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Introduction

D ouble  L a v e r  T h eo ry

S t r u c t u r e  a n d  C a p a c i ta n c e  o f  th e  D ouble L a y e r

I t  i s  g e n e r a l l y  a c c e p te d  t h a t  t h e r e  e x i s t s  a t  e v e ry  

m a t e r i a l  i n t e r f a c e  a n  a r r a y  o f  c h a rg e d  p a r t i c l e s  a n d /o r  o r i ­

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

l a y e r ,  o r  more s im p ly  a  d o u b le  l a y e r .  (1 )  I n  p a r t i c u l a r  

t h i s  i s  t r u e  a t  th e  b o u n d a ry  b e tw e e n  a n  e l e c t r o d e ,  a n d  th e  

s o l u t i o n  i n  w h ich  i t  i s  im m ersed . The d o u b le  l a y e r  a t  th e  

e l e c t r o d e - s o l u t i o n  i n t e r f a c e  h a s  b e e n  th e  s u b j e c t  o f  num er­

ous i n v e s t i g a t i o n s  o v e r  th e  y e a r s .

The f i r s t  q u a n t i t a t i v e  th e o r y  was t h a t  o f  H e lm h o ltz  (2 )  

a n d  Q u incke  Q ) . I t  was assum ed  t h a t  th e  d o u b le  l a y e r  a c t e d  

a s  a  c a p a c i t o r  o f  c o n s t a n t  v a lu e .  T h ere  e x i s t e d ,  a c c o rd in g  

t o  t h e i r  i d e a s ,  two r i g i d  s h e e t s  o f  e q u a l  b u t  o p p o s i te  c h a r g e ,  

one on th e  e l e c t r o d e  a n d  th e  o t h e r  i n  th e  s o l u t i o n ,  s e p a r a t e d  

by a  c o n s t a n t  d i s t a n c e .  T h is  d e s c r i p t i o n  i s  i n  p r e c i s e  g eo ­

m e t r i c a l  a n a lo g y  t o  a n  o r d in a r y  e l e c t r i c a l  c a p a c i t o r .

The m odern th e o r y  o f  th e  s t r u c t u r e  o f  th e  d o u b le  l a y e r ,  

due m a in ly  t o  th e  c o n t r i b u t i o n s  o f  Gouy, Chapman, S t e r n ,  an d  

Grahame ( 4 ,  6 , £ ) ,  h o ld s  t h a t  th e  i n t e r f a c i a l  r e g i o n  a t

th e  e l e c t r o d e - s o l u t i o n  b o u n d a ry  c o n ta in s  a t  l e a s t  t h r e e ,  a n d  

so m e tim es m o re , d i s t i n c t  s u b r e g io n s  o r  l a y e r s  * th e  name d o u b le  

l a y e r  p e r s i s t i n g  o n ly  th ro u g h  h i s t o r i c a l  p r e c e d e n t .  P ro ­

c e e d in g  o u tw a rd  fro m  th e  e l e c t r o d e  t o  th e  s o l u t i o n ,  th e  f i r s t  

l a y e r  o r  s u b r e g io n  i s  t h e  e l e c t r o d e  i t s e l f .  I f  t h e  e l e c t r o d e  

i s  m e t a l ,  a s  i s  g e n e r a l l y  th e  c a s e ,  t h e  c h a rg e  r e s i d e s  i n  so
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t h i n  a  l a y e r  i n  t h e  s u r f a c e  o f  th e  m e ta l  t h a t  i t  may be  co n ­

s i d e r e d  tw o -d im e n s io n a l .  Thus th e  m e t a l l i c  s i d e  o f  th e  

d o u b le  l a y e r  i s  t h e  same i n  m odern th e o r y  a s  i t  i s  i n  t h a t  

o f  H e lm h o ltz . H ow ever, th e  s o l u t i o n  s i d e  o f  th e  i n t e r ­

f a c e  h a s  a  m ore c o m p l ic a te d  s t r u c t u r e .  H ere  we f i n d  a t  l e a s t  

two r e g i o n s ,  due t o  th e  two d i f f e r e n t  ty p e s  o f  f o r c e s  w h ich  

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

t r o d e ,  a n d  a r i s i n g  from  s h o r t - r a n g e ,  c h e m ic a l - ty p e  f o r c e s ,  

i s  e s s e n t i a l l y  tw o -d im e n s io n a l  i n  n a t u r e ,  a n d  i s  c a l l e d  th e  

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

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

th e  e l e c t r o d e )  p e rh a p s  some n e u t r a l  a d s o rb e d  m o le c u le s ,  a n d  

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

a n io n s ,  w h ich  h av e  l o s t  a t  l e a s t  t h a t  p a r t  o f  t h e i r  s o l v a ­

t i o n  s h e a th s  c l o s e s t  t o  t h e  e l e c t r o d e .  T h ese  m o le c u le s  a n d  

io n s  p r e s e n t  i n  t h e  i n n e r  l a y e r  a r e  s a i 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 h e i r  c e n t e r s  fo rm in g  th e  lo c u s  o f  t h e  i n n e r  

H e lm h o ltz  p l a n e .  The s e c o n d  r e g i o n ,  c a l l e d  th e  d i f f u s e  

l a y e r ,  c o n ta in s  th o s e  io n s  w h ich  do n o t  i n t e r a c t  s t r o n g l y  

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

s h e a t h s ,  b u t  a r e  s t i l l  s u b j e c t  t o  w e a k e r  lo n g - r a n g e  e l e c t r o ­

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

o f  a s  a r i s i n g  from  th e  e f f e c t  o f  c o u lo m b ic  o r d e r in g  s u p e r ­

im p o sed  on  th e r m a l  d i s o r d e r i n g .  Io n s  a t t r a c t e d  i n t o  t h i s  

r e g i o n  a r e  s a i d  t o  be  n o n - s p e c i f i c a l l y  a d s o r b e d ,  th e  lo c u s  

o f  t h e  c e n t e r s  o f  th e  c l o s e s t  a p p ro a c h in g  n o n - s p e c i f i c a l l y  

a d s o rb e d  io n s  fo rm in g  th e  o u t e r  H e lm h o ltz  p l a n e .  The d i f ­

f u s e  l a y e r  e x te n d s  from  th e  o u t e r  H e lm h o ltz  p la n e  t o  th e  

b u lk  o f  t h e  s o l u t i o n .
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A lth o u g h  t h e  p r e c i s e  g e o m e t r i c a l  a n a lo g y  b e tw e e n  an  i d e a l  

e l e c t r i c a l  c a p a c i t o r  a n d  th e  d o u b le  l a y e r  h a s  b e e n  i n v a l i ­

d a t e d ,  t h e  c o n c e p t  o f  a  c a p a c i ta n c e  a s s o c i a t e d  w i t h  the  dou­

b l e  l a y e r  h a s  r e m a in e d ;  In d e e d , t h e  m e a su re m e n t o f  doub le­

l a y e r  c a p a c i t y  h a s  p ro v id e d  much o f  t h e  d e t a i l e d  knowledge 

a b o u t  t h e  s t r u c t u r e  o f  th e  d o u b le  l a y e r ,  (1 )



C h a rg in g  C u r r e n t

I n  th e  a r e a s  o f  e l e c t r o a n a l y t i c a l  c h e m is t r y  a n d  e l e c ­

t r o d e  k i n e t i c s ,  t h e  d o u b le  l a y e r  a n d  i t s  a s s o c i a t e d  c a p a c i ­

t a n c e  in t r o d u c e  c o m p l ic a t io n s  w h ich  m ust b e  d e a l t  w i th  i f  

a c c u r a t e  r e s u l t s  a r e  d e s i r e d .  One o f  t h e s e  c o m p l ic a t io n s  

a r i s e s  fro m  th e  a b i l i t y  o f  t h e  d o u b le  l a y e r  t o  p a s s  co n d en ­

s e r  o r  c h a r g in g  c u r r e n t  u n d e r  a p p r o p r i a t e  c o n d i t i o n s .  As a  

f i r s t  a p p ro x im a t io n ,  t h e  i d e a  f i r s t  p u t  fo rw a rd  b y  R a n d le s  

(8 )  may be in v o k e d  t h a t  t h e  d o u b l e - l a y e r  c a p a c i ta n c e  may be 

th o u g h t  o f  a s  a n  e l e c t r i c a l  e le m e n t  i n  t h e  e q u i v a l e n t  c i r c u i t '  

o f  a  c e l l ,  w h ich  i s  c o n n e c te d  i n  p a r a l l e l  w i th  t h e  f a r a d a i c  

im p e d a n c e . C u r r e n t  w i l l  f lo w  th r o u g h  th e  d o u b le  l a y e r  i f  

t h e  v o l ta g e  a c r o s s  i t  i s  c h a n g in g ,  a n d /o r  i t s  c a p a c i ta n c e  i s  

c h a n g in g  a s  shown i n  th e  f o l lo w in g  e q u a t i o n s .

The o p e r a t i o n a l  d e f i n i t i o n  o f  a  c a p a c i t o r  is x

H ere  C i s  t h e  c a p a c i t a n c e ,  q  i s  t h e  m a g n itu d e  o f  th e  

c h a rg e  on  e i t h e r  p l a t e  a n d  V i s  th e  v o l t a g e  d ro p  a c r o s s  th e  

c a p a c i t o r .  S o lv in g  f o r  q  i n  e q u a t io n  ( l )  g iv e s i

The c u r r e n t  p a s s i n g  th e  c a p a c i t o r  may be  fo u n d  by d i f f ­

e r e n t i a t i n g  e q u a t io n  (?.) w i th  r e s p e c t  t o  tim e*

( 1)

q = CV (2 )

(3 )
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The in s t a n t a n e o u s  c u r r e n t ,  i ,  p a s s i n g  th r o u g h  an y  p o i n t  

i n  a  c i r c u i t  i s :

i - ft w

S u b s t i t u t i n g  e q u a t io n  (^ )  i n t o  e q u a t io n  (J3), we o b t a i n

t h e  e x p r e s s io n  f o r  th e  c u r r e n t ,  i  , th ro u g h  th e  c a p a c i t o r ic

i  = c  ~  + v  ~  xc C d t  + V d t

A t a  d ro p p in g  m ercu ry  e l e c t r o d e  (DME) th e  te rm  d C /d t  

i s  n o t  z e ro  due t o  th e  ch an g e  i n  a r e a  o f  t h e  e l e c t r o d e  w i th  

t im e ,  t h e  c a p a c i ta n c e  b e in g  d i r e c t l y  p r o p o r t i o n a l  t o  th e  

a r e a .  T h u s , t h e r e  w i l l  a lw ay s  be  a  c h a r g in g  c u r r e n t  a t  th e  

DME p r o v id e d  V i s  n o t  z e r o .  I n  a d d i t i o n ,  i f  a  t im e - v a r y in g  

p o t e n t i a l  i s  e m p lo y ed , e q u a t io n  (/?) p r e d i c t s  c h a r g in g  c u r r e n t  

due to  th e  te rm  d V / d t . '  The l a t t e r  c o n d i t i o n  a p p l i e s  t o  a l l  

e l e c t r o d e s ,  a n d  n o t  j u s t  t o  th e  DME. T h is  c h a r g in g  c u r r e n t  

a d d s  t o  th e  f a r a d a i c  c u r r e n t ,  due t o  th e  r e a c t i o n  o c c u r in g  

a t  th e  e l e c t r o d e ,  t o  p ro d u c e  th e  t o t a l  c e l l  c u r r e n t .  I t  i s  

t h i s  t o t a l  c e l l  c u r r e n t  w h ich  i s  e x p e r im e n ta l ly  a c c e s s i b l e .

I n  o r d e r  t o  m easu re  th e  f a r a d a i c  c o n t r i b u t i o n  o n ly ,  w h ich  i s  

t h e  o b j e c t  i n  many e le c t r o c h e m ic a l  t e c h n iq u e s ,  some p r o v i s i o n  

m u st be made f o r  c o r r e c t i n g  f o r  c h a r g in g  c u r r e n t .

I n t e g r a l  a n d  D i f f e r e n t i a l  C a p a c i ty

T h e re  a r e  tw o p ro b le m s w h ich  a r i s e  w hen one a t t e m p ts  

t o  d e f in e  d o u b le - l a y e r  c a p a c i ty  o p e r a t i o n a l l y  i n  a  m anner 

a n a lo g o u s  t o  e q u a t io n  ( 1 ) .  T hese  a r e :
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(1 )  The V te rm  i n  e q u a t io n  (1 )  r e f e r s  t o  th e  d i f f e r ­

e n ce  i n  p o t e n t i a l  b e tw e e n  th e  two p l a t e s  o f  a  c a p a c i t o r .

S in c e  t h e  " p l a t e s ” o f  t h e  d o u b le  l a y e r  c o n s i s t  o f  two d i f f e r ­

e n t  p h a s e s  ( s o l i d  e l e c t r o d e  a n d  l i q u i d  s o l u t i o n )  th e  p o t e n t i a l  

d i f f e r e n c e  c a n n o t  be  m e a su re d .

(2 )  The c a p a c i ta n c e  o f  th e  d o u b le  l a y e r  i s  n o t  c o n s ta n t*  

a n d  d ep en d s i n  a  c o m p l ic a te d  way on  th e  e l e c t r o d e  p o t e n t i a l .

I n  o r d e r  t o  g e t  a ro u n d  th e  f i r s t  p ro b le m  we go b a c k  to  

e q u a t io n  ( 1 ) ,  t h e  o p e r a t i o n a l  d e f i n i t i o n  o f  a n  o r d in a r y  e l e c ­

t r i c a l  c a p a c i t o r ,  a n d  n o te  t h a t  q  -  0 w hen V -  0 .  Now t h e r e  

e x i s t s  f o r  a n y  e l e c t r o d e  d ip p in g  i n  a  g iv e n  s o l u t i o n  a  u n iq u e  

p o t e n t i a l  a t  w h ic h  i t s  s u r f a c e  c h a rg e  d e n s i t y ,  qm, i s  z e r o .  

T h is  p o t e n t i a l  i s  c a l l e d  th e  e l e c t r o c a p i l l a r y  maximum p o te n ­

t i a l ,  a n d  i s  d e n o te d  by  th e  sym bol E _ . I f  we m easu re  th eA
e l e c t r o d e  p o t e n t i a l ,  E , w i th  r e s p e c t  t o  E_ we c a n  d e f in e  th e

d o u b l e - l a y e r  c a p a c i ty  a s i

Ko ~ E* ^

H ere  KQ i s  th e  s p e c i f i c  i n t e g r a l  c a p a c i ty  o f  th e  d o u b le  l a y e r  

( c a p a c i t y  p e r  u n i t  a r e a )  a n d  E* i s  th e  e l e c t r o d e  p o t e n t i a l

w i th  r e s p e c t  t o  E _ . (N o te  t h a t  E a n d  E a r e  e l e c t r o d e  p o te n -z z
t i a l s  m ea su re d  w i th  r e s p e c t  t o  t h e  same r e f e r e n c e  e le c t r o d e .)

E* = E -  E„ (7 )z

The i n t e g r a l  c a p a c i ta n c e  i s  im p o r ta n t  i n  d . c .  t e c h n iq u e s  

w here  c h a r g in g  c u r r e n t  a r i s e s  due t o  th e  te rm  d C /d t  i n  e q u a -
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t i o n  ( 5 ) •  The e q u a t io n  f o r  c h a r g in g  c u r r e n t ,  i  , i n  te rm s
v

o f  KQ may be  d e r iv e d  a s  fo llo w s*

I f  q  i s  th e  c h a rg e  on  th e  e l e c t r o d e  a n d  A i s  i t s  a r e a ,  

we have*

q = Aqm (8)

S u b s t i t u t i o n  o f  e q u a t io n  (8 )  i n t o  e q u a t io n  (4 )  g iv e s*

i  = f l i A a aXC d t  (9 )

S in c e  qm i s  a  f u n c t i o n  o n ly  o f  e l e c t r o d e  p o t e n t i a l  a n d  com­

p o s i t i o n  o f  th e  s o l u t i o n  th en *

m dA
*0 “  *  d t  (1 0 )

S o lv in g  q m i n  e q u a t io n  (6 )  a n d  s u b s t i t u t i n g  th e  r e s u l t  i n t o  

e q u a t io n  (10)w e o b t a i n  th e  f o l lo w in g  e x p r e s s io n  f o r  c h a r g ­

in g  c u r r e n t  i n  a  d . c .  t e c h n iq u e .

= KoE* $  ( 1 1 >

Thus we s e e  t h a t  i n  a  d . c .  t e c h n iq u e ,  c h a r g in g  c u r r e n t  

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

I n  a . c .  t e c h n iq u e s ,  h o w e v e r, t h e  e q u a t io n  f o r  c h a r g in g  c u r r e n t  

i s  m o d if ie d  due t o  th e  s e c o n d  p ro b le m  m e n tio n e d , v i z .  t h e  

e l e c t r o d e  c a p a c i ty  i s  a  f u n c t i o n  o f  p o t e n t i a l .  The e q u a t io n
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f o r  a . c .  c h a r g in g  c u r r e n t  may be  d e r iv e d  a s  f o l l o w s .

S o lv in g  f o r  qm i n  e q u a t io n  (6 )  a n d  s u b s t i t u t i n g  th e  r e ­

s u l t  i n t o  e q u a t io n  (9 )  we o b t a i n :

± _ d (A E* K0 )
c d t  (1 2 )

C a r ry in g  o u t  t h e  d i f f e r e n t i a t i o n :

jl d (E*K ) „  t-m. dA= A v o '  . K E* T x— a  u rL.ji" t t  / n « \c ------^ ----- + o  d t  ( 1 3 )

The s e c o n d  te rm  on  th e  r i g h t  i s  th e  d . c .  c h a r g in g  c u r ­

r e n t  a s  c a n  be s e e n  b y  c o m p a r iso n  w i th  e q u a t io n  ( 1 1 ) .  S in c e  

we a r e  now i n t e r e s t e d  i n  th e  a . c .  c h a r g in g  c u r r e n t ,  we w i l l  

d ro p  t h i s  te r m . The f i r s t  te rm  on  th e  r i g h t  i s  th e  a . c .  

c h a r g in g  c u r r e n t .  C a r r y in g  o u t  th e  i n d i c a t e d  d i f f e r e n t i a t i o n  

we o b t a i n :

. _  A L. dE
c £ o  d t + E* (1*0

N ote  t h a t  dE* »  dE , s in c e  E„ i s  a  c o n s t a n t .Zi
Now K i s  a  f u n c t i o n  o f  tim e  s in c e  i t  i s  a  f u n c t i o n  o f  o

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

n iq u e .  The d e r i v a t i v e  o f  KQ w i th  r e s p e c t  t o  t im e  c a n  be 

w r i t t e n  a s :

dt dE dt U55
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S u b s t i t u t i n g  t h i s  e x p r e s s io n  f o r  dKQ/ d t  i n t o  e q u a t io n  (140 

a n d  r e a r r a n g i n g  g iv e s*

i c = [a  <K0 + E* | |  (1 6 )

Eofi a n  o r d i n a r y  e l e c t r i c a l  c a p a c i t o r  w hose c a p a c i ty  i s  i n ­

d e p e n d e n t  o f  p o t e n t i a l  we have  fro m  e q u a t io n  (5 ) t h a t :

l o  = C f t  <1 7 >

By a n a lo g y  w i th  e q u a t io n  (1 7 )  we s e e  t h a t  th e  term  i n  b r a c ­

k e t s  i n  e q u a t io n  (1 6 )  p la y s  th e  same r o l e  a s  C in  e q u a t io n  

( 1 7 ) .  T h is  e x p r e s s io n  i s  c a l l e d  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 ,  C ^, w h i le  t h e  te rm  i n  p a r e n t h e s i s  i s  th e  s p e c i f i c  

d i f f e r e n t i a l  c a p a c i t a n c e ,  C ^ . ( D i f f e r e n t i a l  c a p a c i ta n c e  p e r  

u n i t  a r e a . )  By d i f f e r e n t i a t i n g  e q u a t io n  (6 )  w ith  r e s p e c t  t o  

E i t  c a n  b e  show n th a t*

, „ m

° S  -  f r  <1 8 >

Now we may w r i t e  e q u a t io n  (1 6 )  a s*

4e  -  ° d  H  <1 9 )

H ere  i  i s  t h e  a . c .  c h a r g in g  c u r r e n t  due t o  th e  use o f  a n  

a . c .  v o l t a g e .  Thus we s e e  t h a t  t h e  a . c .  c h a rg in g  c u r r e n t  

i s  d i r e c t l y  p r o p o r t i o n a l  t o  d i f f e r e n t i a l  c a p a c i ty .  A . c .  

t e c h n iq u e s  th u s  m ea su re  d i f f e r e n t i a l  c a p a c i t y ,  w hereas i n s p e c ­
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t i o n  o f  e q u a t io n  (1 1 )  shows t h a t  d . c .  t e c h n iq u e s  m easu re  i n ­

t e g r a l  c a p a c i t y .  O f th e  two k in d s  o f  c a p a c i t a n c e ,  Cd i s  th e  

m ore im p o r t a n t .  A . c .  im pedance b r id g e  m easu rem en ts  o f  Cd , 

u s u a l l y  a t  a  DME, have p r o v id e d  much o f  t h e  know ledge o f  

th e  s t r u c t u r e  o f  t h e  d o u b le  l a y e r .  (1 )  I t  h a s  b e e n  n o te d  

b y  M o h iln e r  (1 )  t h a t  Cd i s  a  more u s e f u l  p a ra m e te r  f o r  i n ­

v e s t i g a t i n g  d o u b le - l a y e r  s t r u c t u r e  t h a n  i s  i n t e g r a l  c a p a c i ­

ta n c e  ,
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D ouble  L a y e r  E f f e c t s  I n  E le c t r o c h e m is t r y

E le c t r o d e  K i n e t i c s  -  The F rum kin  E f f e c t

I n  t h e  s tu d y  o f  e l e c t r o d e  k i n e t i c s ,  one s e e k s  t o  d e t e r ­

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

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

p o t e n t i a l  o f  th e  e l e c t r o d e .  I n  o r d e r  t o  o b t a i n  t h e  r a t e  o f  

e l e c t r o n  t r a n s f e r ,  one f i r s t  m e a su re s  th e  o v e r a l l  r a t e  o f  

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

c o r r e c t s  f o r  th e  r a t e  o f  m ass t r a n s f e r .  F rum k in  (,£) r e a ­

l i z e d  t h a t  i n  o r d e r  f o r  e l e c t r o n  t r a n s f e r  t o  o c c u r ,  t h e  

e l e c t r o a c t i v e  s p e c i e s  m ust f i r s t  come a s  c lo s e  t o  th e  e l e c ­

t r o d e  a s  p o s s i b l e ,  w h ic h  i n  th e  c a s e  o f  n o n - s p e c i f i c  a d s o r p ­

t i o n  i s  i n  th e  o u t e r  H e lm h o ltz  p la n e  ( O . H . P . ) .  I f  t h i s  i s  

s o ,  th e n  th e  r a t e  o f  th e  r e a c t i o n  c a n  be e x p r e s s e d  a s  a  

f u n c t i o n  o f  th e  c o n c e n t r a t i o n  o f  e l e c t r o a c t i v e  m a t e r i a l  i n  

t h e  O . H. P .  One m u s t, o f  c o u r s e ,  u se  th e  c o r r e c t  e f f e c t i v e  

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

i n  th e  O . H . P .  i n  t h e  r a t e  e q u a t io n s .

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

o f  a  g iv e n  i o n i c  s p e c i e s  i n  th e  O .H .P . a n d  th e  e f f e c t i v e  

p o t e n t i a l  d i f f e r e n c e ,  one m u st f i r s t  d e te rm in e  # ,  t h e  p o te n ­

t i a l  i n  t h e  O. H. P .  T h is  q u a n t i t y  c a n  b e  c a l c u l a t e d  u s in g  

t h e  e q u a t io n s  o f  th e  G ouy-C hapm an-S te rn  th f to ry  o f  t h e  d i f f u s e  

l a y e r .  The s t a r t i n g  p o i n t  i s  th e  e x p e r im e n ta l  d e te r m in a t io n  

o f  Cd a t  th e  p o t e n t i a l  o f  i n t e r e s t .

A d s o r p t io n

A n o th e r  a r e a  w here  th e  d e te r m in a t io n  o f  d o u b le - l a y e r
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c a p a c i ty  p ro v e s  h e l p f u l  i s  t h a t  o f  a d s o r p t i o n .  The a d s o r p ­

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

m a t e r i a l  hav e  a  p ro fo u n d  e f f e c t  on  d o u b l e - l a y e r  c a p a c i t y  a n d  

v i c e v e r s a .  (1 0 )  A d s o r p t io n  o f  e l e c t r o i n a c t i v e  s u r f a c t a n t s  

u s u a l l y  l e a d s  t o  l a r g e  d e p r e s s io n s  i n  a n d  so m etim es t o  

s h a r p  p e a k s  t o o .  (1 1 )  E le c t r o d e  k i n e t i c s  c a n  be  m ark e d ly  

a f f e c t e d  by  t h i s  ty p e  o f  a d s o r p t io n  a l s o .  (1 2 )  S p e c i f i c  

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

a l t e r i n g  Cd , s i g n i f i c a n t l y  ch an g e  c h a r a c t e r i s t i c s  o f  th e  

f a r a d a i c  im p e d a n c e . (1 0 )  The p r e s e n c e  a n d  e f f e c t s  o f  

s p e c i f i c  a n d  n o n - s p e c i f i c  a d s o r p t io n  c a n  be  d e te rm in e d  u s ­

in g  m easu rem en ts  o f  Cd . (1 3 )
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N eed f o r  D e te r m in a t io n  o f  D o u b le -L a y e r  C a p a c i ty  i n  th e  

P re s e n c e  o f  a n  E le c t r o d e  R e a c t io n

P r a c t i c a l l y  a l l  o f  th e  w ork  th u s  f a r  on  th e  d o u b le  

l a y e r  a n d  i t s  e f f e c t s  h as  b e e n  done u s i n g  i d e a l  p o l a r i z e d  

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

H ow ever, i t  i s  i n  th e  p r o p e r t i e s  a n d  e f f e c t s  o f  th e  d o u b le  

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

c h e m is ts  a r e  m o st i n t e r e s t e d .  F o r  e x a m p le , s p e c i f i c  a d s o r p ­

t i o n  o f  e l e c t r o a c t i v e  s p e c i e s  c a n  g r e a t l y  m o d ify  th e  d o u b le ­

l a y e r  c a p a c i ty  a n d  th u s  th e  c h a r g in g  c u r r e n t ,  e v e n  i n  th e  

p r e s e n c e  o f  a  l a r g e  e x c e s s  o f  b a s e  e l e c t r o l y t e .  I f  th e  

e l e c t r o a c t i v e  s p e c i e s  i s  p r e s e n t  i n  low  c o n c e n t r a t i o n ,  l a r g e  

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

m ethods o f  c o r r e c t i n g  f o r  c h a r g in g  c u r r e n t  a r e  u s e d .  I n  t h i s  

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

c h a r g in g  c u r r e n t  m u st be  d e te rm in e d  i n  th e  t e s t  s o l u t i o n  

s im u l ta n e o u s ly  w i th  t o t a l  c e l l  c u r r e n t .  I n  a d d i t i o n ,  u n le s s  

th e  m ost s t r i n g e n t  m ethods o f  p u r i f i c a t i o n  o f  t e s t  s o l u t i o n s  

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

t r a c e  i m p u r i t i e s  a r e  a b s e n t ,  th u s  a f f e c t i n g  th e  c a p a c i ty  

a n d  h en ce  th e  c h a r g in g  c u r r e n t  i n  a n  unknown w ay . (1 4 )  T h u s, 

th e  u se  o f  a  dummy c e l l  c o n ta in i n g  o n ly  b a s e  e l e c t r o l y t e  t o  

m easu re  c h a r g in g  c u r r e n t  i s  n o t  a  v a l i d  p ro c e d u re  f o r  c o r r e c t ­

i n g  f o r  c h a r g in g  c u r r e n t .  T h is  i s  e s p e c i a l l y  t r u e  i n  th e  c a se  

o f  t r a c e  a n a l y s i s  w here c h a r g in g  c u r r e n t  i s  a  s i g n i f i c a n t  

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

The m easu rem en t o f  d o u b le - l a y e r  c a p a c i ty  i n  t h e  p r e s e n c e  

o f  f a r a d a i c  c u r r e n t  e a n  a l s o  t e l l  u s  s o m e th in g  a b o u t  th g j m ech-
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a n ism  o f  th e  e l e c t r o n - t r a n s f e r  r e a c t i o n  o c c u r in g  a t  a n  

e l e c t r o d e .  F o r  e x am p le , one m ig h t be  a b le  t o  d e te rm in e  

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

o r  p e rh a p s  e v e n  th e  p r o d u c t  o f  th e  e l e c t r o d e  r e a c t io n ^  p la y e d  

a  r o l e  i n  t h e  r e a c t i o n  m ech an ism . S p e c i f i c  a d s o r p t i o n  o f  

e l e c t r o i n a c t i v e  m a t e r i a l  c a n  a l s o  a l t e r  t h e  K in e t i c s  o f  

th e  f a r a d a i c  r e a c t i o n .  The a d s o rb e d  m a t e r i a l  m ig h t ,  f o r  

e x a m p le , i n h i b i t  th e  r a t e  o f  e l e c t r o n  t r a n s f e r  o r  e v e n  i n t e r ­

a c t  c h e m ic a l ly  w i th  e l e c t r o a c t i v e  m a t e r i a l  a t  t h e  e l e c t r o d e  

s u r f a c e . (1 2 )

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

m in a t io n  o f  d o u b l e - l a y e r  c a p a c i ty  i n  th e  p r e s e n c e  o f  f a r a d a i c  

c u r r e n t  i s  a n  im p o r ta n t  o b j e c t i v e  i n  e l e c t r o c h e m ic a l  s t u d i e s ,  

a n d  i t  i s  t o  t h i s  en d  t h a t  t h i s  r e s e a r c h  i s  d i r e c t e d .
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P re v io u s  M ethods o f  M e a su rin g  D o u b le - la y e r  C a p a c i ty

M ethods i n  th e  A bsence  o f  F a r a d a ic  C u r r e n t

T h eo ry  -  The L ippm ann E q u a t io n

M ost o f  th e  w ork t o  d a te  on  d e te r m in a t io n  o f  d o u b le ­

l a y e r  c a p a c i ty  h a s  b e e n  done on sy s te m s  c o m p ris e d  o f  i d e a l  

p o l a r i z e d  e l e c t r o d e s ,  u s u a l ly  m erc u ry  i n  c o n ta c t  w i th  a n  

aq u e o u s  s o l u t i o n  o f  a n  i n e r t  ( e l e c t r o i n a c t i v e )  s a l t .  An 

i d e a l  p o l a r i z e d  e l e c t r o d e  i s  one w h ich  c a n  be  p o l a r i z e d  w i th ­

o u t  a  c o n c u r r e n t  t r a n s f e r  o f  c h a rg e  a c r o s s  t h e  e l e c t r o d e ­

s o l u t i o n  i n t e r f a c e .  As Grahame ( 2 ) . h a s  p o i n te d  o u t ,  w h ile  

no r e a l  e l e c t r o d e  c a n  b eh av e  e x a c t l y  a s  a n  i d e a l  p o l a r i z e d  

e l e c t r o d e  o v e r  a l l  r a n g e s  o f  p o t e n t i a l ,  t h e  b e h a v io r  o f  a  

m ercu ry  e l e c t r o d e  im m ersed  i n  a n  a q u eo u s  s o l u t i o n  o f  a n  e l e c ­

t r o i n a c t i v e  s a l t  c l o s e l y  a p p ro x im a te s  t h i s  b e h a v io r  o v e r  a  

w ide  ra n g e  o f  p o t e n t i a l .

T h ere  a r e  t h r e e  d i f f e r e n t  c l a s s e s  o f  e x p e r im e n ts  w h ich  

c an  b e  p e rfo rm e d  t o  d e te rm in e  th e  v a lu e  o f  th e  d o u b l e - l a y e r  

c a p a c i ty  a t  a n  i d e a l  p o l a r i z e d  e l e c t r o d e .  One c a n  c a l c u l a t e  

th e  v a lu e  o f  th e  d o u b l e - l a y e r  c a p a c i ty  from  e l e c t r o c a p i l l a r y  

c u r v e s ,  w h ich  a r e  p l o t s  o f  s u r f a c e  t e n s i o n  v e r s u s  p o t e n t i a l .  

A n o th e r  a p p ro a c h  i s  t o  m easu re  t h e  s u r f a c e  c h a rg e  a s  a  f u n c ­

t i o n  o f  p o t e n t i a l ,  w h i le  th e  " th ird , a n d  m o st a c c u r a t e  m eth o d , 

i s  t o  d e te rm in e  th e  v a lu e  o f  th e  d o u b l e - l a y e r  c a p a c i ty  d i r e c t l y .  

