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FOUN CATIONS OF CLASSICAL THKOKX OF BIMLTOHICS

The c o n v e n t io n a l  M axw ell e q u a t io n s  a r e  c a l l e d  th e  

^ m a c ro sc o p ic  f i e l d  eq u a tio n s®  b e c a u se  th e y  do  n o t  a im  to  

t a k e  d i r e c t  c o g n iz a n c e  o f  th e  m o le c u la r  th e o ry  o f  m a tte r*

The M axw ell e q u a t io n s  a r e : ( v e c t o r s  a r e  d e s ig n a te d  by  am 

a r ro w  o v e r  th e  sym bol)

c u r l  I f  - " g  3 E / a t  c u r l  I f  -  £  (4*1  r i v / d t )  ( 1 )

d i v  S ’ -  4  T  p d iv  B ~ 0 (2 )

w h e re  1  i s  th e  e l e c t r i c  i n t e n s i t y  d e f in e d  by  F /q  

( f o r c e  /  u n i t  c h a rg e  )

D i s  th e  e l e c t r i c  d is p la c e m e n t

i s  th e  e l e c t r i c  c h a rg e  d e n s i t y  p e r  u n i t  volum e

B i s  th e  m a g n e tic  in d u c t io n

H i s  th e  m a g n e tic  i n t e n s i t y  (a n a lo g u e  o f  D )

i  i s  th e  c u r r e n t  d e n s i ty  

c i s  th e  v e l o c i t y  o f  l i g h t .

The m a g n e tic  e q u a t io n s  a r e  g iv e n  to  show how th e  two p r o p e r t i e s ,  

m a g n e tic  and  e l e c t r i c ,  p a r a l l e l  e a c h  o t h e r .  As w i l l  be  se e n  

l a t e r  t h i s  p a r a l l e l i s m  p ro b a b ly  l e d  to  th e  f i r s t  g r e a t  s t e p  

to w ard  th e  e x p la n a t io n  o f  th e  e l e c t r i c  p r o p e r t i e s  o f  p o la r  

s u b s ta n c e s  from  th e  a c c e p te d  m a g n e tic  t h e o r y .  I n  a d d i t i o n  

to  th e  M axw ell e q u a t io n s ,  t h e r e  e x i s t s  th e  e q u a t io n s  b e tw een  

th e  f o u r  f i e l d  v e c to r s  w h ich  may be  r e g a rd e d  a s  d e f in in g
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th e  d i e l e c t r i c  c o n s ta n t  £ en d  th e  m a g n e tic  p e r m e a b i l i t y  .

D - e E  (3)

The r a t i o s  & an d  ^  a r e ,  e x c e p t  f o r  f e r r o m a g n e t ic  m e d ia , 

in d e p e n d e n t  o f  th e  f i e l d  s t r e n g t h  f o r  s u f f i c i e n t l y  s m a ll  

f i e l d s ;  and  in  g e n e r a l  one m ust have  su c h  an  in d e p e n d e n c e , 

o r  a  known d ep en d en ce  on th e  f i e l d  s t r e n g t h  b e f o r e  e q u a t io n s  

(1) and (2 ) become unam biguous enough to  be  u s e f u l .  I t  

i s  su p p o se d  t h a t  a l l  m ed ia  d i s c u s s e d  h e re  a r e  i s o t r o p i c , i . e .  

p r o p e r t i e s  a r e  n o t  d i r e c t i o n a l .

The r a t i o s  e and  p  d ep en d  on many f a c t o r s ,  n o t a b ly  on 

th e  te m p e r a tu r e ,  d e n s i t y ,  c h e m ic a l c o n s t i t u t i o n ,  a n d  th e  

f r e q u e n c y ,a s  w e l l  a s  th e  f i e l d  s t r e n g t h ,  i f  g r e a t .  The 

t h e o r e t i c a l  d e s c r i p t i o n  o f  t h e i r  modes o f  d ep en d en ce  i s  

a c c o m p lish e d  by  m eans o f  th e  m o le c u la r  th e o r y  o f  m a t t e r ,  

an d  e s p e c i a l l y  by m eans o f  th e  dynam ics g o v e rn in g  th e  

e l e c t r o n s  w ith iry k ach  atom  o r  m o le c u le . The tw e n t i e t h  

c e n tu r y  p ro d u ce d  th e  e l e c t r i c a l  o r i g i n  o f  m a t t e r ,  unknown 

to  C la r k  M axw ell when he d e v e lo p e d  h i s  m a c ro sc o p ic  e q u a t io n s  

i n  1 8 6 1 -7 3 . The e l e c t r i c a l  o r i g i n  o f  m a t t e r  im p l ie d  t h a t  

by c o n s id e r in g  th e  su b a to m ic  d i s t a n c e s  i t  s h o u ld  be  p o s s ib l e  

t o  f o rm u la te  th e  e q u a t io n s  o f  e le c tro d y n a m ic s  i n  te rm s  o f

c h a rg e s  i n  vacuo  w ith o u t  th e  i n t r o d u c t i o n  o f  d i e l e c t r i c  and
/

m a g n e tic  m ed ia . T h e r e fo r e ,  H .A .L o re n tz  p ro p o se d  an d  

s t u d i e d  w h a t a r e  c a l l e d  th e  ^ m ic ro s c o p ic  f i e l d  e q u a t io n s 11,
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c u r l  e - ~1 ^ h / s t  c u r l  h  (4 )

d iv  e = 4 'ir(0' d iv  h  = <=> (5 )
1

w h ich  a r e  s i m i l a r  i n  s t r u c t u r e  to  th e  m a c ro sc o p ic  e q u a t io n s  

i n  a  vacuum , e x c e p t  t h a t  i n s t e a d  o f  th e  c u r r e n t  d e n s i t y  i  

L o re n tz  in t r o d u c e d  th e  c o n v e c tio n  c u r r e n t  d e n s i t y  p 'v  d u e  to  

m o tio n  o f  th e  c h a rg e  w i th  th e  v e l o c i t y  v .  The m ic ro s c o p ic  

f i e l d s ,  e ,  h , an d  c h a rg e  p 1 a r e  n o t  th e  same a s  th e  m acro­

s c o p ic  f i e l d s  o r  c h a rg e .

E q u a tio n s  (4) and  (5 ) a r e  m ore fu n d a m e n ta l th a n  e q u a t io n s

( 1 ) ,  (2 ) ,  an d  ( 3) ,  a s  ( 4 ) an d  ( 5)’ a r e  su p p o sed  to  h o ld  a t  

e v e ry  p o i n t  e i t h e r  i n s i d e  o r  o u t s id e  th e  m o le c u le j  w h ereas  

e q u a t io n s  ( 1) ,  ( 2 ) and  ( 3) a r e  s t a t i s t i c a l  i n  n a t u r e ,  and
— p

th e  e x p r e s s io n s  E, D, H, B, and w h ich  th e y  in v o lv e  m ust 

he  c o r r e l a t e d  i n  some way w i th  a v e ra g e s  o f  m ic ro s c o p ic  

f i e l d s  and  c h a rg e s  o v e r  a  l a r g e  num ber o f  m o le c u le s .  I t  

iu rn s  o u t  t h a t  E an d  B a r e  i d e n t i c a l  w i th  th e  m ic ro s c o p ic  

f i e l d s  a v e ra g e d  o v e r  a  ^ p h y s i c a l ly  s m a l l” e le m e n t o f  vo lum e, 

so  t h a t

E = eo.ve.tuje and B -  (6 )

In  o r d e r  to  d e s c r ib e  th e  s t a t i s t i c a l  s i g n i f i c a n c e  o f

^  D and  H .o r o f  th e  c o n s t i t u t i v e  r e l a t i o n s  i n  te rm s  o f  th e
)

m ic ro s c o p ic  th e o r y ,  i t  i s  n e c e s s a r y  to  w r i t e ,  a s  c u s to m a ry ,

= "e +4*1? B -  ’S  + & £  (7 )
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The e x p re s s io n s  P and M so  d e f in e d  a r e  c a l l e d  th e  e l e c t r i c  

a n d  m a g n e tic  p o l a r i s a t i o n s  r e s p e c t i v e l y ,  and  th e  q u o t i e n t s

o r d e r  t o  g e t  th e  e l e c t r i c  c h a rg e  p e r  m o le c u le ,  form  th e  

g e n e r a l  e x p re s s io n

i n  w h ich  th e  i n t e g r a t i o n  i s  to  in c lu d e  o n ly  th e  c h a rg e  

w h ic h  b e lo n g s  to  a s i n g l e  m o le c u le .  I n  g e n e r a l  m o le e u le ^ s  

may o v e r la p  e a c h  o t h e r ,  b u t  i t  i s  assum ed t h a t  th e  c h a rg e s  

o f  a  g iv e n  m o le c u le  can  s t i l l  be  i d e n t i f i e d  a s  s u c h . The 

o r i g i n  f o r  th e  r a d i u s  v e c to r  r  i s  ta k e n  a s  th e  c e n t e r  o f  

g r a v i t y  o f  th e  m o le c u le  and i t s  v e l o c i t y  i s  su p p o sed  

n e g l i g i b l e .  I f  th e  m o le c u le  i s  e l e c t r i c a l l y  n e u t r a l ,  th e  

i n t e g r a l  i n  (9 ) v a n is h e s  and  th e  o r i g in  f o r  7  i s  im m a te r ia l  

i n  th e  f i r s t  i n t e g r a l  o f  e q u a t io n ( 1 0 ) .  The e x p re s s io n s  

f o r  j> a n d  "m d e f in e d  by  e q u a t io n  (10) a r e  c a l l e d  th e  e l e c t r i c  

and m a g n e tic  moments o f  th e  m o le c u le .  I n  th e  c o n v e n t io n a l  

e l e c t r o n  th e o r y  i t  i s  c u s to m a ry  to  su p p o se  th e  d im e n s io n s  

o f  th e  e l e c t r o n s  and n u c l e i  a r e  n e g l i g i b l e ,  th e n  th e  

i n t e g r a t i o n s  may be r e p la c e d  by  sum m ations o v e r  a l l  th e  

d i s c r e t e  c h a rg e s  — making- up  th e  m o le c u le , g iv in g

M /1 -- /4Ti = (8 )

a r e  c a l l e d  th e  e l e c t r i c  and m a g n e tic  s u s c e p t i b i l i t i e s .  In

flipIMeUowle.
a (9)
■ l/2 c j^  (r x v )d v  (1 0 )

t Molecule
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The c o n t r i b u t i o n  o f  a p a r t i c l e  to  th e  m a g n e tic  moment 

d i f f e r s  from  i t s  a n g u la r  momentum <v*i (vq, * ) o n ly  b y  a

f a c t o r  ^ ^ -Lo  •

The e x p re s s io n s  P and Mr a s  d e f in e d  i n  e q u a t io n  (7 ) , 

a r e  e q u a l r e s p e c t i v e l y  t o  th e  a v e ra g e  e l e c t r i c  an d  

m a g n e tic  moments p^. and m p e r  m o le c u le  m u l t i p l i e d  

by  th e  num ber o f  m o le c u le s  p e i ^ . c . ,  s o  t h a t

P — M ~ (12}

Then th e  d e s i r e d  c o r r e l a t i o n  e q u a t io n s  f o r  1) a n d  H a r e  

