a r i z a b i l i t y  e l l i p s o id .  Measurements o f  the  d i e l e c t r i c  constan t
g ive th e  a b so lu te  v a lu e  o f  th e  d ip o le  moment. Very o f te n  i t  i s
p o s s ib le  to  make a re a so n ab le  guess as t o  th e  d i r e c t i o n  o f  th e
d ipo le  moment with r e s p e c t  to  th e  p r in c ip a l  axes o f  p o l a r i z a b i ­
l i t y .  F o r  example t h e  d i p o l e  moment o f  th io p h e n e  w i l l  un ­
doubtedly l i e  along one o f  th e s e  axes. Even in  th e s e  favourab le
c a s e s  t h e r e  rem ain  t h r e e  unknown q u a n t i t i e s  a a 2 and a^ .
Therefore two o th e r  equations a re  req u ired  to  determine th e  th ree
p r in c ip a l  p o l a r i z a b i l i t i e s .  One o f  th e s e  e q u a t io n s  i s  o b ta in ed
by measurement o f  th e  molar r e f r a c t i o n ,  which g iv e s  a v a lu e  o f
the  mean p o l a r i z a b i l i t y :

Measurement o f  R ayle igh  s c a t t e r i n g  y i e l d s  a va lue  o f  6  ̂ which

JR (0t ♦ e2) 6.21

(a. 4 + a 2 + a 3) 6 .2 2
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supplies the third equation (Le Fevre and Purnachandra Rao, 1957;
Vuks and Elminov, 1953). Since it is difficult to measure the
Rayleigh scattering of solutions accurately and since the inter­
pretation is still uncertain, a different method suggested by Le
Fevre and Le Fevre (1955, p. 287) may be very helpful. It consists
in estimating the polarizabilities by adding bond polarizabili­
ties (i.e. addition of polarizability tensors). This method
becomes especially important if the molecules under investigation
exist in several conformations. In those cases a knowledge of 9
although giving additional information, is still insufficient to
determine the occurence of the different steric possibilities.

For the purpose of conformational analysis the procedure
consists in calculating for each of the conformations the mole­
cular Kerr constant K. Both 9, and 9„ are calculated from anIS 1 4
estimate of the dipole moment (magnitude as well as direction)
and an estimate of the polarizability tensor by the just mentioned
additivity rule. If there are not too many conformations and if
their K-values differ notably, it may be possible to decide fromIB
the experimental nK which conformations are the preponderant.
Originally the method of addition of bond polarizabilities was
introduced by Meyer and Otterbein (1931). This method is justi­
fied if the electrons of different bonds do not interact (c.f.
Hirschfelder et al., 1954, p. 942). According to Ingold (1953,
p. 136) and Le Fèvre and Le Fèvre (1955, p. 300) bond polarizabilities
may not always be considered as independent of the rest of the mole­
cule. Electromeric and inductive effects may interfere. Neverthe­
less it has appeared that the additivity rule leads to satisfactory
results, if used in the same class of compounds. We have used
bond polarizabilities which were derived by Le Fevre and Le Fèvre
from known Kerr constants and refraction data assuming that the
C-H bond is isotropically polarizable.

The dipole moment to be used in the formula for the Kerr con­
stant requires some comments. Le Fevre and Le Fevre (1955, p. 285)
suggest that the dipole moment should be determined from soluti­
ons in the same solvent that is used in measurement of the Kerr
constant. For the calculation of the dipole moment we followed
the method of Halverstadt and Kumler (1942).

The formulae are:

6.23
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where:

and

e 1 - 1
M n  I

I  X  AA \
'41 1

3 —,  dle i +  2 T r  + ' J

R r , .. nl 1 M

3e

*fl,o
(et + 2)‘

6.24

6.25

for the pure liquid. In the case of the solid m,m'-dianisyl RD is
determined from the solutions by the formula:

J X D)
n? - 1 M „
— a--- + 6n2 + 2 df (n\ + 2)2

*1
dl

+ 6.26

In the following chapters a description of the apparatus will
be given (chapter 7) and the results of our measurements on
1-chloro-l-methyl-cyclohexane, anisole, m,m'-dianisyl (3,3'-
dimethoxy-biphenyl) and thiophene. At about the same time Le
Fèvre et al. also measured the Kerr constants of anisole and thio­
phene in CC1 as solvent. The agreement between their results and
ours is satisfactory. In addition to CC14 we also used cyclohexane
as a solvent for thiophene and benzene as a solvent for 1-chloro-
l-methyl-cyclohexane, anisole and m,m'-dianisyl.
The benzene solutions showed a marked solvent effect. The Kerr

constants of 1-chloro-l-methyl-cyclohexane measured in CC14 and
in benzene differed considerably. The same phenomenon was obser­
ved with anisole, but not with m,m'-dianisyl. Klages (1952) found
similar effects for several polar compounds. The Kerr constants
at infinite dilution from benzene solutions was much smaller than
those from CC14 or heptane solutions. Since these deviations
could not be explained with Onsager's internal field Klages
concluded to a specific interaction between benzene and the
solutes.
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CHAPTER 7

THE APPARAT US

I n t r o d u c t i o n

E l e c t r i c  b i r e f r in g e n c e  o f  l i q u id s  i s  measured by a Kerr c e l l ,
which c o n s i s t s  e s s e n t i a l l y  o f  a p a r a l l e l  p l a t e  condenser.  I f  a
p o te n t i a l  d i f f e r e n c e  i s  ap p l ied  to  th e  p l a t e s ,  th e  homogeneous
e l e c t r i c  f i e l d  makes th e  medium in  th e  c e l l  double r e f r a c t i n g .
The c e l l ,  then, i s  o p t i c a l l y  equ iva len t to  an u n ia x ia l  c r y s t a l l i n e
p l a t e ,  cu t in  a d i r e c t i o n  p a r a l l e l  t o  i t s  o p t i c  a x i s .  The two
components o f  a beam o f  l i g h t ,  one p o la r i z e d  p a r a l l e l  and th e
o th e r  perpendicular  to  th e  e l e c t r o s t a t i c  f i e ld ,  e n te r in g  th e  c e l l
with the  same phase emerge with a phase d if fe ren c e .  The genera ted
re ta rd a t io n  i s  g en e ra l ly  q u i te  small and i t s  measurement c o n s t i ­
tu te s  a d i f f i c u l t  problem.

For th e  de te rm in a tio n  o f  such small phase d i f f e re n c e s  s e v e ra l
methods a re  known. They a l l  have in  common t h a t  l i g h t  i s  used
which p ro p a g a te s  i n  a d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  s t a t i c
e l e c t r i c  f i e l d  and which i s  plane p o la r iz ed  a t  an azimuth o f  45 .
The beam o f  l i g h t  becomes e l l i p t i c a l l y  p o la r iz e d  during  i t s  pas­
sage  th ro u g h  th e  c e l l .  The m ethods d i f f e r  i n  t h e i r  way th e
e l l i p t i c i t y  i s  measured. In th e  r e l a t i v e  methods a second K err
c e l l  i s  used to  compensate th e  e f f e c t  o f  th e  f i r s t  c e l l .  In th e
abso lu te  methods the  e l l i p t i c i t y  leav ing  th e  Kerr c e l l  i s  d e t e r ­
mined. For t h i s  purpose  a v a r i e t y  o f  methods i s  a v a i l a b l e .  We
w il l  d esc r ib e  in  some d e t a i l  th e  two methods which we have used.
The f i r s t  we c a l l  th e  d i r e c t  method as i t  i s  based on th e  compa­
r ison  o f  th e  i n t e n s i t i e s  o f  the components o f  the l i g h t  p o la r iz ed
p a r a l l e l  to  th e  p r in c ip a l  axes o f  the  e l l i p s .  In the  second, the
Sénarmont method (1840), th e  e l l i p t i c a l l y  p o la r iz e d  l i g h t  i s  con­
ver ted  in to  l i n e a r l y  p o la r iz e d  l i g h t ,  th e  p lane  o f  p o l a r i z a t io n
o f  which i s  r o t a t e d  w ith  r e s p e c t  t o  t h e  o r i g i n a l  az im uth . Al­
though th e  measurements r e p o r te d  were perform ed in  th e  v i s u a l
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part of the spectrum we always used photoelectric methods. This
made it possible to extend these measurements also to the ultra­
violet part of the spectrum.

The direct method has also been used by Ingersoll (1931)
and Benoit (1951). The Senarmont method is very similar to
that described by 0*Konski and Zimm (1950). They used a Foucault
prism as )4 A.-plate whereas we used a Soleil-compensator.

In A we describe the experimental arrangement. B- gives the
discussion on the optical method. C contains some additional
remarks.

A. E x p e r i m e n t a l  a r r a n g e m e n t

The arrangement of the apparatus*) is illustrated in fig. 1.

L

$ \  I N P PM

Figure 1. Optical arrangement
L. Highpressure mercury arc (Philips, HPK 125 W, brightness 600

Stilb).
S. Aluminized mirrors.
M. Mirror double monochromator (Kipp, type van Cittert, opening

F/6).
Le, Quartz-LiF-achromate (focal length 10 cm.).
P. Polarizer \ G1an-Thompson prisms (effective aperture
A. Analyzer ƒ 1 x 1  cm?).
K. Kerr cell.
Sc. Soleil-compensator (Steeg und Reuter), adjustable at 1/1000 A.

at 546 mfi.
D. Diaphragm (diameter 0.6 cm.).
PM. Photomultiplier (RCA ]P21). ..
G. Mirror galvanometer (Kipp, type A5, sensitive to 5 * 10 A.).

The photocurrent was measured without amplification. The analyzer
was fixed in a graduated circle equipped with a vernier, adjus­
table to one minute.

The hollow mirror S 2 imaged the light source on the entrance
slit of the monochromator. With the collimator the exit slit was
focussed on the photomultiplier. All parts at the right of M were
*) Our sincere thanks are due to Messrs. G. Horsman, R.0. de

Jongh, L. Kok and J. vanThuijl for their assistance in the con­
struction of the apparatus.
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fix ed  on an o p t ic a l  bench o f 2 m. len g th . This r a th e r  long bench
was very convenient in  o rd e r to  e lim in a te  p e r tu rb in g  e f f e c t s  o f
r e f l e c t i o n s  in  th e  K err c e l l  and in  th e  com pensator. For t h a t
purpose th e  d is ta n c e  between D, A and PM and th e  o th e r  p a r ts  o f
the  apparatus was made as la rg e  as p o ss ib le . Although t h i s  a r ra n ­
gement does not guaran tee  an optim al l i g h t  f lu x  tow ards th e  pho­
to m u l t ip l i e r ,  th e  d is a d v a n ta g e  o f  a w aste  o f  l i g h t  energy  i s
la rg e ly  co u n ter-balanced  by th e  r e je c t io n  o f u n d e s ire d  r e f l e c ­
tio n s . S ince our m easurem ents a re  made a t  th e  very  in te n s e  g reen
H g-line, th e  remaining l ig h t  energy was always s u f f ic ie n t  fo r  our
purpose. The beam o f l ig h t  was lim ited  in  h o riz o n ta l d ire c t io n  by
th e  en trance o f th e  Kerr c e l l  (0 .4  cm.) and in  v e r t ic a l  d ire c t io n
by D (0.6 cm .).

Our Kerr c e l l  ( f ig .  2) was a v a r ia n t o f  th e  one d esc rib ed  by Le
Ffevre and Le Fevre (1953). The e lec tro d es  (E), forming a p a r a l le l
p la te  condenser can be th o u g h t o f  to  be c o n s tru c te d  from a cy­
l in d r ic a l  b rass rod (len g th  20 cm., diam eter 4 cm.) cu t along i t s
a x is . They were g ild ed  to  avoid corrosion  by chemical substances.
The f l a t  s id e s  a re  kep t a t a minimal d is tan ce  by e ig h t g la ss  tubes
(T) o f  equal len g th  (0 .354 cm .). Small g la ss  rods (R) which f i t
in  ho les o f th e  p la te s  keep th e s e  g la s s  r in g s  in  p o s i t io n .  From
th e  ends the  c y l in d r ic a l  s id e s  were f r a i s e d  over a d is ta n c e  o f
4 cm. to  make th e  back f l a t ,  so t h a t  th e  c o r re c tio n  fo rm ula  o f
Chaumont (1915, 1916) fo r  edge d is tu rb an ces  o f  the  e l e c t r i c  f ie ld

> y i \ \ W  v
\  aszl

ISSN!sass

É

F i g u r e  2.  Ke r r  c e l l
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could be applied. The condenser fits in a double-walled pyrex
tube (inner diameter 4 cm.). Spacers push the electrodes away
from the wall and keep the plates at the minimal distance. The
pyrex tube was thermostated (25.0°C). Quartz windows (W) were
pressed against the ground flat ends of the glass cylinder and
made a liquid-tight connection. These windows (optically ground
fused silica, diameter 45 mm., thickness 2mm.) showed a small
birefringence (20 minutes). In the description of the optical
method we will discuss its influence. Thin platinum wires (P),
connected to the electrodes, conduct the electric potential
difference through long side arms (length 5cm.) via liquid-tight
seals to the outer connections of the cell. The cell could be
dismounted for cleaning purposes.

Before filling the cell the liquid (100 cc) was filtered
through a rough glass gooch in order to eliminate dust particles.
Gas bubbles had to be avoided as they enhance the chance of
electrical break-down. The cell was mounted on sledges and was
adjustable in all directions. A plummet served to direct the
electric field in horizontal direction (estimated error 0.5°).

An earthed E.H.T.-unit (Philips, 25 kV.; Siezen and Kerkhof,
1948) supplied the DC voltage. The high tension side was connected
to earth via five thermostated precision resistances in series,
each 500 M Q  (Resista, Rsg 8500). The current was indicated by
a yuA-meter (Goerz, type 124217, 0-30 yuA, class 0. 5) with a knife-
edge pointer and a mirrored scale. With cable, designed for neon
illumination, the tension was led from the connection between the
first and second resistance on the high voltage side (20 kV) via
a switch to the Kerr cell. All sharp edges in the electrical
circuit were avoided and the relative humidity of the room was
kept low (20-30 %) in order to suppress the spraying of the high
tension. The voltage difference on the Kerr cell was measured hy
reading the yuA-meter and multiplying the current with a constant
resistance which was determined as 1.86 • 109 fi (error 1.5 %).