S u r f a c e  t e n s i o n ,  s u r f a c e  c h a rg e  a n d  d o u b l e - l a y e r  c a p a c i ty  

a r e  r e l a t e d  th r o u g h  th e  e l e c t r o c a p i l l a r y  e q u a t io n ,  som etim es 

r e f e r r e d  t o  a s  th e  L ippm ann e q u a t io n ,  f i r s t  d e r iv e d  by 

L ippm an . ( 1 5 ) T h is  e q u a t io n  s t a t e s  t h a t  a  c o n s t a n t  c h e m ic a l
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p o t e n t i a l ,  m» t h e  r a t e  o f  c h a n g e  o f  s u r f a c e  t e n s i o n ,  c r » w ith  

r e s p e c t  t o  p o t e n t i a l  i s  e q u a l  t o  th e  n e g a t i v e  o f  t h e  s u r f a c e  

c h a rg e  d e n s i t y  on  t h e  e l e c t r o d e .  M a th e m a t i c a l l y , t h i s  s t a t e ­

m en t b e c o m e s t

S in c e  th e  d i f f e r e n t i a l  d o u b l e - l a y e r  c a p a c i t y  i s  d e f in e d  

a s  t h e  r a t e  o f  c h an g e  o f  s u r f a c e  c h a rg e  d e n s i t y  w i th  r e s p e c t  

t o  p o t e n t i a l ,  i t  c a n  b e  d e te r m in e d  fro m  e l e c t r o c a p i l l a r y  

c u rv e s  by a  d o u b le  d i f f e r e n t i a t i o n  w i th  r e s p e c t  t o  p o t e n t i a l ,  

o r  fro m  c u rv e s  o f  s u r f a c e  c h a rg e  d e n s i t y  v e r s u s  p o t e n t i a l  by 

a  s i n g l e  d i f f e r e n t i a t i o n  w i t h  r e s p e c t  t o  p o t e n t i a l .  M ath ­

e m a t i c a l l y  s t a t e d  we have*

From  S u r f a c e  T e n s io n  M e asu rem en ts

The d e t e r m i n a t i o n  o f  d o u b l e - l a y e r  c a p a c i t y  by  m e a su r in g  

s u r f a c e  t e n s i o n  i s  f a i r l y  d i f f i c u l t .  The m e a su re m e n ts  m ust 

b e  made w i th  e x c e e d in g  a c c u r a c y  s i n c e  a  d o u b le  d i f f e r e n t i a ­

t i o n  m u st be  p e r f o r m e d .  W h ile  t h e r e  a r e  many m eth o d s  o f  

m e a s u r in g  th e  s u r f a c e  t e n s i o n  o f  a  m e rc u ry  e l e c t r o d e  i n  con ­

t a c t  w i th  a n  a q u e o u s  s o l u t i o n ,  t h e  m o st a c c u r a t e  r e s u l t s  a re  

t h o s e  i n  w h ic h  t h e  L ippm ann  c a p i l l a r y  e l e c t r o m e t e r  i s  em ployed,

(1 6 )  T h is  i s  t h e  i n s t r u m e n t  i n v e n t e d  b y  L ippm ann  (1 7 )  a n d  used 

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

( 20)

( 21)
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t e n s i o n  a n d  p o l a r i z i n g  p o t e n t i a l .  The c a p i l l a r y  e l e c t r o ­

m e te r  c o n s i s t s  o f  a  m erc u ry  co lum n e n d in g  i n  a  f i n e  t a p e r i n g  

c a p i l l a r y  tu b e  w h ich  d ip s  i n t o  th e  t e s t  s o l u t i o n .  The m er­

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

co lum n i s  a d j u s t e d  so  t h a t  th e  m erc u ry  i n  th e  c a p i l l a r y  tu b e  

comes t o  r e s t  a t  a  g iv e n  p o i n t .  From t h e  h e ig h t  o f  th e  m er­

c u ry  colum n th e  s u r f a c e  t e n s i o n  c a n  be  c a l c u l a t e d .

From M easu rem en t o f  S u r f a c e  C harge

The c a l c u l a t i o n  o f  d o u b le - l a y e r  c a p a c i ty  by d i r e c t  

m easurem ent o f  s u r f a c e  c h a rg e  d e n s i ty  a s  a  f u n c t i o n  o f  p o ­

t e n t i a l  r e q u i r e s  th e  u s e  o f  a  d ro p p in g  e l e c t r o d e , A g a in , f o r  

o b v io u s  r e a s o n s ,  m erc u ry  i s  t h e  e l e c t r o d e  m a t e r i a l  o f  c h o ic e .  

The m ethod  t o  be  d e s c r ib e d  was f i r s t  i n i t i a t e d  by V a r le y  (1 8 )  

a n d  s u b s e q u e n t ly  d e v e lo p e d  b y  L ippm ann (1 £ )  a s  a  m eans o f  

c h e c k in g  r e s u l t s  o b ta in e d  fro m  e l e c t r o c a p i l l a r y  c u r v e s . I t  

h a s  s in c e  b e e n  u s e d  by  v a r i o u s  o t h e r  i n v e s t i g a t o r s .  ( 12., 2 0 . 

21)

E x p e r im e n ta l ly ,  one im m erses a  d ro p p in g  m erc u ry  e l e c ­

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

w h ic h  h a s  b e e n  s c r u p u lo u s ly  f r e e d  o f  a l l  t r a c e s  o f  e l e c t r o ­

a c t i v e  i m p u r i t i e s ,  i n c l u d i n g  d i s s o l v e d  o x y g e n , a n d  p o l a r i z e s  

i t  t o  th e  p o t e n t i a l  o f  i n t e r e s t .  As e a c h  d ro p  grow s a  c u r r e n t  

m u st f lo w  i n  o r d e r  t o  c h a rg e  th e  d o u b le  l a y e r  to  t h e  d e s i r e d  

p o t e n t i a l .  I t  i s  assum ed  t h a t  t h i s  c h a r g in g  p r o c e s s  o c c u rs  

much more r a p i d l y  t h a n  th e  r a t e  o f  g ro w th  o f  th e  d ro p  so  

t h a t  a n  e q u i l i b r iu m  i s  a lw a y s  m a in ta in e d .  One th e n  m e a su re s  

th e  am ount o f  c h a rg e  w h ic h  h a s  f lo w e d  i n t o  th e  m e rc u ry  d ro p  

a t  a  g iv e n  t im e  d u r in g  d ro p  l i f e ,  u s u a l l y  d ro p  f a l l ,  e i t h e r
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by i n t e g r a t i o n  o f  th e  c h a r g in g  c u r r e n t  o r  by  m e a s u r in g  th e  

am oun t o f  c h a rg e  c a r r i e d  away by th e  d rop*  The l a t t e r  

m easu rem en t may be  a c c o m p lis h e d  b y  c o n n e c t in g  th e  d ro p p in g  

m e rc u ry  e l e c t r o d e  t o  a  m erc u ry  p o o l  a t  th e  b o tto m  o f  th e  

c e l l  by  a n  e x t e r n a l  w ir e  w i th  a  g a lv a n o m e te r  i n  s e r i e s .  As 

a  d ro p  f a l l s  i t  c a r r i e s  w i th  i t  a  d e f i n i t e  am ount o f  e l e c ­

t r i c a l  c h a r g e .  When t h e  d ro p  s t r i k e s  t h e  m erc u ry  p o o l  an d  

c o a l e s c e s  i n t o  i t ,  t h i s  c h a rg e  f lo w s  b a c k  t o  th e  d ro p p in g  

e l e c t r o d e  th ro u g h  th e  e x t e r n a l  w ire  a n d  th e  g a lv a n o m e te r .  

A g a in , i n t e g r a t i o n  o f  th e  r e s u l t i n g  c u r r e n t  g iv e s  th e  am ount 

o f  c h a rg e  on th e  d r o p .  The a r e a  o f  th e  d ro p  c a n  be  c a l c u ­

l a t e d  fro m  a  know ledge  o f  i t s  w e ig h t  a n d  by a s su m in g  th e  

d ro p  t o  hav e  a  s p h e r i c a l  s h a p e .  The t o t a l  c h a rg e  d iv id e d  

by th e  a r e a  o f  t h e  d ro p  g iv e s  th e  s u r f a c e  c h a rg e  d e n s i t y .  

D i f f e r e n t i a t i o n  o f  th e  s u r f a c e  c h a rg e  d e n s i t y  w i th  r e s p e c t  

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

D i r e c t  M easu rem en t M ethods

D i r e c t  m ea su re m e n ts  o f  d o u b l e - l a y e r  c a p a c i ty  a r e  b a s e d  

upon  th e  i d e a  t h a t  t h e  d o u b le  l a y e r  b e h a v e s  a s  a n  o r d i n a r y  

e l e c t r i c a l  c a p a c i t o r  w i th  r e s p e c t  t o  e l e c t r i c a l  s i g n a l s .

T h u s , a n y  m ethod  w h ic h  c a n  be  u s e d  t o  d e te rm in e  th e  c a p a c i t y  

o f  a n  o r d in a r y  e l e c t r i c a l  c a p a c i t o r  c a n  be  u s e d  t o  d e te rm in e  

th e  c a p a c i t y  o f  th e  d o u b le  l a y e r .  The o n ly  d i f f e r e n c e  b e ­

tw e e n  th e  e l e c t r i c a l  b e h a v io r  o f  th e  d o u b le  l a y e r  a n d  t h a t  

o f  a n  e l e c t r i c a l  c a p a c i t o r  i s  t h a t  t h e  c a p a c i t y  o f  th e  fo rm e r  

i s  a  f u n c t i o n  o f  p o t e n t i a l ,  w h i le  t h a t  o f  t h e  l a t t e r  i s  n o t .  

As n o te d  p r e v i o u s ly  i n  t h i s  w ork a n d  p o i n t e d  o u t  by  Grahame
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( 2 2 ) ,  t h i s  phenom enon h a s  l e d  t o  th e  d e f i n i t i o n  o f  two ty p e s  

o f  c a p a c i ty  a s s o c i a t e d  w i th  t h e  d o u b le  l a y e r ,  v i z ,  s t a t i c  o r  

i n t e g r a l  c a p a c i ty  a n d  d i f f e r e n t i a l  c a p a c i t y .

One a p p ro a c h  t o  th e  m easu rem en t o f  d i f f e r e n t i a l  c a p a ­

c i t y  in v o lv e s  th e  u s e  o f  c h a r g in g  c u r v e s .  T h is  t e c h n iq u e ,  

em ployed  by  v a r io u s  i n v e s t i g a t o r s  ( 2^ ,  2 4 ) ,  in v o lv e s  th e  u se  

o f  a  c o n s t a n t  d . c .  c u r r e n t  t o  p o l a r i z e  a n  e l e c t r o d e .  U s in g s  

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

a n d  s u b s t i t u t i n g  t h e  e x p r e s s io n  f o r  dq w h ic h  c a n  be  d e r iv e d  

from  e q u a t io n  (4 )

T h u s , one m e a su re s  e l e c t r o d e  p o t e n t i a l  a s  a  f u n c t i o n  o f  

t im e  ( c h a r g in g  c u r v e ) ,  u s u a l l y  w i th  a n  o s c i l l o s c o p e ,  a n d  c a l ­

c u l a t e s  th e  s l o p e ,  d E /d t  a t  th e  p o t e n t i a l  o f  i n t e r e s t .  The 

c u r r e n t  d iv id e d  by  th e  s lo p e  g iv e s  th e  d i f f e r e n t i a l  c a p a c i t y .

O th e r  a p p ro a c h e s  to  m easu rem en t o f  Cd in v o lv e  th e  u se  

o f  a  s m a l l - a m p l i t u d e , s in e -w a v e  v o l ta g e  s u p e r im p o s e d  on  th e  

d . c ,  p o l a r i z i n g  v o l t a g e .  The m o st common, a n d  p e rh a p s  th e  

m o st a c c u r a t e ,  t e c h n iq u e  u t i l i z i n g  t h i s  a p p ro a c h  i s  th e  a . c .

( 2 2 )

dq = i  d t (2 3 )

we c a n  w r i t e ,  a f t e r  r e a r r a n g e m e n t ,

(2 4 )
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b r id g e  m e th o d . F i r s t  u s e d  b y  K rttg e r  (2 £ )  a n d  b ro u g h t  t o  a  

h ig h  d e g re e  o f  p e r f e c t i o n  b y  Grahame (2 2 , 2 6 ) ,  i t  in v o lv e s  

p l a c i n g  th e  e l e c t r o l y t i c  c e l l  i n  one arm  o f  a n  a . c .  im pedance  

b r id g e  w i th  a  s t a n d a r d  v a r i a b l e  r e s i s t a n c e  a n d  c a p a c i ta n c e  

i n  s e r i e s  i n  a n o th e r  a rm . The e l e c t r o d e  a t  w h ic h  th e  c a p a ­

c i t y  i s  t o  be m e a su re d  i s  p o l a r i z e d  to  t h e  p o t e n t i a l  o f  i n ­

t e r e s t  a n d  th e  v a r i a b l e  r e s i s t a n c e  a n d  c a p a c i ta n c e  a r e  a d ­

j u s t e d  t o  b r i n g  th e  b r id g e  u n b a la n c e  v o l t a g e  ( a . c . )  t o  z e r o .  

A t  t h i s  p o i n t ,  i t  c a n  be show n t h a t  th e  v a lu e  o f  th e  v a r i a b l e  

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

a n d  d i f f e r e n t i a l  d o u b l e - l a y e r  c a p a c i ty  a t  t h e  e l e c t r o d e  o f  

i n t e r e s t .

O th e r  i n v e s t i g a t o r s  h av e  u s e d  s m a l l  a m p l i tu d e  s q u a re  

w aves ( 2 2 ) ,  t r i a n g u l a r  w aves ( 2 8 ) ,  a n d  v o l t a g e  p u l s e s  (2 9 )  

s u p e r im p o s e d  upon  th e  d . c .  p o l a r i z i n g  p o t e n t i a l  t o  m easu re  

th e  d o u b l e - l a y e r  c a p a c i t y  a t  i d e a l  p o l a r i z e d  e l e c t r o d e s .
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M ethods i n  th e  P re s e n c e  o f  F a r a d a ic  C u r r e n t

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

U n t i l  r e c e n t l y  th e  m easu rem en t o f  d o u b l e - l a y e r  c a p a c i ty  

i n  th e  p r e s e n c e  o f  f a r a d a i c  c u r r e n t  had  n o t  b e e n  d o n e . The 

e x p e r im e n ta l  d i f f i c u l t y  i s  due t o  th e  f a c t  t h a t  o n ly  th e  t o ­

t a l  c e l l  r e s p o n s e  t o  a n  e l e c t r i c a l  s t im u lu s  c a n  b e  m e a su re d . 

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

due t o  b o th  f a r a d a i c  a n d  d o u b le - l a y e r  ( o r  n o n - f a r a d a i c )  co n ­

t r i b u t i o n s .  T h is  d i f f i c u l t y  may be c l a r i f i e d  w i th  th e  a i d  

o f  a  d ia g ra m  r e p r e s e n t i n g  th e  e q u iv a l e n t  c i r c u i t  f o r  a n  e l e c ­

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

n  'total. ~ 'c + V j
r l c-»

R *
•—-A /W V

T

H ere  R i s  th e  s e r i e s  r e s i s t a n c e  due t o  c o n t r i b u t i o n s  fromA
t h e  s o l u t i o n  a n d  e l e c t r o d e s ,  i s  t h e  d o u b l e - l a y e r  c a p a c i ty  

a n d  i s  th e  f a r a d a i c  im pedance  due t o  t h e  e l e c t r o n  t r a n s f e r  

r e a c t i o n .  T h is  p i c t u r e  o f  th e  e q u iv a l e n t  c e l l  c i r c u i t  i n  

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

f i r s t  d e s c r ib e d  by  R a n d le s .  (3 0 )

As c a n  be s e e n  from  th e  ab o v e  d ia g ra m , t h e  f a r a d a i c  a n d  

c h a r g in g  c u r r e n t s  a d d  t o  g iv e  th e  t o t a l  c e l l  c u r r e n t .  I t  i s  

t h e  t o t a l  c e l l  c u r r e n t  w h ic h  i s  a c c e s s i b l e  e x p e r i m e n t a l ly .  

T h u s , an y  m ethod  f o r  m e a su r in g  th e  d o u b l e - l a y e r  c a p a c i ty  

w h ic h  in v o lv e s  th e  m easu rem en t o f  c e l l  c u r r e n t  due t o  a  v o l ­
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t a g e  s t im u lu s  w i l l  n o t  w ork  i n  th e  p r e s e n c e  o f  a  f a r a d a i c  

r e a c t i o n .  I f  a n  a . c .  im pedance  b r id g e  i s  u s e d ^ i t  w i l l  mea­

s u r e  th e  t o t a l  c e l l  im pedance  w h ich  in c lu d e s  c o n t r i b u t i o n s  

from  a n d  Cd . I n  a d d i t io n #  s u r f a c e  t e n s i o n  m ethods a r e  

i n v a l i d  s i n c e  th e  L ippm ann e q u a t io n  do es n o t  a p p ly  t o  c h a r g e -  

t r a n s f e r  e l e c t r o d e s .  ( 1 )

The M ethod o f  S lu y te r s -R e h b a c h

The f i r s t  i n v e s t i g a t o r s  t o  d e v e lo p  a  te c h n iq u e  c a p a b le  

o f  m e a s u r in g  d o u b le - l a y e r  c a p a c i ty  i n  th e  p r e s e n c e  o f  f a r a ­

d a ic  c u r r e n t  w ere  S lu y te r s - R e h b a c h  a n d  S l u y t e r s .  (_21) They 

em ployed  th e  same a . c .  im pedance  b r id g e  t e c h n iq u e  a s  d e s ­

c r i b e d  p r e v i o u s l y ,  w i th  a  n o v e l  m ethod  o f  d a ta  t r e a t m e n t .

They com bined  a . c .  c i r c u i t  t h e o r y  f o r  com plex  im p ed an ces 

w i th  t h e  f a m i l i a r  R a n d le s  e q u iv a le n t  c i r c u i t  o f  im pedance  

o f  a n  e l e c t r o l y t i c  c e l l .  (^0)  T hese  t o g e t h e r  w i th  t h e  e q u a ­

t i o n s  f o r  t h e  f a r a d a i c  im pedance  e n a b le d  them  t o  d e r iv e  e x ­

p r e s s i o n s  f o r  th e  t o t a l  c e l l  im pedance  i n  te rm s  o f  i t s  r e a l  

a n d  im a g in a ry  p a r t s . The l a t t e r  a r e  m ea su re d  d i r e c t l y  by 

t h e  a . c .  b r id g e  t e c h n iq u e  b e in g  th e  e q u iv a l e n t  s e r i e s  r e s i s ­

ta n c e  a n d  r e a c t a n c e ,  r e s p e c t i v e l y ,  o f  th e  c e l l .  By a p p r o p r i ­

a t e  m a n ip u la t io n  th e y  w ere  a b le  t o  d e r iv e  from  th e s e  e x p r e s ­

s i o n s  a n  e q u a t io n  in v o lv in g  th e  r e a l  an d  im a g in a ry  p a r t s  o f  

th e  c e l l  im p e d a n c e , th e  d o u b le - l a y e r  c a p a c i t y ,  f r e q u e n c y  o f  

t h e  a p p l i e d  a . c .  s i g n a l ,  a n d  a  p a ra m e te r  w h ic h  th e y  d e s ig ­

n a te d  a s  th e  i r r e v e r s i b i l i t y  q u o t i e n t  w h ich  i s  r e l a t e d  t o  th e  

com ponen ts o f  th e  f a r a d a i c  im p e d a n c e . The i r r e v e r s i b i l i t y  

q u o t i e n t  m u st be  d e te rm in e d  by  p e r fo rm in g  a  s e r i e s  o f  e x p e r i ­

m en ts a t  d i f f e r e n t  c o n c e n t r a t i o n s  o r  a t  d i f f e r e n t  f r e q u e n c i e s .



T h is  l e a v e s  t h e  d o u b le-lay e r c a p a c i ta n c e  a s  t h e  o n ly  u nknow n .

W h ile  t h e  S luyters-R ehbach m ethod r e p r e s e n t e d  a  b r e a k ­

th r o u g h  i n  t h e  f i e l d  of e le c tro c h e m is try ,  t h e  n e e d  f o r  p e r ­

f o r m in g  s e v e r a l  experim ents and th e  e x t e n s i v e  d a t a  m a n ip u la ­

t i o n  r e q u i r e d  f o r  the  c a lc u la tio n  o f  a  s i n g l e  e x p e r i m e n t a l  

p o i n t  d e t r a c t s  somewhat from th is  a p p r o a c h .  S in c e  S l u y t e r s -  

R ehbach*  s  m e th o d  f i r s t  appeared, t h e r e  h a v e  b e e n  o t h e r  i n ­

v e s t i g a t o r s  ( 2 2 ,  2k)  who have u s e d  s i m i l a r  t e c h n iq u e s

i n v o l v i n g  a . c .  b rid g e  measurements o f  t o t a l  c e l l  im p e d an c e  

t o g e t h e r  w i t h  c a lc u la t io n s  o f one s o r t  o r  a n o t h e r .

The M ethod  o f  B u t le r  and Meehan

A n o th e r  ap p ro ach  was employed b y  B u t l e r  a n d  M eehan  ( 22 )  

i n  w h ic h  th e y  u t i l i z e d  a d .c . te c h n iq u e  b a s e d  o n  t h e  d i f f e r ­

e n c e  i n  t im e  dependance between c h a r g in g  c u r r e n t  a n d  f a r a d a i c

c u r r e n t .  E x p e r im e n ta lly , c u r re n t- t im e  c u r v e s  a r e  r e c o r d e d
l / 3o n  a n  o s c i l l o s c o p e  and the  t o t a l  c u r r e n t  m u l t i p l i e d  b y  t

w h e re  t  i s  t h e  tim e in  the l i f e  o f t h e  d ro p  a t  w h ic h  t h e
l / 2c u r r e n t  i s  m ea su re d , i s  p lo tte d  v e r s u s  t  '  i f  t h e  e l e c t r o d e  

r e a c t i o n  i s  r e v e r s i b l e ,  or versus t ,  i f  i t  i s  i r r e v e r s i b l e .

A s t r a i g h t  l i n e  i s  obtained which i s  e x t r a p o l a t e d  t o  t  = 0 .  

From  t h e  i n t e r c e p t  the value of q , t h e  s u r f a c e  c h a r g e  d e n s i t y ,  

c a n  be  c a l c u l a t e d .  One must then  d i f f e r e n t i a t e  q  w i t h  r e s p e c t  

t o  E t o  o b t a i n  Cd »

The a c c u ra c y  of th i s  method s u f f e r s  f ro m  s e v e r a l  f a c t o r s . 

The e x t r a p o l a t i o n  becomes more i n a c c u r a t e  a s  t h e  am o u n t o f  

f a r a d a i c  c u r r e n t  in c re a se s . In  a d d i t i o n ,  t h e  a c c u r a c y  o f  t h e  

e x t r a p o l a t i o n  depends on find ing  t h e  r i g h t  f u n c t i o n  o f  t im e
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t h a t  b e s t  l i n e a r i z e s  t h e  d a t a .  I n  t h e  c a s e  o f  a n  e l e c t r o d e  

r e a c t i o n  in te r m e d i a t e  b e tw e e n  c o m p le te ly  r e v e r s i b l e  a n d  

c o m p le te ly  i r r e v e r s i b l e ,  t h i s  i n v o lv e s  t r i a l - a n d - e r r o r  f i t t i n g  

o f  d a ta  w h ich  i s  a t  b e s t  a  t e d i o u s  p r o c e d u r e .  The n e e d  f o r  

d i f f e r e n t i a t i n g  th e  d a ta  t o  g e t  a l s o  d e g ra d e s  t h e  a c c u r a c y .  

S in c e  t h i s  i s  a  d . c .  t e c h n iq u e ,  i t  c a n n o t  be  a p p l i e d  t o  s o l i d  

e l e c t r o d e s .

P u ls e  M ethods

P u ls e  m ethods in v o lv e  th e  a p p l i c a t i o n  o f  a n  e l e c t r i c a l  

p u l s e  t o  a n  e l e c t r o l y t i c  c e l l  w h ich  i s  i n i t i a l l y  a t  e l e c t r o ­

c h e m ic a l  e q u i l i b r iu m  a n d  th e  s u b s e q u e n t  m easu rem en t o f  th e  

c e l l  o v e r v o l ta g e  v e r s u s  tim e  a s  i t  r e l a x e s  to w a rd s  e q u i l i ­

b r iu m . The p u l s e  c a n  be a  c u r r e n t  o r  g a l v a n o s t a t i c  p u l s e  

(3 6 ) ,  a  c h a rg e  o r  c o u l o s t a t i c  im p u lse  ( 2 1 ) ,  o r  a  v o l ta g e  o r  

p o t e n t i o s t a t i c  p u l s e .  ( 3 8 ) I t  i s  p o s s i b l e  by  p r o p e r  a n a l y s i s  

o f  th e  d a ta  from  th e s e  e x p e r im e n ts  t o  e x t r a c t  t h e  v a lu e  o f  

th e  d o u b le - l a y e r  c a p a c i ty  i n  t h e  p r e s e n c e  o f  f a r a d a i c  c u r r e n t .  

K oo ijm an  ( 3 9 ) d e v e lo p e d  a  new m ethod  o f  a n a l y s i s  o f  th e  d a ta  

from  th e s e  e x p e r im e n ts  w h ich  in v o lv e d  th e  u se  o f  n u m e r ic a l  

t a b l e s  t o  e a s e  t h e  d i f f i c u l t y  o f  h a n d l in g  th e  com plex  f u n c ­

t i o n s  in v o lv e d .

O th e r  i n v e s t i g a t o r s  h av e  u s e d  d o u b le  g a l v a n o s t a t i c  

p u l s e s  ( 4 0 ) ,  an d  g a l v a n o s t a t i c  p u l s e  fo l lo w e d  by  c o u l o s t a t i c  

im p u lse  (4 1 , kZ)  t o  d e te rm in e  f a r a d a i c  im pedance  a n d  d o u b le ­

l a y e r  c a p a c i t a n c e .

T h e re  a r e  tw o d raw b ack s in v o lv e d  i n  th e  u s e  o f  p u ls e  

m e th o d s . The a c c u ra c y  o f  th e  r e a d o u t  i s  r a t h e r  low  s in c e  a n
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o s c i l l o s c o p e  m u st be  u s e d  t o  r e c o r d  th e  r a p i d ,  t r a n s i e n t  b e ­

h a v io r  o f  th e  c e l l  a s  i t  r e l a x e s  to w a rd s  e q u i l i b r i u m .  I n  

a d d i t i o n ,  s i n c e  t h e  c e l l  m u st be  a t  e l e c t r o c h e m ic a l  e q u i l i ­

b r iu m  b e f o r e  th e  a p p l i c a t i o n  o f  th e  p u l s e ,  b o th  com ponen ts 

o f  th e  re d o x  c o u p le  m u st be  p r e s e n t ,  p r e f e r a b l y  a t  a  co n ­

c e n t r a t i o n  su c h  t h a t  t h e  e q u i l i b r i u m  p o t e n t i a l  i s  c lo s e  t o  

t h e  h a lf -w a v e  p o t e n t i a l .  S uch  a  s i t u a t i o n  i s  n o t  e n c o u n t­

e r e d  i n  e l e c t r o a n a l y s i s  w h ere  o n ly  one com ponen t o f  th e  r e ­

dox c o u p le  i s  p r e s e n t .  The p r e s e n c e  o f  t h i s  s e c o n d  compo­

n e n t  m ig h t m a rk e d ly  ch an g e  C ^ . I n  w ork  a t  s o l i d  e l e c t r o d e s ,  

a t t a i n m e n t  o f  t h e  e q u i l i b r i u m  p o t e n t i a l  w o u ld  in v o lv e  t h e  u se  

o f  p r o h i b i t i v e l y  h ig h  c o n c e n t r a t i o n  o f  t h e  o x id iz e d  fo rm  o f  

t h e  m e ta l .
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»Phft P h a se  N u ll M ethod f o r  A u to m a tic  D e te r m in a t io n  o f  D o u b le -  

L a v e r  C a p a c i ty

I n t r o d u c t o r y  Rem arks

I t  i s  th e  p u rp o s e  o f  th e  m ethod d e v e lo p e d  i n  t h i s  t h e s i s  

t o  in t r o d u c e  a  n o v e l  way f o r  a u t o m a t i c a l l y  d e te r m in in g  d o u b le ­

l a y e r  c a p a c i t y .  By s u i t a b l e  a r ra n g e m e n t o f  e x p e r im e n ta l  co n ­

d i t i o n s  i t  w i l l  be  show n p o s s i b l e  by  m eans o f  t h e  m ethod  

d e s c r ib e d  to  a c c o m p lis h  t h i s  d u r in g  th e  s im u l ta n e o u s  f lo w  o f  

f a r a d a i c  c u r r e n t .  To th e  a u t h o r ’ s  know ledge  t h i s  h a s  n o t  

b e e n  done b e f o r e .
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T h e o r e t i c a l  D evelopm en t

The E q u iv a le n t  C e l l  C i r c u i t

I t  i s  common p r a c t i c e  i n  e l e c t r o c h e m is t r y  t o  d e s c r ib e  

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

i n  te rm s  o f  th e  " e q u i v a l e n t  c i r c u i t ” o f  th e  c e l l .  T h is  

e q u iv a l e n t  c i r c u i t  i s  a n  im a g in a ry  n e tw o rk  o f  s im p le  e l e c t r o n ­

i c  e le m e n ts  s u c h  a s  r e s i s t o r s  a n d  c a p a c i t o r s  w h ic h  w ou ld  g iv e  

th e  same r e s p o n s e  t o  th e  e l e c t r i c a l  s t im u lu s  a s  t h e  a c t u a l  

c e l l  d o e s .

The s i m p le s t  a n d  m ost commonly a c c e p te d  e q u i v a l e n t  c i r ­

c u i t  f o r  r e s p o n s e  t o  a . c ,  s i g n a l s  was f i r s t  d e s c r ib e d  by 

R a n d le s  i n  194-7 (.20) • T h is  i s  shown i n  th e  f o l lo w in g  d ia g ra m .

‘x I I

•—VW/V----^ —
0

H ere  Rx a n d  Cd a r e  a s  p r e v i o u s ly  d e s c r ib e d  ( f i g .  I . ,  p .  18) 

w h i le  0 a n d  W<r c o n s t i t u t e  th e  e le m e n ts  o f  th e  f a r a d a i c  im­

p e d an c e  a t  th e  s u r f a c e  o f  th e  w o rk in g  e l e c t r o d e .  One s i d e  o f  

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

t o  th e  e l e c t r o d e ,  w h i le  th e  o t h e r  s i d e  i s  th e  e l e c t r o d e .

T h is  p a r a l l e l  c o n n e c t io n  i s  due t o  t h e  f a c t  t h a t  tw o s e p a r a t e  

p r o c e s s e s  a r e  a v a i l a b l e  t o  c a r r y  a . c .  c u r r e n t ,  v i z .  d o u b le ­

l a y e r  c h a r g in g  a n d  th e  f a r a d a i c  p r o c e s s .  C h a rg in g  c u r r e n t  

f lo w s  th r o u g h  Rx a n d  Zf .
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The F a r a d a ic  Im pedance 

C h a r g e - T ra n s f e r  R e s i s t a n c e

The c h a r g e - t r a n s f e r  r e s i s t a n c e ,  0 ; i s  due t o  th e  f i n i t e  

r a t e  o f  e l e c t r o n  t r a n s f e r  a n d  b e h a v e s  a s  a  p u re  r e s i s t a n c e .

I t  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  b o th  th e  r a t e  c o n s t a n t ,  

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

m a t e r i a l .  I t  d ep en d s e x p o n e n t i a l ly  upon  th e  a p p l i e d  d . c .  v o l ­

t a g e ,  b u t  i s  in d e p e n d e n t  o f  th e  f r e q u e n c y  o f  th e  a . c .  v o l t a g e .

