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SUMMARY

A s tu d y  h a s  been  made o f  t h e  e l e c t r i c a l  d o u b le  

l a y e r  a t  t h e  i n t e r f a c e  be tw een  m ercu ry  and s o l u t i o n s  

o f  a l k a l i  c h l o r i d e s  i n  form am ide. The d i f f e r e n t i a l  

c a p a c i t a n c e  o f  th e  d o u b le  l a y e r  h a s  b een  m easu red  by 

th e  im pedance b r i d g e  t e c h n iq u e  i n  t h e  fo l lo w in g  

s o l u t i o n s :  0.05m, 0.071m, 0.100m, and 0.500m p o ta s s iu m  

c h l o r i d e  a t  25°C, 0.100m l i t h i u m ,  sodium , ru b id iu m  and 

cae s iu m  c h l o r i d e s  a t  25°C, 0.100m p o ta s s iu m  and  c ae s iu m  

c h l o r i d e s  a t  5°C and 4 5 °C. The p a t e n t i a l  o f  t h e  

e l e c t r o c a p i l l a r y  maximum h a s  b e en  m easu red  i n  t h e s e  

same s o l u t i o n s  by t h e  s t r e a m in g  m ercu ry  t e c h n iq u e ,  

and t h e  e l e c t r o d e  c h a rg e s  c a l c u l a t e d  by i n t e g r a t i o n  

o f  th e  c a p a c i t a n c e  d a t a .  The a p p e a ra n c e  o f  t h e  c a p a c i t a n c e -  

c h a rg e  c u rv e s  i s  d i s c u s s e d  i n  te rm s  o f  g e n e r a l  d o u b le  

l a y e r  t h e o r y .

The i n t e r f a c i a l  t e n s i o n s  i n  0.050m and 0.100m 

p o ta s s iu m  c h l o r i d e s  and ^.G50m. 0.0839m, 0.100m a n d  

0.179m c ae s iu m  chloride.-? have been  m easu red  u s i n g  a  

c a p i l l a r y  e l e c t r o m e t e r .

C a p a c i ta n c e  and i n t e r f a c i a l  t e n s i o n  r e s u l t s  have  

been  employed i n  t h e  c a l c u l a t i o n  o f  t h e  r e l a t i v e  i o n i c  

s u r f a c e  e x c e s s e s  i n  0.071m p o ta s s iu m  c h l o r i d e  and



0.100m caes ium  c h l o r i d e  a t  25°C. The r e s u l t i n g  

v a lu e s  s u g g e s t  s t r o n g l y  t h a t  s im u l ta n e o u s  s p e c i f i c  

a d s o r p t i o n  o f  a n io n s  and c a t i o n s  i s  t a k i n g  p l a c e  

o v e r  p a r t  o f  t h e  p o t e n t i a l  r a n g e  i n v e s t i g a t e d .  

A c c o rd in g ly ,  a  t e n t a t i v e  a n a l y s i s  has  b e en  d e v e lo p e d  

t o  y i e l d  v a lu e s  f o r  th e  com ponents o f  c h a rg e  i n  t h e  

d o u b le  l a y e r  u n d e r  c o n d i t i o n s  o f  s im u l ta n e o u s  

a d s o r p t i o n .  A s o l v a t i o n  m odel o f  s p e c i f i c  a d s o r p t i o n  

i s  p ro p o se d  t o  e x p la in  t h e  c o n s ta n c y  o f  c a t i o n i c  

s p e c i f i c  a d s o r p t i o n  found  t o  o c c u r ,  and  i t  i s  shown 

t h a t  t h i s  m odel i s  c o n s i s t e n t  w i th  d a t a  f o r  

s p e c i f i c  a d s o r p t i o n  o b t a in e d  i n  aqueous s o l u t i o n  

s y s te m s .  The c a p a c i t a n c e - c h a r g e  c u rv e s  a r e  

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

a d s o r p t i o n .
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A s tu d y  h a s  been  made o f  th e  e l e c t r i c a l  double 

l a y e r  a t  th e  i n t e r f a c e ’be tw een  m ercu ry  and  s o l u t i o n s  

o f  a l k a l i  c h l o r i d e s  i n  i/ormamide. The d i f f e r e n t i a l  

c a p a c i ta n c e  o f  th e  double  l a y e r  h a s  been  m ea su re d  by th e  

impedance b r id g e  te c h n iq u e  i n  th e  f o l lo w in g  s o l u t i o n s :  

0 .050m , 0 .071m , 0 .100m , and  O'.500m p o ta s s iu m  c h lo r id e  a t
0 rubidium

25 Of 0.100m l i t h i u m ,  sod ium , jnotaooi-wa and  caesium  c h l o r 

i d e s  a t  2 5 ° C5 0.100m p o ta s s iu m  and  caesium  c h l o r i d e s  a t  

5°C and  45°C* The . p o t e n t i a l  o f  th e  e l e c t r o  c a p i l l a r y  max

imum h a s  b e en  m easu red  i n  t h e s e  same s o l u t i o n s  by th e  

s t r e a m in g  m erc u ry  t e c h n iq u e ,  and  th e  e l e c t r o d e  c h a rg e s  

c a l c u l a t e d  by i n t e g r a t i o n  o f  th e  c a p a c i ta n c e  d a t a .  The 

a p p ea ra n c e  o f  th e  c a p a c i t a n c e - c h a r g e  c u rv e s  . i s  d i s c u s s e d  

i n  te rm s  o f  g e n e r a l  double  l a y e r  t h e o r y .

The i n t e r f a c i a l  t e n s i o n s  i n  0.050m and  0.100m p o t 

ass ium  c h l o r i d e s  and 0.050ra, 0 .0889m , 0.100m and  0.179m 

caesium  c h l o r i d e s  have b een  m easu red  u s in g  a  c a p i l l a r y  

e l e c t r o m e t e r .

C a p a c i ta n c e  and i n t e r f a c i a l  t e n s i o n  r e s u l t s  have 

been  em ployed i n  th e  c a l c u l a t i o n  o f  th e  r e l a t i v e  i o n i c  

s u r f a c e  e x c e s s e s  i n  0 .0 7 In  p o ta s s iu m  c h lo r i d e  and  O^lOOm 

caesium  c h lo r i d e  a t  2 5 ° 0 .  The r e s u l t i n g  v a lu e s  s u g g e s t  

s t r o n g l y  t h a t  s im u lta n e o u s  s p e c i f i c  a d s o r p t i o n  o f  a n io n s  

and  c a t i o n s  i s  t a k i n g  p l a c e  o v e r  p a r t  o f  th e  p o t e n t i a l



ra n g e  i n v e s t i g a t e d  . A c c o rd in g ly ,  a  t e n t a t i v e  a n a l y s i s  

h a s  b een  d e v e lo p ed  to  y i e l d  v a lu e s  f o r  th e  components 

o f  charge  i n  th e  double  l a y e r  u n d e r  c o n d i t i o n s  o f  s im u l

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

p t i o n  i s  p ro p o se d  to  e x p l a i n  th e  c o n s ta n c y  o f  c a t i o n i c  

s p e c i f i c  a d s o r p t i o n  fo u n d  to  o c c u r ,  and i t  i s  shown t h a t  

t h i s  model i s  c o n s i s t e n t  w ith  d a ta  f o r  s p e c i f i c  a d s o r p t io n  

o b ta in e d  i n  aqueous s o l u t i o n  system s*  The c a p a c i t a n c e -  

c liarge  c u rv e s  a re  r e c o n s i d e r e d  i n  th e  l i g h t  o f  th e  d a ta  

f o r  s p e c i f i c  a d s o rp t io n *



I NTRODUCTION



A cross  any boundary  be tw een  two p h a se s  t h e r e  n o rm a lly  

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

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

th e  b u lk  o f  th e  phase  to  form an  i n t e r f a c i a l  l a y e r .  T h is  

a r r a y  o f  o p p o s i t e l y  c h a rg ed  p a r t i c l e s  and o r i e n t e d  d ip o le s  

i n  j u x t a p o s i t i o n  a t  a  phase  b oun dary  i s  n o rm a l ly  r e f e r r e d  

to  a s  th e  e l e c t r i c a l  double  l a y e r .  Such an  e f f e c t  i s  cau sed  

by th e  te n d e n c y  o f  a l l  sy s tem s to  assume a  p o s i t i o n  of 

minimum f r e e  e n e rg y ,  and  i t  h a s  been  shown ( l )  t h a t  t h e r e  

a r e  f o u r  m ain  m echanism s r e s p o n s i b l e  f o r  i t s  fo rm a t io n s

( I )  charg e  t r a n s f e r  a c r o s s  th e  i n t e r f a c e ,

( I I )  u n e q u a l  a d s o r p t i o n  o f  o p p o s i t e l y  c h a rg e d  i o n s ,

( i l l )  a d s o r p t i o n  and  o r i e n t a t i o n  o f  d i p o l e s ,

(IV ) d e fo rm a t io n  o f  p o l a r i s a b l e  i o n s ,  atom s o r  m o le c u le s

a t  th e  i n t e r f a c e .

F a m i l i a r  exam ples o f  double  l a y e r s  a re  th o s e  form ed 

when a  m e ta l  d ip s  i n t o  a  s o l u t i o n  o f  i t s  i o n s ,  a t  l i q u i d  

j u n c t i o n s ,  o r  when a  m e ta l  i s  h e a t e d  i n  a  vacuum. An e x a c t  

s tu d y  o f  th e  double  l a y e r  i s  most e a s i l y  c a r r i e d  o u t  u s in g  

m e ta l  -  s o l u t i o n  i n t e r f a c e s  b ecau se  i t  i s  p o s s i b l e  to  v a ry  

th e  p o t e n t i a l  d i f f e r e n c e  be tw een  th e  p h a s e s  w i th o u t  chang

in g  t h e i r  c o m p o s i t io n .  I f ,  on a p p ly in g  a  p o t e n t i a l ,  no 

c u r r e n t  f lo w s  a c r o s s  th e  i n t e r f a c e  i n  such  a  s y s te m ,  t h e n  

th e  double  l a y e r  i s  e l e c t r i c a l l y  s i m i l a r  to  a  c a p a c i t o r  

o f  l a r g e  s p e c i f i c  c a p a c i ta n c e #  The m agn itude  o f  t h i s



3 .

s p e c i f i c  c a p a c i ta n c e  i s  a  m easure  o f  th e  e l e c t r o n i c  charg e  

on th e  m e ta l  s u r f a c e .  Knowledge o f  th e  c a p a c i t a n c e ,  t h e r e 

f o r e ,  l e a d s  d i r e c t l y  to  th e  e le c t r o n ! ©  s u r f a c e  c h a r g e ,  which 

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

th e  doub le  l a y e r .

A n o th e r  p r o p e r t y  o f  th e  i n t e r f a c e  which may r e a d i l y  

be s t u d i e d  i n  some sy s tem s  i s  th e  i n t e r f a c i a l  t e n s i o n .

As i s  t o  be e x p e c te d ,  t h i s  to o  v a r i e s  w i th  th e  p o t e n t i a l  

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

v a r i a t i o n  can  y i e l d  s t i l l  more i n f o r m a t i o n  a b o u t  th e  s t r u c t u e  

o f  th e  double  l a y e r ,

A d e t a i l e d  knowledge o f  th e  double  l a y e r  i s  o f  

fu n d a m e n ta l  im p o r ta n c e ,  s in c e  on i t  depend th e  e x p la n a t i o n s  

o f  many n a t u r a l  phenomena. T hus, s in c e  th e  e l e c t r o k i n e t i c

p o t e n t i a l  i s  l a r g e l y  d e te rm in e d  by double  l a y e r  p r o p e r t i e s ,  

e l e c t r o - o s m o s i s ,  e l e c t r o p h o r e s i s ,  s t r e a m in g  p o t e n t i a l s  and
i

s i m i l a r  e f f e c t s  a r e  dep en d en t on double  l a y e r  f o r m a t io n .

Many h e te ro g e n e o u s  p r o c e s s e s ,  such  a s  e l e c t r o d e  r e a c t i o n s  

r e q u i r e  a  th o ro u g h  knowledge o f  doub le  l a y e r  phenomena 

f o r  t h e i r  com ple te  u n d e r s t a n d i n g .  A n o th e r  phenomenon which 

depends l a r g e l y  upon th e  e s t a b l i s h m e n t  o f  a  doub le  l a y e r  

a t  an  i n t e r f a c e  i s  th e  c o n d u c t io n  o f  an  e l e c t r i c a l  im pu lse  

a lo n g  a  n e r v e .

The m ain  m ethods o f  i n v e s t i g a t i o n  o f  th e  double  l a y e r  

a re  c o n c e rn e d  w i th  th e  d i r e c t  o r  i n d i r e c t  d e t e r m i n a t i o n  o f  

c a p a c i ta n c e  o r  i n t e r f a c i a l  t e n s i o n  a t  a  m e t a l - s o l u t i o n



i n t e r f a c e .  E a r l y  work on t h i s  problem  was c a r r i e d  o u t  by 

Lippmann (2 ) and  G-ouy (3 ) b u t  n o t  u n t i l  P r o s k u r n in  and 

Prum kin  (4 ) were r e p r o d u c ib le  c a p a c i ta n c e  d a ta  o b t a i n e d .  

These a u th o r s  showed t h a t  e a r l i e r  i r r e p r o d u c i b i l i t y  was 

due to  i n s u f f i c i e n t  p u r i f i c a t i o n  o f  th e  m a t e r i a l s .  Grahame 

(5 )  was th e  f i r s t  to  a d v o c a te  th e  use  o f  m erc u ry  a s  th e  

m e t a l ,  i n  th e  form  o f  a  d ro p p in g  e l e c t r o d e .  M ercury i s  

p r e - e m in e n t l y  s u i t a b l e  a s  th e  m e t a l ,  s in c e  a  p u r e ,  r e p r o 

d u c ib le  s u r f a c e  i s  e a s i l y  o b t a i n e d ,  and s in c e  i t s  low 

c h em ic a l  a c t i v i t y  and  h ig h  h yd rog en  o v e rv o l t a g e  e n a b le  i t  

to  be u s e d  o v e r  a  wide p o t e n t i a l  ran g e  i n  many s o l u t i o n  

s y s te m s .  M ercury has. th e  a d d i t i o n a l  ad v an tag e  t h a t  i n t e r 

f a c i a l  t e n s i o n s  be tw een  i t  and  a  s o l u t i o n  p h ase  may be 

r e a d i l y  m easure  dll E a r l y  work on i n t e r f a c i a l  t e n s i o n s  was 

c a r r i e d  o u t  by Gouy (3 ).  I t  i s  im p o r ta n t  to  r e a l i s e  t h a t  

i n t e r f a c i a l  t e n s i o n  d a ta  on m ercu ry  a re  n o t  n e a r l y  as  

s u s c e p t i b l e  to  th e  p re s e n c e  o f  i m p u r i t i e s  a s  a re  c a p a c i ta n c e  

d a t a .  T h is  e x p l a i n s  why e a r l y  m easurem ents  o f  i n t e r f a c i a l  

t e n s io n ,  were o f  h ig h  p r e c i s i o n  even  tho ugh  no s p e c i a l  

p r e c a u t i o n s  were t a k e n  to  p u r i f y  th e  s o l u t i o n s .

An i d e a l  p o l a r i s e d  e l e c t r o d e  may be d e s c r i b e d  a s  a  

m e t a l - s o l u t i o n  system  f o r  which no f i n i t e  amount o f  charge  

may c r o s s  th e  i n t e r f a c e  d u r in g  r e - e s t a b l i s h m e n t  o f  e q u i 

l i b r i u m  a f t e r  a  s m a l l  change i n  th e  p o t e n t i a l  d i f f e r e n c e  

be tw een  th e  p h a s e s .  Such an  e l e c t r o d e  b eh av es  l i k e  an



e l e c t r i c a l  c a p a c i t o r  w i th o u t  l e a k a g e .  U n like  a  s im p le  

c a p a c i t o r ,  h o w e v e r , th e  c a p a c i ta n c e  o f  an i d e a l  p o l a r i s e d  

e l e c t r o d e  v a r i e s  w i th  a p p l i e d  p o t e n t i a l ,  s in c e  i t  depends 

on th e  r e l a t i v e  p o s i t i o n  o f  c h a rg e s  which may be d i f f e r e n t  

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

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

s t r e n g t h ,  i t  i s  u s u a l  to  c o n s id e r  th e  d i f f e r e n t i a l  

c a p a c i ta n c e  o f  such  s y s te m s ,  r a t h e r  t h a n  th e  i n t e g r a l  

c a p a c i t a n c e .

The d i f f e r e n t i a l  c a p a c i ta n c e  C i s  d e f in e d  a s  

C ~  d q /  dE,

where q i s  th e  e l e c t r o d e  c h a r g e ,  and  E i s  th e  p o t e n t i a l  

w i th  r e s p e c t  to  some r e f e r e n c e  e l e c t r o d e .

The i n t e g r a l  c a p a c i ta n c e  K i s  d e f in e d  a s ,

K = q  /  (E -  E*"1) ,
tern

where E i s  th e  p o t e n t i a l  o f  th e  e l e c t r o c a p i l l a r y  maximum. 

The d i f f e r e n c e  be tw een  th e s e  two q u a n t i t i e s  i s  a p p a r e n t  

from  th e  diagram ^

C i s  th e  g r a d i e n t  o f  th e  q v s .  (E - eT  cu rv e  a t  p o i n t  P ,  

w hereas  K i s  th e  g r a d i e n t  o f  th e  c h o rd  from  th e  o r i g i n  to
v

P .  I t  i s  c l e a r  from  th e  d iagram  t h a t  C w i l l  be a  much more



6.

s e n s i t i v e  i n d i c a t o r  o f  any changes i n  th e  charge  a s  th e  

p o t e n t i a l  i s  varied]*

The f i r s t  q u a n t i t i v e  a p p ro ach  to  double  l a y e r  s t r u c t 

u re  was g iv e n  by H elm holtz  (6 ) i n  1879 . He r e g a r d e d  th e  

i n t e r f a c e  a s  a  s im p le  p a r a l l e l  p l a t e  c a p a c i t o r .  Thus

if_ /
/

-  C

©
® K . J k ,  .
® N ( E - E “ "D ^TTdU7
©

where a s  b e fo r e  K i s  th e  i n t e g r a l  c a p a c i t a n c e ,  q i s  

th e  charg e  on th e  ’p l a t e s 1 , and  E -Eecwt i s  th e  p o t e n t i a l  v / i th

r e s p e c t  to  th e  e l e c t r o c a p i l l a r y  maximum. D 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 v e n t ,  d i s  th e  d i s t a n c e  o f

s e p a r a t i o n  o f  th e  1 p l a t e s ' , A i s  th e  a r e a  o f  th e  e l e c t r o d e

and  Dc i s  a  c o n s t a n t .  F o r  a  s im ple  p a r a l l e l  p l a t e  c a p a c i t o r ,  

K*Cl T h is  s im p le  t h e o r y  c o m p le te ly  f a i l s  to  e x p l a i n  th e  

e x p e r i m e n t a l ly  d e m o n s tra te d  v a r i a t i o n  o f  c a p a c i ta n c e  w i th  

p o t e n t i a l .

I n  a  t r e a tm e n t  s i m i l a r  t o  t h a t  o f  Debye aftd Hueke1 

i n  t h e i r  i o n i c  a tm o sphere  t h e o r y ,  Gouy (7 )  and Chapman 

(8) in d e p e n d e n t ly  c o n s id e r e d  th e  s o l u t i o n  s id e  o f  th e  double  

l a y e r ,  p o s t u l a t i n g  t h a t  th e rm a l  m o tio n  v/ould r e s u l t  i n  t h i s  

h a v in g  a  d i f f u s e  c h a r a c t e r .  The s o l u t i o n  s id e  o f  th e  double  

l a y e r  was r e g a r d e d  as  b e in g  th e  i o n i c  a tm osp here  o f  th e  

e l e c t r o d e .  T h is  t h e o r y  gave v a lu e s  o f  c a p a c i t a n c e  which
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were much h ig h e r  th a n  th e  c o r re s p o n d in g  m easu red  v a l u e s ,  

and  r e s u l t e d  i n  an  e x p o n e n t i a l  f a l l  i n  p o t e n t i a l  w i th  

d i s t a n c e  from  th e  e l e c t r o d e *

S t e r n  (9 )  t h e n  d e v e lo p ed  the  th e o r y  f u r t h e r  by m axing 

a l lo w a n ce  f o r  th e  f i n i t e  s i z e  o f  i o n s ,  and a l s o  by c o n s id 

e r i n g  th e  p o s s i b i l i t y  o f  a  s p e c i f i c  i n t e r a c t i o n  be tw een  

io n s  and  e l e c t r o d e *  T h is  t h e o r y  may be r e g a r d e d  a s  a 

c o m b in a t io n  o f  th e  p r e c e d in g  two t h e o r i e s .  T hu s , th e  

p o t e n t i a l  d i f f e r e n c e  be tw een  th e  i n t e r f a c e  and  th e  b u lk  

s o l u t i o n  i s  assum ed to  be made up o f  a  l i n e a r  f a l l  a c r o s s

t h e ” i n n e r  l a y e r ” and  a  e x p o n e n t i a l  .decay a c r o s s  t h e Md i f f u s e  

l a y e r ” * S t e r n  c o n s id e r e d  t h a t  b o th  c a t i o n s  and a n io n s  

would be a d s o rb e d  s im u l t a n e o u s ly  a t  th e  e l e c t r o d e  s u r f a c e ,  

tho u g h  i n  a  f o o t n o te  he p o i n t e d  o u t  t h a t  t h i s  need  n o t  be 

th e  case  *

G-rahame and W hitney (10 ) o b se rv e d  d is a g re e m e n t  be tw een  

e x p e r im e n ta l  r e s u l t s ,  and v a lu e s  c a l c u l a t e d  on th e  b a s i s  

o f  S t e r n ' s  t h e o r y ,  and  i n  h i s  c l a s s i c  re v ie w  (11) G-rahame 

s u g g e s te d  t h a t  o n ly  a n io n s  c o u ld  be s p e c i f i c a l l y  a d s o rb e d .

I n  r e c e n t  y e a r s  t h i s  a s su m p t io n  h a s  been  q u e s t io n e d  e s p e c 

i a l l y  by Prum kin ,D am ask in  and  c o -w o rk e rs  ( 1 2 ) ,

G^ahame’s c o n c e p t  o f  th e  double  l a y e r  s t r u c t u r e ,  

upon which a l l  m odern i d e a s  a re  b a s e d ,  p o s t u l a t e s  th e  

e x i s t e n c e  o f  two "H elm holtz  p l a n e s 1̂  an  i n n e r  m ark in g  th e  

d i s t a n c e  o f  c l o s e s t  a p p ro a c h  o f  a n io n i c  c e n t r e s  and



an  o u t e r  n a r k i n g  th e  c l o s e s t  a p p ro a ch  o f  c a t i o n i c  c e n t r e s .  

Thus th e  double  l a y e r  a t  a  p e r f e c t l y  p o l a r i s e d  e l e c t r o d e  

i s  c o n s id e r e d  t o  c o n s i s t  o f :

( I )  a  m e t a l l i c  phase  on th e  s u r f a c e  o f  which t h e r e  i s  

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

( I I )  a  r e g i o n  o f  s o l u t i o n  phase  im m e d ia te ly  a d j a c e n t  to  

th e  m e ta l  i n t o  w hich  no e l e c t r i c a l  c e n t r e s  can  e n t e r  

b ecau se  o f  th e  p h y s i c a l  s i z e  o f  th e  i o n s ,

( I I I )  a  r e g i o n  a c c e s s i b l e  to  th e  e l e c t r i c a l  c e n t r e s  o f  

a n i o n s , b u t  n o t  o f  c a t i o n s ,

(IV) an o u t e r  d i f f u s e  l a y e r  r e g i o n  o f  th e  G-ouy-Chapman

t y p e .
K I H P  O H P

Mtfal
PhtkiC

(0 (ll) I ("0

use B oik
LayeK $ol«>hori

(iv)

When a n io n s  a re  p r e s e n t  a t  th e  i n n e r  H e lm ho ltz  p la n e  

(IHP) th e y  a re  h e l d  to  th e  m e t a l l i c  phase  by s h o r t  ran g e  

f o r c e s ,  c o n s id e r e d  by G-rahame to  be o f  th e  c o v a le n t  typ e  (11) 

I n  t h i s  phenomenon, known a s  n s p e c i f i c  a d s o r p t i o n  " th e  

d i s t a n c e  be tw een  th e  m e ta l  and th e  IHP i s  c o n s id e r e d  to  be 

a p p ro x im a te ly  e q u a l  t o  th e  r a d i u s  o f  th e  u n h y d ra te d  i o n .

T hus, s p e c i f i c  a d s o r p t i o n  would r e q u i r e  a t  l e a s t  p a r t i a l  

d e s o l v a t i o n  o f  th e  i o n  i n  q u e s t i o n ,  and to  make t h i s  

p r o c e s s  e n e r g e t i c a l l y  f a v o u r a b l e ,  th e  e x t e n t  o f  m e t a l - i o n  

i n t e r a c t i o n  m ust be c o n s i d e r a b l e .  Thus i n  g e n e r a l ,  a n io n



s p e c i f i c  a d s o r p t i o n  w i l l  be much e a s i e r  t h a n  c a t i o n  s p e c i f i c  

a d s o r p t i o n ,  and a d s o r p t i o n  w i l l  be more l i k e l y  f o r :

( I )  io n s  which a r e  e a s i l y  p o l a r i s e d ,

( I I )  io n s  which have w eakly  bound h y d r a t i o n  s h e a t h s .

The f o l lo w in g  s i t u a t i o n s  commonly o c c u r :

(a )  N e g a t iv e  - p o l a r i s a t i o n .

(1 ) No s p e c i f i c  a d s o r p t i o n  o f  c a t i o n s .

Mtfol IHP OHP

<3

No io n s  a t  IHP. C a t io n s  form d i f f u s e  l a y e r  s t a r t i n g  a t  th e  

o u t e r  H e lm h o ltz  p la n e  (OHP).

(11) S p e c i f i c  a d s o r p t i o n  o f  c a t i o n s .  T h i s - i s  l e a s t  common.

M tM  I H P  O H P

a
4 *c

I

C a t io n s  p r e s e n t  a t  IHP. D i f f u s e  l a y e r  o f  a n io n s ,

(b )  P o s i t i v e  - p o l a r i s a t i o n .

(1 )  No s p e c i f i c  a d s o r p t i o n  o f  a n io n s .

Mcittl iHp 0HP

<s

No io n s  a t  IHP. A nions form  d i f f u s e  l a y e r  s i m i l a r  t o  t h a t
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i n  ( a )  ( 1 1 ) .

(11) S p e c i f i c  a d s o r p t i o n  o f  a n io n s .
I H P O H P

A nions p r e s e n t  a t  IHP. D i f fu s e  l a y e r  o f  c a t i o n s  s i m i l a r  

t o  t h a t  i n  ( a )  ( 1 ) .

I f  s p e c i f i c  a d s o r p t i o n  o f  a n io n s  i s  v e ry  s t r o n g  i t  may 

o c c u r  a t  th e  p o t e n t i a l  o f  th e  e l e c t r o c a p i l l a r y  maximum, 

where th e  m e ta l  i s  u n c h a rg e d ,  o r  even  a t  s l i g h t l y  c a th o d ic  

p o t e n t i a l s .
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THEORY

I t  i s  tlie  p u rp o se  o f  modern t h e o r i e s  o f  th e  double  

l a y e r  to  d e s c r ib e  th e  b e h a v io u r  o f  th e  v a r i o u s - r e g i o n s  a t  > 

th e  i n t e r f a c e  be tw een  th e  m e ta l  and  th e  s o l u t i o n ,  and hence  

to  e x p l a i n  th e  e x p e r im e n ta l  c a p a c i t a n c e - p o t e n t i a l  c u r v e s .

I n  th e  f o l lo w in g  s e c t i o n ,  some o f  th e  t h e o r i e s  which have 

been  d e v e lo p e d  w i l l  be p r e s e n t e d .  I t  i s  g e n e r a l l y  a g re e d  

t h a t  a t  th e  p r e s e n t  s t a g e  o f  developm ent o f  t h e  double  

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

l a y e r ,  f o r  which th e  G-ouy-Chapman t h e o r y  h a s  p ro v e d  s a t i s 

f a c t o r y  to  a  good f i r s t  a p p ro x im a t io n .  M inor d i s c r e p a n c i e s  

do e x i s t  b e tw een  th e o r y  and  e x p e r im e n t ,  b u t  t h e s e  a re  unim

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

th e  p r o p e r t i e s  o f  th e  i n n e r  l a y e r  a r e  much l e s s  s a t i s f a c t 

o ry  a t  p r e s e n t ,  and  have met w i th  o n ly  l i m i t e d  s u c c e s s  i n  

th e  q u a n t i t a t i v e  t r e a tm e n t  o f  th e  s u b j e c t .

I n  a d d i t i o n  to  d i s c u s s i n g ,  i n  a  somewhat g e n e r a l  

f a s h i o n , t h e  v a r i o u s  t h e o r i e s  p u t  fo rw a rd  to  e x p l a i n  cap 

a c i t a n c e  - c h a rg e  c u rv e s  o b t a i n e d  i n  double  l a y e r  s t u d i e s ,  

t h i s  s e c t i o n  w i l l  be c o n c e rn e d  to  some e x t e n t  w i th  th e  

in f o r m a t i o n  which one can  d e r iv e  from  e x p e r im e n ta l  r e s u l t s ,  

a ssum ing  th e  commonly h e l d  i d e a s  on double  l a y e r  s t r u c t u r e  

to  be c o r r e c t •
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The G-ouy-Chaoman T h e o ry .

I f  we assume e q u i l i b r iu m  be tw een  any p o i n t  i n  th e  

double  l a y e r  and  th e  b u lk  o f  th e  s o l u t i o n  f o r  an  i d e a l  

p o l a r i s e d  e l e c t r o d e ,  we. have f o r  th e  i o n i c  s p e c i e s  i

A  *  A s
w h e r e a t  a n d a r e  th e  e l e c t r o c h e m ic a l  p o t e n t i a l s  o f  

s p e c i e s  i  i n  th e .  double  l a y e r  and i n  th e  b u lk  s o l u t i o n  

r e s p e c t i v e l y .  T h is  can  be w r i t t e n  i n ; th e  a p p ro x im a te  

form

a  = c*e  ( l )

where f = P/RT, c. and  c5 are . th e  c o n c e n t r a t i o n s  o f  io n  i/ L i ,

a t  a  d i s t a n c e - x  from  th e  e l e c t r o d e  and  in .  th e  b u lk  s o l u t io n  

r e s p e c t i v e l y ,  z-u i s  th e .  s ig n e d  i o n i c  v a le n c e  o f  i  and *P i s  

i s  th e  p o t e n t i a l  a t  X w ith  r e s p e c t  to  th e  p o t e n t i a l  <pb i n  

th e  b u lk  s o l u t i o n ,  which we. s e t  a t  z e r o .  "The. P o i s s o n  

e q u a t io n  g iv e s :  us; a  r e l a t i o n s h i p  b e t  ween c- a  nd(p i n  th e

f o l lo w in g  m anner# = =¥■  «>
where P i s  th e  ch arge  d e n s i t y  p e r  u n i t  volume and  6 i s  th e

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

P  =  Z-i^Pci . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ^
Combining ( l ) ,  (2 )  and (3 )  we have

dl <p _ W  V  r  .  - i :{■? . . . .

I f  we assume t h a t  6 i s  in d e p e n d e n t  o f  X  , t h i s  e q u a t io n  can

be s o lv e d .  The. f a c t  t h a t  t h i s  a s su m p t io n  i s  a  d r a s t i c  o v e r -



\ l f

s i m p l i f i c a t i o n  does n o t  s i g n i f i c a n t l y  a f f e c t  th e  end  r e s u l t .  

M u l t i p l i c a t i o n  o f  (4 ) by 2 d f / d x ,  f o l lo w e d  by i n t e g r a t i o n ,  

y i e l d s

 (5 )

The charg e  on th e  e l e c t r o d e  p e r  u n i t  a r e a  i s  r e l a t e d  to

d ^ /d x  by G au ss ' Theorem

“  ' e   r ( 6 ^

where is .  t h e  d i s t a n c e  o f  th e  OHP,.from th e  e l e c t r o d e .

Combining (5 ) and  (6) g iv e s  u s

1 =  -  L  2 .T r  ~ , / J   ( ? )
T h is  a l lo w s  u s  to  c a l c u l a t e  ^  as: a  f u n c t i o n  o f  f  o r  v i c e  

v e r s a .  I t  s h o u ld  be remembered t h a t  i n  t h i s  t r e a tm e n t  no 

a c c o u n t  h a s  b e en  t a k e n  o f  s p e c i f i c  a d s o r p t i o n  , and  t h a t  

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

s p e c i f i c  a d s o r p t i o n ,  f o r  a  £ -£• e l e c t r o l y t e  o f  c o n c e n t r a t 

io n  c * , e q u a t io n  (7) t a k e s  th e  form

< 1  = 2A Sink^ — t & )   (8 )

v/here A ■= + / R T g cV z.  . ( 9 )
V e .r  1

In  th e  o r i g i n a l  Gouy-Chapman t h e o r y  io n s  were t r e a t e d  

a s  p o i n t  c h a rg e s  which c o u ld  a p p ro a ch  to  w i t h i n  any d i s t 

ance o f  th e  e l e c t r o d e .  As h a s  b e en  d i s c u s s e d  i n  th e  i n t r o 

d u c t i o n ,  t h i s  was a  c o n s id e r a b le  o v e r s i m p l i f i c a t i o n ,  and  

S te r n  ( 9 ) ,  by p o s t u l a t i n g  a  p la n e  o f  c l o s e s t  a p p ro a c h ,  

b ro u g h t  th e  t h e o r e t i c a l  p i c t u r e  much c l o s e r  to  r e a l i t y .  

Modern t h e o r i e s  go one s t e p  f u r t h e r  and p o s t u l a t e  two
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p l a n e s - o f  c l o s e s t  a p p ro a c h .  Ono, th e  i l l ? ,  i s  in v o lv e d

o n ly  w i th  s p e c i f i c  a d s o r p t i o n ,  and need  n o t  c o n ce rn  us 

a t  p r e s e n t .  I n  th e  ab sence  o f  s p e c i f i c  a d s o r p t i o n ,  t h e n ,  

th e  double  l a y e r  can  be d iv id e d  i n t o  two r e g i o n s :  th e  

compact double  l a y e r  be tw een  th e  e l e c t r o d e  and  th e  p la n e  

o f  c l o s e s t  a p p ro a c h ,  and th e  d i f f u s e  double l a y e r  e x te n d in g  

from th e  p la n e  o f  c l o s e s t  a p p ro ach  to  th e  bulls: o f  th e  

s o l u t i o n .  The d e r i v a t i o n  o f  th e  G-ouy-Chapman t h e o r y  g iv e n  

above e v a l u a t e s  th e  c a p a c i ta n c e  o f  th e  d i f f u s e  l a y e r  b e t 

ween j u s t  th o s e  r e g i o n s ,  th e  o u t e r  H elm ho ltz  p la n e  and  th e  

b u lk  s o l u t i o n .  The c a p a c i ta n c e  o f  th e  double  l a y e r  may be 

r e g a r d e d  a s  made up o f  two s e p a r a t e  c a p a c i t a n c e s  i n  s e r i e s  

w i th  one a n o t h e r ,  t h a t  o f  th e  compact (o r  i n n e r )  l a y e r ,  

C ^ a n d  t h a t  o f  th e  d i f f u s e  l a y e r ,  •

The s u b s c r i p t s  M, 1 ,  2 .and S i n  e q u a t io n  (10) r e f e r  to  th e  

m e t a l ,  th e  IHP, th e  OHP and  th e  b u lk  s o l u t i o n  r e s p e c t i v e l y ,  

and CQ i s  th e  e x p e r i m e n t a l ly  m easu red  c a p a c i ta n c e  p e r  u n i t  

a r e a .  The C-ouy-Chapman th e o r y  g iv e s  f o r  th e  c a p a c i ta n c e  

o f  th e  d i f f u s e  double  l a y e r

Of a l l  th e  sy s tem s f o r  which i t  i s  g e n e r a l l y  a g re e d  

t h a t  s p e c i f i c  a d s o r p t i o n  i s  a b s e n t ,  th e  m ercu ry  s u r f a c e  i n  

c o n ta c t  w i th  an  aqueous s o l u t i o n  o f  sodium f l u o r i d e  h a s  

b een  th e  m ost th o r o u g h ly  s t u d i e d .  G-rahame (13 ) t e s t e d  th e

i / c , 4 (10 )

(11 )
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v a l i d i t y  o f  th e  m o d if ie d  Gouy-Chapman t h e o r y ,  assum ing 

t h a t  a t  any g iv e n  te m p e ra tu re  CM-L was a  f u n c t i o n  o n ly  o f  

th e  e l e c t r o d e  c h a rg e ,  and n o t  o f  th e  e l e c t r o l y t e  c o n c e n t 

r a t i o n .  At h ig h  c o n c e n t r a t i o n s  th e  c a l c u l a t i o n  o f  

from 0o in v o lv e d  o n ly  a  s m a l l  c o r r e c t i o n  f o r  C , s in c e  

t h i s  was v e ry  l a r g e ,  and  th e  r e s u l t i n g  v a lu e s  o f  c o u ld  

th e n  he em ployed to  c a l c u l a t e  C2.$ u n d e r  d i f f e r e n t  c o n d i t 

i o n s .  E xcep t a t  ex trem e a n o d ic  p o t e n t i a l s ,  where f l u o r i d e  

io n  may he s p e c i f i c a l l y  a d s o rb e d ,  good ag reem en t was ob

t a i n e d  b e tw een  th e  v a lu e s  o f  C£_5 d e te rm in e d  by t h i s  m eth od , 

and th o s e  e x p e c te d  on th e  Gouy-Chapman t h e o r y .  As p o i n t e d  

o u t  by J o s h i  and  P a r s o n s  (14) t h i s  ag reem en t does n o t  con

c l u s i v e l y  p rov e  th e  Gouy-Chapman t h e o r y  to  be s a t i s f a c t o r y  

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

double  l a y e r  to  th e  c a p a c i ta n c e  i s  sm a l l  u n d e r  c o n d i t i o n s  

o f  h ig h  e l e c t r o d e  c h a rg e .

Grahsne (1 3 ) c a l c u l a t e d  v a lu e s  f o r  i n  aqueous 

s o l u t i o n s  o v e r  t h e . tem perature ran ge  0°C-S5°C and th e  concen

t r a t i o n  ran g e  0 . 001 - 0 .911  sodium f l u o r i d e  ( f i g u r e  l ) .

These d a ta  have b e en  em ployed f o r  t e s t i n g  t h e o r i e s  o f  th e  

double l a y e r  w hich seek  t o  e x p l a i n  th e  v a r i a t i o n s  o f  

w i th  e l e c t r o d e  ch arge  and  w i th  te m p e r a tu re  i n  sy s tem s  i n  

which t h e r e  i s  no s p e c i f i c  a d s o r p t i o n .  The m ost i n t e r e s t i n g  

t r e a t m e n t s  a re  th o s e  by  W a tts -T o b in  (15) and  l a c d o n a l d  and 

Barlow  ( 1 6 ,1 7 ) .



17

W a tts -T o b in  c o n s id e r e d  th e  problem  i n  s e c t i o n s ,  

f i r s t l y ,  s in c e  th e  c a p a c i ty  c u rv e s  f o r  sodium f l u o r i d e  a re  

v e ry  s i m i l a r  t o  th o s e  o b t a i n e d  f o r  sy s tem s i n  which th e  

a n io n  i s  s p e c i f i c a l l y  a d s o r b e d ,  he c o n s id e r e d  a d s o r p t io n  

o f  p o s i t i v e  io n s  from th e  m e ta l  o r  n e g a t iv e  io n s  from th e  

s o l u t i o n .  M ercury atoms c o u ld  be p u l l e d  o u t  from th e  s u r 

f a c e  to  form a d -a to m s ,  and  o n ly  th e  p ro d u c t  o f  th e  d ip o le  

moment- o f  th e  ad-a tom  and th e  charge  in d u c e d  on th e  m e ta l  

by i t  would a f f e c t  th e  p o t e n t i a l  drop from th e  m e ta l  to  

th e  OH?. T h is  would a l s o  be t r u e  o f  a n io n s  a d s o rb e d  from 

th e  s o l u t i o n .  S ince  t h e r e  i s  no r e a s o n  f o r  b o th  s p e c i e s  

to  be a t  an. e q u a l  d i s t a n c e  from th e  m e ta l  s u r f a c e , i f  b o th

FIG . I C n _t_ FOR N a F.
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.re formed t h e n  t h e y  w i l l  c l u s t e r  t o g e t h e r  to  form complex© 

I f  t h e  d i p o l e  moment o f  a  complex i s / c , ,  p o s i t i v e  i n  

th e  d i r e c t i o n  from th e  m e t a l  t o  th e  s o l u t i o n ,  th e  p o t e n t i a l  

drop from th e  m e t a l  to  t h e  OH? i s  , * 2. i s  t h e  d i s t a n c e  

from t h e  m e t a l  t o  t h e  OH?, and th e  d i s t a n c e  be tw een  comp

l e x e s  i s  l a r g e  compared t o  t h e n  th e  number o f  complexes 

p e r  u n i t  a r e a  o f  s u r f a c e  i s  g i v e n  by

I n  t h i s  e q u a t i o n  Nc i s  t h e  number o f  a d s o r p t i o n  s i t e s  p e r  

u n i t  a r e a  o f  m e t a l  s u r f a c e  and t h e  h e a t  o f  a d s o r p t i o n  

o f  a  complex i n  t h e  absence  o f  an  e l e c t r i c  f i e l d ,  b u t  

i n c l u d i n g  Image f o r c e  a t t r a c t i o n ,  i s  m ea su re d  a t  conc

e n t r a t i o n  c6 , t h e  e x p e r i m e n t a l  c o n c e n t r a t i o n  b e in g  c, and 

t h e r e  b e in g  m i o n s  i n  a complex. The c o n t r i b u t i o n  o f  t h e  

complexes t o  i s  -4fln,/», /£ ,  where 6, i s  t h e  d i e l e c t r i c  

c o n s t a n t  o f  t h e  f i r s t  l a y e r .