The 1P21 photomultiplier was fed with stabilized 1000 V DC. No
absolute measurements of the light intensity were made, since only
relative intensities were needed. To avoid the dependency of the
photocurrent on the plane of polarization of the incident light
(Glancy, 1952) a piece of white type-writer paper, which .depola­
rized the light sufficiently, was wrapped around the phototube.
At the green mercury line the waste of light intensity was of no
importance. In order to avoid leakage due to humidity the dynode
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resistances were heated to some degrees above room temperature.
As the photocurrent was usually of the order of 10'8 A, fatigue
effects were negligible. The dark current was about 4 • 10“10 A. In
order to keep the photocurrent constant, the light source as well
as the E.H.T.-unit were fed by stabilized power supplies.

B. T h e  d e t e r m i n a t i o n  o f  t h e  p h a s e  d i f f e r e n c e

I. The direct photoelectric method (D)

In this rather simple method the uncharged Kerr cell is placed
between two crossed polarizers. The photocurrent, which is mini­
mal in this case, rises to a certain value when a tension is ap­
plied to the connections of the Kerr cell. This value is re­
established after the high tension has been switched off, by
rotating the analyzer. The angle of rotation equals half the
induced phase difference in the Kerr cell.

Unfortunately this method is not very suitable for small
retardations, as the sensitivity to adjust the analyzer to a
certain intensity is minimal in the crossed position (cf. H.
Rudolph, 1955). Another disadvantage is the interference of a
small retardation in the quartz windows with the determination of
small phase differences in the Kerr cell.

As an illustration we consider a system of two double refracting
plates, placed between a polarizer and an analyzer (fig. 3).

A

Figure 3.

P and A are the polarizer and the analyzer. OP and OA are the
vibration directions of polarizer and analyzer. OXj, 0X„ are the
fast directions of the plates 1 and 2. §2 are the phase
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d iffe rences introduced by 1 and 2. <p, y^, y 2 a re  the azimuths of
the analyzer and the  p la te s  1 and 2, measured from OP. J 2 i s  the
in te n s i ty  emerging from th e  a n a ly z e r . A ccording to  J e r r a r d
(1938, eq. 4b):

o ■ 5 8»
J 2 = c o s + s in 2 y i cos2f0 - y 2)sia 2 (y 2 - y t ) sin —

+ cos2 7  ̂sin2(<p ~ 7  2.) sin  2(72 - y ^ s in 2 -2

+ s in 2 y , sin2(<£ " 7 2)cos*(y2 - y ^ )s in 2
2

- ' \ , (V- M- sin2yjSin2(<fi - y 2)sia^(y2 - y i )ain^ -----------  7*1

where the in te n s ity  emerging from th e  p o la r iz e r  i s  assumed to  be
1. I f  we have only one p la te : y 2 -  §2 * 0 and

O o 8,
J i  = cos20  + s in 2 7 j  sin2C<^ - y p s i j r  — 7.2

The d i re c t  p h o to e le c tr ic  method c o n s is ts  o f one re ta rd a t io n
p la te  (Kerr c e l l )  a t  azimuth y t  = 45° and c ro ssed  p o la r iz e r s .
Therefore:

J l O ~ 4 5 o * = 9 0 ° r  S in2 7  7*3

With zero s ta t ic  f ie ld  8  ̂ equals zero and for a ce rta in  azimuth of
the  analyzer:

J0 m cos2<£ 7.4

When J i from eq. 7.3 is  equal to  J Q o f 7 .4 , the  d iffe re n c e  o f  <p
from the crossed position  equals h a lf  the phase d ifference  o f the
Kerr c e ll .

To discuss the influence o f a b ire frin g en t window l e t  us assume
th a t  the  f a ls e  r e ta rd a tio n  ( 82) can be described  with an e x tra
p la te  o f the  same azimuth as th e  Kerr c e ll .  We consider S j t o b e
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so small th a t  s in 8 2 ”= 8 2 and cos82 =' 1. In addition  we assume th a t
s inS j =” 8^ and cosS, = 1.
The in te n s ity  with crossed p o la rize rs  is  now:

J 2 = — (S1 + t y *  7.5

A fter the  high ten s io n  on th e  Kerr c e l l  has been sw itched o ff ,
the in ten s ity  reaching the  pho tom ultip lier i s  (see eq. 7 .2 ):

J j  = co s2$  -

Let X = 90° - <f>, then:

J f  ■ s in 2X +

E q u a liz in g  J2 (eq . 7 .5 )  and J .
sinX X and cos2X "= 1:

jf*,* h i2
Assuming as an example, 8 2 = 8 ,:

X = ± - V T 8 f 7.9
2 1

in s te a d  o f X = ± 5 6 8 ^ i f 8 2 = o .  This means th a t  co n s id e rab le
e r ro r s  can be in tro d u c ed  in  th e  d e te rm in a tio n  o f  sm all K err
e ffe c ts , when the quartz windows are b ire frin g en t.

I I .  The Sènarmont method (S)
In the Senarmont method a wave p la te  (with azimuth 0°) is  used

to  convert the  e l l i p t i c a l l y  p o la r iz e d  l ig h t  emerging from the
Kerr c e l l  in  a l in e a r ly  p o la rize d  one. Combined, the  Kerr c e l l
and the S o le il-c o m p en sa to r  a c t  as a r o ta to r  of th e  p lan e  of
p o la r iz a tio n . The angle over which th e  p lane  i s  ro ta te d  equals
h a lf  the phase d ifference  in the  Kerr c e ll .

8 2
—  cos 2 0
4

7.6

8 2
cos2X 7.7

(eq . 7 .7 )  and assum ing th a t

X2 + Ü
4

7.8

77



T h is  i s  i l l u s t r a t e d  by s u b s t i t u t i n g  in  eq . 7 .1 :  J 1 = 45c
7 2 = 0°, § 2 = 90°. Then:

J 2 = cos 2(p -  co s2 0 sin 2-y  + — s in 2 $  j  s i n 2 (-^ -  + 45

s i n 2 ( —  - 4 5 ° '^ 7 .10

J 2 = c o s2 ( < p ---- - 7.11

where X  = 90° -
-S,

E viden tly  fo r X  = J r 0.

X  + 7 .12

Now the in flu en ce  of b ir e f r in g e n t  windows has to  be considered.^
A b ir e f r in g e n t  p l a t e  b e fo re  th e  K err c e l l  w ith  an azimuth o f  0
o r  45° d o esn o t change th e  a n g le  d i f f e r e n c e  o f  th e  minimum o f
l i g h t  in te n s i ty  w ith  and w ith o u t s t a t i c  e l e c t r i c  f i e ld .  N e ith e r
would th e  e x it  window show any change when i t s  azimuth i s  45 .

We w il l  show, however, t h a t  t h i s  doesno t apply  when th e  a z i ­
muth i s  0°. T his s i tu a t io n  i s  eq u iv a le n t to  the  case th a t  th e
wave p la te  has n o t an exact phase d if fe re n c e  o f 90°. Now we have
to  s u b s t i tu te  in  7 .1: 7  ̂ = 45 , 7 2
Then:

P-

8 1
c o s2<£- cos2 0 s i n 2 — + ~  s in 2 $ 2/£ (8 i + P) * 4 5° j

-s in

12

’{ | r s j . Ai-45°} 7,13

cos 2 1 cp - — ) - s in 2 <£sin 8 s i n 2 7.14
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3J2
For es tim ating  the minimum value of J 9, —-  = 0. Or:dp

sin2<£cos8^ = cos2c£sin 8^ cos/3 7.15

giving

tan2<£ = t a n S jC o s / j 7.16

In troducing X = 90° -  p:

tan2X = - t a n  8 ,  cos p 7.17

Suppose now th a t  tan2X = 2X and tan  8^ = 8^
then: 2X = - 8 .  c o s p
In t h i s  case yO may be as l a rg e  as  8° b e fo re  an e r r o r  o f  only  1%
i s  made. This r e s u l t  i n d i c a t e s  t h a t  t h e  in f lu e n c e  o f  th e  b i r e ­
f r in g en ce  o f  the  q u a r tz  windows i s  n e g l i g i b l e  in  th e  sénarmont
method.

S im i la r ly  i t  can be shown t h a t  th e  azim uths o f  th e  K err c e l l
and th e  S o le i l-co m p en sa to r  could be a d ju s te d  s u f f i c i e n t l y  p r e ­
c i s e  to  keep th e  e r r o r  in  t h e  f i n a l  d e te rm in a tio n  o f  th e  r e t a r ­
d a t io n  in  th e  Kerr c e l l  f a r  below 1%. The same a p p l i e s  to  th e
q u a l i t y  of t h e  com pensa to r .  The K err  c e l l  cou ld  be a d j u s t e d
w ithin  0 .5°, th e  compensator even b e t te r .

The method o f  symmetrical angles (H. Rudolph, 1955) was used to
determine the azimuth o f  th e  p lan e  o f  p o l a r i z a t io n  o f  th e  beam
emerging from th e  compensator. We chose a sym m etrical ang le  of
2° t o  3° to  combine th e  s e n s i t i v i t y  o f  th e  o p t i c a l  method w ith
t h a t  o f  the  p h o to e le c t r ic  system.

C. T h e  p e r f o r m a n c e  o f  t h e  a p p a r a t u s

As to  th e  two p o la r i z e d  l igh tbeam s, accord ing  to  K e r r ' s  law:

Here A i s  th e  pathway d i f f e re n c e  expressed in  wave le n g th s .  I i s
th e  leng th  o f  the e f f e c t i v e  l ig h tp a th  ( in  cm.) through th e  Kerr
c e l l ,  E i s  th e  e l e c t r i c  f i e l d  ( in  e . s . u . ) .  B i s  the  Kerr constan t

A = BIE2 7.18
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( in  e . s . u . ) . Both the methods D and S give as a re s u l t  an angle
<p equal to  h a lf  th e  r e ta rd a tio n  in  th e  Kerr c e l l .  Consequently

< p

A = ----  where <b i s  expressed in  degrees.
180

The e ffe c tiv e  lig h tp a th  I through the  Kerr c e ll  has been calcu­
la te d  by a formula due to  Chaumont (1915, 1916), to  include edge
disturbances o f the condensor p la te s :

I
a

I  + -
0  7T

d
1 +  ~  *  log

a
7.19

I i s  th e  len g th  o f th e  p la te s ,  a t h e i r  d is ta n c e  and d t h e i r
th ickness ( a l l  in  cm.). In our case I = 20.02 cm., a = 0.354
cm., d = 0 . 9 7  cm. Consequently I = 20.22 cm. We e s tim a te  th e
e rro r  in  I to  be c e r ta in ly  le s s  then %%. E = — , where V i s  the
p o te n t ia l  d iffe re n c e  between the  p la te s  ( in  e . s . u . ) .  V = ,
where R i s  1862MQ and x i s  the curren t (in  /jA) through R.
Consequently E = * 0.354

and B = —z 0.895 • 1 0 '6 e. s. u ..
x l

For estim ating  the  accuracy of the determ ination of B, we l i s t
the  follow ing r e la t iv e  e rro rs : re s is ta n c e  1.5 %, cu rren t 0.5 %,
length o f the Kerr c e l l  0 .5  %, phase d iffe rence  4- about 1 minute
fo r the  method S and 2 to  3 m inutes fo r  method D. The r e la t iv e
e rro r  in  th e  determ ination  o f  A depends on i t s  abso lu te  value,
but for the values occuring in  our experiments i t  i s  about 1 %.
A ltogether the  r e la t iv e  e rro r  in  B is  about 5 % or in  some un­
favourable cases o f very low B-values perhaps 10 %.

The in te rn a l consistency o f our measurements, however, i s  much
b e tte r  s ince  e rro rs  in th e  high re s is ta n c e  and in  the  l ig h tp a th
o f the Kerr c e l l  remain c o n s ta n t. From the  e v a lu a tio n  o f our
measurements by th e  method of le a s t  squares i t  follows th a t  the
stan d a rd  d e v ia t io n s  o f  B -d e te rm in a tio n s  a re  in  th e  range o f
K -  3 %.

Since the  main sources o f  e rro rs  a re  to  be sought in the  mea­
surements o f the  azimuth o f the analyzer and of the current through
the  res is tan ce , the accuracy o f the measurements can be improved
by using b e tte r  devices for the determ ination o f these q u a n titie s .
For in stance  a Faraday c e ll  has to  be p re fe rre d  to  an analyzer
with mechanical adjustment.
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C H A P T E R  8

M EA SU R E M E N T S AND THEIR EV A LU A TIO N

A. R e l i a b i l i t y  o f  t h e  a p p a r a t u s

In o rder to  check the  rep ro d u c ib ility  o f the measurements with
our Kerr appara tus we determ ined th e  Kerr co n s ta n ts  B fo r  th e
pure so lv en ts  CCL, CgHg and CgH12. With each so lven t a number
of d e te rm in a tio n s  were perform ed, sometimes using  the  d i r e c t
method sometimes the  Senarmont method. The r e s u l ts  a re  given in
ta b le  A. Brackets and a s te r i s k s  in d ic a te  t h a t  th e  sam ples were
taken from the  same batch o f d e s t i l la te .

cci4 C6H6 C6H12

Method D Method S Method D Method S Method S

B. 108 B. 108 B. 108 B. 108

00oCO

/ 0 .7 7 I 0 .8 8 , 4 . 2 5 / 4.21 1 0 .6 3
VO. 84

c-00o

'  4 .2 7 '  4 . 2 2 '  0 .5 9
, 1 . 1 7 1 0 .8 9 / 4 .2 4 4 .1 9 * / 0 .6 1
' 1 . 0 8 '  0 . 8 9 1 4 .2 4 '  0 . 5 7

I 0 .9 2 | 4 . 1 4
'  0 .9 0 ' 4 . 1 3
, 0 .8 6 4 .2 0 *
' 0 . 8 5
/ 0 .8 5
' 0 . 8 5

Mean v a l u e 0. 97 0 .8 7 6  ± 0 .0 0 8 4 .21 ± 0 .0 2 4 .2 1 0 .6 0

T a b l e  A
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Prom inspection of these results it becomes clear that method S
is superior to method D. Probably the main reason for the lower
reproducibility of method D is its higher sensitivity to the
birefringence of the Kerr cell windows. These had to be removed
for cleaning the cell when changing from one batch to an other.
The birefringence of the Kerr cell windows was about 20* ••), whereas
the birefringence of a CC14 filling was about 100'. With benzene
this amounted to 520*. This explains why the reproducibility of
method D is worse with CC1,, than with C„H„. As has been discussed/ 4 o D
in chapter 7 the Senarmont method is largely independent of the
birefringence of the quartz windows. Another advantage of the
Senarmont method is that with small retardations more light is
available than in the direct method.