The W arburg  Im pedance

The W arburg  im p e d a n c e , W -̂ , i s  due t o  th e  f i n i t e  r a t e  o f  

m ass t r a n s f e r  o f  e l e c t r o a c t i v e  m a t e r i a l  up  t o  th e  e l e c t r o d e  

s u r f a c e  from  t h e  b u lk  o f  s o l u t i o n .  I t  i s  a  com plex  q u a n t i t y  

w h ic h  b e h a v e s  a s  a  r e s i s t a n c e  a n d  c a p a c i ta n c e  o f  e q u a l  im­

p e d a n c e  c o n n e c te d  i n  s e r i e s .  I t s  a b s o l u t e  v a lu e ,  Jw ^ , i s  

g iv e n  by

w here  w =  2 i r f ,  f  b e in g  th e  f r e q u e n c y  o f  th e  a p p l i e d  a . c .  

v o l t a g e ,  a n d  cr i s  a  q u a n t i t y  w h ich  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  c o n c e n t r a t i o n ,  d ep en d s e x p o n e n t i a l l y  upon  t h e  a p p l i e d  d . c .  

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

s p e c i e s .

D e s c r ip t i o n  o f  th e  P h a s e -N u l l  M ethod

By j u d ic i o u s  c h o ic e  o f  e x p e r im e n ta l  c o n d i t i o n s ,  i t  i s  p o s ­

s i b l e  t o  a r r a n g e  i t  so  t h a t  th e  f a r a d a i c  im pedance  becom es much

(25)
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l a r g e  r  t h a n  th e  d o u b le - l a y e r  im p e d a n c e , Z - . When t h i s  c o n -
d

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

c u r r e n t  w i l l  f lo w  th ro u g h  th e  d o u b le  l a y e r .  I n  o t h e r  w o rd s , 

t h e  d o u b le  l a y e r  e f f e c t i v e l y  s h u n ts  th e  f a r a d a i c  im pedance  so  

t h a t  th e  e q u iv a l e n t  c i r c u i t  c l o s e l y  a p p ro x im a te s  t h a t  shown 

b e lo w .
R y  Ctf

•  V X A / ' 1 [----------- •  h i

When t h i s  a p p ro x im a t io n  i s  v a l i d ,  t h e  d o u b le - l a y e r  c a p a c i ty  

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

o p e r a t i o n a l  a m p l i f i e r ,  O.A.~, w i th  a  s e r i e s  R -  C c i r c u i t  i n

i t s  fe e d b a c k  lo o p

H ere e& i s  th e  a p p l i e d  a . c .  v o l t a g e ,  Rf  i s  a n  a d j u s t a b l e  f e e d ­

b ack  r e s i s t o r ,  i s  th e  fe e d b a c k  c a p a c i t o r  a n d  e Q i s  t h e  a . c .  

o u tp u t  v o l ta g e  o f  O .A . ( t h e  o p e r a t i o n a l  a m p l i f i e r . ')  I f  R^ i s  

a d j u s t e d  so  t h a t  th e  p h a se  a n g le  o f  th e  f e e d b a c k  im pedance  

m a tch e s  t h a t  o f  th e  c e l l  i n p u t  im p e d a n c e , a  c o n d i t i o n  r e f e r r e d  

t o  a s  p h a se  n u l l  i n  t h i s  w o rk , i t  c a n  be show n t h a t  th e  m agni­

tu d e  o f  th e  a . c .  g a in ,  G, o f  th e  a m p l i f i e r  (w here  G i s  d e f in e d  

a s  t h e  m a g n itu d e  o f  th e  r a t i o  ,eo /ea) becom es e q u a l  t o  th e  r a t i o  

o f  d o u b le - l a y e r  c a p a c i ty  t o  fe e d b a c k  c a p a c i t y .  (S ee  a p p e n d ix  

A - l  f o r  th e  d e r i v a t i o n . )  Thus, we have



w h e re  GQ i s  t h e  m agnitude o f  th e  a . e .  gain  a t  p h a se  n u l l .

(N o te  t h a t ,  due  t o  th e  f a c t  t h a t  th e  a m p l i f i e r  i s  i n  t h e  i n ­

v e r t i n g  c o n f i g u r a t i o n ,  e_ and e_ a re  e x a c tly  180 ° o u t  o f  p h a s e
O EL

a t  p h a s e  n u l l .  See any o f  th e  re fe ren c es  1 0 ,  4 ^ , o r  4 £  

f o r  b a c k g ro u n d  m a te r i a l  o n  o p e ra t io n a l  a m p l i f i e r s . )  T h u s , 

o n c e  p h a s e  n u l l  i s  e s t a b l i s h e d ,  th e  d e te rm in a tio n  o f  b e ­

com es a  s im p le  m a t te r .

I t  s h o u ld  b e  n o ted  a t  t h i s  p o in t  th a t  e x p e r i m e n t a l  c o n ­

d i t i o n s  c a u s e d  th e  re sp o n se  o f  th e  O.A. to  d i f f e r  som ew hat 

f ro m  t h a t  p r e d i c t e d  by e q u a t io n  (2 6 ) , The s o u r c e s  o f  d e v ia ­

t i o n  a r e  i d e n t i f i e d  l a t e r  in  t h i s  se c tio n  a n d  a  q u a n t i t a t i v e  

d i s c u s s i o n  i s  g iv e n  in  s e c t io n  V.

I n  p r a c t i c e  th e  phase  n u l l  i s  m a in ta in ed  a u t o m a t i c a l l y  

b y  a  s e r v o  i n  w h ich  i s  a  pho toconductive  c e l l  w hose r e s i s ­

t a n c e  d e p e n d s  o n  th e  l i g h t  o u tp u t  o f  a lamp s h i n i n g  o n  i t .

The l i g h t  o u t p u t  o f th e  lamp i n  tu r n  is  made t o  d e p e n d  o n  th e  

d i f f e r e n c e  b e tw e e n  th e  phase  o f  e Q and ea , t h e  " p h a s e  e r r o r  

s i g n a l . ’* (T he  p h a se  in v e r s io n  due to  O.A. i s  t a k e n  i n t o  a c ­

c o u n t  h e r e . )  T h is  phase e r r o r  s ig n a l  d r iv e s  th e  s y s te m  t o  a  

p h a s e  n u l l  i n  p r e c i s e ly  th e  same manner a s  a n  a m p l i tu d e  e r r o r  

s i g n a l  d r i v e s  a  r e c o rd e r  to  a n  a m p l i tu d e - n u l l .  I n  b o th  c a s e s  

t h e  e r r o r  s i g n a l  i s  red u c ed  by th e  feedback a r r a n g e m e n t  t o  a  

n e g l i g i b l y  s m a l l  v a lu e .

A s i m p l i f i e d  d iagram  o f t h i s  arrangem en t i s  show n b e lo w  

i n  f i g u r e  V . The two b lo c k s  fo llo w in g  th e  o u t p u t  o f  t h e  O .A .
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o s c i l l a t o r

v At*
lam p—  @

R*. U v

r ^ H
?■ »c i 
i n p u t

M.E a  . c «
o u tp u td«c t

i n p u t R .E
—  CELL

o u tp u t C .E .

l a b e l l e d  R . a n d  R e c . r e s p e c t i v e l y ,  s t a n d  f o r  a  r e c t i f i e r  a n d  

r e c o r d e r  a r ra n g e m e n t  f o r  t h e  r e c o r d i n g  o f  t h e  m a g n itu d e  o f  th e  

a . c .  o u t p u t ,  e Q, o f  th e  O .A . The b lo c k  l a b e l l e d  VAt>< i s  a  

d e v ic e  w h ich  com pares th e  p h a se  o f  t h e  a p p l i e d  a . c .  v o l t a g e ,  

e &, w i th  t h a t  o f  th e  o u tp u t  o f  t h e  O .A ., e 0 , a n d  p ro d u c e s  

a n  o u tp u t  v o l t a g e  t o  d r iv e  t h e  lam p w h ic h  i s  d e p e n d e n t on 

t h i s  p h a s e  d i f f e r e n c e ,  A ^ ( .  The c e l l  i s  shown e n c i r c l e d ,  R .E . 

i s  th e  r e f e r e n c e  e l e c t r o d e ,  a n d  C .E . i s  t h e  c o u n te r  e l e c t r o d e  

( a n o d e ) .  The p o t e n t i o s t a t  m a in ta in s  t h e  v o l t a g e  o f  t h e  D .M .E . 

w i th  r e s p e c t  t o  R .E . e q u a l  t o  th e  sum o f  th e  a . c .  a n d  d . c .  i n ­

p u t  v o l t a g e s .
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C o n d i t io n s  U nder W hich th e  F a r a d a ic  Im pedance May Be N e g le c te d

A t H igh  F re q u e n c y  o f  th e  A p p l ie d  A . G. V o lta g e

The d o u b l e - l a y e r  im p e d a n c e , Z„ ,  i s  g iv e n  by
d

Z° d  =c^ d

a n d  th u s  d e c r e a s e s  i n v e r s e l y  w i th  f r e q u e n c y .

The f a r a d a i c  im p e d a n c e , Z ^ , i s  due t o  th e  sum o f  0 a n d  

W,,. . As h a s  b e e n  n o te d  e a r l i e r  i n  t h i s  s e c t i o n ,  0 i s  in d e ­

p e n d e n t  o f  f r e q u e n c y  w h i le  Ŵ . 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  

th e  s q u a re  r o o t  o f  f r e q u e n c y .  Thus a s  f r e q u e n c y  i s  i n c r e a s e d ,

Zjp a p p ro a c h e s  t h e  l i m i t i n g  v a lu e  o f  0 ,  w h i le  Zn a p p ro a c h e s  
1 d

z e r o .

l i r a  z f  ■ 8 (2 8 a )
Ul — > oo

l im  Z 0 
to -----^  oo

M o re o v e r, Z^ a p p ro a c h e s  i t s  l i m i t  m ore s lo w ly  ( a s  u j ^)

t h a n  d o es  Zn ( a s u ; ) .  T h u s , f o r  a n y  e l e c t r o d e  r e a c t i o n  i t  
d

m u st be  t r u e  t h a t  a t  s u f f i c i e n t l y  h ig h  f r e q u e n c y  Z.p>> Zn .
r  d

F o r  s lo w  r e a c t i o n s ,  w here  k gh  i s  s m a l l  a n d  0 i s  t h e r e f o r e  

l a r g e ,  Zf  w i l l  r e a c h  i t s  lo w e r  l i m i t  a t  r e l a t i v e l y  low  f r e ­

q u e n c ie s  , a n d  w i l l  r e m a in  l a r g e  a s  w  i s  i n c r e a s e d . I n  t h i s  

c a s e  Zf ^ >  Zg i s  t r u e  e v e n  a t  low  f r e q u e n c i e s .  F o r  f a s t  r e ­

a c t i o n s  w here  k s h  i s  l a r g e  a n d  0 t h e r e f o r e  i s  s m a l l ,  i t  w i l l
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b e  n e c e s s a r y  t o  go t o  much h ig h e r  f r e q u e n c ie s  t o  make th e  a p ­

p r o x im a t io n  v a l i d .

A t Low C o n c e n t r a t io n  o f  E l e c t r o a c t i v e  M a t e r i a l

S in c e  Zf  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  c o n c e n t r a t i o n ,  low ­

e r i n g  th e  c o n c e n t r a t i o n  w i l l  i n c r e a s e  Zf  a n d  th u s  make th e

a p p ro x im a t io n  t h a t  Z ^ >  Zc become m ore v a l i d .  When th e  c o n -
d

c e n t r a t i o n  e q u a l s  z e r o ,  a s  i n  s u p p o r t i n g  e l e c t r o l y t e  s o l u t i o n ,  

Zg  i s  i n f i n i t e  a n d  th e  e q u iv a l e n t  c i r c u i t  i n  f i g u r e  I I I  w ou ld  

be  a n  e x a c t  d e s c r i p t i o n  i n s t e a d  o f  a n  a p p ro x im a t io n .

A t D .C . P o t e n t i a l s  Removed From E i

To a  good  a p p r o x im a t io n ,  t h e  f a r a d a i c  im pedance  i n c r e a s e s

E-Ei , w here  E i s  t h e  e l e c t r o d ee x p o n e n t i a l l y  a s  a  f u n c t i o n  o f  

p o t e n t i a l  a n d  E^ i s  t h e  h a lf -w a v e  p o t e n t i a l  o f  t h e  e l e c t r o ­

a c t i v e  m a t e r i a l .  T h u s , when th e  e l e c t r o d e  p o t e n t i a l  i s  s u f ­

f i c i e n t l y  rem oved  from  E ^ , i t  w i l l  b e  t r u e  t h a t  Z ^ >  ZQ .
* d

E x p e r im e n ta l  C o n d i t io n s  C a u s in g  D e v ia t io n  From th e  P r e d i c t e d

Response

T h ere  a r e  s e v e r a l  f a c t o r s  w h ic h  l e a d  t o  th e  m o d if ic a ­

t i o n  o f  th e  s im p le  e q u a t io n  f o r  th e  a . c .  g a in  g iv e n  p r e v i o u s l y .  

(E q u a t io n  26 ) The c i r c u i t  u s e d  i n  t h e  fe e d b a c k  lo o p  ( s e e  

f i g u r e  IV ) c o n ta in e d  a n  a d d i t i o n a l  r e s i s t a n c e  w h ic h  s h u n te d  

R^ a n d  C

O.A.

VI
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R s, -the s h u n t in g  r e s i s t a n c e ,  i a  n e c e a a a r y  t o  p a a a  d . c .  c u r r e n t  

due t o  th e  f a r a d a i c  r e a c t i o n .

I n  a d d i t i o n ,  i t  c a n n o t  be  aaaum ed t h a t  a  p e r f e c t  p h a ae  

n u l l  i a  m a in ta in e d  a t  a l l  t im e a .  The fe e d b a c k  c o n t r o l  u a e d  

t o  m a in ta in  t h e  p h a a e  n u l l  im p l ie a  th e  e x ia te n c e  o f  a  p h a se  

e r r o r  s i g n a l , A  o ( , w h ich  w ou ld  c e r t a i n l y  m o d ify  e q u a t io n  ( 2 6 ) 

w h ic h  i a  v a l i d  o n ly  when & o( i s  z e r o .

The t h i r d  f a c t o r  l e a d in g  t o  a  n o n - i d e a l  r e s p o n s e  haa  

a l r e a d y  b e e n  m e n tio n e d , v i z .  s i g n i f i c a n t  f c i r a d a ic  c u r r e n t .

Aa w i l l  be  shown i n  l a t e r  s e c t i o n s ,  th e  m a g n itu d e  o f  

th e  e f f e c t s  due t o  s h u n t in g  a n d  p h a se  s h i f t  a r e  r a t h e r  s m a l l ,  

l e a d in g  t o ,  a t  m o s t, one o r  two p e r  c e n t  d e v ia t i o n s  fro m  th e  

r e s p o n s e  p r e d i c t e d  by  e q u a t io n  ( 2 6 ) .  I n  a d d i t i o n ,  t h e  m ethod  

o f  c a l i b r a t i o n  em ployed  g av e  good c o m p e n sa tio n  f o r  t h e s e  e f ­

f e c t s .  (S e e  S e c t i o n  IV , E , l j  " C a l i b r a t i o n  o f  E l e c t r o n i c s ” . )  

The m a g n itu d e  o f  t h e  e r r o r  a r i s i n g  fro m  th e  p r e s e n c e  o f  f a r a ­

d a ic  c u r r e n t  w i l l  b e  d i s c u s s e d  i n  s e c t i o n  V.
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E x n e r im e n ta l  M ethods 

E l e c t r o n i c s

D e s c r ip t i o n  o f  O p e r a t io n  a n d  C i r c u i t  D iagram

The i n s t r u m e n t a t i o n  d e s c r ib e d  i n  t h i s  s e c t i o n  i s  b a s e d  

on  t h e  e x te n s iv e  u se  o f  o p e r a t i o n a l  a m p l i f i e r s .  E x c e l l e n t  

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

a m p l i f i e r s  i n  e l e c t r o c h e m i s t r y  a r e  g iv e n  by  S m ith  ( 1 0 ) ,  R e i l l y  

( 4 3 ) ,  Booman a n d  H o lb ro o k  (4 4 ) a n d  S chw arz  a n d  S h a in  ( 4 £ ) .

The c i r c u i t  d ia g ra m  o f  th e  in s t r u m e n t  i s  show n i n  f i g u r e  1 , 

w i th  a  d e t a i l e d  d ia g ra m  o f  t h e  b lo c k  l a b e l l e d  "P h a se  D e te c to r "  

show n i n  f i g u r e  2 .  S p e c i f i c a t i o n s  o f  com ponen ts a r e  l i s t e d  

i n  a p p e n d ix  A -4 .

A m p l i f i e r s  A - l ,  A-2  a n d  A -3 fo rm  a  p o t e n t i o s t a t - c u r r e n t -  

a m p l i f i e r  s e c t i o n  s i m i l a r  t o  t h a t  d e s c r ib e d  by  S m ith  (1 0 ) •

The n e tw o rk  R -8 , C - l  a t  t h e  o u tp u t  o f  A - l  h a s  b e e n  a d d e d  f o r  

s t a b i l i z a t i o n .  The a . c .  i n p u t  t o  th e  p o t e n t i o s t a t  i s  d e r iv e d  

b y  a t t e n u a t i n g  th e  b r id g e  v o l ta g e  o f  t h e  G e n e ra l  R ad io  Im­

p e d a n c e  C o m p ara to r w i th  R - l  a n d  R -2 . The d . c .  i n p u t  v o l ta g e  

i s  d e r iv e d  by  a t t e n u a t i n g  th e  -1 5  v o l t  s i d e  o f  th e  a m p l i f i e r  

pow er s u p p ly  w i th  R -4  an d  R -5 . W ith  t h i s  ty p e  o f  c o n f ig u r a ­

t i o n ,  th e  p o t e n t i a l  o f  th e  DME w i th  r e s p e c t  t o  th e  r e f e r e n c e  

e l e c t r o d e  i s  m a in ta in e d  a t  a  v a lu e  d e f in e d  e n t i r e l y  by  th e  

p o t e n t i o s t a t  i n p u t  v o l t a g e s  a n d  th e  r e s i s t o r s  R - l  th ro u g h  

R -7 , an d  i s  y th u s , in d e p e n d e n t  o f  t h e  c h a r a c t e r i s t i c s  o f  th e  

c e l l .
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The c e l l  c u r r e n t ,  w h ic h  c o n ta in s  a . c .  a n d  d . c .  c o m p o n e n ts , 

f lo w s  i n t o  th e  i n p u t  o f  th e  c u r r e n t  a m p l i f i e r ,  A-3» an d  th ro u g h  

t h e  fe e d b a c k  n e tw o rk  c o n s i s t i n g  o f  R -9 i n  p a r a l l e l  w i th  a  s e r ­

i e s  c o n n e c t io n  o f  R -10  an d  one o f  th e  r a n g e  c a p a c i t o r s  C -2 ,

C -3  o r  C - k ,  R -9  p r o v id e s  a  r e l a t i v e l y  low  im pedance  p a th  f o r  

th e  d . c .  com ponent o f  th e  c e l l  c u r r e n t ,  w h i le  R -10  i n  s e r i e s  

w i th  one o f  th e  ra n g e  c a p a c i t o r s  p r o v id e s  a  low  im pedance  p a th  

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

com ponen t o f  th e  c e l l  c u r r e n t  f lo w s  th ro u g h  R -10  i n  s e r i e s  w i th  

e i t h e r  C -2 , C -3 o r  C -4 . R -10  i s  a  p h o t o c e l l  w hose r e s i s t a n c e

d ep en d s on  th e  m a g n itu d e  o f  th e  l i g h t  o u tp u t  o f  th e  l i g h t -  

e m i t t i n g  d io d e  (LED), D - l .  The l i g h t  o u tp u t  o f  D - l  d ep en d s 

u l t i m a t e l y  on th e  d i f f e r e n c e  i n  p h a se  b e tw e e n  th e  n e g a t iv e  o f  

th e  a . c .  o u tp u t  o f  A -3  a n d  th e  a . c .  i n p u t  v o l ta g e  t o  t h e  c e l l -  

t h e  l a t t e r  m ea su re d  a s  th e  a . c .  v o l ta g e  a p p e a r in g  b e tw e e n  th e  

r e f e r e n c e  e l e c t r o d e  a n d  th e  DME. I f  t h i s  l i g h t  o u tp u t  i s  p ro p ­

e r l y  p h a s e d , th e  r e s i s t a n c e  o f  R -10  w i l l  be  d r iv e n  t o  assum e 

a  v a lu e  su c h  t h a t  t h e  p h a se  o f  th e  a . c .  o u tp u t  v o l t a g e  o f  A -3 

a p p ro a c h e s  t h a t  o f  th e  a . c .  c e l l  i n p u t  v o l t a g e  p lu s  180° .

(S in c e  A -3  i s  a n  i n v e r t i n g  a m p l i f i e r ,  a  p e r f e c t  p h a s e - n u l l  c o n -  

d i t io n - w h e r e  th e  p h a se  a n g le  o f  t h e  c e l l  im pedance  m a tc h e s  

t h a t  o f  t h e  fe e d b a c k  im pedance  o f  A -3  -  w o u ld  p ro d u c e  a n  o u t ­

p u t  v o l t a g e  e x a c t l y  180°  o u t  o f  p h a se  w i th  th e  c e l l  i n p u t  v o l t ­

a g e ) .  The h ig h e r  th e  g a in  o f  t h e  p h a s e - n u l l  f e e d b a c k  lo o p  ( th e  

w e r ie s  c o n n e c t io n  o f  th e  P h ase  D e te c to r  a n d  th e  LED d r i v e r  am­

p l i f i e r ,  A - 4 ,)  th e  m ore c l o s e l y  w i l l  th e  a . c .  o u tp u t  o f  A -3  be 

1 80° o u t  o f  p h a se  w i th  th e  a . c ,  c e l l  i n p u t  v o l t a g e .  I n  th e  

p r e s e n t  c a s e ,  t h i s  c o n d i t i o n  was a c h ie v e d  to  b e t t e r  th a n  0 . 3° •
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The b lo c k  l a b e l l e d  P h a se  D e te c to r  i n  f i g u r e  1 i s  shown 

i n  d e t a i l  i n  f i g u r e  2 .  The f u n c t i o n  o f  t h e  p h a s e  d e t e c t o r  

i s  t o  s e n s e  t h e  p h a se  d i f f e r e n c e  b e tw e e n  th e  n e g a t iv e  o f  th e  

a . c .  o u tp u t  o f  A -3 a n d  th e  a . c .  c e l l  i n p u t  v o l t a g e ,  a n d  p r o ­

duce a n  o u tp u t  v o l ta g e  d e p e n d e n t on  t h i s  p h a s e  d i f f e r e n c e .

The in p u t  s t a g e  o f  t h e  p h a se  d e t e c t o r  c o n s i s t e d  o f  a n  a u t o -  

m a t i c - g a i n - c o n t r o l  (AGO) s e c t i o n  in v o lv in g  a m p l i f i e r s  A -6 , A -7 

a n d  A -8 , The f u n c t i o n  o f  t h i s  s e c t i o n  i s  t o  p r o v id e  a  p u re  

a . c .  o u tp u t  v o l ta g e  o f  c o n s t a n t  m a g n itu d e , e x a c t l y  i n  p h a se  

w i th  th e  a . c .  o u tp u t  o f  A-3* The h e a r t  o f  t h i s  u n i t  c o n s i s t s  

o f  a m p l i f i e r  A- 6  w i th  i t s  fe e d b a c k  lo o p  c o n s i s t i n g  o f  r e s i s t o r s  

R -19  an d  R -2 0 . A- 6  i s  c o n n e c te d  a s  a  n o n - i n v e r t i n g  a m p l i f i e r

w i th  g a in .  I t  may b e  show n t h a t  t h e  g a i n ,  G, o f  A -6 , r e f e r r e d  

t o  th e  s i g n a l  a t  i t s  p o s i t i v e  i n p u t  ( j u n c t i o n  o f  C- 6  a n d  R -1 8 ) ,  

i s  g iv e n  by

G = 1 + R -1 9 /R -2 0  (2 9 )

I n  o r d e r  t o  p r o v id e  a  s i g n a l  o f  c o n s t a n t  a m p li tu d e  a t  th e  

o u tp u t  o f  A -6 , t h e  g a in  o f  A- 6  was made t o  v a ry  i n v e r s e l y  a s  

th e  a m p l i tu d e  o f  th e  i n p u t  s i g n a l  from  A-3» s o  t h a t  th e  p r o d u c t  

o f  t h e  g a in  o f  A- 6  a n d  th e  a m p l i tu d e  o f  t h e  i n p u t  s i g n a l  fro m  

A -3  re m a in e d  c o n s t a n t .  T h is  was a c c o m p lis h e d  a u to m a t i c a l l y  

by  a  s e r v o  s y s te m  w h ic h  c o n t r o l l e d  th e  r e s i s t a n c e  o f  R-19» a  

p h o to c o n d u c t iv e  c e l l ,  by m eans o f  t h e  l i g h t  o u tp u t  fro m  a  l i g h t -  

e m i t t i n g  d io d e ,  D-5* The s i g n a l  u s e d  to  d r i v e  D -5 was d e r iv e d  

a s  f o l l o w s .  The o u tp u t  o f  A-6  was r e c t i f i e d  by  d io d e  D -^ , an d



f i l t e r e d  by  th e  n e tw o rk  c o n s i s t i n g  o f  R-24-, R-25* R -2 6 , C-8  

a n d  C -9 . T h is  p r o v id e d  a  d . c .  v o l t a g e  a t  th e  p o s i t i v e  i n p u t  

o f  A -7  p r o p o r t i o n a l  t o  th e  m ag n itu d e  o f  th e  o u tp u t  o f  A -6 . 

A -7  com pared  t h i s  v o l t a g e  w i th  a  r e f e r e n c e  v o l t a g e ,  e :r -  

d e r iv e d  b y  a t t e n u a t i n g  th e  + 15  v o l t  s i d e  o f  t h e .a m p l i f i e r  

pow er s u p p ly  w i th  t h e  d i v i d e r  n e tw o rk  c o n s i s t i n g  o f  R-2 9  an d  

R -30  -  a n d  p r o v id e d  a  v o l t a g e  o u tp u t  d i r e c t l y  r e l a t e d  t o  

t h e i r  d i f f e r e n c e .  I f  e^  i s  th e  i n p u t  s i g n a l  from  th e  f i l t e r ,  

a n d  e r  i s  th e  v o l t a g e  a t  th e  j u n c t i o n  o f  R -28 a n d  R -2 9 , i t  

may b e  shown t h a t  t h e  o u tp u t  v o l t a g e  o f  A-7» g iv e n

T h u s , th e  o u tp u t  o f  A -7  becom es m ore p o s i t i v e  a s  e^  i n ­

c r e a s e s  , a n d  m ore n e g a t iv e  a s  e^  d e c r e a s e s • The o u tp u t  o f  

A -7  i s  d iv id e d  by  t h e  n e tw o rk  R -31  a n d  R -3 2 , a n d  a d d e d  t o  a n  

o f f s e t  v o l t a g e ,  ( d e r iv e d  by  a t t e n u a t i n g  th e  + 15  v o l t

s i d e  o f  th e  a m p l i f i e r  pow er s u p p ly  w i th  th e  p o t e n t io m e te r ,  

R-330 t o  p r o v id e  a n  i n p u t  v o l t a g e ,  e ^ _ g , t o  th e  lam p d r i v e r  

a m p l i f i e r ,  A- 8  g iv e n  b y

by

eA -7  = e i  (1 + R -2 7 /R -2 8 ) -  e r  (R -2 7 /R -2 8 ) (3 0 )

(3 1 )

The lam p d r i v e r  c o n v e r t s  t h i s  i n p u t  v o l t a g e  t o  a  c u r r e n t ,  

i j j  t o  d r iv e  th e  la m p . The m ag n itu d e  o f  t h i s  c u r r e n t  i s
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I n  o p e r a t i o n ,  w hen th e  i n p u t  t o  A-6  c h a n g e s , t h e  o u tp u t  

o f  A-6  w i l l  s t a r t  t o  ch an g e  a l s o .  F o r  a rg u m e n ts  s a k e , l e t  u s 

s a y  t h e r e  i s  a n  i n c r e a s e  i n  th e  m a g n itu d e  o f  th e  a . c .  i n p u t  

v o l t a g e  t o  A -6 . Now, th e  o u tp u t  o f  A- 6  w i l l  s t a r t  t o  i n c r e a s e .  

T h is  w i l l  l e a d  to  a n  i n c r e a s e  i n  e^  w h ich  l e a d s ,  u l t i m a t e l y ,  

t o  a n  i n c r e a s e  i n  i ^ .  T h is  m eans t h a t  th e  lam p w i l l  grow 

b r i g h t e r  c a u s in g  th e  r e s i s t a n c e  o f  R -19 t o  d e c r e a s e .  T h is  

c a u s e s  th e  g a in  o f  A- 6  t o  d e c r e a s e ,  th u s  t e n d in g  t o  c a n c e l  th e  

e f f e c t  o f  th e  i n c r e a s e  i n  i n p u t  v o l t a g e .  A s i m i l a r  a rg u m e n t 

may be  a p p l i e d  when th e  i n p u t  v o l ta g e  d e c r e a s e s .

The s e r i e s  c o n n e c t io n  o f  C-6  a n d  R -18 a t  th e  p o s i t i v e  

i n p u t  o f  A-6  i s  a  h ig h - p a s s  f i l t e r  w h ich  b lo c k s  t h e  d i e .  com­

p o n e n t  o f  th e  o u tp u t  v o l t a g e  o f  A -3  a n d  a l lo w s  th e  a . c .  com­

p o n e n t  t o  p a s s . I n  o r d e r  t o  co m p en sa te  f o r  th e  p h a s e  s h i f t  

c a u s e d  b y  th e  h ig h - p a s s  f i l t e r ,  i t  was n e c e s s a r y  t o  i n t r o ­

duce th e  p h a se  c o r r e c t i o n  com ponen ts L - l  a n d  C -7 , s o  t h a t  

t h e  o u tp u t  o f  th e  AGC ( j u n c t i o n  o f  R -22  a n d  R -2 3 ) was i n -  

p h a se  w i th ,  t h e  o u tp u t  o f  A -3 .  L - l  was f o r  p h a s e  com pensa­

t i o n  a t  1 KHz, w h i le  C -7  p r o v id e d  c o m p a n sa tio n  a t  10 KHz. A 

d o u b le - p o le ,  d o u b le - th ro w  s w i tc h  e n a b le d  one com ponen t to  

b e  s w itc h e d  i n  a t  th e  same t im e  t h a t  th e  o t h e r  com ponent was 

s w itc h e d  o u t .

The o u tp u t  o f  th e  AGC i s  f e d  t o  th e  i n p u t  o f  t h e  G e n e ra l  

R ad io  Im pedance  C o m p a ra to r . (A d e t a i l e d  d e s c r i p t i o n  o f  t h i s  

i n s t r u m e n t  i s  g iv e n  i n  t h e  i n s t r u c t i o n  m an u a l f o r  t h e  ty p e  

I 605 -A , -AH Im pedance  C o m p ara to r  p u t  o u t  b y  t h e  G e n e ra l  R ad io  

Company, W est C o n c o rd , M a s s a c h u s e t t s . )  The c o m p a ra to r  f u n c t i o n s
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a s  a  p h a s e - s e n s i t i v e  d e t e c t o r  a n d  p r o v id e s  d . c .  o u tp u t  v o l t a g e s  

p r o p o r t i o n a l  t o  th e  in - p h a s e  an d  q u a d r a tu r e  com ponen ts o f  th e  

i n p u t  s i g n a l ,  E j  a s  show n b e lo w . (N o te  t h a t  th e

c o m p a r a to r 's  b r id g e  v o l t a g e ,  ER/ 0o » i s  u s e d  a s  a  p h a se  r e f e r ­

e n ce  f o r  t h i s  p r o c e s s .  H ow ever, s i n c e  ER/0 °  i s  u s e d  t o  p r o ­

v id e  t h e  a . c .  i n p u t  t o  th e  p o t e n t i o s t a t ,  t h e  c o r r e c t  p h a se  

r e f e r e n c e  i s  m a i n t a in e d . )  E x a m in a tio n  o f  d iag ra m  V II  show s 

t h a t  th e  q u a d r a tu r e  com ponent i s  g iv e n  by

t o r ,  a n d  © i s  th e  p h a se  a n g le  o f  E j  w i th  r e s p e c t  t o  ER . S in c e  

E j/©  was h e ld  c o n s t a n t  by  th e  AGC, EQu a d  ̂ i s  a  f u n c t i o n  o f  

s i n  © o n ly .  T h u s , by t a k i n g  EQu a d i  a s t h e  o u tp u t  o f  th e  com­

p a r a t o r ,  a  s i g n a l  d e p e n d in g  o n ly  on  th e  p h a se  s h i f t  b e tw e e n  

t h e  a . c .  o u tp u t  o f  A -3 a n d  th e  a . c .  c e l l  i n p u t  v o l t a g e  was 

o b t a i n e d .  (The f a c t  t h a t  A -3  i s  a n  i n v e r t i n g  a m p l i f i e r  c a u s e s  

no p ro b le m  s in c e  o n ly  a  s i g n  ch an g e  i s  i n v o l v e d . )

A m p l i f i e r  A -9  was c o n n e c te d  a s  a  d i f f e r e n c e  a m p l i f i e r  

a n d  s e r v e d  a s  t h e  o u tp u t  s t a g e  o f  t h e  p h a s e - d e t e c t o r  u n i t .  