¥  -  eL*.+ 4*HpL. H = h ^ .  (13)

The te rm  a v e ra g e  moment p e r  m o le c u le  m eans th e  m o le c u la r  

moment a v e ra g e d  o v e r a l l  th e  m o le c u le s  i n  a  " p h y s i c a l ly  

s m a ll"  volum e e le m e n t. T h is  i s  e q u iv a le n t  to  th e  tim e  

a v e ra g e  moment f o r  an i n d iv i d u a l  m o le c u le  i f  a l l  th e  

m o le c u le s  a r e  a l i k e  b u t  f o r  p h a s e . The in f o r m a t io n  

conveyed  by  e q u a t io n  (13) m u st be  re g a rd e d .la s  a  v e ry  

im p o r ta n t  th eo rem  on th e  p h y s i c a l  o r  m a c ro sc o p ic  s i g n i ­

f i c a n c e  o f  th e  mean m o le c u la r  moments f o r  i t  i n t e r p r e t s  

th e  d i s t i n c t i o n  be tw een  D an d  1 ,o r  be tw een  B and H .in  

te rm s  o f  s im p le  p r o p e r t i e s  ( e q u a t io n  10) o f  th e  m o le c u le s .  

E q u a tio n  (12) u n d e r l i e s  a l l  t h e o r i e s  o f  d i e l e c t r i c s  and 

m a g n e tic  m ed ia . T h is  c o n c e p t o f  th e  p o l a r i s a t i o n  o f  th e  

m o le c u le  a s  th e  c a u se  o f  th e  d e p a r tu r e s  o f  a  an d  j* from  

u n i t y  i s  n o t  new and  was in t im a te d  by  F a ra d a y  i n  h i s
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s t u d i e s .

To c o m p le te  th e  c o r r e l a t i o n  o f  th e  m a c ro sc o p ic  and 

th e  m ic ro s c o p ic  e q u a t io n s  i t  m ust h e  s t a t e d  how th e  c u r r e n t s  

ancj^barges a r e  c o n n e c te d . The c o n v e c tio n  c u r r e n t  a r i s e s  

e n t i r e l y  f ro m th e  m ig r a t io n  o f  c o n d u c tio n  e l e c t r o n s ,  r a t h e r  

th a n  m o le c u la r  i o n s ,  i f  th e  v e l o c i t y  o f  th e  c e n t e r  o f  

g r a v i t y  o f  a m o le c u le  i s  n e g l i g i b l e ,  them th e  c u r r e n t  and 

c h a rg e  d e n s i t i e s  a r e  g iv e n  by

i  = -  ® p — A / C S

w here  /Vc, i s  th e  num ber o f  c o n d u c tio n  e l e c t r o n s  p e r  c . c . ,  

and  vL i s  t h e i r  v e l o c i t y .  S i m i l a r ly  V d e n o te s  th e  num ber 

o f  m o le c u le s  p e r  c . c .  an d  th e  mean v a lu e  o f  t h e i r

n e t  c h a rg e s  ( e q u a t io n  9 ) .

I t  i s  d e s i r a b l e  to  know th e  e f f e c t i v e  a v e ra g e  f i e l d  to  

w h ich  a m o le c u le  i s  su b je c ted .-w h en  a m a c ro sc o p ic  f i e l d  E 

i s  a p p l i e d .  T h is  e f f e c t i v e  f i e l d  i s  n o t  th e  same a s  th e  

m a c ro sc o p ic  f i e l d  d e s p i t e  th e ^ fa c t t h a t  by e q u a t io n  (6 ) th e  

th e  v e c to r  E i s  th e  sp a c e  a v e ra g e  o f  e o v e r  a  ® p h y s ic a l ly  

s m a l l0 volum e e le m e n t. T h is  e f f e c t i v e  f i e l d  w i th i i i  a  

m o le c u le  may b e  r e s o lv e d  i n t o  two p a r t s j  ( a )  th e  i n t e r n a l  

f i e l d  e x e r te d  by  o th e r  c h a rg e s  w i th in  th e  same m o le c u le ,  

an d  (b ) th e  re m a in d e r  due  n o t  o n ly  to  th e  a p p l i e d  e l e c t r i c  

f i e l d  b u t  a l s o  t o t  th e  a t t r a c t i o n s  and r e p u l s io n s  by
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o th e r  m o le c u le s ,  u s u a l l y  p o l a r i z e d  u n d e r  th e  in f lu e n c e  

o f  th e  e x t e r n a l  f i e l d .  T h is  seco n d  p a r t  i s  te rm ed  th e  

l o c a l  f i e l ^ a n d  i t  i s  c a l c u l a t e d  d i f f e r e n t l y  d e p en d in g  

upon th e  s p e c i f i c  s u p p o s i t io n s  m ade.

The above i s  t r u e  f o r  a l l  d i e l e c t r i c  and m a g n e tic

m ad ia  and  i t  i s  now n e c e s s a r y  to  g e t  to w ard  th e  p o i n t

o f  th e  d i s c u s s i o n .  F o r th e  s tu d y  o f  d i e l e c t r i c

phenom ena, m o le c u le s  a r e  d iv id e d  i n t o  two g ro u p s -

p o la r  and  n o n p o la r ,  k  m o le c u le  i s  p o l a r  i f  i t  h a s  an

e l e c t r i c a l  moment w hich  i s  on th e  t i m e ’a v e ra g e  d i f f e r e n t

from  z e r o  even in  th e  a b se n c e  o f  e x t e r n a l  e l e c t r i c  f i e l d s .

To f i n d  th e p p e rm a n e n t moment one m u st r e t a i n  o u t  o f  th e
—*!»

t o t a l  moment o n ly  th e  c o n s ta n t  p a r t  w h ich  re m a in s

on a v e ra g in g  o v e r  th e  ni n t e r n a l fl m o tio n s  o f  th e  e l e c t r o n s  

r e l a t i v e  t o  th e  n u c l e i .  The mean s q u a re  o f  th e  e l e c t r i c  

moment i s  n o t  z e r o ,  f o r  a l l  a tom s and  m o le c u le s  c o n ta in  

in s t a n ta n e o u s  moments w h ich  f l u c t u a t e  w i th  th e  p o s i t i o n s  

o f  th e  e l e c t r o n s ;  b u t  th e  s q u a re  o f  th e  m eans may v a n is h ,  

an d  i f  i t  d o e s  th e  m o le c u le  i s  n o n p o la r .
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THE DEBXE-CLAUSIUS-MOSSOTTI EQUATION

U nder c e r t a i n  s im p l i f y in g  a s s u m p tio n s  th e  l o c a l  

f i e l d  can  be sh o rn  to  be

= E + 4 T/ 3  P (14)

w here  P i s  th e  t o t a l  e l e c t r i c  moment p e r  c . c . ,  and  

E i s  th e  e l e c t r i c  i n t e n s i t y .

T h is  e x p re s s io n  i s  th e  C la u s iu s - M o s s o t t i  fo rm u la  f o r  

th e  l o c a l  f i e l d  and i s  th e  b a s i s  o f  th e  Debye th e o r y  o f  

m o le c u la r  d i e l e c t r i c s .  The u s u a l  d e r i v a t i o n s  o f  t h i s  

e x p re s s io n  f o r  th e  l o c a l - f i e l d  assum e t h a t  th e  m o le c u le  

i n  q u e s t io n  can  be c o n s id e r e d  to  be  l o c a t e d  a t  th e  c e n t e r  

o f  a  s p h e r i c a l  c a v i t y  i n  th e  d i e l e c t r i c  and  t h a t  th e  

d ia m e te r  o f  th e  c a v i t y  i s  l a r g e  com pared to  th e  s i z e  o f  

a  m o le c u le .  One m ust rem em ber t h a t  th e  f i e l d  w i t h in  a 

c a v i ty  i s  a f u n c t io n  o f  th e  sh ap e  o f  th e  c a v i t y .  I t  h as  

th e  v a lu e  (14) a t  th e  c e n t e r  o f  a s p h e r i c a l  c a v i t y ,  a  

v a lu e  E w i th in  a n e e d le - s h a p e d  c a v i ty  w hose a x iA  i s  p a r a l l e l  

t o  E>! add  a  v a lu e  B =• 1  +4<ip w i th in  a  s la b - s h a p e d  c a v i ty  

w hose s u r f a c e s  a r e  p e r p e n d ic u la r  to  E . The te rm  4 ^ /3  I* i n  

e q u a t io n  ( 14) i s  som etim es c a l l e d  th e  win t e r - m o l e c u l a r  

f i e l d 11, and  i s  a  c o r r e c t i o n  f o r  th e  f a c t  t h a t  th e  o th e r  

m o le c u le s  o f  th e  d i e l e c t r i c  e x e r t  an a v e ra g e  f o r c e  on th e  

g iv e n  m o le c u le  ( in d u c e d  p o l a r i s a t i o n )  when th e  d i e l e c t r i c
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I s  s u b j e c t  t o  an e l e c t r i c  f i e l d . .  The id e a  o f  in d u c e d  

p o l a r i z a t i o n  i s  an o ld  o n e , a s  i t  was u s e d  i n

At o r d in a r y  f& eld  s t r e n g t h s  f o r  n o n p o la r  l i q u i d s  

th e  a v e ra g e  e l e c t r i c a l  moment may be  ta k e n  p r o p o r t io n a l  

to  th e  l o c a l  f i e l d ,  th u s :

w here  oc±s a  c o n s ta n t  in d e p e n d e n t  o f  th e  d e n s i t y .  By 

e l im in a t io n  o f  p  and P by m eans o f  e q u a t io n s  (8 ) and (12) 

one o b ta in s  a  form  o f  th e  L o re n z -L o re n tz  fo rm u la :

The num ber o f  m o le c u le s  p e r  c . c .  i s  p r o p o r t i o n a l  to  th e  

d e n s i t y  d ,  h en ce  f o r  n o n p o la r  m ed ia , i n  g e n e r a l .

T h is  i s  th e  w ell-know n  L o re n z -L o re n tz  fo rm u la  a s  i t  was 

p ro p o se d  by L . L orenz  and  H.A. l o r e n t z ,  b o th  i n  1880 . 

