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ABSTRACT

T h e  a i m s  o f  t h e  w o r k  p r e s e n t e d  i n  t h i s  t h e s i s  a r e

t w o f o l d .

T h e  f i r s t  o b j e c t i v e  w a s  t h e  d e v e l o p m e n t  o f  n o v e l  

p o l y m e r  m o d i f i e d  e l e c t r o d e s  f o r  e l e c t r o c a t a l y s i s .  L e a d ( I V )  

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

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

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

s y n t h e s i s  o f  a p o l y m e r  c o a t  c o n t a i n i n g  a l e a d ( 1 1 ) / l e a d ( I V ) 

c a r b o x y l a t e  r e d o x  c o u p l e  w i t h  t h e  a i m  o f  p r o d u c i n g  a n  

e l e c t r o c a t a l y t i c  m o d i f i e d  e l e c t r o d e  m i m i c k i n g  t h i s  

r e a c t i v i t y .  T h e  p r e p a r a t i o n  a n d  c h a r a c t e r i s a t i o n  o f  

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

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

t h e s e  m o i e t i e s  t o  f o r m  l e a d ( I I )  c a r b o x y l a t e  s p e c i e s  i s  

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

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

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

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

S e c o n d l y ,  t h e  o x i d a t i o n  a n d  r e d u c t i o n  o f  t h e  

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

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

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

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

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

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

m e c h a n i s m  o f  t h e  c o a t  r e d o x  r e a c t i o n s .
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Figure 5.18 Evolution of the potential of a
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CHAPTER 1 INTRODUCTION

1 . 1  P o l y m e r  M o d i f i e d  E l e c t r o d e s

T h e  e l e c t r o c h e m i c a l  o x i d a t i o n  o r  r e d u c t i o n  o f  a 

s u b s t r a t e  i n  s o l u t i o n  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  

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

i n v o l v e s  d i r e c t  e l e c t r o n  t r a n s f e r  b e t w e e n  t h e  F e r m i  l e v e l  o f  

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

r e a c t i v i t y  o f  t h e  e l e c t r o d e -  i t s  s t r e n g t h  a s  a n  o x i d i s i n g  o r  

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

p o t e n t i a l ^ 1 ^ . T h e  p l a n a r  n a t u r e  o f  t h e  e l e c t r o d e  s u r f a c e  

a l s o  m e a n s  t h a t  i t  i s  e x t r e m e l y  i n s e n s i t i v e  t o  s u b s t r a t e  

g e o m e t r y .

I n  o r d e r  t o  a c h i e v e  g r e a t e r  k i n e t i c  s p e c i f i c i t y  a t  

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

C h e m i c a l  m o d i f i c a t i o n  o f  a b a r e  e l e c t r o d e  i s  t h e  

i m m o b i l i s a t i o n  o f  a t h i n  f i l m  o f  a c h o s e n  s u b s t a n c e  o n t o  t h e  

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

e l e c t r o l y t e  c o n t a c t ,  s o  t h a t  e l e c t r o n  t r a n s f e r  b e t w e e n  m e t a l  

a n d  s o l u t i o n  i s  m e d i a t e d  b y  t h e  r e d o x  g r o u p s  p r e s e n t  i n  t h e  

c o a t  ( F i g .  1 . 1 ) .  I t  w a s  h o p e d  t h a t  c a r e f u l  s e l e c t i o n  o f  

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

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

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

t h e  g r o w t h  i n  i n t e r e s t  i n  c h e m i c a l l y  m o d i f i e d  e l e c t r o d e s

( 2 )
s i n c e  t h e  i n i t i a l  e x p e r i m e n t a l  w o r k  b y  M u r r a y  e t  a l

T h e  w o r k  d e s c r i b e d  i n  t h i s  t h e s i s  i s  c o n c e r n e d  

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

p o l y m e r i c  s p e c i e s .  P o l y m e r  m o d i f i e d  e l e c t r o d e s  t y p i c a l l y
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F i g u r e  1 . 1  S c h e m a t i c  r e p r e s e n t a t i o n  o f  m e d i  

o f  a s u b s t r a t e  ( S )  t o  a p r o d u c t  

e l e c t r o d e .

E l e c t r o d e  C o a t

0 0 0 0

R  R  R  R

t e d  o x i d a t i o n  

P )  a t  a  m o d i f i e d

E l e c t r o l y t e



c o n t a i n  a v e r y  h i g h  c o n c e n t r a t i o n  o f  r e d o x  a c t i v e  c e n t r e s

( 4  )
( o f  t h e  o r d e r  o f  0 . 1 - 5  M o l a r  ) a n d  m a y  b e  m a n y  l a y e r s  

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

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

g r e a t e r  t h a n  t h a t  o f  a b a r e  o r  m o n o l a y e r  c o a t e d  e l e c t r o d e .

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

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

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

n e w  e l e c t r o c a t a l y s t s  a n d  s e n s o r s  ( s e c t i o n  1 . 3 ) .  H o w e v e r ,  

t h e  s u c c e s s  o f  t h i s  s t r a t e g y  h a s  b e e n  l i m i t e d ;  f e w  w o r k i n g  

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

r e s e a r c h .  T h e  o b j e c t i v e  o f  t h e  w o r k  p r e s e n t e d  i n  t h i s  t h e s i s  

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

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

1 . 1 . 1  P o l y m e r  T y p e s

M a n y  d i f f e r e n t  t y p e s  o f  s u r f a c e  b o u n d  r e d o x  

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

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

s p e c i e s  p r e s e n t  i n  t h e  c o a t  a n d  t h e  m e c h a n i s m  b y  w h i c h  

c h a r g e  c o n d u c t i o n  o c c u r s  t h r o u g h  t h e  p o l y m e r .  F i r s t l y ,  t h e  

e l e c t r o c h e m i c a l l y  a c t i v e  g r o u p s  m a y  f o r m  p a r t  o f  t h e  p o l y m e r  

b a c k b o n e  i t s e l f ,  a s  i n  t h e  c a s e  o f  p o l y t h i o n i n e  ( C h a p t e r  5 ) ,  

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

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

i n o r g a n i c  i o n s  i n c o r p o r a t e d  i n t o  p o l y m e r s  f o r  e l e c t r o -  

o r g a n i c  o x i d a t i o n s  ( C h a p t e r  4 ) .  S e c o n d l y ,  t h e  c o a t s  c a n  b e

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



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

e l e c t r o n s  t h r o u g h o u t  t h e  c o a t  g e n e r a l l y  t a k e s  p l a c e  v i a  a n

" e l e c t r o n  h o p p i n g "  m e c h a n i s m ^ ^ ^ ^  ( F i g u r e  1 . 2 ) .  F o r  t h e s e

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

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

o c c u r s  b y  h o p p i n g  b e t w e e n  n e i g h b o u r i n g  r e d o x  s i t e s ,  w i t h  t h e

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

t h i s  p r o c e s s  b y  d e c r e a s i n g  t h e  j u m p  d i s t a n c e ,  A .  E x a m p l e s  o f

t h i s  t y p e  o f  p o l y m e r  a r e  g i v e n  i n  F i g u r e  1 . 3 .  H o w e v e r ,  s o m e

a r o m a t i c  c o m p o u n d s  ( F i g u r e  1 . 4 ) ,  w h e n  e l e c t r o p o l y m e r i s e d ,

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

u n s a t u r a t i o n ,  f o r m i n g  a d e l o c a l i s e d  i r - s y s t e m .  E l e c t r o n

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

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

( 1 6 )
1 0  S / c m  h a v e  b e e n  m e a s u r e d  . T h e s e ,  a r e  w i d e l y  r e f e r r e d  t o  

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

d i s c u s s e d  i n  C h a p t e r  4 .

F u r t h e r  i n f o r m a t i o n  c o n c e r n i n g  p o l y m e r  m o d i f i e d

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

( 3 )  ( 4 )
A l b e r y  a n d  H i l l m a n  a n d  M u r r a y



F i g u r e  1 . 2  C o n d u c t i o n  i n  p o l y v i n y l  p o l y m e r s  v i a  a n  e l e c t r o n

h o p p i n g  m e c h a n i s m .



F i g u r e  1 . 3  E x a m p l e s  o f  p o l y m e r s  a n d  p o l y m e r i s a b l e  m o n o m e r s
28

w h i c h  p r o d u c e  m o d i f i e d  e l e c t r o d e s  f o r  w h i c h  

e l e c t r o n i c  c o n d u c t i o n  o c c u r s  b y  e l e c t r o n  h o p p i n g .

P o  l y v i n y l p y r i d i n e

F e P o l y v i n y l f e r r o c e n e



Pigurg 1.4 Some aromatic monomers which produce conducting

p o l y m e r  m o d i f i e d  e l e c t r o d e s .

P y r e n e

P y r r o l e
T h i o p h e n e
F u r a n



1 . 2  M e t h o d s  O f  P r e p a r a t i o n

1 . 2 . 1  C o v a l e n t  C h e m i c a l  L i n k a g e

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

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

s u r f a c e  o f  g l a s s y  c a r b o n  a n d  m e t a l  e l e c t r o d e s .  E x a m p l e s  o f

t h e s e  r e a c t i o n s  a r e  g i v e n  i n  F i g u r e  1 . 5 .  T h e  d e r i v a t i s i n g

s p e c i e s  t y p i c a l l y  c o n t a i n s  a g r o u p ,  R ,  p o s s e s s i n g  a r e a c t i v e

m o i e t y  s u c h  a s  - C l ,  - N H 2 o r  - C 0 2 H w h i c h  a l l o w s  f o r  f u r t h e r

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

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

g e n e r a l l y  i n v o l v i n g  m o i s t u r e - s e n s i t i v e  c o v a l e n t  l i n k i n g

a g e n t s .  T h e  t e c h n i q u e  i s  i d e a l l y  s u i t e d  f o r  p r o d u c i n g

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

-  o t h e r  t h a n  p o l y m e r s  o r  c o p o l y m e r s  o f  t h e  d e r i v a t i s i n g  

( 13 )
r e a g e n t  -  d u e  t o  t h e  i n o r d i n a t e  a m o u n t  o f  s y n t h e s i s  

i n v o l v e d .

1 . 2 . 2  S u r f a c e  A d s o r p t i o n

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

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

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

d i s a d v a n t a g e s  o f  t h i s  m e t h o d  a r e  t h a t  t h e  c o a t i n g  s u b s t a n c e  

p r e s e n t  i n  s o l u t i o n  m a y  i n t e r f e r e  w i t h  t h e  s o l u t i o n  r e d o x  

r e a c t i o n  a n d  t h a t  l o n g - t e r m  e l e c t r o d e  s t a b i l i t y  m a y  b e  

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

T h e r e  i s  a l s o  n o  c o n t r o l  o f  t h e  c o a t  t h i c k n e s s  a n d  t h e  

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

l i m i t e d .  T h e  s e c o n d  m e t h o d  i s  t h a t  o f  i r r e v e r s i b l e
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F i g u r e  1 . 5  E x a m p l e s  o f  s u r f a c e  d e r i v a t i s i n g  r e a c t i o n s  f o r  

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

X
X
X
V

/O H  +  X - S i - RX
\

\

\

\
0 — S i — R

\

C l

C l C l



a d s o r p t i o n  -  a s o l u t i o n  o f  t h e  p o l y m e r  i s  d e p o s i t e d  o n t o  t h e  

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

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

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

c o a t i n g )  o r  d r o p p i n g  t h e  d i s s o l v e d  p o l y m e r  o n  a n d  s p i n n i n g  

t h e  e l e c t r o d e  t o  r e m o v e  t h e  s o l v e n t  ( s p i n  c o a t i n g ) .  T h e  c o a t  

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

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

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

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

i m m o b i l i s a t i o n  o f  f u n c t i o n a l i s e d  p o l y v i n y l

^ ( 5 , 6 , 7 , 8 )  
c o m p o u n d s

P r o b l e m s  w i t h  t h i s  t e c h n i q u e  c a n  b e  t h e  s t a b i l i t y  

o f  t h e  e l e c t r o d e - c o a t  b o n d i n g  a n d  t h e  c o n t r o l  o f  c o a t  

p o r o s i t y ,  i n c l u d i n g  t h e  e l i m i n a t i o n  o f  p i n - h o l e s  w h i c h  l e a v e  

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

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

1 . 2 . 3  P l a s m a  D i s c h a r g e

T h i s  i s  a m e t h o d  b e s t  s u i t e d  t o  p o l y m e r  m o d i f i e d  

e l e c t r o d e s  f o r m e d  b y  t h e  p o l y m e r i s a t i o n  o f  r a d i c a l s .  M o n o m e r  

v a p o u r  i s  p o l y m e r i s e d  b y  a r a d i o  f r e q u e n c y  p l a s m a  b e a m  a n d

p o l y m e r  p r o d u c t  i s  d e p o s i t e d  o n t o  t h e  e l e c t r o d e

. (9. 10) . . . . . . . . . ,
s u r f a c e  . T h i s  p r o v i d e s  a n  e v e n  c o a t ,  w i t h  a t h i c k n e s s

w h i c h  c a n  b e  e a s i l y  c o n t r o l l e d .  H o w e v e r ,  t h e  m a i n  d r a w b a c k s

a r e  t h e  n e e d  f o r  a s p e c i a l i s t  U H V  p l a s m a  m a c h i n e  a n d  c o a t

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



1 . 2 . 4  E l e c t r o c h e m i c a l  C o a t i n g

T h i s  i s  t h e  p r e p a r a t i v e  m e t h o d  u s e d  f o r  

p o l y t h i o n i n e  a n d  t h e  c o n d u c t i n g  p o l y m e r s  ( C h a p t e r s  4 & 5 ) .  

O x i d a t i o n  o r  r e d u c t i o n  o f  r e d o x  m o n o m e r s  i n  s o l u t i o n  m a y  

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

e l e c t r o d e  s u r f a c e  t o  y i e l d  a p o l y m e r  m o d i f i e d  e l e c t r o d e .

T h e  u s e  o f  a w o r k i n g  e l e c t r o d e  w i t h  c o n t r o l l e d  h y d r o d y n a m i c s  

( e . g .  t h e  r o t a  t i n g - d i s c  e l e c t r o d e )  a n d  t h e  c o n t r o l  o f  

c o a t i n g . p o t e n t i a l  o r  c u r r e n t  a l l o w s  f a c i l e  o p t i m i s a t i o n  o f  

t h e  c o a t i n g  c o n d i t i o n s .  F i l m  t h i c k n e s s e s  m a y  b e  v a r i e d  b y  

c h a n g i n g  t h e  c o a t i n g  t i m e ^ ^ .  T h e s e  m o d i f i e d  e l e c t r o d e s  

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

e l e c t r o l y t e  c a n  p e n e t r a t e  t o  t h e  e l e c t r o d e ,  a s  

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

s i t e s ( 1 2 ) . T h i s  d e c r e a s e s  t h e  i m p o r t a n c e  o f  d i r e c t  r e a c t i o n  

a t  t h e  e l e c t r o d e  ( s e c t i o n  4 . 5 . 2 . 1 ) .

A  l i m i t a t i o n  o n  t h i s  m e t h o d  i s  t h a t  f o r  p o l y m e r  

f i l m s  w h i c h  c a n n o t  o x i d i s e  o r  r e d u c e  f r e s h  m o n o m e r  

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

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

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



1.3 Applications

1 . 3 . 1  S e l e c t i v e  R e d o x  R e a c t i o n s

T h e r e  i s  m u c h  i n t e r e s t  i n  t h e  o x i d a t i o n  o f  

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

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

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

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

o f  c a r b o n a c e o u s  d e p o s i t s .  K u l y s  a n d  c o w o r k e r s  h a v e  o x i d i s e d  

e n z y m e s  c o n t a i n i n g  F A D  a n d  h a e m  c e n t r e s  b y  u s i n g  p o l y - ( o -  

q u i n o n e )  a n d  p o l y - ( p - q u i n o n e ) m o d i f i e d  e l e c t r o d e s ,  a s  w e l l  

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

e l e c t r o s t a t i c a l l y  b o u n d  f e r r i c y a n i d e ^  ^ . T h e  o x i d a t i o n  o f

N A D H  b y  q u i n o n o i d  c o a t s  h a s  a l s o  b e e n  i n v e s t i g a t e d  b y  A r a i

( 1 8 ) .  . . .  . .
e t  a l  , w h i l s t  c a t a l y t i c  o x i d a t i o n  o f  a s c o r b i c  a c i d  h a s

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

( 1 9 )
f i l m

A s  w e l l  a s  l a r g e  b i o l o g i c a l  m o l e c u l e s ,  s m a l l

(20)
o r g a n i c  s p e c i e s  h a v e  a l s o  b e e n  o x i d i s e d .  M o u t e t  h a s  u s e d  

t h e  a m i n e  c a t i o n  r a d i c a l  o f  p o l y m e r  I  ( T a b l e  1 . 1 )  t o  c l e a n l y  

o x i d i s e  a c e t a t e  a n d  o c t a n o a t e  a c c o r d i n g  t o  t h e  e q u a t i o n

- e

R C O . -> R ’ + CO.

E x c e l l e n t  u s e  o f  t h e  p o w e r  o f  r u t h e n i u m ( I V ) a s  a n  o x i d i s i n g

( 21 )
a g e n t  h a s  b e e n  m a d e  i n  t h e  w o r k  o f  M e y e r  a n d  S a m u e l s  . A 

f i l m  o f  p o l y v i n y l p y r i d i n e , w h e n  d o p e d  w i t h  a q u o b i s ( 2 , 2  ' -  

b i p y r i d y l ) r u t h e n i u m ( 1 1 ) ,  y i e l d s  a c o a t  w h i c h  c a n  b e  o x i d i s e d  

e l e c t r o c h e m i c a l l y  t o  p r o d u c e  r u t h e n i u m ( I V ) .  T h i s  c a n  t h e n  b e
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T a b l e  1 . 1  S e l e c t e d  P o l y m e r  M o d i f i e d  E l e c t r o d e s

P o l y m e r / M o n o m e r  S t r u c t u r e N u m b e r



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

- 2 e "

( c.h 3 ) 2 c h o h

H_ C P h C 0 o 
3 2

H3CPhCH3

- 2 H  +

- 6 e ~ , - 7 H

-> ( c h 3 ) 2 c = o

+ 2H20

-  1 2 e ” , -  H H

-> 0 .  C P h C 0 _
2 2

+ ;h2o
■> o2cPhco2

T h e  c u r r e n t s  p r o d u c e d  b y  t h i s  e l e c t r o d e  w e r e  d i s a p p o i n t i n g l y

2
s m a l l  ( l e s s  t h a n  1 0  p A / c m  ) a n d  e l e c t r o d e  l i f e t i m e s  w e r e  

v e r y  s h o r t  i . e .  o f  t h e  o r d e r  o f  m i n u t e s .  H o w e v e r  t h e  

c o n c e p t  o f  u s i n g  t w o - e l e c t r o n  o x i d a n t s  t o  m i n i m i s e  r a d i c a l  

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

C h a p t e r  4 .

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

m e d i a t e d  e l e c t r o o r g a n i c  r e d u c t i o n s  h a s  b e e n  e x t r e m e l y

( 2 2 )
l i m i t e d .  M u r r a y  a n d  W i l l m a n  h a v e  i n v e s t i g a t e d  t h e  p h o t o -

a s s i s t e d  r e d u c t i o n  o f  1 , 2 - d i b r o m o - 1 , 2 - d i p h e n y l e t h a n e  t o  

s t i l b e n e  a t  t h e  v i o l o g e n  p o l y m e r  I I  a n d  p o l y m e r i s e d  m o n o m e r  

I I I  ( t a b l e  1 . 1 ) .

P h C H B r B r C H P h  + 2 e  + h v  ------------------------- > P h C H = C H P h

( 2 3 )
K e r r ,  M i l l e r  a n d  V a n  D e  M a r k  s h o w e d  t h a t  t h i s  r e a c t i o n  

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

( p o l y m e r  I V ,  T a b l e  1 . 1 ) .  T h e y  s h o w e d  t h a t ,  p r o v i d e d  t h e  

s o l v e n t  u s e d  w a s  d r y  a c e t o n i t r i l e ,  s t i l b e n e  c o u l d  b e  

p r o d u c e d  o n  t h e  p r e p a r a t i v e  s c a l e .  P h o t o - a s s i s t e d  

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

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



(24)
T h e  p r o p o s e d  r e a c t i o n  s c h e m e  i s  g i v e n  i ne l e c t r o d e s  

F i g u r e  1 . 6 .

A s  w e l l  a s  e l e c t r o c a t a l y t i c  r e d u c t i o n  o f  o r g a n i c

a n d  s o l v e n t  s p e c i e s ,  m u c h  w o r k  h a s  b e e n  p u b l i s h e d  o n  t h e

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

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

f o r  t h e  i m p r o v e m e n t  o f  e x i s t i n g  f u e l  c e l l  t e c h n o l o g y ,  s o m e

e x a m p l e s  o f  p o l y m e r  e l e c t r o d e s  u s e d  f o r  e l e c t r o c a t a l y t i c  g a s

r e d u c t i o n  a r e  s h o w n  i n  T a b l e  1 . 2 .  M o s t  0 ^  e l e c t r o d e s  a r e

q u i n o n e  b a s e d .  T h e y  s u f f e r  f r o m  t w o  m a j o r  p r o b l e m s .  F i r s t l y ,

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

o c c u r s .  S e c o n d l y ,  t h e r e  i s  a r e l a t i v e l y  s m a l l  d r o p  i n

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

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

2
C u r r e n t s  a r e  t y p i c a l l y  o f  t h e  o r d e r  o f  10  p A / c m  , e v e n  f o r

t h e  p o l y p y r r o l e  e l e c t r o d e ,  a s  t h e  p o l y m e r  i s  a p o o r

e l e c t r o n i c  c o n d u c t o r  i n  i t s  r e d u c e d  f o r m  ( C h a p t e r  4 ) .

T h e  e f f i c i e n t  p r o d u c t i o n  o f  h y d r o g e n  f r o m  p r o t o n s

i n  s o l u t i o n  h a s  b e e n  o f  i n t e r e s t  t o  e l e c t r o c h e m i s t s ,  a s

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

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

( 3 1 )
s o l a r  c e l l s .  W r i g h t o n  a n d  H a r r i s o n  h a v e  p r o d u c e d  a 

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

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

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

. ( 3 2 )
p o l y m e r s
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F i g u r e  1 . 6  T h e  p r o p o s e d  r e a c t i o n  s c h e m e  f o r  p h o t o a s s i s t e d  

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

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

C p F e C p  C p F e C p . R X
+  R X

h v < 4 0 0 n m
n n +  R *  + X

C p F e C p — R X  C p F e C p

C p F e C p
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T a b l e  1 . 2  P o l y m e r  M o d i f i e d  E l e c t r o d e s  F o r  G a s  R e d u c t i o n

P o l y m e r  S t r u c t u r e  S u b s t r a t e  P r o d u c t  R e f e r e n c e

0



Polymer Structure S u b s t r a t e Product Reference

+ added

Co(ll)
comp lexes

( a )  I n  D M S O , a s  t h e  s y s t e m  w a s  i n a c t i v e  i n  a q u e o u s

s o l u t i o n .



1 . 3 . 2  B a t t e r i e s

C o n d u c t i n g  p o l y m e r  e l e c t r o d e s  p o s s e s s  h i g h  

e l e c t r o n i c  c o n d u c t i v i t y  a n d  a h i g h  c o n c e n t r a t i o n  o f  r e d o x  

s i t e s  ( S e c t i o n  1 . 1 . 1 ) .  T h i s  m e a n s  t h a t  e f f i c i e n t  c h a r g e  

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

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

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

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

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

r e s p e c t i v e l y  ( F i g u r e  1 . 7 ) .  D u r i n g  d i s c h a r g e ,  a n i o n  i s  

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

e l e c t r o l y t e  i n  o r d e r  t o  m a i n t a i n  c o a t  e l e c t r o n e u t r a l i t y  a n d  

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

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

i . . ( 3 3 , 3 4 , 3 5 )  . . ( 3 6 )
p o l y m e r  c e l l s  o f  p o l y a c e t y l e n e  , p o l y a z u l e n e

( 3 6 )
a n d  p o l y t h i o p h e n e  . O p e n  c i r c u i t  v o l t a g e s  a r e  i n  t h e

2
r a n g e  0 . 5 - 2 . 3  V  a n d  s h o r t - c i r c u i t  c u r r e n t s  o f  u p  t o  3 m A / c m  

h a v e  b e e n  m e a s u r e d .  S h o r t - t e r m  e x p e r i m e n t s  p e r f o r m e d  o n  t h e

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

. .  . ( 3 6 )
p r o p e r t i e s  u p o n  r e c h a r g i n g

1 . 3 . 4  E l e c t r o c h r o m i c  D e v i c e s

T h e r e  h a s  b e e n  m u c h  r e c e n t  i n t e r e s t  i n  t h e

s y n t h e s i s  o f  e l e c t r o c h e m i c a l  d i s p l a y  d e v i c e s  t o  r e p l a c e  L E D

a n d  L C D  d i s p l a y s  w i t h  a c h e a p e r  s y s t e m  w h i c h  i s  e a s y  t o

m a n u f a c t u r e ,  o p e r a t e s  a t  l o w  v o l t a g e s  a n d  h a s  a l o n g



Figure 1.7 The 'all polymer’ cell.
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P o l y m e r



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

t h e  v i o l o g e n s o o
2 +

T h e  V  o x i d a t i o n  s t a t e  s h o w n  c a n  b e  r e v e r s i b l y  r e d u c e d  t o

+ .
f o r m  t h e  c a t i o n  r a d i c a l ,  V  , w h i c h  p o s s e s s e s  a s t r o n g

a b s o r p t i o n  b a n d  i n  t h e  v i s i b l e .  W h e n  R i s  a n  a l k y l  c h a i n

w i t h  a n  e n d - g r o u p  a m e n a b l e  t o  c o n d e n s a t i o n  p o l y m e r i s a t i o n ,

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

( 3 7 , 3 8 , 3 9 )  w
t h e s e  c a n  b e  c o a t e d  o n t o  e l e c t r o d e s  . Y a m a n a  a n d

K a w a t a ^ 0  ̂ h a v e  s t u d i e d  v i o l o g e n  p o l y m e r s  f o r m e d  f r o m

m o n o m e r s  w i t h  t e r m i n a l  v i n y l  g r o u p s .  H o w e v e r ,  t h e s e  c o a t s  a r e

k i n e t i c a l l y  s l o w  t o  r e a c t .

(41,42)
G a m i e r  e t  a l  h a v e  i n v e s t i g a t e d  t h e

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

o f  c o l o u r  w i t h  o x i d a t i o n  s t a t e  ( p o t e n t i a l ) ,  c h e m i c a l  

s t r u c t u r e  a n d  t h e  n a t u r e  o f  t h e  c o u n t e r i o n .  T h e  s w i t c h i n g  

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

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

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

a p l a t i n u m  e l e c t r o d e  f o r  f i l m s  t h i c k e r  t h a n  0 . 1  p m .

1 . 3 . 4  P h o t o e l e c t r o d e s

W i t h  t h e  l i m i t e d  a v a i l a b i l i t y  o f  f o s s i l  f u e l s ,  

a t t e n t i o n  h a s  r e c e n t l y  s w i t c h e d  t o  a l t e r n a t i v e  e n e r g y  

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

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

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



Doped inorganic semiconductors such as gallium

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

e f f e c t i v e  p h o t o e l e c t r o d e s ,  b u t  t h e s e  s u f f e r  f r o m  

p h o t o c o r r o s i o n  r e a c t i o n s ,  w h i c h  l e a d  t o  a d r o p  i n  t h e

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

, , ( 4 3 - 5 1  ) , . .  . ( 4 9 )
p o l y p y r r o l e  a n d  p o l y a n i l i n e  h a v e  b e e n  s h o w n  t o

b l o c k  i o n  a n d  s o l v e n t  t r a n s p o r t  t o  t h e  s e m i c o n d u c t o r

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

s e v e r a l  h u n d r e d  h o u r s .

S e m i c o n d u c t o r  p h o t o s e n s i t i v e  p o l y m e r  m o d i f i e d

e l e c t r o d e s  h a v e  a l s o  b e e n  p r o d u c e d .  E x a m p l e s  o f  t h e s e  a r e

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

(52)
p o l y m e r  a n d  t h i n  f i l m s  o f  p o l y t h i o p h e n e  a n d  p o l y ( 3 -

, . . . .  . . , ( 5 3 )
m e t h y l t h i o p h e n e )

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

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

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

m o l e c u l e s  w i t h i n  a p o l y m e r  c o a t .  A n  e x a m p l e  o f  t h i s  i s

c r o c o n o a t e  v i o l e t  i n  p o l y ( 4 - v i n y l p y r i d i n e ) ,  w h i c h  p r o d u c e s

( 5 4 )
c a t h o d i c  p h o t o c u r r e n t s  u n d e r  i l l u m i n a t i o n  . T h e  s e c o n d  

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

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

. . . ( 5 S )
p o l y v i o l o g e n s

1 . 3 . 5  O t h e r  A p p l i c a t i o n s

C o n d u c t i n g  p o l y m e r s  c a n  b e  m a d e  t o  t a k e  u p  a n d

e x p e l  a n i o n s  r e v e r s i b l y  b y  c y c l i n g  b e t w e e n  t h e  o x i d i s e d  a n d

r e d u c e d  f o r m s  ( C h a p t e r  4 )  a n d  i t  i s  t h i s  f e a t u r e  w h i c h  h a s



45

l e d  t o  t h e  d e v e l o p m e n t  o f  a p o l y ( 3 - m e t h o x y t h i o p h e n e ) f i l m

( 5 6 )
f o r  t h e  c o n t r o l l e d  r e l e a s e  o f  a n i o n i c  d r u g s  . F a c i l e

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

m a g n i t u d e  o f  t h e  c o a t  r e d u c t i o n  c u r r e n t .