S in c e  th e  o u tp u t  o f  th e  im pedance  c o m p a ra to r  was a  d i f f e r e n ­

t i a l  v o l t a g e  o f  a b o u t  0 .6  v o l t s  p e r  d e g re e  o f  p h a se  s h i f t ,

Qu<?d. V II

^ I n - p h i s e

EQ uad . = V ®  3 in  6 (3 3 )

w here  E^/© i s  th e  m a g n itu d e  o f  t h e  a . c .  i n p u t  t o  th e  co m p ara-
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w i t h  a  common m ode  v o l ta g e  o f  ab o u t +^0 v o l t s ,  i t  w as n e c e s s a r y  

t o  u s e  a  d i f f e r e n c e  a m p l i f i e r  i n  order to  r e j e c t  t h e  common 

m o d e  v o l t a g e  a n d  p r o v id e  a  s i n g l e  ended o u tp u t  f o r  p r o p e r  o p e r ­

a t i o n  o f  t h e  LED d r i v e r ,  A -4 . I n  a d d it io n , A -9 p r o v id e d  a  ' 

v o l t a g e  g a i n  o f  t e n  w hich  was necessary  t o  p ro v id e  t h e  p r o p e r  

d e g re e  o f  o p e n - lo o p  g a in  f o r  o p e ra tio n  o f  t h e  p h a s e - n u l l  

s e r v o .  The o u t p u t  v o l ta g e  o f  th e  phase d e t e c t o r ,  e p ^ ,  was 

o b t a i n e d  b y  a t t e n u a t i n g  the  o u tp u t  vo ltage  o f  A-9 u s i n g  r e ­

s i s t o r s  R -4 0  a n d  R -*H , and a d d in g  an o f f s e t  v o l ta g e  d e r i v e d  

b y  a t t e n u a t i n g  t h e  + 1 5  v o l t  s i d e  of the a m p l i f i e r  p o w er 

s u p p ly  w i t h  p o t e n t i o m e te r  R -^ 2 .

I n  p r a c t i c e  t h e  o p e r a t io n  o f  the p h a s e - n u l l  s e r v o  may 

b e  i l l u s t r a t e d  a s  f o l lo w s .  Suppose the p h a s e  o f t h e  o u tp u t  

o f  A -3  s t a r t s  t o  l a g  th e  p h a s e  o f the a . c .  c e l l  i n p u t  v o l ­

t a g e  p l u s  180 °  . T h is  would in d ic a te  t h a t  th e  p h a se  a n g le  

o f  t h e  f e e d b a c k  lo o p  o f  A-3 w as too n e g a tiv e  and t h a t  th e  

r e s i s t a n c e  o f  R -1 0  s h o u ld  be in c re a s e d  to  r e t a i n  a  p h a s e  

n u l l .  The p h a s e  d e t e c t o r  s e n s e s  th is  phase  s h i f t  f ro m  t h e  

n u l l  p o i n t ,  a n d  p r o v id e s  a d . c .  output v o l ta g e  d e p e n d e n t  o n  

t h i s  s h i f t .  I n  t h e  p r e s e n t  c a s e  of a p h a s e - la g ,  t h e  o u t p u t  

o f  t h e  p h a s e  d e t e c t o r  would d e c re a s e . T h is  d e c re a s e  i n  t h e  

o u t p u t  o f  t h e  p h a s e  d e te c to r  c a u se s  the o u tp u t  o f  A-*J- t o  d e ­

c r e a s e ,  t h u s  l o w e r in g  th e  l i g h t  output o f  t h e  l i g h t - e m i t t i n g  

d i o d e ,  D - l .  T h is  c a u s e s  th e  r e s is ta n c e  o f  R -10 to  i n c r e a s e ,  

t h u s  t e n d i n g  t o  p r e s e r v e  th e  p h a se  n u l l .  A s i m i l a r  a rg u m e n t 

may b e  e m p lo y e d  i f  t h e  phase s h i f t  were a  l e a d  i n s t e a d  o f  a  

l a g .
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S in c e  the a m p litu d e  o f  th e  a . c .  o u t p u t  o f  A t3  p r o v id e s  

t h e  d e s i r e d  in d ic a t io n  o f  d o u b l e - l a y e r  c a p a c i t y ,  t h e  in s t r u m e n t  

r e a d o u t  was o b ta in ed  b y  r e c o r d i n g  th e  r e c t i f i e d  a . c .  o u tp u t  o f  

A -3  on  a  s t r ip c h a r t  r e c o r d e r .  A m p l i f i e r  A -5  s e r v e d  a s  a  p r e ­

c i s i o n  half-w ave r e c t i f i e r .  T h is  i s  a  s t a n d a r d  c i r c u i t  w h ic h  

i s  d e s c r ib e d  in  v a r io u s  s o u r c e s  ( 1 0 ,  k 6 ) . The i n p u t  c i r c u i t  

t o  A -5 , c o n s is t in g  o f  C -5  a n d  R-1 3  i n  s e r i e s ,  i s  a  h ig h - p a s s  

f i l t e r  t o  block th e  d . c .  com ponen t o f  t h e  o u tp u t  o f  A -3 .  The 

o u t p u t  o f  A-5 is  a t t e n u a t e d  by R - l 6  a n d  R -17  a n d  i s  t h e n  s e n t  

t o  th e  s t r i p c h a r t  r e c o r d e r .

O p e r a t in g  Poin ts 

A . C . I n n u t  Voltage

The a . c .  in p u t v o l t a g e  o f  t h e  DME w i th  r e s p e c t  t o  th e  

r e f e r e n c e  e le c tro d e  w as l i m i t e d  t o  b e tw e e n  f i v e  a n d  t e n  m i l l i ­

v o l t s  p e a k - to -p e a k . T h is  i s  n e c e s s a r y  t o  i n s u r e  s u f f i c i e n t  

a c c u r a c y  i n  the d e te r m in a t io n  o f  a s  h a s  b e e n  n o te d  by 

Graham e (22 ) ,

P h o t o c e l l  Range

The p h o to c e ll  m u st b e  made t o  o p e r a t e  i n  a  r e g i o n  w here  

i t  h a s  t h e  g re a te s t  s e n s i t i v i t y  a n d  s m a l l e s t  r e s p o n s e  tim e  

t o  c h a n g e s  j,n l ig h t  l e v e l  from  th e  la m p . S in c e  t h e  p h o t o c e l l  

r e s p o n d s  most r a p id ly  a t  h ig h  l i g h t  l e v e l  a n d  i s  m o s t s e n s i ­

t i v e  a t  low  l ig h t  l e v e l ,  a  t r a d e o f f  was made i n  te rm s  o f  r e ­

s p o n s e  sp e e d  versus s e n s i t i v i t y  w h e re in  t h e  p h o t o c e l l  was 

made t o  o p e ra te  o v e r o n ly  a  t w o - f o ld  r a n g e  o f  r e s i s t a n c e  

v a lu e s  ch o sen  in  th e  b e s t  p a r t  o f  i t s  o p e r a t i n g  r e g i o n .  (A b o u t 

2 .5  K jl t o  5 .0  Ksl )
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I n  o r d e r  t o  a c h ie v e  p h a se  n u l l  o v e r  a l l  Cd  v a lu e s  e n ­

c o u n te r e d  an d  a t  t h e  same tim e  m a in ta in  w i t h i n  a  l i m i t e d  

ra n g e  o f  v a l u e s ,  i t  was n e c e s s a r y  t o  u se  t h r e e  d i f f e r e n t  

c a p a c i t o r s  f o r  Cf , e a c h  c a p a c i t o r  b e in g  u s e d  o v e r  a  c e r t a i n  

r a n g e  o f  v a l u e s . I t  was fo u n d  c o n v e n ie n t  t o  have  t h e s e

c a p a c i t o r s ,  -  C*. , i n  th e  r a t i o  2 C . -  = 0 - / 2 .
X1 *3 1 2

S in c e  th e  g a in  o f  th e  c u r r e n t  a m p l i f i e r  a t  p h a se  n u l l  i s

a p p ro x im a te ly  Cd/C f , a  f u l l  s c a l e  r e s p o n s e  w i th  , c a n  be

made t o  r e a d  h a l f  s c a l e  by s w i tc h in g  i n  C - , e t c .  I t  was fo u n d
*2

i n  p r a c t i c e  t h a t  th e  r e c o r d e r  c o u ld  be made to  r e c o r d  r e s p o n s e s  

b e tw e e n  h a l f  a n d  f u l l  s c a l e  o n ly ,  s im p ly  by  s w i tc h in g  to  a  

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

t h e  r e a d o u t  from  th e  r e c o r d e r  c h a r t .

S o l u t i o n s  a n d  C h e m ica ls

The w a te r  u s e d  i n  t h e  p r e p a r a t i o n  o f  a l l  s o l u t i o n s  was 

d o u b ly  d i s t i l l e d ,  w i th  t h e  s e c o n d  d i s t i l l a t i o n  c a r r i e d  o u t  

i n  a  q u a r t z  s t i l l  from  d i l u t e  a l k a l i n e  p e rm a n g a n a te .  The 

c h e m ic a ls  u s e d ,  w i th  th e  e x c e p t io n  o f  t h a l l i u m  n i t r a t e  w h ich  

was from  A lp h a  I n o r g a n ic s  a n d  l a b e l l e d  u l t r a p u r e ,  w ere  a l l  

B a k e r  A n a ly z e d  R e a g e n t G ra d e . I t  was fo u n d  t h a t  f u r t h e r  p u r i ­

f i c a t i o n  was n o t  n e c e s s a r y .  The m e rc u ry  u s e d  f o r  th e  d ro p p in g  

m e rc u ry  e l e c t r o d e  a s  w e l l  a s  th e  c a lo m e l r e f e r e n c e  e l e c t r o d e  

was B e th le h e m  in s t r u m e n t  g ra d e  a n d  was p r e p a r e d  b y  c o n t in u o u s  

t r i p l e  vacuum  d i s t i l l a t i o n  a n d  was g u a r a n te e d  a s  h a v in g  l e s s  

t h a n  one p a r t  i n  10*  ̂ r e s i d u e  on  e v a p o r a t io n  o f  2000 g .  The 

g a s  u s e d  f o r  d e a e r a t i n g  th e  c e l l  s o l u t i o n  was h e liu m  o f  99*995% 

p u r i t y  fro m  M a th e so n , The g a s  l i n e  was c o n s t r u c t e d  o f  s t a i n -



l e a s  s t e e l ,  t e f l o n  a n d  b o ro s iH ic a te  g l a s s .  The h e liu m  was 

s a t u r a t e d  w i th  w a te r  v a p o r  a t  2 5 .0 °  C b y  p a s s i n g  th ro u g h  a  

s c r u b b in g  to w e r  f i l l e d  w i th  th e  d o u b ly  d i s t i l l e d  w a te r  men­

t i o n e d  a b o v e , t h e  b u b b l in g  to w e r  b e in g  im m ersed  i n  th e  25»0°C 

w a te r  b a t h ,  a n d  s e n t  b y  way o f  a  t h r e e  way s to p o o c k  ( b o r o s i l i -  

c a t e  g l a s s  a n d  t e f l o n )  e i t h e r  th ro u g h  o r  o v e r  th e  s o l u t i o n .
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C e l l  a n d  E le c t r o d e s  

C e l l

A d ia g ra m  o f  t h e  c e l l  a n d  e l e c t r o d e s  u s e d  i n  t h i s  w ork 

i s  shown i n  f i g u r e  3 . The c e l l  was c o n s t r u c t e d  o f  b o r o s i l i -  

c a t e  g l a s s  a n d  h ad  a  t e f l o n  s to p c o c k .  F o u r  fe m a le  S 1 2 /1 8  

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

e l e c t r o d e s  a n d  a  g a s  b u b b le r  f o r  d e a e r a t i o n .  The l a t t e r  was 

draw n down p i e c e  o f  g l a s s  t u b in g  h a v in g  a n  I .D .  o f  a b o u t  0 .5  

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

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

t h e  s o l u t i o n  t o  p r o v id e  a n  o x y g e n - f r e e  a tm o sp h e re  w h ile  

m easu rem en ts  w ere  b e in g  t a k e n .  A w a te r  j a c k e t  was s e a l e d  

o n to  th e  c e l l  th ro u g h  w h ich  w a te r  a t  2 5 .0  ±  0 ,1 °C  was c i r ­

c u l a t e d  d u r in g  th e  e x p e r im e n ts .  The w a te r  was pum ped fro m  

a  w a te r  b a th  w hose te m p e r a tu r e  was c o n t r o l l e d  by  a  YSI P ro ­

p o r t i o n a l  T e m p e ra tu re  C o n t r o l l e r .  A t e f l o n  s to p c o c k  a t  th e  

b o tto m  o f  th e  c e l l  p e r m i t t e d  th e  m erc u ry  w h ic h  a c c u m u la te d  

fro m  th e  D .M .E. to  be  w ith d ra w n  p e r i o d i c a l l y  f o r  f lo w  r a t e  

m easu rem en ts  d u r in g  th e  c o u rs e  o f  a n  e x p e r im e n t .

The d im e n s io n s  o f  t h e  c e l l  a r e  a s  fo l lo w s *

O u te r  d ia m e te r  -  6 .5  cm 

I n n e r  d ia m e te r  -  4 .5  cm

C e l l  h e ig h t  (b o tto m  o f  w a te r  j a c k e t  t o  to p  
o f  c e l l )  -  11  cm

H e ig h t  o f  w a te r  j a c k e t  -  8 cm

A c t iv e  c e l l  volum e -  60 ml
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F lg u r e  3 . D iagram  o f  C e l l  '**

O ver
S o l u t i o nT h ro u g h

S o l u t i o n
R e f e r e n c e
’E le c t r o d e

Anode

Y /a te r
J a c k e t

FRONT
VIEW

REAR:
VIEW
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E le c t r o d e s

D .M .E .

The D .M .E . c o n s i s t e d  o f  a  c a p i l l a r y  (W ilm ad G la s s  C o . ,  

B uena, N. J . )  f u s e d  o n to  a  50 n il . m e a s u r in g  p i p e t  w h ich  

s e r v e d  a s  th e  r e s e r v o i r .  The w ho le  a s se m b ly  was o f  b o r o s i l i -  

c a t e  g l a s s .  The c a p i l l a r y  a s  o b ta in e d  had  a  u n ifo rm  b o re  

o f  0 .0 0 3  i n c h e s .  A s h o r t  s e c t i o n  a t  t h e  t i p  was draw n down 

t o  p ro d u c e  a  b o re  o f  a b o u t  0 .0 0 1 5  in c h e s  a n d  0 . 5  cm. o f  t h i s  

s e c t i o n  was r e t a i n e d .  The re m a in d e r  o f  th e  c a p i l l a r y  co n ­

s i s t e d  o f  a b o u t  20  cm. o f  th e  o r i g i n a l  0 .0 0 3  in c h  b o re  t u b ­

i n g .  E l e c t r i c a l  c o n ta c t  w i th  t h e  m erc u ry  was made th ro u g h  

th e  to p  o f  th e  r e s e r v o i r  w i th  a  p ie c e  o f  p la t in u m  w i r e .  The 

D .M .E . was made to  f i t  s n u g ly  i n t o  th e  S 1 2 /1 8  c e l l  j o i n t  

w i th  a n  a d a p to r  made from  a  p ie c e  o f  t e f l o n  r o d .

The D .M .E ., c o n s t r u c t e d  i n  t h i s  m an n e r, had  a  f lo w  r a t e  

o f  a b o u t 0 .9 4  mg. o f  m erc u ry  p e r  s e c o n d  w i th  a  30  cm. h e a d  

o f  m e rc u ry . The d ro p  tim e  i n  d e a e r a t e d  1 M KC1 on open  c i r ­

c u i t  was a b o u t  6 . 1  s e c o n d s .

Anode

The anode  was c o n s t r u c t e d  by  f u s i n g  a  p ie c e  o f  p la t in u m , 

a b o u t  3 mm x 3 mm, i n t o  a  p ie c e  o f  b o r o s i l i c a t e  g l a s s  t u b in g .  

The to p  o f  th e  t u b in g  had  a  9  1 2 /1 8  m ale  j o i n t  f o r  i n s e r t i o n  

i n t o  th e  c e l l .  E l e c t r i c a l  c o n ta c t  was made w i th  th e  an o d e  by 

p a r t l y  f i l l i n g  th e  g l a s s  t u b in g  w i th  m erc u ry  a n d  i n s e r t i n g  a  

c o p p e r  w i r e .

R e fe re n c e  E le c t r o d e  

P r e p a r a t i o n
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A l l  th e  r e f e r e n c e  e l e c t r o d e s  u s e d  i n  t h i s  w ork w ere  o f  

t h e  c a lo m e l ty p e  w i th  th e  e l e c t r o l y t e  b e in g  th e  same a s  t h a t  

u s e d  i n  th e  e x p e r im e n t .  The e l e c t r o d e  was c o n s t r u c t e d  from  

a  p i e c e  o f  b o r o s i l i c a t e  g l a s s  t u b in g ,  c lo s e d  a t  one end  w ith  

a  m ale  9 1 2 /1 8  j o i n t  a t  th e  o t h e r  en d  f o r  i n s e r t i o n  i n t o  th e  

c e l l .  Two h o le s  a b o u t  1 .5  cm from  th e  b o tto m  a n d  a b o u t 2 mm 

i n  d ia m e te r  p r o v id e d  e l e c t r i c a l  c o n t a c t  w i th  th e  s o l u t i o n  i n  

th e  c e l l .  E l e c t r i c a l  c o n t a c t  w i th  th e  e l e c t r o d e  was made by 

i n s e r t i n g  a  p i e c e  o f  g l a s s  t u b in g  w i th  a  p ie c e  o f  p la t in u m  

w ir e  f u s e d  i n t o  i t .  The tu b in g  was f i l l e d  w i th  Woods m e ta l  

w h ich  was m e l te d ,  c o p p e r  w ire  was i n s e r t e d  an d  th e  a sse m b ly  

a l lo w e d  t o  c o o l .  T h is  t u b in g  was p r o v id e d  w i th  a  o n e -h o le  

r u b b e r  s to p p e r  w h ich  a l lo w e d  f o r  a  t i g h t  f i t  b e tw een  th e  

e l e c t r o d e  p r o p e r  a n d  th e  c o n ta c t  a s s e m b ly .

The e l e c t r o d e  was a s s e m b le d  by  i n t r o d u c in g  a  g lo b u le  o f  

m e rc u ry  i n t o  th e  b o tto m  o f  th e  e l e c t r o d e .  The c o n ta c t  a ssem ­

b l y  was th e n  i n s e r t e d  so  t h a t  th e  p la t in u m  w ire  was below  th e  

m e rc u ry  s u r f a c e .  M ercu ry  a n d  c a lo m e l w ere  th e n  sh a k e n  t o g e t h ­

e r  a n d  a  s m a l l  p o r t i o n  o f  th e  g r a y i s h  scum t h a t  fo rm ed  on 

t h e  s u r f a c e  was t r a n s f e r r e d  t o  th e  to p  o f  th e  m ercu ry  s u r f a c e  

i n  th e  e l e c t r o d e  th ro u g h  one o f  th e  h o le s  p r o v id e d  f o r  s o l u ­

t i o n  c o n t a c t .  T h is  scum upon c o n ta c t  w i th  th e  m ercu ry  s p r e a d  

o u t  t o  c o v e r  th e  e n t i r e  s u r f a c e  o f  th e  m erc u ry  w i th  a  p e a r l y -  

g r a y  f i l m .  The e l e c t r o d e  was th e n  f i l l e d  w i th  b a s e  e l e c t r o ­

l y t e  t o  be  u s e d  i n  th e  e x p e r im e n t  w h ich  h ad  b e e n  d e a e r a te d  

s o  t h a t  t h e  h o le s  i n  th e  e l e c t r o d e  w ere  c o m p le te ly  c o v e re d .

T h is  m ethod  i s  s i m i l a r  t o  one d e s c r ib e d  by  H i l l s  a n d  I v e s  ( 4 £ ) .
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Calibration
B efore  each r u n ,  a  f r e s h  r e f e r e n c e  e l e c t r o d e  w as a sse m ­

b l e d  a s  described  i n  t h e  p r o c e d in g  s e c t i o n .  The e l e c t r o d e  

w as th e n  c a l ib r a te d  by c o m p a r is o n  w i th  a  c o m m erc ia l s a t u r a t e d  

c a lo m e l  e lec tro d e  o f  th e  c r a c k e d  j u n c t i o n  ty p e  (L ee d s  a n d  

N o r th r u p ) .  Three c o m m erc ia l e l e c t r o d e s  w ere  in te r c o m p a re d  

a n d  th e  e lec tro d e  h a v in g  t h e  m ed ian  p o t e n t i a l  w as c h o s e n  a s  

t h e  s ta n d a rd , The t h r e e  s a t u r a t e d  c a lo m e l  e l e c t r o d e s  a lw a y s  

a g r e e d  w ith  each o t h e r  t o  b e t t e r  t h a n  one m i l l i v o l t .

The re fe ren ce  e l e c t r o d e  a n d  t h e  s t a n d a r d  S .C .E .  w ere  

p l a c e d  i n  a 180-m l. t a l l - f o r m  b e a k e r  c o n t a i n i n g  d e a e r a t e d  b a s e  

e l e c t r o l y t e .  The te m p e r a tu r e  was m a in ta in e d  a t  2$ ,0  d- 0 .1 ° C . 

The p o te n t i a l  o f  t h e  c e l l  was m e a su re d  when i t  h a d  r e a c h e d  

a  s te a d y  value, T h is  p ro c e d u re  w as r e p e a t e d  a t  t h e  co m p le ­

t i o n  o f  each ru n . The d r i f t  i n  p o t e n t i a l  th u s  n o te d  was a l ­

w ays l e s s  than one m i l l i v o l t .

I n  th i s  w ork, a l l  p o t e n t i a l s  a r e  q u o te d  w i th  r e s p e c t  t o  

t h e  s a tu r a te d  c a lo m e l e l e c t r o d e  c h o s e n  a s  d e s c r ib e d  a b o v e .  

When re fe re n c e  i s  made t o  l i t e r a t u r e  v a lu e s  o f  d o u b l e - l a y e r  

c a p a c i ta n c e  the p o t e n t i a l  i s  a lw a y s  w i th  r e s p e c t  t o  t h e  s a t ­

u r a t e d  calomel e l e c t r o d e .  T h is  so m e tim es  r e q u i r e d  t h a t  th e  

o r i g i n a l  p o te n t ia ls  n o te d  i n  th e  l i t e r a t u r e  w h ic h  w ere  o f t e n  

m e a su re d  with r e s p e c t  t o  o t h e r  r e f e r e n c e  e l e c t r o d e s ,  su c h  

a s  th e  N.C.E. and 0 .1  N .C .E .^ b e  s h i f t e d  b y  th e  d i f f e r e n c e  

b e tw e e n  th e  p o t e n t i a l  o f  th e  S .C .E .  a n d  t h a t  o f  th e  e l e c t r o d e  

u s e d .  L ite ra tu re  v a lu e s  ( W )  w ere  u s e d  f o r  t h e s e  d i f f e r e n c e s .
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P ro c e d u re s

C a l i b r a t i o n  o f  E l e c t r o n i c s

As h as  b e e n  m e n tio n e d  i n  s e c t i o n  I I I  o f  t h i s  t h e s i s ,  th e

r e s p o n s e  o f  t h e  in s t r u m e n t  w i l l  d e v ia te  som ew hat fro m  t h a t

p r e d i c t e d  by  E q u a t io n  26 due t o  th e  e f f e c t s  o f  th e  s h u n t in g

r e s i s t o r ,  R _, a n d  th e  p h a se  e r r o r  s ig n a l ,A O C .  The c o m p le te  s
e q u a t io n  f o r  th e  a . c .  g a in  o f  t h e  c u r r e n t  a m p l i f i e r ,  G, i n ­

c lu d in g  th e  e f f e c t s  o f  s h u n t in g  a n d  p h a se  e r r o r  i s  ( s e e  d e ­

r i v a t i o n  i n  a p p e n d ix  A -2 )

H e re , ocf  i s  th e  p h a se  a n g le  o f  th e  c u r r e n t  a m p l i f i e r  f e e d ­

b a c k  im pedance  an d  r  i s  th e  r a t i o  Rf /R g . The te rm  s i n  a o c /  

t a n  oc.^ i s  t h e  f r a c t i o n a l  c h an g e  i n  r e s p o n s e  from  E q u a t io n  26 

due t o  th e  p r e s e n c e  o f  a  f i n i t e  p h a se  e r r o r  s i g n a l  ( a o c j /  0 ) 

The te rm  2 r  i s  th e  f r a c t i o n a l  c h an g e  due t o  t h e  p r e s e n c e  o f  

t h e  s h u n t in g  r e s i s t o r .

The m ag n itu d e  o f  th e  te rm  in v o lv in g  o c is  f a i r ly  s m a l l  

th o u g h  i t  v a r i e s  w i th  f r e q u e n c y  a n d  d o u b l e - l a y e r  c a p a c i t y .

An u p p e r  l i m i t  f o r  t h i s  q u a n t i t y  may be  e s t im a te d  a s  f o l lo w s .  

The p h a se  n u l l  b e tw e e n  th e  a . c .  o u tp u t  o f  th e  c u r r e n t  a m p li­

f i e r  a n d  th e  a . c .  i n p u t  v o l ta g e  was m o n ito re d  c o n t in u o u s ly  

d u r in g  c a l i b r a t i o n  a n d  e x p e r im e n ta l  r u n s  u s in g  a  H i s s a j o u s  

f i g u r e  d i s p l a y e d  on  a n  o s c i l l o s c o p e . I t  was e s t im a te d  t h a t  

th e  minimum p h a se  e r r o r  s i g n a l  t h a t  c o u ld  b e  d e t e c t e d  i n



t h i s  m anner am oun ted  t o  a p p ro x im a te ly  0 .3 ° •  S in c e  no d e t e c t ­

a b le  o p e n in g  o f  th e  L i s s a jo u s  f i g u r e  -  a  s t r a i g h t  l i n e  f o r  

two s i g n a l s  when th e y  a r e  e i t h e r  i n  p h a se  o r  180° o u t  o f  

p h a se  -  was o b s e rv e d ,  i t  c a n  be  assum ed  t h a t  A ocw as a t  m ost

0 .3 ° .  The te rm  t a n  ocf  w i l l  c a u se  th e  p h a s e  e r r o r  te rm  to  

be  l a r g e s t  when i t  i s  s m a l l e s t ,  s i n c e  i t  a p p e a r s  i n  th e  d e ­

n o m in a to r .  T h is  w i l l  o c c u r  a t  h ig h  v a lu e s  o f  f r e q u e n c y  an d  

d o u b l e - l a y e r  c a p a c i t y .  A ssum ing  v a lu e s  o f  10 KHz a n d  1 u f  

f o r  th e  h i g h e s t  f r e q u e n c y  an d  d o u b l e - l a y e r  c a p a c i ty  r e s p e c t i v e ­

l y ,  i t  t u r n s  o u t  t h a t  t a n  ocf  = 0 .3  a s  a  lo w e r  l i m i t .  I n ­

s e r t i n g  th e s e  v a lu e s  f o r  t a n  oC^ an d  AOC i n t o  th e  p h a se  e r r o r  

te rm  a  v a lu e  o f  0 .0 2  i s  o b ta in e d  a s  a n  u p p e r  l i m i t .  T h u s , th e  

d e v i a t i o n  from  E q u a t io n  26 w i l l  be  a t  m o st two p e r  c e n t  due 

t o  p h a se  e r r o r .

The d e v i a t i o n  due t o  th e  s h u n t in g  e f f e c t  i s  e a s i l y  c a l ­

c u l a t e d  by  f i r s t  n o t in g  t h a t  Rf , th e  p h o t o c e l l  r e s i s t a n c e ,  

v a r i e d  b e tw e e n  2 , 5  a n d  5*0 k ilo h m s  a s  h a s  b e e n  m e n tio n e d  i n  

t h e  s e c t i o n  on  o p e r a t i n g  p o i n t s .  S in c e  th e  s h u n t in g  r e s i s t o r ,

R , h ad  a  v a lu e  o f  1 megohm, th e  te rm  2r  v a r i e d  b e tw e e n  0 .0 0 5  s
a n d  0 . 0 1  l e a d in g  t o ,  a t  m o s t, a  one p e r  c e n t  d e v i a t i o n  fro m  

E q u a t io n  2 6 . T h u s , due t o  th e  e f f e c t s  o f  p h a se  e r r o r  an d  

s h u n t in g ,  th e  e q u a t io n  f o r  th e  a . c .  g a in  o f  t h e  c u r r e n t  a m p l i ­

f i e r  i s  m o d if ie d  t o  th e  f o l lo w in g  form ^
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w here  £  r e p r e s e n t s  "the com bined  e f f e c t s  o f  p h a se  e r r o r  a n d  

s h u n t in g  an d  c a n  v a ry  from  0 t o  ±  . 0 2 .

I n  o r d e r  t o  p r o v id e  c o m p e n sa tio n  f o r  th e  e f f e c t  o f  £  * 

i t  was d e c id e d  to  c a l i b r a t e  t h e  in s t r u m e n t  u s in g  a  s im u la te d  

c e l l  c i r c u i t  w h ic h  c o n ta in e d  a  s t a n d a r d ; v a r i a b l e  c a p a c i t o r  t o  

r e p r e s e n t  Cd . T h is  a r ra n g e m e n t i s  show n be low  i n  d iag ra m  V I I I .

The s im u la te d  c e l l  c i r c u i t  i s  shown w i t h i n  th e  d o t t e d  l i n e .  

R - l  i s  a  r e s i s t o r  o f  a b o u t  200 t o  300 ohms w h ich  s im u la te s  

s o l u t i o n  r e s i s t a n c e .  R -2 i s  a  1 megohm r e s i s t o r  w h ic h  s im u ­

l a t e d  th e  f a r a d a i c  d . c .  p a t h .  C i s  a  s t a n d a r d ,  v a r i a b l e  

c a p a c i t o r  w h ich  s im u la t e s  th e  d o u b l e - l a y e r  c a p a c i ty  a n d  R -3  

i s  a  50  ohm r e s i s t o r  u s e d  to  s im u la te  r e s i s t a n c e  w h ich  i s  u n ­

c o m p e n sa te d  by  th e  p o t e n t i o s t a t - d u e  m a in ly  t o  th e  r e s i s t a n c e  

o f  th e  m e rc u ry  t h r e a d  i n  th e  c a p i l l a r y  o f  th e  D .M .E . The 

c a l i b r a t i o n  was c a r r i e d  o u t  by  n o t in g  th e  r e c o r d e r  r e a d o u t  

a s  th e  s t a n d a r d  c a p a c i t o r  was v a r i e d  o v e r  th e  r a n g e  o f  

v a lu e s  e x p e c te d  e x p e r i m e n t a l l y .  I n  t h i s  m an n e r, th e  n e e d  to  

m ea su re  a . c .  i n p u t  a n d  o u tp u t  v o l t a g e s ,  t h e  e x a c t  v a lu e  o f  

C^., t h e  v a lu e  o f  & , e t c .  i s  done away w i t h .  A l l  t h a t  i s  r e -

d . c .
In p u t

c .  i n p u t  jS im u la te d  C e l l  C i r c u i l j

Pcftentio
s t & t

,  V I I I
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q u i r e d  i s  t h a t  th e  a . c .  i n p u t  v o l ta g e  be h e ld  c o n s t a n t .  I f  

5" i s  v e ry  s m a l l  a n d /o r  do es n o t  v a ry  s i g n i f i c a n t l y ,  a  l i n e a r  

c a l i b r a t i o n  c u rv e  w i l l  be o b t a i n e d .  I f  S v a r i e s  s i g n i f i c a n t l y ,  

a  n o n - l i n e a r  c u rv e  w i l l  be o b t a i n e d .  I n  e i t h e r  c a s e ,  good 

c o m p e n sa tio n  f o r  th e  e f f e c t  o f  % i s  o b t a in e d .  As i t  t u r n e d  

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

p o r t i o n a l  t o  c a p a c i t y ,  w i t h i n  e x p e r im e n ta l  e r r o r ,  o v e r  th e  

e n t i r e  r a n g e  o f  c a l i b r a t i o n  v a lu e s  a t  1 KHz. A t 10 KHz t h e r e  

was a  d e f i n i t e  th o u g h  s l i g h t  d e v i a t i o n  fro m  l i n e a r i t y  w h ich  

am oun ted  t o  a b o u t  t h r e e  p e r  c e n t  o v e r  th e  e n t i r e  c a l i b r a t i o n  

r a n g e .