The hump i n  t h e  c a p a c i t a n c e  curve  i s  e x p l a i n e d  i n  

t e rm s  o f  s o l v e n t  o r i e n t a t i o n  p o l a r i s a t i o n .  At th e  hump i t  

i s  p r o p o s e d  t h a t  t h e r e  i s  an  i n c r e a s e  i n  th e  e f f e c t i v e  

d i e l e c t r i c  c o n s t a n t  o f  t h e  l a y e r ,  m ark in g  t h e  p o i n t  a t  

which th e  a v e ra g e  d i p o l e  moment o f  t h e  w a te r  i n  t h e  l a y e r  

changes  s i g n .  Water  m o le c u l e s  a re  assumed t o  have two p o s s 

i b l e  o r i e n t a t i o n s  a t  t h e  m ercu ry  s u r f a c e , w i t h  t h e i r  d i p o l e  

moments making a n g l e s  Cos"1 ( l / / "3 )  w i t h  t h e  norm al  to  t h e  

s u r f a c e .  I f  t h e r e  a r e  N f r e e  w a te r  m o le c u l e s  p e r  u n i t  a r e a

(1 2 )
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o f  i n t e r f a c e  , o f  which L have a  component o f  t h e i r  d i p o le  

moment from th e  m e t a l  to  t h e  s o l u t i o n  and '£ t h e  o t h e r  way, 

t h e  e n e r g i e s  o f  th e  d i p o le  c h a in s  a r e  g i v e n  by

A =  c '  -  ^  4 U . / / 5  *6.  m 3 )

3 = d ‘ +  J{$ XL  (14)
I

where^** i s  t h e  d i p o l e  moment o f  th e  w a te r  m o l e c u l e ,  and C
i

and D a re  t h e  a d s o r p t i o n  e n e r g i e s  o f  t h e  w a t e r  m o lecu le  

i n  c o n t a c t  w i t h  t h e  m e t a l .  P r o v i d e d  th e  l a y e r  a c r o s s  which, 

t h e  d i p o le  c h a i n s  r u n  i s  n o t  t h i c k ,  t h e  c h a i n s  may be 

c o n s i d e r e d  t o  be i n d e p e n d e n t  o f  one a n o t h e r ,  so t h a t

I / i l  =  e x p ( - ( A - B ) / k T j   (15)

The c o n t r i b u t i o n  o f  t h e  w a t e r  m o le c u le s  to  i s

-4TT(L-I.l} =  - ( 4 TTN///3T6, Hanhfi* ($,-2. - V ) ]  ..........( lo  )
r -  i i J

where V =/3*2.(C -D ) /2 / i   (17)

I f  t h e r e  i s  a  s u r f a c e  charge  ^  on th e  m e t a l  b a l a n c i n g  a

charge  cj  ̂ on t h e  OH?. ( ^  ) i t  c o n t r i b u t e s

to  ^  . Since t h e r e  i s  no s p e c i f i c  a d s o r p t i o n  c o n s i d e r e d ,

t h i s  i s  e q u i v a l e n t  t o  assum ing  a l l  t h e  d i f f u s e  l a y e r  t o  be

a t  t h e  OHP. Adding th e  c o n t r i b u t i o n s  we have

-  i f  * y Tj   m s )
where we have p u t  VQ = , and  we have assumed ftc = ft.

Now

q = (£> f  e -P f.A ( € ,i - 7q ) )
^  4 r * t  _ M c J  1 J

I ^ t a n h W ^ - V l )   ( IS )
1 T \  G /5 V ®  J
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T h is  t r e a t m e n t  depends on. t w o . s i a p i i r y i n g  a s s u m p t io n s ,  

( l )  t h a t  t h e r e  i s  a  l i n e a r  drop o f  p o t e n t i a l  a c r o s s  th e

(2 0 )

i n n e r  r e g i o n ,

(1 1 ) e, i s  a  c o n s t a n t

I t  i s  a l s o  assumed t h a t  th e  OHP i s  a  p l a n e .  As we s h a l l  

see  l a t e r ,  i t  i s .  p r o b a b l y  r e a s o n a b l e  t o  make t h e s e  assump

t i o n s  u n d e r  c o n d i t i o n s  o f  no s p e c i f i c  a d s o r p t i o n ,  b u t  i n  

t h e  case  o f  s p e c i f i c  a d s o r p t i o n  o f  i o n s ,  s e r i o u s  o b j e c t i o n s  

can  be r a i s e d  on t h e  g rou n ds  t h a t  th e  a s s u m p t io n s  a r e  no 

l o n g e r  v a l i d .  N e v e r t h e l e s s ,  t r e a t m e n t s  o f  t h e  double  l a y e r  

i n  t h e  p r e s e n c e  o f  s p e c i f i c a l l y  a d s o r b e d  i o n s  which have 

made t h e s e  s i m p l i f y i n g  a s s u m p t io n s  have b e en  r e m a rk a b ly  

s u c c e s s f u l .  Ty/o such  t r e a t m e n t s ,  t h o s e  by G-rahame (11) 

and  D evana than  (18)  a r e  d i s c u s s e d  i n  t h e  s e c t i o n  on s p e c 

i f i c  a d s o r p t i o n .

The t h e o r y  p u t  f o r w a r d  by W a t t s -T o b in  g i v e s  good 

a g reem en t  w i t h  Grahames e x p e r i m e n t a l  r e s u l t s ,  t h o u gh  i t  i s

i n s u f f i c i e n t  t o  e x p l a i n  t h e  e x p e r i m e n t a l  t e m p e r a t u r e ^ o n  

t h e  a n o d ic  s i d e .  I n - a  l a t e r  p a p e r ,  Mott  and W a t t s -T o b in

i f i c  a d s o r p t i o n .  E l e c t r o s t r i c t i o n  o f  t h e  s o l v e n t  was a l s o  

c o n s i d e r e d  i n  a  q u a l i t a t i v e  f a s h i o n  by W a t t s -T o b in  ( I p ) ,  

and  he c o n c lu d e d  t h a t  i t  s h o u ld  be s u f f i c i e n t  t o  e x p l a i n

dependence

(19) e x t e n d e d  t h e  t h e o r y  t o  t a k e  i n t o  c o n s i d e r a t i o n  s p e c -



t h e  c a t h o d i c  r i s e  o f  c a p a c i t a n c e  c u rv e s  i n  aqueous s o l u t 

i o n s  .

Macdonald (16) and Macdonald and Barlow (17) p r o p 

o se d  a  model o f  t h e  double  l a y e r  i n  t h e  absence  o f  s p e c 

i f i c  a d s o r p t i o n  i n  which, e l e c t r o  s t r i c t  i o n  was e x p l i c i t l y  

i n t r o d u c e d .  The e a r l i e r  t h e o r y  r e s u l t e d  i n  sy m m e tr ic a l  

c a p a c i t a n c e  c u r v e s . a b o u t  t h e  e l e c t r o c a p i l l a r y  maximum 

( e . c . m . )  and  was. s t r o n g l y  c r i t i c i s e d  on t h i s  p o i n t .  I n  

t h e  l a t e r  p a p e r ,  improvements ,  t o  t h e  e a r l y  t h e o r y  were 

p r o p o s e d .  The t o t a l  mean p o t e n t i a l  d i f f e r e n c e  a c ro s s ,  t h e  

double  l a y e r  was. w r i t t e n

« . . .  ■ ^  *  (e- r )   (2 1 )

A * kT£6 /4-TTeLp where i s  t h e  d i e l e c t r i c  c o n s t a n t  o f  th e
'h.s o l u t i o n ,  and  = (kT £s/8TCc0 eL ) , where c 0 i s  th e  conc

e n t r a t i o n  o f  p o s i t i v e  o r  n e g a t i v e  i o n s  i n  t h e  b u lk  s o l u t 

i o n .  Both  XL and 6, a r e  assumed t o  be depen d en t  on , 

t h e  c o n s t a n t  f i e l d  i n  t h e  compact double l a y e r .  The 

f o l l o w i n g  r e l a t i o n s h i p s  were p u t  f o r w a r d ,

= 0 + p p ) ............ (22)

where P-  £,E, I   (23)

and  \  i s - t h e  v a lu e  o f  \  a t  s e r o  e l e c t r i c a l  p r e s s u r e .

^  *  (s, (v/ib £,)] j(JTb £ j)]  ............ (24-)
o

where. i s  t h e  v a lu e  o f  6, when t h e r e  i s  no d i e l e c t r i c  

s a t u r a t i o n ,  and  6 ^  i s  i t s  v a lu e  when th e  d i p o l e  c o n t r i b 

u t i o n  i s  f u l l y  s a t u r a t e d  o u t .  b and  £  a r e  a d j u s t a b l e
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p a r a m e t e r s . The above e q u a t i o n s  were u s e d  t o  f i t  G-rahane 's  

d a t a ,  by a d ju s tm e n t  o f  p> , b and 8,° , and a s  a l r e a d y  m en t 

i o n e d ,  t h e  r e s u l t i n g  c a p a c i t a n c e  c u rv e s  were sy m m e t r i c a l  

a b o u t  t h e  e . c . m .  A c c o r d i n g l y ,  i n  t h e i r  seco nd  p a p e r ,  

Macdonald and Barlow i n t r o d u c e d  the. co n ce p t  o f  an e f f e c t 

iv e  f i e l d  £ 0 which gave a  sm a l l  amount o f  d i e l e c t r i c  s a t 

u r a t i o n  ( d i p o l e  o r i e n t a t i o n )  even  a t  t h e  e . c . m .  and a l l o w e d  

th e  maximum 6, t o  o c c u r  a t  sm a l l  p o s i t i v e  ( o r  n e g a t iv e . )  

v a l u e s ; o f ^  • T h is  i s . e q u i v a l e n t  t o  W a t t s - T o b i n rs t r e a t 

ment o f  s o l v e n t  o r i e n t a t i o n .  A no th e r  d i f f i c u l t y  i n  t h e  

e a r l i e r  t r e a t m e n t  was t h a t  e q u a t i o n  (24-) d i d  n o t  e x h i b i t  

t h e  c o r r e c t  h i g h  f i e l d  b e h a v i o u r .  To improve th e  t r e a t 

m e n t ,  t h e r e f o r e ,  i t  w a s . r e p l a c e d  i n  th e  s e co n d  p a p e r  by
h(E)  { 2 5 )

where. h (E )  - 1 ( f b  . e ) ] / ( / b  . E) . . . . . . ( 2 6 )

* = < - 6 .0   (27)

and  E 3 E, ♦ 8n . . . . . .  (28)

X = X * / x &  = ( 1+ . . . . . .  ( 2  9 )

where i s  a  c o m p r e s s i b i l i t y  c o n s t a n t .  The c o n s t a n t s  

n ,  r ,  and  m were, t a k e n  a s  1 ,  0 ,  and 1 r e s p e c t i v e l y .  I t  

was. c o n c lu d ed  t h a t  P would have e l e c t r o s t r i c t i v e  a s  w e l l  

a s  com press ive  c o n t r i b u t i o n s .  The f i n a l  e x p r e s s i o n  f o r  

P was
p =  ( E N ® r ) Z i 6 *  + A h C s ) ]   ( 3 0 )

1-  e « < 6 M- D ( E , y r r r )
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The. f i n a l  t h e o r y  gave v e r y  good ag reem en t  w i th  C-rahame’s 

d a t a  a t  a l l  t e m p e r a t u r e s ,  th e  o n ly  s i g n i f i c a n t  d i s a g r e e 

ment b e in g  on th e  a n o d ic  s i d e ,  p o s s i b l y  c au se d  by s p e c i 

f i c  a d s o r p t i o n ,  which was n o t  i n c l u d e d  i n  t h e  t h e o r y .

I n  a  l a t e r  p a p e r ,  Macdonald  and Barlow (20) c o n s i d e r  a l l  

p r e s e n t l y  a v a i la b le . ,  t h e o r i e s  o f  t h e  double  l a y e r  i n  t h e  

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

Since s p e c i f i c  a d s o r p t i o n  a lm o s t  c e r t a i n l y  o c c u r s  

in .  t h e  sys tem s  i n v e s t i g a t e d  i n  t h e  p r e s e n t  work ,  i t  i s .  

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

on sys tem s:  i n  which s p e c i f i c  a d s o r p t i o n  o c c u r s .  Most 

i n v e s t i g a t i o n s :  have b e en  on aqueous s y s t e m s ,  and  a c c o r d 

i n g l y  t h e o r i e s . ,  o f  t h e  double  l a y e r  i n  th e  p r e s e n c e  o f  

s p e c i f i c  a d s o r p t i o n ,  have b e e n  d e v e lo p ed  m a i n l y  f o r  aqueous  

sys tems* T h i s  work is .  c o n s i d e r e d  i n  th e  n e x t  s e c t i o n .
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The E l e c t r i c a l  Double L ay c r  i n  th e  Pr e s e n ce o f  3pec i f  i c  

A d s o r p t i o n .

S e v e ra l  methods are ,  a v a i l a b l e  f o r  m e a s u r in g  th e  

r e l a t i v e  s u r f a c e  e x c e s se s .  T± o f  i o n s  i n  t h e  e l e c t r i c a l  

double  l a y e r .  These a r e  d e s c r i b e d  be low .

1 .  E l e c t r o c a p i l l a r y  h e t hod .

The r e l a t i v e ,  i o n i c  su r fa ce ,  e x c e s s  can be. d e te r m in e d  

from the-  v a r i a t i o n  o f  i n t e r f a c i a l  t e n s i o n ,  iS , w i th  th e  

ch em ica l  p o t e n t i a l  o f  t h e  s a l t , y « A, a t  c o n s t a n t  S+ ,  where 

3+ i s ,  t h e . p o t e n t i a l  m ea su re d  a g a i n s t  a  r e f e r e n c e  e l e c t r o d e  

r e v e r s i b l e ,  t o  th e .  c a t i o n ,  ( a n io n )  o f  t h e  s o l u t i o n .  The 

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

' V V e±,T. p 'D-  °  ^
where i s  th e  number o f  a n io n s  ( c a t i o n s )  p ro d u c e d  from

one. m olecu le ,  o f  s a l t .  T h is  r e l a t i o n s h i p  i s  o f  ex trem e 

im p o r tan c e  a s  i t  a l l o w s  th e  c a l c u l a t i o n  o f  by  r i g o u r o u s  

thermodynamic  m eans .  U s u a l l y  we need  o n l y  d e te rm in e  one 

q u a n t i t y ,  e i t h e r  Lj. o r  P  , t h e  o t h e r  b e in g  o b t a i n e d  from 

t h e  r e l a t i o n s h i p  -  Q =■ -t # f o r  g r e a t e s t  a c c u r -

a cy  q sh o u ld  be e v a l u a t e d  by i n t e g r a t i o n  o f  c a p a c i ta n c e ,  

d a t a ,  as., t h i s ,  i s  i n h e r e n t l y  more a c c u r a t e  t h a n  th e  e q u i v 

a l e n t  d i f f e r e n t i a t i o n  o f  i n t e r f a c i a l  t e n s i o n  d a t a .
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2 .  C a p ac i ta n ce  Methoc".

C-rahame and Sodorbcrg  (21) c o n s i d e r e d  th e  th e rm o 

d y n a m ics -o f  t h e  i d e a l  p o l a r i s e d  e l e . c t r o d e  and showed t h a t  
-  F ( 1 ^  ) (- '2)

* *  *  U / J e .  ............... ^ 2 )

where C.+ i s  t h e  c a p a c i t a n c e  c o n t r i b u t i o n  from c a t i o n s  

( a n i o n s )  and i s  d e f i n e d  by th e  r e l a t i o n

1  = _ C i
xie nee C + =  ̂ ^   ̂34-)

■h .,  F P ± = - f c ± cLE + * '   ( 3 5 )

A c t u a l  v a l u e s  o f  th e  i n t e g r a t i o n  c o n s t a n t s  K and K' ( o r  

0 ± or  n  a t  any v a lu e  o f  2 - )  a r e  r e q u i r e d  f o r  th e  i n t e g r 

a t i o n .  Two m ethods  a r e  a v a i l a b l e  f o r  e v a l u a t i n g  t h e s e ,  

em ploy ing  e i t h e r  (a )  e l e c t r o c a p i l l a r y  d a t a  o r  (b)  d i f f u s e  

double  l a y e r  t h e o r y .

( a )  The f i r s t  i n t e g r a t i o n  c o n s t a n t  i s  e v a l u a t e d  u s i n g  th e  

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

C -  a i i ° i  FCcc,n ( " y u  / ...................................................... ...............

and th e  second  i n t e g r a t i o n  c o n s t a n t  i s  fo u n d  from
( t l \  r  = ( y , )

-  4 . 1 ^  ^  '  T _ ............
( b ) i f  i t  c an  be assumed t h a t  d i f f u s e  double  l a y e r  t h e o r y

h o l d s ,  t h e  i n t e g r a t i o n  c o n s t a n t s  may be r e a d i l y  e v a l u a t e d ,  

l . g .  f o r  s p e c i f i c  a d s o r p t i o n  o f  a n io n s  o n l y ,  t h e r e  w i l l  

be no s p e c i f i c  a d s o r p t i o n  a t  s u f f i c i e n t l y  n e g a t i v e  p o t e n t 

i a l s ,  and C* can  be c a l c u l a t e d  from d i f f u s e  l a y e r  t h e o r y .  

The r e l a t i o n s h i p s  u s e d  a r e  e q u a t i o n s  ( 5 9 ) ,  ( S i )  and ( 6 5 )



o f  r e f e r e n c e  (2 2 ) .

c * - f l ' ’
J j W ) M  A ?  c ^  '

de  a(K-ol )Vl L C “e £a (i-*^)_

3 • De v a n a t h a n 1 s 11 o de 1 I,I e tho  d ♦ (18 )

T h is  m e tho d ,  which h a s  so f a r  o n ly  b e e n  a p p l i e d  to  

aqueous  s o l u t i o n s . ,  i s  b a s e d  on a  p o s t u l a t e d  s t r u c t u r e  o f  

t h e  e l e c t r i c a l  double  l a y e r ,  and can  b a  u s e d  t o  e v a l u a t e  

the .  s u r f a c e  e x c e s s e s  from t h e  d i f f e r e n t i a l  c a p a c i t a n c e  

d a t a  a t  s in g le -  c o n c e n t r a t i o n s .  The c a l c u l a t e d  T\ v a l u e s  

have b e en  shown t o  be i n  good ag reem en t  w i th  th e  r e s u l t s  

o b t a i n e d  f o r  h a l i d e ,  i o n s  and m-benzene d i s u l p h o n a t e  i o n s  

u s i n g  the. e l e c t r o  c a p i l l a r y  m ethod .  The model  i s  d i s c u s s e d  

l a t e r  i n  t h e  t h e s i s .

(30)

(39)

(40)

4 * P a r s o n Ts Method.

T h i s ,  which i n v o l v e s  a  change o f  v a r i a b l e  from E 

t o  <* , v/as d e v e lo p e d  by P a r s o n s  (2 3 ) .  The b a s i c  r e l a t i o n ,  

o b t a i n e d  from e q u a t i o n  ( 3 7 ) when ^ ^  0 , i s

71 "  ~ ^  ( f t L ,   ( 4 1 )
a n d , s i n c e

t h e n
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T h is  d i f f e r e n t i a l  e q u a t i o n  can be. s o l v e d  by p o i n t - w i s e  

p r o g r e s s i o n ,  u s i n g  v a l u e s  o f  o b t a i n e d  f o r  each

v a lu e  o f  q. . The i n i t i a l  g r a d i e n t s  a re
ec.rv\’

(44)

5 ♦ Q th e r  Lie th o  d s »

V a r i o u s / d i r e c t  m ethods  e x i s t  i n  which one o f  th e  

i o n s  i s  l a b e l l e d  w i th  a  r a d i o a c t i v e  i s o t o p e .  Such s t u d i e s  

have, b e e n  c a r r i e d  o u t  on p l a t i n u m  (2 4 , 2 5 ) ,  b u t  a s  y e t  th e  

t e c h n iq u e  h a s  n o t  been  a p p l i e d  to  a  m ercu ry  e l e c t r o d e .

O th e r  methods e x i s t  f o r  e v a l u a t i n g  r e l a t i v e  s u r f a c e  e x c e s s 

es, b u t  th ese ,  a re .  b a s e d  on th e  methods d e s c r i b e d  h e r e , and 

so w i l l  n o t  be c o n s i d e r e d  f u r t h e r .

B o c k r i s ,  M u l l e r ,  Wroolowa and Kovac (26)  compared 

t h e  r e s u l t s  o b t a i n e d  from methods  1 ,  2 and 4 ,  and  p u t  

f o r w a r d  a  t h e o r y  t o  e x p l a i n  th e  d i s c r e p a n c i e s  which a r i s e  

i n  t h e  r e s u l t s  u n d e r  what m igh t  be t e rm ed  t h e  ex trem es ,  

o f  c o n d i t i o n s  ( c o n c e n t r a t i o n  and p o l a r i s a t i o n ) .



Y/hen th e  e x p e r i m e n t a l  v a l u e s  l o r  t h e  s u r f a c e  e x c e s s 

es.; d i f f e r  s i g n i f i c a n t l y  from th o s e  c a l c u l a t e d  on th e  b a s i s  

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

(o r  s p e c i f i c )  a d s o r p t i o n  must  be ta lc ing  p l a c e .  I f  such  

i s  t h e  case. ,  i t  i s  p o s s i b l e  t o  c a l c u l a t e  th e  amount o f  

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

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

b e d .  The b a s i c  c a l c u l a t i o n  i s  g i v e n  f o r  t h e  case  where 

o n ly  a n i o n i c  s p e c i f i c  a d s o r p t i o n  o c c u r s .  I f  we can assume 

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

o f  p o t e n t i a l s  b e in g  c o n s i d e r e d ,  t h e n  th e  charge  i n  t h e  

d i f f u s e  l a y e r  due to  c a t i o n s , , i s  g i v e n  by

«L*'4 =  Ut>)
TT £“$where. LJ. i s  an  e x p e r i m e n t a l l y  d e te rm in e d  q u a n t i t y .  

can be r e l a t e d  t o  u s i n g  d i f f u s e  double  l a y e r  t h e o r y

 (4 6 )

where £ ± i s  t h e  v a le n c e  o f  th e  i o n  w i th  th e  s i g n  o f  i t s
n e-s

c h a r g e .  T h is  e n a b l e s  u s  to  c a l c u l a t e  , and  t h u s  ,

th e  charge  i n  t h e  d i f f u s e  l a y e r  due t o  a n i o n s ,

« g 4=  (47)

and f i n a l l y  we o b t a i n  t h e  charge  due t o  s p e c i f i c a l l y  a d s -
i

o r b e d  a n i o n s ,  \  from
~ i m-s

c^_ ■=.  (4 3 ;

where ^  i s .  t h e  charge  i n  t h e  s o l u t i o n  due to  a n io V> o

Thus ,  u n d e r  s u i t a b l e  c o n d i t i o n s ,  t h e  amount o:



s p e c i f i c a l l y  a d s o r b e d  ion .  can  be e v a l u a t e d .  I t  must  be 

bo rne  i n  mind t h a t  th e  p r e c e d i n g  a n a l y s i s  i s  n o t  v a l i d  

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



30

The E s i n  and f a r k o v  E f f e c t .

The v a r i a t i o n  o f  t h e  p o t e n t i a l  o f  th e  e . c . m .  w i th  

c o n c e n t r a t i o n ,  a s  m easu red  a g a i n s t  a  c o n s t a n t  r e f e r e n c e  

e l e c t r o d e  ( i . e .  i n  a  c e l l  w i th  l i q u i d  j u n c t i o n )  p r o v i d e s  

a n o t h e r  i n d i c a t i o n  o f  s p e c i f i c  a d s o r p t i o n ,  from th e  e q u a t -

i o n  ( g - 1 )  (4-9)

i t  f o l l o w s  t h a t  (27)(irJu =  -(so)
where i s  th e  a c t i v i t y  o f  th e  e l e c t r o l y t e .  I f  a  r e f e r e n c e  

e lec t rod e . ,  o f  c o n s t a n t  e l e c t r o l y t e  a c t i v i t y  i s  u s e d ,  we 

have f o r  a  t - t  e l e c t r o l y t e  on v a r i a t i o n  o f  t h e  a c t i v i t y  

o f  the .  e l e c t r o l y t e ,  i n  c o n t a c t  w i t h  the. i d e a l  p o l a r i s e d  

e l e c t r o d e .
p  — P  ± . R T  In C\ +  ■+ C on its in 't  / \

*  1*1 F “   ( 5 1 '

p r o v i d e d  t h a t  t h e  l i q u i d  j u n c t i o n  be tw een  t h e  c o n s t a n t  

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

s  rtf ^ e . p o t e n t i a l  m easu red  a g a i n s t  t h e  r e f e r e n c e  e l e c t 

rode, i n  a  c e l l  w i th  a  l i q u i d  j u n c t i o n .  t h e  mean a c t 

i v i t y ,  i s  g i v e n  by 
/  \ La  f o r  a  e l e c t r o l y t e  . . . . ( 5 2 )

E q u a t i o n  (50) t h e n  becomes

f d i - h  .
 ( 5 3 )

Thus t h e  s h i f t  i n  E r<̂  w i t h  i n  a. a t  c o n s t a n t  ^  depends 

on
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from Gouy-Chapman - theory ,  l e a d i n g  t o  th e  f o l l o w i n g  r e s u l t s :

C o n se q u e n t ly  th e  e . c . m .  i s  i n d e p e n d e n t  o f  e l e c t r o l y t e  

a c t i v i t y  when i t  i s  m easu red  a g a i n s t  a  c o n s t a n t  r e f e r e n c e  

e l e c t r o d e  u n d e r  c o n d i t i o n s  o f  no s p e c i f i c  a d s o r p t i o n .

P l o t s  o f  E+ a g a i n s t  (2RT/P)ln<\+ a t  c o n s t a n t  f o r  aqueous  

sodium f l u o r i d e  (27) have t h e  l i m i t i n g  g r a d i e n t s  p r e d i c t e d  

a b o v e .

The v a r i a t i o n  o f  t h e  v a lu e  o f  a t  t h e  e . c . m .  on

ch ang ing  t h e  e l e c t r o l y t e  c o n c e n t r a t i o n ,  sym ptom at ic  o f  

s p e c i f i c  a d s o r p t i o n ,  was named th e  " E s i n  and Markov E f f e c t "  

by Grahame ( 2 8 ) .  E s i n  and Markov (29)  had  o b s e r v e d  a 

l i n e a r  v a r i a t i o n  o f  t h e  e . c . m .  w i t h  t h e  l o g a r i t h m  o f  e l e c t 

r o l y t e  c o n c e n t r a t i o n .  Prom Parsons , '  work i t  i s .  now known 

t h a t  t h i s  was j u s t  a  p a r t i c u l a r  case  o f  t h e  l i n e a r  v a r i a t 

i o n  o f  E r̂  (o r  E+ ) w i t h  l n < \ a t  c o n s t a n t  charge  on th e  

e l e c t r o d e .  P l o t s  o f  E± a g a i n s t  ( 2 R T /P ) ln <*± a t  c o n s t a n t  

f o r  t h r e e ,  p o t a s s i u m  h a l i d e s :  show t h e  g r a d i e n t  t o  be i n d e 

p e n d e n t  o f  % ( a c t u a l  v a l u e s  - 1 . 5 6 ,  - 1 . 5 5  and  - 1 . 2 2  f o r  K I ,  

KBr and KC1 r e s p e c t i v e l y )  ( 2 7 ) .  T h is  would n o t  be t h e  case  

i n  t h e  absence  o f  s p e c i f i c  a d s o r p t i o n .  The E s i n  and Markov 

p l o t ,  then.,  p r o v i d e s  us  w i t h  a  means o f  t e s t i n g  f o r  t h e
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p re s e n c e .  (o r  a b s e n c e )  o f  s p e c i f i c  a d s o r p t i o n .
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G-raharne ’ s 1 oclc 1 o f  th e  Double Layer*

C-rahame (11) was l e d  t o  m od ify  S t e r n ’s model (9)  

o f  t h e  double  l a y e r  by th e  s t r o n g  s p e c i f i c  a d s o r p t i o n  o f  

m ost  a n i o n s .  He i n t r o d u c e d  th e  i n n e r  p l a n e  o f  c l o s e s t  

a p p r o a c h ,  l o c a t e d  a t  a  d i s t a n c e  Xj from th e  e l e c t r o d e .

T h is  ?;as t h e  p l a n e  a t  which he c o n s i d e r e d  a n io n s  to  be 

s p e c i f i c a l l y  a d s o r b e d .  N o n - s p e c i f i c a l l y  a d s o r b e d  i o n s  

v/ere c o n s i d e r e d  t o  a p p ro a c h  to  t h e  OHP. a t  a  d i s t a n c e  x L 

from t h e  e l e c t r o d e  ( ^ g , * * i ) .  G-rahame assumed some c o v a l 

e n t  b o n d in g  t o  e x i s t  be tw een  s p e c i f i c a l l y  a d s o r b e d  a n io n s  

and  t h e  m erc u ry  e l e c t r o d e .  His. e v id e n c e  f o r  t h i s  (30) 

v /a s . th e  e s s e n t i a l l y  l i n e a r  r e l a t i o n s h i p  be tw een  the  

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

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

s a t u r a t i o n  c o n c e n t r a t i o n  o f  m ercu rou s  i o n  i n  th e  s o l u t i o n s  

o f  t h e  s a l t s ,  t e s t e d .  L e v i n e ,  B e l l  and C a l v e r t  (31) 

r e j e c t e d  t h i s  p o s t u l a t e  i n  f a v o u r  o f  image e n e r g y  a s  th e  

o r i g i n  o f  s p e c i f i c  a d s o r p t i o n ,  and  B o c k r i s ,  B ev an a th an  and 

M u l l e r  ( 3 2 ,3 2 a )  s u g g e s t e d  t h a t  t h e  degree, and  ty p e  o f  i o n  

h y d r a t i o n  was:: t h e  p r i n c i p a l  f a c t o r  a f f e c t i n g  s p e c i f i c  

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

a t i o n ,  g i v e n  by B o c k r i s  e t  a l  i s  t h e  most  p l a u s i b l e .
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P o t e n t i a l  D i s t r i b u t i o n s .

( a )  D i f f u s e  double  l a y e r .

^  , th e  p o t e n t i a l  o f  th e  OIIP. i s  c o n s i d e r e d  a s  a  

f u n c t i o n  o f  E .  The method o f  c a l c u l a t i o n  o f  h a s  a l r e a d y  

been  g i v e n  f o r  the. case  where o n ly  one i o n  i s  s p e c i f i c a l l y  

a d s o r b e d .  I n  aqueous s o l u t i o n ,  ^  i s  i d e n t i c a l  f o r  a l l  

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

r e g i o n ,  a  r e g i o n  where, th e r e ,  i s  no a n io n  s p e c i f i c  a d s o r p -
e c * \

t i o n .  P o r  E>Ef , 9^ becomes m a rk e d ly  p o s i t i v e  o n l y  f o r  

p o t a s s iu m  f l u o r i d e ,  as  t h e  f l u o r i d e  i o n  i s  n o t  s p e c i f i c a l l y  

a d s o r b e d ,  e x c e p t  p e rh a p s  a t  a  l a r g e  p o s i t i v e  e l e c t r o d e
n 1 ctm

c h a r g e .  O the r  e l e c t r o l y t e s  have n e g a t i v e  Vjs a t  

T h is  i s  i n  a g reem en t  w i t h  in d e p e n d e n t  d a t a  which s u g g e s t  

t h a t  t h e  p o s i t i v e  e l e c t r o d e  charge  i s  more t h a n  compensa ted  

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

o r b e d  i o n s .

(b)  Conrpact double  l a y e r .

Two m ethods were p u t  f o r w a r d  by G-rahame (33)  f o r  

c a l c u l a t i n g  ^  . One, b a s e d  on a  l i n e a r  a d s o r p t i o n  i s o t h e r m  

i s  t e n t a t i v e  and  w i l l  n o t  be d i s c u s s e d .  The second  t a k e s  

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

p l a n e .  S r s h l e r  ( 3 4 ) showed t h a t  t h e  d i f f e r e n c e  o f  p o t e n 

t i a l  s o l e l y  due t o  th e  charge  o f  s p e c i f i c a l l y

a d s o r b e d  i o n s  was given, by

 g o



where €, i s  t h e  d i e l e c t r i c  c o n s t a n t  o f  th e  compact  double  

l a y e r ,  assumed in d e p e n d e n t  o f ^ . The d i f f e r e n c e  i n  p o t e n 

t i a l  may be e x p r e s s e d ,  a s  a  f i r s t  a p p r o x i m a t i o n ,

by assum ing a  l i n e a r  drop o f  p o t e n t i a l  f o r  •

Thus ( < ? , - % \   ‘ {55)

which becomes

= i l l  . . . . . . ( 5 6 )

Since  x.t<Xt , I <jf> -<£ ) j J  < ! ( % , - % \l

Hence th e  s h i f t  i n  th e  e . c . m . ,  which i s  r e l a t e d  t o  th e  

change o f  on v a r i a t i o n  o f  a n io n  c o n c e n t r a t i o n

i s .  g r e a t e r  t h a n  t h e  change o f  p o t e n t i a l  (</J - ^ 2.)^ a f f e c t i n g  

th e  a d s o r b e d  i o n s .  T h is  a c c o u n t s  f o r  a  d i s c r e p a n c y  n o t e d  

by E s i n  and Markov be tw een  th e  e x p e r i m e n t a l  s h i f t s  o f  th e  

e . c . m .  and  th e  p r e d i c t i o n s  o f  S t e r n ’ s t h e o r y .

S i n c e ,  on th e  p a r a l l e l  o l a t e  c o n d e n se r  a p p ro a c h ,  

( 4 , - t t  -  ............ (57)
I'M c ,

we g e t  f o r  c o n s t a n t
. U

( ‘P m - W u ,  I '  ...............
T h is  e x p r e s s i o n  can t h e n  be u s e d  i n  an  a n a l y s i s  o f  th e  

i n n e r  l a y e r  p a r a m e t e r s .
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D ov g na th an1s . ' c o o l .

T h is  model  i s  b a s e d  on f o u r  p o s t u l a t e s :

( I )  s p e c i f i c a l l y  a d s o r b e d  i o n s  occupy th e  I I I ? . ,

( I I )  s o l v a t e d  i o n s  r e m a in  a t  t h e  OH?.,

( i l l )  i o n s  may n o t  p o p u l a t e  th e  r e g i o n  be tw een  th e  H i ? . 

and th e  OH?. ,

(1Y) p o t e n t i a l s  due t o  w a t e r  d i p o l e s  and  e l e c t r o n  o v e r 

l a p  a r e  n e g l i g i b l e ,  o r  c o n s t a n t*

I n  t h e  o r i g i n a l  p a p e r  ( I S ) t h e  s i g n s  o f  a l l  p o t e n t i a l s  a r e  

wrong ( c . f .  h a c d o n a ld  and  Barlow ( 2 0 ) ) ,

The t o t a l  e l e c t r o d e  c h a r g e / u n i t  a r e a  i s

%  = ~ - t " 6 )   (59)
Since t h e r e  i s  no charge  be tw een  t h e  m e t a l  and th e  I I I ? . ,  

t h e  p o t e n t i a l  a t  t h e  HIP. i s

-<P,) -  1 * ,  1 k m _ ,  . . . . . . . . . . ( e o )
where = £ i /W0(|  (61)

S i m i l a r l y ,  t h e  p o t e n t i a l  o f  t h e  OH?. i s  g i v e n  by

< < - « ) • - C / k * .  .................. m

w h e r e  K , . t  ■ $ / « ( * , - » . )  ' ^    '

I t  s h o u ld  be n o t e d  t h a t  c o m b in a t io n  o f  e q u a t i o n s  (SO) and

(62) g i v e s  ^  a s  th e  f u n c t i o n  o f  ^  and ^  d e r i v e d  i n

G-rahame’s a p p r o a c h .  D i f f e r e n t i a t i o n  o f  e q u a t i o n  (60)

g i v e s  . , n
djP,*  __ ^  + f} j i

C  ...............

can be e v a l u a t e d  by d i f f e r e n t i a t i o n  o f  e q u a t i o n  (02)



and i n t r o d u c i n g  th e  r e l a t i o n s h i p  o f  e q u a t i o n  ( 5 9 ) .  T h is

which on r e a r r a n g e m e n t  g i v e s

A knowledge o f  t h e  b a s i c  double l a y e r  p a r a m e t e r s  i n  t h e  

absence  o f  s p e c i f i c  a d s o r p t i o n  ( w h e r e ) -  0 ,  and
i x

<1 = 0 )  can t h e n  be a p p l i e d  i n  t h e  c a l c u l a t i o n  o f  th e  

v a r i o u s  q u a n t i t i e s ,  i n v o l v e d  i n  s p e c i f i c  a d s o r p t i o n ,  

f e v a n a th a n .  ( I S ) has -sh ow n  t h a t  t h e r e  i s  good ag reem ent  

o b t a i n e d  be tw een  c a l c u l a t e d  and e x p e r i m e n t a l  q u a n t i t i e s  

i n  t h e  sys tem s  p o ta s s iu m  h a l i d e  ( a q u e o u s ) ' -  m erc u ry  and 

aqueous, sodium b.enzene:-m-disu lphonate  -  m e r c u r y .
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Both C-raliame 1 s and Be v a n a t h a n ' s m o d e ls ,  v/hich a re  

b a s e d  on th e  same p o t e n t i a l  r e l a t i o n s h i p ,  have been  c r i t 

i c i s e d  r e c e n t l y  on th e  g rounds;  t h a t  t h e i r  b a s i c  r e l a t i o n 

s h i p  h a s  s e v e r e  f l a w s  (20)* When t h e  amount o f  s p e c i f i c  

a d s o r p t i o n  i s  s m a l l ,  t h e n  f o r  a  r e g i o n  f a r  removed from 

any s p e c i f i c a l l y  a d s o r b e d  i o n  i t  w i l l  be c o r r e c t  to  con

s i d e r  t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  r e g i o n  be tw een  t h e  

m e t a l  and th e  OH?. to  be c o n s t a n t ,  and a l s o  to  s e t  t h e  

d i s t a n c e  o f  t h e  OIIP. e q u a l  t o  -Xt . However, i n  th e  n e i g h 

b ourhood  o f  a  s p e c i f i c a l l y  a d s o r b e d  i o n ,  t h e  t h i c k n e s s  X| 

w i l l  c o n s i s t  o f  c o n t r i b u t i o n s  from b o th  th e  m e t a l  and th e  

i o n ,  and 6 w i l l  d i f f e r  a p p r e c i a b l y  from £*. • A l s o ,  i tM-J
i s  a  r e a s o n a b l e  a s s u m p t io n  t h a t  t h e  s p e c i f i c a l l y  a d s o r b e d  

i o n  w i l l  r e t a i n  i t s  p r im a r y  h y d r a t i o n  s h e a t h  on th e  s i d e  

away from t h e  s u r f a c e , so t h a t  th e  c e n t r e  o f  charge  o f  

t h e  f i r s t  d i f f u s e  l a y e r  ( h y d r a t e d )  i o n  w i l l  be s e p a r a t e d  

from t h a t  o f  t h e  s p e c i f i c a l l y  a d s o r b e d  i o n  by a p p r o x i m a t e ly  

two i o n i c  r a d i i  p l u s  t h e  d i a m e te r  o f  a  w a t e r  m o le c u l e .

Thus i n  such  a  r e g i o n  t h e  d i s t a n c e  t o  t h e  OHP. w i l l  be 

much g r e a t e r  t h a n  i t  i s  i n  a  r e g i o n  f a r  removed from 

s p e c i f i c a l l y  a d s o r b e d  i o n s ,  and th e  CEP. w i l l  n o t  be a  

p l a n e •

The use  o f  c o n t in u o u s  charge  d i s t r i b u t i o n s  i n  t h e  

c o n v e n t i o n a l  m odels  o f  b o t h  Graham e and B ev an a th an  i s  

e q u i v a l e n t  t o  a v e r a g i n g  th e  above e f f e c t s .  Such a v e r a g i n g



w i l l  be a  f u n c t i o n  o f  t ! ~  s u r f a c e  c o v e r a g e , and so 

w i l l  b.e fou nd  t o  depend on The more r i g o u r o u s  a p p r 

oach  to  th e  problem g i v e n  by Macdonald and E a r  low (20) is.  

o u t  with, t h e  scope o f  t h i s  s e c t i o n  and w i l l  n o t  be d i s c u s s e d .  

I t  i s  o f  i n t e r e s t  t o  n o te  t h a t  th e  r e s u l t s  o b t a i n e d  by 

em ploying  G-rahame's and D e v a n a th a n ' s t r e a t m e n t s  a r e  f r e q u 

e n t l y  much b e t t e r  t h a n  would be. e x p e c t e d  on th e  b a s i s  o f  

t h e  c r i t i c i s m s  o f  Macdonald  and Bar low .