E q u a tio n  (16) i s  a l s o  known i n  th e  same form  a s  above 

w i th  e. r e p la c e d  by n 2 ,  th e  s q u a re  o f  th e  in d e x  o f  r e ­

f r a c t i o n .  T h is  exchange i s  p e r m is s ib le  p ro v id e d  t h a t  

th e  m a g n e tic  p e r m e a b i l i ty  i s  u n i t y ,  f o r  th e  in d e x  o f  

r e f r a c t i o n  i s  r e l a t e d  w i th  th e  d i e l e c t r i c  c o n s t a n t  and 

m a g n e tic  p e r m e a b i l i t y  a c c o rd in g  to  t h i s  e q u a t io n

(•2 )
M o s s o t t i ’ s th e o r y  o f  s u s c e p t i b i l i t y .

(15)

£.+- Z 3

TF2. ' *  ~ V1 *- > a  c o n s ta n t  in d e p e n d e n t  o f  d e n s i t y .  (16)
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p ro v id e d  th e  te rm  d i e l e c t r i c  c o n s ta n t  i s  u s e d  in  a  

g e n e r a l i z e d  s e n s e  to  mean th e  r a t i o  o f  D to  E i n  

p e r i o d i c  f i e l d s  r a t h e r  th a n  i n  th e  r e s t r i c t e d  s e n s e  to  

d e n o te  t h i s  r a t i o  i n  s t a t i c  phenom ena.

I f  th e  d i e l e c t r i c  c o n s ta n t  can  be  c o n s id e r e d  in d e ­

p e n d e n t o f  th e  f i e l d  s t r e n g t h ,  P . D e b y e^ sh o w ed  t h a t  th e  

e l e c t r i c  s u s c e p t i b i l i t y  f o r  p o l a r  m ed ia  ( g a s e s  o n ly )  i s  

g iv e n  by  th e  e x p re s s io n

w h ic h  i s  c a l l e d  th e  Langevin-D ebyjs. fo rm u la . In  t h i s

e q u a t io n  M i s  th e  num ber o f  m o le c u le s  p e r  c . c . ,  T th e

a b s o l u te  te m p e r a tu re ,  k  i s  B o ltzm an n ’s  c o n s t a n t ,  j* i s

now th e  m ag n itu d e  o f  th e  p e rm an en t moment o f  th e

m o le c u le  n o t  th e  m a g n e tic  p e r m e a b i l i ty  ( a s  w i l l  be  t r u e

th ro u g h o u t  th e  re m a in d e r  o f  th e  d i s c u s s i o n ) ,  an d  i s  a

c o n s t a n t  g iv e n  by  e q u a t io n  ( 1 6 ) .  The e x i s te n c e  o f  a

s u s c e p t i b i l i t y  r e q u i r e s  t h a t  th e  m o le c u le  have  an a v e ra g e

e l e c t r i c a l  moment i n  th e  d i r e c t i o n  o f  th e  a p p l i e d  f i e l d .

s u g g e s t io n  t h a t  p a r t  o f  th e  e l e c t r i c  s u s c e p t i b i l i t y

m ig h t be  due to  a lig n m e n t o f  th e  p e rm an en t m om ents,

r e s t r i c t e d  by  te m p e ra tu re  a g i t a t i o n ,  d id  n o t  a p p e a r  u n t i l
(SJ19 12 , when Debye u se d  t h i s  id e a  i n  d e v e lo p in g  h i s  th e o ry  

o f  p o la r  m o le c u le s ,  k  m a g n e tic  s u s c e p t i b i l i t y  d u e  e n t i r e l y  

to  o r i e n t a t i o n  o f  p e rm an en t moments was s u g g e s te d  i n  1905
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by  L an g ev in  and  th e  se c o n d  te rm  o f  e q u a t io n  (17) i s  

th u s  an a d a p ta t io n  to  th e  e l e c t r i c  c a s e  o f  L a n g e v in Ts  

m a g n e tic  fo rm u la . By e q u a t in g  e q u a t io n s  (8 ) an d  (17) 

one o b ta in s  th e  c u s to m a ry  L a n g e v in -D e b y e -C la u s iu s -  

M o s s o t t i  fo rm u la : -§^4. = ^  + )

By a s l i g h t  g e n e r a l i z a t i o n  o f  t h i s  e q u a t io n ,  i t  was 

a p p l i e d  t o  d i l u t e  s o l u t i o n s  o f  p o l a r  m o le c u le s  in  

n o n p o la r  s o l v e n t s .  I f  th e . m o le c u le s  a r e  su p p o sed  to  

have  no  e f f e c t  on e a c h  o t h e r ,  th e n

w here  th e  s u b s c r i p t  1  d e n o te s  th e  i t h  s p e c ie s  o f  

m o le c u le  p r e s e n t  in  th e  s o l u t i o n .

The d i e l e c t r i c  p r o p e r t i e s  o f  g a s e s  can  be 

s a t i s f a c t o r i l y  a c c o u n te d  f o r  i n  te rm s o f  m o le c u la r  

c o n s ta n t s  by means o f  th e  D e b y e -C la u s iu s -M o s s o tt i  

e q u a t io n .  A lso  i t  h o ld s  q u i t e  a c c u r a t e l y  f o r  n o n ­

p o la r  l i q u i d s ,  and i t  g iv e s  v a lu e s  o f  p e rm an en t 

moments w h ich  a re  f a i r l y  c o n s i s t e n t  w i th  th o s e  c a l»  

c u la t e d  from  d i e l e c t r i c  c o n s ta n t s  o f  p o l a r  g a s e s  when 

a p p l i e d  to  d i l u t e  s o l u t i o n s  o f  p o l a r  m o le c u le s  i n  

n o n p o la r  s o l v e n t s ^  B u t i n  c o n c e n tr a te d  s o l u t i o n s  and  

in  p u re  p o l a r  l i q u i d s  e q u a t io n  (18) becom es e n t i r e l y  

i n a p p l i c a b l e ,  a s  may be  se e n  by  c lo s e  i n s p e c t io n  o f

(18)
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t h e  e x p re s s io n .  E q u a tio n  (18) p r e d i c t s  f o r  podi$tr l i q u i d s
(4, J

many p r o p e r t i e s  w h ich  th e y  do n o t  p o s s e s s ,  ' e . g . i t  

p r e d i c t s  a  c r i t i c a l  te m p e ra tu re  a n a lo g o u s  to  a  » C u rie  

p o i n t 11, th e  th e o r y  p r e d i c t s  a  s t a b l e  s t a t e  o f  p e rm an en t 

e l e c t r i c  p o l a r i s a t i o n ,  a l l  o f  w h ic h  a r e  n o t  phenomena 

common to  many p o la r  l i q u i d s .  The e x p re s s io n  

p r e d i c t s  p o i n t s  o f  g r e a t  i n s t a b i l i t y  a s  to  v a r i a t i o n s  o f  

e l e c t r i c  s u s c e p t i b i l i t y  w i th  p r e s s u r e ,  t e m p e r a tu r e ,  vo lum e, 

and  f i e l d  s t r e n g t h  w h ich  a r e  n o t  e x p e r im e n ta l ly  o b s e rv e d .

The D e b y e -C la u s iu s -M o s s o tt i  th e o r y  e v id e n t l y  c o n ta in s  

s e v e r a l  fu n d a m e n ta l i n a c c u r a c i e s .  Among th e s e  a r e :  (1) 

th e  a ssu m p tio n  o f  an u n v a ry in g  moment f d r  th e  m o le c u le  

i n  s o l u t i o n , (2 ) th e  i n c l u s i o n  o f  th e  r e a c t i o n  f i e l d  in  

th e  t o t a l  o r i e n t i n g  f i e l d  a c t in g  on th e  m o le c u le ,  an d  

(3 ) th e  v a lu e  o f  th e  i n t e r n a l  f i e l d ( j ~ ~ )  E b e in g  in --  

;a d e q u a te . T h is  v a lu e  o f  th e  i n t e r n a l  f i e l d  h a s  been  

d e r iv e d  r i g o r o u s l y  o n ly  f o r  c u b ic  c r y s t a l s  an d  f o r  v e ry  

d i l u t e  g a s e s ^  The s u c c e s s  t h a t  th e  e q u a t io n  h a s  i n  

e x p la in in g  th e  p r o p e r t i e s  o f  p o la r  g a s e s  i s  no  e v id e n c e  

f o r  i t s  g e n e r a l  v a l i d i t y  s in c e  th e  i n t e r n a l  p o l a r i s a t i o n  

o f  g a s e s  i s  n e g l i g i b l e .
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THfi OMSAGEti EQUATIOM

A num ber o f  e m p i r ic a l  e q u a t io n s  have  b een  s u g g e s te d  

to  a v o id  th e  in a d e q u a c e s  o f  th e  D e b y e -C la u s iu s -M o s s o tt i  

th e o r y  and  to  a c c o u n t f o r  th e  h ig h  e l e c t r i c  s u s c e p t i b i l i t i e s  

o f  p o l a r  l i q u i d s .  The m ost s u c c e s s f u l  a t te m p t  to  do  t h i s
( 7J

was th e  e q u a t io n  p ro p o se d  by  van  JLrkel a n d  Snoek

'b n . = *3 “ (**■ + cJjj^+lk.T ) (#9)
T h is  e q u a t io n  d i f f e r s  from  e q u a t io n  (18) o n ly  i n  th e  te rm

(Hi |U% w h ich  was d e l i b e r a t e l y  in tr o d u c e d  to  re d u c e  th e

im p o r ta n c e  o f  th e  d ip o le  o r i e n t a t i o n  te rm  7̂ - *  W ith  th e

e x c e p tio n  o f  th e  hydrogen  b o n d in g  l i q u i d s ,  th e  v a lu e  o f

C d o e s  n o t  v a ry  g r e a t l y  from  one p o la r  l i q u i d  to  a n o th e r

and i t  i s  o n ly  s l i g h t l y  te m p e ra tu re  d e p e n d e n t a n d  f o r

c o n c e n t r a te d  s o l u t io n s  o f  a  g iv e n  p o la r  s u b s ta n c e  in

n o n p o la r  s o l v e n t s  i t  v a r i e s  b u t  l i t t l e  # i t h  th e  n a tu r e  o f
( z )

th e  s o l v e n t .  M u lle r  c o n c lu d e s  t h a t  th e  te rm  CU/ai s  t h r e e -  

h a lv e s  o f  th e  e n e rg y  o f  th e  d ip o le  i n  i t s  own r e a c t i o n  

f i e l d ,  i . e .