I n  p r a c t i c e ,  t h e  s t a n d a r d  v a r i a b l e  c a p a c i t o r  c o n s i s t e d  

o f  a  d e ca d e  c a p a c i t o r  ( G e n e ra l  R ad io  Type 980-A ) w h ich  c o u ld  

b e  v a r i e d  from  0 t o  1 . 0  » f  i n  s t e p s  o f  0 , 1  n f  a n d  a n  e x t r a  1 . 0  

p f  c a p a c i t o r  ( J e n s e n  Type KTTE). T hese  c a p a c i t o r s  w here  

c h e c k e d  on  a  W ayne-K err m odel B -221  U n iv e r s a l  B r id g e  a n d  w ere  

fo u n d  t o  be  w i t h in  one o r  tw o p a r t s  p e r  th o u s a n d  o f  t h e i r  

n o m in a l v a l u e s .  By s u i t a b l e  a r ra n g e m e n t o f  t h e s e  c a p a c i t o r s ,  

t h e  ra n g e  from  0 t o  2 » f  c o u ld  be  c o v e re d  i n  0 . 1  juf s t e p s .

I t  was fo u n d , h o w e v e r, t h a t  f o r  th e  sy s te m s  i n v e s t i g a t e d  i n  

t h i s  t h e s i s  a  r a n g e  o f  from  0 . 3  t o  1 . 3  u f  was s u f f i c i e n t .

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

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

v a lu e  o f  c a p a c i ty  i n  th e  s im u la te d  c i r c u i t .  F o r  c o n v e n ie n c e  

s a k e ,  a  v a lu e  o f  1 p f  was c h o s e n .  When Cf 2  was u s e d  i n  th e  

c u r r e n t  a m p l i f i e r  fe e d b a c k  lo o p  (C f2 = 0 . 0 1  u f )  a n  a p p ro x im a te ­
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l y  f u l l - s c a l e  r e s p o n s e  was o b s e rv e d  on t h e  r e c o r d e r .  An 

e x a c t l y  f u l l - s c a l e  r e s p o n s e  was o b ta in e d  by  s l i g h t l y  a d j u s t ­

in g  th e  m a g n itu d e  o f  th e  a . c .  i n p u t  v o l ta g e  t o  th e  p o te n t io w  

s t a t .  The m ag n itu d e  o f  t h i s  a . c .  i n p u t  v o l t a g e  was th e n  

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

a . c .  o u tp u t  o f  th e  c u r r e n t  a m p l i f i e r .  F o r  th e  p u rp o s e  o f  

p r e c i s i o n ,  i t  was a r r a n g e d  t o  have  t h i s  r e a d o u t  c o r r e s p o n d  

t o  b e tw e e n  n i n e t y - f i v e  an d  one h u n d re d  p e r  c e n t  o f  f u l l  s c a l e .  

T h is  v o l ta g e  was m o n ito re d  c o n t in u o u s ly  d u r in g  b o th  t h e  c a l i ­

b r a t i o n  a n d  th e  e x p e r im e n t .  I f  n e c e s s a r y ,  th e  a m p li tu d e  was 

r e a d j u s t e d .  S in c e  th e  o s c i l l a t o r  o u tp u t  e x h i b i t e d  a  s m a l l ,  

lo n g - te r m  d r i f t  o f  a b o u t  one p e r  c e n t  o v e r  one o r  two h o u r s ,  

t h e  e r r o r  due to  c h a n g e s  i n  th e  a m p li tu d e  o f  th e  a . c .  i n p u t  

v o l ta g e  d u r in g  th e  c o u rs e  o f  a n  e x p e r im e n t  was , t h u s } h e ld  to  

w i t h i n  th e  r e a d in g  e r r o r  o f  th e  s t r i p - c h a r t  r e c o r d e r .  T h is  

e r r o r  was o f  th e  o r d e r  o f  two p a r t s  p e r  th o u s a n d .  I n  e x p e r i ­

m en ts  a t  1 KHz w here th e  r e s p o n s e  was o b s e rv e d  t o  be  d i r e c t l y  

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

c o m p le te  c a l i b r a t i o n .  A t 10 KHz a  c o m p le te  c a l i b r a t i o n  c u rv e  

was r e c o r d e d .

R e c a l l i n g  th e  s e c t i o n  o f  t h i s  t h e s i s  on o p e r a t i n g  p o i n t s ,

o n ly  r e s p o n s e s  t h a t  r a n g e d  from  h a l f  to  f u l l  s c a l e  w ere  u s e d .

T h u s , w i th  Cf2  i n  th e  fe e d b a c k  lo o p  o f  t h e  c u r r e n t  a m p l i f i e r

v a lu e s  o f  Cd from  0 .5  t o  1 .0  p f  c o u ld  be  r e a d .  By s w i tc h in g

t o  ( -  Cf 2/ 2 ) v a lu e s  o f  from  1 t o  2 p f  w ere  c o v e r e d .

A lth o u g h  th e  m ethod  o f  c a l i b r a t i o n  u s e d  h e r e  e l i m i n a t e s  th e  

n e e d  t o  d e te rm in e  th e  e x a c t  v a lu e  o f  th e  fe e d b a c k  c a p a c i t o r s ,



t h e s e  w ere  c h e c k e d  on  th e  W ayne-K err b r id g e  t o  i n s u r e  t h a t  

t h e i r  r a t i o  was a s  s t a t e d  a b o v e . M easurem en t show ed t h a t  

t h i s  was th e  c a s e  t o  w i t h in  e x p e r im e n ta l  e r r o r .

D e te rm in a t io n  o f  F low  R a te  o f  M ercu ry  i n  th e  D .M .E .

The r a t e  o f  f lo w  o f  m e rc u ry  fro m  th e  D .M .E. was d e t e r ­

m in ed  a t  f o u r  d i f f e r e n t  p o t e n t i a l s  d u r in g  a  r u n ,  t h e  t o t a l  

ch an g e  i n  f lo w  r a t e  a m o u n tin g  t o  a b o u t  one  p e r  c e n t .  A 

c a l i b r a t i o n  c u rv e  o f  f lo w  r a t e  v e r s u s  p o t e n t i a l  was draw n 

fro m  t h i s  d a ta  a n d  was u s e d  t o  o b t a i n  th e  f lo w  r a t e  a t  t h e  

p o t e n t i a l  o f  i n t e r e s t .

To d e te rm in e  th e  f lo w  r a t e ,  m erc u ry  was c o l l e c t e d  f o r  

a  m ea su re d  p e r i o d  o f  tim e  a t  a  g iv e n  p o t e n t i a l .  T h is  c o l ­

l e c t e d  m ercu ry  was w ith d ra w n  v i a  t h e  t e f l o n  s to p c o c k  i n  th e  

b o tto m  o f  th e  c e l l ,  w ashed  w i th  d i s t i l l e d  w a te r  a n d  th e n  

a c e to n e ,  d r i e d  i n  a  s t r e a m  o f  n i t r o g e n  a n d  w e ig h e d . A t 

l e a s t  0 . 3  g .  o f  m erc u ry  was c o l l e c t e d  d u r in g  e a c h  m e a su re ­

m en t a n d  s in c e  th e  f lo w  r a t e  was a b o u t  1 mg. p e r  s e c o n d , 

t h i s  in v o lv e d  t im e  p e r io d s  o f  a b o u t  300  s e c o n d s  a n d  lo n g e r .  

S in c e  th e  m erc u ry  was w e ig h ed  t o  + 0 .1  mg. a n d  th e  t im e  was 

m ea su re d  t o  + 0 . 1  s e c o n d , th e  a c c u ra c y  o f  t h e s e  m easu rem en ts  

was b e t t e r  t h a n  one p a r t  p e r  th o u s a n d .

D a ta  T ak in g

The d a ta  t a k e n  f o r  e a c h  p o i n t  c o n s i s t e d  o f  t h e  p o t e n t i a l  

o f  th e  D .M .E ., t h e  r e c o r d e r  r e a d i n g ,  th e  d ro p  t i m e . ' t r ,  a n d  

th e  f lo w  r a t e  o f  m e rc u ry . The p o t e n t i a l  was s e t  m a n u a lly  by 

a d j u s t i n g  a  p o te n t io m e te r  i n  t h e  d . c .  i n p u t  o f  th e  p o t e n t i o -  

s t a t  a n d  th e  f lo w  r a t e  m easu rem en t h a s  b e e n  d e s c r i b e d .  The
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r e c o r d e r  t r a c e  o f  c o n s i s t e d  o f  a  c o n t in u o u s ly  r i s i n g  c u rv e  

fo llo w e d  by a  s h a r p  d r o p - o f f  a s  e a c h  d ro p  f e l l .  The r e c o r d e r  

r e a d in g  was t a k e n  a t  th e  to p  o f  e a c h  c u rv e  c o r r e s p o n d in g  to  

th e  end o f d ro p  l i f e , A t e a c h  p o t e n t i a l  t e n  d ro p s  w ere  t im e d  

a n d  r e c o rd e d . The a v e ra g e  r e a d o u t  o f  th e  t e n  d ro p s  was t a k e n ,  

th e  ran g e  o f  r e a d in g s  o v e r  th e  t e n  d ro p s  was a b o u t  f i v e  p a r t s  

p e r  th o u san d  a t  f u l l  s c a l e .  The d ro p  t im e  was t a k e n  by  d i v i d ­

in g  th e  tim e  r e q u i r e d  f o r  th e  t e n  d ro p s  b y  1 0 . T h is  t im e  was 

m easu red  to  ±  0 , 1  s e c o n d  a n d  s in c e  t h e  t o t a l  t im e  in v o lv e d  

was a b o u t 50 s e c o n d s ,  th e  d ro p  t im e s  th u s  m ea su re d  h ad  a  p r e ­

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

C a lc u la t io n s

F or c o m p a riso n  w i th  l i t e r a t u r e  v a lu e s ,  Cd m u st be  d iv id e d  

by  A , th e  d ro p  a r e a  a t  th e  t im e  o f  m e a su re m e n t. T h is  g iv e s  

C ^, th e  c a p a c i ty  p e r  u n i t  a r e a ^ u s u a l ly  e x p r e s s e d  i n  u n i t s  o f  

m ic ro fa ra d s  p e r  s q u a re  c e n t im e te r  (juf/cra ) .  I n  o r d e r  to  c a l ­

c u l a t e  drop a r e a ,  th e  a s s u m p tio n  was made t h a t  th e  m erc u ry  

d ro p  i s  s p h e r i c a l ,  a n  a s s u m p tio n  commonly made (2 , 2 8 , .2 1 , jL5 ) • 

T hen , knowing f lo w  r a t e ,  m, a n d  d ro p  tim e  XT, i t  i s  a  s im p le  

m a t t e r  to  show

To o b ta in  C ^, i s  o b ta in e d  a s  i n d i c a t e d  p r e v i o u s ly  an d  

i s  d iv id e d  by  th e  d ro p  a r e a  a t  th e  en d  o f  d ro p  l i f e ,

A ( cm2 ) «  0 .8 5 1 8  ( m t  ) (3 6 )

c d = ( 0 .g 5 lS ') d (nrT ’F / 3
(3 7 )
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R e s u l t s  a n d  D is c u s s io n

S y stem s T e s te d  a n d  O b je c t iv e s

The f o l lo w in g  sy s te m s  w ere  t e s t e d i

1 . 1 M KC1

2 .  1 mM Zn2+ i n  1 M KC1

3 . 0 .1  mM Cd2*  i n  1 M KC1

4 .  0 .0 1  mM Cd2*  i n  1 M KC1

5 . 1 M KN03 -  0 .1  M KC1

6 . 0 .1  mM T l*  i n  1 M KN03 -  0 .1  M KC1

A l l  o f  t h e s e  sy s te m s  w ere  t e s t e d  a t  two f r e q u e n c i e s ,  

v i z .  1 an d  10 KHz. F o r  sy s te m s  c o n ta in i n g  e l e c t r o a c t i v e  

m a t e r i a l ,  a  r u n  was f i r s t  made on th e  b a s e  e l e c t r o l y t e  u s e d  

i n  p r e p a r i n g  th e  t e s t  s o l u t i o n .

The p a r t i c u l a r  sy s te m s  l i s t e d  ab o v e  w ere  c h o se n  f o r  a  

num ber o f  r e a s o n s .  F i r s t l y ,  th e y  a l l  h ad  b e e n  r e p o r t e d  i n  

t h e  l i t e r a t u r e  (2 8 ,  J l l ,  £ $ )  th u s  e n a b l in g  a  c o m p a r iso n  t o  

be  made b e tw e e n  th e  r e s u l t s  o f  th e  p h a s e - n u l l  m ethod  an d  

t h e  l i t e r a t u r e  v a l u e s .  I n  a d d i t i o n ,  e a c h  sy s te m  r e p r e s e n t s  

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

1 M KC1 a n d  1 M KN03 -  0 .1  M KC1 r e p r e s e n t  th e  i d e a l  c a s e  

w h e re , due t o  th e  a b s e n c e  o f  e l e c t r o a c t i v e  m a t e r i a l ,  th e  

f a r a d a i c  im pedance  i s  i n f i n i t e  a n d  th e  e q u iv a l e n t  c e l l  c i r ­

c u i t  i s  r e p r e s e n t e d  e x a c t l y  a s  a  r e s i s t a n c e ,  R » a n d  a  c a p a -A
c i t a n c e ,  C ^, i n  s e r i e s  o v e r  th e  e n t i r e  r a n g e  o f  p o t e n t i a l s  

i n v e s t i g a t e d .  (S ee  d ia g ra m  I I I  i n  s e c t i o n  I I I . )  Z.n i n  

1 M KC1 i s  r e p r e s e n t a t i v e  o f  sy s te m s  w here  th e  e l e c t r o d e  r e ­
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a c t i o n  i s  r a t h e r  s lo w  ( s h a l l  kgh a n d  l a r g e  6 ) .  A c c o rd in g  t o  

th e  id e a s  d i s c u s s e d  i n  s e c t i o n  I I I  o f  t h i s  t h e s i s ,  t h i s  r e p r e ­

s e n t s  a  c a s e  w here  Z ^ >  Z^  h o ld s  t r u e  e v e n  a t  low  f r e q u e n c ie s

a n d  r e l a t i v e l y  h ig h  c o n c e n t r a t i o n s  o f  e l e c t r o a c t i v e  m a t e r i a l .  
2+Cd i n  1 M KC1, on th e  o t h e r  h a n d , i s  r e p r e s e n t a t i v e  o f  th o s e

sy s te m s  in v o lv in g  a  r a p i d  e l e c t r o d e  r e a c t i o n  ( l a r g e  kg}l an d

s m a l l  6 ) .  S in c e  th e  k gh f o r  th e  r e a c t i o n  Cd2+ + 2 e ” —> Cd

i n  c h lo r i d e  m ed ia  i s  r a t h e r  l a r g e  Q l ,  ^ 2 , JJO), t h i s  sy s te m

r e p r e s e n t s  a  w o r s t  c a s e  f o r  th e  p h a s e - n u l l  m ethod  a n d  i t  was

i n t e r e s t i n g  to  s e e ,  t h e r e f o r e ,  u n d e r  w h a t c o m b in a t io n  o f
24-

f r e q u e n c y  a n d  c o n c e n t r a t i o n  o f  Cd t h a t  th e  f a r a d a i c  c o n t r i ­

b u t i o n  to  th e  t o t a l  a . c .  c e l l  c u r r e n t  c o u ld  be  n e g l e c t e d .

The t h a l l i u m  sy s te m  was i n t e r e s t i n g  fro m  a  d i f f e r e n t  p o i n t  

o f  v ie w . E a r l i e r  i n v e s t i g a t o r s  o f  th e  T1+/T 1  (Hg) e l e c t r o d e  

r e p o r t e d  an o m alo u s b e h a v io r  f o r  th e  p h a se  a n g le  o f  th e  f a r a ­

d a ic  im pedance  (,£1, £ 2 ) ,  O th e r  i n v e s t i g a t o r s  (j£2, ^ ) d e ­

v i s e d  m o d if ie d  fo rm s o f  th e  e q u i v a l e n t  c i r c u i t  f o r  th e  c e l l  

im pedance  i n  o r d e r  t o  e x p la in  t h i s  phenom enon. I n  g e n e r a l ,  

i t  was 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  o f  one o r  b o th  compo­

n e n ts  o f  th e  re d o x  c o u p le  was th e  p ro b a b le  c a u s e .  H ow ever, 

a l l  o f  t h e  e x p e r im e n ta l  w ork in v o lv e d ,  i n  b o th  th e  d is c o v e r y  

o f  th e  e f f e c t  a n d  i n  t h e  v e r i f i c a t i o n  o f  th e  p ro p o s e d  e q u iv a ­

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

com ponen ts o f  th e  f a r a d a i c  im pedance  w ere  o b ta in e d  u s in g  th e  

R a n d le s  v e c t o r  c o n t r u c t i o n  m eth o d , i n  w h ic h  th e y  i n s e r t e d  

t h e  v a lu e  f o r  th e  d o u b l e - l a y e r  c a p a c i ty  d e te rm in e d  i n  b a s e
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e l e c t r o l y t e  a lo n e .  L a t e r ,  S lu y te r s -R e h b a c h  (J-&) was a b le  t o  

show by  th e  m ethod  d e s c r ib e d  i n  s e c t i o n  I I  o f  t h i s  t h e s i s  

t h a t ,  i n  f a c t ,  th e  d o u b le - l a y e r  c a p a c i ty  i s  e n h an c ed  i n  th e  

p r e s e n c e  o f  t h a l l i u m .  The l a t t e r  a u th o r  show ed t h a t  i f  Cd 

d e te rm in e d  i n  th e  p r e s e n c e  o f  t h a l l i u m  w ere  u s e d ,  e n t i r e l y  

n o rm a l r e s u l t s  w ou ld  be  o b ta in e d  f o r  th e  f a r a d a i c  p h a se  

a n g le  u s in g  th e  u n m o d if ie d  R a n d le s  e q u iv a l e n t  c i r c u i t  f o r  

th e  c e l l .  The t h a l l i u m  s y s te m , t h e r e f o r e ,  s e r v e s  t o  i l l u s ­

t r a t e  t h e  r a t h e r  l a r g e  e f f e c t  on  d o u b le - l a y e r  c a p a c i ty  o f  

s p e c i f i c  a d s o r p t io n  o f  e l e c t r o a c t i v e  m a t e r i a l ,  ev en  i f  th e  

l a t t e r  i s  p r e s e n t  i n  low  c o n c e n t r a t i o n  com pared  to  t h a t  o f  

th e  b a s e  e l e c t r o l y t e .  T h is  e m p h a s iz e s  t h e  n e e d  f o r  d e t e r ­

m in a t io n  o f  i n  t h e  p r e s e n c e  o f  e l e c t r o a c t i v e  s p e c i e s .
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E x p e r im e n ta l  R e s u l t s

1 M KC1 B ase E l e c t r o l y t e  -  C o m p ariso n  W ith  L i t e r a t u r e

The r e s u l t s  o b ta in e d  f o r  1 M KC1 b a se  e l e c t r o l y t e  a lo n g  

w i th  l i t e r a t u r e  v a lu e s  a r e  l i s t e d  i n  T a b le  I  an d  shown i n  

f i g u r e  4 a s  a  f u n c t i o n  o f  p o t e n t i a l  o f  t h e  D .M .E . v e r s u s  th e  

SCE.

As c a n  be s e e n  from  i n s p e c t i o n  o f  f i g u r e  4 th e  p h a s e -  

n u l l  m ethod  r e p r o d u c e s  th e  g e n e r a l  f e a t u r e s  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  f o r  m erc u ry  i n  1 M KC1. The m inim a o c c u r in g  

a t  a b o u t  - 0 .2 5  an d  - 1 .0 5  v o l t s  v e r s u s  th e  S .C .E . ,  th e  s o -  

c a l l e d  "hump" a t  a b o u t  - 0 . 4  v o l t s ,  a s  w e l l  a s  th e  two s t e e p  

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

The n u m e r ic a l  a g re e m e n t w i th  th e  l i t e r a t u r e  v a lu e s  i s ,  

i n  g e n e r a l ,  v e ry  g o o d . S e v e r a l  p o r t i o n s  o f  th e  c u rv e ,  how­

e v e r ,  d e s e rv e  f u r t h e r  c o n s i d e r a t i o n .  I n  th e  r e g io n  from  

a b o u t  - . 4 5  t o  - . 7 5  v o l t s ,  w here  t h e  r a t e  o f  ch an g e  o f  C^ i s  

q u i t e  l a r g e ,  th e  o r i g i n a l  r e s u l t s  o f  S lu y te r s - R e h b a c h  ( l i s t e d  

i n  T a b le  I I I )  w ere  s i g n i f i c a n t l y  lo w e r  th a n  th o s e  o f  b o th  

B a rk e r  an d  F a i r c l o t h  a n d  th e  p h a s e - n u l l  m e th o d . The a g r e e ­

m ent b e tw e e n  th e  two l a t t e r  m e th o d s , h o w ev er, i s  v e ry  good  

o v e r  th e  e n t i r e  ra n g e  o f  p o t e n t i a l s .  On c o m p a r iso n  o f  th e  

c a p a c i t y - p o t e n t i a l  c u r v e s ,  i t  was o b s e rv e d  t h a t  w h i le  S l u y t e r s -  

Rehbach* s  had  th e  same sh a p e  a n d  a m p li tu d e  a s  th e  o t h e r  tw o , 

th e  e n t i r e  c u rv e  a p p e a re d  to  be  s h i f t e d  by a b o u t  30  m i l l v o l t s  

t o  m ore p o s i t i v e  p o t e n t i a l s .  I t  th u s  a p p e a r s  t h a t  th e  d i s ­

c re p a n c y  i s  due t o  a  s y s t e m a t i c ,  c o n s t a n t  e r r o r  i n  th e  v o l ta g e  

o f  t h e  D .M .E. T h is  w ou ld  c e r t a i n l y  e x p la in  why th e  d e v ia t i o n s
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F l g u r e  k, C a p a c i t y - P o t e n t i a l  C u r v e s i  1  M K C l - C o m p a r i s o n .  W i t h

L i t e r a t u r e

 P h a s e -N u l l  M ethod* 1KHZ
A  - P h a s e - N u l l  M ethod* 10KHZ 
O - B a r k e r  an d  F a i r c l o t h  (2 8 )  
O -S lu y te r s - R e h b a c h *  (5 5 )

k c -
* S lu y te r s - R e h b a c h  v a lu e s  have  

b e e n  g r a p h i c a l l y  i n t e r p o l a t ­
ed  from  e x p e r im e n ta l  v a lu e s  
a n d  have  b een  s h i f t e d  by 
-30mV.

CM

- 1 . 3
P o t e n t i a l ,  V o l t s  v s  SCE
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T able I .  D i f f e r e n t i a l  Double-Layer C apac ity  o f  Mercury
i n  1 M KC1 a s  a  Function o f  P o t e n t i a l  a t  25° C -  
Comparison w ith  L itera ture V alues

C0  ̂ (jif/cm2 ) o b ta in e d  by

P o t e n t i a l ,  B arker  and S lu y te r s -  T h is  Study
V o lts  v s .  S.:C.E. F a i r c lo t h  (28) Rehbach ( 5 % ) *  1 KHz 10 KHz*

- 0.1 58.1 ------------- 5 7 . 8 5 6 . 7

- 0 . 2 4 0 . 7 41 .6 4 0 . 6 3 9 - 5

- 0 . 3 3 8 . 7 3 9 . 1 3 9 . 1 3 8 .6

- 0 . 4 4 1 .8 4 2 . 0 4 2 . 8 42.1

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

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

- 0 . 7 2 3 - 3 2 3 . 5 2 3 . 5 23 .2

- 0 . 8 1 9 . 2 19 . 1 1 9 .2 19.2

- 0 . 9 1 7 . 4 1 7 . 3 1 7 .2 17.2

-1 . 0 1 6 . 5 1 6 . 6 1 6 . 4 16 . 3

- i . i 1 6 .4 1 6 . 3 16.1 16.1

-1  . 2 1 6 .6 1 6 . 5 1 6 . 4 16 . 3

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

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

- 1 . 5 1 8 .9 1 8 . 3 18.4

- 1 . 6 2 0 .2 _ _ — 1 9 . 5 19 . 4

♦O btained  by g r a p h ic a l  in te rp o la t io n  o f  e x p e r im e n ta l  v a lu e s .  
A ll  S lu y te rs -R e h b ach  v a lu e s  have been r e a d  a t  p o t e n t i a l s  
30 mV more p o s i t i v e  th a n  nominal. This co rre sp o n d s  to  a  
s h i f t  o f  th e  c a p a c i ty - p o te n t i a l  curve a lo n g  th e  p o t e n t i a l  
a x i s  by - J O  mV.
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n o te  d becam e s i g n i f i c a n t  i n  th e  p o t e n t i a l  r e g i o n  w here  i s  

c h a n g in g  m o st r a p i d l y .  F o r  th e  sa k e  o f  c o m p a r is o n , th e  v a lu e s  

l i s t e d  i n  T a b le  I  a n d  show n i n  f i g u r e  4  f o r  S lu y te r s - R e h b a c h  

have  a l l  b e e n  s h i f t e d  by  -3 0  mV.

A p o s s i b l e  r e a s o n  f o r  t h i s  d is c r e p a n c y  m ig h t be  t h a t  

w h i le  th e  p o t e n t i a l  s c a l e  u s e d  b y  B a rk e r  a n d  F a i r c l o t h  an d  

i n  t h e  p r e s e n t  w ork a r e  e x p e r im e n ta l ly  t i e d  t o  th e  SCE, t h a t  

o f  S lu y te r s -R e h b a c h  i s  n o t .  P o t e n t i a l s  i n  t h e  l a t t e r  w ork 

w ere  m ea su re d  w i th  r e s p e c t  t o  a  m e rc u ry  p o o l  anode  w h ic h  was 

a ssum ed  t o  e x h i b i t  th e  p o t e n t i a l  o f  th e  n o rm a l c a lo m e l e l e c ­

t r o d e  (NCE) i n  1 m o la r  c h l o r i d e .  To f a c i l i t a t e  c o m p a ris o n  

b e tw e e n  th e  d i f f e r e n t  m e th o d s , t h e s e  p o t e n t i a l s  w ere  r e f e r r e d  

to  t h e  SCE by  c a l c u l a t i o n .  (S ee  s e c t i o n  IV o f  t h i s  t h e s i s . )  

S u ch  a  p ro c e d u re  f o r  o b t a i n i n g  e l e c t r o d e  p o t e n t i a l s  c o u ld  

c e r t a i n l y  in v o lv e  a  s y s te m a t ic  e r r o r  o f  t h e  ty p e  n o te d .

A n o th e r  f e a t u r e  w h ic h  m ig h t be  m e n tio n e d  i s  t h a t  w h i le  

i n  t h e  p o t e n t i a l  r e g i o n  from  - 0 , 1  t o  - 1 , 0  v o l t s  t h e r e  i s  good 

a g re e m e n t w i th  B a rk e r  a n d  F a i r c l o t h ' s  v a l u e s ,  g e n e r a l l y  a b o u t  

two p e r  c e n t  o r  b e t t e r ,  t h e r e  i s  a  s y s te m a t i c  n e g a t iv e  d e v ia ­

t i o n  w h ich  w o rse n s  a s  th e  p o t e n t i a l  becom es more n e g a t iv e  th a n  

- 1 . 0  v o l t s .  A t th e  m o st n e g a t iv e  p o t e n t i a l  ( - 1 . 6  v o l t s )  t h i s  

d i f f e r e n c e  am oun ts t o  3*5 Pe ** c e n t .  As o f  y e t ,  no e x p la n a ­

t i o n  i s  a d v a n c e d  f o r  t h i s  phenom enon.

L a s t l y ,  i t  w i l l  b e  n o te d  t h a t  t h e r e  i s  a  s y s te m a t i c  d i f ­

f e r e n c e  i n  th e  p h a s e - n u l l  v a lu e s  a t  1 an d  10 KHz, w i th  th e  

v a lu e s  o b ta in e d  a t  t h e  h ig h e r  f r e q u e n c y  b e in g  som ew hat lo w e r .
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T h ia  e f f e c t ,  w h ic h  w i l l  be n o te d  i n  a l l  o f  th e  r e s u l t s  co n ­

t a i n e d  i n  t h i s  t h e s i s ,  i s  m o st p ro n o u n c e d  a t  th e  m o st p o s i ­

t i v e  p o t e n t i a l s  w here  i s  t h e  l a r g e s t .  Grahame (2 2 )  f i r s t  

n o te d  t h i s  e f f e c t  an d  a s c r i b e d  i t  t o  " c a p i l l a r y  s h i e l d i n g " ,  

t h a t  i s ,  th e  p a r t i a l  b lo c k a g e  o f  t h e  c u r r e n t  l i n e s  t o  th e  

t o p  o f  th e  m erc u ry  d ro p  by th e  b l u n t  end  o f  th e  c a p i l l a r y .  

Grahame was a b l e  t o  e l i m in a t e  t h i s  e f f e c t  by th e  u s e  o f  s p e ­

c i a l l y  c o n s t r u c t e d  c a p i l l a r i e s  w i th  v e ry  s m a l l  o u t e r  d ia m e te r s  

a t  t h e  t i p  a n d  a  s p h e r i c a l  p la t in u m  g au ze  an o d e  w h ich  sym­

m e t r i c a l l y  s u r ro u n d e d  th e  m erc u ry  d r o p .  More r e c e n t l y ,  t h i s  

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

(5 6 , 5 7 . 5 8 ) i n  w h ich  a  t h i n  f i l m  o f  s o l u t i o n  i s  p o s t u l a t e d  

a s  r e s i d i n g  b e tw e e n  th e  m erc u ry  t h r e a d  w i t h i n  th e  c a p i l l a r y  

a n d  i t s  w a l l s . T h is  s o l u t i o n  f i lm  may be th o u g h t  o f  a s  a n  

a d d i t i o n a l  im pedance  i n  p a r a l l e l  w i th  th e  e l e c t r o d e  im p e d a n c e . 

( I n  th e  a b s e n c e  o f  e l e c t r o a c t i v e  m a t e r i a l ,  t h e  l a t t e r  i s  s im p ly  

th e  d o u b l e - l a y e r  im p e d a n c e .)  I n  an y  e v e n t ,  th e  m a th e m a tic a l  

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

t r u e  v a lu e  o f  w i l l  be  o b ta in e d  u p o n  e x t r a p o l a t i o n  t o  i n f i ­

n i t e  f r e q u e n c y ,  w h e re a s  G rah am e 's  t h e o r y  o f  c a p i l l a r y  s h i e l d i n g  

p r e d i c t s  j u s t  t h e  o p p o s i t e .  E x p e r im e n ta l  e v id e n c e  h a s  b e e n  

a d v a n c e d  i n  s u p p o r t  o f  b o th  t h e o r i e s  5&) a n d  "the m a t t e r

i s ,  t h u s ; n o t  s e t t l e d .  A good  d i s c u s s i o n  o f  t h i s  s u b j e c t  i s  

g iv e n  by  M. S lu y te r s - R e h b a c h  a n d  J .  H. S l u y t e r s  ( 6 0 ) .