3oc lc r is . 'and  co -w o rh e rs  ( p 2 ,p 2 a )  have s u g g e s t e d  a  

model  o f  the .  double, l a y e r  i n  which s p e c i f i c  a d s o r p t i o n  o f  

i o n s  i s  assumed t o  be e l e c t r o s t a t i c  i n  n a tu re . ,  and  the  

c a p a c i t a n c e ,  hump i s  t h o u g h t  t o  a r i s e  from a  slowdown i n  th e  

r a t e ,  o f  i n c r e a s e ,  o f  t h e  charge  o f  an ions ,  i n  t h e  II!?.  T h is  

model has :  l e d  to  good ag reem ent  w i th  e x p e r i m e n t ,  b o th  i n  

p r e d i c t i n g  the .  dependence, o f  s p e c i f i c  a d s o r p t i o n  on th e  

e l e c t r o d e  charge, and i n  p r e d i c t i n g  th e  p r o p e r t i e s  o f  t h e  

hump •



The r e m a in d e r  o f  t h i s  t h e s i s  d e s c r i b e s  th e  m ea su re 

ment o f  the  d i f f e r e n t i a l  c a p a c i t a n c e  o f  th e  double  l a y e r  

a t  th e  i n t e r f a c e  be tw een  m ercury  and s o l u t i o n s  o f  th e  

a l k a l i  m e t a l  c h l o r i d e s  i n  f o r m a n id e ,  t o g e t h e r  w i th  m easu re 

ment o f  th e  i n t e r f a c i a l  t e n s i o n  i n  th e  same sy s te m s .  The 

r e s u l t s  o f  t h i s  work a r e  d i s c u s s e d  and i n t e r p r e t e d  i n  

t e r m s  o f  th e  components  o f  charge  o f  t h e 1' double  l a y e r  

i n  fo rm am ide ,  and a  model i s  p ro p o s e d  t o  e x p l a i n  t h e  i n d e p 

endence o f  c a t i o n i c  s p e c i f i c  a d s o r p t i o n  on th e  n a t u r e  

o f  th e  c a t i o n .
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The -three m ost  a c c e s s i b l e  p a r a m e t e r s  o f  t h e  e l e c t 

r i c a l  double  l a y e r  a r e  t h e  i n t e r f a c i a l  t e n s i o n ,  t h e  charge  

and th e  c a p a c i t a n c e  a t  th e  i n t e r f a c e . Lippmann ( 2 ) ,  who 

used  a  c a p i l l a r y  e l e c t r o m e t e r  t o  m easure  i n t e r f a c i a l  t e n s i o n s  

c o l l e c t e d  most  o f  th e  e a r l y  d a t a  on th e  m e r c u r y - s o l u t i o n  

i n t e r f a c e .  The c l a s s i c  work o f  G-ouy (3>35)  was a l s o  c a r r i e d  

out  u s i n g  t h i s  t e c h n i q u e ,  a s  was more r e c e n t  work b y ,  f o r  

example ,  D ev an a th an  and P a r s o n s  ' (36 ) •  I n t e r f a c i a l  t e n s i o n s  

have a l s o  be en  m e a s u r e d ,  a t  v a r i o u s  t i m e s ,  by th e  drop 

weight  t e c h n i q u e ,  ( 3 7 , 3 3 ) ,  Smith (39)  h a v in g  d e v e lo p e d  a  

r i g o u r o u s  t h e o r e t i c a l  r e l a t i o n s h i p  b e tw een  t h e  drop w e ig h t  

and i n t e r f a c i a l  t e n s i o n  t o  r e p l a c e  th e  e a r l i e r  e m p i r i c a l  

r e l a t i o n s h i p s *  While t h i s  method sometimes y i e l d s  i n c o n 

s i s t e n t  r e s u l t s ,  due m a i n l y  t o  s o l u t i o n  c re e p  v / i t h i n  t h e  

c a p i l l a r y  o f  t h e  d r o p p in g  m ercu ry  e l e c t r o d e ,  t h e  method 

i s  o f  g r e a t  u se  f o r  n o n -aq u e o u s  s o l v e n t s  which do n o t  wet  

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

m ete r  t o  be u s e d .  A c c u r a te  d a t a  have a l s o  b e e n  d e r i v e d  

from m easu rem en ts  made on s e s s i l e  d rops  ( 4 0 ) .

The m a jo r  l i m i t a t i o n  o f  the  above m ethods  i s  t h a t  

th ey  can be a p p l i e d  o n ly  t o  l i q u i d  m e t a l  s u r f a c e s .  Tech

n iques  have b e e n  d e v e lo p e d  f o r  th e  m easurm ent  o f  t h e  i n t e r 

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

no t  as  a c c u r a t e  a s  t h o s e  d e s c r i b e d  a b o v e .  P r u n k i n  (41)
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d e v is e d  a  method  b a s e d  on th e  v a r i a t i o n  o f  th e  a n g le  o f  

c o n t a c t  o f  a  g a s  bu bb le  and  a  m e t a l  s u r f a c e  w i th  chan g in g  

p o l a r i s a t i o n  o f  th e  m e t a l .  I n  th e  p r e s e n t  work ,  a  c a p i l l a r y  

e l e c t r o m e t e r  h a s  b e en  u s e d  to  m easure  th e  i n t e r f a c i a l  t e n 

s io n  b e tw een  m e rc u ry  and s o l u t i o n s  o f  p o t a s s i u m  and caes ium  

c h lo r i d e  i n  fo rm am ide .

S e v e r a l  m ethods  a r e  a v a i l a b l e  f o r  e s t i m a t i n g  th e  

charge o f  t h e  e l e c t r i c a l  double  l a y e r .  I f  an  e l e c t r o d e  

of  c o n s t a n t  a r e a  i s  u s e d ,  t h e  amount o f  e l e c t r i c i t y  r e q u i r e d  

to  change th e  p o t e n t i a l  by  a  g i v e n  amount i s  f a i r l y  r e a d i l y  

m easu red .  So l o n g  a s  t h e  e l e c t r o d e  re m a in s  p e r f e c t l y  

p o l a r i s e d ,  th e  o n ly  p r o c e s s  which draws c u r r e n t  i s  t h e  

c h a r g in g  o f  t h e  double  l a y e r  c a p a c i t o r .  Measurements  u s i n g  

bo th  h i g h  c u r r e n t  d e n s i t y  (42) and low d e n s i t y  ' ' e q u i l i b r i u m "  

c h a r g in g  (43)  have  b e en  m ad e .

I f  a  c h a r g i n g  curve  can  be o b t a i n e d  a t  c o n s t a n t  c u r r 

e n t ,  t h e  c a p a c i t a n c e  o f  th e  double  l a y e r  can  be c a l c u l a t e d  

from th e  s lo p e  o f  th e  l i n e a r  r o r t i o n  (44)  s i n c e

c .  - d'-/dE

= i- *%£  (S7)

where i  i s  t h e  c o n s t a n t  c u r r e n t  f l o w i n g .  U s ing  a  t e c h n i q u e  

employing e q u i v a l e n t  c i r c u i t  a n a l o g u e s  o f  e l e c t r i c a l  imped

a n c e s ,  McMullentEackerman (45)  have b e e n  a b l e  t o  m easure  

c a p a c i t a n c e s  to o  l a r g e  to  be d e te r m in e d  by t h e  impedance 

b r id g e  t e c h n i q u e .
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P o r  a  d r o p p in g  m erc u ry  e l e c t r o d e  ( d . m . e . ) ,  i f  the  

r a t e  of  f o r m a t i o n  o f  f r e s h  i n t e r f a c e  i s  known, the  charge

d e n s i ty  may be d i r e c t l y  d e te rm in e d  from th e  c u r r e n t  f low  

r e q u i r e d  t o  m a i n t a i n  t h e  e l e c t r o d e  a t  a  c o n s t a n t  p o t e n t i a l  

w i th  r e s p e c t  t o  t h e  s o l u t i o n .  At th e  p o t e n t i a l  o f  the  

e l e c t r o c a p i l l a r y  maximum, where th e  charge  d e n s i t y  i s  z e r o ,  

t h e r e  w i l l  be no c h a r g i n g  c u r r e n t .  T h is  t e c h n iq u e  has  

been employed s u c c e s s f u l l y  by P h i l p o t  (46) and by Prumkin 

(47 ) .  An e l e c t r o n i c  c i r c u i t  which d i s p l a y e d  d i f f e r e n t i a l  

c a p a c i t a n c e - p o t e n t i a l  c u rv e s  on a  ca thode  r a y  o s c i l l o s c o p e  

was d e v i s e d  by L o v e la n d  and E l v i n g ( 4 8 ) .  T h e i r  method i s  

based  on t h e  f a c t  t h a t  i f  a  l i n e a r  p o t e n t i a l  sweep i s  

a p p l i e d  ( i e . d E / d t 55, K ) t h e n

f o r  CB t h e  t o t a l  e l e c t r o d e  c a p a c i t a n c e .  I f  th e  a r e a  o f  th e  

e l e c t r o d e  a t  t h e  t im e  o f  measurement  i s  g i v e n  by A, t h e n  

the  c a p a c i t a n c e / u n i t  a r e a  C© i s  g i v e n  by

A d i s p l a y  o f  c h a r g i n g  c u r r e n t s  a g a i n s t  t ime i s  t h e r e f o r e  

e q u i v a l e n t  t o  a  p l o t  o f  d i f f e r e n t i a l  c a p a c i t a n c e  a g a i n s t  

a p p l i e d  p o t e n t i a l .

U s in g  a n  a m p l i f i e r  o f  h i g h  i n p u t  im pedance ,  and an  

o s c i l l o g r a p h ,  P r o s k u r n i n  and  Prumkin  (4 )  m easu red  th e  

v o l t a g e  p r o d u c e d  a c r o s s  a  t e s t  c e l l  by a  known a l t e r n a t i n g  

c u r r e n t .  I f  i t  c o u ld  be assumed t h a t  th e  impedance o f  th e

( 6 8 )

(69)
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t e s t  c e l l  was s o l e l y  due to  th e  c a p a c i ta n c e  o f  th e  t e s t  

e l e c t r o d e ,  t h i s  Q u a n t i t y ,  i n v e r s e l y  p r o p o r t i o n a l  to  the  

o u tp u t  v o l t a g e ,  c o u ld  be m easu red . R and les  (4-S) im proved 

on t h i s  i d e a  by c o n s t r u c t i n g  a phase s e n s i t i v e  in s t r u m e n t  

which gave d a ta  on . "both th e  r e s i s t i v e  and r e a c t i v e  

components o f  th e  im pedance .

W atanabe (50 ) used  a  method em ploying a  re so n an c e  

c i r c u i t  t o  m easure  the  r e s i s t a n c e  and c a p a c i ta n c e  o f  th e  

e l e c t r i c a l  doub le  l a y e r ,  th e  unknown v a lu e s  b e in g  d e t e r 

mined by s u b s t i t u t i o n  o f  s t a n d a r d  r e s i s t a n c e s  and  c a p a c i t 

a n c e s .

The m ost a c c u r a t e  m ethod o f  d e te rm in in g  th e  d i f f e r 

e n t i a l  c a p a c i t a n c e  o f  an  e l e c t r o d e  i s  th e  d i r e c t  m easu re 

ment o f  im pedance u s in g  an a . c .  b r id g e  n e tw o rk .  The f i r s t  

such  m easu rem en ts  were made by V/ien (5 1 ) .  The e l e c t r o d e  

impedance was d e te rm in e d  w i th  a  W heatstone b r i d g e ,  th e  

c a p a c i ta n c e  b e in g  b a la n c e d  o u t  by a  v a r i a b l e  in d u c ta n c e  i n  

s e r i e s  w i th  th e  c e l l .  The a . c .  b r id g e  te c h n iq u e  u s e s  a  

c e l l  c o n t a in i n g  th e  t e s t  e l e c t r o d e ,  t o g e t h e r  w i th  an  a u x i l l -  

i a r y  e l e c t r o d e  o f  such  l a r g e  a r e a  t h a t  i t s  impedance may 

be n e g l e c t e d  i n  com parison  w i th  t h a t  o f  th e  t e s t  e l e c t r o d e .  

The s o l u t i o n  r e s i s t a n c e  i s  s u b t r a c t e d  v e c t o r i a l l y  from th e  

c e l l  im pedance to  g iv e  th e  t e s t  e l e c t r o d e  im pedance . Many 

i n v e s t i g a t o r s  have in c lu d e d  th e  double  l a y e r  impedance i n  

a  W heats tone  b r id g e  ne tw ork  ( 5 2 ,5 3 ,5 4 ,5 5 ) .  I n  th e  c l a s s i c



work ox D.C.C-rahame , the  e q u iv a l e n t  c i r c u i t  u se d  to  b a la n c e  

th e  c e l l  impedance was a  s e r i e s  co m b in a tio n  o f  r e s i s t a n c e  

and  c a p a c i t a n c e .

The c o n v e n t io n a l  W heatstone n e tw o rk s  s u f f e r  from a 

number o f  d i s a d v a n ta g e s ,  th e  most im p o r ta n t  b e in g  t h a t  th e  

a c c u ra c y  i s  e n t i r e l y  dependen t on a  l a r g e  number o f  imped

ance s t a n d a r d s ,  and  t h a t  some form o f  Wagner e a r t h i n g  i s  

r e q u i r e d .  I n  th e  d e s c r i p t i o n  o f  t h e i r  a p p a r a t u s ,  K i l l s  

and  Payne (55) c o n s id e r  c r i t i c a l l y  a l l  th e  m o d i f i c a t io n s  

which m ust be made to  a  s im p le  W heatstone b r id g e  ne tw ork  

to  e n s u re  th e  g r e a t e s t  p o s s i b l e  a c c u ra c y .  A no th e r  d i s a d 

v a n ta g e  o f  th e  c o n v e n t io n a l  b r id g e  i s  t h a t  i t  i s  d i f f i c u l t  

t o  m easure  l a r g e  c a p a c i ta n c e s  on i t .  K a n c o l la s  and  V in c en t  

(56) showed t h a t  th e  t r a n s f o r m e r  r a t i o - a r m  b r id g e  i s  a 

much more s u i t a b l e  in s t r u m e n t .  Only one r e s i s t i v e  and 

one r e a c t i v e  s t a n d a r d  a re  i n v o lv e d ,  no s p e c i a l  e a r t h i n g  

i s  r e q u i r e d ,  and  th e  impedance o f  t e s t  l e a d s  can  e a s i l y  

be e l i m i n a t e d .
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The T ra n s fo rm e r  Ratio-Arm  B r id g e •

The b a s i c  c i r c u i t  o f  th e  t r a n s f o r m e r  r a t i o - a r m  

b r id g e  ( 5 7 ) ,  i s  shown i n  f i g u r e  2 ,  and i n  s i m p l i f i e d  form 

be low .
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L e t  Zu and  Zs be th e  unknown and s t a n d a r d  im pedances 

r e s p e c t i v e l y .  17 i s  a  v o l ta g e  t r a n s f o r m e r ,  to  th e  p r im a ry  

o f  which th e  a . c .  so u rce  i s  c o n n e c te d .  The se c o n d a ry  w ind

in g  i s  ta p p e d  to  g iv e  N„ and Ns t u r n s .  T£ i s  a  c u r r e n t  

t r a n s f o r m e r ,  th e  p r im a ry  o f  which i s  ta p p e d  to  g iv e  n u and 

n 6 t u r n s ,  and  th e  se co n d a ry  c o i l  i s  c o n n e c te d  t o  th e  d e t 

e c t o r .

Assuming t h a t  th e  t r a n s f o r m e r s  a re  i d e a l ,  i f  th e  impedance 

i s  a d j u s t e d  to  g iv e  a  n u l l  i n d i c a t i o n  i n  th e  d e t e c t o r ,  

z e ro  f l u x  i s  p ro d u ce d  i n  th e  c u r r e n t  t r a n s f o r m e r  and  t h e r e  

i s  t h e r e f o r e  no v o l t a g e  drop a c r o s s  i t s  w in d in g s .  The 

d e t e c t o r  s i d e s  o f  b o th  th e  unknown and  s t a n d a r d ( Z 6) 

im pedances  a re  t h e r e f o r e  a t  n e u t r a l  p o t e n t i a l ,  i f  th e  

v o l t a g e s  a c r o s s  and  ^  a re  Vu and V6 r e s p e c t i v e l y ,



-p

hnD ^aoOeaot^oooffhr-oooqoaJXiei f  P P i  6 t>f}B V J i s J / '

n w OTrowrwwi nw irnm i w «Ti

£

"a.CT3--
c  id 

'<d ^
2  lu

o
Q
Q:
C D

or
LU
*vT
cz
OLL
vT>
z
<
or
h

nJ
LD
LL

<f>



t h e n  th e  c u r r e n t s  th ro u g h  chem a re  g iv e n  hy
—t— _ ^  / -r- V j
X o -  4 U ) - 4 *  / l 6 .( 7 0 )

P o r  z e ro  co re  f l u x  i n  "T̂  , th e  a lg e b r a i c  sun c f  the  ampere 

t u r n s  m ust b e , z e ro  , th u s

X t> •

^  ^  ................ (71)
e °

and hence
VUJLn

P o r  an  i d e a l  t r a n s f o r m e r  th e  v o l ta g e  r a t i o  i s  e q u a l  t o  th e

vu . ‘ lu
'  4   ( 7 2 )

t u r n s  r a t i o , and  hence
£  * -̂ u r. Hy . x  / 77 n

U n6 6 ...............
T hus, v ; i th  s u i t a b l e  t a p p in g s  on th e  two t r a n s f o r m e r s ,  a

wide ra n g e  o f  m easurem ents  can be c a r r i e d  o u t .  A lthough  i n  

p r a c t i c e  t r a n s f o r m e r s  a re  n o t  i d e a l ,  t r a n s m i s s io n  l o s s e s  

m e re ly  re d u c e  th e  s e n s i t i v i t y .  P ro v id e d  t h a t  th e  c o i l s  a re  

p r e c i s i o n  wound, and  t h a t  t h e i r  e f f e c t i v e  s e l f - r e s i s t a n c e  

i s  s m a l l  compared to  t h a t  o f  s n d Z 6 , a l l  th e  t u r n s  embrace 

th e  same f l u x ,  and  hence th e  r a t i o  o f  in d u c e d  v o l t a g e s  i s  

a c c u r a t e l y  e q u a l  t o  th e  t u r n s  r a t i o .

S ta n d a rd  im pedances may be d iv id e d  i n t o  r e s i s t i v e  and  

r e a c t i v e  com ponents . At b a l a n c e ,  b o th  th e  " i n  p h a se"  and  

" q u a d r a tu r e "  ampere t u r n s  m ust sum a l g e b r a i c a l l y  to  z e r o ,  

and so th e  r e s i s t i v e  and  r e a c t i v e  s t a n d a r d s  m ust be cap

a b le  o f  c o n n e c t io n  to  d i f f e r e n t  t a p p in g s  to  b a la n c e  o u t
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tn e  c u r r e n t s  o f  th e  uniaiovn impedance ( f i g u r e  2 ) . The 

m d ep e n d an c e  o f  components i s  u s e f u l  i n  t h a t  unwanted 

i m p u r i t i e s  i n  th e  s t a n d a r d s  can be b a la n c e d  o u t  by com

p e n s a t i n g  t r im m e rs  i n  th e  unhnowii s id e  o f  th e  b r i d g e .

An im pure c a p a c i t o r  i s  e q u iv a l e n t  to  a p u re  c a p a c i t o r  

s h u n te d  by  a  r e s i s t a n c e ,  and the  l a t t e r  can  be c a n c e l l e d  

by f e e d i n g  a  c u r r e n t ,  e q u a l  to  t h a t  p ro d u ced  by th e  r e s 

i s t a n c e  i m p u r i t y ,  th ro u g h  a  f i x e d  tr im m ing  r e s i s t o r  i n t o  

th e  o p p o s i t e  s id e  o f  th e  t r a n s f o r m e r .

I n  th e  V/ayne K e r r  B221, U n iv e rs a l  B ridg e  u se d  i n  th e  

p r e s e n t  w ork , t r a n s f o r m e r  t a p p in g s  a re  a r r a n g e d  to  g iv e  

two d e c a d e s ,  e a c h  r e q u i r i n g  one r e s i s t i v e  and  one r e a c t i v e  

s t a n d a r d .  W ith a  t r a n s f o r m e r  r a t i o - a r m  b r id g e  i t  i s  p o s s 

i b l e  to  add c o n t in u o u s ly  v a r i a b l e  c o n t r o l s  w i th o u t  d e t r a c t 

in g  from  th e  a c c u ra c y  o f  th e  decade s t a n d a r d s ,  A c o n t i n 

u o u s ly  v a r i a b l e  r e a c t a n c e  i s  p r o v id e d  by an  a i r - d i e l e c t r i c  

c a p a c i t o r  whose r e s i d u a l  c a p a c i ta n c e  i s  b a la n c e d o u t  by a  

p r e s e t  t r im m er  c o n n e c te d  to  a  t r a n s f o r m e r  w in d in g  o f  th e

o p p o s i t e  s e n s e :

T

T?i mmer f
j| ^)ct«ctor

L
H C (reiidual) |  I

— i r

C (van * bit)
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A c o n t in u o u s ly  v a r i a o l e  conductance  i s  o b ta in e d  by conn

e c t i n g  a  l i n e a r  p o t e n t i a l  d i v id e r  a c r o s s  a few t u r n s  o f

"Tj to  p ro duce  a  v a r i a o l e  v o l ta g e  a c r o s s  a  c lo s e  t o l e r a n c e  

r e s i s t o r :

While th e  v o l ta g e  t r a n s f o r m e r  i s  ta p p e d  to  p ro v id e  

th e  decade a d ju s tm e n t  o f  each  s t a n d a r d ,  th e  c u r r e n t  t r a n s 

fo rm e r  i s  t a p p e d  to  a l lo w  th e  r e l a t i v e  r a n g e s  o f  r e s i s t i v e  

and  r e a c t i v e  s t a n d a r d s  to  be a l t e r e d .  By c o n n e c t in g  the  

.unknown to  d i f f e r e n t  ta p p in g s  on b o th  v o l t a g e  and  c u r r e n t  

t r a n s f o r m e r s ,  th e  ran ge  o f  the  b r id g e  can be e x te n d e d  above 

and  below  t h a t  o f  the  s t a n d a r d s  ( f i g u r e  2 ) .  I t  s h o u ld  be 

n o te d  t h a t  a l th o u g h -o n e  r e s i s t i v e  and one r e a c t i v e  s t a n d a r d  

i s  r e q u i r e d  p e r  d ecad e ,  th e  t r a n s f o r m e r  r a t i o  may be u se d  

to  s e t  th o s e  i n  one decade a g a i n s t  th o se  i n  a n o th e r ,  so t h a t  

o n ly  one r e s i s t i v e  and one r e a c t i v e  f i x e d  s t a n d a r d s  o f  

known a c c u ra c y  a re  r e q u i r e d .  F i n a l l y ,  i n  a  s i m i l a r  m ethod 

to  t h a t  u se d  t o  p u r i f y  th e  s t a n d a r d s ,  any impedance i n  th e  

e x t e r n a l  t e s t  l e a d s  may be com pensa ted . T h is  i s  an e x c e l l 

e n t  f e a t u r e  o f  th e  Wayne K e rr  b r i d g e ,  th e  11 s e t  z e r o '1 c o n t r o l
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e n a b l in g  s m a l l  e x t e r n a l  im pedances i n  s e r i e s  w i th  the  

unknown to  be trim m ed o u t .

As th e  t r a n s f o r m e r  r a t i o - a r m  b r id g e  o p e r a t e s  by 

summation o f  c u r r e n t s ,  i t  can o n ly  m easure im pedances 

a s  a  p a r a l l e l  c o m b in a t io n  o f  in -p h a s e  and q u a d ra tu re  com

p o n e n t s .  G-rahame (58) h as  p ro p o se d  t h a t  th e  e q u iv a l e n t  

c i r c u i t  o f  th e  double  l a y e r  a t  a  p o l a r i s e d  d .m .e .  i s  b e s t  

r e p r e s e n t e d  by a  r e s i s t a n c e  and  c a p a c i ta n c e  i n  s e r i e s .

I t  i s  p o s s i b l e  to  d e r iv e  an e x p r e s s io n  r e l a t i n g  s e r i e s  

and  p a r a l l e l  n e tw o rk s ,  so t h a t  r e s u l t s  f o r  a  p a r a l l e l  

n e tw ork  can  r e a d i l y  be c o n v e r te d  to  t h e i r  s e r i e s  n e tw ork  

e q u i v a l e n t .  An in s t r u m e n t  i n c o r p o r a t i n g  a  t r a n s f o r m e r  

r a t i o - a r m  a rra n g e m e n t  h a s  been  a d a p te d  f o r  th e  m ea su re 

ment o f  double  l a y e r  c a p a c i ta n c e s  by N a n c o l la s  and  V in c en t  

(59) and r e c e n t l y  th e  m ethod h a s  been  u s e d  by B o c k r is  e t  

a l  ( 2 6 ) .
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The Use o f  an A.C. B ridge  -Tor the  Measurement; o f  Inroedance 

a t  a  Dropping; M ercury El e c trn d p . .

A d ro p p in g  m ercu fy  e l e c t r o d e  ( d .m .e . )  c o n s i s t s  e s s e n t 

i a l l y  o f  a  v e r t i c a l  g l a s s  c a p i l l a r y  tube  from which m erc u ry ,  

s u p p l i e d  by a  r e s e r v o i r  u n d er  a  head  o f  a b o u t  30cm Hg, 

i s s u e s  d rc p w is e .  A d .m .e ,  u sed  a s  a  t e s t  e l e c t r o d e  h a s  th e  

g r e a t  a d v an tag e  o v e r  o t h e r  e l e c t r o d e s  t h a t  i t  i s  c o n s t a n t 

l y  ren e w in g  i t s  s u r f a c e ,  and i t  i s  t h e r e f o r e  r e l a t i v e l y  

s im p le  t o  o b t a i n  a  p u re  r e p r o d u c ib le  s u r f a c e  f o r  m easu re 

m en t ,  The e l e c t r o d e  h a s  two m ajo r  d is a d v a n ta g e s  i n  t h a t  

i t  r e q u i r e s  much more s o p h i s t i c a t e d  e l e c t r o n i c  te c h n iq u e s  

to  d e t e c t  b r id g e  b a la n c e  w i th  an e l e c t r o d e  whose impedance 

i s  c o n s t a n t l y  v a r y in g  w i th  t im e ,  and  a l s o  some m ethod m ust 

be d e v e lo p ed  to  e v a lu a t e  th e  drop d im ensions  a t  th e  i n s t a n t  

o f  b a l a n c e .  These a re  r e l a t e d  to  th e  tim e i n t e r v a l  be tw een  

th e  b i r t h  o f  t ie  drop and th e  i n s t a n t  o f  b a l a n c e . A lthough  

t h i s  t im e  i n t e r v a l  may be m easured  m an u a lly  by means o f  a  

s to p -w a tc h  , a  more a c c u ra te  d e te r m in a t io n  i s  d e s i r a b l e  i f  

f u l l  u se  i s  to  be made o f  th e  s e n s i t i v i t y  o f  th e  impedance 

b r i d g e ,  A number o f  m ethods have been  d e v e lo p ed  f o r  t im in g  

t h i s  i n t e r v a l ,  and th e y  f a l l  i n to  two m ain  c l a s s e s ,  ( l )

a c t u a l  m easurem ent o f  th e  i n t e r v a l  u s in g  a  s e n s i t i v e  t im in g  

m ethod  and  (11 ) a d j u s t i n g  th e  b a la n c e  p o s i t i o n  u n t i l  th e  

b a la n c e  o c c u r s  e x a c t l y  a t  a  known tim e a f t e r  th e  b i r t h  o f  

the. d ro p .



A numoer o f  m ethods have been  d e s c r ib e d  which employ 

a  c a th o d e  r a y  o s c i l l o s c o p e  as  b a la n c e  d e t e c t o r ,  Grahame 

(53) im p re s s e d  a c c u r a t e l y  t im ed  p u l s e s  on th e  tim e base  

and t h u s  i n d i r e c t l y  m easu red  th e  tim e o f  b a la n c e  by means 

o f  d i s t a n c e  on th e  o s c i l l o s c o p e  s c r e e n ,  A s i m i l a r  m ethod 

was. em ployed by P a r s o n s  (60) and H i l l s  and Payne (55) who 

a r r a n g e d  f o r  th e  b r id g e  to  be b a la n c e d  a t  a  f i x e d  i n t e r v a l  

a f t e r  th e  b i r t h  o f  th e  d ro p .  The i n t e r v a l  was m easu red  

by a  c r y s t a l  c o n t r o l l e d  e l e c t r o n i c  t im e r  which e m i t t e d  a  

p u l s e  i n to  a  double  beam ca thode  r a y  o s c i l l o s c o p e .  Py 

d i s p l a y i n g  b r id g e  o u tp u t  cn th e  o t h e r  beam, b r id g e  b a la n c e  

c o u ld  be made to  c o in c id e  w ith  th e  t im e r  o u tp u t  p u l s e ,

R a n d le s  (54) u se d  a  t a p p i n g - o f f  dev ice  to  g ive  d ro p s  

o f  c o n s t a n t  l i f e t i m e .  The r e l a t i v e  b i r t h - b a l a n c e  i n t e r v a l  

a s  compared w i th  th e  drop l i f e t i m e ,  was fo u n d  by a d j u s t i n g  

th e  t im e  c o n s t a n t  o f  a  f i x e d  c a p a c i t o r  i n  such  a way t h a t  

i t s  d i s c h a r g e  t im e  c o u ld  e q u a l  e i t h e r  th e  fo rm e r  o r  th e  

l a t t e r .  Here a g a in  v i s u a l  d e t e c t i o n  o f  b a la n c e  was i n v o l 

v e d .  Such p r o c e d u re s  have i n h e r e n t  d i s a d v a n ta g e s  i n  u s e .  

I n  th e  p r e s e n t  w ork , th e  a p p a r a tu s  was b a s i c a l l y  s i m i l a r  

to  t h a t  d e v e lo p e d  by N a n c o l la s  and  V in c en t  (5 9 ? 6 l)  em ploy

in g  a  t r a n s f o r m e r  r a t i o - a r m  b r id g e  a s  th e  impedance b r id g e  

and  e l e c t r o n i c  c i r c u i t s  which p e r m i t t e d  th e  d i r e c t  m easure  

ment o f  th e  b i r t h - b a l a n c e  i n t e r v a l .



A b lo c k  diagram  o f  th e  a p p a r a tu s  i s  g iv e n  in  f i g 

u re  5* A d . c .  p o l a r i s i n g  v o l ta g e  was a p p l i e d  betw een th e  

d .m .e .  and  a  r e f e r e n c e  e l e c t r o d e ,  C. Large b lo c k in g  cap

a c i t o r s  p r e v e n te d  d . c .  from e n t e r i n g  the  t r a n s f o r m e r  r a t i o -  

arm b r i d g e ,  which was c o n n ec te d  to  th e  d .m .e .  and a  p l a t 

inum mesh sp h e re  o f  l a r g e  a r e a  which s e r v e d  as  an  an o d e .

The t r a n s f o r m e r  r a t i o - a r m  b r id g e  was u se d  t o g e t h e r  w i th  

a  v a r i a b l e  f r e q u e n c y  a u d io  f re q u e n c y  g e n e r a t o r ,  an a m p l i f 

i e r  and  a  n b a la n c e  d e t e c t o r  " ,  a  dev ice  which e m i t te d  

a p u l s e  w henever th e  b r id g e  was b a l a n c e . A n o th e r  u n i t ,  

t h e " b i r t h  d e t e c t o r  " gave o u t  a p u l s e  c o in c id e n t  w i th  

th e  b i r t h  o f  e a c h  m ercu ry  d ro p .  The p u l s e s  were f e d  i n t o  

an  " i n t e r v a l  t im e r  " which a c c u r a t e l y  m easu red  th e  tim e  

i n t e r v a l  be tw een  them.

I n t e r v a l  T im e r .

The E r i c s s o n  i n t e r v a l  t i m e r ,  type  103C, was e s s e n t 

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

known r e f e r e n c e  f re q u e n c y  o c c u r in g  d u r in g  th e  tim e i n t e r v a l  

b e in g  m e a su re d .  S ince  th e  maximum e r r o r  i n  th e  c o u n t in g  

p r o c e s s  i s  *1 c y c l e ,  th e  i n s t r u m e n t a l  a c c u ra c y  i s  e s s e n t 

i a l l y  t h a t  o f  th e  r e f e r e n c e  f r e q u e n c y .  As t h i s  was p r o 

v id e d  by a  100 K c . / s e c  c r y s t a l  o s c i l l a t o r  w i th  an e r r o r  

o f  l e s s  t h a n  0 .0 0 5 $ ,  a  tim e i n t e r v a l  o f  one second  c o u ld
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be m easu red  to  w i th in  a p p ro x im a te ly  0 .1m sec . The s t a r t  

and  s to p  s w i tc h e s  were B c c le s  -  J o rd a n  t r i g g e r s  a c t i v a t e d  

oy p o s i t i v e  and  n e g a t iv e  p u l s e s  o f minimum a m p li tu d e  10 

v o l t s  and  minimum mean d u r a t io n  TC^sec.

B a lan ce  D e t e c t i o n .

The c a p a c i ta n c e  o f  a  sphere  can be e x p re s s e d  i n  te rm s  

o f  i t s  r a d i u s ,  and i t  can  be shown t h a t  f o r  two c o n c e n t 

r i c  s p h e r e s  o f  a lm o s t  e q u a l  r a d i i ,  th e  c a p a c i ta n c e  i s  

d i r e c t l y  p r o p o r t i o n a l  t o  the  s u r f a c e  a r e a .  T h is  i s  t r u e  

when th e  sp ace  be tw een  th e  s p h e re s  i s  f i l l e d  w i th  a  med

ium o f  u n ifo rm  d i e l e c t r i c  c o n s t a n t ,  o r  whose d i e l e c t r i c  

c o n s t a n t  v a r i e s  i n  an i d e n t i c a l  f a s h i o n  a lo n g  any r a d i u s .  

The r e s i s t a n c e  betw een two sp h e re s  o f  r a d i u s  and ^  i s  

g iv e n  by R- ^  where <5 i s  a  c o n s t a n t .  Thus, i f  rL

i s  v e ry  l a r g e  compared to  y\ th e  r e s i s t a n c e  i s  i n v e r s e l y  

p r o p o r t i o n a l  t o  the  r a d i u s  o f  th e  s m a l l e r  s p h e r e .

S ince  d u r in g  th e  l i f e  o f  a  drop o f  m ercu ry  i t s  r a d 

i u s  i n c r e a s e s  a s  a  c h a r a c t e r i s t i c  f u n c t i o n  o f  tim e , th e  

c a p a c i t a t i v e  component o f  the  double l a y e r  i n c r e a s e s ,  

w h ile  th e  r e s i s t i v e  component d e c r e a s e s ,  a s  m onoton ic  

f u n c t i o n s  o f  t im e .  T h u s , a s  i s  shown i n  f i g u r e  4 ,  any 

g iv e n  b a la n c e  p o s i t i o n  can o c cu r  a t  o n ly  one i n s t a n t  i n  

th e  l i f e  o f  t h e  d ro p ,  w h ile  a t  any one i n s t a n t  the  imped

ance o f  th e  double  l a y e r  h a s  a  u n iqu e  v a l u e .

The b r id g e  so u rc e  f r e q u e n c y  was p r o v id e d  by an
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A dvance , m odel H I , v a r i a b l e  f r e q u e n c y  aud io  s i g n a l  g e n e r 

a t o r  whose o u tp u t  was c o n t r o l l e d  so t h a t  n o t  more t h a n  10 

mv were im p re s s e d  a c r o s s  th e  unknown. When th e  t r a n s f o r 

mer r a t i o - a r m  b r id g e  was o u t  o f  b a la n c e  a  s i n u s o i d a l  wave

form was e m i t t e d  from th e  d e t e c t o r ,  th e  se co n d a ry  w inding  

o f  ( f i g u r e  2 ) .  As th e  b r id g e  was b ro u g h t  i n to  b a l a n c e , 

tn e  a m p l i tu d e  o f  t h i s  s i g n a l  d e c re a s e d  from aroun d  0 .5  v o l t s  

t o  a  n u l l  o f  a b o u t  5 ^ v o l t s .  Because o f  th e  tim e dependence 

o f  th e  e l e c t r o d e  im pedance , th e  b r id g e  gave o u t  an a m p l i 

tu d e  m o d u la te d  s i g n a l  h a v in g  minima a t  th e  i n s t a n t s  a t  which 

th e  e l e c t r o d e  impedance was c l o s e s t  to  th e  b r id g e  s t a n d a r d  

im pedance . I f  th e  b r id g e  was e x a c t l y  b a la n c e d ,  r e s i s t i v e l y  

and r e a c t i v e l y ,  a t  a  p o i n t  d u r in g  th e  l i f e  o f  th e  d ro p ,  th e  

minimum h ad  an  a m p li tu d e  e q u a l  i n  m agnitude  to  th e  n u l l  

s i g n a l .

The s i g n a l  o u tp u t  by th e  b r id g e  r e q u i r e d  a m p l i f i c 

a t i o n  b e fo r e  b e in g  f e d  i n to  th e  b a la n c e  d e t e c t o r .  The 

a m p l i f i e r ,  b u i l t  by E le sc o  E l e c t r o n i c s  (D evelopm ent) L t d . ,  

c o u ld  be a c c u r a t e l y  tu n e d  to  th e  s i g n a l  f r e q u e n c y ,  and  had  

an  o v e r a l l  g a i n  o f  io7 • I t  i n c o r p o r a te d  a u to m a t ic  g a in  

c o n t r o l  (A.G-.C.) which h ad  a  v a r i a b l e  t h r e s h h o ld  i n  o r d e r  

t o  f a c i l i t a t e  c o a rse  b a la n c in g  o f  th e  b r i d g e .  Y/hen th e

A.G-.C. was o p e r a t i v e ,  a  h ig h  b r id g e  o u tp u t  b i a s e d  th e  

v a lv e s  i n  such  a  way a s  to  red u c e  t h e i r  o u t p u t ,  w h i l s t  a  

lo w e r  b r id g e  o u tp u t  r e s u l t e d  i n  l e s s  a t t e n u a t i o n .  By
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w ith n o le t in g  th e  A.G.G. b i a s  u n t i l  th e  s i g n a l  had  re a c h e d  

a c e r t a i n  l e v e l ,  th e  r e g i o n  a rou nd  the  b a la n c e  p o i n t  c o u ld  

oe s t r o n g l y  a m p l i f ie d *  The A.G-.C. u n i t  c o n s i s t e d  o f  f o u r  

v a r i a b l e -jk s t a g e s  w ith  two s t r a i g h t  s t a g e s  p r o v id in g  f e e d 

b a c k . To g iv e  th e  a m p l i f i e r  i t s  h i g h ly  s e l e c t i v e  f r e q u e n 

cy r e s p o n s e ,  th e  A.G-.C. a m p l i f i e r  o u tp u t  was f e d  i n t o  a 

t h r e e  s ta g e  a m p l i f i e r ,  tu n e d  to  th e  f re q u e n c y  o f  the  m eas

u r i n g  s i g n a l  by means o f  fee d b ac k  th ro u g h  b r id g e d -T  n e t 

w o rk s .  A s e p a r a t e  c a th o d e - f o l lo w e r  in p u t  s ta g e  and  head  

a m p l i f i e r  was c o n n e c te d  by a  s h o r t  c o a x ia l  l e a d  to  th e  

se c o n d a ry  o f  th e  t r a n s f o r m e r  r a t i o - a r m  b r id g e  to  minim

i s e  th e  l o s s  o f  b r id g e  o u t p u t .  The o u tp u t  from t h i s  u n i t  

was t h e n  f e d  i n t o  th e  A.G-.C. a m p l i f i e r .  The a m p l i f i e r  

was s e t  up by u s in g  th e  A.C-.C. t h r e s h h o ld  l e v e l  c o n t r o l s ,  

f i l t e r  s e l e c t o r ,  t u n e r s  and a  fe e d b a c k  c o n t r o l .  Three 

o u tp u t s  were p r o v id e d ,  a h ig h  l e v e l  l i m i t e d  o u tp u t  f o r  

use a s  th e  t r i g g e r  p o t e n t i a l  i n  th e  b a la n c e  d e t e c t o r ,  a  

low l e v e l  o u tp u t  to  e n a b le  th e  a m p l i f i e d  b r id g e  o u tp u t  

t o  be m o n i to re d  c o n t in u o u s ly  on a  ca tho de  r a y  o s c i l l o s c o p e ,  

and  an  u n l i m i t e d  o u tp u t  which c o u ld  a l s o  be u se d  f o r  mon

i t o r i n g  p u r p o s e s .  T h is  m o n i to r in g  p r o v i s i o n  was o f  e x 

trem e im p o r ta n c e  i n  a v o id in g  a  f a l s e  b a l a n c e ,  and a l s o  

e n a b le d  b r id g e  b a la n c in g  to  be c a r r i e d  o u t  q u i c k l y ,  a s  

any c a p a c i t i v e  o r  r e s i s t i v e  u n b a la n ce  was r e a d i l y  a p p a r 

e n t .  M o n i to r in g  o f  th e  o u tp u t  a l s o  gave an im m ediate



61

i n d i c a t i o n  o f  th e  e x i s t e n c e  o f  any n o is e  o r  harm onics in  

tn e  o u tp u t  s i g n a l ,  and th u s  f a c i l i t a t e d  tu n in g  o f  th e  

a m p l i f i e r  s e l e c t i v e l y  to  th e  b r id g e  f r e q u e n c y .  The t h r e e  

m ajo r  c r i t i c i s m s  o f  t h i s  m ethod p u t  fo rw a rd  by H i l l s  and 

Payne (55 )  can  th u s  be a v o id e d  e a s i l y  due to  t h i s  v i s u a l  

m o n i to r in g  p r o v i s i o n ,  a s  th e  b a la n c e  can  be se en  to  o c c u r .  