C N }^= \R  (* (20)

w h e re a s , B o t tc h e r  found  t h a t  th e  te rm  i s  j u s t  e q u a l  t o  

th e  e n e rg y  ju R, and t h a t  O n sag er» s  th e o r y  p r e d i c t s  t h a t  

v a lu e  f o r  upon s u b s t i t u t i n g  C N i^ ^ R  i n t o  e q u a t io n  (19) 

a n d  u s in g  Q n sa g e r’ s  v a lu e  o f  th e  r e a c t i o n  f i e l d  R, he 

o b ta in e d  O n s a g e rTs  e q u a t io n  f o r  d i e l e c t r i c e c o n s t a n t s .
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(5)
In  1936 L a rs  O nsager n o t in g  t h a t  th e  C la u s iu s -  

M o s s o t t i  i n t e r n a l  f i e l d  was in a d e q u a te ,  d e r iv e d  a n  

a l t e r n a t e  e x p re s s io n  f o r  i t .  He r e p r e s e n te d  a p o l a r  

m o le c u le  i n  a  l i q u i d  a s  a p o i n t - d i p o l e  a t  th e  c e n t e r  o f  

a  s p h e r i c a l  c a v i ty  o f  d i e l e c t r i c  c o n s ta n t  u n i t y  i n  a 

hom ogeneous i s o t r o p i c  medium o f  d i e l e c t r i c  c o n s ta n t  e ;  

th e  r a d i u s  a ' o f  th e  c a v i t y  i s  o f  th e  o r d e r  o f  th e  rad iu m s 

o f  th e  m o le c u le .  F o r t h i s  m odel, i t  i s  fo u n d  by  c l a s s i c a l  

e l e c t r o s t a t i c s  t h a t  th e  i n t e r n a l  f i e l d  a c t in g  on th e  

d i p o le  may b e  r e p r e s e n te d  a s  th e  r e s u l t a n t  o f  two f i e l d s  

G and R; th e  r e a c t i o n  f i e l d  R i s  c a u se d  by  p o l a r i z a t i o n  

o f  th e  s u r ro u n d in g  medium by th e  f i e l d  o f  th e  d ip o le  

( i t  a c t s  p a r a l l e l  t o  th e  in s t a n ta n e o u s  d i p o le  p  and  

e x i s t s  even  i n  th e  a b se n c e  o f  an  a p p l i e d  f i e l d ) ;  th e  

c a v i t y  f i e l d  G i s  c a u se d  b y , and  a c t s  p a r a l l e l  t o ,  th e  

a p p l i e d  f i e l d  E. T hese  f i e l d s  a r e  fo u n d  by  c a l c u l a t i o n  

to  have  th e  fo l lo w in g  v a lu e s

“  ~  1 7 7 7 “ 53 F  o '  7X 77 (2 1 )

w here  |T r e p r e s e n t s  th e  i n s t a n ta n e o u s  m a g n itu d e  an d  d i r e c t i o n  

o f  th e  d ip o le  and a  i s  th e  r a d iu s  o f  th e  c a v i t y .  O nsager 

p o in te d  o u t  t h a t  th e  v a lu e  o f  th e  r e a c t i o n  f i e l d  o b ta in e d  

by  h i s  c a l c u l a t i o n s  i s  n o t  s t r i c t l y  a p p l i c a b l e  to  an y  

l i q u i d  b e c a u se  o f  th e  s i m p l i f i e d  m o le c u la r  m o d el.
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U nder th e  in f lu e n c e  o f  th e  f i e l d s  R and G, th e  

m o le c u le  w i l l  be  p o l a r i z e d  so  t h a t  i t s  d ip o le  moment

w i l l  b e ,  n o t  th e  p e rm an en t moment p ,  b u t

p = iu u  + ——  ~S -v ------  p (22)
V  I 2 i+ l  (.Z l t - I ) * ? *  V /

w h ere  u  i s  a  u n i t  v e c to r  i n  th e  d i r e c t i o n  o f  th e  

p e rm an en t d ip o le  ^ . A f te r  t h i s  e x p re s s io n  i s  s o lv e d  f o r

p ,  i t  i s  e a s y  to  c a l c u l a t e  th e  p o t e n t i a l  e n e rg y  o f  th e

d i p o le  a s  a f u n c t io n  o f  i t s  o r i e n t a t i o n  i n  th e  a p p l i e d  

f i e l d ,  an d  by  th e  a p p l i c a t i o n  o f  B o ltzm an n ’ s  s t a t i s t i e s -  

t o  e v a lu a te  1 ,  th e  a v e ra g e  moment i n  th e  d i r e c t i o n  

o f  th e  a p p l ie d  f i e l d .  The s u b s t i t u t i o n  o f  t h i s  v a lu e  

o f  a v e ra g e  p i n  e q u a t io n  (12) w i l l  g iv e  th e  O nsager 

e q u a t io n .

I t  i s  c o n v e n ie n t ,  sd> t h a t  th e  e q u a t io n  w i l l  r e d u c e

to  th e  Debye e q u a t io n  f o r  n o n p o la r  l i q u i d s ,  t o  s u b s t i t u t e
^   ̂ , ^ < 3  (23)

3
a n d  f o r  th e  p o l a r i z a b i l i t y  e-c,  th e  in d e x  o f  r e f r a c t i o n

= ^  = /y )  ( 24)

w here  M/d i s  th e  m o la r  volum e o f  th e  s u b s ta n c e .

Then O n sa g e r’ s  e q u a t io n  f o r  th e  d i e l e c t r i c  c o n s t a n t

o f  p o la r  l i q u i d s  w i th  th e  added  s u p p o s i t io n  t h a t  te rm s

in v o lv in g  pow ers o f  E h ig h e r  th a n  th e  f i r s t  a r e

n e g l i g i b l e  i s

’h u h ? . H i m ! ' -  ^ jn v  /'oc'j
e- ( a a - V z ^  3  3 M . T
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I n  th e  d e v e lo p m e n t o f  th e  th e o ry  no  a c c o u n t was 

ta k e n  o f  th e  o p t i c a l  a n is o t r o p y  o f  th e  p o l a r  m o le c u le .

I t  i s  known from  m easu rem en ts  o f  th e  K e rr  e f f e c t  and 

o f  th e  d e p o la r i z a t i o n  o f  s c a t t e r e d  l i g h t  i n  p o l a r  g a s e s  

t h a t  th e  p o l a r i n a b i l i t y  a lo n g  th e  d ip o le  a x i s  i s  i n  

g e n e r a l  d i f f e r e n t  from  th e  p o l a r i z a b i l i t y  a v e ra g e d  o v e r  

a l l  d i r e c t i o n s .  O nsager r e a l i z e d  t h a t  t h i s  m ethod can  

g iv e  o n ly  a  ro u g h  a p p ro x im a tio n  to  th e  v a lu e  o f  th e  

r e a c t i o n  f i e l d  f o r  s e v e r a l  r e a s o n s :  (1) th e  t r e a tm e n t  

o f  th e  m o le c u le  a s  a s p h e re  c o n ta in in g  a  p o i n t  d i p o l e ,

(2) th e  t r e a tm e n t  o f  th e  en v iro n m en t a s  a  hom ogeneous 

co n tin u u m , (3) n e g le c t  o f  d i e l e c t r i c  s a t u r a t i o n  in  

c o n s id e r in g  theyfeffect o f  s t r o n g  f i e l d s  i n  th e  v i c i n i t y  

o f  th e  d i p o l e , (4) and  th e  a r b i t r a r y  c h o ic e  o f  th e  

v a lu e  o f  &, th e  r a d iu s  o f  th e  c a v i ty .

B o t t c h e r ^ f o u n d  by  u s e  o f  e q u a t io n  (2$ ) t h a t  

p e rm an en t moments c a l c u l a t e d  by t h i s  fo rm u la  a r e  

s u f f i c i e n t l y  in d e p e n d e n t o f  te m p e ra tu re  and  a r e  i n  

good ag re em e n t w i th  v a lu e s  d e te rm in e d  i n  g a s e s  a n d  in  

d i l u t e  s o l u t i o n s  e x c e p t  w i th  a s s o c i a t i n g  l i q u i d s  (w a te r ,  

a l c o h o l s ,  and o rg a n ic  a c id s )  and i n  c a s e s  w here  th e  

d ip o le  moment i s  changed  by m e c h a n ic a l i n t e r a c t i o n  o f  

th e  m o le c u le s  ( e s t e r s ,  e t c . ) .  He fo u n d  t h a t  f o r  l i q u i d s
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p o s s e s s in g  h ig h  d i e l e c t r i c  c o n s ta n t s  th e  m ethod was

b e t t e r  th a n  d e te rm in in g  th e  p e rm an en t moment i n

d i l u t e  s o l u t i o n s .
oo

K irkw ood d e v is e d  a  v e ry  e le g a n t  t h e o r e t i c a l  

t r e a tm e n t  w h ich  ta k e s  i n t o  a c c o u n t  th e  e f f e c t  o f  

a s s o c i a t i o n  and  p la c e d  th e  th e o ry  on a f i r m e r  fo u n ­

d a t i o n .  F o r a  l i q u i d  made up  o f  m o le c u le s  o f  p e rm an en t 

moment and p o l a r i z a b i l i t y  z e ro  ( i . e . ,  n ^ l ) , he d e r iv e d  

a n  e q u a t io n  o f  th e  same form  a s  O n sa g e r’s  b u t  w i th  h 1* 

r e p la c e d  by u n i t y  and ^ r e p l a c e d  by  jT . ~jf i s  th e  

a v e ra g e  r e s u l t a n t  o f  th e  moments o f  a l l  m o le c u le s  

in c lu d e d  w i th in  a  s p h e r i c a l  vo lum e, o f  r a d i u s  l a r g e  

com pared to  m o le c u la r  d im e n s io n s , c ir c u m s c r ib e d  a b o u t 

a  g iv e n  d ip o le  a s  a  c e n t e r .  Then th e  v a lu e  o f  ’ju’- pi, 

c a l c u l a t e d  b y  s t a t i s t i c a l  m e th o d s , f o r m a l ly  a c c o u n ts  

f o r  d ip o le  a s s o c i a t i o n  in  h i s  th e o r y .  A s s o c ia t io n  o f  

p o l a r  l i q u i d s  h a s  n o t  b een  s tu d i e d  f u r t h e r  i n  t h i s  

d i s c u s s i o n .
s(,aJG eorge J a f f e  h a s  a p p l i e d  two p r o p o s i t io n s  i n  th e  

c a l c u lu s  o f  p r o b a b i l i t i e s  to  th e  a n a l y s i s  o f  th e  l o c a l  

f i e l d  i n  p o l a r i z e d  d i e l e c t r i c s .  He fo u n d  an i m p l i c i t  

fo rm u la  f o r  th e  d i e l e c t r i c  c o n s ta n t  w h ich  r e p r e s e n t s  

th e  e x te n s io n  o f  O n sa g e r’s  r e s u l t  to  d i e l e c t r i c s  o f
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v a r i a b l e  d e n s i t i e s  down to  th e  d e n s i t i e s  o f  g a s e s .