In order to compare our results with those given in litterature,
some values are collected in table B, all pertaining to the green
mercury line (546 nyx) and to 20°C.

C6H6 cci4

COoCQ B. 108

Briegleb (1931) 4.08 0. 71 4
Dillon (see Briegleb) 4.17 -
Leiser (see Briegleb) 4. 52 0. 884
Stuart and Volkmann (1933) 4. 03 0. 842
Otterbein (1934) - 0. 84
Le Fevre and Le Fevre (1953) ^ 4.71 0. 76

* * \Our results 7 4.24 0. 88

Table B

The standard deviation of our CC14 value is 0.008, that of a
single measurement 0.024. For benzene the standard deviations are
0.02 and 0.05. It is seen that our values lie in the same range
as those given by others.

Since the electric birefringence of CS2 has been measured many

*) The dispersion law of Havelock was applied for wave length s
corrections.••) For the temperature corrections data quoted by Stuart and
Volkmann (1933) were used.
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times and s in c e  i t s  Kerr constan t i s  the  most ac cu ra te  known, we
also measured t h i s  quan ti ty .  With the d i r e c t  p h o to e le c t r ic  method
we found: B = (34 .  35 ± 0 .0 4 )  • 1 0 '8. By means o f  t h e  S o le i l -
compensator (used as  a re a l  compensator) we found: B = (34.64 ±
0.07) • 1 0 '8. In te rn a t io n a l  C r i t i c a l  Tables gives: B = 34.88 * 10 8.
In a l l  c a se s  t h e  wave le n g th  o f  t h e  l i g h t  was 546 m/x and th e
temperature 25°C.

In ad d i t io n  t o  Kerr co n s tan ts  d i e l e c t r i c  co n s tan ts ,  r e f r a c t i v e
ind ices  and d e n s i t i e s  were measured. For th e  d i e l e c t r i c  constan t
measurements th e  commercial ,(WTW Dipolmeter (W isse n sch a f t l ich -
Technische W e rk s ta t te n ,  Weilheim, Germany) was used. D ensi ty
measurements were perfo rm ed  with  pyknometers w ith  a volume o f
6cc. ( f o r  a d e s c r ip t io n  see  S ch o l te  and de Vos, 1953). The r e ­
f r a c t i v e  i n d ic e s  were measured with a re f ra c to ro e te r  o f  th e  Abbe
type*) (Bausch and Lomb p re c is io n  re frac to m ete r ,  type  33.45.03).

The q u a n t i t i e s  B, e nfl, nHg (tig r e f e r s  to  546 m/x), d and th e
s p e c i f i c  volume v * were de term ined  fo r  a s e r i e s  o f  concen­
t r a t i o n s .  The c o n c e n t ra t io n s  a re  given in  molar f r a c t i o n s .  For
each q u a n t i ty  th e  method o f  l e a s t  sq u ares  was used t o  f in d  th e
b es t  p a ra b o la  to  f i t  th e  experim enta l  p o in t s .  A ll  th e  m easure­
ments have been given th e  same weight f a c to r .  The c o n c e n tra t io n s
were considered to  be known exactly .

B. C h e m i c a l s

I .  Solvents
Benzene (Merck, A .R .) and cyclohexane (F luka ,  b e n z e n e - f r e e ,

p u r is s .  F 4° - 5 , 5°C) were re f lu x ed  over Na and f r a c t io n a te d  with
a Widmer column. CC14 (M erck,A.R.) was r e f lu x e d  o v e r  P 20 5 and
a ls o  f r a c t io n a te d .  A f re sh  batch  o f  1.8 1. was p repared  fo r  each
s e r ie s  o f  measurements.

I I .  1-Chloro-l-methyI-cyclohexane
1-Chloro-l-methyl-cyclohexane was prepared**) by H C l-so lvo lysis

o f  the  co rrespond ing  a lco h o l  ( c f .  Brown and F le t c h e r ,  1959). 1
mole o f  th e  a lco h o l  was shaken v ig o ro u s ly  with  5 moles o f  con-

*) The m e a s u re m e n t s  were  p e r f o r m e d  w i t h  a r e f r a c t o m e t e r  t h a t  was
p l a c e d  a t  o u r  d i s p o s a l  by t h e  d e p a r t m e n t  " F y s i s c h e  Chemie I I  •

**) I am p a r t i c u l a r l y  i ndeb t ed  t o  Mr. H.M. van Dort  f o r  t h e  p r e p a r a t i o n
o f  t h i s  compound  and f o r  t h e  h e l p  i n  p e r f o r m i n g  t h e  m e a s u ­
r e m e n t s  d e s c r i b e d  i n  t h i s  t h e s i s .
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c e n tra te d  HC1 a t  a tem p era tu re  o f  0°C. A f te r  s e p a ra tin g  th e  two
la y e rs , th e  upper la y e r  was d isso lv e d  in  e th e r  and t r e a te d  w ith
a d ilu te d  NaHCOg s o lu tio n , th en  washed w ith w ater and d rie d  over
MgS04. Next th e  e th e r  was d i s t i l l e d  o f f  and th e  rem ain ing  com­
pound was d i s t i l l e d  in  vacuo. The l iq u id  was s to re d  a t  -15°C with
a sm all amount o f P„0. as a d esiccan t.

Before th e  measurements were made, th e  compound was r e d is t i l le d .
The b o i l in g  p o in t  appeared  n o t to  have changed d u rin g  s to ra g e .
Although th e  pure l iq u id  l ib e ra te d  HC1 e a s ily  a t  room tem perature,
th e  d i lu te  s o lu t io n s  o f  th e  compound proved to  remain u n a lte re d
during the  measurements. B.p. 3 8 .5°C a t  14 mm.. n j 5 = 1.4577. n | 5 =
1.4557, cf|5 = 0.9668 g iv ing  RD = 37.27 cc ./m o l. *

According to  Mousseron e t  a l .  (1946):
n| 5 = 1.4565, d | 5 = 0.965 g iv ing  RD = 37.39 cc ./m ol.

According to  Van der B ij and Kooyman (1952):
= 1.4579, r f f  = 0.966 5 g iv ing  RD = 37.44 cc ./m ol.

I I I .  Anisole
A niso le (F luka, purum) was shaken w ith  a 10% NaOH-solution to

remove any p o ss ib le  phenol. I t  was d ried  over CaCl2 and d i s t i l l e d
(b .p . 5 1 ° -5 2 ° C a t l5  mm.). The r e f r a c t iv e  index was n ^  = 1.5146,
w hereas th e  v a lu e  g iv en  in  W eissb e rg er (O rg an ic  S o lv e n ts )  i s
n | 5 = 1 .5143 .

IV. m,m -Dianisyl (3 ,3 '-dimethoxy-biphenyl)
m,m -D ian isy l ( a v a ila b le  a t  th e  lab o ra to ry ) was r e c r y s ta l l i z e d

from e th a n o l u n t i l  c o n s ta n t  m e ltin g  p o in t  (4 2 °  -  4 3 .5 ° C )(c f .
Adams and Kornblum, 1941).

V. Thiophene
Thiophene (Fluka, purum) was d ried  over Na and d i s t i l l e d  before

th e  measurements were made, n l 5 = 1.5254 whereas W eissberger (Or­
ganic S o lven ts) g iv es  1.5257.

C. M e a s u r e m e n t s

In th e  fo llow ing  ta b le s  we re p o r t  th e  observed d a ta  o f R, e, d
and n^ fo r  each s e r ie s  o f measurements and n^ fo r  m.m’-d ia n is y l.
Moreover th e  c o n s ta n ts  a re  g iven  o f  th e  b e s t  p a r a b o l ic  cu rv es
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y  =  A + B /2 + C/22, which represent the mentioned quantities as
functions of the concentrations. S ^ ,  S ^  and 5 are the stan­
dard deviations o f A, B, C and o f a single measurement*). All
experiments were performed at 25°C. B and n „ were determined at
a wave length of light of 546 m/j. For control! we determined a ll
quantities o f the pure solvent on two different samples, one at
the beginning of each series, the other at the end.

1-Chloro-l-methyl-cyclohexane in CC1.. Method D.

/ 2 . i o 3 b . i o 8 d . e V

0 1 . 1 7 1 . 5 8 4 4 2 . 2 3 1 0 1 . 4 5 9 6 5 0 . 6 3 1 1 5

0 1 . 0 8 1 . 5 8 4 4 2 . 2 3 1 0 1 .4 5 9 6 5 0 . 6 3 1 1 5
5 . 8 5 0 1 . 3 5 1 . 5 7 9 4 2 . 2 6 3 7 1 .4 5 9 6 8 0 . 6 3 3 1 5
8 .  568 1 . 4 8 1 . 5 7 7 0 2 . 2 7 7 9 1 . 4 5 9 6 8 0 . 6 3 4 1 2

2 1 . 8 8 9 2 .0 1 1 .5 6 5 7 2 . 3 5 3 4 1 . 4 5 9 7 7 0 . 6 3 8 6 9
2 7 .4 1 1 2 .  22 1 .5 6 11 2 . 3 8 5 4 1 .4 5 9 8 2 0 . 6 4 0 5 7
3 7 . 1 5 4 2 . 6 3 1 . 5 5 2 9 2 . 4 4 2 6 1 .4 5 9 8 5 0 . 6 4 3 9 6
5 5 . 9 4 0 3 . 4 9 1 . 5 3 7 8 2 . 5 4 7 9 1 .4 5 9 8 8 0 . 6 5 0 2 8

1 1 5 . 5 3 6 .  35 1 . 4 9 0 7 2 . 8 7 1 7 1 . 4 6 0 0 4 0 . 6 7 0 8 3

A s x. B S B C S C 5

B . 108 1 .1 2 6 0 . 0 1 6 3 8 . 8 8 0 0 .  916 5 4 . 9 6 9 7 . 8 3 3 0 . 0 2 9

d 1 .5 8 4 3 7 0 . 0 0 0 0 5 - 0 . 8 5 9 0 . 0 0 3 0 . 4 2 0 0 . 0 2 7 0 . 0 0 0 1 0
€ 2 . 2 3 0 0 0 . 0 0 0 7 5 . 7 5 7 0 . 0 4 2 - 1 . 7 3 3 0 . 3 6 2 0 . 0 0 1 4

% 1 . 4 5 9 6 5 0 .0 0 0 0 1 0 . 0 0 5 8 0 . 0 0 0 6 - 0 . 0 2 1 0 . 0 0 5 0 . 0 0 0 0 2
V 0 . 6 3 1 1 6 0 . 0 0 0 0 2 0 . 3 4 3 0 .0 0 1 0 . 0 0 4 0 .0 1 1 0 . 0 0 0 0 4

T a b le  C

*) We wi sh  t o  e x p r e s s  o u r  g r a t i t u d e  t o  M i s s ' M . J .  W ig g e r s  de V r i e s
who c a r r i e d  ou t  t h e s e  c a l c u l a t i o n s .
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i-Chloro-1-m ethyl-cyclohexane in CC1.. Method S.

f  2- JO3 B , 10® d e
n« e

V

0 0 .  881 1 . 5 8 4 4 2 . 2 3 0 0 1 .4 5 9 5 5 0 . 6 3 1 1 5
0 0 . 8 7 4 1 . 5 8 4 4 2 . 2 3 3 4 1 .4 5 9 5 5 0 . 6 3 1 1 5
8 . 0 6 6 1 . 1 8 8 1 . 5 7 7 5 2 . 2 7 6 8 1 .4 5 9 5 6 0 .6 3 3 9 1

2 2 . 7 1 4 1 .7 6 4 1 . 5 6 5 0 2 . 3 6 2 9 1 . 4 5 9 6 4 0 . 6 3 8 9 8

3 4 . 5 2 4 2 . 2 8 0 1 . 5 5 5 0 2 . 4 3 3 5 1 . 4 5 9 6 9 0 . 6 4 3 0 9
5 1 . 4 6 6 2 . 9 7 9 1 . 5 4 1 0 2 . 5 3 5 9 1 . 4 5 9 7 8 0 .6 4 8 9 3
6 6 . 9 7 9 3 . 6 8 1 1 . 5 2 8 3 2 . 6 3 4 2 1 . 4 5 9 7 8 0 . 6 5 4 3 2

1 0 1 . 9 3 5 .3 6 3 1 . 4 9 9 7 2 . 8 5 2 7 1 .4 5 9 9 3 0 . 6 6 6 8 0

1 1 5 .3 1 6 . 1 2 3 1 . 4 8 9 9 2 . 9 3 2 8 1 .4 5 9 9 4 0 . 6 7 1 1 9

A B S B C S C 5

B . 10 s 0 . 8 8 3 0 .0 1 3 3 7 .2 4 1 0 . 6 4 7 6 9 . 1 0 5 . 6 1 0 . 0 2 2

d 1 . 5 8 4 4 0 .0 0 0 1 3 - 0 . 8 6 4 0 . 0 0 6 0 . 3 6 1 0 . 0 5 6 0 . 0 0 0 2 2
€ 2 . 2 3 0 6 0 . 0 0 1 4 5 . 8 2 9 0 . 0 6 8 2 . 4 4 6 0 .  588 0 . 0 0 2 3

" * «
V

1 . 4 5 9 5 4 0 . 0 0 0 0 1 2 0 . 0 0 4 6 0 . 0 0 0 6 - 0 . 0 0 9 0 0 . 0 0 5 3 0 . 0 0 0 0 2

0 . 6 3 1 1 4 0 .0 0 0 0 6 0 . 3 4 5 0 . 0 0 3 0 . 0 3 2 0 . 0 2 5 0 . 0 0 0 1 0

T a b l e  D

1-Chloro-l-m ethyl-cyclohexane in CgHg. Method D.