S ince th e  a c t u a l  l o c a t i o n  o f  the  p r e c i s e  b a la n c e  p o i n t  

i s  by e l e c t r o n i c  s e n s in g  o f  th e  minimum and n o t  s im p ly  

a  p r o c e s s  o f  v i s u a l  ju d g em en t,  th e  a c c u ra c y  sh o u ld  be 

g r e a t e r  t h a n  t h a t  p o s s i b l e  by p u r e l y  v i s u a l  t e c h n iq u e s .

The c i r c u i t  o f  th e  b a la n c e  d e t e c t o r  i s  g iv e n  i n  

f i g u r e  6 .  The o u t - o f - b a l a n c e  v o l ta g e  from th e  a m p l i f i e r  

was f e d  i n t o  a  f u l l - w a v e  diode b r id g e  r e c t i f i e r  th ro u g h  a 

1 :1  b a la n c e d  and  s c r e e n e d  t r a n s f o r m e r ,  ( S u l l i v a n  356), 

which e l i m i n a t e d  any d .o .  l e v e l  i n  th e  s i g n a l .  The c r y s t a l  

d io d e s  were M u l la rd  type  0A81. The r e c t i f i e d  s i g n a l  was 

c o l l e c t e d  i n  one o f  f o u r  r e s e r v o i r  c a p a c i t o r s  -C^ , chosen  

to  have a  s u i t a b l e  tim e c o n s t a n t  f o r  d i s c h a rg e  th ro u g h  VR, . 

The d i s c h a r g e  r a t e  was chosen  as  i n  A ( f i g u r e  5) so t h a t  

i t  was n o t  so l a r g e  t h a t  th e  d . c .  l e v e l  f e l l  o f f  to  th e  

n u l l  v a lu e  be tw een  s i g n a l  c y c le s  (3 i n  f i g u r e  5) g iv in g  

a  f a l s e  b a la n c e  i n d i c a t i o n ,  n o r  so sm a l l  t h a t  th e  r e a l  

b a la n c e  p o i n t  was m is se d  (C i n  f i g u r e  5)* Tne s e l e c t i o n  

o f  th e  tim e c o n s t a n t ,  u s in g  S, andVR, ( f i g u r e  6) was 

g o v e rn ed  b y :
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(a)  The f r e q u e n c y  o f  tn e  b r id g e  m easu r in g  s i g n a l  ana 

(o) tn e  r a t e  o f  change o f  e l e c t r o d e  impedance*

The d . c .  s i g n a l  was th e n  a p p l i e d  to  th e  t h y r a t r o n  

c o n t r o l  g r i d  i n  s e r i e s  w i th  a  b a c k in g  p o t e n t i a l  p ro v id e d  

by th e  p o t e n t i a l  d i v i d e r  VR̂  c o n n e c te d  a c r o s s  a  S v o l t  d ry  

b a t t e r y .  A g r i d  s t o p p e r  ft, o f  r e s i s t a n c e  lOKil sh a rp en e d  

th e  c r i t i c a l  p o i n t  o f  th e  v a lv e .  Once a  t h y r a t r o n  has 

s t r u c k ,  th e  g r i d  l o s e s  c o n t r o l ,  and to  h a l t  d is c h a rg e  th e  

anode v o l t a g e  m ust be re d u c e d  to  below  a b o u t  10 v o l t s .

T h is  was a c c o m p l ish e d  by c o n t r o l l i n g  th e  anode H .T . su p p ly  

by means o f  an  R-C c o m b in a t io n  o f  r e l a t i v e l y  lo n g  tim e 

c o n s t a n t  -  £ 5  • 2.5mi6c.)# In  e f f e c t ,  t h i s  p a r t  o f  th e  c i r 

c u i t  i s  a  m o n o s tab le  m u l t i v i b r a t o r .  The s t a b l e  s t a t e  

o c c u r r e d  when th e  anode v o l ta g e  was below th e  s t r i k i n g  

v a lu e  f o r  th e  a p p l i e d  g r i d  v o l t a g e ,  and th e  c a p a c i t o r  C5- 

was c h a rg e d  to  H .T . p o t e n t i a l .

When th e  g r i d  p o t e n t i a l  was made more p o s i t i v e ,  th e  

t h y r a t r o n  s t r u c k ,  d i s c h a r g e d  C5  , c a u s in g  i t  to  e x t i n g 

u i s h  and  r e t u r n  t o  i t s  s t a b l e  s t a t e .  S ince th e  d is c h a rg e  

c u r r e n t  was l i m i t e d  m a in ly  by th e  sm a l l  ca th ode  r e s i s t o r ,  

VR̂  , o f  looil, th e  d is c h a rg e  tim e f o r  was s h o r t .  A sh a rp  

p u l s e  was t h e r e f o r e  o b ta in e d  from VR5 which was s u i t a b l e  

f o r  a c t i v a t i o n  o f  th e  s to p  g a te  o f  th e  i n t e r v a l  t i m e r .

The t h y r a t r o n  was a  CV4018 w ith  th e  s c r e e n  g r i d  c o n n e c te d  

to  th e  c a th o d e .  The H .T . su p p ly  was 32 v o l t s ,  o b t a in e d
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by t r a n s f o r m i n g  m ains a . c . ,  r e c t i f y i n g  w ith  a f u l l  wave 

s i l i c o n  r e c t i f i e r ,  and sm oothing  w i th  a  Tf f i l t e r  to  g ive  

l e s s  t h a n  lOOmv o f  50 c . p . s .  r i p p l e .

B ridge  S t a n d a r d i s a t i o n .

S ince  i t  was n e c e s s a r y  to  p o l a r i s e  th e  d . n . e .  w i th  

r e s p e c t  t o  th e  s o l u t i o n ,  th e  t r a n s f o r m e r  r a t i o - a r m  b r id g e  

had t o  be i s o l a t e d  from th e  d , c .  p o l a r i s a t i o n  c i r c u i t .

T h is  was a c c o m p l ish e d  by p l a c in g  a  1000/aF b lo c k in g  cap

a c i t o r  i n  e a c h  m e a su r in g  arm , i n  s e r i e s  w i th  th e  c e l l  

impedance ( f i g u r e  7 ) .  The e r r o r  so i n t r o d u c e d  can be 

com puted , b u t  i t  was more c o n v e n ie n t  to  compensate f o r  th e  

b lo c k in g  c a p a c i t o r s ,  a n d ,  a t  th e  same t im e ,  f o r  th e  imped

ance o f  th e  c o a x i a l  l e a d s ,  by u s in g  th e  b r id g e  t r im m e rs .

An a c c u r a t e  p a r a l l e l  co m b in a t io n  o f  r e s i s t a n c e  and cap

a c i t a n c e ,  ( ).oo3 KO., o-utŝ uF) m a in ta in e d  a t  £5°C *o-o5C co u ld  

be c o n n e c te d  to  th e  b r id g e  th ro u g h  c o a x ia l  l e a d s  i d e n t i c 

a l  to  th o s e  l e a d i n g  to  th e  c e l l .  The b r id g e  r e a d in g s  

were t h e n  s e t  e x a c t l y  to  th e  v a lu e  o f  th e  s t a n d a r d  imped

a n c e ,  and  a  n u l l  was o b t a in e d  u s in g  the  tr im m ing  c o n t r o l s  

on th e  b r i d g e .  The p o t e n t i a l  d i v i d e r  ( f i g u r e  6) was 

a d j u s t e d  so t h a t  th e  t h y r a t r o n  j u s t  s t r u c k .  By a l t e r i n g  

th e  m ain  b r id g e  c o n t r o l s  i n  e i t h e r  d i r e c t i o n ,  i t  co u ld  

be c o n f i rm e d  t h a t  th e  t h y r a t r o n  c e a se d  c o n d u c t io n  on b o th  

s i d e s  o f  b a l a n c e . '  I t  was p o s s i b l e  to  c o n f in e  th e  " i n - b a l 

ance" s i g n a l  t o  a  r e g i o n  s m a l l e r  th a n  0 .0 5 $  o f  th e  t o t a l
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impedance m e a su re d .  As an added p r e c a u t i o n ,  the  s t a n d a r d  

in pedance  c o u ld  a l s o  be c o n n ec te d  to  th e  b r id g e  by moans 

of v e ry  s h o r t  l e a d s .  T h is  e n a b le d  i t s  impedance to  be 

checked  a g a i n s t  th e  b r id g e  p r im a ry  s ta n d a rd s  a t  m onth ly  

i n t e r v a l s  t o  g u a rd  a g a i n s t  any d r i f t  due to  a g e in g .
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Drop B i r t h  D e t e c t o r »

The drop b i r t h  d e t e c t o r  ( f i g u r e  3 ) c o n s i s t e d  o f  

a 4 . 5 h c / s e c  h a r t l e y  o s c i l l a t o r ,  th e  c o i l  o f  which had  

a se c o n d a ry  w in d in g  c o n n e c te d  th ro u g h  a  150p? c a p a c i t o r  

to  th e  p la t in u m  gauze e l e c t r o d e  i n  th e  c e l l .  V/hile th e  

m ercu ry  drop was g ro w in g , th e  o s c i l l a t o r  was damped by 

th e  r e l a t i v e l y  low i n t e r n a l  impedance o f  th e  c e l l .  At 

the  moment o f  drop d e ta c h m e n t ,  how ever, th e  impedance 

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

h ig h  v a l u e ,  and  a  r a p i d  b u r s t  o f  o s c i l l a t i o n s  r e s u l t e d .

A r a d i o  f r e q u e n c y  p a t h  to  e a r t h  was p r o v id e d  by a  500pr 

c a p a c i t o r  c o n n e c te d  to  th e  d .m .e .  (b r id g e  s e l e c t o r  sv / i tc h ,  

p o s i t i o n  2 ,  f i g u r e  7)* T h is  was d i s c o n n e c te d  when the  

e l e c t r o d e  im pedance was b e in g  m easured  ( s w i tc h  p o s i t i o n  

1 ,  f i g u r e  7 ) .  When th e  b r id g e  s e l e c t o r  sw i tc h  v;as i n  

p o s i t i o n  2 ,  t h e  t r a n s f o r m e r  r a t i o - a r m  b r id g e  was d is c o n n 

e c t e d  from  th e  e l e c t r o d e s ,  a  n e c e s s a r y  p r e c a u t i o n  d u r in g  

b i r t h  d e t e c t i o n  s in c e  o th e rw is e  t h e r e  was a  low impedance 

r a d i o  f r e q u e n c y  p a t h  to  e a r t h  th ro u g h  th e  b r i d g e .  The 

su rg e  o f  o s c i l l a t i o n s  r e s u l t i n g  from drop de tachm en t 

was a m p l i f i e d  by a  p en to d e  w i th  tu n e d  a n o d e , th e  anode 

c o i l  b e in g  t r a n s f o r m e r  c o u p le d  t o  th e  d iode . C^-and 

Rj were a  d e c o u p l in g  c i r c u i t .  A f t e r  b e in g  r e c t i f i e d  by 

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

ed  o u t  by th e  C7- n e t w o r k ,  and th e n  a p p l i e d  by Cg



70

-uD

CsT

T
V.Ov-p -C

rT °-

o)~co
L.4-»O

_fc>
LU

O
h
u
LLI
K
LU

a

X

h
(X

CO

CLo
X
o

CO

d
LL



71

Components

R , : 1 0  K i l •O
xL 7 ;  3 3  K i l 4 7  K i l

R , : 3 3 0  i l T)
■k l * : 5 6 0  K i l P 1 0 0  K i l

R 3 : 1 0 0  SI R , : 3 5  K i l T O , 0 - 3 5 0  K i l

R , : 1 0 0  K i l R ,o : 1 . 2  K i l 0 - 1 0 0  K i l

R 5* : 4 7  K i l R „ : 2 0  K i l
^ 3

0 - 5 0  K i l

R k : 3 3  K i l
R . i

: 1 0  K i l

Gi •• 150 pP °5- :
0«Or P n : 0 .4 7 ^  P

•• 150 pp Cfa = 0 . 0 0 5 P C,o s 500 pp

° s
•» 100 pp f1W y  O 470 pP VC, : 0-200 pP

•

faPi
o

 
o

 
1—1 r̂  % • 0 .0 1  /4P

V, •• CV 4014
•• CV 4007

Yi
*• GY 4024

rp ■ 
~  1

»• 32 t u r n s , f e r r i t e c o r e , 1 cm diam . P o ly th e n e  f

•• 32 t u r n s , f e r r i t e c o r e , 1 cm diam . P o ly th e n e  f



to a  c o n t r o l  g r i d  o f  th e  double t r i o d e  V3 . Th is  v a lve  

o p e ra t e d  a s  a  m o n o s ta b le  m u l t i v i b r a t o r ,  and pave ou t  a 

sharp p u l s e .  A f i n a l  d i f f e r e n t i a t i o n  c i r c u i t ,  C10-RlifJ 

then  l i m i t e d  t h e  p u l s e  w id th  t o  pC^sec ,  e n s u r i n g  t h a t  i t  

would a c t i v a t e  o n ly  th e  s t a r t  g a te  o f  th e  t im e r  i f  b c th  

s t a r t  and s to p  g a t e s  were l i n k e d .  In  t h i s  c o n d i t i o n ,  the  

t im e r  was u s e d  t o  m easure  a c c u r a t e  drop l i f e t i m e s  by mak

ing use o f  two s u c c e s s i v e  p u l s e s  from th e  b i r t h  d e t e c t o r .

A t h r e e  p o s i t i o n  s w i t c h  a l lo w e d  s e l e c t i o n  o f  s t o p  s i g n a l s .

2 > e t e c . t e » i r

5*10 P  StC-iN'flL SgUgC'T'pft.

A 3®

S+oo

• Oixla.nct.

P o > l f c l o r \  | ^ ) i r o p  1 .1 ^ 4 'tln rv C

n 2. 5+op sm ft.il op en
ii 3 Sirtk -  feft.lftn.ct mfcervft-L

VR, a c t e d  a s  an i n t e r n a l  o s c i l l a t i o n  damping c o n t r o l ,  

and was s e t  i n  a c c o rd a n c e  w i th  the  impedance o f  the  c e i l  

s o l u t i o n .  I n c o r p o r a t i o n  o f  a  v o l t m e t e r  f a c i l i t a t e d  the  

s e t t i n g  o f  VR, , and  a l s o  p r o v i d e d  a  u s e f u l  v i s u a l  check 

of  p r o p e r  d . m . e .  f u n c t i o n .
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B.C. P o l a r i s a t i o n  U n i t •

The c i r c u i t  u s e d  t o  charge  th e  growing mercury 

drops to  a  f i x e d  s t a t i c  p o t e n t i a l  w i th  r e s p e c t  t o  a  r e f 

e rence  e l e c t r o d e  i s  shown i n  f i g u r e  9. A twelve  v o l t  

bank o f  l e a d •a c c u m u l a t o r s  was c o n n ec te d  t o  a  l i n e a r  100011 

H e l ip o t  i n  s e r i e s  w i t h  a  l i n e a r  5 0 H p o t e n t i a l  d i v i d e r .

Two 150 H chokes  were p l a c e d  be tw een  th e  e l e c t r o d e s  and 

the  c h a r g i n g  c i r c u i t  t o  i s o l a t e  b r id g e  a . c ,  from the  l a t t e r .  

While t h e  e r r o r  i n  m ea su re d  e l e c t r o d e  impedance caused  

by n e g l e c t i n g  t h i s  p a r a l l e l  d . c .  c i r c u i t  was l e s s  t h a n  

0*05$ a t  a  b r i d g e  f r e q u e n c y . o f  lKc./sec, measurements  a t  

lower  f r e q u e n c i e s  would r e q u i r e  a l low ance  t o  be made f o r  

i t .  The c i r c u i t  a l s o  i n c o r p o r a t e d  a  microammeter  so t h a t  

any d e v i a t i o n  from p e r f e c t  p o l a r i s a t i o n ,  caused  by an 

e l e c t r o d e  r e a c t i o n  su c h  a s  r e d u c t i o n  o f  i o n s  o r  s o l v e n t  

d e c o m p o s i t io n ,  c o u ld  be d e t e c t e d :  th e  maximum c h a r g in g  

c u r r e n t  wa s  o f  th e  o r d e r  o f  l^A .  Because o f  th e  l a r g e  

i n d u c t i v e  impedance o f  th e  m ic ro am m ete r , i t  was n e c e s s a r y  

to  e n su re  t h a t  i t  was n o t  i n  c i r c u i t  d u r in g  measurement 

o f  the  e l e c t r o d e  im pedance .

The p o l a r i s a t i o n  p o t e n t i a l  c o u ld  be a p p l i e d  be tween  

the  d .m ,e ,  and  e i t h e r  a  r e f e r e n c e  e l e c t r o d e  o r  a  m ercu ry  

p oo l  an od e .  A c c u r a te  a d ju s tm e n t  o f  the  a p p l i e d  p o t e n t i a l  

was made by s w i t c h i n g  i n  a  p o t e n t i o m e t e r  as shown i n  f i g — 

u r e S* The p o t e n t i o m e t e r , T i n s l e y  type  5337B,was u s e d  i n



c o n ju n c t i o n  with, an  E l e c t r o n i c  I n s t r u m e n t s  L td .  Vibron 

E l e c t r o m e t e r  (model 333) as  n u l l  d e t e c t o r .  This  e l e c t 

ro m e te r  was e s p e c i a l l y  u s e f u l  when the  i n t e r n a l  impedance 

of the  c e l l  was h i g h .  A l though  i t  c o u ld  be u sed  d i r e c t l y  

f o r  m e a su r in g  p o t e n t i a l s  o f  0 .0  -  1 .0  v o l t s  i n  i t s  l e a s t  

s e n s i t i v e  r a n g e , i t  was n o rm a l ly  u se d  as  a  n u l l  i n s t r u m e n t  

w i th  100m v o l t  o r  300m v o l t  f u l l  s c a l e  d e f l e c t i o n ,  i n  

c o n ju n c t i o n  w i t h  a  " b a c k i n g  p o t e n t i a l "  p r o v i d e d  by th e  

T in s l e y  p o t e n t i o m e t e r .  The l a t t e r  was s t a n d a r d i s e d  w i th  

a  s a t u r a t e d  Weston c e l l  (Sangamo Weston L t d . ,  model S I34) 

of  i n t e r n a l  r e s i s t a n c e  600.0. and  mean e . m . f .  1 .0186  v o l t s  

a t  20 °0 .  S ince  th e  a . c .  v o l t a g e  a c r o s s  th e  c e l l  n e v e r  

exceeded  10m v o l t s ,  t h e r e  was e f f e c t i v e l y  no i n t e r f e r e n c e  

w i th  the  a p p l i e d  p o l a r i s a t i o n  p o t e n t i a l .



Re
fe

re
nc

e 
Po

ol
 

D.
 M

.E 
El

cc
-tr

cd
&

 
An

 
cc

hz
.

75"

0
0
c
0
43

^  cSi $<Si 4̂e o 
F  Q-

+-

_Qi O
CO

_n/W'A/N)^n/W v/V A^yvVAVVV—
.̂Ocll|-3H JOTUr)

140001 T705

F
IG

. 
9.

 
D

.C
. 

P
O

L
A

R
IS

A
T

IO
N

 
U

N
IT

.



l b

Audio F re q u en c y  S t a n d a r d i s a t i o n .

'The f r e q u e n c y  o f  th e  aud io  s i g n a l  g e n e r a t o r ,  r e q u i r e d  

f o r  th e  p a r a l l e l  t o  s e r i e s  c o n v e r s i o n ,  was s t a n d a r d i s e d  

oy comparing i t  w i t h  t h e  suo—s t a n d a r d  f r e q u e n c i e s  g e n e r 

a t e d  by th e  c r y s t a l  o s c i l l a t o r  i n  the  i n t e r v a l  t i m e r .

The l a t t e r  p r o d u c e d  p u l s e s  a t  r a t e s  o f  10np . p . s .  where 

n i s  an i n t e g e r  be tw een  - 1  and + 5 .  I n i t i a l l y ,  a  g e n e r 

a t o r  s i g n a l  f r e q u e n c y  was chosen  c lo s e  t o  10nc . p . s .  T h is  

was d i s p l a y e d  t o g e t h e r  w i th  th e  s i g n a l  from th e  i n t e r v a l  

t im e r  on a  double  beam o s c i l l o s c o p e  whose t ime base  was 

sy n c h r o n i s e d  w i t h  t h e  t i m e r  p u l s e s .  The model u s e d ,  . 

Cossor 1035 ,  h a s  a  common t ime base  f o r  b o th  beams,  and 

th u s  b o th  t r a c e s  a p p e a r e d  s t a t i o n a r y  when th e  g e n e r a t o r  

f re q u e n c y  was i d e n t i c a l  t o  th e  p u l s e  r e p e t i t i o n  r a t e  o f  

the  t i m e r  s i g n a l .  As th e  aud io  g e n e r a t o r  became v e r y  

s t a b l e  a f t e r  s e v e r a l  h o u r s  r u n n i n g ,  i t  was p o s s i b l e  t o  

o b t a i n  a  f r e q u e n c y  a c c u r a t e  t o  w i t h i n  0 .0 1 $  o f  the  s t a n d 

a r d  f r e q u e n c y .  I f  r e q u i r e d ,  th e  lo n g  term s t a b i l i t y  c o u ld  

be checked by f e e d i n g  th e  g e n e r a t o r  o u t p u t  i n t o  the  

" E x te r n a l  f r e q u e n c y ” c h a n n e l  o f  the  i n t e r v a l  t i m e r  and 

tn u s  c o u n t i n g  th e  number o f  c y c l e s  ove r  a  lo n g  p e r i o d .  

Though th e  s t a b i l i t y  o f  th e  g e n e r a t o r  was v e r i f i e d  by the  

above t e s t s ,  u n d e r  no rm al  c i r c u m s ta n c e s  th e  f r e q u e n c y  

was checked  p e r i o d i c a l l y  d u r in g  a  r u n .
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Pulse  C o u n t e r ,

T h is  i n s t r u m e n t , which c o u ld  count  p u l s e s  w i th  a  

low r e p e t i t i o n  r a t e  was u se d :

( I )  to  e x t e n d  t n e  r an g e  o f  th e  i n t e r v a l  t im e r  above lOsec 

by making use  o f  th e  p u l s e  g iv e n  ou t  by e v e r y  lO se c .

( I I )  t o  e n a b le  drop c o u n t  t o  be made,  u s i n g  th e  ’one 

pu lse  p e r  d r o p ’ p r o d u c e d  by th e  drop b i r t h  d e t e c t o r .

The c i r c u i t  o f  th e  c o u n te r  ( f i g u r e  11 )  c o n s i s t e d  

of a  t h y r a t r o n  t r i g g e r  u n i t ,  a  P o s t  O f f ice  e l e c t r o m e c h 

a n i c a l  r e l a y  and  a s s o c i a t e d  power s u p p l i e s .  The c o u n te r  

was a b le  to  r e g i s t e r  up t o  9999 d r o p s ,  and e x te n d  the  

range o f  th e  i n t e r v a l  t i m e r  by a  f a c t o r  o f  10 \  The 

t r i g g e r  c i r c u i t  was a c t i v a t e d  by p o s i t i v e  p u l s e s  such  as  

those  p ro d u c e d  by th e  i n t e r v a l  t i m e r .  S ince  the  b i r t h  

d e t e c t o r  e m i t t e d  n e g a t i v e  p u l s e s ,  however ,  ( as opposed 

to  b a la n c e  p u l s e s  which were p o s i t i v e  ) i t  was n e c e s s a r y  

to  i n v e r t  t h e  p h ase  b e f o r e  u s i n g  them t o  a c t i v a t e  the  coun

t e r .  A com ple te  c i r c u i t  o f  th e  phase  i n v e r t o r  and p u l s e  

sw i tc h in g  u n i t  i s  g i v e n  i n  f i g u r e  10.
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M onitor ing ,

D uring  an e x p e r im e n t  tlie a m p l i f i e r  o u tp u t  and b a l a n 

ce d e t e c t o r  s i g n a l  v o l t a g e s  were m o n i to re d  c o n t i n u o u s l y  

on a  S o l a r t r o n  double  beam c a t h o d e - r a y  o s c i l l o s c o p e  (type 

CD10142) .  I t  was a l s o  fo u n d  c o n v e n ie n t  t o  m o n i to r  c e r t a i n  

o t h e r  s i g n a l s  p e r i o d i c a l l y .  T h is  was done on a Gossor 

(type 1015) c a t h o d e - r a y  o s c i l l o s c o p e ,  and an i n p u t  s e l e c t 

or  was b u i l t  f o r  t h i s  t o  f a c i l i t a t e  r a p i d  c h e c k in g .

C . R .  o .  i h p o t  S e l e c t o r . .

2 - 3  i f .  5  <0 7  3  9 1 0  ‘I <2 -

\
C . R . O .  I n p u t .  A j  

,3>

C.R.  O .  Inpot  Ag,

10" p . p . s .  7 . A .P .  s i g n a l  g e n e r a t o r  o / p .

2 . U n l im i t e d  a m p l i f i e r  o /p  8 . Ba lance  P u l s e

5.  10^ p . p . s .  9. A .P .  s i g n a l  g e n e r a t o r  o /p

4 .  B i r t h  o u l s e  10.  Ba lance  p u l s e

5. -  1 1 . U n l im i te d  a m p l i f i e r  o /p

6. U n l im i te d  a m p l i f i e r  o /p  12 .
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T-Iic D i f f e r e n t i a l  C a p a c i t a n c e  C e l l .

- ne i l l u s  u ra t e  a m  f i g u r e  12 stud p l a t e  1 was

c o n s t r u c t e d  o f  p y r e x  g l a s s ,  and had  a  c a p a c i t y  o f  about- 

75 ml.  -‘he c a tn o d e  was a  f i n e  g l a s s  c a p i l l a r y  from which 

mercury i s s u e d  i n  th e  form o f  drops a t  the  c e n t r e  o f  a  

hol low s p h e r i c a l  anode o f  p l a t i n u m  g auze ,  This  made con

t a c t  w i th  t h e  e x t e r i o r  by means o f  a  p la t in u m  wire  s e a l e d  

i n t o  the  g l a s s  and  e x t e n d i n g  i n t o  th e  s i d e  aim E ( f i g u r e  

12) which was f i l l e d  w i th  m erc u ry .  Two sm a l l  h o l e s  i n  

the  s p h e r e ,  180° a p a r t ,  a l l o w e d  f o r  the  i n s e r t i o n  o f  the  

c a p i l l a r y  a t  t h e  t o p ,  and  the  e scape  o f  m ercury  a t  the  

bo t tom . The m e rc u ry  f e l l  i n t o  cup H, which co u ld  be 

em pt ied  i n t o  a  c o l l e c t i o n  v e s s e l  I  by t u r n i n g  the  T e f lo n  

tap  J ,  The m e rc u ry  c o l l e c t i o n  v e s s e l  was a t t a c h e d  t o  the  

main p a r t  o f  t h e  c e l l  by a BIO j o i n t  and was h e l d  i n  p o s 

i t i o n  by two s p r i n g s  a t t a c h e d  a t  one end to  a b r a s s  c o l l a r ,  

and a t  t h e  o t h e r  t o  t h e  o u t s i d e  o f  th e  t a p .  Mercury i n  

the  c o l l e c t i o n  v e s s e l  c o u ld  be t r a n s f e r r e d  t o  a  w e igh ing  

D o t t le  G- by pumping a i r  down th e  s id e  arm P .  S o l u t i o n s  

i n  the  c e l l  were de—o x y g e n a te d  by b u b b l in g  p r e - s a t u r a t e d ,  

oxy g e n - f re e  n i t r o g e n  th r o u g h  th e  c e l l  from arms A o r  3 

and a l l o w i n g  t h e  gas  t o  e sca p e  t h ro u g h  a  c o n v e n t io n a l  

ouob le r  a t t a c h e d  t o  s i d e  arm 0.  P r o v i s i o n  was made f o r  

u se of  a m erc u ry  p o o l  anode :  th e  m ercury  o c c u p ie d  th e  

a n n u la r  r e g i o n  a ro u n d  cun H and e l e c t r i c a l  c o n t a c t  was
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made v/ioil i  c oy way o f  a  g l a s s —s c a l e d  p la t in u m  wire i n s e r — 

t e a  i n  arm A. Side arm D was u se d  t o  house the  r e f e r e n c e  

e i e c t r o a e  o r  s a j . t  b r i d g e ,  and a l l  s id e  arms t e r m in a t e d  

i n  310 s o c k e t s *

l i n e  c a p i l l a r i e s ,  e x t e r n a l  r a d i u s  ~3xio m  9 i n t e r 

n a l  r a d i u s  /v£x»o5c*' were drawn from t h i c k  w a l l e d  p y rex  

t u b in g  which h a d  been c l e a n e d  i n  a  m ix tu re  of  n i t r i c  and 

s u l p h u r i c  a c i d ,  washed t h o r o u g h l y  w i th  c o n d u c t i v i t y  w a te r  

and t h e n  d r i e d  i n  an oven* S u i t a b l e  c a p i l l a r i e s  gave a  

d ro p ra te  o f  o v e r  5 se c  i n  c o n d u c t i v i t y  w a te r  when under  a 

30 cm h e ad  o f  m e r c u r y .  A c c e p ta b le  c a p i l l a r i e s  were t h e n  

j o i n e d  t o  B14 a i r  b l e e d s  i n  an a tm osphere  o f  dus t  f r e e  

n i t r o g e n .  A 314 -  334 a d a p t o r  com ple ted  th e  c o n n e c t io n  

to  the  top  o f  t h e  c e l l ,  and th e  m ercury  r e s e r v o i r  (cap

a c i t y  4Kg) was a t t a c h e d  t o  th e  c a p i l l a r y  a t  K by means 

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

to  f a c i l i t a t e  i n s e r t i o n  and  w i th d ra w a l  o f  th e  c a p i l l a r y .

The r e s e r v o i r  was c o n n e c t e d  t o  a  lo n g  v e r t i c a l  tube  o f  

bore 1 cm t o  e n a b le  t h e  h e i g h t  o f  t h e  m ercu ry  head  t o  be 

determined* An i l l u m i n a t e d  s c r e e n  was p l a c e d  b e h in d  t h i s  

tuoe  and t h e  m erc u ry  h e a d  o b s e r v e d  on a  c a t h e t o m e t e r  r e a d 

in g  to  ±0 .001 cm. I n  o r d e r  t o  m a i n t a i n  a  c o n s t a n t  h e i g h t  

o f  m e rc u ry ,  a  s p e c i a l  clamp was u s e d  t o  a t t a c h  th e  r e s e r v o i r  

to  th e  clamp s t a n d .  A v e r y  f i n e  screw c o n t r o l  a l lo w e d  - i ~ e  

a d ju s tm e n t s  t o  be made to  t h e  m ercu ry  l e v e l ,  n e c t r i c a l
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c o n ta c t  was made w i t h  th e  m ercu ry  by means of  a p la t in u m  

wire s e a l e d  i n  g l a s s .

Temperature  C o n t r o l . .

The c e l l  was immersed i n  a t a n k  o f  w a te r  the  m o  s -  

t a t e d  w i th  a  11 C i rco th e rm "  t h e r m o s t a t i c  u n i t  which main

t a i n e d  th e  t a n k  w i t h i n  -C .05°C  o f  the  r e q u i r e d  t em p era tu re  

f o r  work a t  low t e m p e r a t u r e s ,  a  copper  c o i l  th ro ug h  which 

r e f r i g e r a n t  c o u ld  be p a s s e d  was immersed i n  the  t a n k .

The t h e r m o s t a t  was s w i t c h e d  o f f  d u r in g  an a c t u a l  m easure 

ment to  p r e v e n t  any e f f e c t s  due to  v i b r a t i o n .

Reservoir  clamp.
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Ble c t ro  cap i l l a r y  A~py> g r a t a e »

The c a p i l l a r y  e l e c t r o m e t e r  i s  b a s i c a l l y  a  v e ry  simple 

appara tus  which r e q u i r e s  l i t t l e  more th a n  a source  of  

I . e .  p o l a r i s i n g  v o l t a g e ,  a  m ercu ry  c a p i l l a r y ,  a  p r e s s 

u r i s i n g  sys tem  f o r  t h e  m ercu ry  and some means o f  d e t e r 

mining th e  p r e s s u r e  r e q u i r e d  t o  m a i n t a i n  the  mercury i n  

the c a p i l l a r y  a t  some c o n v e n i e n t  r e f e r e n c e  p o i n t .  In  

r e c e n t  y e a r s  a  c o n s i d e r a b l e  amount o f  work has  been  c a r r 

ied  ou t  u s i n g  th e  c a p i l l a r y  e l e c t r o m e t e r .  Conway and 

Barradas (62)  g iv e  much u s e f u l  i n f o r m a t i o n  on the  opt im

um o p e r a t i n g  c o n d i t i o n s .  I n  th e  p r e s e n t  work, th e  f o l l 

owing a p p a r a t u s ,  shown s c h e m a t i c a l l y  i n  f i g u r e  13 was 

used.

B.G. P o l a r i s a t i o n .

The d . c .  p o l a r i s a t i o n  was p r o v i d e d  by a twelve  v o l t  

bank of  l e a d  a c c u m u l a t o r s  c o n n e c te d  to  a  l i n e a r  '1000-fl- 

Ke l ipo t  i n  s e r i e s  w i t h  a  50-0-l i n e a r  p o t e n t i a l  d i v i d e r .

The c i r c u i t  a l s o  i n c o r p o r a t e d  a microammeter  so t h a t  any 

d e v ia t i o n  from "p e r f e c t  " o o l a r i s a t i o n  c o u ld  be d e t e c t e d .

When the  m erc u ry  was a l l o w e d  t o  drop f r e e l y ,  tne  maximum 

charging  c u r r e n t  was o f  th e  o r d e r  o f  1/4A. When m easu re 

ments were b e i n g  p e r f o r m e d ,  t h e  microammeter  was sw i tc h e d  

out o f  th e  c i r c u i t .  A c c u ra te  a d ju s tm e n t  o f  the  p o t e n t i a l  

was made by s w i t c h i n g  i n  a  p o t e n t i o m e t e r  ( f i g u r e  1 > ) .

The p o t e n t i o m e t e r  u s e d  was a  K3 Leeds and i o r t h r u p
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U nive rsa l  P o t e n t i o m e t e r ,  u s e d  w i t h  a  Leeds and Northrup  

D.C. N u l l  [D e te c to r .  The h i g h  r e s i s t a n c e  o f  the  n u l l  d e t 

e c to r  e f f e c t i v e l y  p r e v e n t e d  any p o l a r i s a t i o n  due t o  t h i s  

c i r c u i t .
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The C a p i l l a r y  E l e c t r o m e t e r  C e l l  •

The c e l l ,  shown i n  f l /yu rc  14 and p l a t e  2 had a 

capaci ty  ox a b o u t  75 n i l , and  was c o n s t r u c t e d  of  pyrex  

g lass .  Side a m  A was p r o v i d e d  t o  a l lo w  b u b b l in g  out  

of the., s o l u t i o n  i n  t h e  c e l l .  P r e - s a t u r a t e d ,  oxygen-f ree  

n i t rogen  was p a s s e d  i n t o  th e  c e l l  and a l lo w e d  to  escape 

through a c o n v e n t i o n a l  b u b b l e r  i n  s id e  arm 3 o r  C. The 

re fe rence  e l e c t r o d e  was p l a c e d  i n  s id e  arm 3 .  Tube P 

allowed e x c e s s  m e r c u r y  t o  be removed from th e  c e l l  when 

r eq u i red .

The m e rc u ry  c a p i l l a r y  was c o n s t r u c t e d  i n  a  manner 

s im i la r  to  t h a t  d e s c r i b e d  by Conway and B a r ra d a s  (62 ) .  

0,3mm p y rex  t u b i n g ,  p r e v i o u s l y  c l e a n e d  i n  a  HNÔ -Ĥ sô . 

mixture was washed many t im e s  w i th  c o n d u c t i v i t y  w a te r ,  

and d r i e d  i n  an  o v e n .  The c a p i l l a r y  was t h e n  drawn down

in a g e n t l e  t a p e r  o v e r  t h e  l a s t  h a l f  i n c h  o f  i t s  l e n g t h ,

. and f i n a l l y  t h e  end  was drawn down a g a i n  to  a  v e ry  sm a l l  

diameter i n  a  c o o l  f l a m e .  A good c a p i l l a r y  n e c e s s i t a t e d  

a very g e n t l e  t a p e r  o v e r  th e  l a s t  5mm of  i t s  l e n g t h ,  and 

a s u f f i c i e n t l y  s m a l l  d i a m e t e r  t o  s u p p o r t  an open column 

of mercury a t  l e a s t  S i n c h e s  h i g h .  The c a p i l l a r y  was 

mounted a t  one e n d  o f  a  314 male j o i n t ,  th e  o t h e r  end 

of which was j o i n e d  t o  a  25ml r e s e r v o i r .  The r e s e r v o i r

^nd c a p i l l a r y  c o u ld  be i n s e r t e d  i n t o  the  c e l l  th rougn  a

B14-B34 a d a p t o r  h e a d ,  a s  shown i n  t h e  d iagram . Tne upper
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end of the  r e s e r v o i r  was c o n n e c te d  by a  gas l i n e  to  the  

p r e s s u r i s i n g  d e v i c e ,  an d  a l s o  to  a  mercury  manometer.

Ins p r e s s u r i s i n g  s u s uem c o n s i s t e d  o f  two l a r g e  mercury 

r e s e r v o i r s ,  one o f  which  was c o n n e c te d  to  the  c a p i l l a r y  

r e s e r v o i r  and  th e  n a n o m e te r ,  lire p r e s s u r e  i n  the  system 

could be s e n s i t i v e l y  c o n t r o l l e d  by r a i s i n g  and lo w er ing  

r e s e r v o i r  X by means o f  a  sc rew  a d j u s t e r  s i m i l a r  to  t h a t  

used i n  the  d i f f e r e n t i a l  c a p a c i t a n c e  a p p a r a t u s .  . The c e i l  

and manometer were- e n c l o s e d  i n  an a i r  t h e r m o s t a t  m a in ta in e d  

a t  2r°C - 0 .2°  0 .

In  an e x p e r i m e n t , t h e  t o t a l  l e n g t h  o f  column o f  

mercury s u p p o r t e d  by i n t e r f a c i a l  t e n s i o n  when the  m enis

cus had been  b r o u g h t  t o  th e  r e f e r e n c e  p o i n t  1.000mm from 

the t i p  o f  th e  c a p i l l a r y  was
u _ u l. ( h , - o . i o o ) c i - r
ncorr ~ • hd ~ —14— p   ~ o . i o o  cm of  mercury

(see f i g u r e  13)  where (^h-o-it>o)^jp gs the  m ercury  head  e q u iv 

a len t  to  th e  s o l u t i o n  above t h e  m e n i s c u s ,  dTi s  the  s o l u t 

ion d e n s i t y ,  D th e  d e n s i t y  o f  t h e  m e rc u ry ,  and h, , * \ , h 3 ,

measured by th e  c a t h e t o m e t e r , a r e  e x p r e s s e d  i n  cm.

f i e  c tro  c a p i l l a r y  Maximum A p p a r a t u s .

j f i e c t r o c a p i l l a r y  maximum p o t e n t i a l s  were, de te rm ined  

ey method V d e s c r i b e d  by  C-rahame and h i d  co—workers (o3)»

-i-he c a p i l l a r y  e l e c t r o m e t e r  c e l l ,  s u p p o r t e d  i n  a tn e rm o s-  

■cat c o n t r o l l e d  t o  - 0 .05°  0 was f i t t e d  w i th  a r e l a t i v e l y  

v/ide c a p i l l a r y  which  p e r m i t t e d  th e  m ercury  t o  s t ream  i n



l i n e  d r o p l e t s  from th e  t i p  when u n d e r  a  h e ad  o f  m ercu ry  

o f  a p p r o x i m a t e l y  30cm. The sys tem was p r o t e c t e d  from 

e l e c t r i c a l  i n t e r f e r e n c e  by c a p a c i t o r s  c o n n e c t i n g  b o th  

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

s o l u t i o n  was d e -o x y g e n a te d  w i th  p r e - s a t u r a t e d ,  oxygen-  

f r e e  n i t r o g e n ,  p a s s e d  f o r  s e v e r a l  h o u r s  a f t e r  the  e l e c t 

rode  s t r e a m i n g  had  been  commenced, and  the  p o t e n t i a l  b e t 

ween th e  s t r e a m i n g  and r e f e r e n c e  e l e c t r o d e s  m easu red  a t  

i n t e r v a l s  u s i n g  a  K3 Leeds  and N o r th ru p  U n i v e r s a l  P o t e n t -  

i o m e t e r  w i th  a  Leeds and  N or th rup  L .C .  N u l l  D e t e c t o r .

The h i g h e s t  a t t a i n a b l e  p o t e n t i a l  was. t a k e n  a s  t h a t  o f  the  

e l e  c t r o  c a p i l l a r y  maximum•
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B x p c r i m c n t a l •

(1)  P r e p a r a t i o n  o f  m a t e r i a l s .

M e rc u ry .

M ercury  was t h o r o u g h l y  washed w i th  w a te r  by v i g o u r -  

cus  s h a k i n g  and  d e ca n t  a t  i o n .  I t  was t h e n  f i l t e r e d  t h r o u g h  

a  f i n e l y  p e r f o r a t e d  f i l t e r  p a p e r  and  washed w i t h  a c e t o n e .  