T h ere  i s  a  fo rm a l s i m i l a r i t y  o f  J a f f e ’ s  r e s u l t s  w i th  

th o s e  o f  K irkw ood*s m o d i f i c a t io n  o f  O n s a g e r’s  th e o r y ,  

b u t  i t  i s  a p p a r e n t  t h a t  K irkw ood’ s  t r e a tm e n t  i s  

s u p e r i o r  to  J a f f e ’ s a s  r e g a r d s  th e  a to m ic  and  m o le c u la r  

p i c t u r e .  How ever, J a f f e  e s t a b l i s h e d  a  m ore g e n e r a l  

c o n n e c tio n  be tw een  th e  a c t u a l  p e rm an en t moment j*<> i n  

vacuo  and  th e  i n  s o l u t i o n  th a n  d id  O n sa g e r .
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DISPERSION AND ABSORPTION

An anom alous d i s p e r s i o n  f o r  l i q u i d s  f o r  r e l a t i v e l y  

lo n g  w aves, i . e .  a  d e c r e a s e  o f  d i e l e c t r i c  c o n s t a n t  w i th  

in e re a s in g jjjfre q u en e y , was f i r s t  o b se rv e d  by  P . Drude*1 ,  

who fo u n d  t h a t  th e  e f f e c t  e x i s t e d  o n ly  f o r  a  c e r t a i n  

k in d  o f  m o le c u le  w here  s p e c i a l  g ro u p s , -OH, -NH^, e x i s t e d .  

P . D eb y e^  n o te d  t h a t  th e  c h a r a c t e r i s t i c  p r o p e r ty  o f  th e  

l i q u i d s  w i th  anom alous d i s p e r s i o n  i s  th e  p o l a r i t y  o f  

t h e i r  m o le c u le s ,  an d  t h a t  th e  e f f e c t  r e p r e s e n te d  th e  

t r a n s i t i o n  o f  th e  com bined o r i e n t a t i o n  and d i s t o r t i o n  

p o l a r i z a t i o n  to  a  p u re  d i s t o r t i o n  p o l a r i z a t i o n  o f  th e  

m o le c u le s .  The d i v id in g  l i n e  b e tw een  th e  two e f f e c t s  

o c c u r s  a t  a  f re q u e n c y  d e f in e d  by  ^ = 1 , w here  'v  i s  

t h e  tim e  o f  r e l a x a t i o n  o f  th e  l i q u i d ,  ©r th e  t im e  r e q u i r e d  

f o r  th ^n o m en ts  o f  t h i  m o le c u le s  to  r e v e r t  to  a  random 

d i s t r i b u t i o n  a f t e r  rem o v a l o f  th e  im posed  f i e l d .  In  h i s  

a n a l y s i s  Debye fo u n d  t h a t  f o r  p e r io d i c  f ie ld ®  th e  f a c t o r  

d e te rm in in g  th e  o r i e n t a t i o n  p a r t  o f  th e  d i e l e c t r i c  

c o n s ta n t  s h o u ld  be  m u l t i p l i e d  b y  a  com plex f a c t o r  •

The m eaning o f  th e  com plex  f a c t o r  i s  t h a t  t h e r e  e x i s t s  

a  p h a se  d i f f e r e n c e  be tw een  th e  moment and  th e  i n t e r n a l  

f o r c e .  T h is  p h a se  d i f f e r e n c e  b e tw een  f i e l d  i n t e n s i t y  

and  p o l a r i z a t i o n  i s  a lw ays accom pan ied  b y  e n e rg y  

a b s o r p t io n .  T h e r e fo r e ,  a s  a r e s u l t  o f  th e  e x i s te n c e  o f
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o f  a f i n i t e  r e l a x a t i o n  tim e  one w i l l  n o t  o n ly  en­

c o u n te r  d i s p e r s i o n  b u t  a l s o  a b s o r p t io n  i n t i m a t e l y  

c o n n e c te d  w i th  i t .
(jj

Debye a p p l i e d  t h i s  id e a  to  th e  D e b y e -C la u s iu s -  

M o s s o t t i  e q u a t io n  f o r  d i e l e c t r i c s  an d  i t  i s  th e  o b j e c t  

o f  t h i s  s e c t i o n  o f  th e  d i s c u s s io n  to  a p p ly  th e  same 

id e a  to  th e  O n sag e r e q u a t io n  an d  th e r e b y  O b ta in  d i s p e r s i o n  

and  a b s o r p t io n  e q u a t io n s  f o r  p o l a r  l i q u i d s .

The O n sag er e q u a t io n  i s

(t-zw ’-y •= (25)

In  o r d e r  to  s im p l i f y  th e  e q u a t io n  to  one o f  th e  f i r s t

d e g re e  i n  e, to  f a c i l i t a t e  i t s  s o l u t i o n ,  i t  i s  su p p o sed

t h a t  E. i s  s u f f i c i e n t l y  l a r g e  t h a t

^  <2. + ^  *. z.t  e-
Then m u l t ip ly in g  th e  moment b y  th e  com plex f a c t o r

/ «/* i  7s
it

and  s u b s t i t u t i n g  th e  com plex d i e l e c t r i c  c o n s t a n t  ,*• -  £-<■*• 

one o b ta in s  th e  fo l lo w in g  e q u a tio n  w h ich  c o n ta in s  b o th  

•an a b s o r p t io n  e q u a t io n  and a  d i s p e r s i o n  e q u a t io n :

l' - l l " -  = - H — (26)i -t- i, cO /

w here  p - ^  an d  /  = . Now by  e q u a t in g

th e  r e a l  te rm s  and th e  im a g in a ry  te rm s  o f  e a c h  s i d e ,  

t h e s e  e q u a t i o n s r e s u l t :

f o r  d i s p e r s i o n  l ' - ^  ^ (2 7 a)/ -f- UJ2' )
cuTf o r  a b s o r p t io n  £ ' - (27b)

I t  can  be  se e n  by  d i f f e r e n t i a t i o n  o f  th e  above e q u a t io n s  

t h a t  e q u a t io n  (27a) d o es  n o t  show a  maximum v a lu e  f o r
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t h e  d i e l e c t r i c  c o n s t a n t  h u t  t h a t  e q u a t io n  (27b) d o e s  

p o s s e s s  a  maximum v a lu e ,, . , a t  a  v a lu e  o f  ; i .

T h e re  i s  no s u i t a b l e  e x p e r im e n ta l  d a t a  a v a i l a b l e  to  

e n a b le  one to  d i s c r im i n a t e  betw een  th e s e  e q u a t io n s  

an d  th e  Debye e q u a t io n s  b u t  i n  v iew  o f  th e  s u c c e s s  o f  

th e  O nsager e q u a t io n  one w i l l  p r e f e r  t h e s e  e q u a t io n s .

B o th  t h e s e  an d  th e  D ebye e q u a t io n s  g iv e  c u rv e s  o f  th e  

g e n e r a l  form  o f  th e  e x p e r im e n ta l  d a ta  a v a i l a b l e  on s o l i d s  

a n d  h ig h ly  a s s o c i a t i n g  l i q u i d s ,  b o th  o f  w h ich  a r e  e x c lu d e d  

from  th e  th e o r y .  I f  £ ^ ^ i s  th e  v a lu e  o f  th e  d i e l e c t r i c  

c o n s ta n t  a t  th e  f re q u e n c y  w here £uh as  th e  v a lu e  6%*^, 

th e n

^  a n d  e  =■ ^  +- ( 2 8 )

By a p p ly in g  th e  fu n d a m e n ta l th eo re m s o f  e l e c t r i c i t y  

and su p p o s in g  t h a t  th e  d i r e c t  c u r r e n t  c o n d u c t iv i t y  o f  

th e  d i e l e c t r i c  i s  n e g l i g i b l e ,  one can  show t h a t  i f ,  a s  

i n  p o l a r  l i q u i d s ,  th e  medium h as  a  com plex  d i e l e c t r i c  

c o n s t a n t ,  ,  th e n  th e  l i q u i d  h a s  a  com plex

c o n d u c t iv i t y ,  + i t ' 1 ,  w here

and «■- ^  (29)

G e n e r a l ly ,  th e  a l t e r n a t i n g  c u r r e n t  c o n d u c t iv i t y  i s  n o t  

r e f e r r e d  to  b u t  i n s t e a d  one u s e s  th e  l o s s  a n g le  >q 

d e f in e d  a s  >q = z  ~ &

w here  & i s  th e  p h a se  a n g le  be tw een  th e  i n s t a n ta n e o u s
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c u r r e n t  and v o l ta g e  v e c t o r s .  Then

ta n £,
C '

and th e  f a m i l i a r  power f a c t o r  i s  g iv e n  b y

The s c a l a r  p ro d u c t  o f  th e  c u r r e n t  a n d  v o l ta g e  

v e c to r s  g iv e s  th e  in s t a n ta n e o u s  power consum ed by  th e  

sy s te m  and t h f  mean pow er can  be o b ta in e d  by  i n t e ­

g r a t i o n  o v e r  a  w hole num ber o f  h a l f  p e r io d s  g iv in g :
i B

mean pow er p e r  se c o n d  -  ■***$ / ^ .

mean pow er p e r  c y c le  •=

w here  E„ i s  th e  a m p li tu d e  o f  th e  v o l ta g e  v e c t o r .  (E 0 

h e re  i s  n o t  to  b e  c o n fu se d  w i th  1 th e  e l e c t r i c  i n t e n s i t y ) .

I t  i s  e a s i l y  se e n  t h a t  s i n c e  th e  l o s s  f a c t o r  e 1*

d e p en d s  on th e  freq u en cy ^  t h a t  by  e q u a t io n  (29 ) th e  

c o n d u c t iv i t y  f a c t o r  s' w i l l  a l s o  depend  on th e  f re q u e n c y  

a c c o rd in g  to  v ' -  .

A s tu d y  o f  t h i s  e q u a t io n  shows t h a t  th e  c o n d u c t iv i t y  o f  

any  d i e l e c t r i c  to  w h ich  th e  e q u a t io n  a p p l i e s  s h o u ld  

a lw a y s  i n c r e a s e  w i th  th e  f r e q u e n c y , w here  i t  ch an g es  a t  

a l l .  The m o st i n t e r e s t i n g  f e a t u r e  o f  t h i s  e q u a t io n  i s  

t h a t  a s  th e  f re q u e n c y  i n c r e a s e s  i n d e f i n i t e l y ,  

a p p ro a c h e s  a  l i m i t i n g  v a lu e  r L ,

A cco rd in g  to  E. M urphy and S . M organ ,  t h e  l e v e l i n g  

o f f  o f  th e  c o n d u c t iv i t y  c u rv e  a t  h ig h  f r e q u e n c ie s  i s  

n o t  o b s e rv e d  i n  a l l  m a t e r i a l s .  F o r many m a t e r i a l s  th e

(30)
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c o n d u c t iv i t y  c o n t in u e s  to  i n c r e a s e  a s  th e  f re q u e n c y  

becom es h ig h e r ,  a l th o u g h  th e  r a t e  o f  i n c r e a s e  i s  o f te n  

n o t  g r e a t .  The e q u a t io n  was o b ta in e d  b y  m aking th e  

s im p le s t  a s su m p tio n s  w h ich  c o u ld  be  made r e g a r d in g  th e  

s t r u c t u r e  o f  a  d i e l e c t r i c  and  i t  i s  to  b e  e x p e c te d  

t h a t  many com plex  m a t e r i a l s  w i l l  n o t  have  a 

c o n d u c t iv i t y  w h ich  obeys t h e s e  e q u a t io n s .