1 mM Zn2*  i n  1 M KC1
2+The r e s u l t s  f o r  t h e  sy s te m  Zn i n  1 M KC1 a r e  l i s t e d  i n
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F i g u r e  5*  C a p & o l t y - P o t e n t l a l  C u r v e s i  Z n  I n  1  M KC1 a t

1  KHz ‘

O -C_ » . ImM

P o t e n t i a l ,  V o l t s  v s .  SCE
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F i g u r d  6 .  C a p a c i t y - P o t e n t i a l  C u r v e s i  Z n  i n  X M KC1 a t

10 KHz

ImM
Zn

<\j

O TJ

1.3- o  - • ?
P o t e n t i a l ,  V o l t s  v s SCE
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Table I I .  D i f f e r e n t i a l  Double-Layer C apacity  o f  Mercury 
i n  1 M KC1 +  1 mM Zn2 a t  1 and 10 KHz

C° C^f/cm2 ) a t

P o t e n t i a l ,   1 KHz________   10 KHz
t s  v s .  S .C .E . No Zn2'*' Zn2+ No Zn2+ Zn2+

-0 .1 0 5 53.9 53.8 50.3 53 .3

-0 .209 39.3 39 .2 3 8 .6 3 9 .0

-0 .3 1 3 39 .2 39.1 38.7 38 .7

-0 .417 42.8 4 2 .6 4 2 . 2 42.1

-0.521 3 8 .5 3 8 .5 37.6 3 8 .3

-0 .6 2 5 28 .5 2 8 .5 28.1 2 8 .6

-0 .729 2 1 .6 21 .5 2 1 .7 2 1 .7

-0 .833 18.2 18.1 1 8 .2 18.4

-0 .937 1 6 .6 1 6 .8 1 6 .8 1 6 .8

-1.041 16.1 1 6 .4 16.2 16.5

-1 .143 16.1 1 6 .4 16.2 16.5

-1 .249 1 6 .4 16.8 16.6 16.7

-1 .3 5 2 17.1 17.4 17.2 17.4

-1 .456 17-9 18.2 18.0 18.3

- 1 .5 6 0 18 .9 19.2 1 9 .0 19.4

- 1 .66 5 2 0 . 5 20.7 20 .3 20 .8

-1 .769 2 2 . 4 22.7 22 .2 22 .8
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2 +
F ig u re  7* C a p a o ity > P o te n tla l C urves t Zn -  i n  1 M KC1- From

■ 4 r

D a ta  o f  S lu y te r s -R e h b a o h

 C2ha+. =* 0

O  "c = 0.8mM

- 1.0- . 0

P o t e n t i a l ,  V o l t s  v s .  SCE
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Table I I I .  D if f e re n t ia l  Double-Layer C apac ity  o f  Mercury
i n  1 M KC1 +• 0 .8  rnM Zn2 ; Data o f  S lu y te rs -R eh b ach  (5 5 ) .

P o t e n t i a l ,  C° (wf/cm2 )
V o l t s  v s .  S .C .E . Nq Zn 2+ Zn 2+

-0 .167 41.9 40 .9

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

-0 .2 6 7 59.1 59*6

-0 .3 1 6 40 .3 4 1 .0

-0 .3 6 4 41.9 4 2 . 6 -

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

-0 .4 6 4 4 1 .5 41 .7

-0 .5 1 5 5 7 .0 5 5 .5

-0 .5 6 4 51.7 3 0 .2

-0 .6 6 3 25-9 2 2 . 9

-0 .7 7 5 19.1 1 9 .0

-0 .8 1 7 18.1 17.8

-0.851 17.6 17.5
- 1 .3 2 2 17.5 17.5

-1 .3 6 9 17.8 17.9
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T a b le  I I  an d  show n i n  f i g u r e s  5 a n d  6 .  The r e s u l t s  o f  S l u y t e r s -

R ehbach  f o r  t h i s  s y s te m  a r e  l i s t e d  i n  T a b le  I I I  a n d  show n i n
2+f i g u r e  7 f o r  c o m p a r is o n . S lu y te r s - R e h b a c h  n o te d  t h a t  Zn do es 

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

m o st i n o r g a n ic  c a t i o n s  i n  th e  p r e s e n c e  o f  a  l a r g e  e x c e s s  o f  

b a se  e l e c t r o l y t e . T h is  c a n  be s e e n  by th e  c lo s e  a g re e m e n t o f  

th e  v a lu e s  f o r  th e  d o u b le - l a y e r  c a p a c i ty  i n  b a s e  e l e c t r o l y t e  

a n d  b a s e  e l e c t r o l y t e  p lu s  z in c .  I t  w i l l  b e  n o te d  t h a t  f o r  p o ­

t e n t i a l s  more p o s i t i v e  t h a n  - 0 .7  v o l t s  th e  a g re e m e n t o f  v a lu e s  

f o r  d o u b le - l a y e r  c a p a c i ty  i n  b a s e  e l e c t r o l y t e  an d  b a s e  e l e c t r o ­

l y t e  p lu s  z in c  i s  s i g n i f i c a n t l y  b e t t e r  f o r  th e  p h a s e - n u l l  me­

th o d  th a n  t h a t  o f  S lu y te r s - R e h b a c h .  I t  w i l l  a l s o  be  n o te d  

t h a t  e v e n  a t  t h e  h a lf -w a v e  p o t e n t i a l  f o r  z in c  i n  1 M KC1, a t  

a b o u t  - 1 . 0  v o l t s ,  t h e r e  i s  no a p p a r e n t  c o n t r i b u t i o n  from  f a r a -  

d a ic  a . c .  c u r r e n t  e v e n  a t  th e  lo w e r  f r e q u e n c y .  As n o te d  b e ­

f o r e ,  t h i s  i s  due t o  th e  low  r a t e  c o n s t a n t  f o r  th e  r e a c t i o n  
2+  -Zn + 2e —> Z n, w h ic h  le a d s  t o  a  l a r g e  v a lu e  f o r  t h e  c h a rg e

t r a n s f e r  r e s i s t a n c e ,  ©.

T h e re  i s  one s m a l l  e f f e c t  w h ic h  d e s e r v e s  f u r t h e r  c o n s i d e r ­

a t i o n .  I t  w i l l  be  s e e n  fro m  i n s p e c t i o n  o f  T a b le  I I  t h a t  t h e r e  

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

e l e c t r o l y t e  a n d  b a s e  e l e c t r o l y t e  p lu s  z in c  a t  p o t e n t i a l s  m ore 

n e g a t iv e  t h a n  - 1 . 0  v o l t ,  w i th  t h e  v a lu e s  f o r  b a s e  e l e c t r o l y t e  

f a l l i n g  s l i g h t l y  lo w e r  t h a n  th o s e  f o r  th e  z in c  s y s te m . T h is  

e f f e c t  i s  o b s e rv e d  a t  b o th  f r e q u e n c i e s .  I t  do es n o t  a p p e a r  

t o  be  due t o  c o n t r i b u t i o n  from  f a r a d a i c  a . c .  c u r r e n t ,  s in c e  

th e  e f f e c t  i s  n o t  d im in is h e d  e i t h e r  a t  p o t e n t i a l s  w e l l  r e -
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moved from  E^., o r  a t  t h e  h ig h e r  f r e q u e n c y ,  w here  i n  b o th  c a s e s  

t h e  r a t i o  o f  a . c .  c h a r g in g  c u r r e n t  t o  f a r a d a i c  a . c .  c u r r e n t  

w o u ld  be c o n s id e r a b ly  im p ro v e d . M ost l i J c e ly ,  t h i s  e f f e c t  h a s  

i t s  o r i g i n  i n  t h e  h ig h - p a s s  f i l t e r  w h ic h  m ig h t n o t  be 100# e f ­

f i c i e n t  i n  s e p a r a t i n g  f a r a d a i c  a . c .  a n d  d . c .  com ponen ts o f  

th e  c e l l  c u r r e n t .  The h ig h - p a s s  f i l t e r  i s  a  d e v ic e  w h ich  d i s ­

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

t h e i r  f r e q u e n c i e s ,  p a s s i n g  a  g r e a t e r  p e r c e n ta g e  o f  a  s i g n a l  

a t  a  h i g h e r  f r e q u e n c y  th a n  o f  one a t  a  lo w e r  f r e q u e n c y .  S in c e  

th e  f a r a d a i c  d . c .  c u r r e n t  h a s  a  f i n i t e  f r e q u e n c y  due t o  th e  

i n c r e a s e  i n  c u r r e n t  d u r in g  th e  l i f e  o f  a  d ro p ,  th e  f i l t e r  w i l l  

p a s s  a  s m a l l  p e r c e n ta g e  o f  i t .  T h is  e f f e c t  i s  e n h a n c e d  i n  th e  

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

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

n e g a t iv e  en d  o f  th e  p o t e n t i a l  s c a l e  w here  th e  r a t e  o f  change  

o f  th e  d . c .  c u r r e n t  w i th  tim e  i s  a l s o  t h e  g r e a t e s t .

0 .1  a n d  0 .0 1  mM Cd2* i n  1 M KC1
2+The r e s u l t s  f o r  th e  sy s te m s  0 .1  a n d  0 .0 1  mM Cd i n  

1 M KC1 a r e  l i s t e d  i n  t a b l e s  IV , V a n d  VI a n d  show n, i n  p a r t ,  

i n  f i g u r e  8 .  The a g re e m e n t b e tw e e n  v a l u e s ,  f o r  b a s e  e l e c t r o ­

l y t e  a n d  b a s e  e l e c t r o l y t e  p lu s  cadmium i s  v e ry  good  o v e r  th e  

e n t i r e  p o t e n t i a l  r a n g e  w i th  t h e  e x c e p t io n  o f  th e  r e g i o n  o f  

th e  h a lf -w a v e  p o t e n t i a l  a t  a b o u t  -0 .64- v o l t s .  As S l u y t e r s -  

R ehbach  h a s  n o t e d ,  cadmium d o e s  n o t  n o t i c e a b l y  a f f e c t  th e  

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

c o n c e n t r a t i o n s  o f  4  mM o r  l e s s .  T h e r e f o r e ,  t h i s  a g re e m e n t i s  

t o  be e x p e c te d .
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2+As h a s  b e e n  m e n tio n e d  b e f o r e ,  th e  r e a c t i o n  Cd +

2 e -  —» Cd° i s  v e ry  f a s t  i n  c h lo r i d e  m ed ia  an d  p r o v id e s  a

w o r s t - c a s e  t e s t  o f  th e  p h a s e - n u l l  m e th o d . T h is  i s  e s p e c i a l l y

t r u e  i n  th e  r e g i o n  o f  Ei w here  th e  a s s u m p tio n  t h a t  Z Zn
a 1 cd

i s  p o o r e s t .  A c c o rd in g ly ,  th e  change i n  Cd due t o  th e  p re s e n c e  
4*2o f  Cd i n  t h i s  p o t e n t i a l  r e g i o n  i s  l i s t e d  i n  T a b le  VI an d  

show n i n  f i g u r e  8 a s  a  f u n c t i o n  o f  c o n c e n t r a t i o n  a n d  f r e q u e n c y .  

A c c o rd in g  t o  th e  p r e d i c t i o n s  i n  s e c t i o n  I I I  o f  t h i s  t h e s i s ,  

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

m a t e r i a l  s h o u ld  a p p ro a c h  t h a t  o f  b a s e  e l e c t r o l y t e  a s  f r e ­

q u e n c y . i s  i n c r e a s e d  a n d /o r  c o n c e n t r a t i o n  i s  d e c r e a s e d .  (P ro ­

v i d i n g ,  o f  c o u r s e ,  th e  e l e c t r o a c t i v e  m a t e r i a l  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 . )  T h is  i s  p r e c i s e l y  th e  b e h a v io r  o b s e r v e d .

I t  i s  s e e n  t h a t  a t  th e  lo w e r  f r e q u e n c y  a n d  h ig h e r  c o n c e n t r a ­

t i o n  t h e r e  i s  a  s i g n i f i c a n t  d e v i a t i o n  fro m  th e  c a p a c i ty  mea­

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

h o ld in g  c o n c e n t r a t i o n  c o n s t a n t ,  t h e  d e v i a t i o n  i s  s i g n i f i c a n t l y  

r e d u c e d .  A t th e  lo w e r  c o n c e n t r a t i o n  o f  0 .0 1  mM th e  f a r a d a i c  

c o n t r i b u t i o n  i s  a lm o s t  e n t i r e l y  e l i m in a t e d  e v e n  a t  t h e  lo w e r  

f r e q u e n c y .  The in c r e a s e  i n  f r e q u e n c y  to  10 KHz c a u s e s  a  f u r ­

t h e r ,  s m a l l  im p ro v em en t. The d e v i a t i o n  a t  10 KHz a n d  0 .0 1  mM

a t  EA am oun ted  to  s l i g h t l y  l e s s  t h a n  t h r e e  p e r  c e n t  w h ich  i s
2

a lm o s t  w i t h in  th e  e x p e c te d  e x p e r im e n ta l  p r e c i s i o n .  T h u s , th e  

p h a s e - n u l l  m ethod  i s  c a p a b le  o f  d e te r m in in g  Cd , e v en  i n  th e  

p r e s e n c e  o f  a  f a s t  e l e c t r o d e  r e a c t i o n ,  p r o v id e d  a  h ig h  enough 

f r e q u e n c y  a n d /o r  low  enough  c o n c e n t r a t i o n  i s  em p lo y ed .



-7 4 -

2 +
F ig u r e  8 .  Change I n  C a p a c i ty  v e r s u s  P o t e n t i a l t, Cd i n  

1  M K C 1 -E ffe c t o f  F re q u e n c y  a n d  C o n c e n t r a t io n

f re q u e n c y  
.1 KHz 

10 KHz 
1 KHz 

10 KHz

8

6

CM

I  “

O TJ

2

0

P o t e n t i a l ,  Volt.:; vn„ J .C .P .
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Table IV. D i f f e r e n t i a l  Double-Layer C apac ity  o f  Mercury 
i n  1 M KC1 + 0 . 1  mM Cd2* a t  1 and 10 KHz

C^ (uf/cm 2 ) a t

P o t e n t i a l ,   1 KHz__________  10 KHz
> v s .  S .C .E. No Cd2* Cd2*

l

s 0 0 Pi ¥ Cd2*

-0 .1 0 5 5if.9 55.2 5if.1 5if.2

-0 .209 5 9 .7 39 .8 5 9 . if 3 9 . if

-0 .315 59 .5 59 .5 39 .2 59 .2

-0.ij.17 45 .0 if 3.1 if2.7 if2.5

■-O.5 2 I 3 8 . 8 5 9 .2 3 8 .6 38 .3

-O .625 2 8 .9 57.9 2 8 .8 3 1 . 0

■-0.729

005

2 1 .9 2 1 . 8 2 1 . 8

-0 .835 18.3 18.3 18 . if 18.3

-0 .937 16.7 16.9 16.9 16 .8

- 1 . 0if1 16.1 16.3 16.3 16.2

-1.1if5 1 6 .2 16 .2 16.3 16.1

-1.2if9 1 6 . if 16 .6  - 16.7 16.5

-1 .5 5 2 1 7 .0 17 .2 1 7 .2 1 7 .2

-1 .if 56 17.9 1 8 .0 1 8 .2 18.0

- 1 .5 6 0 1 9 .0 19.1 19.1 19.2

-1 .6 6 5 20 .3 2 0 . if 2 0 .6 2 0 .7

- 1 .769 2 2 . 3 2 2 . 4 2 2 . if 2 2 . if

*Data for  f ig u re  8 and ta b le  VI.



Table V. D i f f e r e n t i a l  Double-Layer C apacity  o f  Mercury 
i n  1 M KC1 + 0 .0 1  mM Cd2"** a t  1 and 10 KHz

(jaf/cm2 ) a t

1 KHz 10 KHz

P o te n t i a l ,
V o lts  v s .  S .C .E . Ho Cd2+ Cd2+

P o t e n t i a l ,
V o lts  v s .  S .C .E. No Cd2+ Cd2+

-0 .1 37.9 57.7 -0 .1 0 5 52.7 52.8

-0 .2 40.6 40 .5 - 0 .2 0 9 3 8 .5 39.1

- 0 .3 39.1 39.1 -0 .3 1 3 3 9 .0 38.8

- 0 .4 4 2 .8 42.7 -0 .417 4 2 . 0 41.6

* -0 .3 40.7 40.8 *-0.521 3,8.0 37.7

*-0 .586 32.7 33 .0 *—0.611 2 9 . 8 3 0 .0

* -0 .6 31 .5 31.7 *-0 .626 2 8 . 5 28.8

*-0 .616 3 0 . 0 30.4 *-0 .642 27 .0 27.8

*-0.631 28 .5 29 .4 *-0 .658 25.9 26.3

*-0 .646 2 7 . 3 2 8 . 3 *-0 .673 24.7 25 .O

* -0 .7 23 .5 23 .5 * - 0 .72 9 21 .7 21.8

-0 .8 1 9 .2 19 .2 -0 .833 18.1 18.3

-0 .9 17.2 17.2 -0.937- 16.7 16.8

-1 .0 16 «4 I6 . 3 - 1.041 16.1 16.2

-1 .1 16.1 16.1 -1 .1 4 5 16.3 16.2

-1 .2 1 6 .4 16.3 -1 .249 16.6 17.3

- 1 .3 16.8 16.7 -1 .352 17.1 17.6

-1 .4 17.5 17.4 -1 .456 17.9 18.3

- 1 .3 18.3 13.3 -1 .5 6 0 18 .9 19.2

-1 .6 19.5 19.5 - 1 .66 5 20 .2 20.0

-1 .7 20.9 2 0 .8 -1 .769 22.1 22.2
*Data for  fig u re  8 and ta b le  VI.
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Table V I. D ev ia tion  From Base E le c t r o ly t e  Double-Layer
Capacity  Around E-, -  E f f e c t  o f  Frequency and2+C o n cen tra t io n  o f  Cd

P o t e n t i a l ,  C^ ( n f / c m ^ )  a t

V o lts  v s .  S.C.E. 1 KHz 10 KHz

CCd2+= 0.1 ini'!

-0.521 0 . if - 0 .3

-0.625 + 9 .0  + 2 .2

■0 .7 2 9  + 0.1  0

CCd2+=0.01 mM

-0 .5 0 0  + 0.1  ----

-0.521   - 0 .3

- 0.586  + 0 .3  -------------------------------

-0.600 + 0 .2

- 0.611    + 0 . 2

-0.616  +  0 .4  —

-0.626   + 0 .3

-0.631  + 0 . 9  —

■0.642 ----  + 0 .8

■0 .6 4 8  + 1 . 0  — ——

■0 .6 5 8  —  + 0 . 4

■0.673 —  + 0 . 3

- 0 .7 0 0  0

-0 .7 2 9 ---------------- ----  + 0 .1
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0.1 mM Tl* in 1 M KN03 - 0.1 M KC1

A c o m p a ria o n  b e tw e e n  th e  r e s u l t s  o f  th e  p h a s e - n u l l  

m ethod  a n d  th o s e  o f  S lu y te r s - R e h b a c h  f o r  th e  sy s te m s  1 M KNO^ -  

0 .1  M KC1 an d  1 M KN03 -  0 .1  M KC1 + 0 .1  mM T1+ i s  l i s t e d  i n  

T a b le  V I I . The r e s u l t s  o f  th e  p h a s e - n u l l  m ethod  a t  10 KHz f o r  

b a s e  e l e c t r o l y t e  a n d  b a s e  e l e c t r o l y t e  p lu s  t h a l l i u m  a r e  shown 

i n  f i g u r e  9 . I t  i s  s e e n  t h a t ,  f o r  b a s e  e l e c t r o l y t e  a lo n e ,  

th e  r e s u l t s  o f  th e  p h a s e - n u l l  m ethod  a t  b o th  1 a n d  10 KHz 

a g r e e  w e l l  w i th  S l u y te r s - R e h b a c h 's  v a lu e s  o v e r  p r a c t i c a l l y  

t h e  e n t i r e  p o t e n t i a l  r a n g e ;  th e  o n ly  e x c e p t io n  o c c u r in g  a t  

t h e  m ost p o s i t i v e  p o t e n t i a l s  w here th e  d o u b l e - l a y e r  c a p a c i ty  

i s  c h a n g in g  m o st r a p i d l y .  As d i s c u s s e d  p r e v i o u s ly  ( s e e  d i s ­

c u s s io n  f o r  1 M K C 1), t h i s  i s  p r o b a b ly  due t o  d i f f e r e n c e s  i n  

p o t e n t i a l .

A c c o rd in g  t o  th e  d i s c u s s i o n  o f  t h i s  sy s te m  g iv e n  a t  th e  

b e g in n in g  o f  t h i s  s e c t i o n ,  T l*  i s  s p e c i f i c a l l y  a d s o rb e d  a t  

t h e  D .M .E. a n d , t h u s ,  e n h a n c e s  th e  c a p a c i ty  o f  t h e  d o u b le  

l a y e r .  T h is  b e h a v io r  i s  c l e a r l y  i l l u s t r a t e d  i n  f i g u r e  9 ,  I t  

i s  s e e n  t h a t  i n  th e  r e g i o n  n e a r  th e  h a lf -w a v e  p o t e n t i a l  f o r  

T l*  ( a b o u t  -0 .4 -9  v o l t s ) ,  a  n o t i c e a b l e  r i s e  i n  c a p a c i ty  o c c u rs  

i n  th e  p r e s e n c e  o f  T l*  w h ich  p e a k s  a t  a  p o t e n t i a l  s l i g h t l y  

m ore n e g a t iv e  t h a n  E ^ . The r e s u l t s  o f  t h e  p h a s e - n u l l  m ethod  

a t  10 KHz a g re e  w e l l  w i th  th o s e  o f  S lu y te r s - R e h b a c h - th e  change  

i n  c a p a c i ty  upon  a d d i t i o n  o f  0 .1  mM T l*  t o  b a s e  e l e c t r o l y t e  

b e in g  e s s e n t i a l l y  th e  same f o r  b o th  m e th o d s . T h is  b e h a v io r  

i s  i l l u s t r a t e d  i n  f i g u r e  10 w here  t h e  c h an g e  i n  c a p a c i ty  upon
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s

F ig u re  9 . C a p a o l ty -P o te n t ia l  Curves* Tl+ In  % M KNO'^*

0 ,1  H K C l-P hase-N ull Method a t  10 KHz

O -C j  f o r  base e l e c t r o l y t e  i s  equa l 
d „

to  ' t h a t  f o r  base e l e c t r o l y t e  p lu s  T1

P o te n t ia l o f  S-M.E.. v s . S.C .E . ( v o lt s )
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Table V I I .  D i f f e r e n t i a l  Double-Layer C apacity  o f  Mercury
i n  1 M KNÔ  -  0.1 M KC1 + 0 . 1  mM Tl+ j P hase-N ull 
Method Versus Method o f  S luy ters-R ehbach  (55)

0 2 C^ (nf/cra ) ac co rd in g  to

__________P hase-N ull a t _____________ S luy ters-R ehbach
P o t e n t i a l ,  1 KHz 10 KHz
V o lts  v s .  S .C .E. No Tl+ Tl* No Tl* T f  No Tl* Tl*

- 0 .0 5 0 41.7 41 .8 4 0 . 2 39 .8 44.7 45 .2
-0 .1 0 4 33 .4 33.6 32 .8 32 .6 34 .9 33 .4
- 0 .1 5 3 2 9 . 8 2 9 . 8 29 .3 29 .1 3 0 .5 30.7
-0 .187 28 .3 28 .5 28 .0 27 .9 28 .6 2 8 .9
-0 .226 27.6 27 .7 2 7 . 3 2 6 .9 2 7 .6 27 .8
-0 .2 5 3 27 .4 27 .5 2 7 . 2 2 6 . 9 2 7 .3 27 .7
-0 .2 7 7 2 7 .5 27 .8 2 7 . 4 2 7 . 2 2 7 .5 27 .8
- 0 .3 0 0 27.7 2 8 .0 2 7 . 7 2 7 .3 2 7 . 8 28.1
- 0 .3 2 5 2 8 .2 2 8 . 5 2 8 . 0 27.9 28.1 28 .6
-0 .3 5 2 28.8 2 9 . 3 28.6 2 8 .5 28 .7 28 .8
-0 .3 7 8 2 9 . 4 3 0 . 2 2 9 .4 , 2 9 . 2 29 .4 2 9 .6
- 0 .4 0 4 3 0 .2 3 1 . 3 3 0 . 0 3 0 .0 3 0 . 2 3 0 .4
- 0 .4 2 8 3 0 .8 3 2 .9 3 0 .6 30.9 30 .6 31.1
-O .452 3 1 . 3 3 4 . 8 31.1 31 .8 31.1 31 .7
-O .469 3 1 . 4 3 6 . 2 31 .3 3 2 .5 31 .4 3 2 .2
-0 .4 9 0 3 1 . 8 3 7 . 0 31 .4 32 .9 31 .6 32 .7
- 0 .5 0 0 3 1 . 8 3 8 . 5 31 .5 3 3 .0 -------- 33.1
- 0 .5 1 0 3 1 .8 36 .1 31 .4 3 3 .0 31 .7 33 .2
-0 .526 3 1 .8 3 4 . 9 3 1 .4 3 2 .5 3 1 .6 33.. Q
-0 .539 3 1 .6 3 3 . 9 3 1 .2 3 2 . 0 31-3 32 ,7
- 0 .5 5 0 31 .4 3 3 . 2 3 1 . 0 31 .7 31-3 32 .3
-0 .5 7 7 3 0 .6 31.7 30 .4 3 0 . 6 30 .3 31 .3
-0 .6 0 0 2 9 . 9 ; 3 0 .4 2 9 . 6 2 9 .6 29 .7 3 0 . 2
-0 .649 27.7 27 .9 2 7 .6 2 7 .3 27 .3 27 .7
-0 .7 0 0 2 5 .2 25 .3 25.1 2 4 . 8 2 5 . 0 23 .3



>
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F lg u r e  1 0 . C hange i n  C a p a o l ty  v e r s u s  P o t e n t i a l *  T l*’ I n  

1  M KNO^-O.l M K C l-P h a se -N u ll  M ethod v e r s u s  

S lu y te r s -R e h b a o h

Fhase

10 KHz 
S luy ters-K ehbach  -  Q

2.0

OJSo

6k .5

P o te n t ia l ,  V o lts  v s .  S.C.E.
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Table V I I I .  Change i n  D i f f e r e n t i a l  Double-Layer C apacity  of
Mercury Upon A ddition  o f  0.1 mM T1+ to  1 M KNÔ  -
0.1 M KC1; Phase-N ull Method Versus Method o f  
S luy ters-R ehbach  (55)

C? (nf/cm 2 ) acco rd in g  to  
P o t e n t i a l  o f   ____________________________________
D.M.E. v s .  S .C .E . P hase-N ull a t ___________
( v o l t s )  1 ~KHz 10 KHz S luy ters-R ehbach

- 0 .1 01+ + 0 .2 -0 .2 +0 . 5
-0 .1 5 3 0 -0 .2 +0 . 2
-0 .187 + 0 .2 -0 .1 +0 . 3
-0 .226 +0,1 -O.if +0 . 2

-0 .2 5 3 + 0.1 -0 .3 +0 . 2
-0 .277 + 0 .3 -0 .2 +0 . 3
- 0 .3 0 0 +0.3 -0 .2 +0 . 3
- 0 .3 2 5 + 0 .3 -0 .1 +0 . 5
- 0 .3 5 2 + 0 .5 -0 .1 +0 .1
- 0 .3 7 8 + 0 .8 - 0 .2 +0 . 2
-O.ifOif + 1 .3 0 +0 . 2
-0.if28 +2.1 + 0 .3 + 0 . 5
-O.if 52 + 3-5 + 0 ,7 +0 .6
-0.if69 + if.8 +1 .2 + 0 . 8
-0.2f90 + 5 .2 +1.5 +1.1
- 0 .5 0 0 + if.7 +1.5 +1.5
- 0 .5 1 0 + 4 .3 + 1.6 + 1-5
- 0 .5 26 + 3.1 +1.1 +1
- 0 .5 39 + 2 . 3 + 0 . 8 + 1 .2
-0*550 +1. 8 + 0 .7 + 1.0
- 0 .5 7 7 -+1.1 + 0 . 2 + 0 .8
-0 .6 0 0 + 0 .5 0 + 0 . 5
-0 .6^9 +  0 .2 *0 . 3 + 0 .2
- 0 .7 0 0 + 0.1 - 0 . 3 + 0 .3
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a d d i t i o n  o f  T l+ t o  th e  b a s e  e l e c t r o l y t e  i s  show n a s  a  f u n c t i o n  

o f  p o t e n t i a l  f o r  b o th  S lu y te r s - R e h b a c h 's  r e s u l t s  a n d  th o s e  o f  

t h e  p h a s e - n u l l  m ethod  a t  1 a n d  10 KHz, (S ee  T a b le  V I I I  f o r  

a  l i s t i n g  o f  t h i s  d a ta . , )  I t  i s  s e e n  t h a t  a t  1 KHz th e  r e s u l t s  

o f  th e  p h a s e - n u l l  m ethod  a r e  s i g n i f i c a n t l y  h ig h e r  t h a n  th o s e  

o f  S lu y te r s -R e h b a c h  a n d  th e  p h a s e - n u l l  m ethod  a t  10 KHz, T h is  

i s  due t o  th e  c o n t r i b u t i o n  o f  f a r a d a i c  a . c ,  c u r r e n t  from  th e  

e l e c t r o d e  r e a c t i o n  T l+ + e -  —> T l°  w h ic h  h a s  a  r a t h e r  l a r g e  

r a t e  c o n s t a n t  i n  1 M KNO^ -  0 .1  M KC1 (5 $ )  • I n c r e a s in g  th e  

f r e q u e n c y  t o  10 KHz e l i m in a t e s  t h i s  e f f e c t ,  l e a d in g  t o  th e  ob ­

s e r v e d  a g re e m e n t w i th  t h e  l i t e r a t u r e  v a l u e s .
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E v a lu a t io n  o f  P r e c i s i o n

E s t im a te d  P r e c i s i o n

The p r e c i s i o n  o f  th e  p h a s e - n u l l  m ethod  i s  l i m i t e d  by  th e  

p r e c i s i o n  o f  th e  f o l lo w in g  f a c t o r s :

1 .  A . C . i n p u t  v o l t a g e .

2 .  D rop a r e a .

3 .  R e c o rd e r  r e a d o u t .

4 .  P o t e n t i a l  o f  th e  D .M .E.

5 .  P h ase  n u l l .

The e f f e c t  o f  th e  p r e c i s i o n  o f  i te m s  1 , 2 a n d  3 i s  co n ­

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

4 i s  a  f u n c t i o n  o f  th e  s lo p e  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  

a n d  t h a t  o f  i te m  5 i s  a  f u n c t i o n  o f  th e  p h a se  a n g le ,  <X;, o f  

th e  e q u iv a le n t  c e l l  c i r c u i t  w h ich  v a r i e s  w i th  f r e q u e n c y ,  

d o u b le - l a y e r  c a p a c i ty  an d  e q u iv a l e n t  s e r i e s  r e s i s t a n c e .

The e r r o r  i n  a d j u s t i n g  a n d  m a in ta in in g  th e  a . c .  i n p u t  

v o l ta g e  was e s s e n t i a l l y  due to  th e  u s u a l  r e a d o u t  e r r o r  w h ich  

am oun ted  to  ± 0 .2  c h a r t  d i v i s i o n s  on  th e  r e c o r d e r .  S in c e  i t  

was a r r a n g e d  t o  have th e  r e a d o u t  a t  a lm o s t  f u l l  s c a l e ,  100 

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

t h i s  o p e r a t io n  was a b o u t  2 p a r t s  p e r  th o u s a n d .

The p r e c i s i o n  i n  d ro p  a r e a  was l i m i t e d  by  p r e c i s i o n  i n  

f lo w  r a t e  an d  d ro p - t im e  m e a su re m e n ts , a n d  am oun ted  t o  a b o u t  

3 p a r t s  p e r  th o u s a n d .

The r e c o r d e r  r e a d o u t  p r e c i s i o n  o f  2 p a r t s  p e r  th o u s a n d  

a t  f u l l  s c a l e  d e t e r i o r a t e s  t o  4  p a r t s  p e r  th o u s a n d  a t  h a l f  

s c a l e .  F o r  th e  p u rp o s e s  o f  e s t i m a t i n g  t h e  p r e c i s i o n  o f  th e
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r e a d o u t  o f  th e  l a t t e r  v a lu e  w i l l  be  u s e d .

S in c e  Cd i s  a  f u n c t i o n  o f  p o t e n t i a l ,  th e  p r e c i s i o n  w i th  

w h ic h  i t  c a n  be  m ea su re d  i s  r e l a t e d  t o  t h e  p r e c i s i o n  i n  f i x i n g  

th e  p o t e n t i a l  o f  th e  D .M .E. Due t o  d r i f t s  i n  th e  p o t e n t i a l s  

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

D .M .E . p o t e n t i a l ,  t h i s  am oun ted  to  ± 2  mV a s  a  p r o b a b le  un ­

c e r t a i n t y  a n d  ± 3  mV a s  th e  w o r s t  u n c e r t a i n t y .  The e f f e c t  o f  

t h i s  u n c e r t a i n t y  upon  Cd d ep en d s on  th e  s lo p e  of th e  c a p a c i t y -  

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

i n v e s t i g a t e d .  The r e l a t i v e  p r e c i s i o n  i n  i s  g iv e n  by

AC° . (dC° /d E )
 _ = d x AE (3 8 )

°°d c °d

w here  A E  i s  t h e  p r e c i s i o n  o f  th e  p o t e n t i a l  o f  th e  D .M .E . I n  

o r d e r  to  e v a l u a t e  th e  m ag n itu d e  o f  t h i s  e f f e c t ,  th e  s lo p e  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  i n  1 M KC1 b a s e  e l e c t r o l y t e  was 

m e a su re d  a t  t h r e e  p o t e n t i a l s ,  e a c h  p o t e n t i a l  r e p r e s e n t i n g  a  

d i f f e r e n t  s l o p e .  T h ese  s lo p e s  w ere  i n s e r t e d  i n  E q u a t io n  (3 8 )  

a n d  th e  r e l a t i v e  p r e c i s i o n  o f  Cd was c a l c u l a t e d .  The r e s u l t s  

o f  t h i s  c a l c u l a t i o n  a r e  l i s t e d  i n  T a b le  IX . F o r  a  g iv e n  

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

l a r g e  s l o p e ,  th e  e r r o r  i s  l a r g e  a n d  d e c r e a s e s  w i th  th e  s l o p e .