ƒ 2 - > 0 3 zi. io8 d c V

0 4 . 2 5 3 0 . 8 7 3 3 2 . 2 6 4 8 1 . 5 0 1 8 3 1 .1 4 5 1
0 4 . 2 7 4 0 .  8733 2 . 2 6 4 6 1 .5 0 1 8 2 1 .1 4 5 1
3 . 1 3 8 4 . 2 3 0 0 . 8 7 3 7 2 . 2 8 5 8 1 . 5 0 1 5 9 1 . 1 4 4 5
6 . 3 9 9 4 .  275 0 .8 7 4 1 2 . 3 0 3 4 1 .5 0 1 3 0 1 . 1 4 4 0

1 5 .9 3 1 4 . 3 3 3 0 . 8 7 5 3 2 . 3 5 7 3 1 . 5 0 0 6 2 1 . 1 4 2 5
2 3 . 0 4 6 4 . 3 6 7 0 . 8 7 6 3 2 . 4 0 1 8 1 .5 0 0 1 4 1 . 1 4 1 2

2 8 . 7 6 0 4 . 4 4 6 0 .8 7 7 1 2 . 4 3 5 9 1 .4 9 9 7 1 1 .1 4 0 1
4 9 . 6 6 2 4 . 6 2 2 0 . 8 7 9 9 2 . 5 6 1 1 1 .4 9 8 2 1 1 . 1 3 6 5
7 1 . 7 6 1 4 . 9 1 8 0 . 8 8 2 8 2 . 6 9 4 1 1 .4 9 6 7 4 ; 1 . 1 3 2 8

A S4 B S B C S C S

B . 10® 4 . 2 4 9 0 .0 1 1 3 .  913 0 . 9 5 3 7 5 . 1 4 6 1 3 . 5 8 0 . 0 2 0

d 0 . 8 7 3 2 8 0 . 0 0 0 0 2 0 .1 3 1 0 . 0 0 2 0 . 0 2 6 0 . 0 2 9 0 . 0 0 0 0 4

e 2 . 2 6 5 3 0 . 0 0 0 7 5 . 8 7 9 0 .0 6 1 1 . 3 7 7 0 . 8 6 3 0 . 0 0 1 3

" U . 1 . 5 0 1 8 2 0 .0 0 0 0 1 3 - 0 . 0 7 5 5 0 . 0 0 1 2 0 . 0 6 5 0 .  0 f 6 0 . 0 0 0 0 2 4

V 1 . 1 4 5 1 0 0 . 0 0 0 0 4 - 0 . 1 7 2 0 . 0 0 4 - 0 . 0 0 4 0 . 0 5 2 0 . 0 0 0 0 8

T a b l e  E
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1-C hloro-l-m ethyl-cyclohexane in  CgHg. Method S.

ƒ  2* 1 ®3 B . I O 8 d £
"* *

V

0 4 . 208 0 . 8 7 3 1 2 . 2 6 9 2 1 . 50160 1 . 1 4 5 3

0 4 . 2 1 9 0 .8 7 3 1 2 . 2 6 9 2 1 . 5 0 1 5 9 1 . 1 4 5 3

‘7 . 8 1 7 4 . 2 6 2 0 . 8 7 4 2 2 . 3 1 6 5 1 .5 0 1 0 1 1 . 1 4 3 9

1 6 . 9 4 6 4 . 3 2 4 0 . 8 7 5 4 2 . 3 6 8 8 1 . 50028 1 . 1 4 2 3

2 4 . 8 0 3 4 . 4 1 6 0 . 8 7 6 4 2 . 4 1 6 3 1 .4 9 9 7 1 1 . 1 4 1 0

3 8 .7 9 1 4 .  513 0 . 8 7 8 2 2 . 4 9 9 0 1 . 4 9 8 6 6 1 . 1 3 8 7

4 8 . 2 6 3 4 .  588 0 . 8 7 9 5 2 . 5 5 6 4 1 . 4 9 8 1 0 1 . 1 3 7 0

7 1 . 9 1 3 4 . 936 0 . 8 8 2 5 2 . 6 9 8 2 1 . 4 9 6 4 5 1 .1 3 3 1

98 .  221 5 .3 7 1 0 . 8 8 5 8 2 . 8 5 3 1 1 . 4 9 4 6 7 1 . 1 2 8 9

A B S B c SC 3

B .  108 4 . 2 1 9 0 .0 1 1 4 . 901 0 . 6 4 4 6 9 . 27 6 . 6 8 0 . 0 1 9

d 0 . 8 7 3 1 2 0 . 0 0 0 0 2 0 . 1 3 4 0 .0 0 1 - 0 . 0 5 2 0 .0 1 1 0 . 0 0 0 0 3

e 2 .2 6 9 1 0 . 0 0 0 5 5 . 943 0 . 0 3 0 0 . 0 8 8 0 .3 1  5 0 . 0 0 0 9

n H a
1 .5 0 1 5 9 0 . 0 0 0 0 2 4 - 0 . 0 7 6 4 0 . 0 0 1 4 0 . 0 6 3 0 . 0 1 5 0 .0 0 0 0 4 1

V 1 .1 4 5 2 9 0 . 0 0 0 0 2 6 - 0 . 1 7 5 0 . 0 0 1 5 0 . 0 8 3 0 . 0 1  5 0 . 0 0 0 0 4 3

T a b l e  P

A nisole in  CC1 . Method S.

/ j - j o 3 B .  10® d £ V

0 0 . 8 5 6 1 . 5 8 4 4 2 . 2 3 2 6 1 .4 5 9 8 5 0 . 6 3 1 1 5

0 0 .  847 1 . 5 8 4 4 2 . 2 3 2 7 1 . 4 5 9 8 7 0 . 6 3 1 1 5

5 .1 1 1 0 . 9 4 9 1 . 5 8 1 0 2 . 2 4 3 4 1 . 4 6 0 1 8 0 .6 3 2 5 1

9 . 9 4 4 1 . 0 7 5 1 . 5 7 7 7 2 . 2 5 2 9 1 . 4 6 0 5 5 0 .6 3 3 8 3

2 4 . 0 1 7 1 . 3 7 0 1 . 5 6 8 5 2 . 2 8 0 4 1 . 4 6 1 5 7 0 . 6 3 7 5 5

3 4 . 5 4 3 1 . 5 5 5 1 . 5 6 1 4 2 . 3 0 5 3 1 . 4 6 2 3 7 0 . 6 4 0 4 5

4 5 . 5 4 9 1 . 7 6 7 1 .5 5 4 1 2 . 3 2 7 4 1 .4 6 3 1 8 0 . 6 4 3 4 6

5 0 .4 3 1 1 .8 9 3 1 . 5 5 1 0 2 . 3 3 7 6 1 .4 6 3 5 5 0 . 6 4 4 7 5

5 7 .3 6 7 1 . 9 8 9 1 . 5 4 6 3 2 . 3 5 1 1 1 .4 6 4 0 4 0 . 6 4 6 7 1

A B S B
C S C

5

B .  10 ® 0 . 8 5 0 0 . 0 0 9 2 2 . 0 7 7 0 . 944 - 3 6 . 6 5 1 6 . 9 3 0 . 0 1 5

d 1 .5 8 4 3 9 0 . 0 0 0 0 4 - 0 . 6 6 6 0 . 0 0 4 0 . 0 9 3 0 .0 7 1 0 . 0 0 0 0 6

e 2 * 2326 0 . 0 0 0 6 2 . 0 5 3 0 .0 6 1 0 . 4 3 9 1 .0 9 6 0 . 0 0 1 0

n H a 1 .4 5 9 8 4 0 . 0 0 0 0 1 4 0 . 0 7 1 5 0 . 0 0 1 4 0 . 0 3 4 0 . 0 2 6 0 . 0 0 0 0 2 3
n g

V 0 . 6 3 1 1 5 5 0 . 0 0 0 0 1 5 0 . 2 6 5 0 . 0 0 1 0 0 . 1 0 2 0 . 0 2 8 0 . 0 0 0 0 2 5

T a b l e  G
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Anisole in CC14. Method S.

f r  i o 3 B.108 d €
"H g

V

0 0. 847 1.5840 2.2354 1.45949 0.6313,1
0 0.849 1.5840 2.2353 1.45949 0.63131
6.315 0.977 1.5799 2.2476 1.46001 0.63295

14.747 1.117 1.5743 2.2651 1.46059 0.63520
24.521 1.361 1.5677 2.2855 1.46137 0.63788
34.209 1.529 1.5612 2.3077 1.46208 0.64053
42.429 1.689 1.5560 2.3235 1.46260 0.64267
53.318 1.902 1.5487 2.3450 1.46338 0.64570
63.610 2.092 1.5422 2.3675 1.46416 0.64842

A B S B C S C 5

B . 108 0.845 0.009 20.514 0.766 -13.74 12.38 0.014
d 1.58405 0.00006 -0.671 0.005 0.1 95 0.085 0.00010
6 2.2350 0.0005 2. 085 0. 045 -0.083 0.734 0.0009

n u g
1.45950 0.000022 0.0764 0.0019 -0.056 0.031 0.000036

V 0.63129 0.000025 0. 268 0.002 0.031 0.035 0.000041

T a b l e  H

Anisole in C-H6. Method D.

f r  103 b .  l o 8 d e nH g V

0 4. 240 0.8732 2.2696 1.50179 1.1452
0 4.240 0.8732 2.2668 1.50180 1.1452
4.038 4.233 0.8738 2.2741 1.50189 1.1444
7.462 4.290 0.8742 2.2796 1.50200 1. 1439

19.549 4.411 0.8760 2.3115 1.50226 1.1416
28.597 4. 535 0.8773 2.3281 1.50242 1.1399
35. 260 4.529 0.8782 2.3416 1.50252 1.1387
56.008 4.742 0.8811 2.3893 1.50301 1.1349
85.459 5.005 0.8852 2.4517 1.50365 1.1297

A B S B C S C 5

B.108 4.227 0. 014 9. 511 0. 987 -4. 86 11.84 0.025
d 0.87319 0.00002 0.143 0.0013 -0. 035 0.016 0.00003
e 2.2667 0.0013 2.157 0.089 0.14 1.07 0.0023
n H g 1.50181 0.000016 0.0211 0.0011 0.004 0.013 0.000028
V 1.14521 0. 000025 -0.187 0.002 0. 065 0.021 0.000045

T a b l e  I
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m,m'-Dianisyl in CC14. Method S.

f ¥  103 B . 1 0 8 d - €
" » * " D

V

0 0 .  885 1 . 5 8 4 6 2 . 2 3 0 9 1 .4 5 9 6 3 1 .4 57 3 1 0 . 6 3 1 0 7
0 0 .  890 1 . 5 8 4 5 2 . 2 3 0 9 1 .4 5 9 6 7 1 .4 5 7 3 4 0 . 6 3 1 1 1
3 . 1 5 8 1 . 2 6 6 1 . 5 8 1 8 2 .2 4 4 1 1 . 4 6 0 6 9 1 .4 5 8 3 9 0 . 6 3 2 1 9
5 .6 4 6 1 .6 0 8 1 . 5 7 9 4 2 . 2 5 5 4 1 . 4 6 1 4 6 1 .4 5 9 1 3 0 . 6 3 3 1 5
6 . 8 6 8 1 . 7 8 2 1 . 5 7 8 5 2 . 2 6 1 8 1 .4 6 1 8 8 1 .4 5 9 5 0 0 . 6 3 3 5 1
8 . 5 1 3 1 . 9 7 2 1 .5 7 7 1 2 .2 6 8 1 1 . 4 6 2 3 9 1 . 4 6 0 0 2 0 . 6 3 4 0 8
9 .9 7 3 2 . 1 4 3 1 . 5 7 5 9 2 . 2 7 4 4 1 . 4 6 2 8 4 1 .4 6 0 4 8 0 . 6 3 4 5 6

1 3 . 6 5 4 2 . 6 8 9 1 . 5 7 2 5 2 . 2 9 4 3 1 .4 6 4 0 3 1 .4 6 1 6 3 0 . 6 3 5 9 3
1 7 .1 9 8 3 . 1 6 3 1 . 5 6 9 6 2 .3 1 1 1 1 . 4 6 5 1 4 1 .4 6 2 7 0 0 . 6 3 7 1 0

A s /i B
S B C

S C 5

B. 108 0 .  886 0 . 0 1 2 1 2 3 . 5 4 3 . 3 5 5 3 1 . 4 1 9 6 . 6 0 . 0 1 8
d 1 . 5 8 4 5 5 0 . 0 0 0 0 7 - 0 . 8 9 0 0 . 0 1 9 1 . 1 4 1 .1 1 0 . 0 0 0 1 0
€ 2 . 2 3 0 9 0 . 0 0 0 5 4 . 1 6 5 0 . 1 3 3 3 0 . 0 7 7 . 8 0 0 . 0 0 0 7

*««
n D

1 . 4 5 9 6 5 0 . 0 0 0 0 1 3 0 . 3 2 4 0 . 0 0 4 - 0 . 2 8 8 0 . 2 1 6 0 . 0 0 0 0 2 0
1 . 4 5 7 3 3 5 0 . 0 0 0 0 1 7 0 .3 2 1 0 . 0 0 5 - 0 . 5 4 3 0 .  273 0 . 0 0 0 0 2 5

V 0 .6 3 1 0 9 0 .0 0 0 0 3 0 . 3 6 4 0 . 0 0 7 - 0 . 3 3 6 0 . 4 3 6 0 . 0 0 0 0 4

T a b l e  J

m.m'-Dianisyl in  CC14. Method S.