The co m p ariso n  o f  e q u a t io n  (30) w i th  e q u a t io n (28) 

b r in g d  o u t  th e  c o n t r a s t  b e tw een  th e  maximum d i e l e c t r i c  

l o s s  p e r  c y c le  e'V—* an d  th e  maximum d i e l e c t r i c  l o s s  

p e r  seco n d  &L . The maximum d i e l e c t r i c  l o s s  p e r  c y c le  

i s  c o m p le te ly  d e te rm in e d  by  th e  d i f f e r e n c e  b e tw een  th e  

s t a t i c  d i e l e c t r i c  c o n s ta n t  and  th e  o p t i c a l  d i e l e c t r i c  

c o n s t a n t ,  n.%

On th e  o th e r  h a n d , th e  d i e l e c t r i c  l o s s  p e r  se co n d  , 

d ep en d s a s  w e l l  on <r . T u s u a l l y  v a r i e s  w i th  te m p e ra tu re  

w h e reas  ch an g es  c o m p a ra t iv e ly  s lo w ly  w i th  tem p era ­

t u r e .  The te m p e ra tu re  d ep en d e n ce  o f  th e  maximum
«

d i e l e c t r i c  l o s s  p e r  c y c le  i s  r e l a t e d  to  th e  p o l a r i z ­

a b i l i t y  o f  th e  m a t e r i a l ;  w h e re a s , th e  te m p e ra tu re  

v a r i a t i o n  o f  th e  maximum d i e l e c t r i c  l o s s  p e r  se c o n d  i s  

p r i m a r i l y  a  m easu re  o f  th e  change  o f  i n t e r n a l  f r i c t i o n  

w i th  te m p e r a tu re .
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A METHOD FOR DETERMINING DIPOLE MOMENTS 

FROM SOLUTION M M

The O nsager e q u a t io n  can  b e  a p p l i e d  to  s o l u t i o n s  

o f  a n y  num ber o f  com ponen ts o f  l i q u i d s  b o th  p o l a r  and  

n o n p o la r .  The e q u a t io n  f o r  s o l u t i o n s  o f  p o l a r  l i q u i d s  

d o e s  n o t  y i e l d  a n y  i n t e r e s t i n g  r e s u l t s  b e c a u s e  o f  th e  

p re s e n c e  o f  th e  e l e c t r i c  moments f o r  a l l  th e  p o la r  

m o le c u le s ;  how ever, i n  c a s e  one o f  th e  com ponents h a s  

a  n o n p o la r  m o le c u le ,  th e n  th e  two com ponent e q u a t io n  

s h o u ld  y i e l d  a m ethod o f  c a l c u l a t i n g  th e  e l e c t r i c  

moment o f  th e  p o l a r  m o le c u le .

The g e n e r a l  O n sag er e q u a t io n  f o r  an  n -co m p o n en t 

s o l u t i o n  i s

Wv * £ V* (31)
w here  — V i s  th e  m o la l  p o l a r i z a b i l i t y  o f  th e  s o l u t i o n  

etc I s  t h e  p o l a r i z a b i l i t y  o f  i t h  m o le c u le

M l

1/ i s  th e  t o t a l  volum e o f  s o l u t i o n

e  i s  th e  d i e l e c t r i c  c o n s t a n t  o f  th e  s o l u t i o n

\JL- i s  th e  m o la r  volum e o f  i t h  com ponen t, \£ =

%■„ i s  th e  m ol f r a c t i o n  o f  i t h  com ponent i n

s o l u t i o n ,   ̂— /̂ —r,3 A/, *■■■■■ A/i

Then th e  e q u a t io n  f o r  a  tw o-com ponen t sy s te m  made
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up  o f  a  n o n p o la r  s o lv e n t  an d  a  p o l a r  s o l u t e  w i l l  be  a s  

f o l lo w s :

w h ere  _ 3  *.*, , ^  v ✓PC /  _     ' A _  -« / V V

^  ^  " " ♦ v  77

a n d  th e  s u b s c r i p t s  1 a n d  2 r e f e r  t o  n o n p o la r  a n d  p o la r  

m o le c u le s  r e s p e c t i v e l y .

A new e q u a t io n  can  be  o b ta in e d  by  d i f f e r e n t i a t i n g  

t h i s  e q u a t io n  w i th  r e s p e c t  to  th e  p o l a r  m o le c u le  co n cen ­

t r a t i o n  an d  by  a p p ly in g  t h i s  d i f f e r e n t i a l  e q u a t io n  i n  

th e  l i m i t  a s  th e  p o l a r  m o le c u le  c o n c e n t r a t io n  a p p ro a c h e s  

^ e r o .  Then f o r  th e  p u re  p o n p o la r  s o lv e n t  t  = ^  . The 

s i m p l i f i e d  e q u a t io n  f o r  a  n o n p o la r  com ponent a n d  a  p o l a r  

com ponent i s
C- ~ [ y I X-t '*'7/ +% ^ 't;y

Rem em bering t h a t  s   ̂ ^  - X^ L ,  th e n

^ '  = i t r ^ l  <- $§. i * , '> ,£% ■ -  «- *  (33 )

D i f f e r e n t i a t i t n  o f  th e  r i g h t  hand s i d e  o f  th e  ab o v e  

e q u a t io n  g iv e s   ̂ , r ^  j  *• <1 * 1

^ ( ^ W v)  = j * r ^  * &  j  V,(^' ***- * A t+ -».*■ ^ 7

 ̂ ^ ( 34)

S in c e  y. , + % =  ±. ,  th e n  r -j. . In  th e  r i g h t  hand
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s i d e  o f  th e  above e q u a t io n  l e t  aq a p p ro a c h  z e r o ,  th e n  

y, -*■ l  an d  a l s o  e. -  (n o n p o la r )  w h ich  g iv e s

\ j S r ( 35)

Now d i f f e r e n t i a t e  th e  l e f t  hand s i d e  o f  e q u a t io n

(34) t o  o b ta in

i . ( & )  '  * V
M, A/t.

and assum e t h a t  v = ( '-** .) + J

w hence = K. ~ ^

s o  t h a t  one  o b ta in s

f j & * ) 0 6 )
l cue xxnax e q u a t io n  becom es » e ?

*tx.

Then th e  f i n a l  e q u a t io n  becom es

o r
a l /  l^.t+ 1 ) ( t  ~m\) 4tXL *

S fe  d * t l  1 -  I T T ^ r  =  3 f e r
*-CT° r r ^ F  = 3kT (37)

T h is  i s  th e  e q u a t io n  w h ich  may be  u se d  to  c a l c u l a t e  

e l e c t r i c  moments from  e x p e r im e n ta l  d a ta  on s o l u t i o n s  o f  

p o l a r  m o le c u le s  i n  n o n p o la r  s o l v e n t s .

To g e t  v a lu e s  o f  e l e c t r i c  moments i n  s o l u t i o n ,  one 

m ust n o t e  t h a t  O nsager g iv e s  f o r  jASi n  s o l u t i o n
„ /  u J  , * t + t (o&\

f * s"  /  3 t  P ? % J f t '  ~ ~ J ~  ' A t t - n -  f * *  '*3 8 '

w here  (Mj- i s  t h e  e l e c t r i c  moment i n  an  e n v iro n m e n t o f  

d i e l e c t r i c  c o n s t a n t  e.. Then th e  f i n a l  e q u a t io n  i s

V & l  + .  1 * k  q | V r ) > ;  (39)
1 j sl t  + /WSr 3 feT \ + 1 / /

I t  .ap p ea rs  t h a t  t h i s  e q u a t io n  w i l l  g iv e  v e ry
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a c c u r a t e  v a lu e s  o f  p e rm an en t e l e c t r i c  moments p ro ­

v id e d  a c c u r a t e  d a t a  a r e  a v a i l a b l e  from  d i e l e c t r i c  

c o n s t a n t  m easu rem en ts  o f  d i l u t e  s o l u t i o n s  o f  p o l a r  

m o le c u le s  i n  a  s e r i e s  o f  n o n p o la r  s o l v e n t s .  One o f  

th e  c h i e f  d i f f i c u l t i e s  in  a p p ly in g  t h i s  e q u a t io n  i s  

th e  e v a lid a tio n  o f  a s  T h is  can  be  overcom e

som ewhat by  e v a lu a t in g  v) j  s in c e  a t  low

p o l a r  m o le c u le  c o n c e n t r a t i o n s  i s  a p p ro x im a te ly  a

l i n e a r  f u n c t io n  o f  th e  c o n c e n t r a t i o n  f o r  many p o la r  

m o le c u le s .
O-rj

P . M u lle r  and  o th e r s  have  shown t h a t  th e

v a lu e  o f  th e  p e rm an en t moment o b ta in e d  from  s o l u t i o n

m easu rem en ts d ep en d  i n  a  s y s te m a t ic  way on th e

d i e l e c t r i c  c o n s ta n t  o f  th e  s o l v e n t .  I n  o r d e r  to

o b ta in  r e l i a b l e  v a lu e s  f o r  th e  p e rm a n e t moment o f  a

f r e e  p o l a r  m o le c u le  from  s t u d i e s  on i t s  d i l u t e  s o l u t i o n s

i t  i s  n e c e s s a r y  to  make m easu rem en ts  u s in g  a  v a r i e t y

o f  s o lv e n t s  and to  e x t r a p o l a t e  to  d i e l e c t r i c  c o n s ta n t
( n )

o f  u n i t y .  S .  Sugden h a s  s u g g e s te d  a  c o n v e n ie n t  

m ethod f o r  p e rfo rm in g  t h i s  e x t r a p o l a t i o n .  O nsager g iv e s  

th e  e f f e c t  o f  s u r ro u n d in g  m a t te r  o f  d i e l e c t r i c  c o n s t a n t  