A f t e r  b e i n g  s p r a y e d  in- a  f i n e  s t r e a m  down a  100cm column 

o f  10b n i t r i c  a c i d ,  t h e  m ercu ry  was a l l o w e d  t o  s t a n d  u n d e r  

c o n c e n t r a t e d  s u l p h u r i c  a c i d  f o r  24 h o u rs  b e f o r e  b e in g  

t h o r o u g h l y  washed w i th  w a te r  and d r i e d  w i th  a c e t o n e .  I t  

was f i n a l l y  d i s t i l l e d  t h r e e  t im e s  u n d e r  vacuum, w i th  s t r i n 

g e n t  p r e c a u t i o n s  b e in g  t a h e n  t o  p r e v e n t  th e  e n t r y  o f  im

p u r i t i e s  i n t o  t h e  sy s te m .  The m ercury  was s t o r e d  u n d e r  

p r e s s u r e  i n  an a tm osphere  o f  n i t r o g e n .  I t  was d i f f i c u l t  

t o  a s s e s s  th e  p u r i t y  o f  t h e m e r c u r y ,  a l t h o u g h  i t  h a s  b e en  

f o u n d  (64)  t h a t  a  p u re  sp e c im en ,  on s h a k in g  w i t h  c o n d u c t 

i v i t y  w a t e r ,  g i v e s  r i s e  t o  a  "foam" l a s t i n g  f o r  o v e r  I p s e c ,  

w h i le  impure sam ples  g iv e  foams l a s t i n g  f o r  c o n s i d e r a b l y  

s h o r t e r  p e r i o d s .

Pormamide.

G-aseous ammonia was added  t o  B.D.H. " 93b" formamide 

u n t i l  i t  was s l i g h t l y  a l k a l i n e .  Any ammonium fo rm a te  

p r e s e n t  was f i l t e r e d  o f f .  The formamide was d i s t i l l e d  

s i x  t im e s  u n d e r  r e d u c e d  p r e s s u r e  u s i n g  an e f f i c i e n t  s p r a y  

t r a p ,  t h e  f r a c t i o n  r e t a i n e d  d i s t i l l i n g  o v e r  below b0 0.



The pu re  formamide h ad  a  m e l t i n g  p o i n t  o f  2 o ° C  ( l i t e r 

a t u r e  v a lu e  2 .55°C )♦ I t  was fo u n d  t h a t  t h e  p o l a r i  c a t  i o n  

r a n j o  t n e  s o l v e n t  c o u ld  s u s t a i n  w i t h o u t  succumbing to  

e r e  c u r o l y e i c  d i s s o c i a t i o n  was m arked ly  dependen t  on the  

n u m o er -o f  d i s t i l l a t i o n s .  The maximum s t a b l e  ran y e  was 

a t t a i n s d  i n  formamide which had  been  d i s t i l l e d  a t  l e a s t  

f i v e  t i n e s .  The p u r i f i e d  s o l v e n t  was s t o r e d  u n d e r  dry  

n i t r o g e n .

A l k a l i  L le ta l  C h l o r i d e s .

Ana lak  p o t a s s i u m ,  sodium, ru b id iu m  and caesium c h l o r 

i d e s  were r e c r y s t a l l i s e d  t h r e e  t i n e s  from c o n d u c t i v i t y
o _

w a t e r  a n a  d r i e d  a t  TOO G i u s t  p r i o r  to  u s e .  l i t h i u m

c h l o r i d e  was r e  c r y s t a l l i s e d  t h r e e  t i n e s . f r o m  dry  e t h a n o l ,

and  th e  e t h a n o l  removed by g e n t l e  h e a t i n g  i n  a  s t r e a m  of

dry  n i t r o g e n .  The s o l i d  was h e a t e d  to  c o n s t a n t  w e ig h t  
©

a t  120 0 and  s t o r e d  u n d e r  d ry  n i t r o g e n .  J u s t  b e f o r e  use
O

i t , .w a s  h e a t e d  a g a i n  t o  240 G.

(2)  P r e p a r a t i o n  o f  S o l u t i o n s .

S ince  t r a c e s  o f  m o i s t u r e  were l i k e l y  t o  a f f e c t  meas

u r e m e n ts  made i n  a  n o n -aq u e o u s  s o l v e n t  s y s te m ,  a l l  s o l u t 

i o n s  were made up by. w e ig h t  i n  a  d ry  box f i l l e d  w i th  dry 

n i t r o g e n .  The s o l u t i o n s  were s t o r e d  i n  500ml f l a s k s  w i th  

s t a n d a r d  t a p e r  n e c k s ,  and  a  s p e c i a l  h ead  f i t t e d  th e  l a t t e r  

e n a b l i n g  th e  s o l u t i o n  t o  be blown o v e r  i n t o  the  c e l l  by 

d ry  n i t r o g e n  w i t h o u t  coming i n t o  c o n t a c t  w i t h  the  a t m o s 



p h e r e .  The s o l u t i o n  d e n s i t i e s  were d e te r m in e d ;  u s i n g  

a  p y c n o m e te r .



V

( 3 )  R e f e r e n c e  E l e c t r o d c s  . ( f i g u r e  1 5 ) .

The s i l v e r - s i l v e r  c h l o r i d e  e l e c t r o  doe u se d  w i th  

th e  c h l o r i d e  s o l u t i o n s  i n  l o r n  a s i d e  wore s i m i l a r  to  th ose  

d e s c r i b e d  by E a rn e d  ( 6 5 ) ,  McAuley (66) and i n  d e t a i l  by 

V in c e n t  ( 6 1 ) .  A p l a t i n u m  w ire  was wound i n  a h e l i x  and 

s e a l e d  i n t o  one end  o f  a  p y r e x  t u b e ,  t h e  o t h e r  end  o f  

which was a t t a c h e d  t o  a  Q u i c k f i t  .BIO cone ,  rhe  h e l i x  

was f i l l e d  w i th  a  t h i c k  p a s t e  o f  s p e c t r o s c o p i c a l l y  pu re  

s i l v e r  o x ide  i n  c o n d u c t i v i t y  w a t e r .  The e l e c t r o d e ,  a f t e r  

h a v in g  b een  d r i e d  a t  I00°C was heated ,  a t  A0 0 °G i n  a  

m u f f l e  f u r n a c e  u n t i l  t h e  m e t a l l i c  ox ide  had  c o m p le t e ly  

decomposed to  g r e y ,  l u s t r o u s  s i l v e r .  A no the r  c o a t i n g  

o f  th e  o x ide  was a p p l i e d  and  th e  e l e c t r o d e  h e a t e d  a s  

b e f o r e .  T h is  p r o c e s s  was r e p e a t e d  u n t i l  none o f  th e  

p l a t i n u m  was v i s i b l e  t h r o u g h  th e  s i l v e r .  An epoxy r e s i n  

was t h e n  c a s t  i n  t h e  e l e c t r o d e  tu b e  t o  e n s u re  a  pood 

p y r e x - p l  The e l e c t r o d e  was t h e n  c h l o r i d i s e d ,

u s i n g  a  p l a t i n u m  ca th o d e  on th e  absence  o f  l i g h t ,  by e l e c t 

r o l y s i s  i n  norm al  aqueous  h y d r o c h l o r i c  a c i d ,  a t  a  c u r r e n t  

d e n s i t y  o f  a p p r o x i m a t e l y  lamp/cm* f o r  t h r e e  h o u r s .  F i n a l l y ,  

a f t e r  h a v in g  b een  washed t h o r o u g h l y  w i th  a  formamide s o l 

u t i o n  o f  p o t a s s iu m  c h l o r i d e ,  the  e l e c t r o d e  was a l l o w e d  to  

age i n  t h e  d a rk  f o r  s e v e r a l  weeks i n  a  s i m i l a r  s o l u t i o n .  

B e fo re  a. r u n ,  th e  e l e c t r o d e  was washed s e v e r a l  t im e s  i n  

c e l l  s o l u t i o n .  E l e c t r o d e s  o r e o a r e d  i n  t h i s  f a s h i o n  were
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fo u n d  t o  "bo r e p r o d u c i b l e  t o  b e t t e r  t h a n  Imv.

The 0 . Hvl ca lo m e l  r e f e r e n c e  e l e c t r o d e  was p r e p a r e d  

by a  method s i m i l a r  t o  t h a t  d e s c r i b e d  by V in c e n t  ( 6 1 ) .

I t  was c o n n e c te d  t o  th e  c a p i l l a r y  e l e c t r o m e t e r  c e l l  by 

a  s a l t  b r i d g e  c o n t a i n i n g  O . lh  aqueous p o t a s s i u m  c h l o r i d e  

s o l u t i o n .  V/hen n o t  i n  use  th e  s a l t  b r i d g e  was p r o t e c t e d  

by a  g u a r d  t u b e .
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B efo re  an e x p e r i m e n t , th e  B a t t e r i e s  were d i s c h a r g e d

f o r  one h o u r  i n  o r d e r  t o  s t a b i l i s e  th e  e . m . f . i e r c u r y

f lo w  was s t a r t e d  b e f o r e  t r a n s f e r r i n g  th e  t e s t  s o l u t i o n  

t c  th e  c e l l ,  which was done i n  th e  absence  o f  a i r .  The 

c e l l  was p l a c e d  i n  th e  t h e r m o s t a t ,  t h e  s o l u t i o n  de-oi-rpgen- 

a t e d  by p a s s i n g  p r e - s a t u r a t e d  o x y g e n - f r e e  n i t r o g e n  f o r  

t h r e e  h o u r s .  A f t e r  th e  f i r s t  h o u r ,  t h e  d ro p p in g  m ercu ry
V

e l e c t r o d e  was p o l a r i s e d  c a t h o d i c a l l y  t o  a, p o t e n t i a l  j u s t  

below t h a t  o f  s o l v e n t  d e c o m p o s i t io n  u . n t i l  t h e  r e d u c t i o n  

c u r r e n t  was n e g l i g i b l e  , r em oving  any r e d u c i b l e  m a t e r i a l .  

The b i r t h  d e t e c t o r  was t h e n  s e t  up u s i n g  VR, and VC,

( f i g u r e  8 )  w i th  t h e  impedance s e l e c t o r  i n  th e  "Off"  

p o s i t i o n  ( p o s i t i o n  2 ? f i g u r e  7) and th e  ca thode  r a y  

o s c i l l o s c o p e  c o n n e c t e d  to  “ S t a r t  P u l s e "  . When th e  amp

l i f i e r  had  been  t u n e d  to  th e  b r i d g e  f r e q u e n c y ,  th e  b a l 

ance d e t e c t o r  was made r e a d y  a s  f o l l o w s .  With th e  imped

ance s e l e c t o r  a t  " S t a n d a r d i s e ” ( p o s i t i o n  5 ,  f i g u r e  7)  

and  t h e  a m p l i f i e r  o u t p u t  and  s i g n a l  g e n e r a t o r  o u t p u t  s e t  

f o r  maximum s e n s i t i v i t y ,  t h e  t r a n s f o r m e r  r a t i o - a r m  b r i d g e  

was a d j u s t e d  t o  r e a d  th e  c o r r e c t  v a lu e  o f  th e  s t a n d a r d  

im p ed an ce ,  and  t h e  t e s t  l e a d  impedance b a l a n c e d  o u t  by 

means o f  t h e  t r im m e r s .  A f t e r  s e l e c t i o n  o f  th e  d i s c h a r g e  

c o n s t a n t  f o r  th e  r e s e r v o i r  c a p a c i t o r  (VR, , 3, VR^ c o u ld
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.i. obe s e t  t o  a l l o w  t h e  t h y r a t r o n  t o  s t r i k e  ( f i g u r e  6 ) .  

was e s s e n t i a l  t o  one cl: t h a t  th e  t h y r a t r o n  c e a s e d  c o n d u c t 

i o n  w i t h i n  t h e  p r e s c r i b e d  l i r . i t s on e i t h e r  s i d e  o f  b r id g e  

b a l a n c e •

f o r  a  g iv e n  p o l a r i s a t i o n  v o l t a g e , a  b i r t h - b a l a n c e  

i n t e r v a l  c o u ld  be d e te r m in e d  once a  b a la n c e  p o s i t i o n  had  

oeen a c c u r a t e l y  l o c a t e d *  Y/ith th e  i n t e r v a l  t i m e r  s to p  

s i g n a l  s e l e c t o r  s e t  a t  M3 i r t h - b a l a n c e u a n a  th e  impedance 

s e l e c t o r  a t  " O f f " ,  t h e  t i m e r  was r e  s e t ,  and th e  b i r t h  

d e t e c t o r  a l l o w e d  t o  s t a r t  i t .  The impedance s e l e c t o r  was 

t h e n  t u r n e d  t o  "Unknown11 ( p o s i t i o n  1 ,  f i g u r e  7)  i n  t ime f o r  

t h e  b a l a n c e  d e t e c t o r  p u l s e  t o  s to p  th e  t i m e r .  The reading- 

on th e  l a t t e r  was n o t e d ,  t o g e t h e r  w i th  th e  b r i d g e  s e t t i n g s .

When th e  s t o p  s i g n a l  s e l e c t o r  was s e t  a t  "Drop l i f e 

t i m e 11, and  th e  impedance s e l e c t o r  a t  11 O f f " ,  s u c c e s s i v e  

p u l s e s  from th e  b i r t h  d e t e c t o r  e n a b l e d  t h e  i n t e r v a l  t i m e r  

t o  r e c o r d  , t h e  l e n g t h  o f  t ime be tw een  the  b i r t h  o f  

s u c c e s s i v e  d r o p s .

At f r e q u e n t  i n t e r v a l s  d u r in g  a  r u n ,  checks  were me.de 

on th e  m e rc u ry  l e v e l  i n  th e  r e s e r v o i r ,  t h e  s t a n d a r d i s a t 

i o n  o f  t h e  p o t e n t i o m e t e r  and  th e  f r e q u e n c y  o f  t h e  s i g n a l  

g e n e r a t o r .

The mean m erc u ry  f low  r a t e  v/as d e te r m in e d  a t  a  f i x 

ed  p o t e n t i a l  i n  th e  f o l l o w i n g  m anner .  Tap J  ( f i g u r e  12) 

was opened  t o  a l l o w  any m erc u ry  i n  H t o  f a l l  i n t o  I ,  tn a
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i n t e r v a l  t i m e r  was s t a r t e d  m a n u a l ly  and  t a p  J  c l o s e d  sim

u l t a n e o u s l y  a t  tlie b i r t i .  o f  a  d ro p .  The m ercu ry  i n  I 

mas b lown i n t o  G and  d i s c a r d e d .  A l t e r  m a i n t a i n i n g  cons

t a n t  t h e  a p p l i e d  p o t e n t i a l  and  m ercu ry  h ead  l o r  t h i r t y  

t o  s i x t y  m i n u t e s ,  a l l  the  m erc u ry  i n  h was a l l o w e d  to  

I  low t h r o u g h  J  i n t o  I ,  and  t h e  i n t e r v a l  t i m e r  was s to p p e d  

and J  c l o s e d  s i m u l t a n e o u s l y  a t  the  b i r t h  o f  a  d ro p .  The 

m erc u ry  i n  I  was t h e n  blown o v e r  i n t o  G, and  s u b s e q u e n t l y  

washed ,  d r i e d  and w e ighed .  S ince  th e  mass o f  m ercu ry  

f l o w i n g  i n  a  f i x e d  i n t e r v a l  o f  t ime was known, t h e  mean 

f lo w  r a t e  c o u ld  be c a l c u l a t e d .  I n  a  no rm al  e x p e r i m e n t , 

t h e  f l o w  r a t e  was m ea su re d  b o t h  im m e d ia te ly  b e f o r e  and 

im m e d ia te ly  a f t e r  th e  c a p a c i t a n c e  d e t e r m i n a t i o n s . T h is  

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

o f  th e  c a p i l l a r y .
wask td

A f t e r  a  r u n ,  t h e  o u t s i d e  o f  t h e  c a p i l l a r y  wasiw’i t h  

c o n d u c t i v i t y  w a t e r , d r i e d  i n  a  s t r e am  o f  d u s t - f r e e  a i r  

and  e n c l o s e d  i n  a  g l a s s  g u a r d  tu b e  b e f o r e  th e  m ercu ry  

f lo w  was s t o n o e d .
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( t )  (genera l  Hun Pro ceciure , j . n t e r f a c i a l  Tons io n  'easurem:

b e f o r e  a  r u n , t h e  b a t t e r y  v/as d i e  c h a rg e d  f o r  one 

h o u r  t o  s t a b i l i s e  the  e . m . f .  The c a p i l l a r y  v:as p l a c e d  i n  

p o s i t i o n  i n  t h e  t e s t  c e l l ,  and th e  t e s t  s o l u t i o n  t r a n s 

f e r r e d  i n  t h e  ab sen c e  o f  a i r .  The c e i l  was p l a c e d  i n  the  

t h e r m o s t a t  and  t h e  s o l u t i o n  d e -o x y g e n a te d  by p a s s i n g  p r e 

s a t u r a t e d  o x y g e n - f r e e  n i t r o g e n  f o r  th e  d u r a t i o n  o f  the  

e x p e r i m e n t ,  hue t o  th e  slow a t t a i n m e n t  o f  t h e r m a l  e q u i l 

ib r iu m  i n  an  a i r  t h e r m o s t a t ,  t h e  t e s t  c e l l  v/as a l lo w e d  

to  e q u i l i b r a t e  o v e r n i g h t  a t  2 5 ° C. When th e  c e l l  v/as p r o p 

e r l y  e q u i l i b r a t e d ,  th e  m erc u ry  i n  th e  c a p i l l a r y  e l e c t r o d e  . 

v/as p r e s s u r i s e d  t o  an e x t e n t  s u f f i c i e n t  t o  cause  drop 

f o r m a t i o n ,  and  t h e  e l e c t r o d e  p o l a r i s e d  c a t h o d i c a i l y  to  

a  p o t e n t i a l  j u s t  be low t h a t  o f  s o l v e n t  d e c o m p o s i t i o n  u n t i l  

t h e  r e d u c t i o n  c u r r e n t  was n e g l i g i b l e , rem oving  any r e d 

u c i b l e  m a t e r i a l .  The p r e s s u r e  was r e l e a s e d  t o  s to p  crop 

f o r m a t i o n ,  and  th e  o b s e r v i n g  m ic ro scop e  s e t  t o  a  p o s i t i o n  

1.000mm above th e  c a p i l l a r y  t i p .  At e ac h  p o t e n t i a l  i n v e s t 

i g a t e d  t h e  i l l u m i n a t e d  m ercu ry  m en isc u s  was b r o u g h t  to  

t h i s  mark by a d j u s t i n g  t h e  a p p l i e d  p r e s s u r e .  At l e a s t  

f o u r  d e t e r m i n a t i o n s  o f  t h e  p r e s s u r e  r e q u i r e d  t o  b r i n g  th e  

m erc u ry  t o  th e  r e f e r e n c e  p o i n t  were made a t  e a c h  p o t e n t 

i a l ,  an d  th e  r e s u l t i n g  mean v a lu e  o f  h corr u s e d  t o  e v a l 

u a t e  V , t h e  i n t e r f a c i a l  t e n s i o n .  A drop o f  m ercu ry  was 

e x c e l l e d  -between e a c h  m easu rem en t .  The h e i g h t s  o f  th e
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m ercu ry  columns v/ere m easu red  w i th  an a c c u r a c y  of  C. 0 2 ,1  

on a  c a t n e t o m e t e r , and  th e  c a p i l l a r y  was c a l i b r a t e d  by 

m e a s u r in g  i n t e r f a c i a l  t e n s i o n s  i n  0 . 1 M aqueous p o ta s s iu m  

c h l o r i d e  s o l u t i o n ,  u s i n g  a  O . lh  ca lom el  e l e c t r o d e  as  r e f 

e r e n c e ,  a n a  com par ing  th e  r e s u l t s  w i t h  t h o s e  o f  IQevanathan 

and  P e r i e s  ( 6 ? ) .

A f t e r  a  r u n ,  th e  m ercu ry  v/as a g a i n  s t a r t e d  c ro p p in g  

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

w a t e r ,  d r i e d  i n  a  s t r e a m  o f  d u s t - f r e e  a i r  and  e n c l o s e d  i n  

a  g l a s s  g u a rd  tu b e  b e f o r e  t h e  drop f o r m a t i o n  was s t o p p e d .
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( 6 ) t - c n e r a l  Dun Droco dure ■> E l e c t r o  c a-, i l l  c r y  laninww.

D e t e r m i n a t i o n ,

B e fo re  a  r u n ,  t h e  c e l l  was purmed w i t h  n i t r o p e n  

and t h e  e l e c t r o d e  s t r e a m in g  commenced p r i o r  to  th e  t r a n s 

f e r  o f  t h e  t e s t  s o l u t i o n ,  which was c a r r i e d  o u t  i n  the  

absence  o f  a i r .  The c e l l  was p l a c e d  i n  th e  t h e r m o s t a t  

and  t h e  s o l u t i o n  was de - o x y g e n a t e d  03/ p a s s i n p  p r o - s a t u r 

a t e d  o x y g e n - f r e e  n i t r o g e n  f o r  t h e  d u r a t i o n  o f  t h e  e x p e r 

im e n t .  The e . m . f  be tw een  th e  s t r e a m in g  e l e c t r o d e  and th e  

r e f e r e n c e  e l e c t r o d e  was m ea su re d  a t  f i f t e e n  m inu te  i n t e r 

v a l s  a f t e r  t h e  a t t a i n m e n t  o f  t h e r m a l  e q u i l i b r i u m *  and  th e  

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

r o c a p i l l a r y  maximum. A f t e r  a  r u n ,  t h e  e l e c t r o d e  v/as c l e a n 

e d  and  s t o r e d  i n  th e  u s u a l  way.
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R E SU L T S

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

3 _ , f o r  t h e  s o l u t i o n s  b e in g  s t u d i e d  were computed from th e  

impedance d a t a  u s i n g  t h e  method d e v e lo p e d  by U a n c o l l a s  and 

V in c e n t  ( 6 1 , 6 8 ) .  The a v e rag e  r a t e  o f  f lo w  o f  m ercu ry  

m^ m g /s e c  up t o  t ime t  i n  t h e  l i f e  o f  th e  drop c o u ld  he

c a l c u l a t e d  once th e  h e i g h t  o f  th e  m erc u ry  column h b e q u i v 

a l e n t  t o  t h e  hack  p r e s s u r e  was known. T h is  was g i v e n  hy

3^  rt

= * / I7E.73 a-fc25°C . . . . . . ( 7 4 )

where D v/as t h e  d e n s i t y  o f  t h e  m e r c u r y ,  g t h e  g r a v i t a t i o n a l

c o n s t a n t  and ^  t h e  r a d i u s  o f  th e  g rowing  drop o f  mass

wt  mg a t  t im e  t  s e c .

W r i t i n g  M a s  th e  c o n s t a n t  r a t e  o f  f lo w  t h a t  would

he o b t a i n e d  w i t h  t h e  same h e a d  o f  m e r c u r y ,  h ,  i f  t h e r e

were no back  p r e s s u r e ,  t h e n  i f  i t  i s  assumed t h a t  th e  r a t e

v/as p r o p o r t i o n a l  t o  t h e  e f f e c t i v e  p r e s s u r e ,

m t / M  =  ( h - h b ) / h   ( 7 5 )

and t h u s
ciw M ( | hb) m * * M U '  h i

- M  ( l -  V U 7 *-7 3 ^ )   ( 7 5 )

U su a lly  l i»  hb , and t h i s  e x p r e s s io n  cou ld  be s i m p l i f i e d  to  (3 9 )
dw _ M _   ̂ _ M_________ _________

olt T  £ Tf*) [ m  7I w k T '1 ^ T n R jiU v^ 1]  ............^ )

which, gave on in t e g r a t io n
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t. v  v , ^  ,  v cL ' / j
M t -  w  + -  3 t  3  o  w t  / 7 0  \

1 t  2.  , +  i-rs*   w o ;
1 1 2 . 7 3  K  (ill.11 h)

Tne i n t e g r a t i o n  c o n s t a n t  h e re  v/as ig n o r e d  s in c e  v/t  v/as 

n e g ln g i o l e  when t  -  0 .  Smith (39) shov/ed t h a t  i n v e r s i o n

o f  e q u a t io n  (7 8 )  by means o f  a p p ro x im a t io n s  i n  which 

in .  ( y /h )  were c o n s id e r e d  n e g l i g i b l e  y i e l d e d

o e m s

WV » Mt -  1-5 r  t h  ̂  _ 1.5-
n ?  T*. ^  / _____   .f > e . l 5 h  (,76.73 h ) *   ( 7 9 )

E q u a t io n  (79) v/as v a l i d  o n ly  v/hen t  > 0 . 05se.c s in c e  te rm s  

which were, im p o r ta n t  when, t  v/as s m a l l  -had b e en  n e g l e c t e d .

S ince  th e  impedance b r id g e  m easu red  im pedances a s  a  

p a r a l l e l  c o m b in a t io n ,  th e  r e s u l t s  o b t a in e d  were t r a n s f o r m e d  

i n t o  th e  s e r i e s  e q u i v a l e n t s .  The r e q u i r e d  t r a n s f o r m s  were 
r» - <  (■1 + cr / & * ) H  ( s o )

c s = Cp (  i ■* &p j < J -  C p )  ........... .. ( S I )

where. G- and  Gp were th e  p a r a l l e l  impedance components o f  

conductance- and  c a p a c i ta n c e  r e s p e c t i v e l y ,  H5 and  th e  

s e r ie s . ,  im pedance com ponents o f  r e s i s t a n c e  and  c a p a c i ta n c e  

and  w th e  f re q u e n c y *  m, th e  a v e ra g e  r a t e  o f  f lo w  o f  m er

c u ry  i n  m g /sec  up to  t im e  t^  , th e  drop t im e ,  was m easu red  

by  w e ig h in g  th e  m ercu ry  c o l l e c t e d  o v e r  a  known tim e i n t e r 

v a l  a t  a  f i x e d  p o t e n t i a l .  At t h i s  p o t e n t i a l  th e  drop mass

* m.tj .

To e v a l u a t e  th e  c o n s t a n t  M, th e  e x p e r im e n ta l  v a lu e s  

o f  and  t^  were s u b s t i t u t e d  i n t o  e q u a t io n  ( 7 8 ) .  The



v a lu e  o f  , t n e  i n t e r f a c i a l  t e n s io n ,  a t  th e  p o t e n t i a l  o f  

m easurem ent o f  t^  and  ŵ  v/as a l s o  r e q u i r e d  f o r  t h i s  c a l c 

u l a t i o n .  S ince  t h i s  v/as n o t  r e a d i l y  a v a i l a b l e  f o r  n o n -  

aqueous. s o l u t i o n s , an  ap p ro x im ate  v a lu e  o f  s u f f i c i e n t  a c c 

u r a c y  f o r  u se  i n  th e  c a l c u l a t i o n  v/as computed from th e  

r e l a t i o n s h i p  o f  H a rk in s  and  Brown (69)

e \  /
................( 3 2 )

where ck ■» [”(B -d T) /D ]  and  « d e n s i t y  o f  th e  s o l u t i o n  a t  

T C. ? was th e  c a p i l l a r y  o r i f i c e  r a d i u s  i n  cm. At any 

g iv e n  p o t e n t i a l ,  i f  v/as known, ^  c o u ld  be c a l c u l a t e d  by 

d i r e c t  s u b s t i t u t i o n  i n  e q u a t io n  (8 2 ) .  The r a d i u s ?  v/as 

d e te rm in e d  from  drop w e ig h t  m easu rem en ts  c a r r i e d  o u t  u n d e r  

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

The drop mass v/t  a t  t im e  t  was r e q u i r e d  f o r  th e  

d e te r m in a t io n ,  o f  th e  s u r f a c e  a r e a  o f  th e  drop a t  t h a t  

i n s t a n t .  I n  th e  d e r i v a t i o n  o f  e q u a t io n  (78) Smith s e t  

wtmo« 0 .  I n  t h e  c a l c u l a t i o n  o f  wt  em ployed i n  th e  p r e s e n t  

w ork , wt  v/as t a k e n  a s  b e in g  th e  sum o f  an  e m p i r i c a l  t im e  

in d e p e n d e n t  component v/c and a  t im e  d ep en d en t  component 

f ( t )  where

f ( t )  -  W t  172.73 h  ^  ~  " 0 7 2 . 7 3 h)*'   . ( 8 ^ )

i . e . * v/0 + f  ( t ) . . . . . .  ( 8 4 )

S ince  S n i th  (39 ) and  MacNevin and B a l i s  (70) have demon-
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s t r a t e d  th e  m erc u ry  drop to  be s p h e r i c a l  e x c e p t  n e a r  th e  

b ee ;inn in g  and end o f  i t s  l i f e  , th e  drop a r e a  c o u ld  he 

c a l c u l a t e d  from

A = K |w0 + f ( t ) j  where K = (h rr /5. ( p / l )  * 10 “ .

h e r e ,  hoy/ever, th e  sm a ll  s c r e e n e d  a r e a  A6 where th e  m ercu ry  

column, i n  th e  c a p i l l a r y  j o i n s  th e  drop v/as n o t  c o n s id e r e d .

A more p r e c i s e  v a lu e  f o r  th e  a r e a  o f  th e  drop a t  tim e  t  v/as

At « K [ w 0 * f < o j  - As . . . . . . ( 3 5 )

S ince  by d e f i n i t i o n  C$ * Cc Afc t h e n

C4 = c„ [  K . . . . . .  (86)

and  (Ci  + C»AS) ^  * (C„ K ) (C ,K ) , i f ( t ) ................................................ .(3 7 )

To e v a l u a t e  f ( t ) ,  h ad  to  he known a t  th e  p o t e n t i a l  o f  

m e a su re m e n t,  and  s in c e  v/j was n o t  known ,e x c e p t  a t  th e  p o t 

e n t i a l  o f  f lo w  r a t e  m e a su re m e n t , th e  f o l lo w in g  p ro c e d u re  was 

a d o p te d .  An a p p ro x im a te  v a lu e  f o r  was s u b s t i t u t e d  i n  (79) 

a nd  th e  r e s u l t i n g  v/j v a lu e  u s e d  i n  (82 ) to  c a l c u l a t e  a  more 

a c c u r a t e  v a l u e .  3y u s in g  a n  i t e r a t i o n  t e c h n i q u e ,  c o n s t a n t  

v a lu e s ,  f o r  V and  w^ were, o b t a i n e d .  f ( t )  was th e n  computed 

from  e q u a t io n  (8 3 ) ,  and  e q u a t io n  (8 7 ) s o l v e d ,  n e g l e c t i n g  

i n i t i a l l y  th e  te rm  i n  A and  o b t a i n i n g  an  a p p ro x im a te
5/i

v a lu e  f o r  C0  from th e  l i n e a r  p l o t  o f  a g a i n s t  f ( t ) .

U sing  t h i s  v a l u e ,  (CS*C0 Ab ) v/as c a l c u l a t e d ,  and  p l o t t e d

a g a i n s t  f ( t )  t o  g iv e  a  more a c c u r a t e  v a lu e  o f  0o , v/hich was

f u r t h e r  im proved  by i t e r a t i o n .  The i n t e r c e p t  o f  th e  f i n a l  
*/&

(C^-t-C^A ) v s  f ( t )  p l o t  was u s e d  i n  th e  c a l c u l a t i o n  o f  wc ,
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and i t  was fo u n d  Lhat i n  i o r n s n i d e  s o l u t i o n s  w v/as n o t  ao
c o n s t a n t  f o r  a  g iv e n  c a p i l l a r y  u n d e r  chang ing  c o n d i t i o n s  

o f  p o l a r i s a t i o n ,  i n  m arked c o n t r a s t  to  th e  o b se rv e d  b eh av 

i o u r  o f  wc i n  aqueous s o l u t i o n s  (6S ) .

The com ple te  c a l c u l a t i o n  r e q u i r e d  to  e v a l u a t e  CQ from 

mhe im pedance b r id g e  d a ta  was c a r r i e d  o u t  w i th  th e  a i d  o f  

an  E n g l i s h  E l e c t r i c  Leo KK?9 co m p u te r .  The programme 

em ployed i s  g i v e n  i n  a p p e n d ix  1 ,  and  a  t y p i c a l  c a l c u l a t i o n  

i s  shown in . t a b l e  1 .

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

E _ , m easu red  a g a i n s t  a  s i l v e r - s i l v e r  c h lo r i d e  r e f e r e n c e  

e l e c t r o d e  i n  th e  same s o l u t i o n ,  were d e te rm in e d  f o r  th e  

f o l lo w in g  s o l u t i o n s :  0 .1 0 0  m l i t h i u m ,  sod ium , ru b id iu m

and  caesium  c h l o r i d e s  and  0 .0 5 0 ,  0 .0 7 1 ,  0 .1 0 0  and  0 .5 0 0  m 

p o ta s s iu m  c h lo r i d e  a t  25° C. 0 .1 0 0  rn s o l u t i o n s  o f  p o ta s s iu m  

and caesium  c h lo r i d e s :  were a l s o  s t u d i e d  a t  5° and 4 5 ° C.

The r e s u l t s ,  which were r e p r o d u c i b l e  to  a b o u t  ^ 0 .1 ^  a re  

g iv e n  in : t a b l e s  2—13•

The i n t e r f a c i a l  t e n s i o n  V was g iv e n  by
• * .  > - a J

e. i .°,p )

where P was t h e  r a d i u s  o f  th e  c a p i l l a r y  a t  th e  r e f e r e n c e  

p o i n t  and h th e  h e ad  o f  m erc u ry  which was b e in g  s u p p o r te d
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when tn e  m ercu ry  m em  ecu

1 4 . I n t e r r a c i a l  t e n s i o n s  a t  d i f f e r e n t  p o t e n t i

u r e d  a g a i n s t  a  s i l v e r - s i l v e r  c h lo r id e  r e f e r e n c e  e l e c t r o d e  

i n  th e  same s o l u t i o n ,  were d e te rm in e d  f o r  th e  f o l lo w in g  

s o l u t i o n s  i n  fo rm am ide : 0 .0 5 0  m and  0 .1 0 0  m p o ta s s iu m

c h l o r i d e  and 0 .0 5 0 ,  0 .0839?  0-.100 and .,0.179 m caesium

r e p r o d u c i b l e  t o -  0 .2  dynes/cm  e x c e p t  a t  ex trem e c a th o d ic  

p o t e n t i a l s ,  where r e p r o d u c i b i l i t y  w a s ± 0 .5  dynes/cm . T able  

21 com pares th e  i n t e r f a c i a l  t e n s i o n  r e s u l t s  f o r  0 .0 5 0  m 

p o ta s s iu m  c h lo r id e ,  o b t a i n e d  by d i r e c t  m easurem ent w i th  th o se  

from  doub le  i n t e g r a t i o n  o f  th e  c a p a c i t y - p o t e n t i a l  c u rv e .

The p o t e n t i a l  o f  th e  e l e c t r o  c a p i l l a r y  maximum v/as 

m ea su re d  f o r  e v e ry  s o l u t i o n  s t u d i e d  by th e  d i f f e r e n t i a l  

c a p a c i t a n c e  t e c h n i q u e .  The r e s u l t s ,  which were r e p r o d u c i b l e  

to  * lmv a re  r e p o r t e d  i n  t a b l e  2 2 .

o , t h e  ch arge  011 th e  d ro p p in g  m erc u ry  e l e c t r o d e ,

c h lo r i d e  a t  25°C , The r e s u l t s ,  g iv e n  i n  t a b l e s  1 5 -2 0 ,  were

g iv e n  by

£
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was c a l c u l a t e d  by i n t e g r a t i o n  o i  t h e  c a p a c i t a n c e - p o t e n t i a l  

c u r v e s .  An e l e c t r o n i c  com puter was u se d  to  f i t  th e  e x p e r 

i m e n ta l  d a ta  to  a  p o ly n o m ia l  o f  any  chosen  d e g re e ,  and th e  

c lo s e n e s s  o f  f i t  v e r i f i e d  by com paring a  p l o t  o f  th e  p o ly 

n o m ia l  w i th  t h e  e x p er im en  t a l  "p o s. lit  s . The po lyn on  j , a  — ija,j 

t h e n  i n t e g r a t e d  by th e  co m pu te r ,  th e  n e c e s s a r y  i n t e g r a t i o n  

c o n s t a n t s  b e in g  o b t a i n e d  from th e  e . c .m .  p o t e n t i a l s .  The 

programme r e q u i r e d  f o r  th e  c u r v e - f i t t i n g  and i n t e g r a t i o n  

o p e r a t i o n  i s  g iv e n  i n  a p p e n d ix  2 .

I t  was fo u n d  t h a t  th e  maximum c a th o d ic  p o l a r i s a t i o n  

w hich  c o u ld  be a c h ie v e d  b e fo r e  d e c o m p o s i t io n  o f  th e  fo rm 

a m id e ,  and accom panying  c u r r e n t  f lo w ,  depended m ark ed ly  

on  th e  p u r i t y  o f  th e  s o l v e n t .  A minimum o f  f i v e  f r a c t i o n a l  

d i s t i l l a t i o n s  a t  r e d u c e d  p r e s s u r e  and a  t e m p e r a tu re  below
9

60 G w a s - r e q u i r e d  b e f o r e  th e  maximum p o l a r i s a t i o n  ran g e  

c o u ld  be s u s t a i n e d  by th e  s o l v e n t .  I n  th e  p r e s e n t  work th e  

d ro p p in g  m erc u ry  e l e c t r o d e  was s t u d i e d  a t  c h a rg e s  o f  -20*C /ci 

i n  c o n t r a s t  to  th e  maximum v a lu e  o f  -14/^C/cm a c h ie v e d  by 

Payne ( 7 1 ) .

P l o t s  o f  th e  d i f f e r e n t i a l  c a p a c i ta n c e  a g a i n s t  charge  

a re  g iv e n  i n  f i g u r e s  1 6 ,  1 7 ,  18 and  i n  f i g u r e s  1 9 ,  20 th e  

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

p o ta s s iu m  and  caesium  c h lo r i d e  s o l u t i o n s  a t  25° C.



Sample c a l c u l a t i o n ,  p a r t  o f  r u n  35

1 3 .5 3 4 0 ,  d ^ l . 1 4 3 4 6 ,  f =  1 .0 0 0 x /o  f  K = 8 .p 2 8 5 ;x iO  

h -  26.166, P «  2;843«'o’s , wj«7.42955, tj»4.35C79.

-j

*T“'>-LJ —

v.ol t s

JU

se c

Cp * .o b

•,71 n 
q

 
in 

D
O

X O
w

t b.

se c

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

0:3026 1 .2 0 0 1 .95 545

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

- 0 .6 0 0 4 .3 180 3 0 .3 4 8 6 1 .4 0 0 2 :79 905

0 .3 173 1 .2 0 0 2 .32 173

0 .2 4 7 3 0 .8 0 0 1 .441 02

- 0 .7 0 0 4^27203 0 .2 4 7 9 0 .8 0 0 1 .4 3 5 3 0

0 .3 194 1 .2 0 0 2 .40422

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

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

0 .3192 1 .2 0 0 2 .3 946 1

0 .2 4 7 6 0 .8 0 0 1 .4 7 2  33

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

c0*3214 1 .2 0 0 2 .4 9 9 3 6

0 .3 067 1 .1 0 0 2 .2 5 9 3 9

- 1 .0 0 0 4 .0 3 9 3 6 0 .333 4 1 .2 0 0  ' 2 .8 582 8

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

0 .316 8 1 .1 0 0 2 .55 175



us
f o i l  1

RESULTS 

:: = 1 .7 95 0 1

* * 5 92 .3

* 0 0  ̂a ) 0 o( f )

.rOX

o

v o l t s dynes/cm y A ? /c m ^ P /c m cm

- 0 .5 0 0 551 .5 22 .0676 22 .0785 1 6 .9 5

- 0 .6 0 0 58 9 .4 20 .5 699 20 .5758 6 .52

- 0 .7 0 0 585 .5 19 .9454 19 .9 559 7 .1 7

- 0 .8 0 0 575 .0 19 .8960 19 .9044 11 .5 7

- 0 .5 0 0 5 7 5 .7 19 .5709 19 .5794 16 .0 2

- 1 . 0 0 0 5 65 .5 18 .0375 18 .0947 1 7 .7 3

(a )  v a lu e  a f t e r  f i r s t  c y c l e ,  

( f )  f i n a l  v a l u e .



l ib

r“i AXX'PTT? O J-j.uLj c.