The e f f e c t  o f  th e  u n c e r t a i n t y  o f  0 .3 °  i n  th e  p h a se  n u l l  

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

i n  s e c t i o n  IV o f  t h i s  t h e s i s .  (S ee  " C a l i b r a t i o n  o f  E l e c t r o n i c s " )



Table IX. P r e c is io n  o f  C° -  E f f e c t  o f  U n ce r ta in ty  i n
D.C. P o t e n t i a l  a s  a  Function  o f  th e  Slope o f  
th e  C a p a c i ty -P o te n t ia l  Curve

dC° * cd
x 105

w orst
P o t e n t i a l ,
V o lts  v s .  S .C .E .

dE
(jif/cm p e r  v o l t )

c d
probab le

-0 .1 0 5 k  x 102 15 22

-O .h l? -2 0.1 0.1

-1 .6 6 5 -16 2 2



T h e re ,  i t  was show n t h a t  th e  f r a c t i o n a l  ch an g e  i n  r e s p o n s e  

due t o  a  p h a se  s h i f t  o f  A ocdegrees from  p h a se  n u l l  was g iv e n  

by  th e  te rm  s in A c x / ta n  oCf  an d  a n  u p p e r  l i m i t  f o r  t h i s  q u a n ­

t i t y  was d e te rm in e d .  I n  o r d e r  t o  e v a lu a t e  th e  a c t u a l  e f f e c t  

o f  t h i s  te rm  on  e x p e r im e n ta l  p r e c i s i o n ,  a n  e s t im a te  m ust be  

made o f  t a n  cCf  u n d e r  a  g iv e n  s e t  o f  e x p e r im e n ta l  c o n d i t i o n s  

S in c e  oc^ a n d  oc^ m a tch  tf t  b e t t e r  th a n  0 .3 ° ,  i t  i s  t r u e ,  t o  

a  good a p p ro x im a t io n ,  t h a t

t a n  oCf  ~ t a n  oc^  (3 9 )

S in c e  <x^ i s  g iv e n  by

t a n  <*1 ■ -  ^ 0)

we have

t a n  ocf  WRxCd

T h u s , we s e e  t h a t  th e  e f f e c t  o f  t h e  p h a se  e r r o r  s i g n a l  

on e x p e r im e n ta l  p r e c i s i o n  i s  a  f u n c t i o n  o f  f r e q u e n c y ,  e q u iv a  

l e n t  c e l l  r e s i s t a n c e  a n d  d o u b l e - l a y e r  c a p a c i t y .  The e q u iv a ­

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

o f  th e  m erc u ry  t h r e a d  i n  th e  c a p i l l a r y  o f  th e  D .M .E. -  th e  

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

b y  th e  p o t e n t i o s t a t . T h u s , t h i s  te rm  may be c o n s id e r e d  co n ­

s t a n t ?  a  v a lu e  o f  SO ohms was assum ed  r e a s o n a b l e .  H ow ever,
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s i n c e  Cd a n d  u) v a r y ,  t h e i r  e f f e c t  on  e x p e r im e n ta l  p r e c i s i o n  

w i l l  v a ry  a l s o .  The p r e c i s i o n  w i l l  d e t e r i o r a t e  a s  u) a n d /o r  

Cd i n c r e a s e .  The e f f e c t  o f  t h e  p h a se  e r r o r  s i g n a l  on  e x p e r i ­

m e n ta l  p r e c i s i o n  was c a l c u l a t e d  u s in g  v a lu e s  o f  fro m  1 M KC1 

b a s e  e l e c t r o l y t e .  The r e s u l t s  a r e  l i s t e d  i n  T a b le  X a s  a  

f u n c t i o n  o f  f r e q u e n c y  a n d  p o t e n t i a l .  I t  i s  s e e n  t h a t  th e  p r e ­

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

w here  i s  l a r g e .

I n  o r d e r  t o  c a l c u l a t e  th e  com bined  e f f e c t  o f  th e  f i v e  

f a c t o r s  m e n tio n e d  on th e  e x p e r im e n ta l  p r e c i s i o n ,  tw o d i f f e r e n t  

c a l c u l a t i o n s  w ere  p e r fo rm e d . To g e t  a  w o r s t  c a s e ,  th e  e f f e c t s  

w ere  a d d e d . The p ro b a b le  p r e c i s i o n  was o b ta in e d  by  t a k i n g  

th e  s q u a re  r o o t  o f  th e  sum o f  th e  s q u a r e s  o f  a l l  th e  e f f e c t s .

The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  l i s t e d  i n  T a b le  XI a s  a

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

g e s t  e f f e c t  i s  a t  h ig h e r  f r e q u e n c ie s  a n d  i n  s t e e p l y  s l o p i n g  

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

O b se rv e d  P r e c i s i o n

The o b s e rv e d  p r e c i s i o n  was e v a lu a t e d  i n  1 M KC1 a t  1

a n d  10 KHz a t  th e  same p o t e n t i a l s  u s e d  i n  o b t a i n i n g  th e  e s t i ­

m a te d  p r e c i s i o n .  S in c e  t h e r e  w as no e v id e n c e  o f  c o n t r i b u ­

t i o n  t o  fro m  th e  e l e c t r o a c t i v e  s p e c i e s  u s e d  i n  l.M  KC1 due 

to  s p e c i f i c  a d s o r p t i o n  a n d  s in c e  t h e  p o t e n t i a l s  w ere  f a r  r e ­

moved from  h a lf -w a v e  p o t e n t i a l s ,  th e  v a lu e s  f o r  o b ta in e d  

w i th  an d  w i th o u t  e l e c t r o a c t i v e  s p e c i e s  w ere  u s e d .  The ob­

s e r v e d  p r e c i s i o n  i s  l i s t e d  i n  T a b le  X I I .  R e f e r r i n g  b a c k  to



Table X.

P o t e n t i a l ,  

V o lts  v s .  S
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P re c is io n  o f  -  E f f e c t  o f  Phase E rro r  S ig n a l  

a s  a  Function  o f  Frequency and P o te n t i a l

d x 10^ a t

r °°d

C.E. 1 KHz 10 KHz

-0 .1 0 5

-0 .V I7

-1 .6 6 5

2

1

1

19

16

6
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Table XI. T o ta l  E stim ated  P re c is io n  o f  f o r  the  

Phase-N ull Method

* Cd 3a x 10^ a t
C°°d

P o t e n t i a l ,  1 KHz____________  10 KHz

V o lts  v s .  S .C .E. w ors t p robab le  w ors t p robab le

-0 .1 0 5  31 21 Zf8 28

-O.i+17 12 6 26 17

-1 .6 6 5  12 6 17 8
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T a b le  X I , i t  w i l l  b e  s e e n  t h a t  i n  a l l  c a s e s  w i th  th e  e x c e p t io n  

o f  t h e  p r e c i s i o n  a t  - 1 .6 6 5  v o l t s  a n d  10 KHz, t h e  s t a n d a r d  

d e v i a t i o n  f o r  o b s e rv e d  r e s u l t s  i s  lo w e r  t h a n  th e  e s t im a te d  

p ro b a b le  p r e c i s i o n .  The s t a n d a r d  d e v i a t i o n  a t  - I .6 6 5  v o l t s  

a n d  10 KHz w h ile  s i g n i f i c a n t l y  l a r g e r  t h a n  th e  e s t im a te d  

p ro b a b le  p r e c i s i o n ,  i s  s t i l l  w i t h i n  th e  e s t im a te d  w o r s t  p r e ­

c i s i o n .

E v a lu a t io n  o f  A c cu ra cy

I n  th e  A bsence  o f  F a r a d a ic  C u r r e n t

The a c c u ra c y  i n  t h e  a b s e n c e  o f  f a r a d a i c  c u r r e n t  was 

l i m i t e d  by  th e  p r e c i s i o n  a s  e v a lu a t e d  i n  th e  p r e v io u s  s e c ­

t i o n .  No p h a se  o r  g a in  s h i f t s  w ere  n o te d  i n  th e  p o t e n t i o -  

s t a t  a t  1 KHz a s  e v id e n c e d  by  a  c a l i b r a t i o n  c u rv e  w h ic h  was 

l i n e a r  t o  w i t h in  th e  r e a d o u t  p r e c i s i o n  o f  t h e  r e c o r d e r .  A t 

10 KHz, a l th o u g h  s l i g h t  n o n - l i n e a r i t y  was n o t i c e d  i n  th e  c a l i ­

b r a t i o n  c u r v e ,  th e  u se  o f  t h i s  c u rv e  t o  o b t a i n  c o r r e c t e d  v a lu e s  

f o r  th e  c a p a c i ta n c e  r e a d o u t  s h o u ld  e l i m in a t e  t h i s  s m a l l  e f f e c t .  

T h u s , a n  o v e r a l l  a c c u ra c y  o f  a b o u t  Ifo c a n  be  c la im e d  i n  th e  

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

I n  t h e  P re s e n c e  o f  F a r a d a ic  C u r r e n t

I n  th e  p r e s e n c e  o f  e l e c t r o a c t i v e  m a t e r i a l ,  th e  e q u iv a ­

l e n t  c e l l  c i r c u i t ,  from  w h ic h  th e  g a in  e q u a t io n  was d e r iv e d ,  

c h a n g e s  fro m  a  s im p le  s e r i e s  c o n n e c t io n  o f  a n d  C ^ . I n  t h i s  

c a s e ,  t h e  f a r a d a i c  im pedance  s h u n ts  t h e  d o u b le - l a y e r  c a p a c i -
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Table X II .  Observed P re c is io n  o f  th e  P hase-N ull Method_
a x 10*

C °Cd

P o t e n t i a l ,  ’ S tandard  D ev ia tio n  Range

V o lts  v s .  S .C .E . 1 KHz 10' KHz 1 KHz 10 KHz

-0 .1 0 5  15 13 13 14

-0 .4 1 7  5 9 6 13

-1 .6 6 5  8 15 10 20
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t a n c e .  T h is  e f f e c t  w i l l  c a u se  a  p o s i t i v e  e r r o r  i n  f o r  two 

r e a s o n s .  The p r im a ry  e f f e c t  i s  a n  i n c r e a s e  i n  r e a d o u t  due to  

th e  i n c r e a s e d  c u r r e n t .  The s e c o n d a ry  e f f e c t  i s  t h a t  s h u n t in g  

o f  th e  d o u b le  l a y e r  w i th  th e  f a r a d a i c  im pedance  m o d if ie s  th e  

p h a se  a n g le  o f  t h e  e q u iv a l e n t  c e l l  c i r c u i t  t o  m ore p o s i t i v e  

v a l u e s ,  s in c e  th e  f a r a d a i c  im pedance  h a s  a  p h a se  a n g le  o f  

- ^ 5 °  o r  l e s s  w h i le  t h e  d o u b le - l a y e r  im pedance  h a s  a  p h a se  

a n g le  o f  - 9 0 ° .  S in c e  th e  p h a s e - n u l l  s e rv o  t r a c k s  f o r  p h a se  

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

m u st i n c r e a s e  t o  m a tch  th e  more p o s i t i v e  p h a se  a n g le  o f  th e  

c e l l  c i r c u i t .  T h is  w i l l  c a u se  a n  i n c r e a s e  i n  th e  im pedance  

o f  th e  fe e d b a c k  lo o p  o f  th e  c u r r e n t  a m p l i f i e r  c a u s in g  a  c o r ­

r e s p o n d in g  i n c r e a s e  i n  r e a d o u t .  The m ag n itu d e  o f  th e  e r r o r  

d ep en d s on  d . c .  p o t e n t i a l ,  f r e q u e n c y  o f  th e  a p p l i e s  a . c .  

v o l t a g e ,  r a t e  c o n s t a n t  f o r  th e  e l e c t r o d e  r e a c t i o n  a n d  c o n c e n ­

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

To e v a lu a t e  th e  m a g n itu d e  o f  th e  e r r o r  c a u s e d  by  th e  

p r e s e n c e  o f  s i g n i f i c a n t  f a r a d a i c  c u r r e n t ,  we f i r s t  n o te  t h a t  

i n  th e  a b s e n c e  o f  f a r a d a i c  c u r r e n t  th e  r e a d o u t  g iv e s  th e  v a lu e  

f o r  w h ich  i s  t h e  s e r i e s  c a p a c i ty  o f  th e  c e l l  c i r c u i t .  I n  

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

e q u i v a l e n t  s e r i e s  c a p a c i ty  o f  th e  c e l l .  T h u s , i f  i t  i s  p o s ­

s i b l e  t o  r e p r e s e n t  th e  c e l l  c i r c u i t  a s  a n  e q u iv a l e n t  s e r i e s  

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

th e  e q u iv a l e n t  s e r i e s  c a p a c i t a n c e . The e r r o r  i s  th e  d i f f e r ­

e n c e  b e tw e e n  a n d  th e  e q u i v a l e n t  c a p a c i t y .
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U sin g  th e  R a n d le s  e q u iv a l e n t  c i r c u i t  f o r  th e  c e l l  a s  a

m o d e l, th e  e q u iv a l e n t  s e r i e s  c a p a c i t y ,  C__,  was s o lv e d  f o req
i n  te rm s  o f  th e  com ponen ts o f  th e  f a r a d a i c  im pedance  an d  th e  

d o u b le - l a y e r  im pedance  ( s e e  a p p e n d ix  A -^ . The f o l lo w in g  e x ­

p r e s s i o n  was o b ta in e d .

[ i  + ( 2 / i m p )  + aT]c eq  = c d ' 1 -■ ----------------   ' (if2>

/  -AH ere q  = X-. /< r w  s w here  X„ i s  th e  c a p a c i t i v e  r e a c t a n c e  o f  
Dd '  d .

th e  d o u b le  l a y e r ^ C l /  c j c ^ a n d  c rtJ” * ig  t h e  a b s o l u t e  v a lu e  o f

th e  W arburg  o r  d i f f u s i o n  im pedance  d iv id e d  by  2 ; p  i s  g iv e n

by  e /c r u J  " 2 , w here  0 i s  th e  a c t i v a t i o n  r e s i s t a n c e ;  f ( p )  =
p

1 + p + p  / 2 .  T h u s , th e  r e l a t i v e  e r r o r  i n  C ^, e ,  i s

e  = 1 *  q  W )
( 2 / q )  f ( p )  + 1

T h u s , th e  e r r o r  i s  a  f u n c t i o n  o f  p  a n d  q .  To e v a lu a t e  th e  

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

c o n c e n t r a t i o n  o f  e l e c t r o a c t i v e  m a t e r i a l  w i l l  be fo u n d  w h ich  

w i l l  g iv e  a n  e r r o r  no g r e a t e r  th a n  two p e r  c e n t .  T h is  c o n ­

c e n t r a t i o n  w i l l  be e x p re s s e d  a s  a  f u n c t i o n  o f  f r e q u e n c y ,  an d  

r a t e  c o n s t a n t .  W o rs t-c a s e  c o n d i t i o n s  w i l l  be  a ssu m e d . T h u s, 

th e  d . c .  p o t e n t i a l  w i l l  be  E i a n d  w i l l  have  a  minimum2 Clp
v a lu e  o f  15 n f /c m  .

S o lv in g  th e  ab o v e  e q u a t io n  f o r  q a n d  u s in g  th e  a p p r o x i -  
2 ***m a tio n  ( 1 - e )  = l - 2 e  w h ic h  i s  good f o r  e «  1 we g e t
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-(l-e)+ Vl+2e(4f(p) -1) 
q -------------------------------------------------------------------- (4 4 )

N e x t, q  i s  s o lv e d  f o r  i n  te rm s  o f  c o n c e n t r a t i o n  a n d  f re q u e n c y  

u s in g  th e  p r e v io u s  d e f i n i t i o n  o f  q  i n  te rm s  o f  Xpd a n d

q  = ( w *  C , a ) - 1  (4 5 )

A t th e  h a lf -w a v e  p o t e n t i a l  i t  c a n  he show n t h a t  (5 5 )

<r - S B I g  A m }  o (06)

w here R i s  th e  g a s  c o n s t a n t ,  T i s  th e  a b s o lu te  t e m p e r a tu r e ,  

n  i s  th e  num ber o f  e l e c t r o n s  in v o lv e d  i n  th e  e l e c t r o d e  r e ­

a c t i o n ,  F i s  th e  f a r a d a y ,  D i s  t h e  d i f f u s i o n  c o e f f i c i e n t  o f  

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

t r o a c t i v e  s p e c i e s  i n  m o les cm“ ^ .  S u b s t i t u t i n g  E q u a t io n  46 

i n t o  E q u a t io n  45  g iv e s

_  r F2 (2 D )^ |  n 2 C
U rt  C ^ J  W *

(4 7 )
.  ?

d '

S u b s t i t u t i n g  t h e  f o l lo w in g  v a lu e s  f o r  th e  te rm s  i n  b r a c k e t s  

F = 9 6 ,5 0 0 , D*10” 5 , R = 8 .3 1 , T *298, C°=15 x  1(T 6 g iv e s

q = 2 ,8  x 108 ———IU i *



S e t t i n g  E q u a t io n s  48 an d  44  f o r  q  e q u a l  t o  e a c h  o t h e r  an d  

s o l v i n g  f o r  C i n  m o les  p e r  l i t e r  g iv e s

C ( m o l e s / l i t e r )  = + 2 e ( 4 f ( p ) - l )  - 1 +  e )Xl
<*9a)

I f  p < 2 . 5 #  th e  s q u a re  r o o t  c a n  he  ex p an d ed  w i th  a n  e r r o r  o f  

l e s s  t h a n  t e n  p e r  c e n t .  We th e n  o b t a i n

C ( m o l e s / l i t e r )  = i ? » 2 x 10 ^ ) .( ( 49b )
n

F o r  a  two p e r  c e n t  e r r o i )  e = 0 . 0 2 .  S u b s t i t u t i o n  o f  t h i s  v a lu e  

o f  e i n t o  E q u a t io n s  49a  a n d  49b g iv e s  r e s p e c t i v e l y

C(moles/liter) = , 10..6).(f̂ ? (0#4 V6+f(p) -0.98) (5Qa)

an d

C ( m o l e s / l i t e r )  = ( 3 - 6  x l ( ) - 7 ) ( f * )  f ( p )  (5 0 b )

n 2

w here  f  = f r e q u e n c y  ( w = 2 IT f ) .

The v a lu e  f o r  p  was c a l c u l a t e d  from  (5 5 )

p = ( w D /2 )* /k s h  (5 1 )

The maximum v a lu e  o f  c o n c e n t r a t i o n  o f  e l e c t r o a c t i v e  

m a t e r i a l  w h ich  w ou ld  g iv e  a n  e r r o r  no g r e a t e r  th a n  two p e r
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c e n t  was c a l c u l a t e d  u s i n g  e i t h e r  E q u a t io n  50a o r  50b d epend ­

in g  w h e th e r  p < 2 . 5  o r  n o t .  The r e s u l t s  o f  t h e s e  c a l c u l a ­

t i o n s  o v e r  a  w id e  ra n g e  o f  f r e q u e n c y  a n d  r a t e  c o n s t a n t  a r e  

l i s t e d  i n  T a b le  X I I I .
R e f e r r in g  b a c k  to  th e  r e s u l t s  f o r  t h e  sy s te m s  i n v e s t i ­

g a te d  i n  t h i s  th e s is ^ w e  s e e  t h a t  th e  p r e d i c t i o n s  o f  T a b le  X I I I
24-a r e  s u b s t a n t i a t e d .  The r a t e  c o n s t a n t  f o r  Zn + 2e —* Zn 

i n  1 M KC1 h as  b e e n  fo u n d  by v a r io u s  i n v e s t i g a t o r s  t o  be  o f  

th e  o r d e r  o f  m a g n itu d e  o f  5 x lCT^cm s e c  (6 1 . 6 2 . 6 3 . 6 4 ) .

Thus^ e v en  a t  t h e  lo w e r  f r e q u e n c y  o f  1 KHz i t  was p o s s i b l e  to
_  p i

d e te rm in e  i n  th e  p r e s e n c e  o f  Zn a t  c o n c e n t r a t i o n s  a s
24-h ig h  a s  1 n i ,  The r e a c t i o n  Cd 4- 2 e  > Ca m  1 M KC1 h as

a  r a t e  c o n s t a n t  i n  e x c e s s  o f  1 cm s e c ” 1 (.21, 4 £ , £ 0) a n d , t h u s ,  

i t  was n e c e s s a r y  t o  r e d u c e  th e  c o n c e n t r a t i o n  t> 0 .0 1  mM a t  th e  

h ig h e r  f r e q u e n c y  to  o b t a i n  a c c u r a t e  r e s u l t s  f o r  C ^ . (N o te  t h a t  

s i n c e  n  ■ 2 f o r  th e  r e a c t i o n ,  th e  v a lu e s  i n  T a b le  X I I I .  M ust' be 

d iv id e d  by f o u r . )  The r e a c t i o n  T l+ 4- e "  —4 T l°  i n  1 M KNO^ -  

0 .1  M KC1 was r e p o r t e d  a s  h a v in g  a  r a t e  c o n s t a n t  i n  e x c e s s  o f  

1 c m /se c  (J55) • T h u s , u s in g  T a b le  X II Io n e  w ou ld  p r e d i c t  t h a t  

a t  t h e  0 .1  mM l e v e l  a  f r e q u e n c y  o f  10 KHz w ou ld  be  n e c e s s a r y  

t o  e l im in a te  s i g n i f i c a n t  f a r a d a i c  c o n t r i b u t i o n  to  t h e  r e a d o u t  

o f  C ^ . T h is  was e x a c t l y  th e  b e h a v io r  o b s e r v e d .



- 9 6 -

Table X I I I .  Maximum Values o f  C o n cen tra tio n  o f  Electr.oa.c.t±Tite

M a te r ia l  f o r  Two Per Cent E r ro r  i n  Ĉ  a t  E., -d n
E f f e c t  o f  Frequency and Rate Constant

pC on cen tra t io n  i n  m il l im o le s  per l i t e r  x n 

frequency k ^ (cm /sec)

(KHz) 10 1 0.1 0.01 0.001

1 0.012 0.012 0.012 0.04 0 .8 8

10 0.04 0 .0  4 0 .08 0 .8 8 —

100 0.12 0.12  0 .4 8 — —

1 ,000 0 .4 0.6  4 — — - - _ _



C o n e lu g io n  

Summary

I n  t h i a  t h e s i s ,  a  n o v e l  m ethod  f o r  th e  a u to m a t ic  d e t e r ­

m in a t io n  o f  d o u b le - l a y e r  c a p a c i ty  h a s  b e e n  d e s c r ib e d  an d  

t e s t e d .  The p o t e n t i a l  o f  t h i s  m ethod  f o r  d e te r m in in g  d o u b le ­

l a y e r  c a p a c i ty  i n  th e  p r e s e n c e  o f  a n  e l e c t r o d e  r e a c t i o n  has 

a l s o  b e e n  d e m o n s tr a te d .

I n  s e c t i o n  I I I ,  i t  was shown t h a t  by p r o p e r  c h o ic e  o f  

e x p e r im e n ta l  c o n d i t i o n s  i t  i s  p o s s i b l e  to  n e g l e c t  th e  i n f l u ­

en ce  o f  th e  f a r a d a i c  im pedance  a n d  assum e t h a t  th e  e q u iv a l e n t  

c e l l  c i r c u i t  c o n s i s t s  o n ly  o f  a  r e s i s t a n c e ,  R , an d  th eJv
d o u b le - l a y e r  c a p a c i t y ,  Cd , i n  s e r i e s .  I f  t h e  c e l l  c u r r e n t  

i s  f e d  t o  a n  o p e r a t i o n a l  a m p l i f i e r  w i th  a n  R-C c i r c u i t  i n  

i t s  fe e d b a c k  lo o p  a n d  th e  fe e d b a c k  r e s i s t a n c e  i s  a d j u s t e d  f o r  

p h a se  n u l l ,  t h e  a . c .  g a in  o f  th e  a m p l i f i e r  i s  e q u a l  t o  th e  

r a t i o  o f  d o u b le - l a y e r  c a p a c i ty  t o  f e e d b a c k  c a p a c i t y .  T hus, 

t h e  a . c .  o u tp u t  v o l ta g e  o f  th e  a m p l i f i e r  i s  d i r e c t l y  p ro p o r ­

t i o n a l  t o  C ^.

I n  s e c t i o n  V v a r io u s  sy s te m s  w ere  t e s t e d  a n d  th e  r e s u l t s  

com pared  w i th  l i t e r a t u r e  v a l u e s .  F o r  sy s te m s  in v o lv in g  o n ly  

b a s e  e l e c t r o l y t e ,  t h e  a g re e m e n t w i th  l i t e r a t u r e  v a lu e s  w as , 

i n  g e n e r a l ,  v e ry  g o o d . I t  was show n i n  t h i s  s e c t i o n  t h a t  i n  

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

a b o u t  1% c a n  be  a t t a i n e d .  F o r  sy s te m s  c o n ta in i n g  e l e c t r o a c ­

t i v e  s p e c i e s  th e  a c c u ra c y  dep en d ed  on  a  num ber o f  f a c t o r s .

A t p o t e n t i a l s  rem oved  from  good  a c c u ra c y  was a c h ie v e d .
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I n  t h e  r e g i o n  o f  Ei (  h o w e v e r ,  t h e  a c c u r a c y  was a  f u n c t i o n  o f
2

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

q u e n c y  o f  t h e  a . c .  v o l t a g e  a n d  t h e  c o n c e n t r a t i o n  o f  e l e c t r o ­

a c t i v e  s p e c i e s .  From t h e o r e t i c a l  c o n s i d e r a t i o n s , t h e  c o n ­

d i t i o n s  u n d e r  w h ic h  t h e  f a r a d a i c  c o n t r i b u t i o n  t o  may be  

n e g l e c t e d  were c a l c u l a t e d .  I t  was shown t h a t  f o r  a  s lo w  

r e a c t i o n ,  t y p i f i e d  by  t h e  z in c  s y s te m ,  t h e  d o u b l e - l a y e r  

c a p a c i t y  c a n  be  o b t a i n e d  w i t h  n e g l i g i b l e  e r r o r  e v e n  a t  r a t h e r  

h ig h  c o n c e n t r a t i o n  a n d  low f r e q u e n c y  o f  t h e  a p p l i e d  a . c .  

v o l t a g e .  F o r  f a s t  e l e c t r o d e  r e a c t i o n s ,  h o w e v er ,  s u c h  a s  t h e
2 +  -4-

r e d u c t i o n  o f  Cd i n  c h l o r i d e  m ed ia  o r  o f  T1 i n  1 M KNO^ -  

0 .1  M KC1, i t  was shown t h a t  t h e  u s e  o f  h i g h e r  f r e q u e n c y  a n d /  

o r  lo w e r  c o n c e n t r a t i o n  w o u ld  b e  n e c e s s a r y  t o  o b t a i n  w i t h  

s u f f i c i e n t  a c c u r a c y .  T hese  p r e d i c t i o n s  w ere  t e s t e d  a n d  p r o v e n  

e x p e r i m e n t a l l y .

The s y s te m  T l+ i n  1 M KNO^ -  0 . 1  M KC1 d e m o n s t r a te d  t h e  

e f f e c t  o f  ev en  s m a l l  c o n c e n t r a t i o n s  o f  s p e c i f i c a l l y  a d s o r b e d  

m a t e r i a l  on  t h e  d o u b l e - l a y e r  c a p a c i t y .  E ven  th o u g h  a  l a r g e  

e x c e s s  o f  b a s e  e l e c t r o l y t e  was p r e s e n t ,  t h e r e  was a  s i g n i ­

f i c a n t  e n h an cem en t o f  i n  t h e  p r e s e n c e  o f  a  r a t h e r  s m a l l  

c o n c e n t r a t i o n  o f  T1 . T h is  e m p h a s iz e s  t h e  n e e d  f o r  d e t e r ­

m in in g  i n  t h e  p r e s e n c e  o f  a n  e l e c t r o d e  r e a c t i o n .
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A p p l i c a t i o n a

C o m p en sa t io n  f o r  C h a rg in g  C u r r e n t

One p o s s i b l e  a p p l i c a t i o n  o f  t h e  p h a s e - n u l l  m ethod  i s  

t h a t  o f  c o m p e n s a t io n  f o r  c h a r g i n g  c u r r e n t .  I n  d . c ,  p o l a r o -  

g r a p h y ,  f o r  e x a m p le ,  c h a r g i n g  c u r r e n t  l i m i t s  t h e  u l t i m a t e  

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

i a l  a t  c o n c e n t r a t i o n s  b e lo w  10 y  M. T h is  i s  due t o  t h e  f a c t  

t h a t  a t  a b o u t  t h i s  c o n c e n t r a t i o n  t h e  c h a r g i n g  a n d  f a r a d a i c  

c u r r e n t s  a r e  o f  t h e  same o r d e r  o f  m a g n i tu d e .  I t  was shown 

i n  s e c t i o n  I  o f  t h i s  t h e s i s  t h a t  c h a r g i n g  c u r r e n t  i s  d i r e c -  

t i o n a l l y  p r o p o r t i o n a l  t o  d o u b l e - l a y e r  c a p a c i t y .  S in c e  Cd i s  

a u t o m a t i c a l l y  d e te r m in e d  by  t h e  p h a s e - n u l l  m e th o d , i t  s h o u ld  

b e  p o s s i b l e  by  u s e  o f  a p p r o p r i a t e  s i g n a l - c o n d i t i o n i n g  t e c h ­

n i q u e s  t o  u se  t h e  r e a d o u t  s i g n a l  o f  Cd t o  s i m u l a t e  t h e  c h a r g ­

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

c e l l  c u r r e n t .  I n  t h i s  m anner, i t  i s  p o s s i b l e  t o  o b t a i n  t h e  

t r u e  v a lu e  o f  t h e  f a r a d a i c  c u r r e n t  a u t o m a t i c a l l y .  M o re o v e r ,  

a t  t h e  t r a c e  l e v e l s  o f  e l e c t r o a c t i v e  m a t e r i a l  w here  good com­

p e n s a t i o n  f o r  c h a r g i n g  c u r r e n t  becom es i m p o r t a n t ,  t h e  a c c u r a c y  

o f  t h e  p h a s e - n u l l  m ethod  im p r o v e s .  The a c c u r a c y  o f  t h e  m ethod  

f o r  a n  a p p l i c a t i o n  s u c h  a s  t h i s  i s  much b e t t e r  t h a n  t h a t  i n ­

d i c a t e d  i n  s e c t i o n  V o f  t h i s  t h e s i s .  T h e r e ,  c o n s i d e r a t i o n s  

s u c h  a s  p r e c i s i o n  o f  t h e  d . c .  p o t e n t i a l  a n d  d ro p  a r e a  w ere  

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

b e i n g  d e te r m in e d  a n d  com pared  w i t h  l i t e r a t u r e  v a l u e s .  T hese  

c o n s i d e r a t i o n s  become i r r e l e v a n t  i n  t h e  p r e s e n t  c o n t e x t ,  t h e
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o n ly  b a s i c  l i m i t a t i o n  b e i n g  t h e  a c c u r a c y  w i t h  w h ic h  t h e  p h a se  

n u l l  c a n  be  m a i n t a i n e d .