W h e n  a f i l m  o f  p o l y p y r r o l e  i s  e x p o s e d  t o  a g a s

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

f i l m .  T h i s  l e a d s  t o  a c h a n g e  i n  c o n d u c t i v i t y  o f  t h e  f i l m

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

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

( 5 7 )
s e n s o r s



Chapter 2 will deal solely with the theory for the

r i n g - d i s c  e l e c t r o c h e m i c a l  t e c h n i q u e s  u s e d  i n  t h i s  t h e s i s .  

N o v e l  t h e o r y  w i l l  b e  d e v e l o p e d  f o r  t h e  u s e  o f  p o t e n t i o m e t r i c  

r i n g  s e n s o r s  t o  o b t a i n  f l u x e s  a t  t h e  s u r f a c e  o f  a r o t a t i n g  

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

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

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

t h e  s t u d y  o f  r e d o x  r e a c t i o n s  i s  w e l l - k n o w n .  T h e o r y  h a s  b e e n  

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

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

. .  . ( 3 . * )
r e a d e r  i s  r e f e r r e d

C h a p t e r  3 w i l l  c o n s i s t  o f  t h e  e x p e r i m e n t a l  d e t a i l s  

f o r  t h e  w o r k  p r e s e n t e d  i n  C h a p t e r s  4 a n d  5 .  A m o n g  t h e  i t e m s  

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

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

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

T h e  d e v e l o p m e n t  o f  c o n d u c t i n g  p o l y m e r  

m o d i f i e d  e l e c t r o d e s  f o r  e l e c t r o c a t a l y t i c  o x i d a t i o n  o f  

o r g a n i c  c o m p o u n d s  w i l l  b e  d i s c u s s e d  i n  C h a p t e r  4 .  T h i s  w i l l  

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

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

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

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

a p p l i c a b i l i t y  o f  t h e s e  f i l m s  t o  e l e c t r o c a t a l y s i s  w i l l  b e  

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

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



t h e s e  m o d i f i e d  e l e c t r o d e s .

C h a p t e r  5 w i l l  c o n c e r n  t h e  k i n e t i c s  a n d  m e c h a n i s m  

o f  r e a c t i o n  o f  a p o l y m e r i c  d y e  m o d i f i e d  e l e c t r o d e ,  

p o l y t h i o n i n e . S p e c t r o s c o p i c  a n d  e l e c t r o c h e m i c a l  d a t a  w i l l  b e  

p r e s e n t e d  a l o n g  w i t h  r e s u l t s  c o l l e c t e d  u s i n g  p o t e n t i o m e t r i c  

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

c o u n t e r a n i o n  t h r o u g h o u t  t h e s e  r e a c t i o n s .  T h e  k i n e t i c s  a n d  

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

l i g h t  o f  t h i s  i n f o r m a t i o n .



C H A P T E R  2 T H E O R Y  _OF R I N G - D I S C  T E C H N I Q U E S

2 . 1  T h e  R o t a t i n g  D i s c  E l e c t r o d e

W h e n  a n  e l e c t r o a c t i v e  s p e c i e s  r e a c t s  a t  a n  

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

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

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

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

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

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

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

c o n v e c t i o n  s y s t e m s  h a v e  b e e n  d e v e l o p e d .  T h e s e  g i v e  a w e l l -  

d e f i n e d  r e p r o d u c i b l e  f l o w  o f  e l e c t r o l y t e  t o  t h e  e l e c t r o d e .  

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

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

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

t r e a t m e n t  i s  t h e  r o t a t i n g  d i s c  e l e c t r o d e  ( R D E ) .

T h e  R D E  c o n s i s t s  o f  a d i s c - s h a p e d  e l e c t r o d e

s u r r o u n d e d  b y  c o p l a n a r  i n s u l a t i n g  m a t e r i a l  ( F i g u r e  2 . 1 ) .

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

( 5 8 )
a t  a c o n t r o l l e d  r a t e .  V o n  K a r m a n  w a s  t h e  f i r s t  t o  

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

d i s c .  U s i n g  t h e  c y l i n d r i c a l  p o l a r  c o - o r d i n a t e  s y s t e m  g i v e n  

i n  F i g u r e  2 . 2 ,  t h e  f l u i d  v e l o c i t y  c o m p o n e n t s  c a n  b e  

r e p r e s e n t e d  b y

%
r u i B ( x / x , .  ) 

H y
_____( 2 . 1 )

V  =
r

r u i G ( x / x u ) 
H y

-------- ( 2 . 2 )

v  =
X

( u > / v ) 1 / 2 H ( x / x u  ) 
H y

_____( 2 . 3 )
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F i g u r e  2 . 1  T h e  r o t a t i n g  d i s c  e l e c t r o d e  ( R D E ) .

i
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F i g u r e  2 . 2  T h e  c y l i n d r i c a l  p o l a r  c o - o r d i n a t e s  a n d  f l u i d  f l o w  

v e c t o r s  u s e d  t o  m o d e l  t h e  R D E .

F i g u r e  2 . 3  T h e  f u n c t i o n s  B ,  G a n d  H .



w h e r e  v  i s  i n  c m s

w i s  t h e  r o t a t i o n  s p e e d  i n  r a d  s  ^

. 2 - 1
v  i s  t h e  k i n e m a t i c  v i s c o s i t y  i n  c m  s  

1 12
a n d  x u =  ( v / u j ) . . . . ( 2 . 4 )

H y

T h e  f u n c t i o n s  B ,  G a n d  - H  a r e  p l o t t e d  i n  F i g u r e

2 . 3 .  I t  c a n  b e  s e e n  t h a t  v ^  i s  i n d e p e n d e n t  o f  r .  T h i s  m e a n s  

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

s o l u t i o n  s p e c i e s ,  s o  s i m p l i f y i n g  m a t h e m a t i c a l  m o d e l l i n g .  T h e  

f l o w  p a t t e r n  p r o d u c e d  i s  s h o w n  i n  F i g u r e  2 . 4 .  T h e  e l e c t r o d e  

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

i t  o u t  l a t e r a l l y .

L e v i c h ^ 9  ̂ u s e d  t h e s e  s t r e a m l i n e s  t o  

m o d e l  m a t h e m a t i c a l l y  t r a n s p o r t  t o  t h e  R D E .  U n d e r  c o n d i t i o n s  

o f  t r a n s p o r t  b y  d i f f u s i o n  a n d  c o n v e c t i o n  w i t h  n o  m i g r a t i o n ,  

t h e  s t e a d y  s t a t e  d i f f e r e n t i a l  e q u a t i o n  f o r  t h e  s y s t e m  i s

-1

D
3c 

Vx 3x _____( 2 . 5 )

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

s p e c i e s  ( m o l  c m  J )

2 -1
D i s  i t s  d i f f u s i o n  c o e f f i c i e n t  ( c m  s  )

T h e s e  c o n d i t i o n s  a p p l y  i f  e x c e s s  b a c k g r o u n d  e l e c t r o l y t e  i s

p r e s e n t .  I n t e g r a t i o n  o f  e q u a t i o n  ( 2 . 5 )  w i t h  t h e  b o u n d a r y

c o n d i t i o n  x ------- > °° c  --------> c  ( w h e r e  c  i s  t h e  b u l k
00

c o n c e n t r a t i o n  o f  t h e  r e d o x  s u b s t a n c e )  a n d  c o m p a r i s o n  w i t h

F i c k ’ s  f i r s t  l a w  g i v e s



Figure 2.4 Flow patterns for an RDE.

Figure 2.5 Calculated concentration profiles at an RDE.

x / X D

1,0 2,0



r -k

______( 2 . 6 )

where cQ is the concentration at x = 0

-2 -1j is the flux at the electrode (mol cm s )

and XQ = 0.643 w" 1 /2v 1 /6 D1 7 3 ---(2.7)

where W is the rotation speed (Hz)

Figure 2.5 gives a typical concentration profile 

with distance from the RDE. At distances of x greater than 

Xp from the electrode, the solution is well-stirred and 

transport is by diffusion and convection, however for x < Xg 

transport by diffusion is dominant. In this region, known as 

the diffusion layer, the solution rotates with the disc.

At the disc surface, the rate of reaction is also 

governed by the electrode kinetics. For the reaction 

+ ne
0 -----> R

the rate constant for reaction at the electrode surface, k', 

is given by

k' = k̂  exp(-otF(E-E0 )/RT)

where a is the electron transfer coefficient^1^

k* is the standard electrochemical rate 0

constant i.e. the value of k' at E = E9  

(cm s 1)

F is Faraday's constant (C mol 1)

The electrode flux is

j = k'cQ ....(2 .3 )

and by substituting for Cg in equation (2 .6 ) and



rearranging, one obtains

1 = _ L  + _JL_
j " k'c k'coo 0 0

where kD = °/XD

. . .(2.9)

-------- ( 2 . 10 )

kp is the second order rate constant describing mass 

transfer of the electroactive species to the electrode 

surface (cm s  ̂) .

One can see that equation (2.9) has two limiting 

forms, depending on which of the terms on the right-hand 

side of the equation dominates.

(i) If k'c << k'c
oo D 00

j = k ' coo
In this case charge transfer is slow and rate 

determining and only a small fraction of the species 

arriving at the electrode reacts.

(ii) If k'c >> k'c00 D oo
j = k!c

The flux is therefore mass-transfer controlled, 

with charge transfer being so fast that the transport of 

reactant to the electrode determines the rate.

Movement from case (i) to case (ii) can be 

effected by making the electrode more reducing. This is 

shown schematically in Figure 2.6. The current observed for 

case (ii) is termed the mass transport limiting current,

Since i = nFAj ....(2.13)

=V55^nFAc D2 /3 v ‘1/6W 1 / 2  ___(2.U)
2where A is the electrode area (cm )



Figure 2.6 Movement from charge transfer control to mass 

transfer control for reduction of 0 to R at an 

RDE.

I



should give a straight lineThus, a plot of i^ against W 1/ 2

through the origin. This is termed a Levich plot.

However, this treatment assumes a rate-determining 

electron transfer step at the electrode. Many systems 

involve some second step that is independent of potential 

prior to electron transfer i.e.

0 > 0* - c ? 2-> R
k1

In this scheme, the rate constant for the mass transport 

independent step is denoted by k̂ . The observed 

electrochemical rate constant,k’ ,.is given by

k' .(2.15)

and the smaller of the two rate constants k̂  and k’ will be

rate limiting. Thus the equation for the mass transport

limiting current in this case is
-2/3 1/6nFAc 0.643D v 1

iL W1/2
+ (2.16)

This means that the Levich plot will not be straight, as at

high rotation speeds k̂  will become rate limiting. However, 
-1 -1/2a plot of l a g a i n s t  W will give a straight line with 

a y-intercept of k^. This is termed a Koutecky-Levich



2.1.1 Current-Voltage Curves
(61,62)A general expression can be derived for the

current-voltage relationship of the reaction
.  /

A + ne
1

k'
-  1

B

at the RDE. In this case both forward and reverse reactions

are important. The following equation can be derived,

relating the limiting fluxes of A (j.) and B {j ) to the
A D

total flux observed at the electrode, j.

3 =
- 2/3

S  ‘V  - k -, (;i - V - A

°B
■

-1

---(2.17)

Using k’ = k̂  exp(-a(E-E^ )F/RT)

and k'̂  = k̂  exp((n-a)(E-E^)F/RT)

where k^ is the value of the electrochemical rate
■oconstant at E = E 

and iQ L = nFA

iR, L = nFA;>A
from equations (2.13) and (2.14)

where i and i . refer to the mass transport limiting 
0 i L K , L

oxidation and reduction currents respectively at 

the electrode.

Substitution of these expressions into equation (2.17) and

rearrangement gives the general expression
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In + a(E-E^)F
RT

“
1r :l - i + io:L - , °A

-

1 1 db

-

n(E-E^)Fexp • RT

where i is the observed current.

For an irreversible system, E must be much greater or 

than E^ to produce a current. For a reduction E << E^

equation (2.18) reduces to

In R, L
-  1 = In kD, A

ko
a(E-E^)F

RT

whereas for an oxidation, the equation simplifies to

In 0,L
-  1 In V b

ko
B1E-E°)F

RT

trwhen E >> E . These are Tafel equations corrected for 

transport. In each of these cases, a plot of ln(i^/i 

vs. (E - Ê ) will yield g or P from the slope and k'Q 

the y-intercept. This is termed a Tafel plot.

For reversible systems, k’Q >> k^ . Thus equation (2 

can be simplified, giving

1 ' Y l n(E - E^JF 2 da

. V l ' 1 .
RT ' 3

1

For many systems

2/3

(2.18)

less

and

mass 

1 )
from

18)

D and in this case a plot of the 0
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left hand side of the above equation against E allows one to

find n and from the gradient and y- intercept. In fact, 
tr
E * E-|/2 ' wtiere ^1 / 2  Poten^lal at which



. 2 The Rotating Ring-Disc Electrode (RRDE)

This electrode configuration consists of an RDE

with the addition of a concentric ring electrode around the 
(61)disc (Figure 2.7) . The ring and disc are coplanar and

separated by an insulator. As can be seen from the flow 

patterns for the RDE (Figure 2.4), this geometry enables the 

ring to act as a downstream monitor of disc products. This 

section is concerned with the theory of both amperometric 

and potentiometric ring sensors.

2.2.1 Amperometric Ring Sensors

Let us consider the following reaction scheme.

Disc A ± ne ------> B

Ring B ± ne ------> C

In this reaction, A is converted to B at the disc. B then 

travels downstream to the ring where C is formed in a mass- 

transfer limited reaction. This means that the concentration 

of B in the bulk solution and at the ring is zero. The
(64)transport properties of this system have been modelled 

and the RRDE streamline flow pattern is shown in Figure 2.8. 

The fraction of electrogenerated B that reaches the ring

electrode is termed the collection efficiency, N̂ , given by

___(2.19)

where i is the ring current 
R

i^ is the disc current 
(65,66)NQ has been obtained and is given by

N = 1 - f (ot/p) ♦ 0 2/3( 1 - f (a) ) -
2/3

(1 + a + 0) ' (1 - f { (ot/P) ( 1 + a + P ) } ___ ( 2 . 2 0 )
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Figure 7 The rotating ring-disc electrode ( R R D E ) .
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Figure 2.8 The schematic variation in concentration of an

electroactive species at an RRDE. The species is 

being produced at the disc and destroyed at the 

ring.

Disc Gap Ring



where

f (0) = 3 1 / 2 / 4 tt In { ( 1 + 01 7 3 ) 3 / [1 + 0]} +
1/3 1/23/2tt arctan[(20 - 1)/3 ] + 1/4 ---(2.21)

and

f3 = { ( r3 /r1 ) 3- (r g / r 1 ) 3} ---(2.22)

ex = { ( r 2 / r 1 ) 3 - 1 } -------- ( 2 . 2 3 )

Thus, the collection efficiency is merely a

function of the three characteristic ring- disc radii r̂ , r2

and r̂  (Figure 2.7) and is independent of the rotation

speed. This treatment assumes that B is stable on the time

scale of the disc to ring traversal. If this is not the

case, the observed collection efficiency is less than N̂ .

2.2.2 Potentiometric Ring Sensors

An alternative to the use of a ring electrode in

the amperometric mode is the potentiometric ring electrode.

In this case, the ring is held at open-circuit (i =0). InK
the presence of the reduced and oxidised forms of an 

electroactive species

A + ne '____* B

the equilibrium potential of the ring electrode with the 

disc at open-circuit will be given by the Nernst equation

E 2.3 RT 
+ nF log

10
[V
[V

Production or destruction of A or B at the disc

electrode will lead to variation of the ratio of the ring

concentrations of A and B, A and B . This will result in aR R
change in the measured ring potential.



Previous work has considered the theory of
(67 )potentiometric detection on the ring for reversible and

irreversible' systems. This thesis presents work using 

two types of potentiometric ring sensor- the silver/silver 

chloride electrode for chloride ion detection and the 

bismuth/bismuth oxide pH sensor.

2.2.2.1 The Silver/Silver Ion Electrode
(67)Albery, Bruckenstein and Napp have developed

theoretical treatment for the current-voltage behaviour at 

the ring of the reversible system 

A + ne“ ____* B

when these reactions are also occuring at the disc 

electrode. This treatment involves the solution of the 

convective-diffusion equation for the ring-disc electrode

_ 3 c _ 3c 3cD — r = -Cx + Crx -—  ̂ 2 3x 3r3x
„ o n .,3/2 -1/2 C = 8 .0 W v

..(2.25)

where C = 8.0 W ' v ....(2.26)

For a reversible reaction with a high exchange current
+density, such as Ag/Ag , since the ring electrode is an

equipotential surface,

■ H  * KR ....(2.27)
across the whole of the ring, where 

Kp is a constant

a^ and b^ are the surface concentrations of A and 

B at the ring.

The ring potential can be expressed by the following

equation



v  2.3 RT 
“ tA,B " nF f  l O 9 10

+ log 10
1 R,A XR N01D

2R + N01D ' X R , Q -

. . . (2.28)

where , and „ are the mass transport limitedR, A R, B
currents for reaction of A and B at the ring

and i , i are the currents at the disc and ring,D R
respectively.

When i^ = 0. this equation reduces to the ring current- 

voltage equation.

Further development of equation (2.28) is

possible. For the silver/silver ion reaction, if the ring is
« 0 .made of silver metal, bD is constant and so the surfaceK

silver ion concentration must be constant across the ring,
oofrom equation (2.27). Also, i„ , must be very large andR. Ag

so

i_ . >> (i_ + N_i_)R.Ag R 0 0
Thus, equation (2.28) becomes

2.3 RT ,
er ■ Q + - S T "  1os10 in + N0 i0 - i_ . ♦ R 0 0  R,Ag

...(2.29)

with

Q = E 1.53 RT
Ag/Ag nF log 10

°Ag*
°Ag + i  lO910 'r,Ag

being constant.

Equation (2.29) can be rearranged to give
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2.3 RT ,
er = s + — 7 "  logio 1 - *r + V d

ln t +R, Ag

with the constant,S, given by

___(2.30)

2.3 RT ,s = Q * -- —  l09ta - . +R. Ag

For a potentiometric ring sensor, when i = i = 0, fromU K
equation (2.30)

er ■ s
Theref ore

. . 2.3 RT ,E = E ) + ------ logR ltR,iD,iR= 0 F y ! 0
1 -

i„ + N„i_ R 0 D
. + R, Ag

---(2.31)

In the potentiometric mode, i = 0, and so one obtainsK
2 3 RT

(Er,V  0= ,Er,W  0 * 109,0
1 -

N i 0 D

1 R,Ag+

___(2.32)

which upon rearrangement, gives the following equation for

D
ooi + - AE_F -
R, Ag exp R • - 1"o - N0 RT ___(2.33)

where

iER ■ (ER>V 0 - ‘ V W  0
Thus, it can be seen that a measurable shift in



is comparable to or greater thanAE„ can be produced when i„R D
00 00. +. Since i„ . + can be made very small by having a R,Ag R,Ag +small bulk concentration of Ag , this method can be used to 

detect very small disc fluxes.

2.2.2.2 The Silver/Silver Chloride Electrode

A silver/silver chloride electrode can be produced 

by chloridising a silver electrode in aqueous solution 

(section 3.10). This process results in a porous film of 

silver chloride being deposited onto the silver. On 

immersing this electrode in an aqueous solution, the 

local concentrations of silver and chloride ions will be 

given by the solubility product of silver chloride

---(2.34) .

Also, the potential of the electrode will be determined by

the Nernst equation (equation (2.24)) for the silver/silver

ion couple. This mechanism has been shown to be the most

important for the silver/silver chloride electrode. Direct

electron transfer between the silver and silver chloride

solids does not occur for thin, porous silver chloride 
(72 73 74)films * .A combination of these two equations gives

K = [Ag 3[Cl 3 sp

2.3RT, „ 2.3RT,
E ’ E , . ---- —  l O 9 1 0 Ks p -----—  I o s , 0  [ C 1  1Ag/Ag

---(2.35)

This equation will hold as long as solid silver chloride is 

present. Also, the kinetics of the silver chloride 

dissociation and association must be fast enough for the 

equilibrium concentrations of silver and chloride ions to be

maintained close to the electrode.



The previous section described the current-voltage

characteristics of the silver/silver ion ring electrode when

silver is produced or destroyed at the disc. From equation

(2.35), it is evident that the silver/silver chloride ring

electrode is sensitive to disc chloride fluxes. It is clear

that as long as the chloride ion concentrations at the ring
1/2and in the bulk solution are greater than K , chloridesp

ion will be the majority ionic charge carrier. In this case,

the concentration profiles for chloride ion will be exactly

analagous to those for silver ion in Figure 2.8.

Therefore, by analogy with equation (2.33), disc fluxes of

chloride ion.ip -, can be related to the observed ring

potential, AE , by the following expression K

i
D, Cl

R, Cl
- AE„F -

R - - 1exp ■ RT
L

___(2.36)

The change of sign of the exponent compared with equation 

(2.33) reflects the change in sign of the dependence of 

potential on concentration given by equation (2.35) in 

comparison with the Nernst equation for a silver/silver ion 

electrode.

If the chloride ion and silver ion concentrations
1/2are both of similar magnitude to K , then this equationsp

does not hold, as both ions are important in ionic charge 

transport. The equation will also not be applicable if the 

majority ion at the disc and in bulk solution differ. In 

this case, there will be a reaction zone at which silver and



chloride ions react to form solid silver chloride- thus the

observed ring response will be less than that predicted by 

equation (2.36). The general theory for this situation is 

considered in section 2 .2 .2 .3 for proton and hydroxide ion.

2.2.2.3 The Bismuth/Bismuth Oxide Electrode

Various metal/metal oxide systems can be used as 

pH electrodes. Examples are palladium^"  ̂ , iridium^0 ,̂ 

antimony^9  ̂ and bismuth. Of these, bismuth/bismuth oxide is 

the easiest to prepare- this can be done electrochemically, 

at room temperature (section 3.9).

The electrode senses the Nernstian potential set 

up between bismuth and hydrated bismuth oxide layers. The 

reaction can be represented by the general equation

2 xe
CBi (OH) ](2x“y)+ (A~)x y 2 x-y

BiOx

•> xBi + yOH + (2x-y)A

The potential of this electrode is given by

E = K 2.3 RTy 
2 xF log1 QC0H ] ---(2.37)

where

K - f *
1 “ Bi/BiOx

2.3 RT,„ , ,----— (2x-y) logj 0 CA ]

is constant, independent of x and y, for high 

concentrations of anion, A . This is the case in 

electrochemical experiments, where background electrolyte is 

present.

The dissociation constant of water, K , is givenw
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by
K = [H+] COH"3 w ___(2.30)

and
+ ___(2.39)pH = -log10CH ]

Therefore, combining equations (2.37), (2.30) and (2.39), 

one obtains

The magnitude of the response of this sensor to pH varies

with x and y. Therefore, calibration of the ring response

using solutions of known pH is necessary to allow conversion

of ring potential to pH.

Unlike the silver/silver ion electrodes, this

potentiometric sensor has a very low exchange current 
(75)density . This means that the flux of protons or

hydroxide ions at the ring surface causes little

perturbation to the radial concentration profile across the

ring. Hence the concentration profile across the ring can be
(75)modelled m  a similar way to the gap (Figure 2.9).

treatment assumes that no titration of proton with hydroxide 

ion occurs in the gap. General theory incorporating this

___(2.40)

In this equation, K i s  another constant.

K2 K

The solution of the convective-diffusion equation
(75)for this system has been presented . However, this

effect will be presented in this section.
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Figure 2.9 The concentration of electrogenerated species as 

a function of radial distance for a 

potentiometric ring sensor with low exchange 

current density. The gap and ring dimensions 

shown are for the electrodes used in this work.

G A P  R I N G

1. 0 -



Sensor Involving Proton And Hydroxide Ion Titration

Throughout this treatment, A and B will be used

for the majority and minority species in the bulk of

solution. Above pH7, B is hydroxide, whereas below this

value, B is t a k e n  a s proton.

Figure 2.10 shows the concentration profile for

the production of A at the disc and titration by B from the

bulk. Lower case letters are used to denote concentrations.

B diffuses in from the bulk of solution and reacts with A to

produce water. is the reaction layer thickness for A and

Xg. is the diffusion layer thickness. It is assumed that

where B is the majority ion (i.e.for x > X ), a = 0 andK
where x < X̂ , b = 0. This approximation will be valid for 

all but the smallest of disc fluxes.

2.2.2.3.1 General Theory For The Bismuth/Bismuth Oxide Ring

At X , using Fick's first law and equating fluxesK
D,an D_bA O  B 0

<V- V
...12.41)

from equation (2.6). Rearrangement of this equation yields

3 = Vo * °Bb.

*0 ’
(2.42)

Xp, will vary with and b̂ , as well as rotation speed.

The convective-diffusion equation for this system 

is (equation 2.10, reference 64)

„ 32a  ̂ 2 6 a „ 0 2b „ 2 3bD. — - - Cx - D_ — ~ + Cx 3—  = 0A  ̂ 2 8 x B  ̂ 2 dx . . . (2.43)
8 x 3x
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Figure 2.10 Schematic concentration 

titration of A produced 

the bulk.

profile for the 

at the disc by B from
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At x < X
K

3 a 2 3a D. — r - Cx tt -  = 0 A g 2 3x (2.44)

The boundary conditions for the solution of this equation

are at x = 0 ; a = a^ and

at x = X ; a = 0 K
Similarly, for XD < x < ~K

with

„ 32b 2 3bD. — - - CxB ~ 2 3x3x

at x = X

x
R
> °o

b = 0 

b — > b

Equation (2.44) has the solution

3a
3x

(64)

where X. = (D,/C) A A
1/3

Integration of this equation gives

a = a + 0

. (2.45)

3a
-

1 X
3

3x exp 3
0 A -

. (2.46)

X r ■ -
da r X

3
dx ■ J exp 3 *

o i A
0

dx

(2.47)

A value for â  can be found by substitution of the boundary

condition for A at x = X̂ .

ao = -
XR

f  ■
3a
3x exp 1

. “ 3
X

*A

3

0 . 0

____( 2 . 4 8 )



Similarly, from equation (2.45)

Bb j 1 X
3

6 x = - e x p 3 XB

---(2.49)
The multiplication term for the exponential in this equation 

is found by saying when x is small, i.e. x < X , transportD
is by diffusion and j = D 8 b/6 x. Integration andD
application of the boundary condition for B at X gives

K

exp X
3

3 XB
. .

dx

___(2.50)

whilst for any x, 
x

J
XR

j X
3

3 XB
dx

___(2.51 )

On combining equations (2.50) and (2.51) and making the 

substitution

A = x/X0 

one obtains
oo * 3jX

b = - B
DB

exp
x/xB

dA + b ___(2.52)

where

. jlfs r 
°B V XB

exp • dA ---(2.53)



For A, by making the substitutions

A = x/X. and j = -D. (Ba/Bx).A A 0
into equation (2.48),

D I

X/X R A
exp

0

dA . .(2.54 )

From equations (2.53) and (2.54), one can see that

there are certain limiting cases for this reaction.

(i) When X = X , the simple result A B

can be derived. Thus, in this case, X̂ . = X̂ , the diffusion 

layer thickness of both A and B at the RDE (equation (2.7)).

(ii) When X_ << X,, X_ i.e. A << 1.R A B
In this case,

exp dA s F

and so, from equations (2.53) and (2.54)

3 ~
Da A 0 0 ob B c

X A  - Xn B R
..(2.55)

where

A exp dA = 1.288 ___(2.56)

But AXB * XD,B
where X is the diffusion layer thickness, X , for B. D , B u

Rearrangement give
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D. a„
x  -  x  _______ — ______R D.B D,an + D_bA 0 B

and

3 =
D. a „  A 0 D b B °

‘D, B

This treatment assumes the general solution for 

the disc flux to be of the form

3 =
F.(Da + D_b ) A O  B °q

nD, D

where the function, F, must be found.

Let D /D = a A B
By rearrangement and substitution for X from equationsU # D
(2.53) and (2.56), one obtains

F. F- * 1

exp dA exp dA
- 1

---(2.57)

where g = X_/X_ i.e. g/(a^3) = X /XR B R A
Replacement of the denominator of this equation from 

equations (2.53) and (2.54) gives



F. > • '
2

3= a ao
boo

00

- I exp A3

3
- . 0 -
r 1/3

A3I exp 3 • dA
- 0 -

(2.58)

and, hence, one can produce an equation for a_/b byU M
comparing (2.57) and (2.58)

= a
2 g/ 1/3
3 f aexp dA

- 60
J exp - A3

3 dA
L Q . -

(2.59)

Combination of this equation and (2.58) yields an expression 

for F

F 3 exp dA .
0

0 , 1/3 
f/ 0I exp ■ A3

3

60
dA + J exp

r
A3

3 ■ dA
- 0 e -

-1

___(2.60)

These functions can be solved analytically by the use of 

incomplete Gamma functions, which can be represented by 

power series. The theory for this is presented in an 

appendix to this chapter.

Calculated values for a„/b and F are presented in0 ®0

Table (2.1). When A is H+ and B is OH , a has a value of
1/31.217. For the reverse situation, a is 0.817. Also shown 

are the calculated values for a simple analytical

approximation for F,



Table 2.1 Calculated Values For a„/b , F and F'0 00

As A Function Of g

1/3a = 1.217 a 1 / 3  = 0.821

Q a /b 
0 00

F F’ Q V b~ F F'

1 . 0 1 .4 S 0.97G 0.974 1 . 0 4.32 1.0421.057

1 .3 3.57 0.943 0.946 1 . 3 9.76 1.094 1.092

1 . 5 7.00 0 .9 1 G 0.910 1 .5 17.9 1 . 139 1 . 130

1 .7 15.0 0 . 090 0 . 885 1 .7 36.G 1.170 1.164

2 .0 52.5 0.855 0.040 2 .0 1 2 1 1 . 2 0 1  1.198



F' =

1 + 0 . 1  (a _/b )0 “
1 + 0 . 1  a 1 (a /b )0 °°

..(2.61)

It is evident that F’ is a very good approximation to the 

function F.