e and r e f r a c t i v e  in d e x  n  upon th e  e l e c t r i c  moment 

i n  f r e e  s p a c e ,  a s

Ŝoluhervv ~ 3 -2.4.■ f H V  r- =  i - r  U o )
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I n  t h i s  e q u a t io n  i s  a lw a y s  g r e a t e r  th a n  u n i t y  and 

i t  i n d i c a t e s  t h a t  th e  m ost s a t i s f a c t o r y  s o lv e n t  to  

u s e  f o r  e l e c t r i c  moment d e te r m in a t io n s  w ould  b e  one 

o f  low  r e f r a c t i v e  in d e x  a s  w e l l  a s  low  d i e l e c t r i c  

c o n s t a n t .  T l i s  e q u a t io n  was d e r iv e d  f o r  l i q u i d s .  I f  

th e  d e n s i ty  o f  th e  s o l u t i o n  d i f f e r s  g r e a t l y  from  a
/  (t8)

n o rm a l d e n s i t y  o f  l i q u i d s ,  th e  r e s u l t s  o f  G. J a f f e ’ s  

t h e o r e t i c a l  t r e a tm e n t  o f  th e  l o c a l  f i e l d  i n  

p o l a r i z e d  d i e l e c t r i c s  may b e  u s e d .  J a f f e  o b ta in e d ,  

a s  a  g e n e r a l  c o n n e c tio n  b e tw een  th e  a c t u a l  e l e c t r i c  

moment p a t  v a r i a b l e  d e n s i t i e s  an d  th e  moment ju6 i n  

f r e e  s p a e e ^ th e  e q u a t io n  ^

/Vfo = 1 + \  & (41)
4 ~n rJ c -3
_ _ _  s,

s, i s  th e  n e a r e s t  d i s t a n c e  o f  a p p ro a c h  f o r

w here  iJLH s;3

two m o le c u le s ,
z a - o  4va/ _

T T 7 7  • “ a "

oc i s  th e  p o l a r i z a b i l i t y  o f  th e  m o le c u le ,

±  i s  a  p a ra m e te r ,
oO
j - l ^ i s  th e  lo g a r i th m ic  i n t e g r a l  -£*(*,*g) w h ich  may 

$ b e  e v a lu a te d  from  m a th e m a tic a l  t a b l e s .

F o r  l i q u i d s  a , i s  u s u a l l y  p u t  e q u a l  to  u n i t y ,  th e n  th e  

g e n e r a l  e q u a t io n  ( 41) becom es

J

<?<•'>$)= H r *  i + f e J - (42)
n
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I f  i n  c a s e  J a f f e ’ s  i m p l i c i t  fo rm u la  f o r  th e  d i e l e c t r i c

c o n s ta n t  i s  t o  b e  th e  same a s  O n sag er* s e q u a t io n ,  th e n  
✓

J a f f e ’ s  f u n c t io n  m ust be  th e  same a s  O n sa g e r’ s  

r e l a t i o n  b e tw een  ^ and p 0 o r

 ̂ U 3J

T h ro u g h o u t t h i s  p a p e r  O n sa g e r’ s jw„ an d  J a f f e ’ s ju© 

mean th e  p e rm an en t moments i n  f r e e  s p a c e .  E q u a tio n  (39) 

i s  u s e d  to  c a l c u l a t e  th e  p e rm an en t moment v a lu e  i n  

s o l u t i o n ,  th e n  e q u a t io n  ( 40) i s  u se d  to  f i n d  O n sa g e r’ s 

Y<> i n  f r e e  sp a c e  and  e q u a t io n  ( 4-2) i s  u se d  to  f i n d  

J a f f e ’ s  jj>0 i n  f r e e  s p a c e .  O n sa g e r’ s  and J a f f e ’ s t̂® 

a r e  th e  r e s u l t  o f  a p p l i c a t i o n  o f  two d i f f e r e n t  t h e o r i e s  

o f  s o lv e n t  e f f e c t  to  p e rm an en t moment v a lu e s  i n  s o l u t io n  

c a l c u l a t e d  by  e q u a t io n  ( 39) .
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CALCULATIONS

The e q u a t io n  f o r  c a l c u l a t i n g  p e rm an en t 

moments from  d i e l e c t r i c  c o n s ta n t  m easu rem en ts  i s

\/ 4^ I * 3 t c £ ~ ^  \/ -  * riL ( m,'1'
Vi d V i .  j  t  + “ 3 ^ |  I i

X *.-*■ ©

T ake a s  an  exam ple f o r  c a l c u l a t i o n  th e  r e c e n t  d a ta

on b e n z e n e -m o rp h o lin e  sy s te m  m easu red  by  Sm yth and

L ew is who o b ta in e d  a  p e rm an en t moment v a lu e  o f  i-s g -

( J . fifoeOhSffieS o c . 6 1 . 3067 (1 9 3 9 ) ) .  P a r t in g to n  and

Coomber (N a tu r e . 1A1. 91& (1 9 3 8 )) o b ta in e d  a  v a lu e

o f  i n  Lenzewe . G r a p h ic a l ly ,  from  a p l o t  o f

t v s .  th e  v a lu e  o f  j was c a l c u l a t e d  a s  3 .5 0 .

O th e r  p r o p e r t i e s  o f  b e n ze n e  and  m o rp h o lin e  a s  g iv e n

by Sm yth a n d  L ew is a r e :

b en zen e  m o rp h o lin e
v , ■=■ \j^_ *  8 1 . cxaa3

-  -i. -2.T u  2-s -c ^ ^ |l

Then ■+ C°->7) 8 1 . 1  -  c.>> x to3 1  (

o r  _ /. *;*-'* = /- 

By th e  O nsager th e o r y :  ^  = = /.  ̂ ^

By th e  J a f f e  e q u a t io n :   ̂ =. /. 7 / &h* ~ /. o 7

O n sa g e rf s  /*• and  J a f f e ’ s a r e  th e  d i r e c t  r e s u l t s  

o f  t h i s  t h e s i s  and  th e y  a r e  to  be  com pared to  th e  

a c c e p te d  pe rm an en t moment v a lu e s .

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



35

H ere a r e  some a d d i t i o n a l  c a l c u l a t i o n s  made from  

d a ta  o b ta in e d  from  th e  r e c e n t  l i t e r a t u r e .

T h is  d a t a  on e th y l  b rom ide  i n  c a r b o n t e t r a c h l o r i d e  

s o l u t i o n  i s  from  Goss ( J . Chem.S o c . 752 ( 1 9 4 0 ) ) .  The 

te m p e ra tu re  was 20°C . and  th e  s lo p e  d e /d x ^ w as o b ta in e d  

by n u m e r ic a l  i n t e r p o l a t i o n .  He o b ta in e d  a  v a lu e  o f

r. 1 .9 8  and  th e  a c c e p te d  v a lu e  i s  a b o u t ^ = 2 .0 0 .

*  ( \
-4- b - 7 2'  ce>-*j  )  ?■ -/*/ = & <33 v  /o'3"7 (/■ W 7  M ~‘-<t>.rr '

j  r o  « a .« 7 J.

T h is  d a t a  on c h lo ro fo rm  i n  c a r b o n t e t r a c h l o r i d e  

s o l u t i o n  was m easu red  a t  20"C . by  G o ss. He o b ta in e d  

a  v a lu e  o f  p - 1 .0 5 .

1 ■,***> I
J- -£ ' ~ y  t e . / S " )  g o - 3  ■> ( , . 3 3  < t o 3 7  ( s . i p o )  / U

f *  - /. 3 2 .  S> ; /•»-, . r  j  y. -=- / . ‘ S '  - x". •= /. a. -a_

F o r a  co m p ariso n  o f  m easu rem en ts  made in  tiro

s o l v e n t s ,  t a k e  G o ss’ s m easu rem en ts  made on e th a n o l  i n

b o th  c a r b o n t e t r a c h l o r i d e  an d  b e n z e n e . I n  bfenzene a t

20 "C, he o b ta in e d  , ,.
\  ~ ’I ' t s  ’ ,.’t e  ; * 3 88

g f . 4 ( 3 . g g )  ■+■ ( e - 4 /S ^  S l . f  »  6 . 3 3  x / o -57 f  A J-^ J  / «  *■

/f = ^  * ST / J> I / S/ *
I n  c a r b o n t e t r a c h l o r i d e  a t  2 0 "C, he  o b ta in e d

+  2. v ,x  s  , . a e  ^ *  7 -Vl\ . I. 8 s ' **
± 2 * - ( » . 3 1 )  < c t . ¥  •  6.33 x C ,

_  / .  g  O ^ w -g . O U t* ,* - 4 j J -6  /  -  ' '  7 /
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D a ta  on t e t r a n i t r o m e th a n e  i n  c a r b o n t e t r a c h l o r i d e  

s o l u t i o n  by  Sm yth and L ew is ( J .  1m. C hen. S o c . 6 1 . 3067 

(1 9 3 9 ))  a t  25°C . g iv e s
V, ^  S > l A  V , .  •= 1 2 1 0  j L t  I  ^  0 . 3 1

' I£ =. Z.'l* yf- - 2.06

9 T . 4 - C o . 3 l J  +  fe-7 2 ~ ( o . / f )  1 2  1 .0  =  6 . 2 .  x / o  ( ' ■ • & > )  p -  s ^ ~ ,  a — <

» X /

Sm yth and Lew is fo u n d  p =©vi and  added  t h a t  th e  p e rm an en t 

moment m ig h t b e  a t t r i b u t e d  to  th e  u n a c e o u n tin g  f o r  

a to m ic  p o l a r i z a t i o n  i n  t h e i r  e q u a t io n s .  Coop and S u tto n  

( J . Chem. S o c . 1269 (1 9 3 8 )) found  ^ = 0.3s i n  th e  g as  and 

W illia m s  (P h y s ik .Z . 2 9 . 27 (1 9 2 8 )) fo u n d  ^^o.'xo i n  

b e n z e n e . I t  a p p e a rs  t h a t  t h i s  m ethod g iv e s  a s  good v a lu e s  

a s  d o e s  th e  p r e s e n t  Debye d i l u t e  s o l u t i o n  e q u a t io n .  M e ith e r  

th e  Debye e q u a t io n  n o r  th e  O n sag e r e q u a t io n  ta k e  fo rm a l 

a c c o u n t  o f  a to m ic  p o l a r i z a t i o n  .in  com plex m o le c u le s .  T h e re ­

f o r e  t h i s  d ip o le  moment v a lu e  d o e s  n o t  d e f i n i t e l y  c a ta lo g u e  

t e t r a n i t r o m e th a n e  a s  a p o l a r  compound. I t  i s  in c lu d e d  

n o t  to  s e t t l e  a  c o n tr o v e r s y  b u t  to  i l l u s t r a t e  th e  r e s u l t s  

o f  t h i s  new m ethod  a s  com pared  to  th e  p r e s e n t  m ethod f o r  

c a l c u l a t i n g  p o la r  m om ents.