0*050 m KC1 in- f o r a  amide a t 25 ^ •

Run 50 Run 51 Run 58 Mean

Co ' C0 Co

v o l t s ym 1 /  cm2" ^  P/cm* ^ P /e m * /A P /C / ^ C / c n '

- 0 .2 0 0 5 8 .5 4 59 .06 59 .05 59 .01 6.64

- 0 .5 0 0 2 6 .2 9 26 .12 26 .15 2 6 .1 9 5 .46

- 0 .4 0 0 1 9 .5 0 19 .45 19 .5 1 1 9 .4 9 1 .2 0

- 0 .5 0 0 15^75 1 5 .6 6 1 5 .7 6 15^72 - 0 .5 4

-0 .6 0 0 1 4 .6 8 14 • 64 1 4 .7 6 1 4 .6 9 - 2 .0 4

- 0 .7 0 0 1 5 .5 5 15 .5 8 1 5 .5 9 15 .5 7 - 5 .5 5

- 0 .8 0 0 1 6 .9 5 16 .8 5 1 6 .8 9 1 6 .8 9 - 5 .1 4

- 0 .9 0 0 18 .1 5 18 .1 5 18 .17 1 8 .1 6 - 6 .9 0

- 1 .0 0 0 1 8 .5 1 1 8 .2 6 18 .2 4 1 8 .2 7 -8 .7 2

- 1 .1 0 0 1 6 .8 6 1 6 .8 9 1 6 .9 7 1 6 .9 1 - 1 0 .5 0

- 1 .2 0 0 1 6 .0 7 1 6 .1 4 1 6 .1 0 1 6 .1 0 -1 2 .1 6
o0h~\.
H1 1 4 .9 5 1 4 .9 7 14 .95 14 .9 5 - 1 5 .6 9

- 1 .4 0 0 1 4 .0 0 1 4 .0 9 1 4 .0 5 -1 5 .1 4

- 1 .5 0 0 1 5 .5 4 1 5 .4 7 1 5 .5 0 - 1 6 .5 5

- 1 .6 0 0 1 5 .2 8 1 5 .5 0 15 .2  9 - 1 7 .8 5
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-L*.ABLE 3

0 .0 7 1  m KOI in . l o r n  amide a t 25° C

Run 45 Run 46 Run 47 Mean

E_ Co Co C0 C0 %
v o l t s

£
yiAp/cm

£.
yuE/cm -0 > L yuiP/ cm& yuC/cm2"

- 0 .2 0 0 3 3 .62 33 • 66 38 .81 38 .70 6 .7 9

- 0 .3 0 0 27 .1 2 2 7 .1 6 27 .18 2 7 : i5 3 .55

- 0 .4 0 0 2 0 .5 9 2 0 .53 20 .45 20 .52 i ; 2 1

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

- 0 .6 0 0 15 :45 15 .35 1 5 .4 6 15 .42 - 2 .1 8

- 0 .7 0 0 15 .9 5 15 .92 15 .92 15 .93 - 3 .7 4

- 0 .3 0 0 1 7 .3 3 17 .3 8 1 7 .3 0 17 .3 5 - 5 .4 0

- 0 .9 0 0 13 .3 5 1 8 .3 6 18 .3 3 13 .3 5 - 7 .1 9

- 1 .0 0 0 1 8 .2 9 13 .25 18 .2 3 1 8 .2 6 -9 .0 3

- 1 .1 0 0 1 7 .0 4 1 7 .0 6 17 .13 1 7 .0 8 - 1 0 .8 1

- 1 .2 0 0 1 5 .3 1 15 .3 2 15 .81 1 5 .8 1 - 1 2 .4 7

- 1 .3 0 0 1 4 .3 7 1 4 .7 9 14 .7 3 1 4 .8 1 - 1 4 .0 0

- 1 .4 0 0 1 3 .9 4 14 .0 2 1 3 .9 9 1 3 .9 8 -1 5 .4 3

- 1 .5 0 0 1 3 .4 4 1 3 .3 9 13 .42 -1 6 .8 1

- 1 .6 0 0 1 3 .2 0 13 .25 13 .2 3 -1 8 .1 3
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r,\,P6L8 4

0 .1 0 0  m KCl i n  f o r ■m amide a t 25° 0

Run 19 Run 28 Run 2 9 Re an
T\

Co CQ Co Co 1/ M
v o l t s ylA P /c n 2, / aP / on

. e.
yuP/cm yMp/ cm y*C/ cm

-0 .2 0 0 38 .3 4 38 .42 38.45 38 .40 6.95

-0 .3 0 0 2 8 .0 9 28 .0 0 28 .04 28 .04 3 .65

- 0 .4 0 0 2 1 .3 1 21 .22 21 .2 1 21 .25 1 .22

- 0 .5 0 0 1 7 .0 9 17 .0 8 17 .1 6 17 .1 1 - 0 .6 8

-0 .6 0 0 1 6 .1 3 16 .2 1 16 .1 0 16 .15 - 2 .3 2

- 0 .7 0 0 1 6 .4 9 1 6 .5 4 16 .4 6 16 .5 0 - 3 .9 4

- 0 .8 0 0 1 7 .7 4 17 .8 1 17 .85 1 7 .8 0 - 5 .6 6

- 0 .9 0 0 1 8 .5 6 1 8 .5 9 18 .51 18 .55 - 7 .4 3

- 1 .0 0 0 1 8 .3 9 18 .44 18 .44 18 .42 - 9 .3 3

- 1 .1 0 0 1 7 .1 6 1 7 .1 6 17 .10 1 7 .14 -1 1 .1 2

- 1 .2 0 0 1 5 .8 6 1 5 .8 7 15 .85 1 5 .8 6 -1 2 .7 3

- 1 .3 0 0 1 4 .7 0 14 .78 14 .67 14 .72 -1 4 .3 0

- 1 .4 0 0 1 4 .0 0 1 4 .02 13 .95 13 • 99 -1 5 .7 2

- 1 .5 0 0 13 .3 4 13 .35 1 3 .35 -1 7 .1 0

- 1 .6 0 0 1 3 .2 6 13 .1 6 1 3 .2 1 -1 8 .4 3

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



n c;

0*500 m KOI I n  f o r a  amide a t 25° 0

Run. 53 Run 34 Mean

2 - Co. Co C0 K
v o l t s ^y/cT il ^ R / c r / ^R/cin* ytA C/crn

- 0 .3 0 0 32 .32 32 .24 32 .28 4 .3 0

- 0 .4 0 0 25'. 90 25 .94 25 .92 1 .4 0

- 0 .5 0 0 2 2 . OS 22 .2 0 22 .14 - 0 .9 0

- 0 .6 0 0 2 0 .3 8 20 .4 0 20 .3 9 - 3 .0 9

-0 .7 0 0 19 .9 5 '1 9 .8 5 1 9 .9 0 - 5 .1 0

- 0 .8 0 0 1 9 .9 0 1 9 .3 6 19 .83 - 7 .0 9

-0 .9 0 0 1 9 .3 8 19 .42 19 .4 0 - 9 .0 6

-1 .0 0 0 1 8 .0 9 18 .15 18 .12 -1 0 .9 3

- 1 .1 0 0 16 .6 3 16 .5 3 16 .53 - 1 2 .6 7

- 1 .2 0 0 1 5 .1 1 15 .22 15 .17 - 1 4 .2  6

- 1 .3 0 0 1 4 .2 0 14 .32 14 .2 6 -1 5 .7 2

- 1 .4 0 0 1 3 .4 9 13 .48 1 3 .4 9 - 1 7 .1 2
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TAI3LE 6

0 .1 0 0  m KOI i n  formsunide a t  5°

Run 54

E_ Co

v o l t s / a P/cm'

- 0 .2 0 0 3 9 .8 7

- 0 .3 0 0 2 8 ,8 6

- 0 .4 0 0 2 2 .5 6

- 0 .5 0 0 18 • 64

- 0 .6 0 0 1 7 .1 4

- 0 .7 0 0 1 7 .6 5

- 0 .8 0 0 1 8 .9 4

- 0 .9 0 0 1 9 .3 9

- 1 .0 0 0 1 9 .8 3

- 1 .1 0 0 1 3 .3 7

- 1 .2 0 0 16 .2 5

- 1 .3 0 0 15 .12

- 1 .4 0 0 14 .3 5

- 1 .5 0 0 14 .12

- 1 .6 0 0 1 4 .2 1

R u n  5 5 M e a n

C0

y u l /  cm2. yK  1 /  Cm’

kJ-
co.cr*t<"\ 3 9 . 8 6

2 3 . 9 6 2 8 . 9 1

2 2 . 6 8 2 2 . 6 2

coVO.CO 
1—1 1 8 . 6 6

1 7 . 1 5 1 7 . 1 5

1 7 . 7 9 . 1 7 . 7 2

1 3 . 9 1 1 8 . 9 3

1 9 . 8 2 1 9 . 8 6

1 9 . 8 2 1 9 . 3 5

1 8 . 3 2 1 8 . 3 5

1 6 . 3 3 1 6 . 2 9

1 5 . 1 0 1 5 . 1 1

1 4 . 2 4 1 4 . 3 0

1 4 . 0 7 1 4 . 1 0

1 4 . 1 8 1 4 . 2 0

y^G/ cm2- 

7 .5 4  

4 .1 6  

1 .6 1

- 0 .4 4

- 2 . 2 1

- 3 .9 4

- 5 .7 7

- 7 .7 2

- 9 .7 2

-1 1 .6 5

- 1 3 .3 6

- 1 4 . 9 3

- 1 6 . 3 9

-1 7 .3 1

- 19.22



J£J

0 .1 0 0  m KOI i n  ■ form amide a t  4-5° C

Run. 50 Run 51 l e a n

E_ Co Co c 0 u
v o l t s j k  P/cm* y^E/crn2- ^*0 / cm2-

- 0 .2 0 0 41 .2 0 41.32 41 .2 6 6.46

- 0 .3 0 0 2 6 .3 6 2 6 .2 6 26 .3 1 3.22

- 0 .4 0 0 2 1 .6 6 21 .72 2 1 .6 9 ’ 0 .8 6

- 0 .5 0 0 1 7 .9 4 ,1 7 .8 5 17 .90 - 1 .1 0

- 0 .6 0 0 1 6 .4 1 16 .5 0 1 6 .46 - 2 .8 3

- 0 .7 0 0 1 6 .8 9 1 7 .0 1 16 .95 - 4 .4 3

- 0 .8 0 0 1 7 .7 3 17 .78 1 7 .7 6 - 6 .2 0

- 0 .9 0 0 1 8 .6 3 18 .6 4 18 .64 -8 .0 2

- 1 .0 0 0 1 8 .0 7 18.15 18 .11 -9 .8 8

- 1 .1 0 0 1 7 .4 6 17 .53 17 .5 0 -1 1 .6 8

- 1 .2 0 0 15 .8 8 15 .3 4 15 .86 - 1 3 .3 3

- 1 .3 0 0 1 4 .8 0 14 .8 1 1 4 .8 1 —1 4 .So

- 1 .4 0 0 14 .3 5 14 .41 14 .33 - 1 6 . 32

-1 .5 0 0 13.92 13 .92 13 .92 - 1 7 .7 4

- 1 .6 0 0 1 3 .5 0 1 3 .5 9 13 .55 -1 9 .0 9 :



TABLE 8

0 .1 0 0  m L iC l i n formaiaide a t 25° G

Run 21 Run 24 Run 56 Mean

G0 Co t *
v o l t s cm* yni?/cn y r f / cm2. y* 0/  cm'

- 0 .2 0 0 4 0 .7 8 4 0 .8 9 40 .34 40 .84 7 .57

- 0 .30 0 3 0 .40 50 .44 50 .37 30 .40 5 .81

- 0 .4 0 0 2 1 .4 8 2 1 .4 6 21 .42 21 .45 1 .2 4

- 0 .5 0 0 17 .4 7 17 .49 1 7 .51 17 .4 9 - 0 .6 3

- 0 .6 0 0 1 6 .1 4 16 .2 7 16 .23 16 .2 3 -2  .33

- 0 .7 0 0 1 6 .5 4 1 6 .46 16 .51 16 .50 - 3 .9 6

- 0 .8 0 0 1 7 .5 6 17 .2 3 17 .50 1 7 .5 1 - 5 .6 6

- 0 .9 0 0 1 7 .9 5 17 .92 1 7 .3 9 1 7 .9 1 - 7 .4 3

- 1 .0 0 0 1 7 .7 9 17 .7 5  . 17 .7 4 1 7 .7 7 - 5 .2 1

- 1 .1 0 0 1 6 .7 8 1 6 .8 6 16 .85 16 .33 -1 0 .9 4

- 1 .2 0 0 1 6 .0 0 15 .96 16 .0 6 1 6 .0 1 -1 2 .5 5

- 1 .3 0 0 1 5 .0 4 1 5 .0 6 15 .05 15 .05 -1 4 .1 4

- 1 .4 0 0 1 4 .4 4 1 4 .5 6 1 4 .4 0 - 1 5 .6 1

- 1 .5 0 0 1 5 .9 0 1 5 .87 1 3 .3 9 -1 7 .0 2

- 1 .6 0 0 15 .86 . 1 5 .8 7 1 5 .8 7 - 1 3 .4 1

-1 .7 0 0 15 .88 15.92 1 5 .9 0 -1 9 .8 0
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TABLE 9

0 .1 0 0  m NaCl i n f  ormajnide a t  25° C.

Run 41 Run 42 Mean

ili ̂

v o l t s

. c 0

^  P/cm8-

C0

^ P / c m 2,

Co

^  ? / cn*
u

s* 0 /  cm&

- 0 .2 0 0 4 2 .3 9 42 .54 42 .52 7 .0 3

-0 .3 0 0 2 7 .9 9 2 8 .0 0 28 .00 3 .6 6

-0.4-00 2 1 .5 1 21 .3 8 21 .55 1 .2 3

-0 .5 0 0 1 7 .4 1 .1 7 .4 6 17 .44 - 0 .6 9

-0 .6 0 0 16 .4 5 16 .42 16 .4 4 - 2 .3 7

-0o700 1 6 .6 8 1 6 .7 3 16 .7 1 - 4 .0 0

- 0 .8 0 0 1 7 .7 5 17 .71 17 .75 - 5 .7 3

- 0 .9 0 0 1 8 .5 8 13 .4 8 18 .5 3 -7 .5 7

- 1 .0 0 0 1 8 .5 0 1 8 .5 9 18 .55 - 9 .4 4

- 1 .1 0 0 1 7 .0 4 17 .1 1 17 .0 8 -1 1 .2  3

- 1 .2 0 0 16 .1 2 1 6 .1 0 16 .11 -1 2 .8 9

- lo 3 0 0 1 4 .7 8 1 4 .6 9 14 .7 4 - 1 4 .4 3

- 1 .4 0 0 1 4 .0 3 15 .9 5 13 .9 9 -1 5 .8 7

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



J2.*f

TABIE 10

0 .1 0 0  m Rb01 i n fo rm an ide  a t 25°0 .

Run 39 Run 40 Run 44 Mean

E_ c 0 C0 Co %
v o l t s ^  P/cm* ^ P /  cm2* ofS'\ y *0 / crn£

- 0 .2 0 0 4 0 .1 6 40 .13 40 .0 9 40 .1 3 7 .2 1

- 0 .3 0 0 2 9 .3 0 2 9 .2 8 2 9 .2 0 2 9 .2 6 3 .7 7
- 0 .4 0 0 2 1 .6 7 21 .62 21 .58 21 .62 1 .2 5

- 0 .5 0 0 1 7 .7 1 1 7 .7 9 1 7 .79 1 7 .7 6 - 0 .6 9

—O.oOO 16 .62 1 6 .63 16 .6 1 16 • 62 - 2 .3 9

- 0 .7 0 0 1 6 .9 6 1 7 .1 0 17 .0 3 17 .03 - 4 .0 5

- 0 .8 0 0 1 7 .8 9 1 7 .8 0 17.82 1 7 .8 4 - 5 .8 1

- 0 .9 0 0 1 8 .9 8 18 .9 4 19 .01 1 8 .9 8 - 7 .6 6

- 1 .0 0 0 1 3 .8 1 1 8 .7 0 1 3 .73 18 .75 - 9 .5 4

- 1 .1 0 0 1 7 .32 1 7 .2 7 17.32 1 7 .3 0 -1 1 .3 5

- 1 .2 0 0 16*30 1 6 .3 4 1 6 .2 4 1 6 .2 8 - 1 3 .0 4

- 1 .3 0 0 1 4 .8 4 14^87 1 4 .9 1 1 4 .8 7 - 1 4 .5 9

- 1 .4 0 0 1 4 .2 8 1 4 .1 9 1 4 .2 4 - 1 6 .0 4

- 1 .5 0 0 1 3 .6 5 1 3 .7 0 13 .6 8 - 1 7 .4 3

- 1 .6 0 0 13 .7 3 13 .85 1 3 .7 9 - 1 8 .8 1

- 1 .7 0 0 1 4 .54 1 4 .5 7 1 4 .5 6 - 2 0 .2 1



ta:333 11

0 .1 0 0  m CsCl in. fo n n a n id e  a t 25° G.

Run 25 Run 37 Run 35 Mean

2- Co ^0 Ce Co

v o l t s jM J/OB1 y*R/ crn y^R/cm2’ XM?/crnt ^ C /

- 0 .3 0 0 2 7 .8 6 2 7 .9 0 27 .8 3 2 7 .8 6 3 .6 0

- 0 .4 0 0 20 .6 8 20 .6 8 20 .57 2 0 .6 4 1 .2 0

- 0 .5 0 0 1 7 .5 6 17 .6 4 .1 7 .6 4 1 7 .6 1 - 0 .6 8

—0.60 0 1 6 .5 4 16 .48 16 .52 1 6 .5 1 - 2 .3 6

- 0 .7 0 0 1 6 .9 0 16 .92 1 6 .9 1 1 6 .9 1 - 4 .0 3

- 0 .8 0 0 1 8 .1 3 18 .0 4 1 8 .0 6 18 .0 8 - 5 .7 9

- 0 .9 0 0 1 3 .6 0 1 3 .6 0 1 8 .66 18.62 - 7 .6 2

- 1 .0 0 0 1 8 .3 6 1 8 .3 0 18 .35 18 .3 4 - 9 .4 7

- 1 .1 0 0 1 7 .4 9 17 .4 3 17 .5 0 1 7 .4 7 - 1 1 .2 6

- 1 .2 0 0 16 .2 5 16 .2 0 16 .2 5 1 6 .2 3 - 1 2 .9 6

- 1 .3 0 0 1 5 .4 3 15 .33 15 .35 1 5 .3 7 -1 4 .5 4

- 1 .4 0 0 1 4 .9 1 14 .85 14 .9 7 • 1 4 .9 1 -1 6 .0 4

- 1 .5 0 0 1 4 .9 0 15 .05 15 .03 1 4 .9 9 -1 7 .5 2

- 1 .6 0 0 1 5 .7 1 1 5 .7 6 1 5 .6 4 1 5 .7 0 -1 9 .0 5

- i : 7 0 0 1 8 1 2 0 18 .0 8 1 8 .14 -2 0 .7 4

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



4
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TABLE 12

0 .1 0 0  m CsCl i n form amide a t  5°C.

Run 52 Run 53 Mean

E_ Co 0 o Co

v o l t s yuC/ cm~

- 0 .3 0 0 28 .4 2 23 .42 4 .0 7

- 0 .4 0 0 2 1 .9 9 21 .8 7 21 .93 1 .5 3

- 0 .5 0 0 1 8 .8 0 1 8 .7 6 18 .78 - 0 .4 3

- 0 .6 0 0 1 7 .1 6 .1 7 .1 9 17 .1 3 - 2 .2 1

- 0 .7 0 0 17 .63 17 .57 17 .6 0 - 3 .9 5

- 0 .3 0 0 1 9 .2 3 19 .2 3 1 9 .23 -5 .7 9 '

- 0 .9 0 0 1 9 .3 4 19 .9 0 19 .8 7 - 7 .7 4

- 1 .0 0 0 1 9 .9 8 20 .0 4 2 0 .0 1 - 9 .7 4

- 1 .1 0 0 1 8 .7 5 1 8 .7 3 18 .7 4 - 1 1 .6 9

- 1 .2 0 0 1 7 .3 9 17 .38 1 7 .3 9 - 1 3 .5 1

- 1 .3 0 0 1 6 .0 4 1 6 .0 0 16 .02 - 1 5 .1 7

- 1 .4 0 0 1 5 .2 7 1 5 .3 0 15 .2 9 -1 6 .7 2

- 1 .5 0 0 1 5 .3 1 1 5 .1 9 1 5 .25 -1 8 .3 5

- 1 .6 0 0 1 5 .9 4 1 5 .36 1 5 .9 0 -1 9 .3 1

- 1 .7 0 0 18 .2 2 18 .3 4 18 .28 -2 1 .4 8
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ta:BLR 13

0 ,1 0 0  m CsCl i n formamide a t 45°C

Run 4S Run 49 Mean

E_ C0 Co Co %
v o l t s

i .

cm C U yu ? / cm8. y u C /  cm8.

- 0 .3 0 0 2 7 .6 3 27 .63 3 .3 0

- 0 .4 0 0 2 1 .4 4 2 1 .3 9 21.42 0 .8 6

- 0 .5 0 0 1 3 .2 3 18 .15 1 8 .1 9 - 1 .0 9

- 0 .6 0 0 1 6 .7 7 16 .8 0 16 .7 9 - 2 .8 3

- 0 .7 0 0 1 7 .2 7 1 7 .34 17 .31 - 4 .5 3

1 o « CO o o 17*82 17 .85 17 .8 4 - 6 .2 8

- 0 .9 0 0 1 8 .1 4 18 .2 1 18 .18 - 8 .0 9

- 1 .0 0 0 17 .8 5 1 7 .7 7 17 .3 1 - 9 .8 9

- 1 .1 0 0 17 .0 3 16 .92 16 .98 -1 1 .6 4

- 1 .2 0 0 1 6 .2 3 16 .15 1 6 .1 9 - 1 3 .3 0

- 1 .3 0 0 15 .62 15 .7 1 15 .67 -1 4 .8 8

- 1 .4 0 0 1 5 .3 6 1 5 .3 1 15 .3 4 -1 6 .4 3

- 1 .5 0 0 1 5 .5 4 15.52 15 .5 3 -1 7 .9 3

- 1 .6 0 0 16 .0 5 16 .10 16 .0 3 -1 9 .5 5
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TA3L5 14

■ ^ a l io ra t io n  o f  c a p i l l a r y  u s in g  0 ,10 0  H aqueous KG1,

^ c o r r K* ^xlO3

v o l t s cm dynes/cm cm

- 0 .1 0 0 47*486 388 .0 i :2 3 1 8

- 0 .2 0 0 49*228 401 .5 1 .2295

- 0 . 3 00 50 .624 413 * 6 1 .2316

- 0 .4 0 0 51*523 42 1 .5 i :2 3 3 3

- 0 .5 0 0 5 2 : 07s ' 42 5 .5 1 .231 7

- 0 .6 0 0 52 .327 4 2 6 .0 1 .2273

- 0 .7 0 0 52;001 42 4 .0 1 .2292

- 0 .8 0 0 51 .36 4 4 1 9 .5 1 .2312

- o . s o o 50:562 41 3 .1 1 .2 317

- 1 .0 0 0 4 9 .678 404 .6 1 .2278

- 1 .1 0 0 4 8 .4 6 3 395 .0 i :2 2 8 7

Mean r a d i u s  (1 ,2303  * 0 .0 0 1 9 ) *  10“ ^ cm 

#
* I n t e r p o l a t e d  d a t a  o f  D evana than  and  P e r i e s  (67)



TABLE 15

I n t e r f a c i a l  t e n s i o n s  i n  0 ,0 5 0  m KOI i n  fo rm a m id e  a t  2 5 ° C.

Run 61 Run 62 Me an

*j
v o l t s dyne s /  cm dyne s/cm dynes/cm

- 0 ,2 0 0 375.2 375 .8 375 .5

- 0 ,5 0 0 53 0 .5 380 .1 580 .2

- 0 .4 0 0 532 .4 582 .2 5S2.5

- 0 .4 6 7 582 :7 582:6 53 2 .7

- 0 .5 0 0 582 .6 582 .6 58 2 .6

- 0 .6 0 0 38 1 .1 381.5 381 .5

- 0 .7 0 0 378 .4 378 .6 378 .5

- 0 .3 0 0 374.2 374 .1 374.2

- 0 .9 0 0 368 .4 563 .0 3 568:2

- 1 .0 0 0 56 0 .1 560 .5 560 .2

- 1 .1 0 0 349 .5 548:8 349 .2

- i : 2 0 0 3 3 8 .0 338 .6 338 .3

- 1 .5 0 0 326 .5 526:0 326 .5

- 1 .4 0 0 311 .2 512:0* 31 1 .6

- i ; 5 0 0 2 9 7 :7 29 6 .8 29 7 .2

- 1 .6 0 0 280 :5 2 8 1 ’.5 2 8 0 .9



130

I n t e r f a c i a l  t e n s i o n s  i n  0 .1 0 0  a  KC1 i n  formamide a t  25° C

Run 63 Run 64 Mean

J-J _ S * *

v o l t s dynes/cm dyne s/cm dynes/cm

—0 .2 0 0 37 3 .5 374 .3 37 3 .9

- 0 .3 0 0 3 7 8 .9  * 379 .1 379 .0

-OUOO 38 1 .1 381 .0 381 .1

—0.462 381 .4 3S 1 *6 381 .5

- 0 .5 0 0 381.2 381 .3 381 .3

- 0 .6 0 0 3 7 9 .9  # 379 .6 379 .8

- 0 .7 0 0 376 .3 376 .4 3 7 6 .6

- 0 .8 0 0 371 .7 372 .0 37 1 .9

- 0 .9 0 0 365 .6 365 .0 365 .3

- 1 .0 0 0 356 .5 35 6 .9 356 .7

- 1 .1 0 0 3 4 4 .9 345 .6 345 .3

- 1 .2 0 0 333 .8 333 .6 333 .7

- 1 .5 0 0 3 2 1 .0 321 .4 321.2

- 1 .4 0 0 30 6 .3 305 .5 3 0 5 .9

- 1 .5 0 0 2 9 0 .1 29 1 .0 2 9 0 .6

- 1 .6 0 0 27 4 .2 27 3 .6 2 7 3 .9
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TA’BtE 17

I n t e r x a c i a l  t e n s i o n s  i n  0 .0 5 0  m C sC l i n  fo rm a m id e  a t  2 5 ° C.

Run 70 Run 71 Mean

2 y

v o l t s dyne s/cm. dynes/cm dynes/cm

- 0 ,2 0 0 381 .7 382 .5 382 .1

- 0 ,3 0 0 387:3* 3 8 6 .9 3 8 7 .1

- 0 ,4 0 0 388 :7 3 89 .0 338 .9

- 0 .5 0 0 3 8 9 .1 3 8 8 .9 389 .0

- 0 .6 0 0 38 7 .4 38 7 .6 387 .5

- 0 :7 0 0 3 8 4 .4 384 .3 384 .4

00CO•01 3 80 :5 3 8 0 .0 380 .3

- 0 .9 0 0 3 7 4 .6 374 .1 374 .4

- 1 .0 0 0 36 5 .6 3 66 .0 365:8

- 1 .1 0 0 3 5 5 U 35 6 .0 355 .7

- 1 .2 0 0 344*5 344 .1 34 4 .3

- 1 .3 0 0 3 3 0 .7 331 .1 3 3 0 .9

- 1 .4 0 0 316 .2 315 .5 31 5 .9

- i : 5 0 0 30 0 .0 30 0 .6

to•00to

- 1 .6 0 0

to•COOJ 2 8 4 .7 28 4 .5
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Ti L r - i j i S  J_0
I n t e r f a c i a l  t e n s i o n s i n  0 .0889 m CsCl i n  f<

Run 77 Run 79 Mean
TT»Jjj w ¥ *

v o l t s dynes/cm dyne 3/ cm dyne s /  cm

- 0 .2 0 0 3 8 0 : i  . 331 .0 3 8 0 .6

- 0 .5 0 0 3S6 .0 335:6 385:8

-0^40 0 387 .5 3 37 .9 3 8 7 .7

- 0 .5 0 0 383 : i 3S7 .9 3 8 8 .0

-0^600 3 8 6 :7 386:6 336 .7

- 0 .7 0 0 38 3 .1 333 .5 383 .3

~ o : a o o 37 8 .0 378 .3 378 .2

- 0 : 9 0 0 372:5 3 7 1 .9 372 .2

- 1 . 0 0 0 3 6 3 : i 363 .6 363:4

- 1 . 1 0 0 3 5 2 :9 352 .7 352 .8

- 1 . 2 0 0 3 4 0 .0 340 • 6 340:3

- 1 . 3 0 0 32 6 .5 327 .3 326:9

- 1 . 4 0 0 311 .2 312 .2 3 1 1 .7

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

- 1 .6 0 0 2 7 9 .1 2 7 8 .7 2 7 8 .9
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TABLE 19

I n t e r f a c i a l  t e n s i o n s  i n  0 . 1 0 0  m CsCl i n  fo rm a m id e  a t  25° C.

Run 67 Run 68 Mean

E„ V V
v o l t s dynes/cm dyne 3/ cm dynes/cm

- 0 .2 0 0 3 3 0 :3 ‘ 3 3 0 .9 380 .6

- 0^300 3 8 5 :9 385.5 38 5 .7

- 0 .4 0 0 387:6 387:6 337 .6

- 0 .5 0 0 387 :8 38 7 .6 387 .7

- 0 .6 0 0 3 3 6 .0 386.4 336 .2

- 0;700 383 .1 382 .9 38 3 .0

- 0 .8 0 0 378 :3 377 :7 37 3 .0

- 0:900 3 71 .6 37 1 .9 3 7 1 .8

- 1 .0 0 0 3 6 2 .9 362:3 3 62 . 6

- 1 .1 0 0 352 .1 352:5 352 .3

- 1 .2 0 0 339 .3 340.2 339 .8

- 1 .3 0 0 326:3 32 5 .7 32 6 .0

- 1 .4 0 0 310 .8 310:0 310:4

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

- 1 : 6 0 0 277:6 278  : o 2 7 7 .8
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T A B E  20

I n t e r f a c i a l  t e n s i o n s  i n  0 ,1 7 9  m CsOl i n  fo rm a m id e  a t  25 0 ,

Run 73 Run 74 Mean

* * V

v o l t s dynes/cm dynes/cm dynes/cm

- 0 .2 0 0 379 :4 379 .8 379 :6

- 0 .5 0 0 3 8 4 .9 3 8 4 :7 384:8

- 0 .4 0 0 5 8 6 .6 3 8 7 .0 386 .8

-0^50 0 3 8 7 .0 387 :0 387 .0

—0 .6 0 0 3 8 4 :9 384 06 3 84 .8

- 0;700 3 8 1 .1 3 8 0 .9 381 .0

- 01800 3 7 6 .4 3 75 .8 376 .1

- 0 .9 0 0 3 6 9 .0 369 .4 369 .2

- 1 .0 0 0 3 5 9 .1 35 9 .7 359 .4

- 1 .1 0 0 34 8 .1 34 8 .6 348 .4

- 1 .2 0 0 3 3 5 :9 335 .5 335 .7

- 1 .5 0 0 3 2 1 .6 321 .0 321 .3

- 1 .4 0 0 3 0 5 .3 306 .1 305:7

- 1 .5 0 0 2 8 8 .9 288:2 2 8 8 .6

- 1 .6 0 0 2 7 1 .0 271 .5 2 7 1 .3
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Com parison b e tw een

TAEIE 21 

from double i n t e g r a t i o n  and

im e n ta l  f o r  0 .0 5 0  m1. KOI i n  fo rm am ide , a t  25 c :

E_

v o l t s dynes/cm dynes/cm

- 0 .2 0 0 575.5 57 5 .1

- 0^500 5S0.2 580 .0

- 0^400 532 .5 382'.5

-0 ;5 0 0 582:6 582 .6

- 0 :6 0 0 581 .5 381 .5

- 0:700 378.5 378:5

- 0 :8 0 0 374.2 37 4 .0  •

- 0 :9 0 0 568.2 3 6 8 .2

- 1 .0 0 0 560:2 360 .4

- 1 .1 0 0 349:2 3 5 0 .7

- 1 .2 0 0 338 .5 33 9 .4

- 1 .5 0 0 326 .5 326 .4

- i ;400 51 1 .6 3 1 1 .9

- i : 5 0 0 297:2 2 9 5 .9

- 1:600 2 8 0 :9 2 7 9 .3

exper-

E x p e r im e n ta l  v a lu e s ,  f o r  i n t e r f a c i a l  t e n s i o n .  

I n t e g r a t e d  v a lu e s  f o r  i n t e r f a c i a l  t e n s i o n .
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TABLE 22

P o t e n t i a l s ,  o f  the. e . c .m .  i n  formamide s o l u t i o n s

S o l u t i o n T em pera tu re Eecm

T°C v o l t s

0 .0 5 0 m KCl 25 - 0 .4 6 7

H1>-O•o

m KOI 25 -0 .4 6 5

0 .1 0 0 m KCl 25 —0.462

0 .5 0 0 m KCl 25 -0 .4 5 7

0 .1 0 0 m L i Cl 25 - 0 .4 6 2

0 .1 0 0 m NaCl 25 —0.462

0 .1 0 0 m RhCl 25 -0 .4 6 2

0 .1 0 0 m CsCl 25 • —0 . 462

0 .1 0 0 m KCl 5 - 0 .4 7 7

0 .1 0 0 m KCl 45 -0 .4 4 2

0 .1 0 0 m CsCl 5 - 0 .4 7 7

0 .1 0 0 m CaCl 45 -0 .4 4 2
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1̂ *3

Tne d i f f e r e n t i a l  c a p a c i ta n c e  v s .  charge  p l o t s  ( f i g u r e s ,  

1 6 ,  1 7 ,  18) have th e  same g e n e r a l  ap p ea ra n c e  a s  th o se  

o o t a i n e d  from s t u d i e s  i n  aqueous sy s te m s .  There i s  a  r i s e  

in .  c a p a c i ta n c e  on b o th  th e  a n o d ic  and  c a th o d ic  s i d e s ,  v / i th  

a  c h a r a c t e r i s t i c  c a p a c i ta n c e  hump a t  i n t e r m e d i a t e  p o t e n t i a l s ,  

and  i t  i s  c o n v e n ie n t  to  d i s c u s s - t h e  shapes , o f  th e s e  c u rv e s  

w i t h in  th e s e ,  t h r e e  r e g i o n s  o f  p o t e n t i a l .

Anodic R e g io n .

As h a s  b e en  fo u n d  to  be th e  case, i n  aqueous sy s tem s 

( 7 2 ) ,  t h e  c a t i o n  does n o t  have any n o t i c e a b l e  e f f e c t  on 

th e  c a p a c i ta n c e  on th e  a n o d ic  s id e  o f  th e  e . c .m .  T h is  i s  

to  be e x p e c te d ,  a s . t h e  c a t i o n s  w i l l  occupy o n ly  t h e  d i f f u s e  

l a y e r  i n  t h i s  p o l a r i s a t i o n  r a n g e , and th u s  a  change i n  

c a t i o n  s i z e  w i l l  n o t  a f f e c t  a p p r e c i a b ly  th e  p o s i t i o n s  o f  

th e  HIP. and  OIIP. The c o n c e n t r a t i o n  h a s  o n ly  a  sm a ll  

e f f e c t  on  t h e  c a p a c i ta n c e  o f  th e  double  l a y e r  i n  t h i s  r e g i o n ,  

e s p e c i a l l y  a t  p o t e n t i a l s  f a r  removed from th e  e . c .m .  T h is  

w ould i n d i c a t e  t h a t  s p e c i f i c  a d s o r p t i o n  o f  a n i o n s ,  which 

w i l l  p ro v id e  t h e  m ain  c o n t r i b u t i o n  to  th e  c a p a c i ta n c e  i n  

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

and  has. o n ly  a  s m a l l  dependence on th e  c o n c e n t r a t i o n .

On th e  a n o d ic  s id e  th e  c a p a c i ta n c e  i n c r e a s e s  w i th  

i n c r e a s i n g  t e m p e r a t u r e , a s  h a s  been  fo u n d  i n  aqueous sy s te m s



(1 3 ,7 : ) ) .  There  i s  no c o m p le te ly  s a t i s f a c t o r y  e x p la n a t i o n  

f o r  t h i s  a t  p r e s e n t ,  b u t  M acdonald and  Barlow (17) have 

s u g g e s te d  t h a t  i t  may be due to  an i n c r e a s e  i n  te m p e ra tu re  

m aking a v a i l a b l e  more s i t e s  f o r  a n io n i c  s p e c i f i c  a d s o r p t i o n .  

I f  i t  i s  assum ed t h a t  th e  s p e c i f i c a l l y  a d so rb e d  io n s  a re  

h e l d  a t  t h e  e l e c t r o d e ,  s u r f a c e  by v e ry  s t r o n g  f o r c e s  when 

a t  th e  e x tre m e s ,  o f  p o l a r i s a t i o n ,  th e n  th e  e x t e n t  o f  d e so rp 

t i o n  o f  th e  more w eakly  h e ld  s o lv e n t  w i l l  be such  t h a t  

tho u g h  th e  f r a c t i o n a l  coverage  by s p e c i f i c a l l y  a d s o rb e d  io n s  

f a l l s ,  t h e  a c t u a l  coverage  w i l l  r i s e  due to  th e  l a r g e  i n c r e 

a se  i n  a v a i l a b l e  s i t e s .  At lo w e r  f i e l d  s t r e n g t h s  i t  i s  

p r o b a b le  t h a t  th e  i n c r e a s e  , i n  s i t e s  m ig h t no l o n g e r  compen

s a t e  f o r  th e  r e d u c t i o n  i n  f r a c t i o n a l  cov erag e  by th e  sp e c 

i f i c a l l y  a d s o rb e d  i o n ,  r e s u l t i n g  i n  t h i s  case  i n  a  d e c r 

e a se  i n  a c t u a l  c o v e ra g e .  As y e t  t h i s  model o f  th e  temp

e r a t u r e .  dependence o f  s p e c i f i c  a d s o r p t io n  h a s  n o t  b een  

e x p r e s s e d  i n  a  q u a n t i t a t i v e  m a th e m a tic a l  fo rm .

The R eg ion  o f  th e  Hump.

I t  i s  s e e n  i n  f i g u r e s  1 6 ,  1 7 ,  18 t h a t  th e  c a p a c i ta n c e  

v s .  charg e  c u rv e s  have a  w e l l - d e f i n e d  hump a t  c h a rg e s  

c o n s i d e r a b ly  more c a th o d ic  t h a n  th e  c o r r e s p o n d in g  humps 

i n  aq u eo u s  s o l u t io n s :  (72 ,74-). S im i la r  o b s e r v a t i o n s  have 

b een  made f o r  p o ta s s iu m  io d id e  (71) and p o ta s s iu m  f l u o r i d e  

(75) s o l u t i o n s  i n  fo rm am id e , and Damaskin and c o -w o rk e rs  (76)



o b t a i n e d  r e s u l t s  i n  0 ,1  N s o l u t i o n s  o f  some a l k a l i  

h a l i d e s  i n  formamide a t  20° C. I t  sh o u ld  be p o i n t e d  o u t  

t h a t  th e  r e s u l t s  o f  Mine and  c o -w o rk e rs  (77) f o r  p o ta s s iu m  

f l u o r i d e  s o l u t i o n s ,  w h ile  q u a l i t a t i v e l y  s i m i l a r ,  a p p e a r  to  

be c o n s i s t e n t l y  lo w , p e rh a p s  a s  a  r e s u l t  o f  i n s u f f i c i e n t  

s o l v e n t  p u r i f i c a t i o n .

I n  t h e  case  o f  p o ta s s iu m  c h lo r id e  ( f i g u r e  17) th e  

e f f e c t  o f  th e  e l e c t r o l y t e  c o n c e n t r a t i o n  on th e  hump can be 

c l e a r l y  s e e n .  As m ig h t  be e x p e c te d ,  a t  th e  lo w e r  concen

t r a t i o n s  v a r i a t i o n  o f  th e  c o n c e n t r a t i o n  h a s  v e ry  l i t t l e  

e f f e c t  on th e  a p p e a ra n c e  o f  th e  hump, and n o t  u n t i l  a  

c o n c e n t r a t i o n  o f  0 .5 0  m i s  r e a c h e d  do we f i n d  th e  hump be i n  

m asked by  s p e c i f i c  a d s o r p t i o n .  T h is  i s  i n  m arked c o n t r a s t  

t o  th e  b e h a v io u r  o f  aqueous s o l u t i o n s  o f  p o ta s s iu m  c h lo r id e  

i n  w hich  t h e  hump i s  masked o u t  a t  a  s o l u t i o n  c o n c e n t r a t i o n  

o f  a b o u t  0 .1  M, s u g g e s t in g  t h a t  e i t h e r  th e  f o r c e s  i n v o lv e d  

i n  s p e c i f i c  a d s o r p t i o n  i n  formamide a re  w e ak e r ,  o r  t h a t  th e  

form am ide m o le c u le  i s  more s t r o n g l y  h e l d  a t  th e  i n t e r f a c e  

t h a n  i s  th e  w a te r  m o le c u le .

The e f f e c t  on th e  hump o f  chang ing  th e  t e m p e r a tu re  

can  be s e e n  i n  f i g u r e  1 8 .  F o r  b o th  p o ta s s iu m  and  caesium  

c h l o r i d e s  t h e r e  i s  a  g e n e r a l  lo w e r in g  o f  th e  hump w ith  i n c 

r e a s e  i n  t e m p e r a t u r e .  T h is  r e s u l t  i s  n o t  u n e x p e c te d ,  and  

c l o s e l y  p a r a l l e l s  th e  c o r re s p o n d in g  s i t u a t i o n  i n  aqueous 

s y s te m s ,  th o u g h  i n  t h a t  case  th e  hump h a s  d i s a p p e a r e d  a t



t e m p e r a tu r e s  h i g h e r  th a n  a b o u t  30° C (7 4 ) .  I f  s o lv e n t  

d ip o le  o r i e n t a t i o n  i s  r e s p o n s i b l e  f o r  th e  c a p a c i ta n c e  hump 

such  a  t e m p e ra tu re  dependence would be p r e d i c t e d .  On t h i s  

t n e o r y , th e  p o s i t i o n  o f  th e  hump would s u g g e s t  t h a t  th e  

form am ide m o le c u le  h a s  i t s  m ost s t a b l e  o r i e n t a t i o n  w ith  th e  

p o s i t i v e  p o le  o f  th e  s o lv e n t  d ip o le  d i r e c t e d  away from th e  

m e rc u ry  s u r f a c e .  T h is  i s  c o n s i s t e n t  w i th  th e  o r i e n t a t i o n  

e x p e c te d  to  be m ost s t a b l e  on a  c o n s i d e r a t i o n  o f  th e  s t r u c 

t u r e  o f  th e  formamide m o lecu le  ( 7 8 ,7 9 ) ,  namely t h a t  i n  

which th e  oxygen atom i s  d i r e c t e d  to w a rd s  th e  m ercu ry  

s u r f a c e .

At t h e  p o t e n t i a l  o f  th e  hump t h e r e  i s  no m arked 

e f f e c t  o f  c a t i o n  on th e  c a p a c i t a n c e ,  e x c e p t  i n  th e  case  o f  

l i t h i u m  c h l o r i d e ,  which h a s  a  m arked ly  lo w e r  c a p a c i t a n c e ,  

f u r t h e r  i n f o r m a t i o n  a s  to  th e  components o f  t h e  double  l a y e r  

i n  t h i s  p a r t i c u l a r  r e g i o n  i s  r e q u i r e d  b e fo re  any e x p la n 

a t i o n  can  be ad v an ced .