/ 2. i o 3 B . 1 0 8 d €
n D V

0 0 .  917 1 . 5 8 4 2 2 . 2 3 1 2 1 . 4 5 9 5 9 1 .4 5 7 2 8 0 . 6 3 1 2 3
0 0 . 9 0 4 1 . 5 8 4 2 2 . 2 3 1 2 1 . 4 5 9 5 9 1 .4 5 7 2 9 0 . 6 3 1 2 3
2 .2 3 4 1 . 1 4 5 1 . 5 8 2 4 2 . 2 4 1 3 1 .4 6 0 2 7 1 .4 5 7 9 4 0 . 6 3 1 9 5
4 .9 5 8 1 . 4 9 8 1 . 5 8 0 0 2 . 2 5 2 5 1 . 4 6 1 1 8 1 .4 5 8 8 5 0 . 6 3 2 9 1
6 . 3 8 7 1 . 6  56 1 . 5 7 8 9 2.  2591 1 . 4 6 1 6 0 1 .4 5 9 2 2 0 . 6 3 3 3 5
8 .5 1 0 1 .9 3 7 1 . 5 7 6 8 2 . 2 6 9 4 1 .4 6 2 3 1 1 . 4 5 9 9 4 0 . 6 3 4 2 0

1 1 .1 9 4 2 .  258 1 . 5 7 4 5 2 . 2 8 1 5 1 .4 6 3 2 3 1 . 4 6 0 8 5 0 . 6 3 5 1 2
1 3 . 5 1 5 2 .  559 1 . 5 7 2 5 2 . 2 9 4 6 1 . 4 6 3 9 9 1 . 4 6 1 5 7 0 . 6 3 5 9 3
1 5 . 3 6 9 2 .7 7 1 1 . 5 7 1 7 2 . 2 9 8 0 1 . 4 6 4 3 0 1 . 4 6 1 9 0 0 . 6 3 6 2 5

A B
S B C

S C 5

fl. 108 0 . 9 0 3 0 . 0 0 9 1 1 7 .  53 3 . 0 8 3 0 7 . 3 2 0 2 .1 0 .  014
d 1 .5 8 4 3 0 . 0 0 0 1 5 - 0 . 9 0 7 0 . 0 5 2 4 . 3 4 3 . 4 2 0 . 0 0 0 2 4
€ 2 . 2 3 1 0 0 . 0 0 1 0 4 .  525 0 . 3 2 9 - 2 . 0 2 1 . 6 0 . 0 0 1 5

1 .4 5 9 5 6 0 .0 0 0 0 5 0 . 3 3 6 0 .  0T8 - 1 . 3 4 1 . 1 9 0 . 0 0 0 0 8
n D 1 .4 5 7 2 6 0 . 0 0 0 0 5 0 . 3 2 6 0 .  018 - 1 . 1 3 1 . 1 5 0 . 0 0 0 0 8
V 0 . 6 3 1 1 9 0 . 0 0 0 0 6 0 . 3 6 3 0 .0 2 1 - 1 . 6 3 1 . 3 9 0 . 0 0 0 1 0

T a b l e  K
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m .m '-D ianisyl in  C J i-. Method D.

ƒ 2 - JO3 B. 10® d € nD V

0 4 .  137 0 . 8 7 3 0 2 . 2 6 8 7 1 .5 0 1 9 0 1 . 4 9 7 8 9 1 . 1 4 5 5

0 4 .  130 0 . 8 7 3 0 2 . 2 6 9 2 1 . 5 0 1 8 9 1.49)788 1 . 1 4 5 5

1 . 4 6 9 4 . 3 2 7 0 . 8 7 3 8 2 . 2 7 6 0 1 .5 0 2 2 6 1 . 4 9 8 2 3 1 . 1 4 4 4

3 . 7 9 7 4 . 6 3 4 0 . 8 7 5 0 2 . 2 8 9 2 1 .5 0 2 8 2 1 . 4 9 8 8 2 1 . 1 4 2 9

6 . 0 8 2 4 . 8 7 3 0 . 8 7 6 3 2 . 3 0 1 1 1 . 5 0 3 3 7 1 . 4 9 9 3 3 1 . 1 4 1 2

7 .8 4 1 5 . 0 8 2 0 . 8 7 7 2 2 . 3 0 6 8 1 .5 0 3 8 1 1 . 4 9 9 7 8 1 . 1 4 0 0

1 0 . 8 4 5 5 . 4 5 5 0 . 8 7 8 8 2 . 3 1 7 9 1 .5 0 4 5 1 1 .5 0 0 4 6 1 . 1 3 7 9

1 5 .5 2 3 6 . 2 5 2 0 . 8 8 1 2 2 . 3 4 0 7 1 . 5 0 5 5 9 1 . 5 0 1 5 2 1 . 1 3 4 8

2 8 .1 6 4 7 . 8 9 8 0 . 8 8 7 7 2 . 3 9 7 6 1 .5 0 8 5 4 1 .5 0 4 4 2 1 .  1265

A s >t B S B C S C 5

B. 1 0s 4 . 1 2 8 0 . 0 3 3 1 2 4 .8 2 6 . 9 6 343 247 0 . 0 5 7

d 0 . 8 7 3 0 0 0 . 0 0 0 0 1 6 0 .  540 0 .  003 - 0 . 6 5 3 0 .  1 20 0 . 0 0 0 0 2 8

e 2 . 2 6 9 7 0 . 0 0 1 0 4 .7 3 1 0 . 2 1 6 - 7 . 2 5 7 . 6 4 0 . 0 0 1 8

«1.- 1 .5 0 1 9 0 0 0 . 0 0 0 0 0 8 0 .  243 0 . 0 0 1 8 - 0 . 2 7 0 0 . 0 6 4 0 . 0 0 0 0 1 5
ng

nD
V

1 .4 9 7 8 9 0 0 . 0 0 0 0 1 2 0 . 2 4 0 0 . 0 0 2 5 - 0 . 2 9 9 0 . 0 8 9 0 . 0 0 0 0 2 1

1 .1 4 5 5 0 0 .0 0 0 0 3 - 0 . 7 1 1 0 . 0 0 6 1 . 2 8 6 0 . 2 0 2 0 . 0 0 0 0 5

T a b l e  L

Thiophene in CC14. Method D.

f r  103 B. 10® d £ V

0 0 . 7 7 1 . 5 8 4 3 2 . 2 4 3 5 1 .4 5 9 5 9 0 . 6 3 1 1 9

0 0 . 8 4 1 . 5 8 4 4 2 . 2 4 4 0 1 .4 5 9 6 0 0 . 6 3 1 1 5

1 7 .8 7 0 0 . 9 0 1 . 5 7 6 7 2.  2519 1 .4 6 0 6 8 0 . 6 3 4 2 4

3 9 . 9 3 2 1 . 0 8 1 .5 6 6 6 2 . 2 6 1 8 1 .4 6 2 1 6 0 .6 3 8 3 2

6 8 .2 9 4 1 . 2 8 1 . 5 5 4 4 2 . 2 7 4 0 1 .4 6 3 9 6 0 . 6 4 3 3 4

1 3 7 . 1 7 1 . 7 9 1 . 5 2 3 7 2 . 3 0 4 4 1 .4 6 8 2 2 6 . 6 5 6 3 0

1 8 8 . 9 5 2 . 1 3 1 .5 0 0 1 2 . 3 2 8 7 1 .4 7 1 5 5 0 . 6 6 6 6 2

21 9 . 8 0 2 . 3 1 1 . 4 8 5 6 2 . 3 4 1 5 1 .4 7 3 5 9 0 .  67313

2 4 0 . 0 8 2 . 4 8 1 .4 7 6 1 2 . 3 5 2 0 1 .4 7 4 9 6 0 . 6 7 7 4 6

A B SB C S C S

B. 10® 0 . 7 9 3 0 . 0 1 6 7 . 3 2 5 0 . 4 3 0 - 1 . 4 5 1 1 . 8 1 2 0 . 0 2 7

d 1 . 5 8 4 3 0 . 0 0 0 1 - 0 . 4 3 2 0 . 0 0 3 - 0 . 0 7 7 0 . 0 1 2 0 . 0 0 0 2

£ 2 . 2 4 3 9 0 . 0 0 0 3 0 .  437 0 . 0 0 8 0 . 0 4 7 0 . 0 3 3 0 . 0 0 0 5

V

1 .4 5 9 6 1 0 . 0 0 0 0 3 0 . 0 6 2 2 0 . 0 0 0 8 0 . 0 0 6 0 .  004 0 . 0 0 0 0 5

0 . 6 3 1 2 0 . 0 0 0 0 5 0 .1 7 1 0 . 0 0 1 3 0 . 0 8 9 0 . 0 0 5 0 . 0 0 0 0 8

T a b l e  M
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Method S.Thiophene in CgH12.

ƒ  2.  >0 3 B . 10 ® d e V

0 0 . 6 2 6 0 . 7 7 4 3 2 . 0 2 0 3 1 .4 2 5 7 1 1 . 2 9 1 5

0 0 . 589 0 . 7 7 4 3 2 . 0 2 0 5 1 . 4 2 5 7 0 1 . 2 9 1 5

2 6 . 8 9 0 .7 7 1 0 . 7 7 9 2 2 . 0 3 1 0 1 . 4 2 7 3 2 1 . 2 8 3 4

5 3 . 7 7 0 . 9 2 8 0 . 7 8 4 3 2 . 0 4 1 8 1 . 4 2 8 9 5 1 . 2 7 5 0

7 2 . 8 9 1 .0 1 4 0 . 7 8 8 0 2 . 0 5 1 4 1 . 4 3 0 2 2 1 . 2 6 9 0

1 0 1 .9 9 1 .1 8 4 0 . 7 9 4 0 2 . 0 6 6 6 1 . 4 3 2 1 2 1 . 2 5 9 4

1 3 7 .4 5 1 . 4 3 9 0 . 8 0 1 2 2 . 0 8 4 3 1 . 4 3 4 5 8 1 . 2 4 8 1
1 6 3 .  35 1 . 6 2 8 0 . 8 0 6 5 2 . 0 9 5 9 1 . 4 3 6 4 2 1 . 2 3 9 9

2 2 4 . 7 0 2 .0 1 1 0 . 8 2 0 2 2 . 1 2 6 8 1 . 4 4 1 0 8 1 .2 1  92

A s >t b S B
C S C 5

B.  108 0 . 6 0 9 0 . 0 1 3 5 . 5 4 4 0 . 3 0 6 3 .2 9 1 1 . 3 9 8 0 . 0 2 1

d 0 . 7 7 4 3 0 . 0 0 0 0 6 0 . 1 8 2 0 .0 0 1 0 . 1 0 1 0 . 0 0 6 0 . 0 0 0 0 9

e 2 . 0 1 9 8 0 . 0 0 0 7 0 . 4 2 9 0 . 0 1 6 0 . 2 2 0 0 . 0 7 4 0 . 0 0 1 1

1 .4 25 7 1 0 . 0 0 0 0 1 0 . 0 5 8 4 0 . 0 0 0 3 0 . 0 4 5 0 . 0 0 1 2 0 . 0 0 0 0 2

V 1 . 2 9 1 6 0 .0 0 0 1 - 0 . 3 0 5 0 . 0 0 2 - 0 . 0 7 4 0 . 0 1 0 0 . 0 0 0 2

T a b l e  N

Thiophene in Method S.
O 1 Z

f y  10* B. 10® d e
" *«

V

0 0 . 6 0 8 0 . 7 7 6 4 2 . 0 2 0 9 1 .4 2 5 5 1 1 . 2 8 8 0
0 0 . 5 7 2 0 . 7 7 6 4 2 . 0 2 0 0 1 .4 2 5 5 3 1 . 2 8 8 0

3 0 . 7 7 0 .8 0 1 0 .7 8 2 1 2 . 0 3 3 0 1 . 4 2 7 4 0 1 . 2 7 8 6
5 5 .3 9 0 . 9 4 6 0 . 7 8 6 8 2 .0 4 3 1 1 . 4 2 9 0 2 1 . 2 7 1 0
7 9 .7 3 1 . 0 4 8 0 . 7 9 1 7 2 . 0 5 2 9 1 . 4 3 0 6 0 1 .2 6 3 1

1 2 1 .0 4 1 .3 0 0 0 . 7 9 9 9 2 . 0 7 4 3 1 . 4 3 3 2 7 1 . 2 5 0 2
1 4 6 .6 2 1 . 5 0 5 0 . 8 0 5 2 2 . 0 8 8 2 1 . 4 3 5 1 0 1 . 2 4 1 9
1 8 0 .2 0 1 .7 1 2 0 . 8 1 2 6 2 . 1 0 3 6 1 . 4 3 7 5 9 1 . 2 3 0 6
2 1 2 . 4 9 1 . 9 4 3 0 . 8197 2 .1 1 9 1 1 . 4 4 0 0 4 1 . 2 2 0 0

A s >i b s b C S C 5

B .  10 ® 0 . 6 1 0 0 . 0 1 5 5 . 5 7 4 0 . 3 8 5 3 . 3 9 0 1 . 8 4 4 0 . 0 2 4
d 0 . 7 7 6 4 0 .0 0 0 0 5 0 . 1 8 2 0 .0 0 1 0 .1 0 1 0 . 0 0 6 0 . 0 0 0 0 7
€ 2 .0201 0 . 0 0 0 8 0 .4 1 1 0 . 0 1 9 0 . 2 7 9 0 . 0 9 2 0 . 0 0 1 2

n B g 1 . 4 2 5 5 4 0 .0 0 0 0 3 0 . 0 5 9 6 0 . 0 0 0 8 0 . 0 4 0 0 .  004 0 . 0 0 0 0 5
V 1 . 2 8 8 0 0 . 0 0 0 0 8 - 0 . 3 0 4 0 . 0 0 2 - 0 . 0 7 7 0 . 009 0 . 0 0 0 1 2

T a b l e  0
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C H A PT E R  9

DISCUSSION OF R E SU L T S

A. 1 - C h l o r o -  1 - m e t h y l - c y c l o h e x a n e

S o l v e n t C a l c ,  f rom
t a b l e

• w  • i o12 /i(D)

CC14 C 5 6 . 9  ±  1 . 4 2 . 1 6  ± 0 .01
CC14 D

o-H00m 2 . 1 8  ± 0 .0 1
n E - 1 . 3  ± 1 .3 2 . 1 0  ± 0 .01

6 6
C„ F - 0 . 1  ± 0 . 9 2 .1 1  ± 0 .01

6 6

T a b l e  P

The /Lvalues with CC1. as solvent agree s a t i s fa c to r i ly .  The same
At 4  '

i s  t r u e  i f  benzene i s  used as a s o lv e n t .  I t  i s  s u r p r i s in g ,
however, th a t the Kerr constants in  the two solvents are  e n tire ly
d iffe ren t.