I t  was shown t h a t  t h e  r e l a t i v e  p r e c i s i o n  due t o  i m p e r f e c t  

n u l l i n g  o f  t h e  p h a s e  i s  g i v e n  by

f f d  „ ain (52)
t a n o ^

T h u s ,  i f  t h e  a c c u r a c y  n e e d s  t o  b e  im p ro v e d ,  t h e r e  a r e  two 

a p p ro a c h e s  w h ic h  may be e m p lo y ed . One way i s  t o  recBuce t h e  

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

s e n s i t i v e  p h a s e  d e t e c t o r .  The o t h e r  a p p ro a c h  i s  t o  i n c r e a s e  

t h e  v a lu e  o f  Cs<f . S in c e  o( t r a c k s  t h e  p h a se  a n g le  o f  t h e  

e q u i v a l e n t  c e l l  c i r c u i t ,  c< c a n  be  i n c r e a s e d  by in c re a s «

i n g  < x^ . The m o st  a c c e s s i b l e  c e l l  p a r a m e t e r  f o r  t h i s  p u rp o s e  

i s  R , t h e  e q u i v a l e n t  s e r i e s  r e s i s t a n c e .  I f  R i s  r e d u c e d ,
A A

w i l l  i n c r e a s e  s i n c e

t a n  i  = “
WRx Cd

( M )

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

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

l y t e  r e s i s t a n c e  i s  a lm o s t  e n t i r e l y  e l i m i n a t e d .  The r e m a in in g  

r e s i s t a n c e  i s  due m a in ly  t o  t h e  r e s i s t a n c e  o f  t h e  m e rc u ry  

t h r e a d  i n  t h e  D .M .E. a n d  t o  t h e  iR d ro p  b e tw e e n  t h e  r e f e r e n c e
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e l e c t r o d e  a n d  t h e  s u r f a c e  o f  t h e  D.M.E. S m ith  h a s  shown 

( 6 5 ) t h a t  f o r  a . c .  s i g n a l s  s u c h  a s  em ployed  i n  t h i s  w ork , com­

p l e t e  c o m p e n sa t io n  f o r  t h i s  r e s i d u a l  r e s i s t a n c e  c a n  be  ob ­

t a i n e d  by  t h e  u se  o f  a  t e c h n iq u e  i n v o l v i n g  p o s i t i v e  f e e d b a c k  

t o  t h e  p o t e n t i o s t a t .  A n o th e r  a p p ro a c h  w o u ld  be  t o  e l i m i n a t e  

t h e  r e s i s t a n c e  o f  t h e  m erc u ry  t h r e a d  i n  t h e  D.M .E. by  u s e  

o f  a  m e t a l  c a p i l l a r y .  T h is  w o u ld  be f a i r l y  d i f f i c u l t  t o  

a c c o m p l i s h , s i n c e  t h e  m e ta l  s u r f a c e  e x p o se d  t o  t h e  s o l u t i o n  

w ou ld  have  to  be  i n s u l a t e d  e x c e p t  f o r  t h e  c a p i l l a r y  o r i f i c e .

I t  s h o u ld  be p o s s i b l e ,  u s i n g  t h e  t e c h n i q u e s  d e s c r i b e d  

h e r e ,  t o  o b t a i n  Cd w i t h  a n  a c c u r a c y  o f  one o r  two p a r t s  p e r  

t h o u s a n d .  I f  t h e  c h a r g i n g  c u r r e n t  c a n  be c o m p e n sa te d  w i t h  

t h i s  d e g re e  o f  a c c u r a c y ,  i t  s h o u ld  be  p o s s i b l e  t o  e x te n d  t h e  

s e n s i t i v i t y  by t h r e e  o r d e r s  o f  m a g n i tu d e .  T h u s ,  i n  t h e  c a s e  

o f  d . c .  p o l a r o g r a p h y ,  t r a c e s  o f  e l e c t r o a c t i v e  m a t e r i a l  a t
O

t h e  10" M l e v e l  s h o u l d  be  c a p a b le  o f  b e i n g  d e te r m in e d .

R e f e r r i n g  b a c k  t o  t h e  e q u a t i o n  f o r  d . c .  c h a r g i n g  c u r ­

r e n t  g iv e n  i n  s e c t i o n  I  o f  t h i s  t h e s i s  we have

i  = K E# 4 4  ( I Dc o d t

T h u s ,  c o m p e n s a t io n  f o r  d . c .  c h a r g i n g  c u r r e n t  r e q u i r e s  know l­

edge o f  E -  t h e  e l 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 i n c e  z
E* = E -  E z . T h is  r e q u i r e s  a  s e p a r a t e  e x p e r im e n t  f o r  e a c h  

s o l u t i o n ,  s i n c e  E% i s  d e p e n d e n t  on  t h e  n a t u r e  o f  t h e  s o l u t i o n  

a n d  i s  v e r y  s e n s i t i v e  t o  t r a c e s  o f  s u r f a c e - a c t i v e  i m p u r i t i e s .
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I n  a d d i t i o n ,  i  i s  d i r e c t l y  p r o p o r t i o n a l  t o  i n t e g r a l  c a p a c i t y ,  

w h e re a s  t h e  p h a s e - n u l l  m ethod  i n d i c a t e s  d i f f e r e n t i a l  c a p a c i t y .  

T h u s ,  t h e  e x p e r i m e n t a l  r e a l i z a t i o n  o f  c o m p e n s a t io n  f o r  d . c .  

c h a r g i n g  c u r r e n t  w o u ld  in v o lv e  c o m p l i c a t i o n s .

A more f r u i t f u l  a p p ro a c h  w o u ld  in v o lv e  t h e  a p p l i c a t i o n  

o f  c h a r g i n g - c u r r e n t  c o m p e n s a t io n  t o  d e r i v a t i v e  p o l a r o g r a p h y . 

I n  d e r i v a t i v e  p o l a r o g r a p h y ,  one r e c o r d s  t h e  v o l t a g e - d e r i v a t i v e  

o f  d . c ,  c u r r e n t  v e r s u s  p o t e n t i a l .  S in c e  t h e  t o t a l  c u r r e n t  i s  

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

d e r i v a t i v e  o f  t h e  t o t a l  c u r r e n t ,  d i ^ / d E ,  i s  g iv e n  by

w h ere  i f  i s  t h e  f a r a d a i c  c u r r e n t  a n d  i Q i s  t h e  c h a r g i n g  c u r ­

r e n t  -  b o t h  d . c .  To o b t a i n  c o m p e n s a t io n  f o r  c h a r g i n g  c u r r e n t

t h e  d e r i v a t i v e ,  d i  / d E ,  m u s t  be  s i m u l a t e d  e l e c t r o n i c a l l y  andc
s u b t r a c t e d  from  t h e  m e a s u re d ,  t o t a l  r e s p o n s e ,  d i ^ / d E .  T h is  i s  

r a t h e r  e a s y  t o  a c c o m p l i s h  u s i n g  t h e  p h a s e - n u l l  m e tho d , s i n c e ,  

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

c a p a c i t y .  I n  a d d i t i o n ,  know ledge  o f  Ez i s  u n n e c e s s a r y .  To 

show t h i s ,  we f i r s t  d i f f e r e n t i a t e  E q u a t io n  11 w i th  r e s p e c t  to  

p o t e n t i a l .

f i r  _
dE “  dE dE (53)
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The te r m  in  b rack e ts  was shown i n  s e c t i o n  I  o f  t h i s  t h e s i s  t o  

h e  t h e  sp e c if ic  d i f f e r e n t i a l  c a p a c i t y ,  . (S ee  E q u a t io n s  

1 6 , 17 a n d  18.) S u b s t i t u t i o n  g i v e s

X *  -  c d $  <55)

Now, -  Cd/A and A = k t 2^  a n d  i t  i s  e a s y  t o  show , t h e r e ­

f o r e  , t h a t

X s  -  %  <5«dE 3 t

Here t  i s  the time i n  t h e  l i f e  o f  t h e  d ro p  a t  w h ic h  m e a s u re ­

m ent t a k e s  place. I f  a  s t r o b e  t e c h n i q u e  i s  em p lo y ed  f o r  

s a m p l in g  the o u tp u t,  t  i s  c o n s t a n t  a n d  t h e  c h a r g i n g  c u r r e n t  

c o n t r i b u t i o n  is d i r e c t l y  p r o p o r t i o n a l  t o  Cd -  t h e  o u t p u t  o f  

t h e  p h a s e - n u l l  i n s t r u m e n t .  H en ce , a l l  t h a t  i s  r e q u i r e d  f o r  

c o m p en sa tio n  of c h a r g i n g  c u r r e n t  i n  d e r i v a t i v e  p o l a r o g r a p h y  

i s  a p p ro p r ia te  s c a l i n g  o f  t h e  p h a s e - n u l l  o u t p u t  a n d  s u b t a c t i o n  

from  t h e  measured, t o t a l  c u r r e n t  d e r i v a t i v e .

An ad d it io n a l  b e n e f i t  w h ic h  a c c r u e s  when a  d e r i v a t i v e  

t e c h n iq u e  is employed i s  t h a t ,  a s  G l i c k s t e i n  e t . a l .  have  

p o i n t e d  o u t  (66), t h e  e f f e c t  o f  c h a r g i n g  c u r r e n t  a n d  f a r a ­

d a i c  c u r r e n t  become e q u a l  when t h e  c o n c e n t r a t i o n  o f  e l e c t r o ­

a c t i v e  m ate r ia l  i s  o f  t h e  o r d e r  o f  1 0 "^  M -  n o t  10” ^  M a s  

i n  r e g u l a r  po la ro g raphy . W ith  good c o m p e n s a t io n  f o r  t h e
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c h a r g i n g  c u r r e n t  r e s p o n s e ,  c o n c e n t r a t i o n s  down t o  10“ ^ M may 

b e  a c c e s s i b l e .  I n  t h i s  r e g a r d ,  i t  h a s  r e c e n t l y  b e e n  n o t e d  by 

M eyers a n d  O s te ry o u n g  ( 6 7 ) t h a t  f o r  t h e  t e c h n i q u e  o f  d i f f e r ­

e n t i a l  p u l s e  p o l a r o g r a p h y  (D PP), t h e  d . c .  c h a r g i n g  c u r r e n t  

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

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

c u r r e n t  c o n t r i b u t i o n s  become e q u a l  when t h e  c o n c e n t r a t i o n  o f  

e l e c t r o a c t i v e  m a t e r i a l  i s  a b o u t  10” ^ M f o r  a  t w o - e l e c t r o n  

p r o c e s s . I n  t h e  p r e s e n c e  o f  s u r f a c t a n t s , w h ic h  c o u ld  be  

fo u n d  i n  a  b i o l o g i c a l  sam p le  f o r  i n s t a n c e ,  t h e  c a p a c i t i v e  

c o n t r i b u t i o n  c a n  become " s o  p ro n o u n c e d  a s  t o  make d i r e c t  a n a ­

l y s i s  i m p o s s i b l e "  -  t h i s  f o r  a  t e c h n iq u e  w h ich  i s  n o t e d  f o r  

i t s  r e j e c t i o n  o f  t h e  c h a r g i n g  c u r r e n t  c o n t r i b u t i o n !  On t h e  

c o n t r a r y ,  a  d e r i v a t i v e  t e c h n iq u e  e m p lo y in g  t h e  p h a s e - n u l l  

i n s t r u m e n t  f o r  c o m p e n s a t io n  o f  c h a r g i n g  c u r r e n t  w ou ld  be  u n ­

a f f e c t e d  by t h e  p r e s e n c e  o f  s u r f a c t a n t s ,  s i n c e  t h e  c h a r g i n g  

c u r r e n t  c o n t r i b u t i o n  i s  d i r e c t l y  m ea su re d  i n  t h e  sa m p le  s o ­

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

s i m u l t a n e o u s l y .  I n  t h e  DPP m e th o d , on t h e  o t h e r  h a n d ,  t h e  

r e j e c t i o n  o f  d . c .  c h a r g i n g  c u r r e n t  i s  b a s e d  on t h e  s u b t r a c t i o n  

o f  t o t a l  c u r r e n t  b e f o r e  a  v o l t a g e  p u l s e  -  g e n e r a l l y  a b o u t  

100 mV -  from  t h e  t o t a l  c u r r e n t  m e a su re d  a t  a  g iv e n  t im e  d e ­

l a y  a f t e r  t h e  a p p l i c a t i o n  o f  t h e  p u l s e - a b o u t  50 m se c .  S in c e  

d . c .  c h a r g i n g  c u r r e n t  i s  a  f u n c t i o n  o f  p o t e n t i a l  a n d  d ro p  

a r e a ,  due t o  t h e  d e p e n d e n c e 'o f  d o u b l e - l a y e r  c a p a c i t y  on  t h e s e  

p a r a m e t e r s ,  a n d  b o t h  o f  t h e s e  q u a n t i t i e s  a r e  d i f f e r e n t  a t  t h e
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two s a m p l in g  t im e s  em ployed  i n  t h e  DPP m e th o d , a n  e r r o r  i n  

d . c .  c h a r g i n g  c u r r e n t  c o m p e n s a t io n  i s  i n h e r e n t  i n  t h i s  t e c h ­

n iq u e  .
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E l e c t r o d e  K i n e t i c s

The d e t e r m i n a t i o n  o f  Cd i n  t h e  p r e s e n c e  o f  a n  e l e c t r o d e  

r e a c t i o n  w ould  be  o f  g r e a t  b e n e f i t  i n  t h e  f i e l d  o f  e l e c t r o d e  

k i n e t i c s  f o r  two r e a s o n s .  F i r s t l y ,  s i n c e  t h e  o b j e c t  o f  e x ­

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

com ponen ts  o f  t h e  f a r a d a i c  im p e d a n c e ,  goo d  c o m p e n s a t io n  f o r  

c h a r g i n g  c u r r e n t  i s  n e c e s s a r y .  T h is  i s  e s p e c i a l l y  t r u e  i n  

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

a c t i o n s  w here  h ig h  f r e q u e n c i e s  m ust be  u s e d ,  a n d  / t h u s } l a r g e  

c h a r g i n g  c u r r e n t s  a r e  e n c o u n t e r e d .  S e c o n d ly ,  t h e  v a lu e  o f  

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

i n f o r m a t i o n  on t h e  b e h a v i o r  o f  th e  e l e c t r o a c t i v e  s p e c i e s  i n  

t h e  d o u b le  l a y e r .  T h u s , i t  c o u ld  be  d e te r m in e d ,  f o r  e x am p le , 

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

t r o d e  r e a c t i o n  m echan ism .

A n a l y s i s  o f  S u r f a c t a n t s

Many s u r f a c t a n t s  become s p e c i f i c a l l y  a d s o r b e d  a t  t h e  

D.M .E. o v e r  a  c h a r a c t e r i s t i c  r a n g e  o f  p o t e n t i a l s  d e p e n d in g  

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

l y t e .  The c a p a c i t y - p o t e n t i a l  c u r v e s  r e s u l t i n g  from  t h i s  a d ­

s o r p t i o n  a r e  c h a r a c t e r i z e d  by  two s h a r p  p e a k s ,  m a rk in g  t h e  

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

p r e s s e d  d o u b l e - l a y e r  c a p a c i t y  -  m a rk in g  t h e  r e g i o n  o f  m ax i­

mum a d s o r p t i o n  -  i n  b e tw e e n .  The m a g n i tu d e  o f  t h i s  e f f e c t
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i s  a  f u n c t i o n  o f  t h e  a u r f a c e  c o n c e n t r a t i o n  o f  a u r f a c t a n t  a t  

t h e  D .M .E, T h is  s u r f a c e  c o n c e n t r a t i o n  i s  r e l a t e d  t o  th e  b u l k  

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

t i o n  i s o t h e r m .  S l u y t e r a - R e h b a c h  {$5 )  was a b l e t o  show, f o r  

e x a m p le ,  t h a t  i n  t h e  c a s e  o f  t h e  t h a l l i u m  s y s te m  d i s c u s s e d  

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

t i o n  o f  T l+ was d i r e c t l y  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  

o f  T l+ i n  t h e  b u l k  o f  t h e  s o l u t i o n .  T h u s ,  q u a n t i t a t i v e  a n a ­

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

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

I
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A p p e n d ix  A - l

D e r i v a t i o n  o f  F u n d a m e n t a l  E q u a t i o n  f o r  the A. C. G a in  o f

I n  t h e  c o n f i g u r a t i o n  sh ow n  i n  diagram IV o f  S e c t i o n  I I I ,  

o f t e n  c a l l e d  t h e  i n v e r t i n g  c o n f i g u r a t i o n  of an o p e r a t i o n a l  

a m p l i f i e r ,  t h e  e x p r e s s i o n  f o r  t h e  magnitude of th e  a . c ,  gain, 

G, i s  g i v e n  by

w h e r e  e Q a n d  e & a r e  t h e  o u t p u t  a n d  a p p lied  v o l ta g e s  r e s p e c ­

t i v e l y  a n d  a n d  Z^ a r e  t h e  f e e d b a c k  and input im p ed an ces  

r e s p e c t i v e l y .  F rom  a . c ,  c i r c u i t  t h e o r y  we may w r i t e  f o r  

Z f  a n d  Z^

W here  j  = V - l ,  Rf  a n d  Cf  a r e  t h e  feedback r e s i s t a n c e  and 

c a p a c i t y ,  w h i l e  Rx i s  t h e  e q u i v a l e n t  se r ies  r e s i s t a n c e  and 

i s  t h e  d o u b l e - l a y e r  c a p a c i t y .  S u b s t i tu t in g  ( 2 a )  a n d  

( 2 b )  i n t o  ( 1 )  we o b t a i n  a f t e r  rea rran g e m en t

t h e  C u r r e n t  A m p l i f i e r  A t  P h a s e  N u l l

(2a)

(2b)

(3)



A t  ph ase  n u l l  o c ^ »  "the p h a s e  angle o f  t h e  e q u i v a l e n t  c e l l  c i r ­

c u i t ,  i s  e q u a l  t o  oc.f , t h e  phase a n g l e  o f  t h e  f e e d b a c k  c i r c u i t  * 

T h i s  r e s u l t s  i n

o t i = t a n " 1  - (w R xCd ) " 1 * ccf  = t a n " 1  -(u)Rf Cf ) “ 1  ( 4 )

T h i s  r e s u l t s  i n ,

RxOd =Rf Of  ( 5 )

S u b s t i t u t i n g  e q u a t i o n  ( 5 )  in to  e q u a t i o n  ( 3 )  we se e  t h a t  a t  

p h a s e  n u l l  t h e  n u m e r a t o r  an d  d e n o m in a to r  o f  th e  t e r m  i n  b r a c k ­

e t s  i n  e q u a t io n  ( 3 )  a r e  e q u a l ,  g iv in g  f o r  GQ -  th e  m a g n i tu d e  

o f  t h e  gain a t  p h a s e  n u l l  -  the e x p r e s s i o n



1 1 0 -

A ppend ix  A-2

D e r i v a t i o n  o f  t h e  C om p le te  E q u a t io n  f o r  A .C .  G a in  N ear  P h a se  

N u l l

The c o n f i g u r a t i o n  f o r  t h e  c u r r e n t  a m p l i f i e r  shown i n  

d ia g ra m  VI i n  s e c t i o n  IV o f  t h i s  t h e s i s  i s  e s s e n t i a l l y  t h e  . 

same a s  t h a t  r e f e r r e d  t o  i n  A ppend ix  A - l .  H ence , i t  i s  

s t i l l  t r u e  t h a t

w here  r  = Rf /R s . S u b s t i t u t i n g  e q u a t i o n  (3 )  a n d  e q u a t i o n  (2 )  

i n t o  e q u a t i o n  (1 )  g i v e s

( 1 )

I t  may be  shown t h a t  Z^. may be  w r i t t e n  a s

Z
1 + j w R f C f ( 2 )

a n d  t h a t  Z^ i s  g iv e n  by

(3 )

Ra” 1 + j w C f  (1 + r )
- B  f  - w

F a c t o r i n g  o u t  from  t h e  s e c o n d  te rm  i n  b r a c k e t s

g i v e s
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G = ^  [(1+ j«Rf Cf ) / ( l  + j«RxCd i] [7juRs Cf ) " 1 + (l+r)J
-1

(5 )

R a t i o n a l i z i n g  t h e  t e r m  [1 + jujR^C^T] [ ( jW R gCf ) + (l+r)J 
g i v e s

- 1

G = Cf

1 + 3 { (u R g C f)* 1 + <oRf Cf ( l + r ) ]  

(1  + juRxCd ) £ (aK gCf ) ” 2+ ( l + r ) Z3
( 6 )

I t  may be  shown from  e q u a t i o n  (2 )  t h a t  t h e  p h a s e  a n g l e  o f  t h e  

f e e d b a c k  im pedance  i s  g iv e n  by

o c f  = t a n ” 1 -  [(luRgC^)” 1 + wRf Cf ( l + r ) |- 1 - 1 (?)

S i m i l a r l y ,  i t  may b e  shown t h a t  t h e  p h a se  a n g l e  o f  t h e  equ iva*  

l e n t  c e l l  c i r c u i t  i s

oc j, = t a n - 1 - - 1 ( 8 )

S u b s t i t u t i n g  e q u a t i o n  (7 )  a n d  e q u a t i o n  (8 )  i n t o  e q u a t i o n  (6 )  

g i v e s

( t a n  oc- ) ” 1 + j

( t a n  oCi ) " 1 +
x A (9 )

H ere  A = EwRaCf ) ~ 2 + U + r ) 2J  ~1 * R a t i o n a l i z i n g  e q u a t i o n  (9 )  

g i v e s
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a «
( t a n  ofc t a n  (
----------- =------------------------7 1 + t a n  oc .

1 + ( t a n  oc i )""; v 1
t a n  oc f

+ j ( t a n  c^. -  t a n  oc^)^

(To)

U s in g  t h e  f o l l o w i n g  t r i g o n o m e t r i c  i d e n t i t i e s  :

t a n  a  -  t a n  b = s i n ( a - b )
c o s  a  y  co s  b

1 + t a n 2a  = ( c o s 2a ) “ ^

,  . t a n  a  -  t a n  b1 + t a n  a  t a n  b  = ~ ------ _ s i n ( a -  
t a n ( a -' f t

cos  a  co s  b =

c o s ( a - b J  
c o s  a  c o s  b

e q u a t i o n  10 c a n  be  s i m p l i f i e d  t o  g iv e

C , r s i n  oc . , f l
G = C j  |_ s l n  CC f  ( ° 03 + 1 s i n  x  A (1 1 )

H ere  aoc i s  t h e  p h a se  e r r o r  o r  d i f f e r e n c e  i n  p h a s e  a n g l e  b e ­

tw e e n  t h e  o u t p u t  v o l t a g e  o f  t h e  c u r r e n t  a m p l i f i e r  a n d  t h e  i n p u t  

v o l t a g e  t o  t h e  p o t e n t i o s t a t .  E x p e r i m e n t a l l y ,  Aoc i s  a lw a y s  

l e s s  t h a n  1° so  t h a t  c o s  a-oc = 1* a l s o ,  t h e  a b s o l u t e  v a lu e  o f  

G. | G | .  i s  m e a s u r e d ^ s in c e  t h e  r e c t i f i e d  o u t p u t  o f  t h e  c u r r e n t  

a m p l i f i e r  i s  m e a s u re d .  T hus, r e l a t i n g  e q u a t i o n  (1 1 )  t o  e x ­

p e r i m e n t a l  c o n d i t i o n s  we o b t a i n
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|G| =
e m  oc 
s i n  oc -  (1 + s i n 2 ooc)^ x A

S in c e  a o c < 1 ° ,  s i n  a o c  <  0 .0 1 8  a n d  n e g l e c t i n g  t h e  te rm  

s i n  ^oc. i n  p a r e n t h e s i s  w ou ld  l e a d  t o  a n  e r r o r  l e s s  t h a n

0 .1  p a r t s  p e r  th o u s a n d .  T h u s ,  n e a r  p h a se  n u l l ,  t h e

e q u a t i o n  f o r  t h e  g a i n  o f  t h e  c u r r e n t  a m p l i f i e r  i s

( 1 2 )
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C , s i n  oc .
Gl = c ;  S I 5T 5E7  x A  ( 1 3 )

S in c e  oc^  =* o c f  + a o c ,  t h e n  s i n  = s i n  (o c ^  + &BC ) .  U s in g  

t h e  i d e n t i t y  s in (a+ t> )  = s i n  a  co s  b + co s  a  s i n  b we o b t a i n

C , r  s i n  * * 7
|G| = g -  | c o s  ^  a . 1 X A ( W )

A g a in ,  s i n c e  & o t< l° ,  t h e n  c o s  ^ o C ^ l  a n d  t h e r e f o r e

C , s i n  Aoc“ ]
= cf [_1+ t«rsqj xA <W)

The e x p r e s s i o n  f o r  A g iv e n  p r e v i o u s l y  c a n  b e  s i m p l i f i e d .  "A" 

was d e f i n e d  a s

A = |(wHs Cf ) " 2 + ( 1 + r ) 2]  " 1 (16 )

O
Now t h e  t e r m  («R_C.p)”  4jC. 1 u n d e r  a l l  e x p e r im e n ta l  c o n d i t i o n s

3  X

an d  may be  n e g l e c t e d .  I n  a d d i t i o n ,  r  i s  n e v e r  g r e a t e r  t h a n
p

5 x 10 J a n d  (1 + r )  = 1 + 2 r  i s  a  good a p p r o x i m a t i o n .  T h u s ,

e q u a t i o n  (1 5 )  can  now be  w r i t t e n  a s
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S in c  e s i n  a o l / t a n  o a n d  2 r  a r e  a t  m ost  0 ,0 2  a n d  0 ,0 1  r e ­

s p e c t i v e l y ,  e q u a t i o n  (1 ? )  c a n  be m o d i f i e d  f u r t h e r  u s i n g  t h e  

a p p r o x im a t io n  ( l  + ) f ) / ( l  + S ) = ' l  + X -  S » i f  if a n d  & a r e  «  jL.

T h u s ,  t h e  f i n a l  e q u a t i o n  f o r  t h e  a . c ,  g a i n  o f  t h e  c u r ­

r e n t  a m p l i f i e r  n e a r  p h a se  n u l l  i s

( 1 8 )
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A£gendixA^2^

D e r i v a t i o n  o f  t h e  E x p r e s s i o n  f o r  t h e  E q u i v a l e n t  S e r i e s  C apa­

c i t y  i n  t h e  P r e s e n c e  o f  F a r a d a i c  C u r r e n t

R e f e r r i n g  t o  d ia g ra m  I I  o f  t h e  e q u i v a l e n t  c e l l  c i r c u i t  i n  

s e c t i o n  I I I  o f  t h i s  t h e s i s ,  we s e e  t h a t  Z^., t h e  f a r a d a i c  im­

p e d a n c e ,  i s  g iv e n  by

w here © i s  t h e  c h a rg e  t r a n s f e r  r e s i s t a n c e  an d  i s  t h e  

W arburg  im p e d a n c e . I t  may be  shown {$2 )  t h a t  W^. may be 

w r i t t e n  a s

S u b s t i t u t i n g  e q u a t i o n  (2 )  i n t o  e q u a t i o n  (1 )  we o b t a i n ,  a f t e r  

some r e a r r a n g e m e n t ,

Zf © + W ( 1)

Wg. = aruT^ ( 1 - j ) (2 )

Zf  = A ( p + l - j ) ( 3 )

H e re ,  A = <rw ^  a n d  p= e /A .  To e v a l u a t e  Z , t h e  im pedance  

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

( 4 )

w here  Zp i s  t h e  e q u i v a l e n t  p a r a l l e l  im pedance  o f  a n d  Z^
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Zp may be e v a l u a t e d  a s  f o l lo w s

r i  1*1-1 Co * *f
z d  = \ ~  *  — \ = ---------P lfcd Zf J ZCd + zf

Now Zq = -  j  X^ w here  Xc -  1 / t^Cd . I n s e r t i n g  t h i s  d e f i n i -  
d d d

t i o n  o f  Zn i n t o  e q u a t i o n  (5 )  a n d  r e c a l l i n g  t h e  e x p r e s s i o n  
d

f o r  Z~ i n  e q u a t i o n  (3 )»  we o b t a i n  f o r  Z
r

xc ^ [ l  + j  (1 + p )]

' P (1+P) - j (  l + q )

H ere  q = X„ /A .  R a t i o n a l i z i n g  a n d  r e a r r a n g i n g  e q u a t i o n  (6 )  
d

g i v e s

z ---------------------%---------------------5  f ( l + P> f l + ( 1 + < 1 ) } ]
p (l+p)2+ (l+q)2

_ j x  f i U L ± _ U ± E l i  1  ( 7 )
d lll+p)2 + (l+q)2J

R e c a l l i n g  e q u a t i o n  ( 4 ) ,  we c an  w r i t e  f o r  Z

r ( l + q )  + (1 + P )2 1
Zgo = Reo “ j Xr  --------- o ---------  2eq  eq  Cd|_(l+q) + (1+ p ) J

H ere  R0q s t a n d s  f o r  t h e  te rm s  i n  e q u a t i o n  ( 8 )  w h ich  a r e  n o t  

m u l t i p l i e d  by  j .  From a , c .  c i r c u i t  t h e o r y  i t  c a n  be  shown 

t h a t  t h e  im p e d a n c e ,  Z , f o r  a  s e r i e s  c o m b in a t io n  o f  a  r e s i s ­

t a n c e ,  R, a n d  a  c a p a c i t a n c e ,  C i s  g i v e n  by
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Z = R -  j Xc (90

w here  XQ -  t h e  c a p a c i t i v e  r e a c t a n c e  -  i s  l / u J C .  C om paring

e q u a t i o n  (9 )  a n d  e q u a t i o n  (8 )  we s e e  t h a t  t h e  im pedance  o f

t h e  e q u i v a l e n t  c e l l  c i r c u i t ,  Ze ^ ,  i s  e q u i v a l e n t  t o  a  s e r i e s

c o m b in a t io n  o f  a  r e s i s t a n c e  a n d  c a p a c i t a n c e ,  Re ^  a n d  Ceq ,

w here  X„ i s  g iv e n  by 
eq

xc = xc R -MqV - (io>eq Cd L(l+p)2 + (l+q)LI

R e c a l l i n g  t h a t  Xn = 1 /  cj c , we g e t  a f t e r  r e a r r a n g e m e n t

c eq = C ,  I 1 +r !  + — — n  ( n )
L  ( 2 / q )  f ( p ) + a j

w here  f ( p )  = 1 + p + ( p 2/ 2 ) .
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A ppend ix  A -^

S p e c i f i c a t i o n s  o f  Com ponents

R e s i s t o r s  -  A l l  C o m in g ,  ^  w a t t ,  1$ u n l e s s  o t h e r w i s e  n o ted *  
a l l  v a lu e s  a r e  i n  ohms w i t h  K e q u a l  t o  1000  a n d  M e q u a l  t o
1 ,0 0 0 , 000.

R - l 1 0 ,  £  w a t t
R-2 1 K
R-3 1 K
R -^ 1 K
R -5 1 K, 10 t u r n  p o t e n t i o m e t e r ,  w i r e  wound, 0
R -6 3 K
R -7 1 K
R -8 100
R-9 1 M
R -10 C l a i r e x  703L p h o t o c e l l
R - l l 200
R-12 200
R-13 100 K
R -14 5 0 , £  w a t t
R -15 1 K
R-16 20 K
R - l ? 7 5 , i  w a t t
R-18 50 K
R-19 C l a i r e x  703L p h o t o c e l l
R -20 50
R-21 1 K
R-22 7 5 , i  w a t t
R -23 1 0 ,  t  w a t t
R -24 1 K
R -25 2 K
R -26 2 M
R -27 1 M
R-28 100 K
R -29 2 . 5  K, l i n e a r  t a p e r ,  1 t u r n  p o t e n t i o m e t e r
R -30 10 K
R-31 100 K
R-32 1 M
R-33 10 K, l i n e a r  t a p e r ,  1 t u r n  p o t e n t i o m e t e r
R -3 ^ 300
R-35 5 0 , \  w a t t
R -36 100 K
R-37 100 K
R-38 1 M
R -39 1 M
R -^0 500 K
R-*H 2 .2  M
R-42 10 K, 10 t u r n  p o t e n t i o m e t e r ,  w i r e  wound,



C a p a c i t o r s  -  A l l  u n i t s  a r e  p o l y s t y r e n e  a n d  r a t e d  200 
v o l t s .  A l l  v a l u e s  u n l e s s  o t h e r w i s e  n o t e d  a r e  i n  m ic r o ­
f a r a d s .  p f  = p i c o f a r a d s

C - l  50 p f
C-2 .0 05
C-3 .01
C -4  .02
C -5  .01
C-6 .02
6 - 7  .0 2 6
C-8 .1
C-9 .1

D io d es
D - l , D-5 L i g h t  e m i t t i n g  d i o d e s .  G e n e r a l  E l e c t r i c

ty p e  S S L -22 .
D -2 ,  D -3 , D-4 IN -34  AC germ anium

I n d u c t o r
L - l  1 .2 4  H en ry ,  one s i d e  o f  s u b o u n c e r  a u d io  t r a n s f o r m e r

A m p l i f i e r s  -  A l l  u n i t s  a r e  s o l i d  s t a t e  o p e r a t i o n a l  a m p l i f i e r s .
A - l ,  A—3 A n a lo g  D e v ic e s  t y p e  148 A.
A -2 ,  A -6  A n a lo g  D e v ic e s  ty p e  14-9 A.
A -4 ,  A -5 t  A - 7 ,  A -8 A n a lo g  D e v ic e s  t y p e  801 -C .
A -9  P h i l b r i c k  t y p e  P-2A .

GR Impedance Comparator -  G en era l Radio ty p e  1605-A 
Impedance C om parator.
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