Now, the effect titration with B has upon the disc 

concentration of A must be considered. From equation (2.46), 

9a/3x is unaffected by titration with B at any given x if 

(9a/8x)g is constant. Hence, one may relate the 

concentration profile of A for any experiment to a 

hypothetical profile, with the same flux of A at the disc, 

where no titration by B occurs (Figure 2.11)

Therefore, one may write

3 * F'
D,a. + D„b A O  B »

D, B

*
A 0
0. A

___(2.62)

where a^ is the hypothetical value of a^ which would be

observed for an experiment with no titration by B 

with the same value of (3a/9x)g.

Rearrangement of equation (2.62) gives an expression for the 

drop in a at the disc.

A = a„ - a„ = b 0 0

2/3
B

F’ .

2/3

1 / 3

113

F' +

- 1 ___(2.63)

The concentration of A seen at the ring, a . inK
the absence of titration, is given by 

3 R = %  a0

(73)

____( 2 . 6 4 )



Figure 2.11 Schematic variation of the concentration of A 81

with x, the distance from the disc, with and 

without titration of A by B. In both cases, the 

flux of A at the disc is the same.

XR
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Figure 2.12 The effect of titration of A by 8 in the radial 

direction.

{
G A P  R I N G------ ] -ii--------

0.1 r / r .  - 1  
1

0.20 . 0



where

N = 1 - 1/6 FC(r2/r1)3 - 13 -

2/3 FC{(r2 + r3 )/2r1}3 - 1] - 

1/6 F [ ( r 2/ r 1 ) 3 - 1]

and F(0) is given by equation (2.21)

Figure (2.12) shows the titration effect in the 

radial direction. Again, the observed ring concentration of 

A is reduced by A, independent of the radial distance.

\  * Vo - A * Vo - U0 ' V .-..(2.65)
Combination of equations (2.63) and (2.65) gives

1/3
* 1 °Aa „ = a„ R 0 N - 1 + — r  

D F

____ (2.66)

On substitution of this equation into (2.62), the following 

general expression for the flux at the electrode is 

obtained.

j = ---- (Da + D b )X. . ' A R B »D , A

1 - (D /D )1/3 ______B A
1 + 0.1(an/b ) 0 0°

-1

___(2.67)

This equation has four limiting cases. These are 

classified in Table (2.2) by the majority species at the 

disc and ring and in the bulk.

Case I applies for a concentration step of A in the bulk. No

titration occurs and



T a b l e  2 . 2 T h e M a j o r i t y  S p e c i e s A t  T h e D i s c  A n d  R i n g

T h e  B u l k F o r T h e  F o u r  L i m i t i n g C a s e s O f  E q u a t i o n  ( 2

C a s e D i s c R i n q B u l k

I A A A

I I A A B

I I I A B B

I V B B B



This is equation (17) of reference (75). Transport of A is

d o m i n a n t .

C a s e  I I  r e q u i r e s  t h e  a p p l i c a t i o n  o f  e q u a t i o n  ( 2 . 6 7 )  i n  f u l l .  

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

o f  F r o m  e q u a t i o n s  ( 2 . 6 3 )

r ---O

*- 
- 1 / 3  r

A
ND _ D-

N
CD—

 
*

a n d  ( 2 . 6 7 ) ,

1 / 3
1 -  < y < y

‘

N ( 1 + 0 . 1 ( a n / b  ) 
D 0 «» .

D

F

a + 
A R

A a 0

D b  
B e

D b  
B ■

______( 2 . 68)

S u b s t i t u t i o n  f o r  F ‘ a n d  r e a r r a n g e m e n t  l e a d s  t o  t h e  f o l l o w i n g  

q u a d r a t i c  e q u a t i o n

0 . 1 N  a ^ V  + ( a  -  a ^ ^ ( 1  -  N ) C 0 .  1 + a ]  -  O . l a ^ ^ y  } y
U 1/ R

1 /  3
-  { a y R + a  ( 1 -  N ) }  = 0

w h e r e  y  = a „ /  b a n d  y  „ = a „ / b  
0 00 R R 00

T h e  p o s i t i v e  r o o t  o f  t h i s  e q u a t i o n  p r o v i d e s  a v a l u e  o f  a n / b0 00

f o r  e q u a t i o n  ( 2 . 6 7 ) .

C a s e  I V  a p p l i e s  w h e n  a .  i s  n e g l i g i b l e  c o m p a r e d  w i t h  b  . T h e
0 00

f l u x  i n  t h i s  c a s e  i s  g i v e n  b y

3 =
v b -  -  v

Y b n d

T h i s  a p p l i e s  w h e n  B i s  t h e  m a j o r i t y  i o n i c  s p e c i e s  t h r o u g h o u t  

a n d  t i t r a t i o n  b y  A i s  u n i m p o r t a n t .  T h i s  i s  t h e  c o r r e s p o n d i n g  

e q u a t i o n  f o r  B t o  c a s e  I  f o r  A .

C a s e  I I I  a p p l i e s  w h e n  t h e  r e a c t i o n  l a y e r  f o r  t i t r a t i o n  l i e s



between the disc and the ring. The equation for case III is

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

a t  t h e  1 1 / 1 1 1  a n d  I I I / I V  b o u n d a r i e s .

a  = b  = K 
R R w

T h e  b o u n d a r y  c o n d i t i o n  f o r  c a s e  I I / c a s e  I I I  i s  

1/2
T h u s  e q u a t i o n  ( 2 . 6 7 )  b e c o m e s

3 =

D n b  
B 00

D , A

1 /  3

1 - « V V
t + 0.1U„/b )

0  00

-1

. . . ( 2 . 6 9 )

I n  t h i s  c a s e .  D , a „  < <  D „ b  a n d  F ’ *  1.  s o  e q u a t i o n  ( 2 . 6 2 )  c a n  b eA O  0 oo
a p p r o x i m a t e d  t o

D . b

3 58
N „ X 0 n 

D 0 .  B

-------- ( 2 . 7 0 )

F r o m  e q u a t i o n s  ( 2 . 6 2 )  a n d  ( 2 . 6 5 ) ,  s i n c e  a D i s  s m a l l  a n d  c a n
K

b e  a p p r o x i m a t e d  t o  z e r o

* ..................  X D . A '1

ao ao {1 V  = 5“  11 ’ V . . ( 2 . 7 1  )

C o m b i n i n g  e q u a t i o n s  ( 2 . 7 0 )  a n d  ( 2 . 7 1 ) ,  o n e  o b t a i n s

2 / 3

a0 11 - V
N

D

D
B

T y p i c a l l y ,  « 1 / 2  a n d  s o  i f  a n d  a r e  o f  s i m i l a r  

m a g n i t u d e ,

1 + 0 . 1 ( a /b ) ~ 1 
0 00

T h i s  g i v e s ,  f r o m  e q u a t i o n  ( 2 . 6 9 )

D _ b  
B 00

x~ A
D ,  A

p * 1 / 3 •

N -  - 1 -  ■
D <

0________
« -

1  - 1

D , A t 0  X D . B
o r ,  c o n v e r t i n g  X
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3 =
D _ b  

B °°

X n _ 
D , B

1 " (1 - V

1 / 3 -1

----- ( 2 . 7 2 )

A t  t h e  I I I / I V  b o u n d a r y ,  b Q = a Q = 0 .  T h e r e f o r e ,  

c o m b i n i n g  e q u a t i o n s  ( 2 . 6 5 )  a n d  ( 2 . 3 0 ) ,  b ^  = ( 1 -  N ^ )  a n d  

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

T h e r e f o r e ,  f r o m  e q u a t i o n s  ( 2 . 1 3 )  a n d  ( 2 . 1 4 )

3
B «

D .  B

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

e q u a t i o n

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

c o n d i t i o n s .

L e t  h = b  / { ( 1  -  N ) b }
R D “

T h e  f u n c t i o n ,  h ,  n a s  a v a l u e  o f  z e r o  a t  t h e  1 1 / 1 1 1  b o u n d a r y ,  

r i s i n g  t o  o n e  a t  t h e  I I I / I V  b o u n d a r y .

T h e r e f o r e ,  t o  s u m m a r i s e  p r e v i o u s  r e s u l t s

w h e n
d a  = d b  :

h  = 0 g  = 1 / N d

h = 1 9 = 1

d a  *  d b  :
h = 0

1 / 3
g  = 1 / { 1  -  ( D . / D . )  ( 1  -  N ) }  

A  b U

h = 1 9 = 1

A

9

f u n c t i o n  w h i c h  s a t i s f i e s  t h e s e  c o n d i t i o n s  i s

1 -  h + h . { 1  -  ( D . / D  ) 1 / 3 [ 1  -  N ] 
A B D

1 -  ( D a / D b )
1 / 3

ci - V

T h u s ,  b y  s u b s t i t u t i o n  f o r  h ,  t h e  f u l l  f l u x  e q u a t i o n  f o r  c a s e



I l l  i s

3 =

v b- - (w ,/3y
X D . B { 1  -  , D A / D B>

1 / 3
[ 1  -  n d ] }

I t  i s  t h e r e f o r e  p o s s i b l e  t o  c a l c u l a t e  d i s c  f l u x e s  o f  

p r o t o n  a n d  h y d r o x i d e  i o n  f o r  a n y  g i v e n  v a l u e s  o f  a D , N_  a n d  

b  . A u t o m a t i o n  o f  t h e s e  c a l c u l a t i o n s  h a s  b e e n  f a c i l i t a t e d  b yoo
m e a n s  o f  a B B C  b a s i c  c o m p u t e r  p r o g r a m ,  B I S M U T H ,  t o  b e  f o u n d  

i n  a n  a p p e n d i x  t o  t h i s  t h e s i s .

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

h y d r o x i d e  f l u x  a s  a f u n c t i o n  o f  d i s c  a n d  b u l k  p H  a r e  

p o s s i b l e .  T h i s  i s  a c h i e v e d  b y  s e t t i n g  t h e  c o l l e c t i o n  

e f f i c i e n c y ,  N ^ ,  e q u a l  t o  u n i t y .  T h e n ,  a n y  r i n g  

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

t h o s e  a t  t h e  d i s c .  A n  e x a m p l e  o f  o n e  o f  t h e s e  p l o t s  i s  g i v e n

i n  F i g u r e  ( 2 . 1 3 ) ,  a t  W = 1 H z .
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F i g u r e  2 . 1 3  Theoretical plot of the flux of proton or •

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

o f  t h e  p H  a t  t h e  d i s c  ( p H Q ) a n d  i n  t h e  b u l k  

( p H  ) f o r  W=1 H z .  T h e  f l u x  v a l u e s  a r e  g i v e n  i n

. -2  -1 mol cm s

pH
o o



A p p e n d i x

T h i s  a p p e n d i x  g i v e s  a n  a n a l y t i c a l  s o l u t i o n  t o  t h e

g e n e r a l  e x p r e s s i o n  

z

|  e x p  

0

d A

B y  m a k i n g  t h e  s u b s t i t u t i o n  t  = A  / 3 ,  o n e  o b t a i n s

■ /I ( z ) = | e x p  

0

1 f n  - I
d A  = -  t  e x p  ( - 1 > d t

2 / 3

0

. ( 7 6 )
A n  a n a l y t i c a l  s o l u t i o n  f o r  t h i s  i n t e g r a l  i s

3 _  2
?  /  3 —

t  3 e x p ( - t )  d t  = 7 ( 1 / 3 , Z 3 / 3 )  =
2 / 3 2 / 3

z r ( 1 / 3 )  7 * ( 1 / 3 , z 3 / 3 )  _ 

3
z r ( 4 / 3 )  7 * 0 / 3 .  z 3 / 3 )

T h e  i n c o m p l e t e  g a m m a  f u n c t i o n ,  7  , c a n  b e  r e p r e s e n t e d  b y  a 

( 7 7  )
p o w e r  s e r i e s  , l e a d i n g  t o  a s e r i e s  f o r  t h e  i n t e g r a l

I(z) . i ' < - z 3 / 3 ) n

3 /___  n  ! ( n + 3 )

n = 0

T h i s  c o n v e r g e s  r a p i d l y  f o r  f i v e  t e r m s  o f  t h e  e x p a n s i o n  w i t h  

z  < 1 . 8 .

A n  a l t e r n a t i v e  e x p a n s i o n  i s

m )  .  - ± , , , , , 3 . z 3 / 3 I  = m / 3 )  n , / 3 ' Z  / 3 >
2 / 3 2 / 3 2 / 3

= A -
e x p ( - z  1 3 ) , 2 2 . 5  2 . 5 . 81 -  —  +  -------  -  ------------  +

3 6 9
z  z  z



T h i s  c o n v e r g e s  r a p i d l y  f o r  f i v e  t e r m s  f o r  z  > 1 . 8 .

T h e  v a l u e  o f  A i s  g i v e n  b y  e q u a t i o n  ( 2 . 5 6 ) .

T h e r e f o r e '  t h e s e  s e r i e s  c a n  b e  u s e d  t o  d e t e r m i n e  t h e  v a l u e s  

o f  F a n d  a „ / b  , a s  f r o m  e q u a t i o n s  ( 2 . 5 9 )  a n d  ( 2 . 6 0 )
0 oo

p = ------------------------------------------------
A + a 1 ^  I ( g / a 1 ) -  1 ( g )

a n d

a _ _ . . 1 /  3 .
_0 _ I l g / g  )

b  = 2 1 2 I a t # i l»  a  {A -  K g ) }



C H A P T E R  3  E X P E R I M E N T A L

3 . 1  C i r c u i t r y

M o d u l a r  e l e c t r o n i c  u n i t s  w e r e  i n t e r c o n n e c t e d  t o

p r o d u c e  a w i d e  r a n g e  o f  e l e c t r o c h e m i c a l  c i r c u i t s .  A l l  o f

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

e x a m p l e s  a r e  g i v e n  i n  F i g u r e  3 . 1 .  T h e s e  u n i t s  h a v e  b e e n

( 6 2  81 8 2 )
d i s c u s s e d  i n  m o r e  d e t a i l  i n  p r e v i o u s  w o r k  

S c h e m a t i c  d i a g r a m s  o f  t h e  t h r e e  e l e c t r o d e  d i s c  a n d  f o u r  

e l e c t r o d e  r i n g - d i s c  c i r c u i t s  a r e  s h o w n  i n  F i g u r e  3 . 2 .  T h e  

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

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

t h e s e  c i r c u i t s

v rt „ = v„ + i „ R . ,  „ ------ ( 3 . 1 )
0 . 2 2 2 M , 2

V  „ = v„ + i ~ R . ,  ~ -------- ( 3 . 2 )
0 , 3 3 3 M , 3

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

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

o p e r a t i o n a l  a m p l i f i e r s ,  k n o w i n g  R.. . a n d  R w „ .
M , 2 M , 3

E x p e r i m e n t a l  r e s u l t s  w e r e  d i s p l a y e d  o n  o n e  o r  m o r e  

o f  t h e  f o l l o w i n g  : -

( i )  A d i g i t a l  v o l t m e t e r ( F l u k e  8 0 0 0 A )

( i i )  A n  x - y - t  r e c o r d e r ( B r y a n s  2 9 0 0 0  o r  6 0 0 0 0 )

( i i i ) A d i g i t a l  s t o r a g e  o s c i l l o s c o p e  ( G o u l d  O S 4 0 0 0  o r

O S A  0 0 1  )



F i g u r e  3 . 1
S o m e  e l e c t r o n i c  u n i t s  b a s e d  o n  t h e  o p e r a t i o n a l  

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

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

( a )  v o l t a g e  f o l l o w e r ( b )  s u m m i n g  i n v e r t i n g  a m p l i f i e r

( d )  i n v e r t i n g  a m p l i f i e r( c )  s u b t r a c t o r
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F i g u r e  3 . 2  S c h e m a t i c  d i a g r a m s  o f  t h r e e  e l e c t r o d e  a n d  f o u r  

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



3 . 2 . 1  W o r k i n g  E l e c t r o d e s

W o r k i n g  e l e c t r o d e s  w e r e  m a n u f a c t u r e d  i n  h o u s e  b y

M r .  M i k e  P r i t c h a r d .  R o t a t i n g  d i s c  a n d  r i n g - d i s c  e l e c t r o d e s

w e r e  c o n s t r u c t e d  f r o m  g o l d  o r  p l a t i n u m  ( J o h n s o n - M a t t h e y

L t d . ) .  I n s u l a t i n g  m a n t l e s  w e r e  m a d e  o f  K e l - F  ( F l u o r o c a r b o n ) ,

T e f l o n  ( D u P o n t )  o r  A r a l d i t e  ( C i b a - G e i g y ) .

T h e s e  e l e c t r o d e s  w e r e  m e c h a n i c a l l y  p o l i s h e d  u s i n g

2 5  p m  A l u m i n a  ( B u e h l e r  L t d . )  l u b r i c a t e d  w i t h  g l y c e r o l .

f o l l o w e d  b y  6 p m  a n d  3 p m  d i a m o n d  l a p p i n g  c o m p o u n d  ( E n g i s

L t d . ) .  T h i s  w a s  f o l l o w e d  b y  h a n d - p o l i s h i n g  w i t h  a s l u r r y  o f

1 p m  A l u m i n a  ( B a n n e r  S c i e n t i f i c )  i n  d o u b l y  d e i o n i s e d  w a t e r

a n d  t h e n  a s l u r r y  o f  0 . 3  p m  A l u m i n a .  O c c a s i o n a l l y ,

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

p a s t  t h e  a n o d i c  a n d  c a t h o d i c  s o l v e n t  l i m i t s  i n  a q u e o u s

( 8 2  )
s u l p h u r i c  a c i d  ( 5 0  mM)

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

2 .
1 c m  i n  a r e a ,  w e r e  u s e d  f o r  s p e c t r o s c o p i c  a n a l y s i s  o f  

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

w a y  a s  R D E  a n d  R R D E  e l e c t r o d e s .

3 . 2 . 2  C o u n t e r  E l e c t r o d e s

C o u n t e r  e l e c t r o d e s  w e r e  c o n s t r u c t e d  i n  h o u s e  f r o m

p l a t i n u m  g a u z e  ( J o h n s o n - M a t t h e y ) ,  t y p i c a l l y  o f  a n  a r e a  o f

2  . . . .  
a p p r o x i m a t e l y  2 c m  . T h e s e  w e r e  c l e a n e d  u s i n g  n i t r a t i n g  m i x

( 1 : 1  n i t r i c  a c i d  a n d  s u l p h u r i c  a c i d )  a n d  r i n s e d  w i t h  d o u b l y

3.2 Electrodes

d e i o n i s e d  w a t e r .



3 . 2 . 3  R eference  E l e c t r o d e s

A l l  a q u e o u s  e l e c t r o c h e m i c a l  e x p e r i m e n t s  w e r e  

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

c a l o m e l  e l e c t r o d e  ( S C E ) .  A l l  p o t e n t i a l s  q u o t e d  i n  c h a p t e r  5 

f o r  t h e  a q u e o u s  t h i o n i n e  e x p e r i m e n t s  a r e  w i t h  r e s p e c t  t o  t h e

S C E .  F o r  n o n - a q u e o u s  e x p e r i m e n t s ,  a n  A g / A g  e l e c t r o d e  w a s

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

s o l u t i o n  o f  s i l v e r  p e r c h l o r a t e  ( 0 . Q 1 M )  i n  t h e  e x p e r i m e n t a l

( 8 2 )
b a c k g r o u n d  s o l u t i o n  . T h i s  e l e c t r o d e  h a s  a p o t e n t i a l  o f  

+ 0 . 6 8 1 V  w i t h  r e s p e c t  t o  t h e  s t a n d a r d  h y d r o g e n  e l e c t r o d e  a n d  

+ 0 . 4 3 7 V  w i t h  r e s p e c t  t o  S C E .  A l l  p o t e n t i a l s  q u o t e d  i n

c h a p t e r  4 a r e  w i t h  r e s p e c t  t o  t h i s  e l e c t r o d e .



3 . 3  R o t a t i o n  S y s t e m  A n d  C e l l  A s s e m b l y

T h e  r o t a t i o n  s y s t e m  u s e d  w a s  t h a t  d e s c r i b e d

. ( 8 2 )  
p r e v i o u s l y

T h e  t w o  e l e c t r o c h e m i c a l  c e l l  a s s e m b l i e s  u s e d  a r e

s h o w n  i n  F i g u r e  3 . 3 .  T h e  f i r s t  s y s t e m  i s  t y p i c a l l y  f o r

a q u e o u s  w o r k .  P r o d u c t s  o f  c o u n t e r  e l e c t r o d e  r e a c t i o n s  w e r e

e x c l u d e d  f r o m  b u l k  s o l u t i o n  b y  m e a n s  o f  a p o r o u s  g l a s s  f r i t .

3
T h e  v o l u m e  o f  t h e  c e l l  i s  a p p r o x i m a t e l y  2 0 0  c m  . T h e  s e c o n d

i s  u t i l i s e d  i n  n o n - a q u e o u s  w o r k .  T h i s  h a s  a m u c h  s m a l l e r

3
s o l u t i o n  v o l u m e  ( 2 5  cm ) a n d  h a s  n o  c o u n t e r  f r i t .  T h i s  i s  

b e c a u s e  t h e  f r i t  w a s  f o u n d  t o  g i v e  h i g h  r e s i s t a n c e s  i n  

o r g a n i c  s o l v e n t s ,  l e a d i n g  t o  c u r r e n t  s a t u r a t i o n .  A n  e x t r a  

n i t r o g e n  i n l e t  t u b e  a l l o w s  a s t r e a m  o f  g a s  t o  b e  b l o w n  

a c r o s s  t h e  s u r f a c e  o f  t h e  s o l u t i o n  i n  c o n j u n c t i o n  w i t h ,  o r

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

d e i o n i s e d  b y  b e i n g  p a s s e d  t h r o u g h  a n  a m i n e  i o n - e x c h a n g e

r e s i n  ( H o u s e m a n )  a n d  a M i l l i p o r e  M i l l i - Q  f i l t e r  s y s t e m .

F i s o n ’ s  d r i e d ,  d i s t i l l e d  a c e t o n i t r i l e  w a s  r e f l u x e d  f o r  t w o

h o u r s  o v e r  c a l c i u m  h y d r i d e  ( 1 l  w e i g h t / v o l u m e ) a n d  t h e n

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

r a t i o .  T h e  m i d d l e  f r a c t i o n  ( ^ 6 0 7 )  w a s  c o l l e c t e d ,  b o i l i n g

p o i n t  8 t * C ,  a n d  s t o r e d  u n d e r  d r y  A r g o n .

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

( 8 3  )
w a s  t h a t  u s e d  b y  M a n n  . A n a l a R  g r a d e  D M S O  ( B D H  L t d . )  w a s  

s l o w l y  f r o z e n .  T h e  r e m a i n i n g  l i q u o r  ( a p p r o x i m a t e l y  2 0 l  o f  

t h e  b a t c h )  w a s  d i s c a r d e d .  T h e  f r o z e n  p o r t i o n  w a s  d i s t i l l e d

3
w i t h  5 0  c m / d m  b e n z e n e  t o  r e m o v e  w a t e r  a s  p a r t  o f  a n  

a z e o t r o p i c  m i x t u r e .  P u r i f i c a t i o n  w a s  c o m p l e t e d  b y  

d i s t i l l a t i o n  u n d e r  v a c u u m  ( b . p .  1 8 9  * C  a t  7 6 0  mm H g )  a n d  t h e  

s o l v e n t  s t o r e d  u n d e r  d r y  a r g o n .

3.4 Solvents



3.5 Background Electrolytes

L i t h i u m  p e r c h l o r a t e  ( A l d r i c h  C h e m i c a l  C o . )  w a s  

d r i e d  i n  v a c u o  a t  BO ' C  a n d  s t o r e d  u n d e r  d r y  a r g o n .  T h i s  w a s  

t h e  c h o s e n  e l e c t r o l y t e  f o r  a l l  n o n - a q u e o u s  e x p e r i m e n t s ,  i n  

0 . 1  M c o n c e n t r a t i o n ,  u n l e s s  o t h e r w i s e  s t a t e d .

A n a l a R  t e t r a b u t y l a m m o n i u m  t e t r a f l u o r o b o r a t e  ( T B A T )  

( B D H )  w a s  r e c r y s t a l l i s e d  t h r e e  t i m e s  f r o m  a n  e t h y l  

a c e t a t e / p e t r o l e u m  e t h e r  m i x t u r e  a n d  d r i e d  i n  v a c u o  a t  5 0  ' C .

S u l p h u r i c  a n d  h y d r o c h l o r i c  a c i d s  ( F i s o n ' s  L t d . )  

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

e l e c t r o l y t e s  w e r e  o f  A n a l a r  g r a d e  ( B D H )  o r  p u r i s s .  g r a d e

( F l u k a )  a n d  w e r e  u s e d  a s  o b t a i n e d .



3.6 Chemicals

A l l  c h e m i c a l s  i n  t h i s  s e c t i o n  w e r e  s u p p l i e d  b y  

A l d r i c h ,  u n l e s s  o t h e r w i s e  s t a t e d .

3 . 6 . 1  H e t e r o a r o m a t i c  M o n o m e r s

T h i o p h e n e  ( b . p .  8 4  * C )  w a s  d i s t i l l e d  a n d  s t o r e d  

u n d e r  d r y  a r g o n  a t  5 " C .

T h i o p h e n e - 3 - c a r b o x y l i c  a c i d  a n d  t h i o p h e n e - 3 - a c e t i c  

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

S a t u r a t e d  a q u e o u s  s o l u t i o n s  o f  t h i o n i n e  ( F l u k a )  

w e r e  f i l t e r e d  p r i o r  t o  u s e .

3 . 6 . 2  M i s c e l l a n y

A l l  c h e m i c a l s  e m p l o y e d  i n  s y n t h e s e s  w e r e  u s e d  a s  

r e c e i v e d .  D e t a i l s  o f  p y r r o l e  s y n t h e t i c  w o r k  a r e  t o  b e  f o u n d  

a t  t h e  e n d  o f  c h a p t e r  4 .  G l a s s w a r e  w a s  c l e a n e d  i n  a s o l u t i o n  

o f  D e c o n  9 0  ( 5 % .  B D H )  i n  d i s t i l l e d  w a t e r ,  r i n s e d  s e v e r a l  

t i m e s  w i t h  t h i s  w a t e r  a n d  t h e n  d r i e d  a t  1 1 0  * C .  A l l  g l y c o l s  

a n d  b e n z e n e  ( B D H )  w e r e  d r i e d  o v e r  3 A  m o l e c u l a r  s i e v e s  a n d  

s t o r e d  u n d e r  d r y  a r g o n .  T h e s e  s i e v e s  w e r e  a c t i v a t e d  a t  

3 0 0  * C  f o r  2 4  h o u r s  i n  a s t r e a m  o f  d r y  n i t r o g e n .



3.7 Spectrometry

3 . 7 . 1  L a s e r  R a m a n  S p e c t r o m e t r y

M o s t  o f  t h e  i n  s i t u  t h i o n i n e  c h r o n o a m p e r o m e t r i c

e x p e r i m e n t s  w e r e  p e r f o r m e d  i n  c o l l a b o r a t i o n  w i t h  P r o f e s s o r

R .  E .  H e s t e r  a t  t h e  U n i v e r s i t y  o f  Y o r k .  T h e  d e s i g n  o f  t h e

e l e c t r o c h e m i c a l  c e l l  a n d  t h e  g o l d  w o r k i n g  e l e c t r o d e  h a v e

( 8 4 . 8 5 )
b e e n  r e p o r t e d  p r e v i o u s l y  . T h i s  e x p e r i m e n t a l  s e t - u p  i

s h o w n  i n  F i g u r e  3 . 4 .  I n c i d e n t  l i g h t  i s  r e f l e c t e d  a t  t h e  

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

a n d  a t h i n  l a y e r  o f  s o l u t i o n .  T h e  R a m a n  s i g n a l  i s  d e t e c t e d  

n o r m a l  t o  t h e  e l e c t r o d e .

T h e  g o l d  w o r k i n g  e l e c t r o d e  a r e a  u s e d  w a s

2
0 . 0 7 1  c m  i n  a r e a  a n d  t h e  e l e c t r o d e  w a s  p o s i t i o n e d  

a p p r o x i m a t e l y  2 mm f r o m  t h e  o p t i c a l  w i n d o w .  E x p e r i m e n t s  i n  

Y o r k  w e r e  c a r r i e d  o u t  u s i n g  a C h e m i c a l  E l e c t r o n i c s  t y p e  

T R 4 0 - 3 A  p o t e n t i o s t a t  a n d  W G - 0 1 / 1  w a v e f o r m  g e n e r a t o r  i n  

c o n j u n c t i o n  w i t h  a H e w l e t t - P a c k a r d  7 0 1 5 B x - y - t  r e c o r d e r .  

S p e c t r a  w e r e  r e c o r d e d  o n  a S p e x  1 4 0 3  s p e c t r o m e t e r ,  w i t h  a 

c o o l e d  R C A  C 3 1 0 3 4 - A 0 2  p h o t o m u l t i p l i e r  t u b e .  T h i s  w a s  l i n k e d  

t o .  a S p e x  D P C - 2  d i g i t a l  p h o t o m e t e r .  C o m p u t e r  c o n t r o l  w a s  b y  

a C o m p u d r i v e  a n d  S c a m p  m i n i c o m p u t e r .  A S p e c t r a  P h y s i c s  1 7 0  

K r y p t o n  l a s e r  o r  a C o h e r e n t  R a d i a t i o n  5 9 0  R h o d a m i n e  6 6  d y e  

l a s e r ,  p u m p e d  b y  a C o h e r e n t  R a d i a t i o n  5 2 A  a r g o n  l a s e r  w a s  

t h e  e x c i t a t i o n  s o u r c e .