Conformational analysis
When we assume th a t 1-chloro-l-m ethyl-cyclohexane i s  completely

in  the chair form, the question remains whether the  chloro atom is
more favoured in  the  e q u a to r ia l than in  the  a x ia l p o s it io n . In
o rd er to  c o n tr ib u te  to  th e  s o lu t io n  o f t h i s  problem  we w il l
estim ate  th e  Kerr c o n s ta n ts  o f th e  two p o ss ib le  c h a ir  co n fo r­
mations. The estim ates are  based on the em pirical ru le  th a t  the
p o la r iz a b ili ty  tensor of the molecule can be obtained as a sum of
the  p o l a r i z a b i l i ty  te n s o rs  o f th e  bonds. Moreover i t  w il l  be
assumed th a t  the  Kerr c o n s ta n ts  a re  determ ined by th e  d ip o le
o rie n ta tio n  term only, the an iso trop ic  p o la r iz a b i l i ty  term being
g en e ra lly  sm all fo r  compounds w ith a r e l a t i v e ly  la rg e  d ip o le

92



moment. The d ip o le  moment o f  1 -c h lo ro - l -m e th y l -c y c lo h e x a n e  i s
assumed to  l i e  along the  d i r e c t io n  o f  th e  C-Cl bond. Taking th e
1-axis  p a r a l l e l  to  the  d ipo le  moment the  formulae to  be used are:

0 0 '  m 2 9.1

where

/j.
0 2 = ^ 2 j 2  ( 2bl l  " b 22 '  b33) 9.2

In th e  c a l c u l a t i o n s  we have used  th e  bond p o l a r i z a b i l i t i e s
g iven by Le Fevre and Le Fevre  (1956). In t h e i r  system  i t  i s
assumed t h a t  th e  C-H bond i s  i s o t r o p i c a l l y  p o l a r i z a b l e  whereas
the  p o l a r i z a b i l i t i e s  o f  th e  o th e r  bonds have r o t a t i o n a l  symmetry
around the l in k .  From t h e i r  d a ta  we quote:

1 0 2 3 bc - c i  m 0 382 cc<; 1023bc -c r  .  0 185 cc>

j 023bC-C ,  0>0986 CCm. 1023bC-C a o . 0274 cc.
1 0 2 3 b C-H m 0>0635 cc<

I r e f e r s  to  lo n g i tu d in a l ,  t to  t r a n s v e r s a l .

As f a r  a s  we c o u l d  d e t e r m i n e ,  t h e  6 v a l u e s  h a v e  b e e n  d e r i v e d
f r om K e r r  c o n s t a n t s  a n d  d e p o l a r i z a t i o n  f a c t o r s  a t  t h e  Na D - l i n e
and r e f r a c t i o n  d a t a  a t  i n f i n i t e  wave l e n g t h .  T h i s  s h o u l d  be  k e p t
i n  mi nd when c o m p a r i n g  v a l u e s  c a l c u l a t e d  w i t h  t h e s e  c o n s t a n t s ,
w i t h  e x p e r i m e n t a l  d a t a .

The coord ina te  axes a re  chosen such t h a t  th e  1 -a x is  i s  in  th e
C-Cl d i r e c t io n  and the  2 -ax is  in  th e  H3C-C-C1 plane.

<X>(J^2) f o r  e q u a t o r i a l  C l

c h 3 2

F i g u r e  4
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b 4< = bcr c l  + 2bC' C + 56<rc s i n 2 19°28 ' + 5ö^‘ C c o s 2 19°28 ' + 136?3*
II  I L L  1 1

b = bC-CI+ 26c *c + 4ö? ' C c o s 2 19°28' c o s 2 60° + 6<fc c o s 2 19°28'+
22 t t i

+ 4 6 j" C s i n 2 19 °2 8 ' co s2 6 0 ° + 4 6 ^ " °  s i n 2 60° +

+ bCf ‘ C s i n 2 19°28' + 136(( ' H

b 33 = bCt ~Cl + 2bCt ' C + 46^"C c o s 2 19°28' s i n 2 60° +

+ 4 6 j ' C s i n 2 19°28 ' s i n 2 6 0 ° + 46^*C co s2 6 0 °+  6^‘ C + 136^*fl

10236 . .  = 1.581 cc.11
1023622 = 1.329 cc.

10236 j5  = 1.392 cc.

For f i  = 2 .14  D and T = 298°: « / / 2) = U 3  • 10‘ 12

_Y K0) f o r  a x i a l  C la}y n z

1

F i g u r e  5

bl l = bCt ~Cl + 7b^‘ C s i n 2 19°28 ' + 7 6 ^ 'C co s2 19°28 ' + 13bCt ' h

b 22 = bCt - Cl + 36^*C c o s2 19°28 ' + 4 6 ^ 'c  c o s 2 19°28* c o s2 6n ° +

+ 4 6 ^ 'C s i n 2 19°28' c o s2 60° + 46^"C s i n 2 60° +

+ 36^*C s i n 2 19°28 ' + 136 j ' A

6 , ,  = bc ~Cl + 36^‘ C + i b Cj~C c o s2 19°28 ' s i n 2 60° +3 3 t * L

+ 4 6 j" C s i n 2 19°28' s i n 2 60° + 46<jTC c o s2 6 0 ° +  l S b ^ '11

1023b11 = 1.455 cc.

1023622 = 1.456 cc.

1°23653 = 1.392 cc.
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Por jj. = 2.14 D and 7 = 298°: J K 7) = 15.9 • 10 - 1 2

A v e r a g e  p o l a r i z a b i l i t y

Por  t h i s  substance we found th a t  -41— —— — = 1.434 • 10‘ 23cc.
3

We determined th e  r e f r a c t i o n  a t  546 m/J. and 589 m/x. The va lue  a t
i n f i n i t e  wave l e n g t h  was c a l c u l a t e d  w i th  th e  e x t r a p o l a t i o n
formula (c f .  Böttcher, 1952, p. 256):

[ft] i W  2

We found: [ƒ?]* = 36.43 c c . , w hichgives -41— — 22 « 1.445 • 10" 23
c c . , which d i f f e r s  l e s s  than 1% from th e  p re d ic ted  value .

C o n c l u s i o n

The c a lc u l a t e d  v a lu es  o f  th e  Kerr c o n s ta n ts  fo r  th e  two con­
fo rm a tio n s  p e r ta in  t o  t h e  Na D - l in e ,  w hereas  ou r  e x p e r im e n ta l
value  in  CC1„, _V K„) = 56 • 1 0 '12, was determ ined  fo r  t h e  greenv  w . m
mercury l i n e .  S ince  K err c o n s ta n t s  f o r  th e s e  two wave le n g th s
d i f f e r  not more than 2% and s ince we have a lready  in troduced  the
inaccuracy of n e g le c t in g  0 . , we have d is reg a rd ed  th e  d i s p e r s io n
o f  th e  Kerr co n s tan t  when comparing experim ental and c a lc u la te d
values.

The experim enta l  v a lu e  can be ex p la in ed  by assuming t h a t  th e
compound i s  a m ix ture  c o n s is t in g  o f  60% o f  th e  conformation with
the  Cl-atom a x ia l ly  and 40% of th e  conformation with th e 'C l-a to m
eq u a to r ia l ly .

I f  i t  i s  assumed t h a t  s t e r i c  f a c to r s  mainly determ ine th e  s t a ­
b i l i t y  o f  a conform ation t h i s  r e s u l t  i s  no t unexpected  s in c e  a
Cl-atom and a methyl group have about equal s iz e .

I t  w i l l  be c l e a r  t h a t  a lo n g  t h e s e  l i n e s  no e x p l a n a t io n  i s
p o s s ib le  for  th e  low Kerr c o n s ta n t  o b ta in e d  from benzene s o lu ­
t io n s .  In t h i s  case one might th ink o f  an explanation  in  terms of
s p e c if ic  i n te ra c t io n s  e .g .  o f  th e  c h a rg e - tran s fe r  type.
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B. A n i s o l e

Solvent Calc, from
table ® W  *• 1()12

CC14 G 3 3 . 7  ± 1 . 4 1 . 2 5  ±  0 .  02
CC14 H 3 1 . 3  t 1 . 2 1 . 2 5  i 0 . 0 2
c 6 h6 i 1 3 . 8  ±  1 . 3 1 . 2 3  ± 0 . 0 3

Table Q
Other values o f  th e  d ip o le  moment are:
1.3 D in  CgHg (Le Fèvre and Le Fèvre, 1950)
1.25 D in CC14 (Klages and Köppling, 1953)
1.28 D in  CgHg (Everard and Sutton, 1949)
1.27 D in CC14 (Aroney e t  a l . ,  1960)
The value o f th e  K err co n stan t determ ined by Aroney e t  a l .  (1960)
in CC1. s o lu t io n s ,  a t  25°C and w ith  th e  Na D -lin e  was K n) =4 „ ’ 00' m 2'
28.8 • 10 . With a n is o le  aga in  we found a much lower va lu e  o f
th e  Kerr constan t when determ ined from benzene s o lu tio n s .

Conformational a n a lys is
Aroney e t  a l .  (1960) have analyzed  t h e i r  d a ta  by c a lc u la t in g

th e  Kerr c o n s ta n ts  fo r  a number o f  con form ations, d i f f e r in g  in
th e  p o s i t io n  o f th e  methoxy group w ith  re s p e c t  to  th e  p lan e  o f
th e  benzene rin g . They fin d  agreement w ith th e  experim ental value
i f  i t  i s  assumed th a t  th e  methoxy group i s  ro ta te d  over an angle
o f  18° out o f th e  p lane o f  th e  benzene r in g . We have made a sim i­
l a r  a n a ly s is  by c a lc u la t in g  th e  Kerr co n stan t fo r  a m olecule w ith
fre e ly  ro ta t in g  methoxy group and fo r  a f l a t  m olecule, n eg lec tin g
a s l i g h t  e x a l t a t i o n  o f  th e  a v e rag e  p o l a r i z a b i l i t y  w hich was
accounted fo r  by Le Fèvre and Le Fèvre.

For both cases we use th e  expressions:

6 1 “  4 5 k T y:  y  = ( b " ' b22)2  +  ( b 22 'b33>2 +  <b3 3 ' bl l >* +  6b122+

+  6bt32 +  6b232 9.4

1
6 2 “ 45fe2j2 z; z = ^ l 2( 2bi r b 2 2 'b33^ + ^2 ^ b 22~b l l ' b33^ *

* ^ 3 2( ^ b3 3 ~ b n ' b 22) * 6b^2fj.j/J-2 +  6b13fi1f i 3 +

^ 6b 2jjU>in̂ in 5
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which can be found in  th e  paper o f  Buckingham and Pople (1955).
They are  e sp e c ia lly  u se fu l when th e  p o la r i z a b i l i ty  te n so r  i s  n o t
d iagonalized . In 6.  th e  d if fe re n c e  between s t a t i c  and e le c t ro n ic
p o la r iz a b i l i ty  i s  neg lec ted .

The C-O-C angle i s  taken  equal to  th e  te t r a h e d ra l  ang le  109°28 .
The an g le  between th e  C-O-C p la n e  and th e  p la n e  o f  th e  phenyl
nucleus i s  c a lle d  0 . According to  Klages (1954) yu.̂  = -0 .5 3  D and
/j.„ = -1 .1 3  D. Aroney e t  a l .  (1960) and Le Fèvre e t  a l .  (1963)
give the  follow ing group and bond p o la r i z a b i l i t i e s :

1023fc^ = 10236^h = 1.12 c c .;  10236 ^  -  0.735 cc.

10236 ? '°  = 0.089 c c . ; 10236^*° = 10236^‘°  = 0.046 cc.

1023feC-fl = Q '064 cc.

With th ese  values we ob ta in :

y  = (0.2965 c o s V  - 0.2671 co s20  + 0.2223 s in 22 0  +

+ 0.1482 c o s22 0  +0.0293 cos20  + 0.1608) • 10‘ 46

z = (4.290 cos20  + 2.815 s in 20  - 3.687) -10*59

When av e ra g ing over  a l l  v a lu e s o f  <p, making use o f  c o s 20  = Yi,
cos40  = 3/8, cos2 0 = 0 ,  co s22 0  = Yt, s in 22 0  = Yt,
we find :

y  = 0.3236 • 10‘ 46
z = -0.1340 • 10"59

f  K J  = 2.2699 • 1035 y+  0.552 • 1049 2 v -0 .052 • 10‘ 12
BI /

For a f l a t  model, 0  = 0, we find :

2

\  3
C H 3

F i g u r e  6

W  = 41.64
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N either th e  one nor th e  o ther model agrees with experim ent. The
measured va lue  o f K (32 .5  • 10"12) can be o b ta in e d  assuming

JR
th a t  <p = 19°.

Aroney e t a l. mention th a t  th is  model i s  in  agreement with the
supposed s t e r i c  h in d ran ce  between th e  methyl group and o rtho
hydrogen atoms.

I t  i s  of some in te r e s t  to  compare our r e s u l ts  with those which
Klages (1954) derived from re lax a tio n  measurements. Klages t r i e d
to  explain the  re la x a tio n  behaviour by assuming th a t  a f ra c tio n
of the  molecules has fre e ly  ro ta tin g  methoxy groups, whereas the
o th er m olecules have a f ix ed  methoxy group. In ad d itio n  Klages
th inks i t  probable th a t  the  group is  jammed in  the  p lane o f the
phenyl group with an ortho hydrogen atom in between two hydrogen
atoms o f th e  methyl group. Klages* conclusion i s  th a t  15% o f the
molecules have a jammed and 85% a free ly  ro ta tin g  methoxy group.
Our r e s u l ts  po in t in  the opposite  d ire c tio n  since  we would find
80% in the f la t  conformation and 20% free ly  ro ta tin g .