The F a r  G a th o d ic  R e g io n .

I n  th e  f a r  c a th o d ic  r e g i o n  t h e r e  i s  a  v e r y  p ro n o u n ce d  

e f f e c t  o f  c a t i o n  on th e  c a p a c i t a n c e .  The c a p a c i ta n c e  

v a l u e s  a t  t h e  m ost c a th o d ic  p o t e n t i a l s  r e a c h e d  were i n  th e  

o r d e r  K&  HaV Li+< Rb+< Cs+ • I t  i s  i n t e r e s t i n g  to  n o te  t h a t  

i n  e v e ry  c ase  a  minimum c o u ld  be o b s e rv e d  i n  th e  c a p a c i t 

ance cu rv es-  a t  l a r g e  c a th o d ic  p o t e n t i a l s  b e f o r e  th e  o n s e t



o f  s o l v e n t  d ecom position*  The c a p a c i ta n c e s  o f  caesium  

c n lo r i d e  and ru b id iu m  c h lo r id e  r i s e  much more r a p i d l y  th a n  

t h a t  o f  l i t h i u m  c h l o r i d e ,  w h i l s t  th e  c a p a c i ta n c e  r i s e s  have 

b a r e l y  begun  f o r  sodium c h lo r id e  and p o ta s s iu m  c h l o r i d e .

A s i m i l a r  r i s e  h a s  been  o b se rv e d  i n  aqueous s o l u t i o n s  (13) 

th o u g h  i n  t h i s  case  th e  c a p a c i t a n c e s  a re  i n  th e  o r d e r  

Li*< Ka< K <Rb <  Cs* . I t  i s  p o s s i b l e  t h a t  t h i s  r i s e  i s  dep

e n d e n t  to  some e x t e n t  on s p e c i f i c  a d s o r p t i o n ,  and  a c c o rd 

i n g l y  any d i s c u s s i o n  w i l l  be p o s tp o n e d  u n t i l  th e  a p p ro p 

r i a t e  s e c t i o n .  Damaskin and  co -w o rk e rs  o b s e rv e d  a  s i m i l a r  

e f f e c t  i n  t h e i r  s t u d i e s  o f  th e  a l k a l i  h a l i d e s  i n  N-m ethyl 

form am ide (80) and more r e c e n t l y  i n  formamide (7 6 ) .  Payne 

(71) i n  h i s  i n v e s t i g a t i o n  o f  formamide s o l u t i o n s  o f  p o t 

a ss ium  io d id e  d id  n o t  a c h ie v e  a p p l i e d  p o t e n t i a l s  s u f f i c 

i e n t l y  n e g a t iv e  to  o b se rv e  t h i s  r i s e .

f i g u r e  18 shows t h a t  t h e r e  i s  a  sm a ll  te n d e n c y  f o r  

t h e  c a p a c i ta n c e  to  r i s e  w i th  i n c r e a s i n g  t e m p e r a t u r e , more 

c l e a r l y  s e e n  i n  th e  c u rv e s  f o r  caesium  c h l o r i d e .  I t  i s  

d i f f i c u l t  t o  u n d e r s t a n d  t h i s  i n c r e a s e  u n l e s s  i t  i s  due to  

an  e f f e c t  s i m i l a r  to  t h a t  p u t  fo rw a rd  by M acdonald  and 

B arlow  (17) to  e x p l a i n  th e  t e m p e ra tu re  dependence o f  th e  

c a p a c i t a n c e  i n  th e  a n o d ic  r e g i o n .  The p o s i t i v e  e l e c t r o d e  

c h a rg e s  a t  which t h i s  t e m p e ra tu re  dependence o c c u r s  a re  o f  

much lo w e r  m agn itud e  th a n  th e  n e g a t iv e  c h a rg e s  a t  which i t  

a l s o  o c c u r s .  S ince  th e  e x t e n t  o f  s p e c i f i c  a d s o r p t i o n  o f



a n io n s  a t  a  g iv e n  p o s i t i v e  charge  d e n s i ty  i s  much g r e a t e r  

t h a n  tn e  c o r r e s p o n d in g  a d s o r p t io n  o f  c a t io n s  a t  an  e q u iv 

a l e n t  n e g a t iv e  charge  d e n s i t y ,  t h i s  s e r v e s  to  r e i n f o r c e  

th e  v iew  t h a t  th e  e f f e c t  i s  due to  an  in c r e a s e  i n  a v a i l 

a b le  a d s o r p t i o n  s i t e s ,  and a  r e s u l t i n g  i n c r e a s e  i n  sp e c 

i f i c  a d s o r p t i o n .

E x a m in a t io n  o f  the  e f f e c t  o f  c o n c e n t r a t i o n  on th e  

c a p a c i t a n c e ,  i n  t h i s  r e g io n ,  i n  p o ta s s iu m  c h lo r i d e  s o l u t 

i o n s  ( f i g u r e  17) shows t h a t  t h e r e  i s  o n ly  a  s m a l l  depend

ence  on c o n c e n t r a t i o n .  Over m ost o f  th e  r e g i o n  th e  cap

a c i t a n c e  f a l l s ,  p r o b a b ly  a s  a  r e s u l t  o f  d i e l e c t r i c  s a t 

u r a t i o n  w hich  would be c o n c e n t r a t i o n  in d e p e n d e n t .  The 

s m a l l  c o n c e n t r a t i o n  dependence even  a t  th e  c a p a c i ta n c e  

r i s e  would i n d i c a t e  t h a t  any s p e c i f i c  a d s o r p t i o n  o c c u r r in g  

i s  a lm o s t  in d e p e n d e n t  o f  c o n c e n t r a t i o n .

The E l e c t r o c a o i l l a r y  Maximum R e g io n .

A minimum i s  a p p a r e n t  i n  m ost o f  th e  c a p a c i ta n c e  

vs. ch a rg e  p l o t s  s l i g h t l y  t o  th e  c a th o d ic  s id e  o f  th e  e . c .m .  

I f  no s p e c i f i c  a d s o r p t io n  was o c c u r r i n g ,  t h i s  minimum 

w ould be e x p e c te d  to  be a t  th e  e . c .m .  The n a tu r e  o f  th e  

c a t i o n  h a s  v e ry  l i t t l e  e f f e c t  on t h i s  minimum, b u t  d i s c u s s 

i o n  o f  th e  e f f e c t  r e q u i r e s  a  knowledge o f  th e  com ponents 

o f  ch arge  i n  th e  double  l a y e r ,  and  w i l l  t h e r e f o r e  be p o s t 

poned  u n t i l  th e  a p p r o p r i a t e  s e c t i o n .  As w i th  th e  hump, 

s p e c i f i c  a d s o r p t i o n  a t  h ig h  e l e c t r o l y t e  c o n c e n t r a t i o n s



m asks k i l ls  minimum0 I t  a l s o  h a s  a  complex dependence on 

t e m p e r a t u r e ,  th e  c a p a c i t a n c e s  f a l l i n g  i n  th e  o r d e r  5°> 45%
O

25 C. I f  t h e  s o lv e n t  c a p a c i ta n c e  i s  c o n s id e r e d  on th e  b a s i s  

o f  the. W a t ts -T o b in  t h e o r y  (1 5 ) ,  a s  i t  i s  m o d i f ie d  to  a p p ly  

to  form am ide (page I So), i t  would he e x p e c te d  t h a t  a t  th e  

hump th e  o r d e r  o f  c a p a c i ta n c e s  would be 5% 25% 45° C, and  a t  

th e  minimum, which i s  a b o u t  0 .4 v  removed from th e  hump,
O • ©

45 > 25 > 5 C. J u s t  such  dependences have b e en  o b s e rv e d  i n  

aq u eo us  s o l u t i o n s ,  e . g .  by Brumkin e t  a l  (75)# I t  would 

a p p e a r  t h a t  t h e  5° curve  i s  anom alous , and t h i s  i s  p o s s 

i b l y  due to  an  i n c r e a s e  i n  s p e c i f i c  a d s o r p t i o n .  T h is  f i t s  

i n  w e l l  w i th  th e  model p ro p o se d  by M acdonald and Barlow  (17) 

i f  we remember t h a t  th e  minimum i s  c lo s e  to  th e  e . c . m . ,  and 

t h u s  th e  i n t e r a c t i o n  f o r c e s  be tw een  a  s p e c i f i c a l l y  a d so rb e d
<vfc

i o n  and th e  e l e c t r o d e  w i l l  be much lo w er  t h a n / t h e  a n o d ic  o r  

c a th o d ic  e x t r e m e s ,  s in c e  th e  e l e c t r o s t a t i c  i n t e r a c t i o n  w i l l  

be much s m a l l e r .  The d e c re a s e  i n  s p e c i f i c  a d s o r p t i o n  w ith  

te m p e r a tu re  i n  t h i s  r e g i o n  m ust be more t h a n  com pensa ted  

f o r  by t h e  i n c r e a s e  i n  s o lv e n t  c a p a c i ta n c e  i n  th e  case  o f  

th e  4 5 ° C c u rv e ,  r e s u l t i n g  i n  th e  t e m p e r a tu re  dependence 

o b s e rv e d  a t  t h e  c a p a c i ta n c e  minimum.

Com parison o f  th e  c a p a c i ta n c e  r e s u l t s  f o r  p o ta s s iu m  

c h l o r i d e  o b t a i n e d  i n  t h i s  work w i th  th e  p r e l i m i n a r y  r e s u l t s  

r e p o r t e d  by  V in c e n t  (61) shows d i s c r e p a n c i e s  to  o c c u r  o v e r



w

150

a  l a r g e  p a r t  o f  th e  p o t e n t i a l  range  ( t a b l e  2 3 ) .  Those 

a re  b e l i e v e d  to  be due to  t h r e e  m ain  f a c t o r s .

(1 ) An i r r e g u l a r  d r i f t  i n  th e  c a p a c i ta n c e  o f  th e  s t a n d a r d  

im pedance u s e d  by V in c en t  ( S I ) .  I t  was f o r  t h i s  r e a s o n  

t h a t  th e  impedance s t a n d a r d  u se d  i n  t h i s  work was d e s i g 

ned  i n  su c h  a  way a s  to  e n a b le  i t s  r e s i s t a n c e  and  c ap ac 

i t a n c e  to  be r e a d i l y  checked  a g a i n s t  th e  p r im a ry  s t a n d a r d s  

o f  th e  t r a n s f o r m e r  r a t i o - a r m  b r id g e  , th e  d r i f t  i n  th e  

s t a n d a r d  was fo u n d  to  be n e g l i g i b l e  th ro u g h o u t  th e  p e r i o d  

o f  th e  i n v e s t i g a t i o n .

(2 )  I n s u f f i c i e n t  p u r i f i c a t i o n  o f  th e  formamide u se d  by 

V in c e n t .  I n  th e  p r e s e n t  work i t  was shown t h a t  a  minimum 

o f  s i x  d i s t i l l a t i o n s  a t  below  60°C was r e q u i r e d  t o  o b t a i n  

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

i n v e s t i g a t i o n .  The formamide u se d  by V in c e n t  was o n ly
o o

d i s t i l l e d  tw ic e  a t  a  t e m p e ra tu re  o f  110 -  120 C.

( I l l )  The c a l c u l a t i o n  em ployed i n  th e  p r e l i m i n a r y  work 

u s e d  d a ta  f o r  o n ly  one b a la n c e  p o s i t i o n  a t  e ach  p o t e n t i a l ,  

and  assum ed w0 to  be c o n s t a n t .  A p a r t  from th e  u n c e r t a i n t y  

i n v o lv e d  i n  u s in g  o n ly  one d a ta  s e t ,  th e  a s su m p t io n  o f  

c o n s t a n t  w0 h a s  b een  shown to  be f a l s e  i n  th e  p r e s e n t  

work (pageW)o

The e l e c t r o c a p i l l a r y  c u r v e s ,  f i g u r e s  1 9 ,2 0 ,  show 

th e  e x p e c te d  d e c re a s e  i n  i n t e r f a c i a l  t e n s i o n  w i th  i n c r e a s -
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t a 3 l : s  2 3

Comparison o f  r e s u l t s  o b t a i n e d  i n t h i s  work w f

o f  V in c e n t ( 6l )  f o r  0 .1 0 0  m KC1 i n fo rm am ide .

E_ 0o ( a ) 0o (b

v o l t s ^ P /cm * ^P/cm**

- 0:200 38:40 37.72

- 0 .3 0 0 28 :04 26 .27

- 0 .4 0 0 21.25 19 .8 3

- 0 .5 0 0 1 7 .11 16 .3 4

- 0 . 6 0 0 16 .15 1 5 .0 1

- 0 . 7 0 0 1 6 .50 1 5 .3 0

- 0 .8 0 0 17 .8 0 1 6 .2 1

- 0 . 9 0 0 18:55 1 7 .0 9

- 1 . 0 0 0 18 .42 17 .4 1

- 1 .1 0 0 1 7 .1 4 1 7 .0 6

- 1 .2 0 0 1 5 .86 1 6 .1 0

- 1 .3 0 0 14 .72 1 4 .8 0

- 1 . 4 0 0 1 3 .9 9 13 .92

- 1 .5 0 0 15 .35 1 3 .5 3

- 1 .6 0 0 1 3 .2 1 1 3 .3 6

( a )  t h i s  work

(b)  V in c e n t  (61)



i n g  c o n c e n t r a t i o n .  Double i n t e g r a t i o n  o f  the  c a p a c i t a n c e  

vs  p o t e n t i a l  r e s u l t s  was f o u n d ,  i n  e a c h  c a s e ,  t o  y i e l d  

v a l u e s  f o r  th e  i n t e r f a c i a l  t e n s i o n s  i n  good ag reem en t  

w i t h  th e  m ea su re d  v a l u e s  ( t a b l e  ,21 ,  p a g e r s ’ ) .  I t  can 

be s e e n  t h a t  th e  drop i n  i n t e r f a c i a l  t e n s i o n  w i t h  i n c r e a s 

i n g  c o n c e n t r a t i o n  grows l a r g e r  a s  t h e  p o t e n t i a l  becomes 

more c a t h o d i c ,  c o r r e s p o n d i n g  t o  a  l a r g e  s u r f a c e  e x c e s s  

c o n c e n t r a t i o n  o f  c a t i o n s .  The p o t e n t i a l  o f  th e  maximum 

i n  th e  c u rv e s  i s  i n  good ag reem en t  w i th  t h e  p o t e n t i a l  o f  

th e  e . c . m .  as  m easu red  by th e  s t r e a m in g  m ercu ry  t e c h n i q u e .

Prom t a b l e  22 ( p a g e  ) i t  i s  s e e n  t h a t  t h e  e . c . m .  

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

and  shows some dependence on t e m p e r a t u r e  and on c o n c e n t 

r a t i o n .  To s t u d y  th e  e f f e c t  o f  c o n c e n t r a t i o n  f u r t h e r ,  

an  E s i n  and  Markov p l o t  ( p a g e  3 0  ) y /as  c o n s t r u c t e d  f o r  the
o

z o u r  c o n c e n t r a t i o n s  o f  p o ta s s iu m  c h l o r i d e  s t u d i e d  a t  25 C, 

t h e  a c t i v i t y  c o e f f i c i e n t s  b e in g  e s t i m a t e d  from th e  work 

o f  P o v a ro v  and c o -w o rk e rs  (82)  w i th  sodium c h l o r i d e  i n  

formamide a t  25°C,m aking  th e  a s su m p t io n  t h a t  sodium and 

p o ta s s iu m  c h l o r i d e s  would have th e  same a c t i v i t y .  The 

a c t i v i t y  o f  th e  0.50m s o l u t i o n  was e s t i m a t e d  by e x t r a p o l 

a t i o n .  The r e s u l t i n g  E s i n  and Markov p l o t  was a  s e t  o f  

p a r a l l e l  s t r a i g h t  l i n e s  of. g r a d i e n t  1.15  ( f i g u r e  21)  f o r  

c h a r g e s  more n e g a t i v e  t h a n  -lO^C/cm* , i n d i c a t i v e  o f  c a t 

i o n i c  s p e c i f i c  a d s o r p t i o n .
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Since  b o t h  a n io n s  and c a t i o n s  a p p e a r  t o  p l a y  an 

i m p o r t a n t  r o l e  i n  the  double l a y e r  a t  a  m ercury  e l e c t r o d e

i n  formamide , i t  i s  o f  i n t e r e s t  to  a t t e m p t  to  e v a l u a t e  

t h e  components  o f  charge  i n  th e  double l a y e r .  T h is  can 

be done by e v a l u a t i n g  th e  r e l a t i v e  s u r f a c e  e x c e s s e s  o f

t h e i r  com ponen ts .  With t h i s  i n  mind ,  th e  r e l a t i v e  s u r f a c e

s o l u t i o n  and f o r  0.100m caesium c h l o r i d e  s o l u t i o n .  

P o t a s s iu m  c h l o r i d e •

TL and T\ i n  0.071m p o ta s s iu m  c h l o r i d e  s o l u t i o n  

were c a l c u l a t e d  by th e  method o f  G-rahame and S o d e rb e rg  

( 2 1 ) .  The p a r t  o f  th e  d i f f e r e n t i a l  c a p a c i t a n c e  due t o  

c a t i o n s  was o b t a i n e d  by i n t e g r a t i o n  o f  (AC0 ) w i th  

r e s p e c t  t o  E_ , u s i n g  the  mean a c t i v i t i e s  g iv e n  by Povarov  

an d  c o -w o rk e r s  (82)  to  e v a l u a t e  th e  mean a c t i v i t y  . 

S ince  s p e c i f i c  a d s o r p t i o n  o f  th e  c a t i o n  was s u s p e c t e d ,  

t h e  i n t e g r a t i o n  c o n s t a n t  was o b t a i n e d  from th e  c a l c u l a t e d  

v a lu e  o f  G+ a t  th e  e . c . m .  o b t a i n e d  from e q u a t i o n  (3b)

C_ was computed from G0=G+ + C_. P l o t s  o f  C+ and  C_ vs  

S _  a r e  g i v e n  i n  f i g u r e  22.

rj. was o b t a i n e d  by i n t e g r a t i o n  o f  th e  C + v s  P_  c u r v e ,

o•nions ( T2 ) and  (T*) c a t i o n s  f o l lo w e d  by a n a l y s i s  i n t o

e x c e s s e s  were c a l c u l a t e d  b o th  f o r  0.071m p o ta s s iu m  c h l o r i d e

C
ccm

t h e  i n t e g r a t i o n  c o n s t a n t  b e in g  e v a l u a t e d  f ro m the  i n t e r 



f a c i a l  t e n d o n  d a t a  a t  th e  e . c . m .  ( e q u a t i o n ^  )

= " “ T1 ( f o r  a  1 :1  e l e c t r o l y t e

and TI r e s u l t e d  from th e  r e l a t i o n s h i p

n  1-2-FT l  ( 3 9 )

The r e s u l t s  a r e  shown i n  t a b l e  2 4 ,  and p l o t s  o f  and

E.FTL a s  a  f u n c t i o n  o f  E .  a rc  g iv e n  i n  f i g u r e  2 3 .  As a  

ch e c k ,  th e  s u r f a c e  e x c e s s e s  a t  s e v e r a l  p o t e n t i a l s  were 

c a l c u l a t e d  from th e  i n t e r f a c i a l  t e n s i o n  d a t a  f o r  0.050m 

and  ,0.100m p o ta s s iu m  .ph lor ide  s o l u t i o n s ,  and th e  r e s u l t s  

were fo u n d  t o  be i n  good ag reem ent  w i t h  t h o s e  c a l c u l a t e d  

by th e  G-rahame and S o d e rbe rg  method.

Cae s ium C h l o r i d e .

The s u r f a c e  e x c e s s e s  and  a t  a  m ercu ry  e l e c t 

ro d e  i n  a  0.100m s o l u t i o n  o f  caesium c h l o r i d e  i n  formamide 

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

w i t h  t h e  c h e m ic a l  p o t e n t i a l  a t  c o n s t a n t  S . ,  u s i n g  th e  

r e l a t i o n s h i p ,

The q u a n t i t y  on th e  R .H .S .  was e v a l u a t e d  a t  0.100m by 

p l o t t i n g 1 a g a i n s t  4 .6 0  6 R 2 1 o g  a* a t  c o n s t a n t  E_ f o r  a l l  

t h e  caesium c h l o r i d e  c o n c e n t r a t i o n s  s t u d i e d .  I,lean a c t 

i v i t i e s  were i n t e r p o l a t e d  from th e  d a t a  o f  P ovarov  and 

c o -w o rk e rs  ( 3 3 ) .  Smooth cu rv e s  were drawn th r o u g h  th e  

e x p e r i m e n t a l  p o i n t s ,  and th e  g r a d i e n t s  o f  th e  t a n g e n t s



t iie  r e q u i r e d  q u a n t i t y .  The r e s u l t s  a re  g i v e n  i n  t a b l e  2 ? ,  

and  p l o t s  o f  and  z_FH a s  a  f u n c t i o n  o f  E_ a re

snown i n  f i g u r e  2 4 .  I n  b o th  d e t e r m i n a t i o n s ,  th e  r e l a t i v e  

s u r f a c e  e x c e s s e s  a re  c a l c u l a t e d  t o  an a c c u r a c y  o f  1 0 - b y n ^  

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

i s  somewhat l a r g e r .

Prom th e  g e n e r a l  app ea ra n c e  o f  th e  s u r f a c e  e x c e s s  

p l o t s  ( f i g u r e s  2 3 ,2 4 ) ,  i t  can be c o n c lu d e d  t h a t  s p e c i f i c  

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

r e g i o n ,  s i n c e  th e  s u r f a c e  e x c e s s  o f  a n io n s  r e a c h e s  a 

minimum v a l u e ,  and t h e n  i n c r e a s e s  a g a i n  a s  th e  p o t e n t i a l  

becomes more c a t h o d i c .  As th e  e l e c t r o d e  charge  i s  growing 

i n c r e a s i n g l y  n e g a t i v e ,  t h i s  i n c r e a s e  i n  th e  a n i o n i c  s u r f a c e  

e x c e s s e s  m ust  r e f l e c t  s p e c i f i c  a d s o r p t i o n  o f  th e  c a t i o n .  

Even th e  minimum v a lu e  o f  t . F P  c o r r e s p o n d s  to  an  e x c e s s  

o f  a n io n s  i n  th e  double  l a y e r ,  so s im u l t a n e o u s  s p e c i f i c  

a d s o r p t i o n  would a p p e a r  t o  be t a i l i n g  p l a c e  . T h is  c o n c l u s 

i o n  i s  r e i n f o r c e d  by th e  f a i l u r e  o f  an  a t t e m p t e d  a n a l y s i s  

o f  th e  components  o f  charge  u s i n g  th e  t e c h n iq u e  o u t l i n e d  

p r e v i o u s l y  f o r  sys tem s  i n  which s p e c i f i c  a d s o r p t i o n  o f  

o n ly  one ty p e  o f  i o n  i s  t a i l i n g  p l a c e  i n  th e  r e g i o n  u n d e r  

s tu d y .
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TASSo 24

Graham e said Sod e rbe rg  C a l c u l a t i o n  (21).

S u r f a c e  e x c e s s e s  I n  0 .071  m KOI i n  formamide a t  25° C.

ill _ c  + £ E T

v o l t s yA*'/ cm /«  0 /  cm 0 0 ur
»»

^ 0 /  cm2. 0 0 s

- 0 . 4 0 0  ■ - 0 . 1 8 5 .4 1 .2 - 4 . 6 5 .5

- 0 . 4 6 5 2 .5 7 5 .5  ‘ 0 - 5 . 5 5 .5

- 0 . 5 0 0 4 .0 5 5 .6 -0^6 - 5 . 0 5 .8

- 0 . 6 0 0 8 .0 9 4 .2 - 2 . 2 - 2 . 0 4 . 4

- 0 . 7 0 0 1 1 * 8 0 5^2 -5^7 - 1 . 5 5 . 6

- 0 . 8 0 0 1 4 .8 0 6.5 - 5 : 4 - 1 . 1 6 .8

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

- 1 . 0 0 0 18 .18 9 .9 - 9 . 0 - 0 . 9 1 0 .5

-1 .1 0C 1 8 .8 7 1 1 .7 - 1 0 .8 - 0 . 9 1 1 .5

- 1 . 2 0 0 19 .02 1 5 .6 - 1 2 . 5 , -111 1 5 .5

- 1 . 5 0 0 1 8 .8 1 1 5 .5 - 1 4 . 0 - 1 . 5 1 5 .0

- 1 . 4 0 0 18 .4 2 1 7 .4 - 1 5 . 4 - 2 . 0 1 6 .8

-1^500 1 7 .9 3 1912 - 1 6 . 8 - 2 . 4 1 9 .4

- 1 *6 0 0 1 7 .52 2 1 .0 - 1 8 . 1 - 2 . 9 2 0 .6

C® 2 .57  ̂ E / c m 2,

g 11 5 .5  ^ C /c m 2,

0 .0 5 0  m KC1 l o g  <Vj.= - 1 . 0 7 3  0 .1 00  m KOI l o g a ± = - 1 ^ 6 1

* E v a l u a t e d  from i n t e r f a c i a l  d a t a  f o r  0 .1 0 0  m and 0 .0 5 0  m 

KC1 i n  fo rm am id e .
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m , 25

S u r fa c e e x c e s s e s i n  0 .100  m CsCl i n

E_ iJ T l

v o l t s C/ ran2- ^G/cinL ^ C / c n 2*

- 0 . 4 0 0 3 .7 1 .2 - 4 . 9

- 0 . 5 0 0 5*6 - 0 . 6 - 3 . 0

- 0 .6 0 0 4*4 . - 2 . 3 - 2 . 1

- 0 . 7 0 0 5 .6 - 4 . 0 - 1 . 6

- 0 . 3 0 0 6 .9 - 5 * 7 - 1 . 2

- 0 . 9 0 0 8^5 - 7 . 6 - 0 . 9

- 1 . 0 0 0 1 0 .3 - 9 . 5 - 0 . 8

- 1 . 1 0 0 12^1 - 1 1 .3 - 0 . 8

-1^200 1 3 ;9 - 1 3 . 0 - 0 . 9

- 1 . 5 0 0 1 5 .7 - 1 4 .5 - i : 2

- 1 . 4 0 0 1 7 .5 - 1 6 . 0 - 1 . 5

- 1 . 5 0 0 1 9 o - 1 7 . 5 - i : s

- 1 . 6 0 0 2 1 .6 -19*1 —2 .5

m 0 .0 50 0 .0839 0 : i 0 0

l o f  ^ - 1 . 3 6 7 - i : i 3 1 - i : 0 8 3

0 .1 7 9

- 0 . 8 5 1
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(pcL,

I n  th e  t h e o r e t i c a l  s e c t i o n  i t  was p o i n t e d  o u t  t h a t  

t h e r e  was no r e l i a b l e  method a v a i l a b l e  l o r  th e  e v a l u a t i o n  

o f  th e  components o f  charge  i n  a  r e g i o n  o f  s im u l t a n e o u s  

s p e c i f i c  a d s o r p t i o n .  A t e n t a t i v e  a n a l y s i s  o f  the  comp

o n e n t s  o f  charge  u n d e r  such c o n d i t i o n s  h a s  t h e r e f o r e  b een  

d e v e lo p e d ,  and a p p l i e d  to  b o th  sy s te m s .  C a l c u l a t i o n s  

o f  th e  s u r f a c e  e x c e s s e s  i n  formamide (71)  i n d i c a t e  t h a t

i o d i d e  i o n s  a r e  n o t  s p e c i f i c a l l y  a d s o r b e d  a t  e l e c t r o d e
£

c h a r g e s  more n e g a t i v e  t h a n  -lO^Cjcm # Since c h l o r i d e  

i o n s  would be a d s o r b e d  to  a  s m a l l e r  e x t e n t  t h a n  a r e  i o d 

id e  i o n s  a t  any g i v e n  v a lu e  o f  th e  s u r f a c e  c h a r g e , i t  i s  

t h e r e f o r e  r e a s o n a b l e  to  assume t h a t  a t  p o t e n t i a l s  more 

n e g a t i v e  t h a n  -i.2.v t h e r e  w i l l  be 110 a n i o n i c  s p e c i f i c  

a d s o r p t i o n  o c c u r r i n g .  On th e  b a s i s  o f  t h i s  a s s u m p t io n ,

% ’ > a n a  *1+ can "'oe c a l c u l a t e d  from th e  surfo.ee e x c e s s

r e s u l t s  f o r  0.071m p o ta s s iu m  c h l o r i d e  i n  f o r n e n i d e  a t  

- 1 . 3 , - 1 . 4 , - 1 . 5  a n d . - 1 . 6 v  u s i n g  the  r e l a t i o n s h i p s

g - s = E.F71  WO)

< f s «  ( s i )

...................(92)

q,’ • - < £ - 4 ...................(93)

A p l o t  o f  ^  a g a i n s t  i s  l i n e a r  and  can be e x t r a p o l a t e d  

t o  g iv e  v a l u e s  o f  a t  o t h e r  p o t e n t i a l s .  E s s e n t i a l l y

l i n e a r  p l o t s  have a l s o  been  o b t a i n e d  i n  aqueous  s y s t e m s ,  

p l o t t i n g  q* a g a i n s t  q o r  3 f o r  s p e c i f i c o l l y  a d s o r b e d•'5*1



Ik3

m io n s  ( 1 9 , 6 7 ) .  Having t h u s  e v a l u a t e d  a t  d i f f e r e n t  
.0 1;ovciraa .a ls , 9£ and ^  can bo r e a d i l y  e v a l u a t e d  u s i n g  the

r e l a t i o n s h i p s
<2-6 r - n  /u -o r r j  •

<W = ^ FIW ,  ............ (94)

h  - t . F T l - h S  (95)

t o g e t h e r  w i th  e q u a t i o n s  (91) and (92) ab ove .  The r e s u l t s  

a r e  g iv e n  i n  t a b l e  2 6 ,  f i g u r e  25 shows th e  r e l a t i o n s h i p  

be tw een  and and f i g u r e  26 p l o t s  o f  and  <l ^  £ . .

A s i m i l a r  a n a l y s i s  can  be c a r r i e d  o u t  on th e  s u r f a c e  

e x c e s s  r e s u l t s  f o r  0.100m caesium c h l o r i d e  i n  fo rm am ide ,  the  

r e l a t i o n s h i p s  r e q u i r e d  b e in g  e q u a t i o n  (90) a t  p o t e n t i a l s

more n e g a t i v e  t h a n  - 1 . l v , e q u a t i o n s  ( 9 3 ) , ( 9 4 ) , ( 9 5 )  and
2-S , /„n-t*b*P£ ,) / \<1 - -d.ss. (e U-IJ  v9o;
i-S , -IS.A+U <Pc \ f  0 r j  N

-  £ .31 (e. - ' )   '

The r e s u l t s  a re  g iv e n  i n  t a b l e  27 ,  a  p l o t  o f  ^  v s  S_ i n

f i g u r e  25 and o f  ^ and cjj v s  h -  i n  f i g u r e  27 .

B e fo re  c o n s i d e r i n g  t h e s e  r e s u l t s ,  i t  i s  i n t e r e s t i n g  

t o  n o te  t h a t  an a l t e r n a t i v e  method f o r  a n a l y s i s  o f  s i m u l 

t a n e o u s  s p e c i f i c  a d s o r p t i o n  which i s  b a s e d  on a, s im ple  

e l e c t r o s t a t i c  model  o f  th e  double  l a y e r  has  r e c e n t l y  been  

p u t  f o r w a r d  by D e l a h a y ( 3 4 ) .  T h is  m ethod  employs s i x  i n d 

e p e n d e n t  e q u a t i o n s  w i th  s i x  unhnowns which can be s o l v e d  

by i t e r a t i o n  p r o v i d e d  some o f  th e  p a r a m e t e r s  a r e  hnown.

The a n a l y s i s  o f  th e  aqueous t h a l l i u m  n i t r a t e  sys tem c a r r i e d  

o u t  by D elahay  by t h i s  method y i e l d s  a  l i n e a r  p l o t  o f
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W r . ' :
-  tj  o  a -  o ,  lu /-V ^  -■*) be sc en t h a t

■ o  • •  
u . * iount o f ope c i f i c a d s o r p t i o n

b i n /  i—r  ̂  ̂
°  / r 

, O O s no t  se cm t o  have

fjj vs q , i n  s b r i b i n g  agreem ent  w i th  t h e  b a s i c  a s su m p t io n  

o f  a l i n e a r  r e l a t i o n s h i p  r a l e  i n  the  t r e a t m e n t  d e s c r i b e  a 

a  u o "v c .

r e a l i s e d  t h i s  when he compared h i s  e x p e r i m e n t a l  v a l u e s  

l o r  w i th  t h o s e  c a l c u l a t e d  from d i f f u s e  l a y e r  t h e o r y

on t h e  a s su m p t io n  t h a t  no s p e c i f i c  a d s o r p t i o n  was o c c u r r 

ing* W h i l s t  t h e  d i f f e r e n c e  i n  t h e s e  q u a n t i t i c s  a t  - 1 . 6 v  

i s  o n ly  o f  th e  o r d e r  o f  i^C/cm2, , t h i s  does n o t  n e c e s s a r i l y  

i n d i c a t e  t h a t  s p e c i f i c  a d s o r p t i o n  i s  t a lc ing  p l a c e  o n ly

to  th e  e x t e n t  o f  a bou t  ? w i th  a  d i f f u s e  l a y e r  ch a rg e

o f  IS^Cjcw2- # t h a t  a p p e a r s  t o  be the  case  i s  t h a t  t h e r e

i s  s p e c i f i c  a d s o r p t i o n  to  th e  e x t e n t  o f  a b o u t  22p*c/c^2-

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

( ĉ ~$ &  ) .  When rem a in s  n e g a t i v e  a t  ex treme

c a t h o l i c  p o t e n t i a l s ,  i * e .  a n io n s  a re  b e i n g  a t t r a c t e d  i n t o ,  

and  n o t  r e p e l l e d  f ro m ,  th e  double  l a y e r ,  t h e s e  n e g a t i v e  

v a l u e s  must  r e f l e c t  a  l a r g e  amount o f  c a t i o n i c  s p e c i f i c  

a d s o r p t i o n .  T h is  i s  t o  be e x p e c t e d ,  s i n c e  a t  h ig h  neg 

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

a n io n s  w i l l  be l a r g e ,  and f o r  a n io n s  t o  be a t t r a c t e d  i n t o  

th e  d i f f u s e  l a y e r  t h e r e  must  be an even  l a r g e r  p o s i t i v e  

charge  ‘o r c s e n t  i n  the  comm a c t  double l a y e r  due to
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s p e c i f i c a l l y  a d s o r b e d  c a t i o n s .

The s n a i l  c o n c e n t r a t i o n  d i f f e r e n c e ,  0.073m and 

O.aOOn, oetween th e  p o ta s s iu m  c h l o r i d e  and caesium c h l o r i d e  

w i l l  have a  n e g l i g i b l e  e f f e c t  on th e  r e s u l t s ,  which show 

t i i a t  p o t a s s iu m  and caesium io n s  a re  s p e c i f i c a l l y  a d s o r 

bed  to  e s s e n t i a l l y  the  sane e x t e n t ,  and a l s o  t h a t  th e  

a n io n  i s  n o t  s p e c i f i c a l l y  a d s o r b e d  beyond  p o t e n t i a l s  o f  

a b o u t  - 0 . 9 v . D am ask in 's  v a l u e s  f o r  i n  0 . IN  s o l u t 

i o n s  o f  sodium and  caesium c h l o r i d e s  i n  form amide ( 7 6 ) ,  

w h i le  c o n s i s t e n t l y  low er  t h a n  th o se  o b t a i n e d  i n  th e  p r e s e n t  

work ,  a l s o  a p p e a r  to  be i n d e p e n d e n t  o f  th e  c a t i o n ,  i n d i c a t 

i n g  a  s i m i l a r  amount o f  c a t i o n i c  s p e c i f i c  a d s o r p t i o n  t o  

o c c u r  i n  e ach  c a s e .  The r e a s o n  f o r  th e  lower,  v a l u e s  ob

t a i n e d  by D anask in  i s  n o t  c l e a r  s i n c e  no d e t a i l s  o f  con

c e n t r a t i o n s  a re  g iv e n  i n  h i s  p a p e r  b u t  i t  may be due t o  

th e  use  o f  too  sm a l l  a c o n c e n t r a t i o n  ran g e  f o r  th e  e v a l 

u a t i o n  o f  )g_ • The above d a t a  s u g g e s t  s t r o n g l y

t h a t  p o t a s s i u m ,  sodium, caesium and p r o b a b l y  a l s o  r u b i d 

ium i o n s  a^re s p e c i f i c a l l y  a d s o r b e d  t o  e s s e n t i a l l y  th e  

same e x t e n t  u n d e r  th e  same c o n d i t i o n s .

On th e  b a s i s  o f  th e  p r e s e n t  r e s u l t s ,  th e  c a p a c i t a n c e -  

charge  c u rv e s  can be examined i n  more d e t a i l  t h a n  has  

h i t h e r t o ■ b e en  p o s s i b l e .  The a n o d ic  r i s e  can s t i l l  be 

a s s o c i a t e d  w i th  s p e c i f i c  a d s o r p t i o n  of  a n i o n s ,  w h i l s t  

t h e  c a t h o l i c  r i s e  i s  now se en  t o  o c c u r  i n  a  r e g i o n  o f
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t h e  r e g i o n  t o  the  c a t h o l i c  s id e  o f  the  hump can  non be 

c o n s i d e r e d  a s  r e f l e c t i n g  th e  i n t e r p l a y  be tw een  i n c r e a s i n g  

d i e l e c t r i c  s a t u r a t i o n ,  t e n d i n g  to  redu ce  th e  c a p a c i t a n c e ,  

and  i n c r e a s i n g  s p e c i f i c  a d s o r p t i o n ,  t e n d i n g  t o  i n c r e a s e  

t h e  c a p a c i t a n c e  . I n  th e  r e  p i  on im m e d ia te ly  beyond the
th t

hump, d i e l e c t r i c  s a t u r a t i o n  m ust  b e ^ c o n t r o l l i n g  f a c t o r ,  

w h i le  i n  th e  v i c i n i t y  o f  the  f i n a l  c a p a c i t a n c e  r i s e  , d i e l 

e c t r i c  s a t u r a t i o n  w i f i  be a lm o s t  c o m p le t e ,  and. th e  i n c r e a s 

i n g  s p e c i f i c  a d s o r p t i o n ,  w i l l  t a h e  o v e r  a s  the  c o n t r o l l i n g  

f a c t o r .  A f u r t h e r  e f f e c t  which must  be c o n s i d e r e d  as 

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

t h e  s o l v e n t ,  which w i l l  have become i m p o r t a n t  i n  t h i s  

r e g i o n  due to  the  h i g h . e l e c t r i c a l  f i e l d s  which must  e x i s t  

i n  th e  double  l a y e r  a t  such  h i g h  p o l a r i s a t i o n s .

The maximum i n  th e  c a p a c i t a n c e  curve  can s t i l l  be 

a t t r i b u t e d  p r i m a r i l y  to  s o l v e n t  o r i e n t a t i o n  p o l a r i s a t i o n ,  

an d  we now see t h a t  i t s  v i r t u a l  indep en d ence  on th e  c a t 

i o n  f o r  t h e  s c r i e s  IC+ ,Na+ ,Hb ,Cs i c  due t o  t h e i r  uumi.

s p e c i f i c a l l y  a d s o r b e d  to  th e  same e x t e n t ,  so t h a t  any 

i n c r e a s e  i n  c a p a c i t a n c e  a lo n g  th e  s e r i e s  w i l l  be due t o  

s m a l l  d i f f e r e n c e s  i n  th e  s i z e s  o f  th e  s p e c i f i c a l l y  a d s o r 

b e d  c a t i o n s ,  o r  t o  d i f f e r e n c e s  i n  t h e i r  p c l a r i s a b i l i t i e s .  

The c a p a c i t a n c e  hump f o r  l i t h i u m  c h l o r i d e  i c  p r o b a b l y  

lo w e r  due to  a  s m a l l e r  amount o f  s p e c i f i c  a d s o r p t i o n ,
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t o  be c : :p e c te d  due t o  tlio d i f f i c u l t y  i n  d e s o l v a t i o n  o f  

t h e  c a t i o n .  The n e a r  independence  on the  n a t u r e  o f  the  

c a t i o n  o f  th e  c a p a c i t a n c e  o f  th e  minimum i n  th e  c u r v e c ,  

s l i g h t l y  t o  th e  c a t h o d i c  s id e  o f  t h e  e . c . m .  can  a l s o  be 

r a t i o n a l i s e d  a s  r e  s u i t i n ' ;  from th e  c o n s t a n c y  o f  c a t i o n i c  

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

Since th e  amount o f  s p e c i f i c  a d s o r p t i o n  o f  c ae s iu m ,  

r u b i d iu m ,  p o ta s s iu m  and sodium i o n s  i s  th e  same, th e  dep

endence  o f  th e  f i n a l  c a p a c i t a n c e  r i s e  on the  n a t u r e  o f  th e  

c a t i o n  must  have i t s  e x p l a n a t i o n  i n  th e  r e l a t i v e  s i z e s  

an d  p o l a r i s a b i l i t i e s  o f  the  s p e c i f i c a l l y  a d s o r b e d  c a t i o n s .  