A l l  o t h e r  e x p e r i m e n t s  w e r e  p e r f o r m e d  i n  h o u s e .

T h i s  e x p e r i m e n t a l  s e t - u p  c o n s i s t s  o f  a S p e x  R a m a l o g  V  

s p e c t r o m e t e r  f i t t e d  w i t h  a G a A s  p h o t o m u l t i p l i e r .  D a t a  

h a n d l i n g  i s  b y  a S p e x  D a t a m a t e  c o m p u t e r .  E a r l y  w o r k  u s e d  a
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5 2  k r y p t o n  l a s e r  ( C o h e r e n t ) .  A l s o  u s e d  i n  l a t e r  w o r k  w a s  a n  

I n n o v a  9 0 - K  k r y p t o n  l a s e r  a n d  a n  I n n o v a  7 0 - 4  a r g o n  l a s e r  

( C o h e r e n t ) .

3 . 7 . 2  X - R a y  P h o t o e l e c t r o n  S p e c t r o s c o p y  ( X P S )

T h e s e  u l t r a - h i g h  v a c u u m  ( U H V )  e x p e r i m e n t s  w e r e  

p e r f o r m e d  o n  a n  E s c a l a b  M a r k  I I  s p e c t r o m e t e r  ( V G  

S c i e n t i f i c ) .  P e a k  i n t e g r a t i o n  w a s  p e r f o r m e d  u s i n g  V G  

s o f t w a r e .

3 . 7 . 3  S c a n n i n g  E l e c t r o n  M i c r o s c o p y  ( S E M )

S E M  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  o n  a J E O L  J S M  T -  

2 0 0  e l e c t r o n  m i c r o s c o p e .  P l a t i n u m  f l a g s  c o a t e d  w i t h  t h e  

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

d r u m  u s i n g  p e r s p e x  c e m e n t .  T h e s e  e l e c t r o d e s  w e r e  s p u t t e r e d  

w i t h  a 2 0  nm t h i c k n e s s  o f  g o l d  t o  p r e v e n t  s u r f a c e  c h a r g i n g .

A s i l v e r  d a g  w a s  a p p l i e d  t o  p r o v i d e  c o n t a c t  b e t w e e n  t h e  g o l d  

a n d  t h e  a l u m i n i u m .

S p e c t r a  w e r e  t a k e n  u n d e r  U H V  a t  a w o r k i n g  d i s t a n c e  

o f  2 0  mm, w i t h  a n  a c c e l e r a t i n g  v o l t a g e  o f  2 5  k V  a n d  a t  a n  

a n g l e  o f  3 0  * w i t h  r e s p e c t  t o  v e r t i c a l .

T w o  d e t e c t o r s  w e r e  u t i l i s e d .  A c a m e r a  w a s  u s e d  t o  

r e c o r d  S E M  p i c t u r e s .  P r i n t e d  o n  t h e s e  a r e  w h i t e  s c a l e  l i n e s .  

T h e  l e n g t h  o f  t h e s e  m a r k e r s  i n  m i c r o n s  i s  t h e  f i r s t  o f  t h e  

s e t  o f  n u m b e r s  p r i n t e d  o n  t h e s e  p i c t u r e s .  T h e  o t h e r  

a v a i l a b l e  o p t i o n  w a s  a n  e n e r g y  d i s p e r s i v e  a n a l y s i s  o f  X - r a y s  

( E D A X )  d e t e c t o r .  T h i s  a l l o w s  t h e  n u m b e r  o f  X - r a y s  e m i t t e d  

o v e r  a r a n g e  o f  e n e r g i e s  t o  b e  f o l l o w e d  w i t h  t i m e  a s  a m e a n s

o f  e l e m e n t a l  a n a l y s i s .



T h e  t e c h n i q u e  - p e r f o r m e d  w a s  t h a t  o f  m u l t i p l e

i n t e r n a l  r e f l e c t i o n  F o u r i e r  t r a n s f o r m  i n f r a - r e d  s p e c t r o s c o p y

( M I R F T I R S ) *  0 6 ^ ( F i g u r e  3 . 5 ) .  T h e  c o a t e d  p l a t i n u m  f l a g  w a s

f i r m l y  c l a m p e d  t o  t h e  o u t s i d e  o f  t h e  p r i s m .  I n f r a - r e d

r a d i a t i o n  w a s  t h e n  p a s s e d  t h r o u g h  t h e  p r i s m  u n d e r  c o n d i t i o n s

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

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

b e i n g  r e f l e c t e d  a t  t h e  p r i s m / c o a t  i n t e r f a c e .  T y p i c a l l y  t h i s

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

( 8 7  )
( ^ 1 0  p m )  • T h i s  t e c h n i q u e  t h e r e f o r e  a l l o w s  i n t e r r o g a t i o n  

o f  t h e  s t r u c t u r e  o f  t h e  w h o l e  l a y e r  f o r  a l l  b u t  t h e  t h i c k e s t  

o f  c o a t s .  I t  i s  a l s o  s u i t a b l e  f o r  o p a q u e  s a m p l e s  s u c h  a s  

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

T h e s e  e x - s i t u  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  u s i n g  

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

N i c o l e t  7 0 0 0  s p e c t r o m e t e r  a t  R a y c h e m  L t d .  M o r e  r e c e n t  w o r k  

u t i l i s e d  a M a t t s o n  S i r i u s  1 0 0  s p e c t r o m e t e r .  E a c h  w a s  f i t t e d  

w i t h  t h e  B a r n e s  a t t e n u a t e d  t o t a l  i n t e r n a l  r e f l e c t a n c e  ( A T R )  

a c c e s s o r y  a n d  a K B r  b e a m s p l i t t e r .  G e n e r a l l y ,  a c a d m i u m -  

m e r c u r y  t e l l u r i d e  ( C M T )  d e t e c t o r ,  c o o l e d  w i t h  l i q u i d  

n i t r o g e n ,  w a s  u s e d  i n  c o n j u n c t i o n  w i t h  a K R S - 5  w a v e g u i d e  

( B a r n e s  ) .

3 . 7 . 5  I n  S i t u  V i s i b l e  S p e c t r o s c o p y

E x p e r i m e n t s  w e r e  p e r f o r m e d  u s i n g  a H e w l e t t - P a c k a r d  

8 4 5 0 A  d i o d e  a r r a y  s p e c t r o m e t e r .  T r a n s p a r e n t  w o r k i n g  

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

( 0 . 8  c m x 3 c m )  c o a t e d  w i t h  i n d i u m  d o p e d  t i n  o x i d e .  T h e

3 . 7 . 4  F o u r i e r  Transform I n fr a -R e d  Spec trometry  ( FTIRS)
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e l e c t r o c h e m i c a l  c e l l  was a K a r t e l l  d i s p o l a b  1939 UV gr a d e

d i s p o s a b l e  c u v e t t e .  T h i s  h a d  a p a t h  l e n g t h  o f  1 c m .



3 . 8  D e o x y g e n a t i o n  S y s t e m s

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

n i t r o g e n  ( B O C )  f o r  a b o u t  t w e n t y  m i n u t e s  b e f o r e  u s e .  T h i s  h a d  

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

D r e s c h e l  b o t t l e s ,  e a c h  c o n t a i n i n g  a n  a q u e o u s ,  c a u s t i c  

s o l u t i o n  o f  a n t h r a q u i n o n e - 2 - s u l p h o n a t e  i n  c o n t a c t  w i t h  

a m a l g a m a t e d  z i n c .  A f o u r t h  b o t t l e  o f  d o u b l y  d e i o n i s e d  w a t e r  

w a s  u s e d  t o  p r e s a t u r a t e  t h e  g a s .

N o n - a q u e o u s  s o l u t i o n s  w e r e  p u r g e d  w i t h  h i g h  p u r i t y  

a r g o n  ( 9 9 . 9 9 % ,  B O C )  f o r  t w e n t y  m i n u t e s .  I n i t i a l  g a s  

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

h y d r i d e  f o r  d r y i n g ,  a c h r o m i u m  o x i d e / s i l i c a  c o l u m n  f o r  

d e o x y g e n a t i o n  a n d  d r y i n g  a n d  t w o  p r e s a t u r a t i o n  b o t t l e s  

c o n t a i n i n g  d r i e d  o r g a n i c  s o l v e n t  o v e r  3 A  m o l e c u l a r  s i e v e s .



3 . 9  B i s m u t h  O x i d e  R i n g  E x p e r i m e n t s

3 . 9 . 1  A p p a r a t u s

M u c h  o f  t h e  e x p e r i m e n t a l  d e t a i l s  f o r  t h i s  p H -

( 7 5 )
s e n s i t i v e  s y s t e m  h a s  b e e n  d e s c r i b e d  p r e v i o u s l y  . A l l  

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

t o  m i n i m i s e  t h e  e f f e c t  o f  s o l u t i o n  b u f f e r i n g  b e t w e e n  d i s c  

a n d  r i n g .

C o n t r o l  o f  t h e  s o l u t i o n  p H  w a s  e n a b l e d  b y  u s i n g  a 

p H - s t a t  s y s t e m .  T h i s  c o n s i s t e d  o f  a P H M 6 2  s t a n d a r d  p H - m e t e r ,  

a T T T 6 0  t i t r a t o r  a n d  a n  A B U 8 0  a u t o b u r e t t e  ( R a d i o m e t e r ) .  T h i s  

w a s  c a l i b r a t e d  d a i l y  a c r o s s  t h e  p H  r a n g e  t h r e e  t o  n i n e  u s i n g  

v a r i o u s  b u f f e r  s o l u t i o n s .

3 . 9 . 2  C h e m i c a l s

A l k a l i n e  d o u b l y  d e i o n i s e d  w a t e r ,  w i t h  a d d e d  

p o t a s s i u m  p e r m a n g a n a t e  t o  o x i d i s e  o r g a n i c  c o m p o u n d s ,  w a s  

r e f l u x e d  f o r  t w o  h o u r s  a n d  t h e n  d i s t i l l e d  u n d e r  d r y  a r g o n .  

T h e  m i d d l e  f r a c t i o n  ( 6 0 Z )  o f  t h e  d i s t i l l a t e  o f  b . p .  1 0 0  * C  

w a s  c o l l e c t e d ,  p r o d u c i n g  C O ^ - f r e e  s o l v e n t .  T h i s  w a s  s t o r e d  

u n d e r  d r y  a r g o n .  A l l  s o l u t i o n s  w e r e  m a d e  u p  a n d  e x p e r i m e n t s  

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

e l e c t r o c h e m i c a l  s o l u t i o n  w a s  c o n t i n u a l l y  d e g a s s e d  t h r o u g h o u t  

t h e  e x p e r i m e n t .

C o n t r o l  o f  t h e  p H  w a s  e f f e c t e d  b y  u s i n g  

H C 1 0 ,  ( 0 . 1 M )  a n d  c a r b o n a t e - f r e e  N a O H  ( 0 . 1 M ,  B D H )  s o l u t i o n s ,

p u r g e d  w i t h  a r g o n .  S o d i u m  p e r c h l o r a t e  ( 0 . 1 M ,  B D H )  w a s  u s e d  

a s  t h e  b a c k g r o u n d  e l e c t r o l y t e .  A l l  r e a g e n t s  w e r e  o f  A n a l a R

g r a d e .



3 . 9 . 3  S e n s o r  P r e p a r a t i o n

B i s m u t h  r i n g  p l a t i n g  w a s  c a r r i e d  o u t  a c c o r d i n g  t o

( 8 0 )
t h e  m e t h o d  o f  H a r b a u g h  a n d  M a t h e r s  . T h e  p l a t i n g  s o l u t i o

c o n s i s t e d  o f  B i ^ O ^  d i s s o l v e d  i n  2 0  m l  o f  c o n c e n t r a t e d

p e r c h l o r i c  a c i d  a n d  d i l u t e d  t o  1 0 0  m l  w i t h  w a t e r .  T y p i c a l

-2
c o a t i n g  c o n d i t i o n s  w e r e  a c u r r e n t  d e n s i t y  o f  - 2 . 2  m A c m  

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

t o  p a r t i a l l y  o x i d i s e  i n  a q u e o u s  s o l u t i o n .



3 . 1 0  S i l v e r / S i l v e r  C h l o r i d e  E x p e r i m e n t s

P r i o r  t o  e l e c t r o p l a t i n g ,  r i n g  e l e c t r o d e s  w e r e

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

-2
c u r r e n t  d e n s i t y  o f  a p p r o x i m a t e l y  1 0  mA c m . A f t e r  w a s h i n g

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

a n  a q u e o u s  s o l u t i o n  o f  p o t a s s i u m  s i l v e r  c y a n i d e  ( 5 0  m M,  B D H

-2
A n a l a R ) .  T h e  c u r r e n t  d e n s i t y  w a s  ~  - 3  mA c m a n d  t h e

p l a t i n g  t i m e  w a s  t y p i c a l l y  t w o  h o u r s .  A n o d i c  c h l o r i d i s a t i o n

w a s  e f f e c t e d  i n  a q u e o u s  h y d r o c h l o r i c  a c i d  ( 1 0 m M J ,  p a s s i n g  1 

- 2
m A c m  f o r  t h i r t y  m i n u t e s ,  o r  u n t i l  t h e  r i n g  w a s  p l u m  i n

c o l o u r .



C H A P T E R  4 - C O N D U C T I N G  P O L Y M E R S  F O R  E L E C T R O C A T A L Y T I C

O X I D A T I O N

4 . 1  I n t r o d u c t i o n

P o l y m e r  m o d i f i e d  e l e c t r o d e s  h a v e  m a n y  a d v a n t a g e s  

o v e r  b a r e  e l e c t r o d e s  i n  e l e c t r o c a t a l y t i c  r e a c t i o n s .  I n  

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

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

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

s t r u c t u r e .  T h u s ,  a g r e a t e r  n u m b e r  o f  c a t a l y t i c  s i t e s  a r e  

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

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

E x a m p l e s  o f  s u c h  e l e c t r o d e s  a r e  g i v e n  i n  s e c t i o n

1 . 3 . 1 .  U n f o r t u n a t e l y ,  c a t a l y t i c  c u r r e n t s  a t  t h e s e  e l e c t r o d e s  

a r e  s m a l l .  T h e o r e t i c a l  a n a l y s i s  h a s  s h o w n  t h a t ,  i n  o r d e r  t o  

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

h o m o g e n e o u s  s e c o n d  o r d e r  r a t e  c o n s t a n t  f o r  t h e  r e a c t i o n

b e t w e e n  p o l y m e r  r e d o x  s i t e  a n d  s o l u t i o n  s u b s t r a t e  m u s t  b e

3 - 1  - 1 ( 3 , 8 9 )
g r e a t e r  t h a n  1 0  M s  . T h i s  h a s  b e e n  s h o w n  t o  b e

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

e l e c t r o n  t r a n s p o r t  i s  v i a  a n  e l e c t r o n  h o p p i n g  p r o c e s s .  T h i s  

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

T h e  a i m  o f  t h e  w o r k  p r e s e n t e d  i n  t h i s  c h a p t e r  

w a s  t o  p r o d u c e  e l e c t r o c a t a l y t i c  p o l y m e r  m o d i f i e d  e l e c t r o d e s  

w i t h  g o o d  e l e c t r o n i c  c o n d u c t i v i t y .  T h e  c h o s e n  g r o u p  o f  

p o l y m e r s  w i t h  t h i s  c h a r a c t e r i s t i c  a r e  t h e  p o l y a r o m a t i c s

t e r m e d  t h e  c o n d u c t i n g  p o l y m e r s .



E l e c t r o c h e m i c a l  o x i d a t i o n  o f  s e l e c t e d  a r o m a t i c

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

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

( 9 0 - 9 4 )
s u r f a c e  . T h e  m o s t  w i d e l y  i n v e s t i g a t e d  m o n o m e r i c

s p e c i e s  a r e  t h e  f i v e - m e m b e r e d  h e t e r o c y c l e s :  p y r r o l e ,

t h i o p h e n e  a n d  f u r a n  ( F i g u r e  4 . 1 ) .

T h e s e  c o a t s  c a n  b e  f o r m e d  e l e c t r o c h e m i c a l l y . O x i d a t i o n

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

e l e c t r o d e  s u r f a c e  t o  g i v e  p o l y m e r  f i l m s .  W h e n  f o r m e d ,  t h e s e

c o a t s  a r e  o x i d i s e d  a n d  c o u n t e r i o n s  a r e  p r e s e n t  t o  m a i n t a i n

e l e c t r o n e u t r a l i t y .  T h e i r  s c h e m a t i c  s t r u c t u r e  i s  g i v e n  i n

F i g u r e  4 . 2 a .  C o u p l i n g  o c c u r s  p r i m a r i l y  a t  t h e  r i n g  2 , 5 -

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

( 102 )
r a d i c a l  c a t i o n  . T h e  r i n g s  h a v e  a h i g h  d e g r e e  o f

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

p o l y m e r  s t r a n d s .  T h u s ,  t h e s e  f i l m s  e x h i b i t  h i g h  e l e c t r o n i c

- 1 ( 3 6 , 9 5 . 9 6 )
c o n d u c t i v i t i e s  o f  t h e  o r d e r  o f  0 . 1 - 1 0 0  S  cm

E l e c t r o c h e m i c a l  o x i d a t i o n  a n d  r e d u c t i o n  o f  t h e  f i l m  i s

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

l i m i t s .  T h i s  i s  s h o w n  s c h e m a t i c a l l y  i n  F i g u r e  4 . 2 b .  T h e

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

- 7 - 8 - 1
c o n d u c t i v i t y  o f  1 0  - 1 0  S c m  . T h u s ,  h i g h  c a t a l y t i c

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

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

4 . 1 . 1  Conducting Polymer Modif ied  E l e c t r o d e s

w h e r e  t h e r e  i s  s i g n i f i c a n t  o x i d a t i o n  o f  t h e  p o l y m e r .
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F i g u r e  4 . 1  P y r r o l e ,  t h i o p h e n e  a n d  f u r a n .

X = NH Pyrrole
S Thiophene 

0 Furan
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F i g u r e  4 . 2 a  T h e  s t r u c t u r e  o f  p o l y p y r r o l e ,  p o l y t h i o p h e n e  a n d  

p o l y f u r a n .

F i g u r e  4 . 2 b  Oxidation and reduction of the polymer.

A



The object of this work is to produce a modified 

electrode to perform selective organic oxidations. Two well- 

known oxidants used in batch synthesis are lead(IV) acetate 

and thallium(111) acetate. Two-electron redox couples were 

deliberately chosen to increase the likelihood of concerted 

two-electron oxidation. This.minimises the possibility of 

side reactions involving the coupling of radical products.

4.1.2.1 Lead(IV) Acetate

This species is widely used in biochemistry for

the selective carbon-carbon bond cleavage of vic- 
(97,98)diols (Figure 4.3a). Coordination of the diol occurs

with the concomitant loss of two acetate groups. Subsequent 

reaction results in the formation of lead(II) acetate. For 

this reaction to be made electrocatalytic, electrooxidation 

of this reduced lead species to reform complex I or II is 

required.

4.1.2.2 Thallium(111) Acetate

Thallium(111) Acetate is extensively used in 

organic chemistry for aromatic ring functionalisation^^.

A typical reaction scheme for this process is shown in 

Figure 4.3b. Electrocatalysis would be enabled by 

reoxidation of species III to form complexes I or II.

Thus, the production of a conducting polymer film 

derivatised with lead(II) acetate or thallium(I) acetate 

species, which can be easily oxidised to regenerate the

4.1.2 Selective Organic Oxidants For Electrocatalysis

catalyst is required. This work researches the formation of
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Figure 4.3a The oxidation of diols by lead(IV) acetate.
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Figure 4.3b The oxidation of aromatic compounds by 

thallium!111) acetate.
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novel conducting polymers with pendant acetic acid or 

carboxylic acid groups and their subsequent coordination 

with Pb(II) and Tl(III) as a method of producing just such 

a film. Primarily, the lead oxidation reaction was 

investigated, due to the great toxicity of thallium 

compounds. The catalytic oxidation of ethylene glycol to 

formaldehyde or formic acid was the target electrocatalytic 

reaction.

4.1.3 Preparation Of Substituted Conducting Polymers

The conducting polymer films (Figure 4.2a) consist

primarily of linear chains of heteroaromatic rings linked at

the 2,5- ring positions. It is not surprising, therefore,

that 2,5-derivatisation of the monomers has been shown to

inhibit polymerisation. Hence, substituents must be present

in the 1 - , 3- or 4- ring positions.

Such modification can be carried out after

polymerisation. For example, polypyrrole films can be

nitrated, reduced and then acetylated to attach the desired 
(100)group . The disadvantage of this strategy is the need

for several synthetic steps. These reactions may require

extreme conditions, which may lead to coat degradation.

The most simple method is the one-step

electrochemical polymerisation of substituted monomers.

The conductivity of electropolymerised 1-alkyl substituted

pyrroles has been measured^1°1^. Poly-1-methylpyrrole has a 
- 3 - 1  5conductivity of 10 S cm This is 10 times smaller than 

that of polypyrrole. Replacement of the methyl group with



the more bulky isobutyl functionality results in a further

hundredfold decrease in conductivity. Therefore, it can be

concluded that steric effects due to N-substitution greatly

affect the rate of electron propagation.

In contrast, films of 3-methylthiophene have
(36 Jmeasured conductivities comparable to polythiophene . This

implies that substitution in the ring 3- or 4- positions has

less steric effect, making the formation of 3,4- or 3-

carboxylated polymers desirable for this work.

Table 4.1 presents cyclic voltammetric data for

the electropolymerisaticn of a series of 3-substituted 
(102)thiophenes . This shows potentials for the observed

monomeric oxidation peak (E ) and for the oxidation of thepa
resulting polymer (E )̂. Monomeric oxidation results in the

formation of a radical cation. The observed variation in the

E value has been interpreted in terms of the polar- pa
mesomeric effects of the substituents. That E has beenpa
found to be linearly related to also infers that Ê  for 

the polymer varies as a result of these effects. Thus, 3- 

derivatisation with these small substituents does not seem 

to produce significant steric barriers to polymerisation or 

oxidation.

It is disappointing, in the light of the 

objectives of this work, that the 3-carboxylate 

functionalised thiophenes shown do not form films upon 

electrooxidation. The reasons for this will be discussed

further in section 4.3.1.



Table 4.1 Oxidation Potentials For Some 3-Substituted 

Thiophenes And The Oxidation Potential Of The Resulting

Polymers

Monomer E /V pa V v

1.C 2 0.52

Thiophene

CH

1.42 0.28

3-Methylthiophene

C H 2 C 0 2 H

1 . 50

3-Thiopheneacetic Acid 

(TPCA)

3-Iodothiophene

1 . 59

8r

3-Bromothiophene
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Monomer E /V

c h 2 c n

d  . .  ■ "
3-Thiopheneacetonitrile

c o 2
1.84

3-Thiophenecarboxylic Acid 

(TPCA)

2.02

3-Nitrothiophene



4.2 Synthesis And Electrochemistry Of 3- and 4-Carboxylated 

Pyrroles

Synthesis of these monomers utilised the TosMIC 

reaction of van Leusen^*^. The proposed mechanism is given 

in Figure 4.4. This was used to attempt the synthesis of the 

following compounds

(i) R = He R2 = CO^Me

dimethyl 3.4-pyrroledicarboxylate (DPDC)

(ii) f?i = Me f?2 = Me

methyl 4-methylpyrrole-3-carboxylate (MMPC)

( i i i ) R = Et  R2 = CH2 C02 Et

diethyl 4-acetylpyrrole-3-carboxylate (OAPC) 

Experimental details for these reactions can be found in an 

appendix to this chapter.

Experimentally, it was found that only the 

synthesis of DPDC was possible. This is probably due the 

lack of a carbonyl a- to the vinyl group in R2 for 

syntheses (ii) and (iii). This group will stabilise 

intermediates with a negative charge a- to R2. Therefore, it 

seems that the right hand of the two mechanisms for the 

ejection of the Tosyl group and aromatisation of the ring is 

dominant.

Electrochemical studies at an RDE in MeCN/TBAT

(0.1 M) solutions showed no peaks due to oxidation of the

DPDC monomer within the solvent limits. Similar behaviour

was observed when using dimethyl sulphoxide as solvent.
(102)Pyrrole has an E of +0.76V . Therefore, the additionpa

of these two electron-withdrawing carboxyl substituents
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Figure 4.4 The proposed mechanism of the TosMIC reaction

T o s — C f - L  —  N = = C —  T o s — C H — N = C

7 1
H



results in a marked increase in the energy required to form

the radical cation. However, these have already been shown

to be a requirement of the TosMIC synthesis. This has also

been illustrated by the failure to synthesise other pyrrole
(82)monomers via the TosMIC reaction . In these reactions,

other anion stabilising groups were used in in place of

carbonyl. Thus, it appears that the groups required for 

successful TosMIC synthesis also inhibit polymerisation and 

film formation.

Any future work using this strategy would 

therefore require further synthetic modification of the 

CO^R^ or R̂  groups prior to electrooxidation in order to 

reduce their electronegativity. This should lead to a

decrease in the ring oxidation potential.



4.3 Copolymerisa tion of Thiophenes

4.3.1 Introduction

In section 4.2, the failure of

3,4-dicarboxlated pyrroles to electropolymerise was

explained in terms of the decrease in the thermodynamic

stability of the radical cation. Similar arguments may be

applied to thiophenes. However, this cannot be the only

reason for lack of film formation. From Table 4.1, 3-

thiopheneacetic acid (TPAA) has an oxidation potential

similar to that of thiophene itself, but does not form

polymer coats when electrooxidised. This can be explained by
(102)considering the proposed mechanism for film formation

+ ,When a radical cation, R , is formed at the

electrode, it can undergo one of three surface processes.

Firstly, it can couple with another radical cation and

polymerise. Secondly, it can diffuse away into bulk solution

to react there. Finally, it can react with solvent, or a

nucleophilic species. R can be an oligomer or polymer

chain of any length. For film formation, the first reaction

must be dominant. This is the case for thiophene. The

introduction of electron-withdrawing substituents reduces

the stability of the radical cation, so increasing the rate

of nucleophilic substitution. This results in a decrease in
+ #the surface concentration of R and a reduction in the 

amount of surface polymerisation. Since the acetyl group is 

slightly electron donating, this effect is unimportant for

TPAA.



A reduction in the importance of the film

formation reaction can also be effected by increasing the
+ .importance of diffusion of R from the electrode

surface. This can be achieved by the attachment of polar

groups to the thiophene monomer to increase the solubility

of R and R+’. The acetate, group of TPAA would be expected to

be just such a solubilising functionality.

If this hypothesis is correct, a reduction in the

solubility of the oligomer and polymer radical cations would

be effected by reducing the number of acetoit- side-groups for

a given chain length. This could be brought about by the

copolymerisation of thiophene(TP) and TPAA.

4.3.2 Polymerisation Of Thiophene

Figure 4.5 shows the effect of sweeping the

potential of a platinum RDE, rotating at 4Hz, in a thiophene

solution (75mM). On increasing the applied potential,

oxidation of the thiophene monomer begins at +1.4V and

current saturation occurs at around +1.5V. Increased

currents are observed on the return sweep, indicative of a
(104)surface nucleation process . This cycling results in the

deposition of a black film of polythiophene.

Coating can also be effected by jumping the 

electrode potential to +1.6V from 0V or open circuit. This 

results in a current-time transient similar to that shown in 

Figure 4.6. Oxidation occurs with a rapidly increasing current, 

again indicative of surface nucleation. Hillman has

analysed the shape of this part of the observed current 

transients, noting their similarity with the calculated
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Figure 4.5 Current-voltage data for the oxidation of 

thiophene (75 mM) at W = 4 Hz, v = 20 mVs

5 0 0  1 0 0 0  1 5 0 0
E/mV



Figure 4.6 Current-time data for the electrooxidation of a 

thiophene solution (500 mM) at 1.6 V.



transients for three-dimensional instantaneous nucleation

and growth of right circular cones . Thus, thiophene

polymerisation appears to occur with differing rate 

constants for growth normal to and parallel with the 

electrode surface. At long times the observed current is 

constant, independent of time. This is due to complete 

overlap of the nucleation centres, resulting in film growth 

normal to the electrode surface only. Such behaviour has 

also been observed for experiments involving polymerisation 

at +1.7V.

Figure 4.7 shows a cyclic voltammogram (CV) of the

resulting modified electrode in background electrolyte

solution. The observed oxidation and reduction peaks are due

to the formation of the oxidised, conducting and reduced,

insulating forms of the coat, respectively. These peak

currents show a linear dependence upon potential sweep rate

(v) (Figure 4.8). This is indicative of the complete
(4)oxidation and reduction of a surface bound species . The 

area under each peak therefore gives the charge required to 

fully oxidise and reduce the polymer. For polymerisations 

using 150 mM thiophene, this is typically of the order of 31 

of the charge passed during coating. This implies that the 

film coverage is linearly dependent on the charge passed 

during film formation, in agreement with previous work^^. 

Results presented in this paper also indicate that on 

electr^opolymerisation, 2.25 electrons are removed per 

thiophene monomer. Of these, two electrons are lost during
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Figure 4.7 A cyclic voltammogram of a polythiophene

modified electrode in MeCN/LiClO^ (0.1 M) at 

v = 5 0 mV s ^.
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Figure 4.8 Variation of the peak currents for oxidation and 

reduction of a polythiophene coat with the 

potential sweep rate.

0 1 0  ^ ( v / m V s  ^



the coupling process. This indicates that polymer oxidation 

should require 11Z of the electrooxidation charge. The 

discrepancy between the observed and theoretical percentages 

can be attributed to the effect of non-polymer forming side 

reactions of the radical cations (section 4.3.1). Indeed, 

increasing the solution concentration of thiophene does lead 

to an increase in the percentage of the thiophene oxidation 

current seen in the cyclic voltammogram.