C. m , m ' - D i a n i s y l

S o l v e n t C a l c ,  f r o m
t a b l e

» W  • 1012 M(D)

CC1- J 1 8 7 . 5  ± 5 . 1 1 . 6 4  ± 0 . 0 3

CC1. K 1 7 8 . 1  ± 4 . 6 1 . 7 2  ± 0 . 0 8

C6 H6 L 1 7 1 . 8  ± 9 . 3 1 . 7 0  ± 0 . 0 5

T a b l e  R

The averaged value fo r  the  d ip o le  moment i s  1.69 D. Klages and
Köppling (1953) found 1.74 D from CC14 s o lu tio n s . The averaged

fo r  CC14 s o lu tio n s  i s  = T^e d e te r ­
mination in  benzene so lu tio n s  dev ia tes le s s  from th is  value than
in  the  case o f a n iso le . Former determ inations o f  th e  Kerr con­
s ta n t o f m .m '-dianisyl are  not known.

Conformational analysis
We have ca lcu la ted  the Kerr constants for nine conformations of

m .m '-dianisyl, see f ig . 7. In the conformations a -f  the planes of
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the phenyl groups are parallel, in the conformations g-i they are
perpendicular to each other. In conformation e the 2-axis is laid
along the phenyl-0 bond, in all other conformations the 1-axis is
oriented along the C-C bond. In all cases the 1-2 plane is the
plane of the paper. In order to simplify the calculations we have
assumed that the dipole moment of the methoxy group lies in the
plane of the phenyl ring to which it is attached and is oriented
perpendicularly to the phenyl-0 bond. With a more realistic model
reflecting more precisely the results obtained with the anisole
molecule the calculated values of dipole moments and Kerr con­
stants could be somewhat different. We do not expect, however,
that the changes will be important. The results are given in
Table S. 2ttN 2vriV.
J mK2)D = 02 is the dipole term, J m*9)A - - y ~  is
the anisotropy term, a/»K?) = a>(Ĵ 2̂ A + ot/,^2)d‘

H,C.

H-.C

H,C

HoC

°V H 3Cx ?

Figure 7. Conformations of m,m*-dianisy1
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C o n fo rm a tio n a b c d e f g h 1

i o 2 3 b n 2 .7 0 8 2 .7 3 2 2 .7 5 6 2 .7 0 8 2 .7 0 9 2 .7 5 6 2 .7 0 8 2 .7 3 2 2 .7 5 6
1 0 ^ 6 , , 2 .6 9 4 2 .6 7 0 2 .6 4 7 2 .6 9 4 2 .6 9 3 2 .6 4 7 2 .2 5 2 2 .2 5 2 2 .2 2 81022N 1 .8 0 9 1 .8 0 9 1 .8 0 9 1 .8 0 9 1 .8 0 9 1 .8 0 9 2 .2 5 2 2 .2 2 8 2 . 228’I 6*2 0 • 0 .0 1 4 0 0 .0 0 5 - 0 .0 3 1 - 0 .0 2 3 0 .0 0 3 0 .0 0 3 - 0 .0 1 1

0 0 0 0 0 0 - 0 .0 0 3 0 .0 1 1 0 .0 1 1

10 b 23 0 0 0 0 0 0 0 0 0
0 2 .1 5 0 0 2 .4 8 0 0 2 .1 5 0
1 .2 4 0 - 1 .2 4 0 0 0 0 .6 2 0 .6 2 - 0 .6 2

>*3 0 0 0 0 0 0 - 0 .6 2 - 0 .6 2 0 .6 2

^ R e s u l t a n t 1 .2 4 2 .1 5 1 .2 4 0 2 .4 8 0 0 .8 7 2 .3 2 0. 87
• W j  • ‘ 0 * 74 251 62 0 310 0 -1 9 243 -2 2

.(fih • 10 36 36 36 36 36 36 9 11 13

• > ° 12 110 287 98 36 346 36 - 1 0 254 - 9

T ab le  S

For th e  c a lc u la t io n s  th e  same form ulae and th e  same c o n s ta n ts  as
b e fo re  were used . We assumed th a t  th e  bond c o n n e c tin g  th e  two
phenyl g ro in s  can be considered  as an a l ip h a t i c  s in g le  C-C bond.

I t  i s  seen th a t  none o f  th e  conform ations le a d s  to  th e  measured
d ip o le  moment o r  K err c o n s ta n t.  T his could  h a rd ly  be expected .
Taking th e  average over a l l  9 s t r u c tu r e s  g iv in g  b ,e ,  g and i  the
weight 2 and h th e  weight 4, we fin d :

- W  = 158 • 10‘ 12 R e s u l t a n t  = J *53 D

N eglecting th e  tw is ted  s tru c tu re s  we fin d  fo r  th e  o th e r  ones:

• W  "  193 * 10 ' 12 R e s u l t a n t  ’  D

We have a lso  c a lc u la te d  th e  in te ra c t io n  energy (W' ) between two
methoxy d ip o le s  fo r  a l l  9 s t ru c tu re s  ( ta b le  T). S ince R T  a t  25°C
equals 592 c a l/m o l.,  th e  d ip o le -d ip o le  in te r a c t io n  energy i s  no t
s u f f ic ie n t  to  g ive p re fe ren ce  to  some o f th e  conform ations.

Conformation a b c d e f g h i

^ (c a l /m o l . ) + 104 - 104 + 104 - 16 + 16 - 16 + 19 • 19 + 19

T ab le  T
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C o n c l u s i o n

Although i t  ap p ears  to  be im possib le  to  reach  a d e f in i t e  con­
c lu s io n  from th e  measurements o f  d ip o le  moment and K err co n s tan t
as to  the  shape o f m .m '-d ian isy l one g e ts  th e  im pression th a t  a l l
conform ations a re  p re se n t in  comparable q u a n t i t ie s .

D. T h i o p h e n e

Thiophene has been measured in  CC14 as  w ell as  in  cyclohexane.

Solvent Calc, from
tab le

< *> W  * i o 12 M(D)

c c i4 M 11.8 ± 0.7 0.54 ± 0.01
cyclohexane N 11.4 ± 0.6 0.51 ± 0.02
cyclohexane 0 11.4 ± 0.8 0.49 ± 0.02

Table U

Averaging lead s  to  /x = 0. 51 D and a f j t g )  = 12
Le F ev re  e t  a l .  (1 9 5 9 ) fo u n d  a ( u ^ 2 )  * 1 1 .1 9  * 1 0 ’ 12 f o r

th io p h en e  d is s o lv e d  in  CC14 a t  25°C. For th e y  found 0 .5 4  D
whereas H a rris  e t  a l .  (1953) re p o r t 0 .52  ± 0 .05 D. The sem i-axes
o f the p o la r i z a b i l i ty  e l l ip s o id  have been c a lc u la te d  by Le Fevre
e t a l .  (1959). From our measurements i t  fo llow s th a t  both so lv en ts
used give id e n t ic a l  r e s u l t s .

E. G e n e r a l  c o n c l u s i o n

The Kerr e f fe c t  may be an im portant to o l in  so lv in g  problems in
conform ational a n a ly s is .  This i s  s u b s ta n t ia te d  by th e  e x ten s iv e
in v e s t ig a t io n s  o f  Le F ev re  and Le F ev re  and t h e i r  g roup , by
Klages and coworkers and by th e  e a r l i e r  p ioneering  work o f  S tu a rt
and coworkers. There a re  a lso  o th e r  c o n tr ib u tio n s  in  t h i s  f i e l d
but they have a l e s s  sy s tem a tic  c h a ra c te r .  I t  i s  a d isad v an tag e
o f the method th a t  th e  measurements as w ell as th e  ev a lu a tio n  o f
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the r e s u l ts  are  r a th e r  t r ick y  and time consuming. Consequently i t
has only a sense  t o  i n c o r p o r a te  th e  K err e f f e c t  in  o rg a n ic
i n v e s t ig a t io n s  i f  i t  w i l l  be used r e g u la r ly  d u r ing  a r a t h e r
leng thy  p e r io d .  O therw ise  th e  a c q u i s i t i o n  o f  th e  n e c es sa ry
experience, experimental as well as th e o re t ic a l ,  w i l l  take  r e l a ­
t iv e ly  too much time.
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SUMMARY

The importance th a t th e  determ ina tion  o f  o p tic a l  a n is o tro p ie s  may
have fo r  th e  study o f d e ta i l s  o f  m olecular s t ru c tu re ,  has le d  to
th e o re t ic a l  in v e s tig a tio n s  o f  o p t ic a l  ro ta to ry  power o f gases and
liq u id s  (p a rt I) and to  measurements o f th e  e l e c t r i c  b ire fr in g e n c e
o f d i lu te  so lu tio n s  o f o rgan ic  m olecules (p a r t  I I ) .

P a r t  I

The s tu d y  o f  th e  r e l a t i o n  betw een m o lecu la r  q u a n t i t i e s  and
m easured o p t i c a l  a c t i v i t y  h as  in  th e  p a s t  le d  to  a number o f
d ivergen t in te rp re ta t io n s .  The o r ig in  o f th e se  d isc re p a n c ie s  were
ana lysed  by Hoek, who a t  th e  same tim e found th e  s o lu t io n  to  a
number o f th e  problem s invo lved . However, h is  tre a tm e n t d id  no t
take in to  account c o r re la t io n s  in  p o s it io n  and o r ie n ta t io n  o f  th e
m olecules. In o rd e r to  meet th e se  im p erfec tio n s, Goossens i n t r o ­
duced th e  O nsager-B bttcher concept o f  th e  in te rn a l  f i e l d  in to  th e
th eo ry . In th e  p re s e n t  t h e s i s  th e s e  c o r r e la t io n s  a re  accoun ted
fo r  by s t a t i s t i c a l  m echanical methods, analogous to  th e  methods
used by Yvon and Kirkwood in  t h e i r  th e o r ie s  o f  d i e l e c t r i c  p o la ­
r iz a t io n .

Our tre a tm e n t  s t a r t s  from th e  m ic ro sc o p ic  M ax w ell-L o ren tz
equations. The m olecules a re  ch a ra c te r iz e d  by c la s s i c a l ly  defined
p o la r iz a b i l i ty  te n s o rs ,  fo r  which quantummechanical form ulae a re
derived . The in te r a c t io n s  between th e  m olecules a re  d esc rib ed  in
term s o f a H ertz  v e c to r . For a given e l e c t r i c  f i e l d  th e  p o l a r i ­
z a b i l i t i e s  determ ine th e  e l e c t r i c a l  d ip o le  moment and two h ig h e r
moments (e q u iv a le n t to  an e l e c t r i c a l  quadrupole and a m agnetic
d ipo le  moment) o f  th e  m olecule. S p ec ia l a t te n t io n  i s  pa id  to  th e
re la t io n  between our c o n s id e ra tio n s  and th e  A ^ - th e o ry  of Born as
w ell as th e  o n e -e lec tro n  model o f Condon e t  a l . .

A fter t h i s  th e  averag ing  o f th e  m icroscopic moments fo llow s. In
order to  d esc rib e  th e  in te r a c t io n s  between th e  m olecules adequa­
te ly  each m olecule i s  co n s id e red  to  be a t  th e  c e n tr e  o f  a c o r -
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r e l a t io n  sphere. The medium o u ts id e  t h i s  sphere i s  considered, as
f a r  as th e  c e n t r e  m o lecu le  i s  co n ce rn ed  a s  a con tinuum . The
g ra n u la r  s t r u c t u r e  i n s id e  th e  sphere  i s  r e f l e c t e d  in  e f f e c t i v e
pol a r  izab i  1 i t i  es.

The macroscopic moment d e n s i t i e s  a re  shown to  s a t i s f y  a general
wave equation which a p p l ie s  to  a medium which may be a n is o t ro p ic
as  well a s  o p t i c a l l y  a c t iv e .  With t h i s  equa tion  th e  e x t in c t io n
theorem i s  proved, w ithout in t ro d u c in g  a p a r t i c u l a r  s o lu t io n  o f
t h i s  equation, as  i s  u su a l ly  done.

F in a l ly  th e  th e o ry  i s  a p p l i e d  t o  an i s o t r o p i c  medium; f o r  a
simple model th e  in f lu e n c e  o f  th e  r e a c t io n  f i e l d  i s  determined.

P a r t  I I

The e l e c t r o - o p t i c a l  Kerr e f f e c t  o f  a s e r i e s  o f  s o l u t i o n s  was
measured. The so lu t io n s  co n s is ted  o f  1-chloro-l-m ethyl-cyclohexane,
a n is o le ,  m ,m '-d ian isy l  and th iophene d is s o lv e d  in  carbon t e t r a ­
c h lo r id e ,  benzene and cyc lohexane .  The method was an a b s o lu te
one, u s in g  a s t a t i c  e l e c t r i c  f i e l d  and a p h o to - e le c t r i c  d e tec t io n
system. Molecular K err c o n s ta n ts  were d er iv ed  fo l lo w in g  th e  me­
thod o f  Le Ffevre and Le Fevre.