I t  i s  d i f f i c u l t  t o  o b t a i n  a  r e l i a b l e  e s t i m a t e  o f  t h e  r e l 

a t i v e  s i z e s ,  b u t  c o n s i d e r a t i o n  o f  th e  r a d i i  o f  the  h y d r a t 

ed  c a t i o n s  shows them t o  f a i l  i n  th e  o r d e r  Ca"*< Rb’t< 

and  t h e . r a d i i  o f  the  s o l v a t e d  c a t i o n s  i n  formamide would 

be e x p e c t e d  to  be i n  th e  same o r d e r .  I f  the  c a t i o n  i s  

a d s o r b e d  by a  mechanism i n v o l v i n g  p a r t i a l  d o s o l v a t i o n ,  

t h e  d i s t a n c e  from t h e  m ercury  s u r f a c e  t o  th e  charge  c e n t r e  

o f  th e  s p e c i f i c a l l y  a d s o r b e d  i o n  would a l s o  be e x p e c t e d  to  

f o l l o w  t h i s  g e n e r a l  o r d e r ,  e s p e c i a l l y  when p o l a r i s a t i o n  

o f  th e  i o n s ,  which have p o l a r i s a b i l i t i e s  i n  th e  o r d e r  

C<>+> Rtb >K+ >No^ , i s  i n c l u d e d  i n  our  m ode l .  The r e s u l t i n g  

c a p a c i t a n c e s  would t h e n  d e c r e a s e  i n  m agn i tude  a lo n g  tn e  

s e r i e s  Co% Rb* , K*,  Ha*, which i s  i n  a g reem en t  w i t h  th e  

e x p e r im e n t  Sil ly o b s e r v e d  o r d e r  Cc ^ Ro '  f  l a  m  m e  r e g i o n



where c a t i o n i c  s p e c i f i c  a d s o r p t i o n  i s  t h o u g h t  to  be the  

c o n t r o l l i n g  f a c t o r  i n  th e  m easu red  c a p a c i t a n c e .

flie l i t h i u m  io n  does n o t  f i t  e a s i l y  i n t o  t h i s  p i c t 

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

i t  e x p e r i e n c e s  has  n o t  been  d e te r m in e d .  However, s i n c e  

i t s  s o l v a t i o n  s h e a t h  w i l l  be h o l d  much more s t r o n g l y  t h a n  

t h o s e  o f  th e  o t h e r  a l h a l i  m e t a l  c a t i o n s ,  we would e x p e c t  

i t  t o  be s p e c i f i c a l l y  a d s o r b e d  t o  a  s m a l l e r  e x t e n t .  A l s o ,  

i t s  s o l v a t i o n  sh e a t l i  w i l l  have a  d i f f e r e n t  s t r u c t u r e  from 

t h a t  o f  th e  o t h e r  i o n s , due to  th e  sm a l l  s i z e  o f  th e  l i t h 

ium i o n ,  and  a s  we s h a l l  see l a t e r  t h i s  would be e x p e c t e d  

to  have a  p r o f o u n d  e f f e c t  on the  e n e r g e t i c s  o f  d e s o l v a t 

i o n .  I f  th e  l i t h i u m  i o n  i s  a d s o r b e d  t o  a  s m a l l e r  e x t e n t ,  

i t s  e f f e c t  on th e  c a p a c i t a n c e  i n  th e  f a r  c a t h o l i c  r e g i o n ,  

l y i n g  a s  i t  does be tween th e  ru b id iu m  c h l o r i d e  and p o t 

ass ium  c h l o r i d e , may be due to  th e  s m a l l e r  r a d i u s  o f  the  

l i t h i u m  i o n  as  compared w i th  th e  o t h e r  s p e c i f i c a l l y  a d s o r 

bed  i o n s  more t h a n  compensating f o r  th e  d e c r e a s e  i n  c a p a c i t 

ance t o  be e x p e c t e d  from the  d e c re a se  i n  s p e c i f i c  a d s o r p t 

i o n .

At f i r s t  s i g h t  i t  i s  d i f f i c u l t  to  u n d e r s t a n d  th e  

c o n s t a n c y  o f  s p e c i f i c  a d s o r p t i o n  a lo n g  th e  s c r i e s  o f  th e  

a l k a l i  m e t a l  c a t i o n s . I n  o r d e r  to  i n v e s t i g a t e  th e  p r o b 

lem f u r t h e r ,  we must  c o n s i d e r  th e  b e h a v i o u r  o f  th e  i o n s
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i n  wcricr and i n  fornaoiide  . C a l o r i r e t r i e  d e t e r m i n a t i o n s  

w 2 ) o f  t i e  e n t h a l p i e s  o i  s o l u t i o n  o f  t i e  a l i a l i  l a l i d c s

i n  form s n id e  snow t h a t  f o r  a  g iv e n  h a l i d e  i o n  th e  d i f f e r 

ence be tw een  th e  e n t h a l p y  o f  s o l u t i o n  a t  i n f i n i t e  d i l u t i o n
* ° \( J o f  c o r r e s p o n d in g  s a l t s  i n  w a te r  and form amide

i s  a c o n s t a n t , in d e p e n d e n t  o f  th e  c a t i o n .  S ince  (85) th e  

t o t a l  e n t h a l p y  o f  s o l v a t i o n  of  on i o n  (AH6 ) can be r e y a r d 

ed  a s  c o n s i s t i n g  o f  t h r e e  t e r r o r

( a )  th e  e n t h a l p y  a s  a. r e s u l t  o f  the.- c h a r  ye o f  th e  ion(&Hc ) 9

(b) t h e  e n t h a l p y  which does n o t  depend on the  charge  (ZlĤ c ) y

(c)  t h e  e n t h a l p y  r e q u i r e d  to  mahe a  h o le  i n  th e  s o l v e n t  

i n  o r d e r  to  a c c o m o d a t e  th e  i o n  (AĤ  ) ?

AHS = AHC  W-3)

Using quantum m e c h a n ic a l  c o n s i d e r a t i o n s  Van i c h  (86) shoved
it u

t n a t  -AHC f o r  an  i n e r t  gas  c a t i o n  c o u ld  be s e t  e q u a l  to  

th e  sum o f  the  i o n i s a t i o n  p o t e n t i a l  ( I )  and th e  e l e c t r o n  

a f f i n i t y  (1)  o f  th e  c o r r e s p e n d i n g  m e t a l  a to m . The e n t h a l 

py o f  s o l v a t i o n  o f  a  s a l t  i s  b u i l t  up a d d i t i v e l y  from 

th e  i n d i v i d u a l  v a l u e s  f o r  th e  i o n s .  Hence f o r  t h e  e n t h a l p y

o f  s o l v a t i o n  o f  a s a l t  i h  i n  w a te r  
AH/(MX) = + AH/ ( X’ )

+ ■* AH/ex')  ( 0 9 )

and  i n  fo rnam ide
a h /  (MX) * a h /  ( m + )  + a h /  ( V )

Vio^’ )
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Tne c n t n a l n y  o f  s o l v a t i o n  o f  a  s a l t  i s  r e l a t e d  to  t i e  

l a t t i c e  e n t h a l p y  and the  e n t h a l p y  o f  s o l u t i o n  by

-AM, (MX) = AH£ry>t(Mx) -AHp(MX)........................ ............ (101)

Coabir ia t io r .  o f e q u a t i o n s  ( 3 9 ) ,  (100) and (101) l e a d s  to

= AH*+Ah" - A h1 - A h£
-*AH*(x ) -  AH, (X")........... ............ (102)

l i e  c o n s t a n c y  o f  th e  R . E . 3 .  o f  t h i s  e x p r e s s i o n  f o r  s a l t s

vni s i a :  hie sane a n io n  shows t h a t  ( AH +AH^ ) i s  a  c o n s t a n t  

f o r  the  d i f f e r e n t  c a t i o n s  i n  e ach  s o l v e n t .  Thus t h e  e n t h a l 

p i e s  o f  s o l v a t i o n  o f  th e  a l h a l i  m e t a l  i o n s  i n  form amide 

must  be i n  the  sane o r d e r  a s  t h e i r  aqueous  s o l v a t i o n  e n t h 

a l p i e s .  The l i t h i u m  i o n ,  because  o f  i t s  s n a i l  s i z e ,  nay  

have q u i t e  d i f f e r e n t  c o o r d i n a t i o n  i n  e ac h  s o l v e n t  and  t h u s  

(AHC) w i l l  n o t  have the  sane v a lu e  f o r  t h i s  i o n  i n  b o th  

w a te r  and form amide . T h is  i s  r e a d i l y  s e en  i n  th e  t a b l e s  

o f  AH sol (II g_ 0 ) -  AH^I-ICONH^) i n  r e f e r e n c e  8 5 ,  which

show c o n s t a n t  d i f f e r e n c e s  f o r  th e  a l k a l i  s a l t s  o f  a  p iv e n  

h a l i d e ,  e x c e p t  i n  th e  case  o f  th e  l i t h i u m  s a l t .

The r e a s o n  f o r  th e  c o n s t a n c y  o f  t h e  s p e c i f i c  a d s o r 

p t i o n  o f  th e  a l k a l i  m e t a l  c a t i o n s  i s  now a p p a r e n t .  I n  

c o n s i d e r i n g  th e  r o l e  o f  th e  c a t i o n  on th e  double l a y e r ,  

G-ruhane ( 7 2 ) p o i n t e d  o u t  t h a t  the  f r e e  e norpy  o f  h y d r a t i o n  

o f  a  c a t i o n  would be o f  the  same o r d e r  a s  she e n e rp y  o f  

" s o l v a t i o n 13 o f  th e  i o n  by m e rc u ry .  I f  wo a c c e p t  t h i s  model 

o f  s p e c i f i c  a d s c r n t i o n  a s  s o l v a t i o n  o f  th e  i o n  by m e r c u r y ,
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Inen "the e n t h a l p y  o f  s o l v a t i o n  o f  th e  c a t i o n  can bo w r i t t e n

AHS  (103)

■more th e  s u p e r s c r i p t  m r e f e r s  t o  m e rc u ry .

The e n t r o p y  change a cc o m p a n y in g ' s p e c i f i c  a d s o r p t i o n  i s  

l i k e l y  to  be s n a i l ,  so t h a t  t h e r e  w i l l  n o t  be much e r r o r  

i n v o l v e d  i n  c o n s i d e r i n g  th e  e n t h a l p i e s - a s  e q u i v a l e n t  to  

t h e  f r e e  e n e r g i e s  o f  th e  p r o c e s s e s .  The e n t h a l p y  change 

on s p e c i f i c  a d s o r p t i o n  w i l l  be g i v e n  by

- A H  = - v A H * )   ( 1 0 4 . )

where we assume t h a t  t h e  e x t e n t  o f  d e s o l v a t i o n  on s p e c i f i c  

a d s o r p t i o n  i s  k , w i th  k=l r e f e r r i n g  t o  complete  d e s o l v a t 

i o n .  I f  t h e  c a t i o n s  a re  de s o l v a t e  a .to th e  sane e x t e n t

011 s p e c i f i c  a d s o r p t i o n ,  t h e n
-AH * k - <  - )

= (103 )
+ . + _r+ .. + 

f o r  a i l  c a t i o n s  c o n s i d e r e d ,  i . e .  Co , Ho , n , xa  , s i n c e

would be e x p e c t e d  to  be c o n s t a n t  f o r  t h e s e  i o n s  

i n  b o t h  s o l v e n t s .  Thus the  f r e e  e n e rg y  change i n  s p e c i f i c -  

a d s o r p t i o n  o f  t h e s e  c a t i o n s  w i l l  be a  c o n s t a n t , • and  con

s e q u e n t l y  t h e y  would be e x p e c t e d  t o  be s p e c i f i c a l l y  a d s o r 

b e d  t o  t h e  same e x t e n t ,  a s  h a s  b e en  shown t o  be t h e  c a s e .

l o r  s a l t s  o f  th e  h a l i d e  i o n s  w i th  any g i v e n  a l k a l i  

m e t a l  c a t i o n ,  C ^ HJ0| “  AHJ.j (Hconh* ) ]  i s  fo u n d  to

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

r e a s o n a b l e  f o r  th e  r e l a t i v e l y  l a r g e  a n io n s ,  cK I o n  d e ,
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bromide and i o d id e  io n s  have ihe  sane s o l v a t i o n  s t r u c t u r e  

t h e n  hiHnc can be t a h e n  as  c o n s t a n t  . f o r  th o s e  i o n s

i n  b o t h  s o l v e n t s  by a n a lo g y  w i th  th e  c a t i o n i c  s i t u a t i o n .

Thus AHSoj (MgO) ~AH6oi (Hconhe ) = A H ^^A h/  -t- c o n s t a n t . . (1 0 S ) 

The i n c r e a s e  i n  th e  E .K . 3 .  f o r  the  h a l i d e  s a l t s  o f  a  

g i v e n  c a t i o n  t h e r e f o r e  t h e r e f o r e  r e f l e c t s  changes  i n  th e
/ Wterm  (AHt -AHC ) ,  I f  we now c o n s i d e r  s p e c i f i c  a d s o r p t 

i o n  on th e  s o l v a t i o n  m o d e l ,  s i m i l a r  changes  i n  AHC would
fbe e x p e c t e d  t o  o c c u r ,  g i v i n g  (AHC -  AHC ) i n c r e a s i n g  from 

c h l o r i d e  t o  i o d i d e .  The e n t h a l p y  change i n  s p e c i f i c  a d s o r 

p t i o n  would be- g iv e n  by

-  AH = k (AH^'-AHcm-^con$hni)  (107)

S ince  th e  e n t r o p y  changes  i n  s p e c i f i c  a d s o r p t i o n  a re  p r o b 

a b l y  s m a l l ,  t h i s  would i n d i c a t e  t h a t  th e  f r e e  e n e rg y  (-AGt ) 

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

Cl" <  8 r ~  <

r e s u l t i n g  i n  an  i n c r e a s e  o f  s p e c i f i c  a d s o r p t i o n  as  we 

go a lo n g  th e  s e r i e s .  T h i s { t h e  s i t u a t i o n  which i s  fo u n d  

to  o c c u r  e x p e r i m e n t a l l y .

S i m i l a r  a rgum ents  f o r  aqueous sy s tem s  would l e a d  us 

t o  th e  same c o n c l u s i o n s ,  v i s .  we would e x p e c t  t h e  s p e c i f i c  

a d s o r p t i o n  t o  be th e  sane f o r  th e  f o u r  a l h a l i  m e t a l  c a t i o n s ,  

and  a l s o  t h a t  s p e c i f i c  a d s o r p t i o n  o f  t h e  h a l i d e  i o n s  would 

i n c r e a s e  a lo n g  th e  s e r i e s  c h l o r i d e  t o  i o d i d e .  I f  we e x 

amine t h e  a v a i l a b l e  d a ta  on t h e  s p e c i f i c a l l y  a d s o r b e d
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charge  o f  t h e s e  i o n s ,  g i v e n  by B o c k r i s ,  B e vana than  and
n

f u l l e r  ( 3 2 ) Y/e o b t a i n  t iie  f o l l o w i n g  f i g u r e s  ( t a b l e  2 3 )

m 9 o

Anio n *i.!/*C/ cm

a t  i Ms+1(> c/ cm

C a t io n

a t  -15  C//c’-T
Cl“ 1 4 .6 T9 ■*A 0 .2

3 r 19 .2 C3* 1 -3
T 29 .2

V

These, r e s u l t s  a g re e  w i th  th e  p r e d i c t i o n s ,  a s  i o d id e  i s  

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

bromide o r  c h l o r i d e , and i n  th e  case  o f  p o ta s s iu m  and 

caesium th e  r e s u l t s  a g re e  to  w i t h i n  t h e  e x p e r i m e n t a l  e r r o r ,  

and  t h u s  would so n e a r  t o  be i n  a cc o rd a n c e  w i th  t h e  p r e d i c t 

i o n  o f  e q u a l i t y  o f  a d s o r p t i o n .

B o c k r i s  e t  a l  (32) s u g g e s t e d  t h a t  t h e  deg ree  and type  

o f  i o n i c  s o l v a t i o n  were t h e  p r i n c i p a l  f a c t o r s  d e t e r m i n i n g  

s p e c i f i c  a d s o r p t i o n .  The above a n a l y s i s  would t e n d  t o  supp

o r t  t h i s  v i e w ,  b o th  f o r  aqueous sy s tem s  and a l s o  f o r  th e  

formamide sys tem s i n c e  i t  i s  c l e a r  t h a t  t h e  r e l a t i v e  amounts 

o f  s p e c i f i c  a d s o r p t i o n  a r e  c o n t r o l l e d  by th e  e n e r g e t i c s  o f  

i o n i c  s o l v a t i o n ,  b o th  by th e  s o l v e n t  and th e  m e rc u ry .  On 

t h i s  model  s p e c i f i c  a d s o r p t i o n  i s  p r i m a r i l y  an  e l e c t r o s t a t i c  

i n t e r a c t i o n  be tw een  th e  s p e c i f i c a l l y  a d s o r b e d  i o n  and the
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no t a r  s u r f a c e  which r e s u l t s  i n  t h e  i o n  a t t a i n i n g  an e n e r g 

e t i c a l l y  more f a v o u r a b l e  e n v i r o n m e n t . I t  would be o f  

i n t e r e s t  t o  de te rm in e  w h e the r  th e  c o r r e l a t i o n  be tw een  i o n i c  

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

in. o t h e r  s o l v e n t  systems*



F/
cm

 
a)

180

j-ii an  a t t e m p t  to  o b t a i n  a  more q u a n t i t a t i v e  e x p l a n 

a t i o n  o f  th e  c a p a c i t a n c e  maximum i n  f o m a n i d e , th e  f a t t s -  

i ‘o b i n  t h e o r y  (15) f o r  a  n e r c u r y - v / a t e r  i n t e r f a c e  v-:ac i n t e n d e d  

by t a h i n g  i n t o  acco u n t  th e  p o s s i b i l i t y  o f  n o n - e q u i v a l e n t  

o r i e n t a t i o n s  o f  th e  s o l v e n t  m o lecu le  a t  t h e  m ercu ry  i n t e r -

— ̂  s o. • • _l Uc: o o 1 v 'o'—u c o r  o r  .j u in_ o n u 

s o l v e n t  d in o le  had  t

c m  vas  r e  compute a assure— 

he n o s s i b l e  o r i e n t a t i o n s

0  a n d rt  v/ ith r e s p e c t  to  th e  s u r f a c e  o f  th e  m e rc u ry ,  i'hc

r e s u l t i n g  e x p r e s s i o n  f o r  C s o l v e n t
_ -tSiA t-) cxpf(V- tjni)/*

'6olvc»it kr
Z

r e d u c e s  to  t n e  i / a t t s - l o s i n  exore i o n  when S i n e *  S i n t *  I / S ' .

2 0

□  C a l c u l a t e d  frorr \  e< ju* i io r )  109 .

O E x p z n m e n f o I.
1 0

o
O

e c m

FIG. £ 8 .  CALCULATED CAPACITANCE.
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S u s t i t u t i o n  o f  t h i s  e x te n d e d  0 so l v e n t  ’'JGrin i n t o  t h e  b a t t s -  

T ob in  e x p r e s s i o n  was fou n d  to  be i n s u f f i c i e n t  to  e x p l a i n  

t h e  r e s u l t s  o b t a i n e d  f o r  formamide . A c c o r d i n g l y ,  a  f our th  

t e r n  was added  to  a l l o w  f o r  the  c o n t r i b u t i o n  o f  s p e c i f 

i c a l l y  a d s o r b e d  c a t i o n  to  the  c a p a c i t a n c e ,  r e s u l t i n g  i n  

t h e  f i n a l  e x p r e s s i o n .

+ N f l 1 (  t S m l ) *  exp [  ( V -  ) /*

+  r j ]   ao9)

E q u a t i o n  (1 0 9 ) was fo un d  t o  f i t  t h e  c a p a c i t a n c e - p o t e n t i a l  

r e s u l t s  q u i t e  c l o s e l y  i n  th e  r e g i o n  o f  t h e  hump ( f i g u r e  2 6 ) 

when th e  f o l l o w i n g  v a l u e s  f o r  th e  p a r a m e t e r  were u s e d :

€  s  5  j N  -  6 > x j0  m * l j c •**' j y A p  j+ y u o ' 1* j  -  i + y j o  ' ^ e . 5 . u. •

/A - -  3 .7 1  x J o ‘ ' * e . S u .  • X . ,  -- * . 0  f l  j © »  i f O °  ; \  = 5 0 ° ;  / D = 0 . 2 5 V ;

V£ = i.4>5V • \/ = * 0 * 5 v.

Thus t h e  s o l v e n t  o r i e n t a t i o n  p o l a r i s a t i o n  t h e o r y  would 

seem t o  be a  s a t i s f a c t o r y  e x p l a n a t i o n  o f  th e  hump. I t  

i s  n o t  s u r p r i s i n g  t h a t  t h i s  e x p r e s s i o n  i s  n o t  i n  good 

ag re em e n t  w i th  th e  e x p e r i m e n t a l  r e s u l t s  i n  t h e  r e g i o n s  

removed from t h e  hump, s i n c e  th e  double  l a y e r  h a s  .a much 

more complex s t r u c t u r e  t h a n  th e  s im ple  one a d o p te d  by 

W a t t s - T o b in .

I n  aqueous  s y s t e m s ,  the  hump h a s  been  a t t r i b u t e d  

t o  changes  i n  t h e  s o l v e n t  s t r u c t u r e  a t  th e  i n t e r f a c e ,  

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



o f  t h e  a n i o n s .  While s o l v e n t  o r i e n t a t i o n  p o l a r i s a t i o n  

would seem to  he an  ad eq u a te  e x p l a n a t i o n  o f  th e  c a p a c i t 

ance hump, i n  t h e  sys tem s s t u d i e d ,  we a re  u n a b l e ,  on the  

b a s i s  o f  th e  p r e s e n t  d a t a ,  to  d ec ide  w he the r  t h e  e x p l a n 

a t i o n  o f  H i l l s  and  Payne (55) i s  a l s o  c o m p a t ib le  w i th  the  

r e s u l t s .  They c o n s i d e r e d  t h e  two oppo s in g  e f f e c t s  accomp

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

l a y e r ,

(I ) i n c r e a s e  i n  th e  d i s t o r t i o n a l  component o f  th e  p o l a r -  

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

and,

(I I ) i n c r e a s e  i n  th e  t h i c k n e s s  o f  t h e  compact  double l a y e r .  

I n f o r m a t i o n  was o b t a i n e d  on t h e s e  e f f e c t s  by m e a s u r in g  th e  

s u r f a c e  e x c e s s  e n t r o p y .  At p r e s e n t  t h e r e  a r e  i n s u f f i c i e n t  

r e l i a b l e  thermodynamic  d a t a  a v a i l a b l e  t o  e n a b le  a  s i m i l a r  

s t u d y  to  be c a r r i e d  o u t  i n  formamide .

E x p l a n a t i o n s  i n v o l v i n g  a n i o n i c  s p e c i f i c  a d s o r p t i o n  

have  b e e n  p r o p o s e d  f o r  aqueous sy s tem s  by ( a )  D a n a s k in ,  

Schwartz  and  Erumkin (74) who c o n s i d e r e d  p o l a r i s a t i o n  

o f  s o l v e n t  m o le c u l e s  by a n io n s  a d s o r b e d  i n t o  the  IHP. 

an d  by (b) B o c k r i s ,  D evana than  and  M ti l le r  (32)  s u g g e s t i n g  

l a t e r a l  r e p u l s i o n  o f  a n io n s  a s  th e  main  f a c t o r .  These 

a r e  c l e a r l y  n o t  a p p l i c a b l e  to  formamide sy s tem s  a s  t h e y  

s t a n d ,  s i n c e  a t  t h e  p o t e n t i a l  o f  t h e  hump t h e  a n io n  i s  

no l o n g e r  s p e c i f i c a l l y  a d s o r b e d .  However,  a n a lo g o u s
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t h e o r i e s  i n v o k in g  e f f e c t s  due t o  c a t i o n i c  s p e c i f i c  a d s o r 

p t i o n  c o u ld  be p r o p o s e d .

Since  t h e  amount o f  c a t i o n i c  s p e c i f i c  a d s o r p t i o n  

a p p e a r s  t o  be in d e p e n d e n t  o f  th e  c a t i o n ,  a t  l e a s t  i n  th e  

a l k a l i  m e t a l  s e r i e s ,  t h e r e  would seem to  be no way o f  

c h o o s in g  be tw een  t h e s e  o p p os in g  t h e o r e t i c a l  a p p ro a c h e s  

i n  fo rm am ide ,  s i n c e  b o t h  would f o r e c a s t  a  dependence o f  

t h e  m agni tude  o f  th e  hump on th e  s p e c i f i c  a d s o r p t i o n  o f  

t h e  c a t i o n .  Any dependence o f  ^   ̂ on t h e  e x t e n t  o f  

s p e c i f i c  a d s o r p t i o n ,  e x p e c t e d  on t h e  second  a p p ro a c h ,  

v / i l l  n o t  be s e e n  due to  th e  c o n s t a n c y  o f  s p e c i f i c  a d s o r p t 

i o n .  T h i s  i s  i l l u s t r a t e d  by f i g u r e  16 , i n  which t h e r e  

i s  no a p p r e c i a b l e  change i n  % f o r  t h e  v a r i o u s  c a t -

i o n s .
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APPENDIX 1

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

c a p a c i t a n c o .

b e.pin , comment A programme t o  c a l c u l a t e  d i f f e r e n t i a l  

c a p a c i t a n c e ;

i n t o  p e r  NCA, IIP, f ,  k ,  i ,  j ,  

r e a l  DT , d'T, wg, K , gamma P ,

M, a l p h a , S , Z , Co, A s , i n t ,

•procedure LEAST SQ (x ,  y ,  n ,  

v a lu e  x ,  y ,  n ;  

i n t e g e r  n ;  

r e a l  a ,  b ,  rms;  

b e g i n  i n t e g e r  i ;  

r e a l  A,3,C,I> ,E;

A - - B -  C»-D**E»«0;0; 

f o r  i * * l  s t e p  1 u n t i l  n do

b e g i n  sum x :  A — A* x [ i l  ;

sum y :  B *=B + y£ i ]  ;

sum x s q :  C : -C -*• x [ i ] t 2 ;

sum xy:  L>;-I> + xLQXiy £l] ;

e n d ;

a  ••■= (AxD—B * C ) / (A t2 -n x C ) ; 

b :« (Jb<B-n*D)/(Af 2 - n x C ) ; 

f o r  i * « l  s t e p  1 u n t i l  n  do

s , z ,  Nq, 1 ;

gamma g ,  h ,  t P ,  g ,  r o e ,  v/t,  

g r a d ,  P ,  p i ,  t g ,  RES, b e t a ;  

a ,  b ,  r m s ) ;



l 2 ( o

e ~ E  + ( ( y £ i ] - a ) / b - x [ i ]  )f 2 5

rras s q r t  (E /n )  5

end p r o c e d u r e  LEAST SQ ;

c o n r e n t  LATA

Nq no o f  c a l c u l a t i o n s

r u n  i d e n t i f i e r s  e n d in g  w i th  a  s e m ic o lo n

LT d e n s i t y  ox m ercu ry

dT d e n s i t y  o f  s o l u t i o n

f  f r e q u e n c y

K a r e a  c o n s t a n t

h ' m erc u ry  h e i g h t

ro e  c a p i l l a r y  o r i f i c e  r a d i u s

wg drop w e ig h t

t g  drop t im e  a t  same p o t e n t i a l  

NCA no o f  p o t e n t i a l s  i n v e s t i g a t e d  

P p o t e n t i a l

tP  drop t im e  a t  t h i s  p o t e n t i a l

NP no o f  m easurem ents  a t  t h i s  p o t e n t i a l

CP c a p a c i t a n c e

c-p [ i l  c o nd u c tan ce

tB 03 b a la n c e  t i m e ;

open (1 0 ) ;  open  (2 0 );

N q := re ad  (2 0 ) ;

f o r  i 1 s t e p  1 u n t i l  Nq do

b e g i n  copy t e x t  (2 0 ,1 0 , L ; ) ;
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g : -9C1.605;  

p i :=  3*14159; 

gamma P - 2 5 0 . 0 ;

Df ;“ r e a d ( 2 0 ) ;  

dT; - r e a d  (2 0 ) ;  

f  r e a d  (2 0 ) ;

K —r e a d  (2 0 ) ;  

l i : - r e a d  (2 0 ) ;  

r o e - . - r e a d  ( 2 0 ) ;  

w g - r e a d  (2 0 ) ;  

t g : - r e a d  (2 0 ) ;  

a l p h a  (DT-dT ) /DT;

b e t a ' . * g x P T % ( 5 / ( 4 x p i x D T ) ) ^ ( l / 5 ) x l0 f  ( -1  ) / 2 ;

gamma g := ( a l p h a x g x l0 t ( ~ 3  )xwg*(0 .1 5 9 + 5 . 7 0 6 x r o e / w g t ( l / 5  ))  )/ro<

Ksw ( wg + (5xgamma gxwg*(2/3 ) ) / ( b e t a x h * 2  )

+ (3xgamma g l 2 xwgf ( 1 / 3 ) ) / ( b e t a x h ) f 2 ) / t g ;  

w r i t e  t e x t  (1 0 , L E ec lH e su l t  s E c 7s i 51 * - * *  1 ) ;  

w r i t e  (1 0 , f o rm a t  ( [ s - n d . d d d d d l ) , h );  

w r i t e  t e x t  (10 ,CCcc7sl S u rface*T ens ion*=* '>:;l ) ;  

w r i t e  (1 0 , f o r m a t  (L s -nddd .  ddcc]  ) ,  gamma g); 

w r i t e  t e x t  ( l 0 , E C 7 s 3 P o t l £ 3 s 3 l t s R s 3 S T  Eosl Oo*apT)roxEosl 

Co*f i n a l  [4si I t s  [4si HPS*dev [ s s i  Aw [c e l l  );

N C A r e a d  (2 0 ) ;

f o r  k  :~1 stew 1 u n t i l  NCA do

be win P - - - re ad  ( 2 0 ) ;
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fp :  = r e a d  (2 0 ) ;

S -gamma P ;

f o r  i — 1 atom 1 u n t i l  10 do. 

b o r  i n

w t : -M X tP - ( i ;5 # H f  ( 2 / 3 ) x t P * ( 2 / 3 )xganna P ) / ( b c t a x h )

- ( l . 5 x H t  (1 /3  ) x t P t  (1 /3  )xgamma pf 2 ) / ( b o t a x l i ) t 2 ; 

gamma P •* - ( a lp h a x g x io  f ( - 3  )xwtx ( 0 ,1 3 9 + 5 .7 06 x ro e /w t  t ( l / 3  ) ) ) / r o e  ; 

s . - i j

i f  abs  (S-gamma P) /S <0^001  t h e n  go to  L I ;

Sssgamma P ;  

en d ;

L I :  w r i te  (1 0 ,  format (E3s-ndd.dd.ddd3 ) > L);

w r i te  (1 0 ,  format ( [ 4 s - n d d l ) ,  s );

w r i t e  (1 0 , f o r m a t ( C4 s - n d d d . dcQ ) ,  gamma P ) ;

H?.-=read (2 0 ) ;

b e g i n  r e a l  a r r a y  f n t ,  t B ,  G-P , CP, Cs,  Csc ,  Y£l:H?3 ; 

f o r  i s,“ l  ote~o 1 u n t i l  HP do 

CP£i] r e a d  (2 0 ) ;

G-P [ i] :=  r e a d  (2 0 ) ;  

t B £ i J ; -  r e a d  (2 0 ) ;

CsCi] :=  (1+1 /  (2 x p i * f  *C? £i3/G-P[H ) t 2 ) xCP [ i ]  ; 

f n t  £ i ] •= Lx t3£ i ]  - ( l  .5xH ̂  ( 2 / 3 )* tB£i]  t (2 /3  Jxganna P ) / ( b e t a x h ) 

- ( l . 5 x m  H l / 3  )*tBflf(l/3 )*gazma P t 2  ) / ( b e t a x h ) f 2 ; 

Y L i ] ^ C s L i ] t ( 3 / 2 ) ;  

end ;
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LEAST SQ ( f n t ,  Y, h i ,  in-fc, g r a d ,  PUS);

Co ---gradf (2 /3  ) /K ;

w r i t e  (10 ,  fo rm a t  ( [ o s - d .d d d d d  i n d l ) ,  Co);— IO
2 : - Co ;

As ; - p i x r o e ^ 2 ;

f o r  3 ;=1  s t c o  1 u n t i l  10 do

b e g i n  f o r  i :  =1 s t e p  1 u n t i l  If? do

be r l n  Csc £i] : - Cs Jl] + Co xA s ;

Y [i] :=  C s c £ i ] f  ( 3 / 2 ) ;

end;

LEAST SQ ( f n t ,  Y, H P , i n t ,  g r a d ,  EKS);

C o - g r a d f  (2 /3  )/K;

Aw ;= (abs  ( i n t / g r a d ) ) t ( 2 /3 ) x K ;  

i f  i n t < 0  t h e n  Aw; s -Aw; 

z - =  J  5
i f  abs  (Z-C o)/Co<0^0001 t h e n  go to  L2;

S:*Co;

e n d ; e n d ;

L2: w r i t e  (1 0 ,  f o r m a t  ( ' [3s-d*dddddit>+nd] ) ,  Co);

w r i t e , (10 ,  format(ECs-ndcfl  ) ,  z ) ;  

v / r i t e  (1 0 ,  f o r m a t  ( j j s - d .d d d d d ^ + n d l ) ,  HivIS); 

w r i t e  (1 0 ,  f o r m a t  (jj>s-dJddddd|o+ndccj  ) ,  Aw); 

e n d ; e n d ;

c l o s e  ( 1 0 ) ;  c l o s e  (2 0 ) ;

end  —>
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C u r v e - f i t t i n g  and i n t e g r a t i o n  p r o g r a u n e .

; \recaojars  CURYEPIf (n ,  p ,  mu, r o e ,  s ) ;

v a l u e  n ,  p ,  r o e ,  mu;

inter-;or n ,  p ;

r e a l  a r r a y  r o e ,  mu, s ;

b e g i n  i n t e g e r  i , 3 , k  5

r e a l  a r r a y  X, L ,  U l s p t l ]  , x f l : p + l ]  ;

~orocedure DECOM? (A, L ,  U, 11);

v a l u e  A , n ;

i j i . t eg e r  n ;

r e a l  a r r a y  A , L , U;

be g i n  I n t e g e r  i , 3 , k ;

f o r  i ’-s 1 s t e n  1 u n t i l  n do

f o r  k*.»l s t e n  1 u n t i l  n do

be g i n  i f  k *» 1 t h e n  L f i , k ] :ssl ;

i f  k < l  t h e n

b e g i n  I  [ i  , k ] : - A [ i / U  0- ,h] 5

f o r  3--=l n t e r  1 u n t i l  k - 1

r  jji. ,ig); - L [i  ,kj — A [ i , b] U [3 ,kj /U [ k , ig7 ?

U [ i  0;  

en d ;

i f  k >'• 1 t h e n  L p. ,h]:=C;



191

-U.a J... ^  U.: iv; ■« i.

o e ^ i i  U [ i  ,!.:].• = A §. ,1;] :

f o r  i • - 1 a t e r  1 u n t i l  i - 1  _dp

rJ  [A ,k] ■• ■= U [i  ,1-] -  X, [x , 3] x U [i ;

e n d ; e n d ; end p r o c e d u r e  BBCOlIPj

n r o c e d u r e  I 1TVERT ( L , 11, n)$

v a lu e  L ,  n ;

i n t e g e r  n ;

r e  a l  a r r a y  L , v •

be y i n  . i n t e g e r  i ,  j ,  k j

f o r  i :  = l  s t e p  1 u n t i l  n do

f o r  k  •• =1 steT) 1 u n t i l  n  do

be - i n  i f  i  - k t h e n  M j i  , k J - - l / L  £i ,k] ;

i f  i <  k t h e n  M£L?k ] - 0 ;

i f  i  > k t h e n

bee: in  H [1,1 z]‘^ 0 ;

f o r  j - 1  s t e n  1 u n t i l  i - 1  dp

i: [i ,i3=* si [x >-3 -  ( i& .f lx  h [j , i 0 )A  f 1» i] 5

e n d ; e n d ; end  p r o c e d u r e  INVERT $

n ro  ce dure  IRAK’S ^  »n ) 5

v a l u e  A, n ;

i n t o y e r  n ;

r e  a l  a r r a y  A, B 5

b e y i n  i n t e y e r  i , 3 ;



f o r  ,1; - 1  r t e n  1 u n t i l n _d£

E— s j !  ' " •“■ Cj y i -3 *

e rf .  e r o c e d u r e  3RArTS*

p r o c e d u r e  f b  yinyn iA. 3 , n ,  X);

v a lu e  A.B. ns

i n t o r s r  ns

r e a l  a r r a y  A. 3 . Y;

o a y in  i n t e y e r  i  „. .1. k ;

-for i . - - l  ofen 1. u n t i l n do

f o r  A; - 1  s t e r  1 u n t i l n do

b e y i n  Y f i  ,1:1• = 0;

f o r  .1 • - 1  s t e n  1 u n t i l n do

S [ i , i 3 .-=Y[i,fc]+AEL,; j> 3 D a ]  ;

ends end p r o c e d u r e  AX MUL2;

r ro ced u . re  AY IIU1T (A* x j n <, o ) *

v a lu e  A, x .  n :

i n t o y e r  n :

r e a l  a r r a y  A, x , b ;

b e - i n  i n t e y e r  i , D;

f o r  i — 1 a t e n  1 u n t i l n do_

bo y i n  b [i] - 0 ;

f o r  o ten  1 u n t i l n  do

b £ i j  •• * b CQ + a  l ±  , d] X x [ j ] •

e n d ; end p ro  ce dure IIV AULT-

f o r  ,i — 1 e t e r  1 u n t i l o-j-1 do



1^3

f o r  - ±  n t e i  1 u n t i l  pi-1 jio

'as - : l ^  X [j ,1:3 - ~ 0 ;

l o r  i : - 1  p.ten 1 u n t  11 n do

be a i n  i f  ro e  £i] « 0 t h e n  "oto 11 ;

-  B + ( roe  [ i j  ) t (  j+k-2  );

11 : e n d ; e n d s

f o r  j : - l  e t e n  1 u n t i l  p+1 0.0

be d i n  x TdD-'^O;

f o r  i : - 1  s t e n  1 u n t i l  n do

ben i n  i f  r o e ^ i ] 15- 0 t h e n  do to  12;

x [3] •= x [a 3+muW  x roe  W  ^ ( 3 - i );

12 : e n d ; e n d ;

1 2 COMP (X, L ,  U, p l ) ;

INVPHT ( 1 ,  X, p l ) ;

TRAPS (U, L , p l ) ;

INV3RT (L, U, p l ) ;

PRAMS (D, A , p 1 ) ;

MM MOLT (L ,  X, p 1 ,  0 ) ;  

m  MULT (U, x ,  p 1 , s ) ;  

e n d ;

r e a l  X , Y , 1 5

i n t e g e r  n ,  p ,  i ,  3 , 1 ,  r ,  q;

open (1 0 ) ;  open  (2 0 ) ;

comaent q i s  t h e  no o f  s e t s  o f  d a t a ;



1%-

G : - r e a d  (20) ;

f o r  i  •■*■1 s t e p  1 u n t i l  o do

comment n i s  t h e  no o f  d a t a  p o i n t s ,  p th e  h i g h e s t  power o: 

x i n  th e  p o ly n o m ia l ;  

i i : - r e a d  (2 0 ) ;  p . - - r e a d  (2 0 ) ;

ho " in  r e a l  a r r a y  mu, r o e £ l : n ] ,  s £ l : p + l ] ,  d ,  v [ 0 : n j  ; 

f o r  i : “ 1 s t e p  1 u n t i l  n f;o 

t o '~ tn  ro e  £i] ••= r e a d  (2 0 ) ;  

mu [ i ]  ; = r e a d  (2 0 ) ;

end ;

CURV3PIT (n ,  p ,  mu, r o e ,  s ) ;  

w r i t e  t e x t  (1 0 ,  Coooff i c i e n t  s l c l l  ) ;  

f o r  i  —1 s t e o  1 u n t i l  p-*l jdp 

o u t p u t  (10 ,  s £ i ]  ); 

v [0] •• = 0;.

w r i t e  t e x t  ( 1 0 , r S i g n a * d e l t a * 3 q u a r e d * = * ] );

f o r  i : - l  s t e p  1 u n t i l  n  do

be win d £ i ] : - s£i3 ;

f o r  j •• = 1 s t e p  1 u n t i l  o do

he g i n  i f  r o e  £10=0 t h e n  goto  Lp;

d £0 — &££] + s [3 + l ] x ( r o e  [iH ) t j ;

Lp : end ;

v £i] v [ i - l ]  + ( d£i] -m u£i |  )?2 ;

end ;
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c u tp  u1t  ( 10 ,v [n ] ) ;

CO ' .‘On t  r  i s  th e  no o f  o t s  a t  wh i c h  in t '

r  •- r e O .-1 ( O '} . ̂C- \J J y

ec m X i s  the  p t  up to  whi ch. th e  f n

■° o ■'* i • — 1 stew 1 u n t i l  r  do

be win X :=read  (2 0 ) ;

I  s [l] X X;

Y : = s [ l ] ;

f o r  3••=2 stew 1 u n t i l  o-tl  do

b e p in i f  X=0 t h e n  woto L4s

Y;- Y-+s [ j ]  xX t (  3- I ) ;

I i  = I+ o 1133^X^3/3 5

LA : end?

w r i t e t e x t  ( l O , t x * = * J ) ;

w r i t e (10 ,  fo m a t ( C - d .  dcLd&d -tnd; oj ) , $

w r i t e t e x t  (10  , I y * - ‘x'3)  :

w r i t e (1 0 , f  o rn a t^ f -d .  dddddJo-« nd; o j ) ,  A

w r i t e t e x t  (1 0 , I l n t e g r a l * = * 3 )  5

w r i t e (1 0 , fo rm at^ t -d .  ddddd +nd;10 00]  ) ,  l);

end ; end ;  end ;

c lo s e (1 0 );  c lo s e  (2 0 );

.3 r e q u i r e d ;
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