Further oxidation of the coat in background 

electrolyte solutions occurs at potentials greater than 

+1.3V. This leads to degradation and the loss of film 

electroactivity.

4.3.3 Formation Of TP/TPAA Copolymers

These experiments were performed using identical 

coating conditions to those for polythiophene.

Current-time data for the electropolymerisation of 

a solution of 150mM TP and 100mM TPAA is presented in Figure 

4.9a. The shape of the current transient is similar to that 

observed for pure thiophene, implying a similar 

electrooxidation process. However the magnitude of the 

oxidation currents is increased. At the applied potential of 

+1.6V, the radical cation of both monomers will be formed.

CV data for the resulting film in background solution 

(Figure 4.9b) shows comparable peak positions to those of a 

polythiophene coat. The observed peak currents are 

proportional to the sweep rate ('Figure 4.10), indicative of 

complete oxidatiori/reduction of the polymer. The charge

passed in this process was found to be approximately 11 of



Figure A.9a Current-time data for the electropolymerisation

of a 150mM TP/100 mM TPAA solution at 1.6 V.

Figure 4.9b Cyclic voltammogram of the resulting coat 

(v = 50 mVs S .
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Figure 4.10 Variation of the observed peak currents for

oxidation and reduction of the TP/TPAA polymer 

with potential sweep rate.



the charge passed in forming the film. This is a greater 

percentage than for the coats formed using pure TP (150 mM) 

solution.

This experiment was repeated with varying

concentrations of TPAA. The data is summarised in Table 4.2.

The observed oxidation currents increase when the

concentration of TPAA is raised. This is further evidence

for the oxidation of both monomeric species. In all cases,

the observed CV peak currents were proportional to sweep

rate. The fraction of electrooxidation charge that appears

in the CV peak also increases with added TPAA. This can be

attributed to the decreased importance of the radical cation

side reactions. The rate of coupling at the surface will

depend upon the square of the radical cation concentration.

All other radical reaction rates are linearly dependent upon 
+.[R ]. Therefore increasing the bulk monomer concentration 

will enhance polymer formation. However, the concentration 

of TP has remained constant- it is the concentration of TPAA 

which has been increased. Hence, this data is indicative of 

copolymerisation of TP and TPAA.

4.3.3.1 Evidence For The Formation Of TP/TPAA Copolymers 

Figure 4.11a shows an FTIR spectrum of the 

copolymer coated onto a platinum flag. The major peaks 

correspond to those of the TPAA monomer^06^(Figure 4.11b). 

However, these are somewhat broadened in the polymer. These 

peaks are not present in a similar spectrum of pure

polythiophene (Figure 4.12).



Table 4.2 Summary Of Data For The Electrochemical

Copolymerisation Of TP And TPAA

CTP]

/mM

[TPAA]

/mM

Mean
Oxidation
Current/mA

Total
Oxidation
Charge/mC

(A)

Polymer CV 
Peak Charge 

/mC 
C B ]

B/A

m

150 - 4.1 140 5.5±0 . 5 4.0 i 0.4

150 75 7.0 105 6 . 1 ±0.5 6.0±0.5

150 100 8.1 120 7.5±0.5 6.3±0.4

150 250 0.5 150 10.0±0 . G 6.3 ± 0.4



Figure 4.11a FTIR spectrum of a TP/TPAA copolymer. The peak 

positions are given in wavenumbers.

137

Figure 4.11b IR spectrum of TPAA monomer.
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flag electrode is given in Figure 4.13. This can be

contrasted with the spectra of TP/TPAA copolymers. Figures

4.14a and 4.14b show data for films prepared using solution

concentrations of 300mM TP/75mM TPAA and 300mM TP/150mM TPAA

respectively. The relevant peak assignments and observed

core binding energies for the thiophene spectrum are given

in Table 4.3. These are assigned by comparison with 
(107,108)literature values . Small deviations of the observed

binding energies from these values can be attributed to 

surface charging of the sample. It is clear that for the 

copolymer spectra, an extra peak is present at 289.2eV. This 

is assigned to electrons from the C(1s) orbital of the 

carbonyl substituent of TPAA. The observed chemical 

shift^^"^ of this C (1 s) peak when compared with that 

attributed to atoms from the polymer backbone is due to the 

greater electronegativity of the carbonyl carbon. The 

intensity of this peak can be seen to increase on raising 

the TPAArTP concentration ratio.

Quantitative calculations of this ratio for 

the polymer were attempted by integration of the two C(1s) 

peaks. The results presented in Figure 4.14b indicate that 

one carbonyl group is present for every eleven other 

carbons. This gives a TPAA/TP ratio of 2:3 in the polymer.

The corresponding ratio in the coating solution was 1:2. 

However, observed peak ratios will be sensitive to the 

presence of adventitious carbon on the surface of the 

sample. Further quantitative experiments to correlate the

A typical ESCA spectrum of a polythiophene coated
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Figure 4.14a ESCA spectrum of a coated platinum flag 

prepared by polymerising a solution of 

300 mM TP/75 mM TPAA.

J41

Figure 4.14b ESCA spectrum of a coated platinum flag

prepared by polymerising a solution of 

300 mM TP/150 mM TPAA.



Table 4.3 ESCA Data For Thiophene

Apparent Binding Energy 
(±0.1)/eV

Core EUctffg 
Assignment

72.3 Pt,4f3/2>
75.4 PtI4f5/2>
1G4.7

S ( 2 P  U Z , - S l 2 p 3 / 2 >

223.0 S(2S1/2}
285.2 .c" s„ 2>



polymer composition with the solution concentrations of TP 

and TPAA await the development of an electrode with 

reproducible solution hydrodynamics that can be examined by 

the ESCA technique. Flag electrodes do not have fixed TP and 

TPAA concentrations at the electrode surface throughout 

polymerisation. This is a necessity for reproducible 

copolymerisation at any electrode.

Another important piece of evidence for copolymer 

formation is the observed solubility. Thick films (** 0.1-1 

mm) of TP and TP/TPAA polymers were prepared and peeled from 

the electrode surface. The polythiophene coats were found to 

be insoluble in a wide variety of organic solvents. The 

copolymer films, though, dissolved slowly in 

dimethylformamide. This is due to the increased polarity of 

the copolymer structure, brought about by the addition of 

polar acetate side groups. Solution IR experiments confirmed 

the presence of dissolved polymer.

4.3.3.2 The Structure Of The TP/TPAA Copolymers

The structure of these films was investigated, 

using SEM. Figure 4.15 shows a typical SEM photograph of a 

TP (300 mM)/TPAA (200 mM) copolymer coated flag electrode.

The coat can be seen to be a homogeneous, densely packed 

polymer on the micron scale. Photographs of polythiophene 

coated flags indicate a similar morphology.
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Figure 4.15 Typical SEH photograph of a TP/TPAA copolymer

coated electrode.



4.3.4 Formation Of Thiophene And 3-Thiophenecarboxylic Acid 

Copolymers

Copolymerisation experiments were also performed

using mixtures of TP and 3-thiophenecarboxylic acid (TPCA)

(Table 4.1). Typical experimental results for the

electrooxidation of TP/TPCA solutions at + 1.6V are shown in

Table 4.4. At this potential, the magnitude of the current

and the percentage of oxidation charge apparent in the

background electrolyte CV can be seen to be insensitive to

any added TPCA. The FTIR spectra of these coats are similar

to those for pure polythiophene (Figure 4.11a). Thus, it can

be concluded that copo.lymer.isation does not occur at this

potential. The observed E far TPCA was +1.84V (Table 4.1).pa
This provides evidence that copolymerisation requires the 

formation of both radical cationic species.

In contrast, experiments performed at +1.85V 

are indicative of copolymerisation (Table 4.4). Similar 

electrooxidation behaviour was observed for TP/TPCA as for 

TP/TPAA solutions. There were corresponding increases in the 

oxidation current and the fraction of charge observed when 

performing cyclic voltammetry on the coat in background 

electrolyte solution. This is again indicative that 

copolymerisation has occured. Figure 4.16 shows CV data for 

a TP/TPCA copolymer. The oxidation peak is clearly broader 

than in the case of polythiophene or TP/TPAA copolymers. The 

reduction peak also appears slightly broader. The E^a values 

for TP and TPCA (Table 4.1) are separated by of the order of 

250 mV. Therefore, the E of TP and TPCA would be expected



Table 4.4 Summary Of Data For The Electrochemical

Polymerisation Of TP and TPCA

(a) at +1.6 V

[TP]

/mM

C TPCA] 

/mM

Mean
Oxidation 
Current/mA

Total
Oxidation
Charge/mC

(A)

Polymer CV 
Peak Charge 
/mC 
(3)

B/A

m

150 3.0 75 2.5+0.2 3 . 0 ± 0.3

150 10.0 3.0 110 3.5±0.3 3 . 1 ± 0.3

150 200 2.9 98 2.5± 0.2 2.6±0.3

(b) at +1.85 V

CTP]

/mM

[TPCA]

/mM

Mean
Oxidation
Current/mA

Total
Oxidation
Charge/mC

(A)

Polymer CV 
Peak Charge 

ImC 
(S)

B/A

(Z)

300 - 4.3 16 0 9.0±0.5 5.6±0.5

150 150 4 . 9 1 13 6.5±0.4 5.9±0.5

150 300 4.3 111 4.3 ± 0.3 6.6 ± 0.5
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Figure 4.16 Cyclic voltammogram of a TP/TPCA copolymer

produced by oxidation of a 300 mM TP/200 mM TPCA 

solution at 1.85 V (v = 10 mV s 1).



t o  h a v e  a s i m i l a r  d i s p a r i t y  [ s e c t i o n  4 . 1 . 2 ) .  T h i s  w o u l d  

e x p l a i n  t h e  w i d e r  r a n g e  o v e r  w h i c h  c o p o l y m e r s  o f  t h e s e  

s u b s t a n c e s  o x i d i s e  a n d  r e d u c e  w h e n  c o m p a r e d  w i t h  T P  a n d  

T P / T P A A  c o p o l y m e r s ,  f o r  w h i c h  t h e  E p g  o f  t h e  m o n o m e r s  i s  

s i m i l a r .

4 . 3 . 4 . 1  E v i d e n c e  F o r  T h e  F o r m a t i o n  O f  T P / T P C A  C o p o l y m e r s  

F T I R  s p e c t r o s c o p y  o n  p l a t i n u m  f l a g s  c o a t e d  w i t h  

T P / T P C A  c o p o l y m e r  ( F i g u r e  4 . 1 7 )  s h o w  a b r o a d  p e a k  a t  1 6 5 0 -  

. 1 6 1 0  c m \  T h i s  i s  a s s i g n e d  a s  b e i n g  d u e  t o  t h e  s t r e t c h i n g  

m o d e  o f  a c a r b o n y l  g r o u p .  H o w e v e r ,  s o l u t i o n  s p e c t r a  o f  T P C A  

m o n o m e r  i n  c h l o r o f o r m  s h o w  t h e  c a r b o n y l  s t r e t c h  t o  b e  a t  

1 6 9 2  c m  1 . T h i s  s h i f t  i n  f r e q u e n c y  m a y  b e  d u e  t o  p a r t i a l  

d e l o c a l i s a t i o n  o f  t h e  C = 0  b o n d  i n t o  t h e  i r - s y s t e m  o f  t h e  

p o l y m e r  b a c k b o n e .  T h i s  i s  s h o w n  s c h e m a t i c a l l y  i n  F i g u r e

4 . 1 0 .  T h e  C - 0  b o n d  o r d e r  a p p e a r s  t o  b e  g r e a t e r  t h a n  o n e - a n d -

a - h a l f ,  a s  t h e  a s y m m e t r i c  s t r e t c h  o f  c a r b o x y l a t e  a n i o n s

u .  " 1 - 1 ( 1 0 9 )
o c c u r s  b e t w e e n  1 5 5 0  c m a n d  1 6 1 0  c m

A s  w i t h  T P / T P A A  c o p o l y m e r s ,  t h i c k  f i l m s  h a v e  b e e n  

s h o w n  t o  b e  s o l u b l e  i n  D M F ,  p r o d u c i n g  a b r o w n  s o l u t i o n .  A g a i

s o l u t i o n  I R  i n d i c a t e s  t h e  p r e s e n c e  o f  d i s s o l v e d  c o p o l y m e r .
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TP/TPCA copolymer.
150

F i g u r e  4 . 1 8 T h e  c a n o n i c a l  f o r m s  o f  a

0

n



4 . 4  I n c o r p o r a t i o n  O f  L e a d ( I I )  I n t o  T P / T P A A  A n d  T P / T P C A

C o p o l y m e r s

L e a d ( I I )  i n c o r p o r a t i o n  w a s  a c h i e v e d  b y  s o a k i n g  

o x i d i s e d  c o a t s  i n  a q u e o u s  P b ( N O ^ ^  s o l u t i o n s  a t  n e u t r a l  p H .  

T h e  s o l u b i l i t y  o f  t h i s  s a l t  i s  h i g h ^ 1 1 0 ^. T h e  p K g  o f  a c e t i c  

a c i d  i s  4 . 7 4 ^ 1 ^  a n d  t h a t  o f  T P A A  w o u l d  b e  e x p e c t e d  t o  b e  

s i m i l a r .  T P C A  w i l l  p r o b a b l y  h a v e  a l o w e r  p K g v a l u e ,  d u e  t o  

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

H e n c e ,  a t  t h i s  p H .  t h e  c a r b o x y l i c  a c i d  g r o u p s  w o u l d  b e  

e x p e c t e d  t o  b e  p r e s e n t  a s  c a r b o x y l a t e  a n i o n .  T h e r e f o r e  i t  i s  

e x p e c t e d  t h a t  i n c o r p o r a t i o n  w o u l d  t a k e  p l a c e  a c c o r d i n g  t o  

t h e  r e a c t i o n

2 P - C 0 2 ~ + P b 2 +  ------------------> ( P - C 0 2 ) 2 P b  _____ ( 4 . 1 )

w h e r e  P i s  t h e  p o l y t h i o p h e n e  b a c k b o n e .

4 . 4 . 1  T P / T P A A  C o p o l y m e r s

F i g u r e  4 . 1 9 a  s h o w s  t h e  F T I R  s p e c t r u m  o f  a 

c o p o l y m e r  p r o d u c e d  f r o m  3 0 0 m M  T P / 2 0 0 m M  T P A A  s o l u t i o n  a f t e r  

s o a k i n g  f o r  s i x  h o u r s  i n  t h e  l e a d  s o l u t i o n .  T h e  e l e c t r o d e  

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

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

c o p o l y m e r  p r i o r  t o  s o a k i n g  ( F i g u r e  4 . 1 1 a )  s h o w s  s i g n i f i c a n t  

c h a n g e .  T h e  p e a k  a t  1 7 0 5  c m  \  a s s i g n e d  t o  t h e  c a r b o n y l  

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

d i s a p p e a r e d .  T w o  m a j o r  n e w  p e a k s  a t  1 5 2 5  c m  1 a n d  1 3 7 2  c m  1 

c a n  c l e a r l y  b e  s e e n .  T h e  s p e c t r u m  o f  l e a d ( I I )  a c e t a t e  

t r i h y d r a t e ^ 2  ̂ ( F i g u r e  4 . 1 9 b )  h a s  s i m i l a r  p e a k s .  T h e r e f o r e ,  

c o m p l e t e  c o n v e r s i o n  o f  t h e  a c e t i c  a c i d  g r o u p s  t o  l e a d ( I I )

a c e t a t e  h a s  o c c u r e d .



Figure 4.19a FTIR spectrum of copolymer produced from a

300mM TP/200mM TPAA solution. The coat was 152

s o a k e d  i n  s a t u r a t e d  a q u e o u s  l e a d ( I I ) n i t r a t e

s o l u t i o n  f o r  s i x  h o u r s .

F i g u r e  4 . 1 9 b  I R  s p e c t r u m  o f  l e a d ( I I )  a c e t a t e .



E S C A  s p e c t r a  o f  t h e s e  c o a t s  s h o w  a d o u b l e t  a t

4 1 5 . 1 i 0 . 1 e V  a n d  4 3 9 . 0 * 0 . 1  e V ,  d u e  t o  t h e  P b { 4 d 5 / 2 ) a n d  

P b ( 4 d ^ 2 ) c o r e  e l e c t r o n s .  T h e  r e l a t i v e  i n t e n s i t y  o f  t h e s e  

a n d  t h e  C ( 1 s ) p e a k s ,  a f t e r  c o r r e c t i o n  f o r  t h e  d i f f e r e n t  

r e l a t i v e  e l e c t r o n  p h o t o i o n i s a t i o n  c r o s s - s e c t i o n s ^  ^ ^ , 

i n d i c a t e s  a r a t i o  o f  l e a d : c a r b o n  o f  1 : 2  i n  t h e  f i l m .  T h i s  i s  

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

c o m p l e t e  d e r i v a t i s a t i o n  o f  T P A A ,  a c c o r d i n g  t o  e q u a t i o n  

( 4 . 1 ) .

P r e v i o u s  w o r k ^ 1 ^ ’ 1 ^ ^  o n  c h e m i c a l l y  s y n t h e s i s e d  

p o l y t h i o p h e n e s  u s i n g  b u t y l l i t h i u m  a n d  G r i g n a r d  r e a g e n t s  

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

m e t a l  i o n s  i n  t h e  p o l y m e r .  T h i s  w a s  a t t r i b u t e d  t o  t h e  

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

n +  .
w h e r e  M i s  t h e  c a t i o n .  I t  i s  h e r e  p o s t u l a t e d  t h a t  t h e  

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

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

j u s t  s u c h  a c o m p l e x .  T h e  s t r e t c h i n g  f r e q u e n c y  o f  t h i s  t y p e  

o f  c o m p l e x  w o u l d  b e  e x p e c t e d  t o  b e  l o w  ( < 8 0 0  c m  S  a n d  

c o n f i d e n t  i d e n t i f i c a t i o n  o f  t h i s  a b s o r p t i o n  i n  t h e  F T I R  

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

f r o m  t h e s e  r e s u l t s  t h a t  t h e  e x c e s s  l e a d  i s  d u e  t o  t h e  

p r e s e n c e  o f  e x c e s s  P b ( N 0 ^ ) ^ w h i c h  h a s  n o t  b e e n  r e m o v e d  b y



t h e  r i n s i n g  p r o c e d u r e .  F u r t h e r  w o r k  i s  r e q u i r e d ,  m o n i t o r i n g  

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

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

o b s e r v e d  s p e c t r u m .

S E M  p i c t u r e s  o f  t h e  f i l m  s h o w  l i t t l e  c h a n g e  i n  

c o a t  m o r p h o l o g y  o n  l e a d  i n c o r p o r a t i o n  ( F i g u r e  4 . 2 0 ) .

4 . 4 . 2  T h e  L e a d i n g  O f  T P / T P C A  C o p o l y m e r s

I n  c o n t r a s t  t o  T P / T P A A ,  F i g u r e  4 . 2 t  s h o w s  t h e  F T I R  

s p e c t r u m  o f  a T P / T P C A  c o p o l y m e r  a f t e r  s o a k i n g  i n  a q u e o u s  

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

i n  p e a k  i n t e n s i t i e s  o r  f r e q u e n c i e s  w i t h  r e s p e c t  t o  t h e  

o r i g i n a l  T P / T P C A  c o p o l y m e r .  T h i s  i n d i c a t e s  n e g l i g i b l e  

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

T h i s  c a n  b e  a t t r i b u t e d  t o  t h e  e f f e c t  o f  

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

T r - s y s t e m  o f  t h e  p o l y m e r .  T h i s  w i l l  s t a b i l i s e  t h e  f r e e  

c a r b o x y l a t e  s p e c i e s .  T h u s ,  t h e  e q u i l i b r i u m  p o s i t i o n  o f  

e q u a t i o n  ( 4 . 1 )  w i l l  f a v o u r  t h e  r e a c t a n t s  i n  t h i s  c a s e .

H e n c e ,  i t  s e e m s  t h a t  t h e  p r e c u r s o r  t o  t h e  

c a t a l y t i c  l e a d ( I V )  c a r b o x y l a t e  g r o u p  c a n n o t  b e  f o r m e d  f o r

T P / T P C A  c o p o l y m e r s .
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F i g u r e  4 . 2 0  T y p i c a l  S E M  p h o t o g r a p h  o f  a l e a d e d  T P / T P A A  

c o p o l y m e r  c o a t e d  f l a g .
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4 . 5  E l e c t r o c h e m i s t r y  O f  l e a d e d  T P / T P A A  C o p o l y m e r s

E x p e r i m e n t s  t o  i n v e s t i g a t e  t h e  e l e c t r o c h e m i s t r y  o f  

t h e  l e a d e d  T P / T P A A  c o p o l y m e r s  w e r e  g e n e r a l l y  p e r f o r m e d  i n  

a c e t o n i t r i l e  s o l u t i o n s .  l e a d ( I I )  a c e t a t e  i s  i n s o l u b l e  i n  t h i s  

m e d i u m  a n d  s o  t h e  d i s s o c i a t i o n  o f  t h e  P b d P A A ) ^  c o m p l e x  i s  

s u p p r e s s e d .

4 . 5 . 1  C y c l i c  V o l t a m m e t r y

C y c l i c  v o l t a m m e t r i c  e x p e r i m e n t s  w e r e  p e r f o r m e d  t o  

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

f i l m s  ( F i g u r e  4 . 2 2 ) .  L e a d  i n c o r p o r a t i o n  r e s u l t s  i n  a s h i f t  

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

o x i d i s i n g  p o t e n t i a l .  T h i s  i s  d u e  t o  t h e  i n c r e a s e  i n  

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

c o - o r d i n a t e d  t o  l e a d ( I I ) .  T h e  p e a k  c u r r e n t s  a n d  t o t a l  c h a r g e  

p a s s e d  i n  t h e s e  v o l t a m m o g r a m s  i n c r e a s e d  i n i t i a l l y  w i t h  

i n c r e a s i n g  s w e e p  n u m b e r .  A l s o ,  a n  o x i d a t i o n  p e a k  d e v e l o p s  

a n d  t h e  p o t e n t i a l  a t  w h i c h  t h i s  p e a k  o c c u r s  d e c r e a s e s .

H o w e v e r  a f t e r  2 0 - 3 0  c y c l e s ,  n o  f u r t h e r  c h a n g e  w a s  o b s e r v e d .  

T h e  c u r r e n t s  w e r e  f i v e  t o  t e n  t i m e s  l e s s  t h a n  t h o s e  o f  a n  

u n l e a d e d  f i l m .  A s  i n  t h e  c a s e  o f  u n l e a d e d  p o l y t h i o p h e n e  

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

t h a n  + 1 . 3 V ,  l e a d i n g  t o  a l o s s  i n  c o a t  e l e c t r o a c t i v i t y .

F i g u r e  4 . 2 3  s h o w s  C V  d a t a  f o r  a T P  c o a t  a f t e r  

i n c o r p o r a t i n g  l e a d  i n  a n  i d e n t i c a l  m a n n e r .  S i m i l a r  b e h a v i o u r  

i s  o b s e r v e d .  A g a i n ,  a t e n - f o l d  d e c r e a s e  i n  t h e  p o l y m e r  

o x i d a t i o n / r e d u c t i o n  p e a k s  w a s  o b s e r v e d ,  c o m p a r a b l e  t o  t h a t  

f o r  t h e  l e a d e d  T P / T P A A  c o p o l y m e r .  S i m i l a r  C V  d a t a  w a s



F i g u r e  4 . 2 2  C y c l i c  v o l t a m m o g r a m  o f  a l e a d e d  T P / T P A A

c o a t  ( v  = 5 0  m V  s  1 ) ( a )  f i r s t  c y c l e  ( b )  a f t e r  5 

c y c l e s  ( c )  a f t e r  3 0 - 4 0  c y c l e s .

F i g u r e  4 . 2 3  C y c l i c  v o l t a m m o g r a m  o f  a l e a d e d  T P  c o a t

( v  = 5 0  mV s  1 ) ( a )  f i r s t  c y c l e  ( b )  a f t e r  3 0 - 4 0  

c y c l e s .  T h i s  c o a t  w a s  s o a k e d  i n  a q u e o u s  l e a d ( I I )  

n i t r a t e  f o r  s i x  h o u r s .



o b t a i n e d  f r o m  T P / T P A A  c o a t s  s o a k e d  i n  C a f N O ^ J ^  a n d  N a N O ^  

s o l u t i o n s .  I n  c o n t r a s t ,  p r o l o n g e d  s o a k i n g  o f  T P / T P A A  c o a t s  

i n  d i s t i l l e d  w a t e r  h a d  n o  e f f e c t  o n  t h e  o b s e r v e d  o x i d a t i o n  

a n d  r e d u c t i o n  r e a c t i o n s  i n  b a c k g r o u n d  s o l u t i o n .

T h u s ,  i t  i s  e v i d e n t  t h a t  t h e  c h a n g e  i n  c o a t  

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

c o a t ,  b u t  n o t  t o  t h o s e  c o - o r d i n a t e d  t o  t h e  a c e t a t e  

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

t h e  c a t i o n - r i n g  s u l p h u r  c o m p l e x  p o s t u l a t e d  e a r l i e r  ( s e c t i o n  

4 . 4 . 1 ) ^ * ^ .  T h i s  w o u l d  b e  e x p e c t e d  t o  h a v e  a m a r k e d  e f f e c t  

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

t h e  c o n j u g a t e d  t r - s y s t e m  o f  t h e  p o l y m e r .  T h e  f o r m a t i o n  o f

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

x  . . ( 1 1 6 )  
t h e  l o s s  o f  r i n g  c o p l a n a n t y

4 . 5 . 2  R e d o x  R e a c t i o n s

4 . 5 . 2 . 1  T h e  O x i d a t i o n  O f  Q u i n o l

C o m p a r a t i v e  s t u d i e s  w e r e  a l s o  c a r r i e d  o u t  o n  t h e  

o x i d a t i o n  o f  q u i n o l ( 5  m M )  s o l u t i o n s  a t  l e a d e d  a n d  u n l e a d e d  

T P / T P A A  c o a t e d  R D E ' s .  I n  a c e t o n i t r i l e  s o l u t i o n s ,  q u i n o l  

u n d e r g o e s  a t w o - e l e c t r o n  o x i d a t i o n  t o  p - b e n z o q u i n o n e ^  1 ^ ^ . 

F i g u r e  4 . 2 4 a  a n d  4 . 2 4 b  p r e s e n t s  L e v i c h  a n d  m o d i f i e d  T a f e l  

p l o t s  ( s e c t i o n  2 . 1 )  f o r  t h e  o x i d a t i o n  o f  q u i n o l  a t  T P / T P A A  

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

d o e s  n o t  p r o d u c e  a s t r a i g h t  L e v i c h  p l o t .  A t y p i c a l  K o u t e c k y -  

L e v i c h  p l o t  f o r  t h e s e  r e s u l t s  i s  g i v e n  i n  F i g u r e  4.24c D a t a  

f r o m  t h e s e  p l o t s  f o r  c l e a n  p l a t i n u m  a n d  T P / T P A A  a n d  l e a d e d  

T P / T P A A  c o p o l y m e r  f i l m s  c o a t e d  o n t o  P t  a r e  c o l l e c t e d  i n

T a b l e  4 . 5 .
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F i g u r e  4 . 2 4 a  L e v i c h  p l o t  f o r  t h e  o x i d a t i o n  o f  q u i n o l ( 5  m M)  

a t  a T P / T P A A  c o p o l y m e r  f i l m .

F i g u r e  4 . 2 4 b  T a f e l  p l o t  f o r  t h e  s a m e  d a t a .

2

1
Log-Q(i. /i-1) 

0

-1

-2
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F i g u r e  4 . 2 4 c  K o u t e c k y - L e v i c h  p l o t  f o r  t h e  o x i d a t i o n  o f  

q u i n o l  ( 5  m M )  a t  a l e a d e d  T P / T P A A  c o p o l y m e  

f i l m .



Table 4.5 Kinetic Data For The Oxidation Of Quinol (5 mM)

E l e c t r o d e P t T P / T P A A  c o p o l . L e a d e d

T P / T P A A  c o p o l .

e 1 / 2 / mv 7 3 0 ± 5 7 2 0 ± 5 7 7 0 ± 5

ft 0 . 3 5 0 . 3 6 0 . 3 0

L e v i c h

P l o t ?

N o Y e s N o

K o u t e c k y -

L e v i c h

P l o t ?

Y e s N o Y e s

1 0 3 . k ? /  

c m  s -  1

3 9 ± 3 2 . 9 ± 0 . 2

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

- 5  2 - 1
q u i n o l  o f  7 ± 2  x  10  c m  s



F r o m  t h e s e  r e s u l t s ,  i t  i s  c l e a r  t h a t  t h i s  r e a c t i o n

h a s  s i m i l a r  k i n e t i c  a n d  t h e r m o d y n a m i c  c h a r a c t e r i s t i c s  a t  

p l a t i n u m  a n d  T P / T P A A  e l e c t r o d e s .  ( T h e  l a r g e  b u t  f i n i t e  v a l u e  

o f  k ^  o b s e r v e d  f o r  P t  i s  p r o b a b l y  d u e  t o  p o i s o n i n g  o f  t h e  

e l e c t r o d e  b y  s o l u t i o n  i m p u r i t i e s  o r  o x i d a t i o n  p r o d u c t s . )  A 

p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  i s  t h a t  d i r e c t  e l e c t r o n  

t r a n s f e r  b e t w e e n  q u i n o l  a n d  t h e  P t  e l e c t r o d e  i s  o c c u r r i n g .  