The m olecular Kerr c o n s ta n ts  o f  a n i s o le  and th iophene ,  d e t e r ­
mined from s o lu t io n s  in  carbon t e t r a c h l o r i d e  appeared  to  be in
accordance with  measurements, performed almost a t  th e  same time
by o th e r s .  The m o le c u la r  K err  c o n s ta n t  o f  1 - c h lo r o - l - m e t h y l -
cyclohexane can be exp la ined  by assuming t h a t  th e  m olecules a re
in  ch a ir  conformations, 60% with th e  c loro  atom a x ia l ly ,  40% with
th e  chloro  atom e q u a to r ia l ly .  The va lue  o f  th e  m olecu lar Kerr con­
s t a n t  o f  m ,m '-d ia n is y l  su g g es ts  t h a t  none of th e  conform ations
occurs predominantly. The values  o f  the  molecular Kerr constan ts ,
determ ined from s o l u t i o n s  o f  1-c h lo ro - l -m e th y l -c y c lo h e x a n e  and
a n i s o l e  in  benzene, a p p e a r  t o  be f a r  s m a l le r  th an  th o s e  from
s o lu t io n s  in  carbon t e t r a c h l o r i d e .  P o ss ib ly  t h i s  i s  due to  sp e ­
c i f i c  in te ra c t io n s .  Special a t t e n t io n  i s  pa id  to  the in f lu en ce  o f
the  b i re f r in g e n c e  o f  th e  Kerr c e l l  windows. For some methods o f
measurement t h i s  in f lu e n c e  i s  im p o rtan t ,  fo r  o th e r s  i t  i s  l e s s
p e r tu rb ing  than one would be in c l in e d  to  assume.
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SAM ENVATTING

De b e la n g r i jk e  p l a a t s  d ie  de b e p a lin g  van o p t i s c h e  a n is o -
tro p ie ë n  kan innemen b i j  de b e s tu d e r in g  van g e d e ta ille e rd e  mole­
cuul s tru c tu re n , h e e ft g e le id  t o t  een th e o re tis c h  onderzoek van de
o p tisc h e  a c t i v i t e i t  van gassen  en v lo e is to f f e n  (d e e l I )  en t o t
metingen van de e le c t r i s c h e  dubbele b rek ing  van verdunde o p lo s­
singen van organische moleculen (d ee l I I ) .

D e e l  I

Het onderzoek naar h e t verband tu ssen  m o lecu la ire  grootheden en
gemeten o p tisch e  a c t i v i t e i t  h e e f t  in  h e t verled en  t o t  een a a n ta l
u iteen lo p en d e  i n t e r p r e t a t i e s  g e le id . De oorsprong van deze v e r ­
s c h il le n  z i jn  door Hoek geanalyseerd , d ie  tev en s  een g ro o t d ee l
van de gerezen m o e ilijk h ed en  h e e f t  o p g e lo s t. H ij h e e f t  evenwel
geen rekening gehouden met de c o r r e la t i e  in  p la a ts  en o r i ë n t a t i e
tu ssen  de m oleculen. Om aan d i t  bezwaar tegem oet t e  komen h e e f t
Goossens in  de th e o r ie  g eb ru ik  gemaakt van h e t  inw endige v e ld
volgens O nsager-B öttcher. In d i t  p r o e f s c h r i f t  worden deze c o r re ­
l a t i e s  v e rd isc o n te e rd  met behulp van de s t a t i s t i s c h e  m echanica,
naar ana log ie  van h e t werk van Yvon en Kirkwood op h e t gebied van
de d ië le c tr is c h e  p o la r i s a t ie .

U itgangspunt vormen de m icroscopische M axwell-Lorentz v e r g e l i j ­
kingen. De m oleculen worden d a a rb ij g e k a ra k te r is e e rd  door k la s ­
s ie k  g e d e f in ie e r d e  p o la r i s e e r b a a r h e d e n ,  w aarv o o r n a d e rh a n d
quantummechanische formules worden gegeven. De in t e r a c t ie s  tussen
de m oleculen worden beschreven  met behulp  van een H e r tz v e c to r .
Bij een gegeven e le c t r i s c h  ve ld  bepalen deze p o la risee rb aa rh ed e n
h e t e le c t r i s c h  dipoolmoment en twee hogere momenten (e q u iv a le n t
aan een e le c tr is c h e  quadrupool en een m agnetische d ipoo l) van h e t
m olecuul. Er wordt gewezen op h e t verband tu s se n  onze beschou­
wingen en zowel de A ^ - th e o r i e  van Born a l s  h e t  é é n -e le c t ro n
model van Condon e. a . .

H ierna v o lg t de m iddeling  van de m icroscop ische momenten. Met
het doel de in te r a c t ie s  tu ssen  de moleculen adequaat t e  b e s c h r ij-

107



ven wordt om h e t c e n tr a le  molecuul een zogenaamde c o r r e la t ie b o l
gedach t. Het medium b u ite n  deze bol w ordt te n  aa n z ien  van h e t
c e n tra le  molecuul a ls  een continuüm opgevat. De k o r r e l ig e  s t r u c ­
tu u r binnen de bol wordt v erd isco n teerd  in  e f fe c tie v e  p o la r is e e r -
baarheden.

Vervolgens wordt voor de m acroscopische momentdichtheden in  een
medium, d a t zowel an iso troop  a l s  o p tisch  a c t i e f  mag wezen, de a lg e ­
mene g o lfv e rg e li jk in g  a fg e le id . Met behulp van deze v e rg e li jk in g
wordt de u i td o v in g s s te l l in g  bewezen, zonder gebru ik  t e  maken van
een op lossing  van deze v e rg e li jk in g  zo a ls  gew oonlijk gebeurt.

T e n s lo tte  wordt de th e o r ie  to e g e p a s t op een is o tro o p  medium,
w aarbij voor een eenvoudig model de in v lo ed  van h e t  r e a c t ie v e ld
op h e t draaiingsverm ogen wordt v a s tg e s te ld .

D e e l  I I

Van een re ek s  o p lo ss in g en  van 1 -c h lo o r-l-m e th y l-cy c lo h e x aan ,
an iso o l, m ,m '-d ian isy l en th iopheen  in  te t r a c h lo o r k o o ls to f , ben­
zeen en cyclohexaan werd de e le c tr is c h e  dubbele b rek ing  gemeten.
Daarbij werd gebru ik  gemaakt van een a b so lu te  methode, een s t a ­
t i s c h  e l e c t r i s c h  v e ld  en een f o to - e le c t r i s c h  d e te c t ie s y s te e m .
Voor de b ep a lin g  van m o lecu la ire  K errconstan ten  werd de methode
van Le Fevre en Le Pèvre gevolgd.

De m o lecu la ire  K errco n stan ten  van an iso o l en th io p h een  bepaald
u i t  oplossingen in  te t ra c h lo o rk o o ls to f  bleken overeen t e  stemmen
met metingen, v r ijw e l g e l i j k t i j d i g  v e r r ic h t  door anderen. De mo­
l e c u la i r e  K e rrco n s tan te n  van 1 -c h lo o r-l-m e th y l-cy c lo h e x aan  kan
worden v erk laard  door aan t e  nemen d a t de moleculen zich  bevinden
in  s to e l-c o n fo rm a tie s , waarvan h e t chlooratoom  in  60% a x ia a l en
in  40% e q u a t o r i a a l  i s  g e p la a t s t .  De waarde van de m o le c u la ire
K e rrc o n s ta n te n  van m,m’- d i a n i s y l  w i j s t  e ro p , d a t  geen e n k e le
conform atie in  overwegende mate voorkomt. De waarden van de mo­
le c u la ir e  K errco n stan ten , bepaald  u i t  o p lo ssin g en  van 1 -ch lo o r-
l-m e th y l-cy c lo h e x aan  en an iso o l in  benzeen , b lek en  b e la n g r i jk
k le in e r  te  z i jn  dan d ie  u i t  op lossingen  in  te t r a c h lo o rk o o ls to f .
M ogelijk moet d i t  toegeschreven worden aan s p e c if ie k e  in te r a c t ie s .
Aan de in v lo e d  van de d ubbele  b re k in g  van de v e n s te r s  van de
K errcel wordt een a fz o n d e r li jk e  beschouwing gew ijd. B ij sommige
meetmethoden i s  deze in v lo ed  b e la n g r i jk ,  b i j  andere m inder s to ­
rend dan men geneigd i s  t e  v e ro n d ers te llen .
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Op verzoek van de F a c u l te i t  der Wiskunde en Natuurwetenschappen
v o lg t h ie r  een k o r t  o v e rz ic h t van h e t  verloop  van m ijn academ i­
sche s tu d ie .

Na h e t behalen van h e t einddiplom a B aan de toenm alige  C h ris ­
t e l i j k e  H.B.S. (nu C h r i s t e l i jk  Lyceum) t e  Leiden in  1949, begon
ik  in  september van d a t j a a r  met m ijn s tu d ie  in  de s c h e i-  en na­
tuurkunde aan de R i jk s u n iv e r s i te i t  t e  Leiden. Het candidaatsexamen
( l e t t e r  E) werd afgelegd  in  ju n i  1952. Mijn s tu d ie  werd vo o rtg e­
z e t  onder le id in g  van de hoog leraren  D r.L .J . O o ste rh o ff, D r.S.R.
de Groot en D r.C .J .F . B ö ttcher. Het doctoraalexam en met hoofdvak
th e o re tis c h e  o rgan ische chemie en b ijvakken th e o re t is c h e  n a tu u r­
kunde en fy sisch e  chemie werd afgelegd  in  October 1955.

Van a p r i l  1953 to t  november 1958 was ik  verbonden a l s  a s s is te n t
aan de a fd e lin g  voor T h eo re tisch e  O rganische Chemie. Het onder­
zoek op h e t geb ied  van h e t  K e r re f fe c t ,  zowel ex p e rim en tee l a l s
th e o re tis c h , waarmee ik  onder le id in g  van P ro f .D r.L .J . O osterhoff
reeds voor mijn doctoraalexamen was begonnen, vond in  deze p e r io ­
de p la a ts .  In november 1954 werd mij door de N ederlandse O rgani­
s a t i e  voor Z u iv e r-W e te n sc h a p p e li jk  O nderzoek de g e le g e n h e id
geboden to t  een v e r b l i j f  van 2 maanden aan de Heald Green Labora­
t o r i e s  van de B r i t i s h  Rayon Research A sso c ia tio n  t e  M anchester,
Engeland, om onder le id in g  van D r.G. P o r te r  (th an s  h o o g le ra a r t e
S h e f f ie ld )  e r v a r in g  t e  v e r k r i jg e n  met z i j n  a p p a r a tu u r  v o o r
f l i t s f o to ly s e .

Van november 1958 to t  november 1960 moest ik  m ijn s tu d ie  onder­
breken voor de v e rv u ll in g  van de m i l i t a i r e  d ie n s tp l ic h t .  H ierna
volgde mijn a a n s te l l in g  a l s  w etenschappelijk  am btenaar le  k la s se
aan de a fd e lin g  voor T heoretische Organische Chemie t e  Leiden, en
werd ik  in  s t a a t  g e s te ld  t o t  h e t  th e o r e t is c h  onderzoek op h e t
gebied van de o p tisch e  r o ta t i e .

De r e s u lta te n  van deze onderzoekingen en van h e t experim entele
werk aan h e t  K e r r e f f e c t  z i j n  g ro te n d e e ls  in  d i t  p r o e f s c h r i f t
beschreven.
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STELLINGEN

1. Een cel, waarvan de dwarsdoorsnede van de binnenkant der elec-
troden de vorm heeft van twee elkaar toegevoegde orthogonale
hyperbolen, kan voordelen bieden boven de door Buckingham en
Disch gebruikte meetcel voor de bepaling van het quadrupool-
moment van C02,

A.D.Buckingharo en R. L.Disch, Proc.Roy.Soc.
(London) A 273 275, 1963.

2. Hoewel moleculen die bepaalde symmetrie-elementen hebben, zoals
een vlak van symmetrie, gewoonlijk niet tot de optisch actieve
verbindingen gerekend worden, is het zeer goed mogelijk dat
deze moleculen in een anisotroop milieu wel verschijnselen van
optische activiteit vertonen.

3. De uitspraak van Margenau en Murphy: "...that the solution of
a differential equation is not an altogether mechanical matter
and that caution must be used at every step" wordt door het
door hen gegeven voorbeeld niet doeltreffend geïllustreerd.

H.Margenau en G.M.Murphy, The
Physics and Chemistry, p.63.
New York, 2nd ed., 1959.

Mathematics of
Van Nostrand,

4. De door Streitwieser en Nair toegepaste Iteratiemethode in hun
co-techniek voor geconjugeerde systemen kan door een beschouwing
van de pseudo-fout belangrijk worden bekort.

A.Streitwieser en P.M.Nair, Tetrahedron 5 149,
1959.

5. De bepaling van absolute brekingsindexveranderingen onder in­
vloed van een homogeen uitwendig electrisch veld kan een waar-
devolle bron van informatie over hyperpolariseerbaarheden
geven.

H.A.Stuart, Hand* und Jahrbuch der Chemischen
Physik 10/III p.57, Leipzig 1939.
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6. De w ijze waarop Buckingham c .s .  de op tische  h y p erp o la risee r-
baarheden beschrijven i s  o n ju is t.

A . D . B u c k i n g h a m  e n  J . A . P o p l e ,  P r o c . P h y s . S o c .
A 6 £  9 0 5 ,  1 9 5 5 .
A . D . B u c k i n g h a m  en M . J . S t e p h e n ,  T r a n s . F a r a d a y
S o c .  53 8 8 4 ,  1 9 5 7 .

7. Het model dat Kunkel en T ise liu s  gebruiken voor de in te rp re ta t ie
van m eetresultaten  b ij p ap ie re lec tro fo rese  wordt door McDonald
met een on ju iste  argumentering aangevallen.

H . J . M c D o n a l d ,  I o n o g r a p h y ,  p . 6 0 , 7 9 ,  Y e a r  Book
P u b l . ,  C h i c a g o ,  1 9 5 5 .
H . 6 . K u n k e l  en A. T i s e l i u s ,  J .  G e n . P h y s i o l .  35
8 9 ,  1 9 5 2 .  —

8. De verklaring die S t i l lo  geeft voor de isom erisa tie  van p reca l-
c ife ro l naar c a lc ife ro l i s  aanvechtbaar.

H . S . S t i l l o ,  T h e s i s ,  M i c h i g a n  S t a t e  U n i v e r s i t y ,
p . 141 ,  1 9 5 9 .

9. De ladingen die Pauling toekent aan de atomen in het su lv an ie t-
ro o ste r z ijn  onw aarschijnlijk.

L . P a u l i n g ,  T h e  N a t u r e  o f  t h e  C h e m i c a l  B o n d ,
p .  4 45 ,  C o r n e l l  U n i v .  P r .  1 9 6 0 .

10. Het waardevast maken van e lk  inkomen genoten u i t  a rb e id  o f
vroeger v e rrich te  arbeid, za l kunnen leiden to t  een verzwakking
van de rem, d ie thans nog b estaa t op een voortschrijdende loon-
en p r ij  s in f la t ie .