D a ta  on n i t r o b e n z e n e  in  b en zen e  s o l u t i o n  by W illia m s  

( L a n d o l t - B o r n s te in  T a b le s ,  V o l. 2 , p t .  2 , p . 1002) a t  25*C.

g iv e s  ✓, = 8SS  . V.J. = faz.S dt_ 1 ^
£ z z . z *  ‘ z .3 3  J
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3 n d .  ' -  4 . 6 0  . jA o  ~  3 . S > 7  CLAA.U <l7 1 ^ 6 > 1 * 0  ■= 4 . 2  ( J > .

Goss found  p = -t. 3S and th e  a c c e p te d  v a lu e  i n  th e  gas 

i s  f * 4 .Z3  .

D a ta  on hy d ro g en  p e r s u l f i d e  i n  b en zen e  s o l u t i o n  a t  

25°C.  m easu red  by  Sm yth, L ew is , Grossm an and J e n n in g s  

( j . Am. Chem. S o c . 6 2 , 1219 194-0) g iv e s

i/i — 88.5  . +  A 6 j  z . i o
£ = 2.X f  '  *»*• •=. 2.6^ ' -rfXfc /

z-

88.S~ ( z . 1 o )  •+ ( - 0 -  3 ^ J  4 - 9 . &  ■=■ s .  2 2  X  s o 3 1  C , .  * v j

P-oolM. - 1S4D- ^  _ 1.-16 c^a  c£»^6o 1.2.3 0 .

They o b ta in e d  a  p e rm a n en t moment v a lu e  o f  1 .1 7 .

D a ta  on n - p r o p y l  b o r a te  m easu red  a t  25°C . i n  

b e n ze n e  s o l u t io n  by Sm yth and  L ew is ( J . Am. Chem. S o c . 6 2 , 

1529 (1 9 3 9 )) g iv e s
y/,. 9*S ^ = 2 2 *  ' ^

T h e ir  c a l c u l a t i o n s  from  th e  b e n ze n e  s o l u t io n  d a ta  gave 

a p erm an en t moment v a lu e  o f  0 .7 7 .

D a ta  on i - b u t y l  b o r a t e  m easu red  in  b e n ze n e  s o l u t io n  

a t  25*C. by Sm yth and L ew is ( J . Am. Chem. S o c . 6 2 . 1529 1939)

89. s C - o  ° - r )  +  ( o . - 3 4 ) ‘Z Z °6 .«>d v
4.2. x --o'37  ̂ ✓ .  a-, )  p

/ W  * & * U V O C t.^ L r^ o  ju t 0 ~  0 . 7 7   ̂ ^  o  "  O .
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gives
-  29- S  s/^ -  °  g/e. ,

e -  *■*■» '  *<>* ~  03

g 9  S  {-t>. e>3 ) ■+ C°- 3 ' J  2- 7V.o =■ &. Z x  / o'37 {'■ *xy) / ‘s ê«.

/ 's . u , .  = 0 97  (OMAa<gM p e ~ = 0. 84  p . 0 2 i ? ~  -. 6 . 8 9

They c a l c u l a t e d  ju = © .ss i n  b en zen e  s o l u t i o n .

D a ta  on a c e t o n i t r i l e  m easu red  a t  25“C. i n  b en zen e  

s o l u t i o n  by Sm yth and L ew is ( J . Chem. P h y s . 7 , 1085 1939) 

g iv e s
v, =. 8 9 .5  ^ 5 2 . 8  d zvy.t> v , .  = s a . #  a t  i ^  15. g

'Z ‘2.̂  - 1 . 8 o S * '

g f . s O j - . 3 j  + ( o . * 7 )  * 2 . 8  ^  6 .2  X  / ° '37 ->

fsoU*. ~ ®1 ■P • ^ tQ ( dUuiâ ta_ ) ~ 3.37. J p*_0 " 3.6©

They c a l c u l a t e d  yw=3.s i  i n  b e n ze n e  and i n  h e x an e .

D a ta  on n - b u ta n o l  m easu red  a t  20°C . i n  c a r b o n t e t r a ­

c h lo r i d e  s o l u t i o n  by R odebush , Eddy and Eubank ( J . Chem. 

P h y s . 8 , 890 (194-0)) g iv e s
v>/ — 9 6 .5 *  X4 -  9 f . S

*

96 . S’ f  3. 3 5 )  -+• (o. ' z .S)  9 L G '  -  6  . J> 3  *  s o 37 c ,. J  <uto. ̂  ̂  /^,
■2-  

*5" <r̂ vi ,

< . < J W * ^  l^c -  = > .6 9  ju» ■= h | |  ■= i . 8 0

Goss g iv e s  a v a lu e  o f  th e  moment o f  1 .6 8  c o r r e c t e d  f o r  

th e  s o lv e n t  i n f lu e n c e  by h i s  m ethod  and th e  a c c e p te d  

v a lu e  o f  th e  moment i n  g as i s  1 .6 6 .
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The fo l lo w in g  t a b l e  g iv e s  a summary o f  th e  c a l ­

c u l a t i o n s  made from  r e c e n t  d a ta  i n  th e  l i t e r a t u r e .  The 

f i r s t  colum n c o n ta in s  th e  a c c e p te d  v a lu e s  o f  d ip o le  

moments i n  th e  g a se o u s  p h a s e . Column two c o n ta in s  th e  

v a lu e s  o f  p e rm an en t moments a s  c o r r e c t e d  by  G oss.

Columns t h r e e  and fo u r  g iv e  th e  p e rm an en t moments a s  

c a l c u l a t e d  i n  t h i s  t h e s i s  by a p p ly in g  th e  O nsager s o lv e n t  

e f f e c t  c o r r e c t i o n  ( i n  colum n th r e e )  and  th e  J a f f e  s o lv e n t

e f f e c t  c o r r e c t i o n ( i n  colum n fo u r )  .

A c e t o n i t r i l e
fc»o»S
3 .5 1 *

M o

3 .3 7 3 .6 0

n -B u ta n o l 1 .6 6 1 .6 8 1 .6 9 1 .8 0

i - B u ty l  b o r a te 0 .8 5 * 0 .8 4 0 .8 9

E th a n o l 1 .6 8 1 .6 8 1 .6 1 1 .7 1

C h lo ro fo rm 1 .0 2 1 .0 5 1 .1 5 1 .2 2

E th y l  b rom ide 2 .0 1 1 .9 4 1 .9 5 2 .0 7

H ydrogen p e r s u l f i d e 1 .1 6 1 .2 3

M o rp h o lin e 1 .5 8 * 1 .6 0 1 .7 1

N itro b e n z e n e A. 23 4 -3 8 3 .9 7 4 .2 1

n - P ro p y l  b o r a t e 0 .7 7 * 0 .7 7 0 .8 2

T e t r a n i t r o m e th a n  e 0 .3 9 o .7 1 * 0 .6 6 0 .6 9

* From c a l c u l a t i o n s  made by  Sm yth and o t h e r s .

The r e s u l t s  seem to  a g re e  v e ry  w e l l  w i th  th e  

a c c e p te d  p e rm an en t moment v a lu e s .
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V a lu es  o f  th e  S o lv e n t  E f f e c t  F a c to r

B o th  th e  O n sag e r and  th e  J a f f  e s o lv e n t  e f f e c t  

f a c t o r s  w ere c a l c u l a t e d  f o r  s e v e r a l  common n o n p o la r  

s o l v e n t s .  P r o p e r t i e s  o f  th e s e  s o l v e n t s  w ere  o b ta in e d  

from  M u l le r ’s  d a t a  ( P h y s ik . Z. 3 8 .2 8 6  (1 9 3 7 ) . The v a lu e s  

w ere  m easu red  a t  20 °C. and th e  in d e x  o f  r e f r a c t i o n  i s  f o r  

th e  Na-D l i n e .  J a f f e ’ s  s o lv e n t  e f f e c t  f u n c t io n  i s  a lw ay s 

s m a l l e r  th a n  O n sa g e r’ s  f u n c t io n  an d  b o th  a r e  a lw ay s  g r e a t e r  

th a n  u n i t y .  T h is  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  

s o l v e n t  i s  a lw ay s  to  i n c r e a s e  th e  p e rm an en t moment o f  th e  

p o l a r  m o le c u le  i n  s o l u t i o n .

H ere a r e  th e  v a lu e s  f o r  J a f f e ’ s  <p(i, \) .and O n sag e r i s

F o r p e n ta n e :  e = 1 .8 3 5  a n d  - 1 .0 5 0

vf.- 1 .8 3 9 k* 1 .0 8 2

and  1 .0 5 6

j. .  1 .0 9 6

and  1 .0 8 9

1 .1 6 0

and  1 .0 8 0

1 .1 4 0

F o r h ex an e : e= 1 .9 0 8

•1% 1 .9 1 0

F o r  benzenes £= 2 .2 8 4

2 .2 5 3

F o r C C l^: £ —2 .2 3 6

2 .1 3 2
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COBCLUSIOBS

T h is  t h e s i s  c o n ta in s  th e  g e n e r a l  th e o r y  o f  

d i e l e c t r i c  and  m a g n e tic  m ed ia  up  to  th e  p o in tw h e re  

s p e c i f i c  s u p p o s i t i o n s  m ust be  m ade. Then th e  

s tu d y  was l i m i t e d  t o  d i e l e c t r i c  phenom ena. B e x t ,  

s p e c i f i c  a s s u m p tio n s  w ere  made and  th e  D ebye- 

C la u s iu s - M o s s o t t i  an d  O nsager e q u a t io n s  w ere 

d i s c u s s e d  and  c r i t i c i s e d  to  some e x t e n t .

U s in g  th e  O n sag er e q u a t io n  a s  th e  b e s t  

a p p ro x im a tio n  to  a c t u a l  c o n d i t io n s  y e t  p ro p o s e d , 

an  a b s o r p t io n  and a  d i s p e r s i o n  e q u a t io n  was 

d i s c u s s e d  and  r e l a t e d  to  th e  a l t e r n a t i n g  c u r r e n t  

c o n d u c t iv i t y  o f  th e  medium.

In  th e  l a s t  s e c t i o n  a n  e q u a t io n  f o r  c a l ­

c u l a t i n g  p e rm a n en t moments from  d i l u t e  s o l u t i o n  

m easu rem en ts  was d e r iv e d  and t e s t e d .  The u s e  

o f  t h i s  fo rm u la  t o g e t h e r w i t h  a  s u i t a b l e  a c c o u n tin g  

f o r  th e  s o lv e n t  e f f e c t  o f f e r s  to  g iv e  th e  m ost 

a c c u r a t e  p e rm an en t moment v a lu e s  a v a i l a b l e  a t  t h i s  

t im e .
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