H o w e v e r ,  t h i s  c a n n o t  b e  t h e  c a s e ,  a s  c o m p l e t e  b l o c k i n g  o f  

f e r r o c e n e  o x i d a t i o n  a t  T P / T P A A  c o a t e d  p l a t i n u m  w a s  o b s e r v e d  

a t  p o t e n t i a l s  l e s s  t h a n  + 4 5 0 m V ,  w h e r e  t h e  c o a t  i s  i n  i t s  

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

e l e c t r o d e s  w i t h  = + 1 0 0 m V .  T h i s  i n d i c a t e s  t h a t

s u b s t r a t e s  d o  n o t  p e n e t r a t e  t h e s e  c o a t s  t o  r e a c t  a t  t h e  

p l a t i n u m  e l e c t r o d e  s u r f a c e .  H e n c e ,  m e d i a t e d  e l e c t r o n  

t r a n s f e r  b e t w e e n  t h e  f i l m  a n d  t h e  q u i n o l  m u s t  b e  t a k i n g  

p l a c e .  T h a t  t h i s  r e a c t i o n  g i v e s  L e v i c h  b e h a v i o u r  i n d i c a t e s

t

t h e  t r a n s p o r t  o f  e l e c t r o n s  t h r o u g h  t h e  c o a t  t o  b e  f a s t .  

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

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

o b s e r v e d  f o r  t h i s  o x i d a t i o n  a t  t h e  m o d i f i e d  e l e c t r o d e -  t h i s  

m a k e s  t h e  c o a t e d  e l e c t r o d e  a b e t t e r  s u b s t r a t e  f o r  q u i n o l  

o x i d a t i o n .

I t  i s  a p p a r e n t  f r o m  T a b l e  4 . 5  t h a t  f o r  t h e  

o x i d a t i o n  o f  q u i n o l  a t  l e a d e d  T P / T P A A  f i l m s ,  a  m a s s  

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

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

c o n d u c t i v i t y  o f  t h e  c o a t .  T h e  s m a l l  s h i f t  i n  t h e  E ^ 2 o f  + 5 0



m V w i t h  r e s p e c t  t o  T P / T P A A  p o l y m e r s  c a n  b e  a t t r i b u t e d  t o

t h e  s h i f t  i n  t h e  C V  p e a k  a s s i g n e d  t o  p o l y m e r  o x i d a t i o n  i . e .

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

c o a t  s p e c i e s  r e s p o n s i b l e  f o r  q u i n o l  o x i d a t i o n .  T h e  s t a n d a r d

e l e c t r o d e  p o t e n t i a l  f o r  t h e  l e a d ( I I )  a c e t a t e - l e a d ( I V )

(97)
a c e t a t e  s y s t e m  i n  a c e t i c  a c i d  i s  + 0 . 9 2 V  . T h e s e  a r e  t h e

m o s t  f a v o u r a b l e  c o n d i t i o n s  f o r  t h e  f o r m a t i o n  o f  t h e  l e a d ( I V )  

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

r e q u i r e d  t o  o x i d i s e  l e a d ( I I )  a c e t a t e  w o u l d  b e  e v e n  g r e a t e r .  

T h e r e f o r e ,  i t  a p p e a r s  t h a t  r e a c t i o n  i s  b e t w e e n  t h e  o x i d i s e d  

c o a t  a n d  q u i n o l  a n d  d o e s  n o t  p r o c e e d  v i a  a l e a d ( I V ) a c e t a t e  

i n t e r m e d i a t e .

4 . 5 . 2 . 2  T h e  O x i d a t i o n  O f  E t h y l e n e  G l y c o l  A n d  O t h e r  D i o l s

D a t a  f o r  t h e  o x i d a t i o n  o f  e t h l e n e  g l y c o l  ( 1  M )  a t  

a l e a d e d  T P / T P A A  c o p o l y m e r  e l e c t r o d e  i s  p r e s e n t e d  i n  F i g u r e  

4 . 2 5 o > .  O n  s w e e p i n g  t h e  p o t e n t i a l  a n o d i c a l l y ,  p a s t  t h e  

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

i s  o b s e r v e d .  T h i s  d e c a y s  a n d  m o v e s  t o  m o r e  p o s i t i v e  

p o t e n t i a l s  o n  s u b s e q u e n t  c y c l i n g ,  u n t i l  a f t e r  3 0  - 4 0  c y c l e s ,  

n o  f u r t h e r  c h a n g e  i n  t h e  C V  i s  o b s e r v e d .  S i m i l a r  b e h a v i o u r  

w a s  o b s e r v e d  f o r  a l l  d i o l  c o n c e n t r a t i o n s  b e t w e e n  5 5  mM a n d  

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

l e a d  i n c o r p o r a t i o n  t i m e  b e t w e e n  s i x  m i n u t e s  a n d  t w o  d a y s .  

R a p i d  d e c a y  o f  t h e  o x i d a t i o n  p e a k  a f t e r  1 - 2  c y c l e s  w a s  s e e n  

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

c u r r e n t  i s  d u e  t o  g l y c o l  o x i d a t i o n .

F i g u r e  4 . 2 5 n u  s h o w s  s i m i l a r  d a t a  f o r  a l e a d e d  T P  

c o a t e d  e l e c t r o d e .  A g a i n ,  a p e a k  w a s  s e e n  a r o u n d  + 1 . 3 V ,  w h i c h
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e t h y l e n e  g l y c o l  ( 1 M ;  v  = 2 0  m V  s  ; W = 9 H z ;  

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

t h i r t i e t h  t o  f o u r t i e t h  c y c l e s )

Figure 4.25 Current-voltage data for the oxidation of

( i )  a t  a l e a d e d  T P / T P A A  e l e c t r o d e
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( i i i )  a t  a p l a t i n u m  e l e c t r o d e .



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

o n  c o n t i n u e d  c y c l i n g .  U n l e a d e d  T P  c o a t s  s h o w  s i m i l a r  

e l e c t r o c h e m i s t r y .

G l y c o l  o x i d a t i o n  a t  b a r e  p l a t i n u m  t a k e s  p l a c e  

w i t h  a p e a k  o x i d a t i o n  p o t e n t i a l  o f  + 1 . 6 V  ( F i g u r e  4 . 2 5 ( u ' o J .  

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

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

• T h e s e  r e s u l t s  i n d i c a t e  t h a t  t h e  o x i d a t i o n  o f  

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

b a c k b o n e .  T h i s  d o m i n a t e s  a n y  o x i d a t i o n  v i a  a l e a d ( I V )  

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

e v o l u t i o n  o f  t h e  p e a k  p o t e n t i a l  f o r  o x i d a t i o n  i s  l i k e l y  t o  

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

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

b a c k g r o u n d  s o l u t i o n s .  T h e  d e s t r u c t i o n  o f  t h e  c o n j u g a t e d  tt-  

s y s t e m  w i l l  l e a d  t o  a f a l l  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  

a c r o s s  t h e  c o a t .  H e n c e ,  a m i g r a t i o n a l  f i e l d  w i l l  b e  s e t  u p  

w i t h i n  t h e  c o a t  t o  s p e e d  t h i s  t r a n s p o r t .  T h i s  i s  i n d i c a t e d  

b y  t h e  d r o p  i n  o x i d a t i o n  c u r r e n t  a n d  t h e  i n c r e a s e  i n  

o x i d a t i o n  p o t e n t i a l .  H o w e v e r ,  i t  i s  e v i d e n t  t h a t  o x i d a t i o n  

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

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

b e t t e r  t h a n  p l a t i n u m  f o r  e l e c t r o o x i d i s i n g  g l y c o l s .

S i m i l a r  b e h a v i o u r  w a s  o b s e r v e d  f o r  t h e  o x i d a t i o n

o f  p i n a c o l  a n d  c y c l o h e x a n e - t , 2 - d i a l .



4 . 6  D i s c u s s i o n

T h e  i n c o r p o r a t i o n  o f  l e a d  ( I I )  a c e t a t e  g r o u p s  i n t o  

c o n d u c t i n g  p o l y m e r  c o a t  h a s  b e e n  a c h i e v e d .  H o w e v e r ,  

m e d i a t e d  e l e c t r o o x i d a t i o n  r e a c t i o n s  u s i n g  t h e s e  f i l m s  d o  n o t  

i n v o l v e  l e a d ( I V )  a c e t a t e  s p e c i e s .  R a t h e r ,  o x i d a t i o n  i s  

m e d i a t e d  b y  t h e  p o l y t h i o p h e n e  b a c k b o n e  f o r  a l l  t h e  r e d o x  

s y s t e m s  s t u d i e d .

A t  f i r s t  g l a n c e ,  t h e  e x p a n s i o n  o f  t h i s  w o r k  t o

r e s e a r c h  t h e  r e a c t i o n  o f  t h a l l i u m ( 1 1 1 ) a c e t a t e  g r o u p s  i n

t h e s e  c o a t s  s e e m s  d e s i r a b l e .  B e n z e n e  s u b s t r a t e s  g e n e r a l l y

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

o x i d i s e d  b y  T P  c o a t s ^ 1 1 9 ^. A l s o ,  t h a l l i u m ! 1 1 1 ) a c e t a t e  i s

p r o d u c e d  f r o m  t h a l l i u m ( I )  a c e t a t e  a t  l o w e r  p o t e n t i a l s  t h a n

(120)
t h e  o x i d a t i o n  o f  l e a d ( I I )  a c e t a t e  t o  l e a d ( I V )  a c e t a t e  

H o w e v e r ,  t h i s  r e a c t i o n  i n v o l v e s  a t t a c k  b y  a n u c l e o p h i l e  o n  a 

t h a l l a t e d  a r o m a t i c  m o l e c u l e .  N u c l e o p h i l e s  t e n d  t o  b e  

e l e c t r o n  r i c h  a n d  e a s i l y  o x i d i s e d .  T h e r e f o r e ,  i t  i s  l i k e l y  

t h a t  o x i d a t i o n  o f  t h e s e  s p e c i e s  b y  t h e  c o a t  w i l l  o c c u r ,  

r a t h e r  t h a n  t h e  o x i d a t i o n  o f  t h a l l i u m ( I )  t o  t h a l l i u m ( 1 1 1 ) .  

F o r  e x a m p l e ,  p r e l i m i n a r y  e x p e r i m e n t s  s h o w  t h a t  i o d i d e  

u n d e r g o e s  f a c i l e  o x i d a t i o n  t o  i o d i n e  a t  t h e s e  m o d i f i e d  

e l e c t r o d e s .  A f u r t h e r  c o m p l i c a t i o n  i s  t h a t  t h a l l i u m ( 1 1 1 ) ,  i f  

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

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

o v e r c o m e  i n  b a t c h  s y n t h e s i s  b y  t h a l l a t i n g  t h e  b e n z e n e  p r i o r  

t o  t h e  a d d i t i o n  o f  n u c l e o p h i l e -  o f  c o u s e ,  t h i s  i s  n o t  

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



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

m o l e c u l e s  b y  t h e  u s e  o f  t h e s e  t w o - e l e c t r o n  i n o r g a n i c  i o n s  

i n c o r p o r a t e d  i n t o  d e r i v a t i s e d  t h i o p h e n e  c o a t s  c a n n o t  b e  

a c h i e v e d .

H o w e v e r ,  t h e  r e s u l t s  p r e s e n t e d  i n  t h i s  c h a p t e r

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

p o l y t h i o p h e n e  b a c k b o n e .  I t  h a s  b e e n  s h o w n  t h a t  f o r  b o t h

q u i n o n e  a n d  g l y c o l s ,  o x i d a t i o n  a t  t h e s e  c o a t e d  e l e c t r o d e s  i s

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

p o i s o n i n g  f r o m  p r o d u c t  a b s o r p t i o n .  A l b e r y  a n d  J o n e s ^ 1 ^ 1 ^

h a v e  r e c e n t l y  s t u d i e d  t h e  e l e c t r o c h e m i c a l  o x i d a t i o n  a n d

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

m e a s u r i n g  t h e  E S R  s i g n a l  d u e  t o  t h e  c o a t .  A c o r r e l a t i o n  o f

t h e  n u m b e r  o f  s p i n s  w i t h  t h e  a m o u n t  o f  c h a r g e  i n j e c t e d  i n t o

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

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

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

p o l y p y r r o l e ,  p r o d u c i n g  a l o c a l i s e d  r a d i c a l  s p e c i e s .  P a s s a g e

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

l o s s  o f  t h i s  E S R  s i g n a l .  T h i s  c a n  b e  a t t r i b u t e d  t o  t h e

f o r m a t i o n  o f  a l o c a l i s e d ,  t w o - e l e c t r o n ,  o x i d i s e d  s p e c i e s  i n

( 122 )
t h e  c o a t  w i t h  n o  u n p a i r e d  e l e c t r o n s .  G e n i e s  h a s  a l s o

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

i n  t e r m s  o f  t w o  s u c c e s s i v e  o n e - e l e c t r o n  o x i d a t i o n  r e a c t i o n s .

(123)
E S R  e x p e r i m e n t s  o n  p o l y t h i o p h e n e  h a v e  s h o w n  s i m i l a r

b e h a v i o u r .

T h e  c y c l i c  v o l t a m m e t r i c  d a t a  p r e s e n t e d  b y  A l b e r y

a n d  J o n e s  i n d i c a t e s  t h a t  t h e s e  r e d o x  c o u p l e s  d o  n o t  o b e y  t h e



N e r n s t  e q u a t i o n .  R a t h e r ,  t h e  r e s u l t s  a r e  s e e n  t o  f i t  a m o d e l  

w h e r e  e a c h  r e d o x  c o u p l e  h a s  a G a u s s i a n  d i s t r i b u t i o n  o f  t h e  

s t a n d a r d  e l e c t r o d e  p o t e n t i a l  a b o u t  a m e a n  v a l u e ^ ^ ^ .  T h i s  

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

c o a t .  ( A n  a l t e r n a t i v e  e x p l a n a t i o n  f o r  t h i s  e f f e c t  w o u l d  b e  

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

o n  i n c r e a s i n g  t h e  d e g r e e  o f  c o a t  o x i d a t i o n . )  T h i s  m e a n s  t h a t  

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

o x i d i s i n g  o r  r e d u c i n g  a g e n t s .

T h u s ,  i t  s e e m s  t h a t  i n  t h e  f u l l y  o x i d i s e d  f o r m ,  

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

o x i d a n t s  o f  v a r y i n g  o x i d i s i n g  p o w e r .  T h i s  m e a n s  t h a t  t h e s e  

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

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

o f  o t h e r  r e d o x  s p e c i e s .



A p p e n d i x - E x p e r i m e n t a l  D e t a i l s  F o r  T h e  T o s M I C  R e a c t i o n

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

s o l u t i o n  o f  t o s y l m e t h y l i s o c y a n i d e  ( T o s M I C ,  2 0  m m o l ,  3 . 9 1  

g )  a n d  t h e  c h o s e n  v i n y l  s u b s t r a t e  ( 2 0  m m o l )  w a s  p r e p a r e d  i n  

a m i x t u r e  o f  d i e t h y l  e t h e r  a n d  d i m e t h y l  s u l p h o x i d e  ( 2 : 1  v / v ,  

2 5  m l ) .  T h i s  w a s  a d d e d  d r o p w i s e  t o  a s t i r r e d  s u s p e n s i o n  o f  

c i r c a  1 . 2  e q u i v a l e n t s  o f  s o d i u m  h y d r i d e  ( 1 . 2 g ) i n  d i e t h y l  

e t h e r  ( 4 0  m l )  u n d e r  d r y  a r g o n .

A f t e r  r e f l u x i n g  f o r  f i f t e e n  m i n u t e s ,  t h e  m i x t u r e  

w a s  d i l u t e d  w i t h  w a t e r  ( 5 0  m l ) .  F o r  t h e  s y n t h e s i s  o f  D P D C ,  

t h e  p r o d u c t  w a s  t h e n  i s o l a t e d  a s  a y e l l o w  s o l i d .  T h i s  w a s  

p u r i f i e d  b y  v a c u u m  s u b l i m a t i o n  ( 2 0 0  * C ,  0 . 0 5  r n b a r )  t o  y i e l d  

w h i t e  n e e d l e  c r y s t a l s  o f  D P D C  ( 3 5 / ( ) .

P h y s i c a l  D a t a : ( T h e o r e t i c a l  a n d  L i t e r a t u r e  v a l u e s  i n  

p a r e n t h e s e s )

M i c r o a n a l y s i s  C 5 2 . 4 5 2  ( 5 2 . 4 6 2 ) ,  H 4 . 9 5 2  ( 4 . 9 2 2 ) ,

0 7 . 5 9 2  ( 7 . 6 5 2 )

M e l t i n g  p o i n t  2 4 6 - 2 4 7  * C  ( 2 4 3 - 2 4 5  * C { 1 ° 3 ) )

N M R  5 7 . 4 0 ,  3 . 7 0  ( 7 . 4 3 ,  3 . 7  0 £ 1 2 5 1 )

F o r  a l l  o t h e r  s y n t h e s e s ,  t h e  a q u e o u s  l a y e r  w a s  

e x t r a c t e d  w i t h  d i e t h y l  e t h e r  a n d  d r i e d  o v e r  s o d i u m  s u l p h a t e .  

T h e  e t h e r  w a s  r e m o v e d  i n  v a c u o  t o  y i e l d  a n  o i l .  T h i s  w a s  

p u r i f i e d  b y  c o l u m n  c h r o m a t o g r a p h y .  N M R  s p e c t r a  o f  t h e  

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

w a s  p r e s e n t .  E x t r a c t i o n  f r o m  t h e  o r g a n i c  l a y e r  u s i n g  a

v a r i e t y  o f  s o l v e n t s  g a v e  s i m i l a r  r e s u l t s .



C H A P T E R  5 - C H A R G I N G  A N D  D I S C H A R G I N G  T H E  T H I O N I N E  C O A T E D

E L E C T R O D E

5 . 1  I n t r o d u c t i o n

5 . 1 . 1  R e a c t i o n  K i n e t i c s  o f  P o l y m e r  M o d i f i e d  E l e c t r o d e s

P o l y m e r  m o d i f i e d  e l e c t r o d e s  t y p i c a l l y  c o n t a i n

r e d o x  c e n t r e s  i n  h i g h  c o n c e n t r a t i o n  ( s e c t i o n  1 . 1 ) .  T h u s ,

t h e  e l e c t r o c h e m i c a l  s w i t c h i n g  o f  t h e s e  c e n t r e s  b e t w e e n  t h e i r

o x i d i s e d  a n d  r e d u c e d  f o r m s  w i l l  p e r m i t  t h e  r e v e r s i b l e

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

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

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

T h e r e  i s  c o n s i d e r a b l e  c o n t r o v e r s y  o v e r  t h e  e x a c t

( 1 2 6  1 2 7 )
k i n e t i c s  a n d  m e c h a n i s m  o f  t h e s e  r e a c t i o n s  * . F i g u r e

5 . 1 a  s h o w s  t h e  p r o c e s s e s  o c c u r r i n g  i n  a t y p i c a l  m o d i f i e d  

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

t h e  r e a c t i o n

R — — ------ > 0

o c c u r s .

R t r a n s p o r t s  t o  t h e  e l e c t r o d e  w h e r e  i t  i s  

o x i d i s e d .  I n  o r d e r  t o  m a i n t a i n  e l e c t r o n e u t r a l i t y  w i t h i n  t h e  

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

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

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

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

p o l y m e r  r e l a t i v e  t o  t h e  c o n c e n t r a t i o n  o f  a n i o n  i n  t h e  

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

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

o f  t h e  c o a t  a n d  i t s  n e t  c h a r g e .
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F i g u r e  5 . 1  S c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  o x i d a t i o n  o f  a 

m o d i f i e d  e l e c t r o d e  i n  t h e  a b s e n c e  o f  r e d o x  

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

( a )  t r a n s p o r t  o f  p o l y m e r  r e d o x  s p e c i e s  a n d  

c o u n t e r i o n s .

E l e c t r o d e  C o a t  E l e c t r o l y t e

( b )  f i e l d  d i s t r i b u t i o n  a c r o s s  t h e  l a y e r .



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

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

d i s t r i b u t i o n  t h r o u g h o u t  t h e  l a y e r  i s  o f  i m p o r t a n c e .  F i g u r e

5 . 1 b  s h o w s  a n  i d e a l i s e d  s c h e m a t i c  i l l u s t r a t i o n  o f  t h i s

d i s t r i b u t i o n .  4«^ i s  t h e  p o t e n t i a l  o f  t h e  e l e c t r o d e  a n d

t h a t  o f  t h e  b u l k  s o l u t i o n .  ( T h e  m a g n i t u d e  o f  i s

f i x e d  a t  a n y  g i v e n  p o t e n t i a l . )  A t  t h e  e l e c t r o d e / p o l y m e r

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

w h i c h  a p o t e n t i a l  A 4 > ^  i s  d r o p p e d .  T h i s  d o u b l e  l a y e r  i s

a n a l o g o u s  t o  t h a t  b e t w e e n  a n  e l e c t r o d e  a n d  e l e c t r o l y t e .

T h e r e  m a y  a l s o  b e  a p o t e n t i a l  d r o p ,  A ‘l>p , a c r o s s  t h e  p o l y m e r

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

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

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

, ( 1 2 8 . 1 2 9 )
p o l y m e r ,  b y  d i r e c t  a n a l o g y  w i t h  s o l u t i o n

I n  a d d i t i o n  t o  t h e s e  v o l t a g e s ,  t h e r e  m a y  a l s o  b e  a 

v o l t a g e  a t  t h e  p o l y m e r / e l e c t r o l y t e  i n t e r f a c e .  F o r  c o a t s  

w h i c h  h a v e  a n e t  c h a r g e ,  m o l a r  c o u n t e r i o n  c o n c e n t r a t i o n s  m a y  

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

e l e c t r o n e u t r a l i t y .  H o w e v e r ,  i n  b u l k  s o l u t i o n ,  i o n i c  

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

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

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

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

4- 4.- , (130)
p o t e n t i a l

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

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

a n y  m e c h a n i s m  m a y  b e  c o m p l e x  a n d  m a y  c h a n g e  w i t h  t i m e .



H e n c e ,  t h e  k i n e t i c s  o f  t h e  r e a c t i o n  a n d  t h e  l o c a t i o n  o f  t h e

r e a c t i o n  z o n e  m a y  a l s o  c h a n g e .  T h i s  e x p l a i n s  t h e

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

( 1 2 6 . 1 2 7 )
t h e s e  r e a c t i o n s

W i t h  s u c h  c o m p l e x i t y ,  i t  i s  n e c e s s a r y  t o  c o m b i n e  

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

s y s t e m .  C u r r e n t - t i m e  d a t a  i s  v a l u a b l e  i n  p r o b i n g  e l e c t r o n  

t r a n s f e r  a t  t h e  e l e c t r o d e / p o l y m e r  i n t e r f a c e .  M o r e o v e r ,  a 

k n o w l e d g e  o f  c o u n t e r i o n  f l u x  a n d  t h e  p o s i t i o n  o f  t h e  

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

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

t h i o n i n e  c o a t e d  e l e c t r o d e .

5 . 1 . 2  T h e  T h i o n i n e  C o a t e d  E l e c t r o d e  -  T h e  S t o r y  S o  F a r  

T h i o n i n e  i s  a n  o r g a n i c  p h e n o t h i a z i n e  d y e :

+ ” " 2
T h i o n i n e  c o a t e d  e l e c t r o d e s  a r e  p r o d u c e d  b y  c o a t i n g  f r o m  a

c i r c a  3 0  p M  s o l u t i o n  i n  5 0  mM s u l p h u r i c  a c i d  a t  + 1 . 2 V  w i t h

( 6 1 , 1 3 1 , 1 3 2 )
r e s p e c t  t o  S C E  f o r  9 0 0  s e c o n d s T h e  m e c h a n i s m

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

(8 5 , 133)
r a d i c a l  c a t i o n s ,  l i n k e d  v i a  t h e i r  a m i n o  n i t r o g e n s  

T h i s  r e s u l t s  i n  t h e  s t r u c t u r e s  s h o w n  i n  F i g u r e  5 . 2 .

T h e  t h i o n i n e  c e n t r e s  ( T h )  i n  t h e  m o d i f i e d  e l e c t r o d e  

u n d e r g o  a t w o - e l e c t r o n  r e d u c t i o n  t o  a l e u c o t h i o n i n e  s p e c i e s  

( L )  a c c o r d i n g  t o  t h e  r e a c t i o n  

2 e , n H *

T h + L ( n - 1 , t  ...........( 5 . 1 )
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F i g u r e  5 . 2  T h e  t w o  p o s s i b l e  t y p e s  o f  i n t e r m o l e c u l a r  b o n d i n g  

f o r  t h i o n i n e  i n  t h e  c o a t .

H N



This is analogous to the electrochemistry of thionine in

a q u e o u s  s o l u t i o n .  T h u s  i t  c a n  b e  s e e n  t h a t  c h a r g i n g  a n d

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

f l u x .  A t y p i c a l  c y c l i c  v o l t a m m o g r a m  ( C V )  o f  t h e  t h i o n i n e

e l e c t r o d e  i n  5 0 m M  s u l p h u r i c  a c i d  s u p p o r t i n g  e l e c t r o l y t e  ( p H

1 . 2 )  i s  s h o w n  i n  F i g u r e  5 . 3 .  T h e  m a x i m u m  p e a k  c u r r e n t s

v a r y  l i n e a r l y  w i t h  s w e e p  r a t e  u p  t o  1 0 0  m V / s ,  i n d i c a t i n g  t h e

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

( 8 1  )
s p e c i e s I n t e g r a t i o n  o f  t h e  C V  p e a k s  a n d  u s e  o f  a n

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

2 ( 134)
0 . 5 7  nm / m o l e c u l e  g i v e s  a t y p i c a l  e l e c t r o d e  c o v e r a g e  o f

t e n  m o n o l a y e r s .  T h i s  a r e a  i s  c a l c u l a t e d  a s s u m i n g  t h e  

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

t r a n s f e r  i s  r e v e r s i b l e ,  w i t h  a 9 0  mV p e a k - t o - p e a k  s e p a r a t i o n

+ -  ( 6 2 )  
f o r  t h e  3 H  , 2 e  r e a c t i o n  a t  p H  1 . 2

E x p e r i m e n t a l  d a t a  h a s  a l s o  b e e n  a c q u i r e d  f o r  t h e

( 8 1  )
v a r i a t i o n  o f  E ’ w i t h  t h e  p H  o f  t h e  a q u e o u s  s o l u t i o n  

( E ‘ i s  t h e  m e a n  o f  t h e  o x i d a t i o n  a n d  r e d u c t i o n  p e a k s  i n  a 

C V .  T h i s  i s  t h e  e q u i v a l e n t  o f  t h e  s t a n d a r d  e l e c t r o c h e m i c a l  

p o t e n t i a l  o f  a s p e c i e s  i n  s o l u t i o n . )

T h e  g r a d i e n t  o f  t h i s  p l o t  g i v e s  n / 2  f o r  r e a c t i o n  

( 5 . 1 ) .  T h i s  a l l o w s  a p p r o x i m a t e  p K ^  v a l u e s  f o r  t h e  t h i o n i n e

a n d  l e u c o t h i o n i n e  s p e c i e s  t o  b e  c a l c u l a t e d
( 8 1  )

T h i s  d a t a

i s  s h o w n  i n  F i g u r e  5 . 4 .  A l s o  s h o w n  a r e  t h e  p K g v a l u e s  f o r  

t h e  s o l u t i o n  s p e c i e s ,  a n d  t h e  s o l u t i o n  p K ^  v a l u e s  o f  t h e  

o n e - e l e c t r o n  s e m i t h i o n i n e  ( S )  i n t e r m e d i a t e .  T h e  t h r e e

l e u c o t h i o n i n e  e q u i l i b r i a  a r e  h e n c e f o r t h  d e s i g n a t e d  a s  p K
a 1 '
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F i g u r e  5 . 3  T y p i c a l  c y c l i c  v o l t a m m o g r a m  o f  p o l y t h i o n i n e  i n

H S O  ( 5 0  rnH; v  -- 5 0  m V  s " V  2 k
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F i g u r e  5 . 4  T h e  s c h e m e  o f  s q u a r e s  f o r  t h i o n i n e .  T h e  v a l u e s  t o  

t h e  l e f t  o f  t h e  e q u i l i b r i a  a r e  f o r  t h e  c o a t e d  

s p e c i e s .  T h o s e  t o  t h e  r i g h t  r e f e r  t o  t h i o n i n e  i n  

s o l u t i o n .

T h +  =
A

1 1-2

S  -
8

L “

q3

T h H 2 +
A

-1

T h H ^ +
2

S H  +
1-2

s h 2 +
2

L H
*

5 -6
8 P Kq 2

L H
2

A
4 - 5 5 a 1

L H 2 +
3



shown.



5.2 Chronoamperometric Studie

Some chronoamperometric studies have already been
(79 )carried out on this electrode . Small potential steps of 

ten to twenty millivolts around the E‘ of the coat were 

performed. These can be fitted to a modified Cottrell 

expansion:

i
1/2aAq

1

oo

♦ 2 ) ( - 1) exp ■
2.2 m 1
Dt -

m= 1 -*
. . . (5.2)

where Aq is the change in charge on performing the 

experiment.

This equation is derived by integration of Fick's Second Law

of Diffusion for a thin layer of thickness 1. The

experimental time course is controlled by one characteristic 
2parameter, D/l .

At pH 1.2, the observed values of this time 

constant were found to vary with the size of the background 

anion. With this e v i d e n c e , it was proposed that the rate 

determining step for the coat redox reaction was the 

diffusion of anion within the coat. This would be the case 

if electron transport were fast.
2At pH 5, the values of D/l obtained were

uniformly higher, and independent of anion size. Thus,

electron transport was considered to be rate determining.

At this pH, the redox reaction was proposed as being

2e~,2H++ --------- > +
Th < - -------  LH2

This does not require anion incorporation.



Figure 5.5 shows typical current versus t- 1 / 2

plots for 20 mV steps about the E' of a thionine coated

electrode for small and large anion background electrolyte.

Also shown is a theoretical line calculated from the first

five terms of equation (5.2) for modified Cottrell

behaviour. The close correlation of the data with this line
2and the variation of the measured value of D/l with the 

size of the background anion is in good agreement with the 

aforementioned work. This is observed for all bulk pH values 

and for both buffered and unbuffered solutions.

Figures 5.6(a) and 5.6(b) show large step 

chronoamperometric experiments in unbuffered aqueous sodium 

perchlorate (0.1 M) at varying pH. The term large step, 

when used in this thesis, means that the potential jump is 

such that complete oxidation (or reduction) of the fully 

reduced (or oxidised) coat occurs. These current transients 

cannot be interpreted using simple modified Cottrell theory. 

Their shape is also not constant with bulk pH. This is in 

marked contrast to small step experiments.

The application of small potential steps should 

give results equivalent to relaxation experiments. Small 

changes in concentration of thionine and leucothionine are 

effected. This allows only small disc pH excursions thereby 

minimising changes in the protonation state of 

leucothionine. Migration in the layer would also be 

expected to be unimportant. However, for large step 

experiments, a rapid turnover of all the thionine centres is 

enforced. Thus, very large changes in the local



Figure 5.5 Current versus t plots for small step 183-1/2

chronoamperometry at thionine modified 

electrodes.

(a) in H^SO^ (50 mM; step 190 mV to 210 mV; 

D/l2 = 1.82 s'1)

(b) in glycylglycylglycine buffer (0.1 M. pH 8.0; 

step -75 mV to -175 mV; D/l2 = 0.6G s"1)

0.0 1.0 2.0 <j / o3.01 0 / (  f / m s r
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concentrations of thionine proton and anion are possible,

resulting in a more complex reaction. The object of this 

work is to explain the observed kinetics of these coat redox 

reactions in terms of a general model.



5.3 Mechanisms of the Charging/Pischarging Process

The elucidation of mechanisms for the 

charge/discharge process of the thionine modified electrode 

requires knowledge of the flux of protons and counterions 

throughout the electrode reaction. This has been 

accomplished by the use of bismuth/bismuth oxide and 

silver/silver chloride ring electrodes as downstream sensors 

of these species.

5.3.1 Bismuth/Bismuth Oxide Experiments

The typical response of a bismuth oxide ring 

electrode to solutions of varying pH is shown in Figure 5.7.

The rotation speed of the electrode was 10 Hz. This complex 

response can be attributed to changes in the degree of 

protonation of the bismuth oxide layer. Typically the ring 

response to pH was measured before and after each 

experiment. This was found to be sufficient to enable easy 

conversion between measured potentials and pH.

Experiments involved the imposition of a potential of 

600 to 700 mV about the E* to a thionine coated disc 

electrode. This effects a disc electrode conversion from 

the thionine to the leucothionine form, or vice versa.

However, the imposition of a fast voltage change 

over the period of a few milliseconds was found to produce a 

non-Faradaic voltage excursion at the ring. This effect has 

been observed for high frequency ac experiments^^ and is 

due to the charging of the ring electrode double layer 

through the solution resistance. The magnitude of the 

effect is directly proportional to the applied ac voltage.



Figure 5.7 Response of a bismuth/bismuth oxide ring

electrode to solutions of varying pH (W = 10 Hz).

4 . 0  6 . 0  8 . 0  1 0 . 0



It is clear that an experiment involving a step (or fast

ramp) in potential can be considered to be analogous to the

application of a quarter of one cycle of an ac signal.

Therefore, this non-Faradaic signal can be minimised by

decreasing the ramp rate. Experiments have revealed that

the effect is small for a ramp time of 100-200 ms.

Experimental fluxes of protons at the disc were

calculated from observed bismuth ring voltages using the

theory given in section 2.2.2.3.

Figure 5.8 shows the electron and proton fluxes

for the conversion of thionine to leucothionine and the

reverse reaction at a bulk pH of 3. In each case, the

electron and proton fluxes are of a similar shape. The flux

of protons is of the order of one and a half times greater

than the flux of electrons. This is consistent with the
(81 )three proton, two electron reaction implied by Colby

+

The ‘proton flux'observed after the completion of the 

electrochemical reaction is an experimental artefact, due to 

drift in the potential of the sensor at this pH. Small 

changes in this potential will produce large calculated ‘fluxes' 

at low pH, where the ring is comparitively insensitive to 

proton flux.

Figure 5.9 shows typical experimental data

collected at pH 4. The reaction L ----> Th is similar to

that at pH 3. The most marked change is in the shape of the 

proton flux transient for the reduction of thionine. This
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can be explained by considering the excursion in pH. As

reaction proceeds, L is formed, consuming protons. The

concentration of the redox sites in the coat is estimated to 
(7 9 )be 3 M . Hence the pH at the disc (pHQ) becomes more 

alkaline, until pH^ becomes greater than pKa^ At this 

point, the reaction switches from

to

+Th 2e ,3H> LH2 + 
3

Th
+ 2e ,2H> LH

2

This produces a proton flux in time with the 

electron flux, but smaller in magnitude than at pH 3. As 

the reaction nears completion, pH^ gradually relaxes to the 

bulk value, and proton is titrated into the coat, according 

to the reaction

H > LH2 + 
3

Thus, a large proton flux is still observed, even as

electron transfer nears completion.

At pH 5 (Figure 5.10) the reaction L ----> Th

still gives similar proton and electron flux transients.

The Th ----> L reaction is similar to that at pH 4. The

proton flux required to change the disc pH such that pH >

pK . is much smaller and cannot be observed. Also, the a3
comparatively small disc fluxes of proton or hydroxide ion 

suggests a rapid pH excursion such that pH > pK , pK ,d c d J

giving the reaction
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+ 2eTh > L

followed by slow titration of protons into the coat to 

restore bulk pH.

L
+3H > LH2 + 

3

This smaller relaxation flux is due to the smaller 

concentration gradient between disc and bulk at pH 5, when 

compared with pH 4.

At pH 6. (Figure 5.11), even smaller fluxes are 

required to drive the disc pH more alkaline than PKa 1 •

However, the main new development is now in the L ----> Th

transient. The proton flux transient is consistent with the 

reaction initially being

Lf).  ^ L >  Th*

with

such

the

that

evolved 

pH0 <

+LH2

protons rapidly

pK ., giving the a 1

H > LH2 + 
3

causing the disc pH to fall 

simultaneous reaction

i.e. self-buffering by the coat. This process will continue

until the buffer capacity of the layer is exceeded. This is
2 +when all L is present as LH^ . This will require the

turnover of one-third of the L sites. Then further

oxidation will result in a proton flux being observed as 
2 + +LH^ reacts to form Th . This data therefore implies

5 < pK < 6 a 1
Data collected at pH values of 7 and 8 are similar
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in form to that at pH 6. Figure 5.12 shows that at pH 9 no

proton or hydroxide ion transients can be observed,

indicating that the r e a c t i o n  is 2e

and that 8 < pK^ < 9

8 < pK , < 9 a 3
Values of the maximum disc pH were calculated from the

T ----> L reactions at bulk pH's of G. 7 and 8. This used

the same procedure as the construction of Figure 2.13. This 

was found to be 8.4±0.1 in each case. (In crossing the pKct J

boundary, no further excursion in pH will occur, as the 

thionine/leucothionine reaction requires no protons.)

Therefore

8 < pK _ < 8.4a2
8 < pK „ < 8.4 a3

It is comforting that these values of pK , and pK _a 1 a 2
agree well with literature values given in Figure 5.4.

K and K „ are each assigned to the intermolecular bridging a 2  a j
amine groups. It is therefore not unreasonable that their 

values are similar.

These results indicate simultaneous electron and proton 

exchange for these reactions. The current transients have 

a similar time scale over many orders of pH and various 

protonations and deprotonations of the thionine and 

leucothionine species. This infers that the rate 

determining step of these reactions does not involve protons 

or hydroxide ions.

These experiments indicate the value of this novel
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technique, which makes possible the direct measurement of 

the flux of proton or hydroxide ion at the disc throughout 

an electrochemical reaction. This method is generally 

applicable to the study of any electrode reaction involving

simultaneous electron and proton transfer.



5.3.2 Silver/Silver Chloride Experiments

Most of the reaction schemes proposed in section

5.3.1 require a change in charge of the coat. Typically,

the layer is positively charged and will therefore be

permselective towards anions. This section describes the

use of a potentiometric sensor to gain information about the

disc flux of anion throughout the charging reactions.

Figure 5.13 shows a typical response of a

silver/silver chloride electrode to the concentration of

chloride ion in solution. The slope of the calibration plot

is 55±5 mV/pH unit, indicating good Nernstian behaviour.

Deviations from this behaviour occur at pH ) 9, where
(72)surface silver oxide is formed

Experiments were performed in 100 pM sodium 

chloride solutions. This ensured that [Cl ] >> /Ksp
throughout the experiment. Therefore the theory of section

2.2.2.2 may be applied. The effects of solution migration 

were minimised by the addition of excess sodium perchlorate 

(50 mM) as supplementary background electrolyte. That this 

electrode can detect changes in chloride flux in the 

presence of large excess of other anions demonstrates the 

sensitivity of the technique.

Fast potential steps were employed, of similar 

magnitude to the proton flux experiments. These produced 

similar, non-Faradaic ring voltage excursions (section 5.2). 

However, reducing the rate of change of the disc potential 

was found to have little effect. This is because the

chloride ring potential is very much smaller than the non-
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Faradaic response in this case. Deconvolution of these 

signals was enabled by using slow rotation speeds of 1 or 2 

Hz. This increases the ring disc transit time to greater 

than one second^135 .̂ At these times, the non-Faradaic 

excursion, which is unaffected by rotation rate, is minimal. 

Unfortunately, this also means that equation (2.36) does not 

hold, for this assumes a fast transit time between disc and 

ring compared with the time scale of the disc current 

transient. But a combination of equations (2.36) and (2.13) 

gives

. 00
1R,C1~ = aR,C.l" exp AEF

RT ■ - 1 ---(5.3)

where i - is the amperometric flux of chloride ion
K i L_L

and i - can be calculated from equation (2.14).
H i C J.

This allows easy conversion of the observed ring

potential to an amperometric ring current. Firstly,

deconvolution of this current to a disc chloride flux was

attempted using the procedure outlined by Albery et 
(81,136)al . However, the disc transients typically last

less than 0.3 s. This is far too fast for this procedure to

produce accurate results.

The second approach was to predict the ring
(81 )response to the disc current. Colby has developed a 

simulation method in which the disc current is considered to 

be a series of galvanostatic steps joined to make a smooth 

transient. The ring current at any given time is given by 

the sum of the contribution of each disc current step



multiplied by its value of N̂ , the time dependent collection

efficiency^^. A FORTRAN computer program, DECON, has
(81)been developed to provide this data manipulation . This
. Scalculates a simulated amperometnc ring response 1 .K

sTherefore comparison of iR and iR allows a match

between disc chloride flux and disc current.

Figure 5.K shows the typical ring responses for

the reactions Th ----> L and L ----> Th at a bulk pH of 7.

It can be seen that the ring response for the reduction

reaction is greater than that for the oxidation. That there

is a response is indicative of the involvement of anions in

this reaction. The direction of the potential excursions

indicates an incorporation of anion into the coat during

oxidation and an ejection on reduction. The normalised
. S .simulated ring response iR for Th --- > L is shown m

Figure 5.15. Also shown is the normalised amperometric ring

'current' of chloride ion i - given by equation (5.3).
R i CJ.

sIt is evident that iR and iR are closely

matched in shape. Furthermore

XR ~ 100 1 R, Cl~

The concentration ratio of perchlorate to chloride 

anion is 500.

The Th ----> L reaction at a bulk pH 7 has been

shown to be
+ 2eTh — — > L

since at the disc pH„ > pK . (section 5.3.1).0 a 1
Therefore, in conjunction with these results, the reaction
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Figure 5.14 Typical Ag/AgCl ring response to large step

chronoamperometry at a thionine coated electrode

in 1OOpM NaCl/50mM NaCIO, solution (W = 2 Hz)4

(a) Th ----> L t / s
0 4 8 12

(b) L ----> Th.

J_________I_________ L

0 4 .8
f /c

12
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is most likely to be

2Th +A_ — — — > Th+L~+ 2A~(aq)

with the ejection of one anion to preserve electroneutrality

upon the injection of one electron. Therefore it appears

that the permselectivity of the coat for Cl compared with

CIO is 5. Further evidence for this reaction is presented 4
in section 5.2.3. The reaction L ----> Th is (section

5.3.1)

+ -2e + + ' +,LH — — > Th + H . + H (aq)2 coat
and

LH. coat > LH2 + 
3

The overall reaction requires one half of a counterion to be 

incorporated into the coat to maintain electroneutrality for 

each electron. Therefore, one sees a reduced chloride ion 

flux compared with the reduction process. This technique is 

not as sensitive as the bismuth/bismuth oxide sensor, and so 

the slow ejection of this counterion as the buffer capacity 

of coat is reached,

LH^ + 2A_ ■ •~--e -> Th + A~ + 2H+(aq) + A~(aq), 

cannot be detected. A further complication of the oxidation 

reaction is that the coat appears permselective to chloride 

ion. Permselectivity depends on coat thermodynamics rather 

than kinetics. Therefore, it is possible that for these 

experiments, which are under kinetic control, the amount of

perchlorate ions incorporated initially is greater than that



required by thermodynamics. There would then be a slow 

relaxation of the system after electrochemical reaction has 

finished, with chloride diffusing into the coat and 

perchlorate diffusing out, in order to obtain the most 

stable coat configuration. This would also result in a 

lessening of the observed chloride flux resulting from the 

current transient, when compared to the reduction reaction.

Experiments at a pH of 4 show little potential

excursion for Th ----> L. This is consistent with the

results of section (5.3.1), where the predominant reaction 

is the removal of two electrons and two protons from the 

coat, leaving the overall oxidation state unchanged.

It is sensible that these reactions involve the 

incorporation of anion and not the expulsion of cation.

This would be expected for a coat which carries positive 

charge.

This technique is a useful one for measuring the 

flux of anions during an electrochemical reaction. In 

particular, the great sensitivity of this method to small 

disc fluxes, when the solution concentration of chloride ion 

is small, is attractive. However, for these potential step 

experiments, it is necessary for the disc to ring transit 

time to be greater than the time course of the reaction.

This means that deconvolution of ring transients to give 

changes in the magnitude of the disc chloride ion flux 

throughout the transient is not possible. Only the mean 

flux can be ascertained. In order for this technique to be 

of comparable sensitivity to the bismuth/bismuth oxide



experiments, 

chloride ion 

non-Faradaic 

for which a

the potential excursion at the ring due to 

must be at least of similar magnitude to the 

potential excursion. This requires a system 

greater flux of chloride ion is produced upon

reaction.



5.3.3 The Reactions Of Coated Thionine at pH > pKg3

It has been proposed that the thionine to

leucothionine reaction at pH > pK (.i.e. pH > 8.4) is3 J

2Th + A~ ----- > Th + L_ + 2A~ (aq)

This reaction scheme predicts the formation of a 50:50 

mixture of thionine and leucothionine. Such a conformation 

would be expected to be a stable intermediate in 

charging/discharging reactions. The formation of these 

thionine-leucothionine "ion pairs" and the expulsion of 

counterion would lead to a compact hydrophobic organic 

layer. This change in structure would also show marked 

changes in permeability. Experiments were therefore 

undertaken to provide evidence of the formation of this 

intermediate. These were performed in 0.1 M glycine buffer

(pH 9.4).



5.3.3. 1 In Situ Visible Spectroscopic Experiments

Figure 5.1S shows the visible spectrum of a

thionine coated electrode in its oxidised form in glycine

buffer (0.1 M, pH 9.4). Coated thionine has a broad

absorption band in the visible, with a maximum centred

around 600 nm. Leucothionine is transparent in the visible.

Therefore, the absorbance of the coat is directly

proportional to the amount of thionine in the coat.

Figure 5.17a shows a typical transient on

stepping the potential such that the reaction Th ----> L

occurs. It can be seen that there is a fast decrease in

absorbance to approximately one half of the original value.
+ —This is indicative of the formation of a Th L intermediate.

This intermediate has a lifetime of a few seconds. A

similar intermediate, stable for about a second is observed

for the reverse reaction L ----> Th (Figure 5.17b). This

result is further discussed in section 5.4.

5.3.3.2 'Disconnect* Experiments

In this technique, the electrode is stepped from

leucothionine to thionine and the applied potential removed.

The potential of the disc is then monitored with time. An

example is shown in Figure 5.18. The oxidising potential

was applied for one second before disconnection. Upon

isolation, the disc potential jumped to -130 mV and remained

stable for a few minutes. This is the E* for the coat at pH 
( 81)9.4 . Typically, the o x i d a t i o n  o f leucothionine by

potential step methods is completed in less than 0.2 seconds 

(section 5.3). Therefore, the experiment is diagnostic for
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F i g u r e  5 . 1 8  E v o l u t i o n  o f  t h e  p o t e n t i a l  o f  a t h i o n i n e  c o a t e d  

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

a p p l i e d  p o t e n t i a l .  T h e  e l e c t r o d e  h a d  b e e n  

o x i d i s e d  f o r  o n e  s e c o n d  p r i o r  t o  d i s c o n n e c t i o n  

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

a b o u t  t h e  r e a c t i o n  L ----------> T h .

( a )  g l y c i n e  b u f f e r  ( 0 . 1  M ( p H  9 . 4 )

( b )  H . S O  ( 5 0  m M ) . 2 4

-200
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t h e  f o r m a t i o n  o f  a s t a b l e  T h  L i n t e r m e d i a t e .  T h e  g r a d u a l  

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

o x i d a t i o n  o f  t h e  c o a t .  S i m i l a r  e x p e r i m e n t s  a t  p H  1 . 2  s h o w  

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

m i l l i v o l t s  a b o v e  E ‘ u p o n  d i s c o n n e c t i o n .  V a r i a t i o n  o f  t h e  

t i m e  o f  a p p l i c a t i o n  o f  t h e  o x i d a t i o n  p o t e n t i a l  i n d i c a t e s  

t h a t  t h e  l i f e t i m e  o f  t h i s  i n t e r m e d i a t e  i s  o f  t h e  o r d e r  o f  2.

s e c o n d s .



5 . 4  K i n e t i c s  O f  L a r g e  S t e p  C h r o n o a m o e r o m e t r i c  E x p e r i m e n t s

5 . 4 . 1  E f f e c t s  o f  M e c h a n i s t i c  C h a n g e

T h e  b i s m u t h / b i s m u t h  o x i d e  r e s u l t s  p r e s e n t e d  i n  

s e c t i o n  5 . 3  s h o w  t h a t  f o r  a l a r g e  s t e p  c o a t  r e d u c t i o n ,  a t  

b u l k  p H  v a l u e s  b e t w e e n  5 a n d  8 , p H  > p K ^ *  p K ^  t h e  d i s c .  

T h u s  t h e  i n i t i a l  r e a c t i o n  i s

+ -  2 e + -
2 T h  A -------------> T h  L  + 2 A

i . e .  t h e  f o r m a t i o n  o f  a ' l o c k e d '  s p e c i e s  o f  t h i o n i n e -  

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

b y  o n e  o f  t w o  m e t h o d s .

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

t h a t  a t  t h e  d i s c ,  p H  < p K  , a n d  t h e  r e a c t i o n
a  J

T h V  ^ - >  2 L H __(5.4)

c a n  o c c u r .  A  s e c o n d  c o m p e t i n g  r e l a x a t i o n  m e c h a n i s m  i s  

+ -  2 e , 2 N a +
T h  L -> 2 L  N a . . . ( 5 . 5 )

T h e  c a t i o n  r e l a x a t i o n  m e c h a n i s m  w i l l  o c c u r  e x c l u s i v e l y  i n  

t h e  e x p e r i m e n t  p e r f o r m e d  a t  b u l k  p H  9 ,  w h e r e  i o n  p a i r  

d e s t r u c t i o n  b y  p r o t o n  i s  n o t  p o s s i b l e .  T h i s  i s  s h o w n  i n  

F i g u r e  5 . 6 a .  T h e  c o n s t a n t  c u r r e n t  a t  s h o r t  t i m e  i n d i c a t e s  

t h e  f o r m a t i o n  o f  a h i g h l y  r e s i s t i v e  l a y e r .  A  l a r g e  

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

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

l a y e r .  D i f f u s i o n  o f  s o d i u m  i o n s  i n  t h e  c o a t  w o u l d  b e  s l o w  

a n d  e f f e c t e d  b y  a m i g r a t i o n a l  f i e l d .

F o r  a l l  o t h e r  r e d u c t i o n  e x p e r i m e n t s  i n  w h i c h  t h e

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



t h e  b u l k  p H  i s  r e d u c e d ,  t h e  t i m e  c o u r s e  o f  t h e  c u r r e n t  

t r a n s i e n t  i s  a l s o  r e d u c e d .  T h i s  c a n  b e  e x p l a i n e d  b y  t w o  

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

r e a c t i o n  ( 5 . 4 )  i n  u n l o c k i n g  t h e  c o a t .  I n i t i a l l y ,  t h e  d i s c  

p H  f o r  t h e s e  e x p e r i m e n t s  i s  l e s s  t h a n  8 . T h e r e f o r e ,  t h e  

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

c o m p a r e d  w i t h  t h e  b u l k .  T h u s  a n  i n c r e a s e  i n  t h e  b u l k  p H  

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

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

r a p i d  r e d u c t i o n  r e a c t i o n .  S e c o n d l y ,  a s  t h e  b u l k  p H  b e c o m e s  

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

d i s c  p H  t o  8 . 4 .  T h i s  m e a n s  t h a t  l e s s  i o n  p a i r s  w i l l  b e  

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

T h e  e x p e r i m e n t  p e r f o r m e d  a t  p H  4 d o e s  n o t  i n v o l v e  

t h e  f o r m a t i o n  o f  a n y  i o n  p a i r s  -  i t  i s  n o t  s u r p r i s i n g  t h a t  

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

F o r  t h e  o x i d a t i o n  r e a c t i o n  ( F i g u r e  5 . 6 b ) ,  o n l y  t h e  

e x p e r i m e n t  a t  b u l k  p H 9 w i l l  i n v o l v e  t h e  f o r m a t i o n  o f  i o n  

p a i r s .  T h i s  t r a n s i e n t  i s  t h e  s l o w e s t  o f  a l l  t h e  o x i d a t i o n  

t r a n s i e n t s .  H o w e v e r ,  i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  i t s  

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

T h i s  i n d i c a t e s  t h a t  t h e  c o a t  h a s  a m o r e  o p e n  s t r u c t u r e  i n  

t h i s  c a s e .  T h i s  r e s u l t  c a n  b e  c o n t r a s t e d  w i t h  p o t e n t i a l  

s t e p  e x p e r i m e n t s  p e r f o r m e d  i n  g l y c i n e  b u f f e r .  T h e  

e x p e r i m e n t s  r e p o r t e d  i n  s e c t i o n  5 . 3 . 3  i n d i c a t e d  t h a t  t h e  

c o a t  h a s  a m o r e  c o m p a c t  s t r u c t u r e  d u r i n g  o x i d a t i o n ,  w i t h  t h e

5 0 : 5 0  i o n  p a i r  i n t e r m e d i a t e  b e i n g  s t a b l e  f o r  a b o u t  a s e c o n d .



F i g u r e  5 . 1 9  s h o w s  a t y p i c a l  c u r r e n t  t i m e  t r a n s i e n t  f o r  

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

t h i s  m e d i u m  c o m p a r e d  w i t h  s o d i u m  p e r c h l o r a t e .  H e n c e ,  i t  

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

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

b a c k g r o u n d  c o u n t e r i o n s  p r e s e n t .  S u c h  v a r i a t i o n s  m a y  e x p l a i n  

t h e  o b s e r v e d  d i f f e r e n c e s  b e t w e e n  t h e  c h a r g i n g  a n d  

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

F u r t h e r  w o r k  i s  r e q u i r e d  t o  i n v e s t i g a t e  t h i s  

e f f e c t  f o r  a w i d e  v a r i e t y  o f  e l e c t r o l y t e s .

W i t h  t h e  e x c e p t i o n  o f  t h e  o x i d a t i o n  e x p e r i m e n t  a t

b u l k  p H  4 .  a l l  o t h e r  o x i d a t i o n  r e a c t i o n s  i n v o l v e  a d i s c  p H

t r a v e r s a l  o f  t h e  p K  , b o u n d a r y ,  a n d .  t h e r e f o r e ,  a c h a n g e  i n
a 1

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

n o t  f i t  s i m p l e  m o d i f i e d  C o t t r e l l  t h e o r y .

5 . 4 . 2  E f f e c t  o f  S t e p  S i z e

I t  i s  c l e a r  t h a t  c h a n g e s  i n  d i s c  r e a c t i o n  

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

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

i n v e s t i g a t e  c o a t  c h a r g e / d i s c h a r g e  r e a c t i o n s  o f  t h i o n i n e  i n  

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

e x p e r i m e n t s  p e r f o r m e d  i n  0 . 1  M H C 1 0  s u p p o r t i n g  e l e c t r o l y t e ,  

a t  p H  1 .  F i g u r e s  5 . 2 0 a  a n d  5 . 2 0 b  s h o w  t h e  e f f e c t  o f  t h e  

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

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

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

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

c o n t r o l .  T h e r e f o r e ,  t h e  i n c r e a s e  i n  e l e c t r o d e  k i n e t i c s



F i g u r e  5 . 1 9  L a r g e  s t e p  c h r o n o a m p e r o m e t r i c  d a t a  f o r  t h e

r e a c t i o n  L  ----------> T h  i n  g l y c i n e  b u f f e r  ( 0 . 1  M ) .
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o b s e r v e d  o n  i n c r e a s i n g  t h e  s t e p  s i z e  i s  i n d i c a t i v e  o f  t h e

i m p o r t a n c e  o f  m i g r a t i o n  i n  t h e  e l e c t r o d e  r e a c t i o n .  N o

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

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

5 . 4 . 3  E f f e c t  o f  A n i o n  S i z e

F i g u r e  5 . 2 1  s h o w s  t h e  s p e c i e s  u s e d  t o  m a k e  l a r g e

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

w e r e  c h o s e n  t o  s p a n  t h e  p H  3 - 8  r a n g e .  T y p i c a l l y  t h e  

t r a n s i e n t s  p r o d u c e d  w e r e  o f  a t i m e  s c a l e  3 - 1 0  t i m e s '  s l o w e r  

t h a n  t h o s e  f o r  b u f f e r e d  C I O  o r  C l  s o l u t i o n s  a n d  u n b u f f e r e d  

C I O  o r  C l  s o l u t i o n s  o f  l o w  p H  ( F i g u r e  5 . 2 2 ) .  T h u s ,  a s  

w i t h  s m a l l  s t e p  e x p e r i m e n t s ,  t h e  r a t e  o f  c o a t  r e a c t i o n  i s  

d e p e n d e n t  u p o n  a n i o n  s i z e .  T h u s ,  a s  i s  t h e  c a s e  f o r  t h e  

s m a l l  s t e p  e x p e r i m e n t s ,  i t  a p p e a r s  t h a t  a n i o n  t r a n s p o r t  i s

i n v o l v e d  i n  t h e  r a t e  d e t e r m i n i n g  s t e p .
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F i g u r e  5 . 2 1  T h e  l a r g e  a n i o n  b i o l o g i c a l  b u f f e r s  u s e d  i n  t h e s e  

e x p e r i m e n t s .

H
G  L Y C Y L G L Y C Y L G L Y C I N E  0  p K Q 8 . 1

B E N Z I L I C
A C I D

p K a  3 . 1



F i g u r e  5 . 2 2  L a r g e  s t e p  c h r o n o a m p e r o m e t r i c  d a t a  f o r  t h e

223
r e a c t i o n  T h  ----------> L a t  a c o a t e d  e l e c t r o d e .

( a )  i n  M E S  b u f f e r  ( 0 . 1  M ;  p H  5 . 5 )

t/ms0  1 0 0  2 0 0  3 0 0

( b )  i n  H C 1 0  ( 0 . 1  M ) . 4

t / m s



5.5 In Situ Laser Raman Spectroscopic Studies

Thionine modified gold electrodes have been shown

to exhibit a surface enhanced resonance Raman (SERR) signal
(85)when excited by 647.1nm laser radiation . No signal

was detected for the leucothionine form. The exact nature

of the surface enhancement mechanism is still under

debate . However, observations on thionine and
(13 8)other systems' have indicated that the Raman signal is

due to the layers closest to the gold electrode. This is 

supported by the observation that similar Raman intensities 

produced from electrodes coated with three layers and ten 

layers of thionine.

Figure 5.23 shows the in situ SERR spectrum of a 

thionine electrode held in the oxidised form at pH 1.2. The 

dominant feature is the strong, sharp peak at 479 cm \

This has been asigned to the 5(CNC) skeletal deformation of 

the thionine molecule. Therefore, the intensity of this 

peak was followed with time during chronoamperometric 

experiments. This allows one to probe the oxidation state 

of the innermost layers of the coat. Comparison of this 

data with the integrated current transient, which gives 

information on the oxidation state of all of the coat, will 

give information on the location of the reaction zone.

Figure 5.24 shows the variation in intensity of 

this peak during the charging and discharging reactions.

are

For both oxidation and reduction, the change in the Raman 

signal is sharp and immediate, in marked contrast to the 

injection or removal of charge. This implies that reaction
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f a s t  c h a n g e  i n  t h e  R a m a n  s i g n a l  i s  o b s e r v e d  a t  a l l  p H

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

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

c o n t r a d i c t i o n  t o  t h e  p r e d i c t e d  l o c a t i o n  a t  t h e

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

o f  a n i o n  i n t o  t h e  c o a t  i s  r a t e  l i m i t i n g .  T h i s  w i l l  b e

f u r t h e r  d i s c u s s e d  i n  s e c t i o n  5 . 6 .  F i g u r e  5 . 2 5  s h o w s  t h e

S E R R  s p e c t r u m  o f  t h e  c o a t  i n  O . i M  g l y c i n e  a t  p H  9 . A .  T h e

a b s o l u t e  i n t e n s i t y  o f  t h e  p e a k  a t  4 7 9  c m 1 h a s  d e c r e a s e d

w h i l e  t h a t  o f  t h e  c o m p l e x  s t r u c t u r e  a t  ^ 1 4 0 0  c m   ̂ h a s  r i s e n

d r a m a t i c a l l y .  T h i s  s e t  o f  p e a k s  h a s  b e e n  a s s i g n e d  t o  t h e

a s y m m e t r i c  a n d  s y m m e t r i c  C N  s t r e t c h e s  o f  t h e  i n t e r m o l e c u l a r  

(85)
t h i o n i n e  b o n d s  . T a b l e  5 . 1  s h o w s  t h e  v a r i a t i o n  o f  t h e  

r e l a t i v e  i n t e n s i t i e s  o f  t h e  m a j o r  R a m a n  p e a k s  d u e  t o  t h e  

o x i d i s e d  c o a t  w i t h  p H .  T h e s e  h a v e  b e e n  n o r m a l i s e d  w i t h  

r e s p e c t  t o  t h e  i n t e n s i t y  o f  t h e  p e a k  a t  4 7 9  c m  \

T h e s e  c h a n g e s  a r e  n o t  d u e  t o  t h e  c h a n g e  i n  

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

c h a n g i n g  t h e  p H .  G e n e r a l l y ,  t h e  r a t i o  o f  t h e  s p e c t r a l  p e a k  

i n t e n s i t i e s  v a r y  w i t h  p H  a t  a n y  g i v e n  p o t e n t i a l ,  b u t  s h o w  

l i t t l e  d e p e n d e n c e  o n  p o t e n t i a l  a t  c o n s t a n t  p H .  S i m i l a r l y ,  

t h e  p e a k  i n t e n s i t i e s  a p p e a r  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  

n a t u r e  o f  t h e  b a c k g r o u n d  a n i o n .  T h i s  c h a n g e  i s  p r o b a b l y  d u e  

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

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

T h e  l a r g e s t  c h a n g e s  i n  i n t e n s i t y  c a n  c l e a r l y  b e

is initially located at the electrode/coat interface. A
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T a b l e  5 . 1  I n  S i t u  S E R R  D a t a  F o r  O x i d i s e d  T h i o n i n e  C o a t s

N o r m a l i s e d  W i t h  R e s p e c t  T o  T h e  I n t e n s i t y  O f  T h e  P e a k  A t  4 7 9

-1
c m

N o r m a l i s e d  I n t e n s i t y

P e a k  ! j ) os .  

/ ( c m  ) a n d  

A s s i g n m e n t

6 1 0

i n  p i .  s k e l .  

d e f .

1 0 4 0  

(3 ( C H )

^  1 4 0 0  

v ( C N )

1 5 0 2  

6 ( N H )

1 6 2 0  

v  ( C. C )

S o l u t i o n , 

P H

0 . 0 1  M H C 1 , 

2 . 0

. 12 . 0 9 . 2 9 . 17 . 17

0 .  1 M 

A c e t a t e  

B u f f e r , 

4 . 1

. 1 0 . 1 0 . 3 6 . 17 . 2 2

0 . 1  M

P h o s p h a t e  

B u f f e r ,

7 . 4

. 1 1 . 1 1 . 4 4 . 1 5 . 24

0 . 1  M 

H E P E S  

B u f f e r , 

8 . 0

. 2 0 . 2 7 . 8 2 . 3 3 . 6 0

0 . 1 M

G l y c i n e  

B u f f e r ,  

9 . 4

• H . 2 5 . 8 8 . 5 2 . 5 8



o b s e r v e d  a b o v e  p H 7 .  T h e r e f o r e ,  i n  t h i s  r e g i o n ,  c a l i b r a t i o n  

o f  t h e s e  e f f e c t s  w o u l d  a l l o w  t h e  c h a n g e  i n  t h e  R a m a n  s i g n a l s  

t o  a c t  a s  a s e n s i t i v e  d e t e c t o r  o f  t h e  p H  o f  t h e  c o a t .

T h i s  e f f e c t  c a n  b e  s e e n  f o r  t h e  p o t e n t i a l  s t e p  

e x p e r i m e n t  s h o w n  i n  F i g u r e  5 . 2 6  a t  p H  8 .  T h e  r e a c t i o n  a t  

t h i s  p H  i s

T h +

T h e  L  ----------> T h  R a m a n  s i g n a l  r i s e s  s h a r p l y  b u t  t h e  l o n g

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

d i s c  p H  f r o m  a v a l u e  l e s s  t h a n  t h a t  i n  t h e  b u l k .  T h a t  t h i s

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

s o l u t i o n  i n d i c a t e s  t h a t  0 . 1  M l a r g e  a n i o n  b u f f e r  s o l u t i o n s

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

b e c a u s e  t h e  r a t e  o f  c h a n g e  o f  c o n c e n t r a t i o n  o f  p r o t o n  w i t h i n

t h e  c o a t  i s  t o o  l a r g e .

F u r t h e r  c h a n g e s  i n  R a m a n  i n t e n s i t y  a r e  a l s o  

+ "
o b s e r v e d  u p o n  f o r m i n g  t h e  T h  L i n t e r m e d i a t e .  F i g u r e  5 . 2 7

s h o w s  d a t a  f o r  t h e  r e a c t i o n  T h  ----------> L  a t  p H  6 . 2  i n

u n b u f f e r e d  s o l u t i o n .  T h e  i n i t i a l  r i s e  i n  i n t e n s i t y  o f  t h e

+  -
R a m a n  s i g n a l  i s  a s s i g n e d  t o  t h e  f o r m a t i o n  o f  t h e  T h  L

c o m p l e x .  E v i d e n c e  f o r  t h i s  c a n  b e  f o u n d  b y  i n v e s t i g a t i n g

t h e  c h a n g e  i n  i n t e n s i t y  w i t h  p o t e n t i a l  o f  t h i s  p e a k  a t  p H

9 . 2 .  T h i s  c a n  b e  s e e n  t o  g o  t h r o u g h  a m a x i m u m  a t  E ’ , w h e r e  

+ -
t h e  s t a b l e  T h  L i n t e r m e d i a t e  i s  f o r m e d .
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C h r o n o a m p e r o m e t r v  A t  T h e  T h i o n i n e  M o d i f i e d  E l e c t r o d e

T h e  e x p e r i m e n t a l  e v i d e n c e  o f  s e c t i o n  5 . 4 . 3

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

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

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

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

i n c o r p o r a t i o n  o f  c o u n t e r a n i o n ,  i n  o r d e r  t o  m a i n t a i n  c o a t

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

c h r o n o a m p e r o m e t r i c  d a t a  ( s e c t i o n  5 . 2 ) .  I n  t h i s  c a s e ,

r e a c t i o n  w o u l d  b e  e x p e c t e d  t o  p r o c e e d  a t  t h e

c o a t / e l e c t r o l y t e  i n t e r f a c e .  T h i s  i s  b e c a u s e  e l e c t r o n

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

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

w h e r e  t h e  c h a n g e  i n  a n i o n  c o n c e n t r a t i o n  i s  m o s t  r a p i d .  T h i s

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

a r g u m e n t  h a s  b e e n  u s e d  t o  e x p l a i n  t h e  o b s e r v e d  h y s t e r e s i s  o f

t h e  c h a n g e  i n  t h e  R a m a n  s i g n a l  a t  4 7 9  c m * w i t h  t h e  d e g r e e

( 8 5 )
o f  c o a t  o x i d a t i o n ,  o n  p e r f o r m i n g  c y c l i c  v o l t a m m e t r y

H o w e v e r ,  p a r a d o x i c a l l y ,  t h e  r e s u l t s  p r e s e n t e d  i n  

s e c t i o n  5 . 4  f o r  l a r g e  s t e p  c h r o n o a m p e r o m e t r y  a r e  n o t  

c o n s i s t e n t  w i t h  t h i s  r e a c t i o n  s c h e m e .  F o r  t h e s e  

e x p e r i m e n t s ,  t h e  c h a n g e  i n  R a m a n  s i g n a l  i s  s h a r p  a n d  

i m m e d i a t e .  S i n c e  t h i s  t e c h n i q u e  i s  s e n s i t i v e  t o  t h e  l a y e r s  

c l o s e s t  t o  t h e  e l e c t r o d e ,  t h i s  i n d i c a t e s  t h a t  t h e s e  l a y e r s  

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

5.6 Discussion- The Formulation Of _A General Model For



c h a p t e r  a l s o  i n d i c a t e  t h a t  t h e  l a r g e  s t e p  e x p e r i m e n t s  

a r e  m o r e  c o m p l e x .  S i g n i f i c a n t  c h a n g e s  i n  t h e  s h a p e  a n d  t i m e  

c o u r s e  o f  t h e  c u r r e n t  t r a n s i e n t s  o c c u r  o n  v a r y i n g  t h e  b u l k  

p H ,  a n d  t h e  m a g n i t u d e  o f  t h e  p o t e n t i a l  s t e p .  T h i s  m a k e s  t h e  

m o d e l l i n g  o f  t h e  r e a c t i o n  v e r y  d i f f i c u l t .  H o w e v e r ,  a 

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

b e h a v i o u r .  F u r t h e r  e v i d e n c e  i s  r e q u i r e d  t o  e i t h e r  c o n f i r m  

o r  d e n y  t h i s  m o d e l .

I t  i s  p r o p o s e d  t h a t  t h e  i n n e r  l a y e r s  a r e  i n d e e d  t h e  

f i r s t  t o  c h a n g e .  T h i s  p r o d u c e s  a b r e a k d o w n  o f  

e l e c t r o n e u t r a l i t y  w i t h i n  t h e  f i l m .  A s  a n  e x a m p l e ,  F i g u r e  

5 . 2 8  s h o w s  a s c h e m a t i c  r e p r e s e n t a t i o n  f o r  t h e  r e d u c t i o n  o f

c o a t e d  t h i o n i n e  a t  p H  1 .  E x c e s s  p o s i t i v e  c h a r g e  i s  p r o d u c e d

+ 2 + -  
a t  t h e  e l e c t r o d e  a s  T h  . . . A  r e a c t s  t o  f o r m  L H ^  . . . A  . T h e

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

2 +
f a v o u r a b l e  t h a n  t h e  p r o d u c t i o n  o f  L H ^  . . . 2 A  . H o w e v e r ,  t h e  

m a g n i t u d e  o f  t h e  l a r g e  s t e p  p r o v i d e s  o f  t h e  o r d e r  o f  3 0 0 - A 0 0  

m V  o f  o v e r p o t e n t i a l  o v e r  E ‘ , t o  e n a b l e  t h i s  p r o c e s s  t o  o c c u r .  

I t  i s  n o t  p o s s i b l e  f o r  t h e  l e u c o t h i o n i n e  s p e c i e s  c o ­

o r d i n a t e d  t o  t w o  a n i o n s  t o  b e  f o r m e d ,  a s  t h e  c o n c e n t r a t i o n  

o f  a n i o n  i n  t h e  c o a t  i s  t o o  s m a l l ,  i n i t i a l l y .  T h e  

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

t h e  l a y e r ,  a s  e x c e s s  p o s i t i v e  c h a r g e  i s  p r e s e n t .  T h i s  w i l l  

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

t r a n s p o r t  b y  m i g r a t i o n  a s  w e l l  a s  d i f f u s i o n  w i l l  b e  o f  

i m p o r t a n c e .

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

r e a c t i o n s  h a s  b e e n  s h o w n  b y  t h e  e x p e r i m e n t s  p r e s e n t e d  i n



F i g u r e  5 . 2 8  S c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  p r o p o s e d  i n i t i a l  

r e a c t i o n  o n  p e r f o r m i n g  c o m p l e t e  c o a t  r e d u c t i o n  

a t  p H  1 a n d  t h e  e l e c t r o s t a t i c  f i e l d  p r o d u c e d

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

Electrode Coat

Th+ Th+ Th+ Th+ Th+ Th+ Th* Th* Th+

A " A“ A" A " A" A” A" A" A~

Th+ Th+Th+Th+ Th+Th+ Th+ Th4 Th+

A ' A~ A" A" A" A” A" A” A"

Th+ Th+Th+Th+Th+Th+Th+ Th+Th+

A" A" A" A ' A-  A" A" A- A~

”

w f  Th+ Th+ Th+ Th+Th+ Th+ Th+Th+ 

A" A" A" A" A ' A- A-  A" A" 

LH2+LH2+Th+ Th+ Th+ Th1- Th+ Th+ Th+ 

A" A~ A” A" A" A- A- A' A" 

LH2+ Th+ Th+ Th+Th+Th+Th+ Th+Th+ 

A~ A~ A~ A" A” A” A” A- A-



s e c t i o n  5 . 4 . 2 .  T h i s  d a t a  s h o w s  t h a t  i n c r e a s i n g  t h e  

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

o f  t h e  f i l m  r e d o x  r e a c t i o n .  S i n c e ,  f o r  e a c h  o f  t h e s e  s t e p s ,  

c o m p l e t e  c o n v e r s i o n  o f  t h e  t h i o n i n e  c e n t r e s  o c c u r s ,  t h i s  

i s  u n l i k e l y  t o  b e  d u e  t o  a c h a n g e  i n  t h e  e l e c t r o c h e m i c a l  

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  t o  a n d  f r o m  t h e  t h i o n i n e  

s p e c i e s .  A l s o ,  t h e  s m a l l  s t e p  e x p e r i m e n t s  i n d i c a t e  t h a t  t h e  

r a t e  d e t e r m i n i n g  s t e p  i s  n o t  e l e c t r o n  t r a n s f e r .  F o r  t h e s e  

e x p e r i m e n t s ,  a r e a c t i o n  u n d e r  p u r e  d i f f u s i o n  c o n t r o l  w o u l d  

s h o w  n o  d e p e n d e n c e  o f  t h e  o b s e r v e d  c u r r e n t  o n  t h e  s i z e  o f  

t h e  p o t e n t i a l  s t e p .  S u c h  a d e p e n d e n c e  w o u l d  b e  e x p e c t e d  i f  

m i g r a t i o n  i n  t h e  l a y e r  w e r e  i m p o r t a n t .  T h e  i n c r e a s e  i n  

p o t e n t i a l  s t e p  w i l l  a l l o w  a s t i l l  g r e a t e r  b r e a k d o w n  o f  

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

s p e e d i n g  a n i o n  t r a n s p o r t  w i t h i n  t h e  f i l m .  I t  i s  a l s o  

p e r t i n e n t  t h a t  n o n e  o f  t h e  l a r g e  s t e p  e x p e r i m e n t s  f i t  

m o d i f i e d  C o t t r e l l  t h e o r y ,  w h i c h  i s  d e r i v e d  a s s u m i n g  a 

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

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

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

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

S m a l l  p o t e n t i a l  s t e p s  o f  1 0 - 2 0  mV a b o u t  t h e  E ’ o f  

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

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

d r i v i n g  f o r c e  f o r  a n y  s i g n i f i c a n t  b r e a k d o w n  o f  

e l e c t r o n e u t r a l i t y ,  a n d  a s  a c o n s e q u e n c e ,  m i g r a t i o n  a c r o s s  

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

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

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

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

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

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

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

c o a t .



5 . 7  T h e  A p p l i c a b i l i t y  O f  T h e  T e c h n i q u e s  P r e s e n t e d  I n  T h i s  

C h a p t e r

T h e  r e s u l t s  p r e s e n t e d  i n  t h i s  c h a p t e r  h a v e  

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

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

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

r e a c t i o n s .  H o w e v e r ,  t h i s  d a t a  i s  i n d i r e c t ,  a n d  o n e  h a s  

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

i n t e r m e d i a t e s ,  a n y  c h a n g e s  i n  c o a t  s t r u c t u r e  o r  t h e  

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

s u c h  i n f o r m a t i o n  c a n  b e  p r o v i d e d  b y  t h e  u s e  o f  i n  s i t u  

s p e c t r o s c o p y .

F u r t h e r  t o  t h i s ,  i t  i s  e v i d e n t  t h a t  t h e  

p o t e n t i o m e t r i c  r i n g  s e n s o r s  d e v e l o p e d  i n  t h i s  w o r k  p r o v i d e  

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

K n o w l e d g e  o f  t h e  f l u x  o f  p r o t o n s  a n d  c o u n t e r a n i o n  h a s  p r o v e d  

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

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

p r o v e d  i n v a l u a b l e  i n  t h e  i n t e r p r e t a t i o n  o f  b o t h  

c h r o n o a m p e r o m e t r i c  a n d  s p e c t r o s c o p i c  d a t a .  S u c h  d a t a  c a n n o t  

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

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

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

d e t e c t i o n  o f  t h e s e  s p e c i e s .  A c o m b i n a t i o n  o f  t h e s e  

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

c h a r g i n g  a n d  d i s c h a r g i n g  o f  t h e  t h i o n i n e  c o a t .  M a n y  

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



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

t h i s  a p p l i c a t i o n  o f  t h e s e  t e c h n i q u e s  t o  p r o b e  c o a t  k i n e t i c s

a n d  m e c h a n i s m  s h o u l d  b e  o f  g r e a t  v a l u e .
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A P P E N D I X

T h e  B A S I C  c o m p u t e r  p r o g r a m ,  B I S M U T H ,  f o r  

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

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

b i s m u t h / b i s m u t h  o x i d e  r i n g  s e n s o r .

t h e  

a t  a
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10 REH «*THIS PROGRAM CALCULATES DISC PRQTGM/HYDROXIDE ION FLUX 
22 REH *«ACCGRDIN6 TO THE THEORY PRESENTED IN SECTION 2.2.2.3 
33 REH DATA IS INPUT IN THE FORH:
42 REH t(s) ana' the aeasured bisauth/
53 REH bisauth oxide ring potential(aV)62 REH **i»i»»**J***»«*H**H»#*M#Mi»**»***J}**»****a*SH*****»*****»»73 REH J*H»jm**mt3mf****m*$i***m-H»sm§*i**H«***«5m»m§
83 REH 
93 *FX5,1 
120 *FX6,10 
113 HODE1:SX=&508 
123 GOSUB 1393 
138PRINT143DIM X(53),Y(53:,2(52):R0=3:FLAS=3153 REM irt iilH iitS iM M iH iiiiiH inM M +iiiis iiH iit i+ liit iiH iiiiiiH **
163 REH
170 REH print sain semi
1S2PRINT TAB(5,15Ja<1> ENTER NEw BATA3:PRINT TAB(5,175 3<2> RECALL STORED DATA ”:PRINTTAB(5,195 3<3: 
CONTINUE fjITH SAME DATA1 
193INPUTQQ:IF BQ<1 OR SS>3 SOTO 193 
2330N GO GOTO 243,923,913213 REH *i**iH$i$*H«*i$S****Sii*H*****i*i**i*?******S*H*if*m***m
223 REH
233 REH keyboard data input
248CLS:PRINT"ENTER / TO END DATA":PRINT:
253 PRINT3ENTER t IN SECS AND Bi POT IN sV3 
263 INPUT L!NEnTITLE3;TITLE$
273 FOR J=1T053
2S3 PRINT’t-VALUE FDR POINT ”;J;n "j:INPUT :XtJ)=VAL(X$>:IFX$=n/'THEN J=53:50T0313 
29BPRINT9BilaV)-VALUE FOR POINT a;J;s INPUT Y$:Y(J)=VAL(Y$)
323 PRINT:CT=CT+i 
310NEXTJ323 REH
338 REH
343 REH linear regression calculation
353 3TART=1:FINISK=CT
368A=3:B=3:C=2:D=8:E=0:F=3
378 PROC30RT:REM sort data in increasing t
3BBCLS:VBU14,-28,0,28,39,0393 REH #«$#****«*
423 REH
419 REH print data423 IF FLAG=3 THEN PRINTTITLEk PRINT: PRINT3 POINT t 3i(av)s ELSE FRINTTITLE*:'

HINT: PRINT” POINT t j/aaica-2s-l eqn
438PRINT9---------------------- 9
443 F0RJ=1TQCT 
458PRINT TAB(4);J;
463 IF FLA8=3 THEN PRINTTABv15 );X(JPRINT TAB(245;Y(J) ELSE PRINTTAB(1 5 );X(J) PRINT TA3(24);Y(, 

); :PRIHTTAB(395 ,*2 (J)
47BNEXTJ
488FRINT: PRINT3---------------------- 3
493 VDU3;15:26
513 REH
523 REH data editing
53SFRINTTAB(3,33)3 " <1>ADD POINT <2>BELETE POINT 3:PRINT3 «Press RETURN to continue**!! t 1
543INPUT K$:IFK$=3!!THEN GOTO! 133 
553 K=VALIKS)
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560 IF K <1 DR K >2 THEN SOTO 540 
573 ON K GOTO 593,613
55SCT=CT+1:INPUT*X-VALUE3;X(CT) :REr? Add a point 
590 INPUT’Y-yfiLUE";Y(CT)
6E3SGT0353
613 IWPUTaWHICH POINT*}? :RE!1 Delete a point 
623 F0RJ=P TO CT-i 
633 X(J)=X(J+1)
643 Y(J)=Y(J+i)
653 NEXT J
663 CT=CT-1 
678G0T03536S3 REN »*fit*«4mm*i*HJm4H*ffJ44mmmJ$*i**f****«*ii****** 
693 REH
733 RE!1 Print data table on printer 
713 VDU2: PRINT:PRINT:PRINT:G0T0423 
723 REH 
733 REH
743 REH Store data on disk
753 IF FLAS=3 THEN GOTO 1133
763 PRINTaFILENAHE?ftLL FILES START WITH 3*
770 INPUT FI:F>=aB!,+F$
7802= OPENQUT FI793 ONERROR GOTO 942 
833 ?RIHT£Z,TITLE!
813FGR J=1T0 CT
S23 FRINTEZ, X(J),YtJ),Z1J)
832 NEXT J 
B43 CLQSEEZ 
853 ONERROR OFF863 REH *4*i***4i4****4444**4i*4H**t**t+i**44i**4i4***$H4***t*5**+4*t** 
873 REH
SB2 REH call program to plot graph on screen and duap to printer
893 IF S3=5 AND FLAS=1 THEN CHAIN *SHUPP
903 GOTO 113a
913 FÎ TTTF: GOTO 953
92BCLS:*CAT933 REH Recall data froa disk
943 INPUT*FILENAi1E'J;Ff:IF LEFT$(F$li)Oa8* THEN GQTO1130 
953 Z-QPENIN F!
963 ONERROR GOTO 1233
973 J=3
988 INPUTEZ,TITLE! 
993 REPEAT 
1220 J=J+1
1313 INPUT£Z,X(J),Y(J),Z(J) 
1323 UNTIL EuFEI 
1333 CLGSEEZ
1343 FLAG=1 
1353 ONERROR OFF 
1063 CT=J 
1373 G0T0353 
12G3 S0T0362
1893 PRINT TAB(6,6i“SISHUTH PH7 ANALYSIS=:RETURN 
1130 REH 
1113 REH
1123 REH Display aenu
1133 CLS:PRINT TAB(5,3) n<l>LIST DATA=:PRINT TAB(5,5) "*<2>SAVE DATA”:PRINTTA5(5.7) *<3> 

NTTAB i 5,9)"< 4>CALCULATE FUNCTION":PRINTTA8(5,11)a<5)DRAN GRAPH*1143 !RINT:PRINT
NT DATA
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1153 REM i i i i i i i i i iU iU H U n U U n n i i i i i i i i i i i i i r iH i i i i i i iH i iU i i i i i i  
1163 REM
1173 INFu'TGG: IF GB<1 GR SQ>5 S0TG1172 
1183 ON QQ GOTO 383,743,733,1223,12731193 REM 4*4*4 m*Hm******H*Hi*Hi**«*44*t*4m«mH*$44«4**S«4 
1238 REM.
1213 REM calculate proton and hydroxide fluxes 
1223 PROCCALCULATE: GOTO 363 
1233 END1243 REM 44**44**4*4*44*44*****4*4*******44*4*44444*454444444444444*44444
1253 REM
1253 REH replace dusuay file on disc 
1270 CLS:CLQSEE3:̂DELETE TTTT 
1283FS=9TT7T“:S0707881273 REM 4444444*44444444444444444*4444444444444444444444444444444444*444
1322 REH
1313DEF PROCSORT
1323 LOCAL N.M
1332 FOR M=CT-1 70 1 S7EP -1 
1343 FOR M=1 70 N
1353 IF X (M) >X (K+l) THEN PROCSWAPIr!)
1363 NEXT M 
1373 NEXT N 
1380ENDPRQC1372 REM 444444*444444444444444444444444444444444444444*4444444444*44'4444-
1423 REM
141SDEF PROCSNAPiK)
1423 LOCAL HOLD
1433 H0LD=X (K): X (K) =X (K+1): X (KHJ =H0LD 
1443 HGLD=Y(K): YIK)=Y(K+i) : V!K*1) =HGLD 
1453 ENBPRGC

1473 REH
1483 REM input global data and calculate fluxes 
1498DEF PRGCCALCULA7E 
1523IF FLAS=1 THEN ENBPRGC 
1513CLS
1528PRINT"ENTER THE FOLLOWING VARIABLES"
1533INPU7"pHa;PH
1543 INPUT “BISMUTH CALIBRATION (av'/pH) "jBCAL
1553 INPUT-STARTING Bi pH VALUERS
1563INPUT!,Nd";ND
15731NPUT9ROTATION SPEED(Hz)3;N
1592 INPUT-ARE THESE CORRECT(Y/N)9;22$
1592IF 2Z$<>-Y- THEN GOTO 1523 
1632LET HIHF=13A(-?H)
1613LET DHINF=10A(PH-14)
1623IF HINF>=0HINF THEN Fl=2 ELSE Fi=l 
1633F0R J=1 TO CT 
1640X=13A1-BS+Y(J)/8CAL)
1658Y=iE-14/X
1663 IF (Fi=3 AND X>HINF) OR (Fl=l AND Y)0HINF) THEN PROCone:Z(J>=4:EGTQ 1720 
1670 IF (F1=Z AND Y>X) GR (Fl=l AND Y<X1 THEN FROCtwa:2(J/=2:GQTO1703
1680IF (Fi=3 AND X<HINF*ii-NB) AND X>3) OR (Fl=l AND Y<QHINF*11-ND) AND Y>3) THEN PRGCthr=s:Z(J )=3: 

GOTO 1733
1573IF (Fl-3 AND a>HIHF*(1-ND5 AND X<HiNF) OR (Fi=l AND Y)QHINF*ii-ND} AND Y<QHINF> THEN PROCfour:! 
(J)=4:00101723 1732NEX7 J 
1710FLAG=i 
1723ENDPR0C
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1738 REN § ffr*f**mi**mm«**M**«***stmi*«f*t**ii5i«i*****i**s**

1743 REH 

1753DEF PRGCons

1763IF F1=0 THEN Y(J)=i.554*S6R{H)/ND/.466*(9.34E-5)A(2/3)*{](-HINF)/1830 

1778IF Fl=l THEN Y(J)=1.554*SSR(M)/ND/.46fi*(5.27E-5)A(2/3)*(Y-OHISF)/1303 

17S2EMDPRQC

1793 REii * * i * * i i m # i m « i i M m * t * i i H * i * * * * s 5 i i * * H i m H * * t m * i 5 * H *

1338 REM 

1S13DEF PROCtwo

1323 IF F1=0 THEN ALFMA=5.27/9.34:YR=Y/HINF:FROCgaad ELSE SOTO 1343

lS30Y{J)={5.27E-5m9.34E-5*HINF)/(lB00*ND*.643»»A(-.5)*.46fiJ9.34E-5A (l/3J*(i-{l-flLPHAAK/3)l/(NDr 

U+.lfDO B))i)

1343IF Fl=1 THEN flLPHfl=9.34/5.27sYR=X/OHINF:PROCguad ELSE SOTO 1560

1850Y(J) = (9.34E-5*X+5.27E-5*QHINF)/{lB80*ND*.643*HA(-.5)*.466*5.27E-5A (i/3)*(l-ll-ALPKAA (-l/3))/(HI 

*(1+.1*3031)))

1860EH3PRGS

1B73 REN iiiiiiiiiiiiiiiiiiiiiiiiiim iiiiiiM iiiiiiiiiiiiiiiiiiiiiiiiiii  

1333 REH

1990BEF PRDCthree

1900IF Fi=3 THEN Y(J) = (HINF/183B-(5.27/9.34)A(l/3)*){/1000)/(.643*HA (-.5)M66*(9.34E-5)A (-2/3)*(l- 

5.27/9.34)A{1/3)^(1-ND)))

1910IF Fl=l THEN Y(JJ = (OHiNF/1803-[?.34/5.27)A(1/3)*Y/1000)/(.643*!iA (-.5)*.466*(5.27E-5*A(-2/3)*(1- 

(9.34/5.27)A (l/3)*(l-ND)))

1920EHDP8QC

1933 REM iiiiiiiiiiiiiiU U U iiiiiiiiiiiiiiiiiiii-iiiiiiiiiiiiiiiiiiiiiiii 

1943 REM

195BDEF PRGCfour

1963IF FI=3 THEN Y(J)=9.34E-5A{2/3)*{HINF-X)/(i300*.643*siA(-.5)*.466*ND)

1973IF Fl=i THEN Y(J)=5.27E-5A(2/3;it0HINF-Y)/(i333*.643*NA(-.5)*.466«ND)

1989EN3PR0C

2303 REH

2313 DEF PRGCquad 

2320 Al=.i*ND*ALFHAA{4/3)

2333 A2=AL?HA-ALPHAA (i/3)*(Hn)J*(. 1+ALPHAK1*ALPHAA(4/3)*YR 

2343h3=-(ALPHA*YR+hLPHAa {1/3)*(1-ND))

2353303=(-A2+5SR(A2A2-4*A1*A3))/2/ftl 

206ZENDPROC
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