
ENZYME ELECTRODES USING

CONDUCTING ORGANIC SALTS 

by

Bryan Joseph D r i s c o l l  BSc ARCS

A t h e s i s  s u b m it te d  f o r  th e  d eg ree  of 

Doctor of  P h ilo s o ph y  of  t h e  U n i v e r s i t y  of  Lond

and f o r

The Diploma of  Membership of  I m p e r i a l  C o ll eg e

P h y s i c a l  Chemistry  S e c t i o n  

Department of  Chemistry

I m p e r i a l  C o ll eg e of  S cie n ce and Technology 

London

October  1988



ABSTRACT

The work c o n t a i n e d  in  t h i s  t h e s i s  i s  concerned w i t h  t h e  
use of o r g a n i c  s a l t s  as e l e c t r o d e  m a t e r i a l s  f o r  use in  
enzyme e l e c t r o d e s .  I t  has p r e v i o u s l y  been found t h a t  t h e s e  
m a t e r i a l s  ar e  much more e f f e c t i v e  th a n  b ar e  m e ta ls  f o r  t h e  
o x i d a t i o n  of c e r t a i n  b i o l o g i c a l  m o l e c u l e s ,  such as 
f lavoenzymes and NADH. In t h i s  t h e s i s  t h e  p o s s i b i l i t y  of  
u s i n g  o r g a n i c  s a l t s  w i t h i n  s e n s o r s  i s  ex p l o r e d  and t h e  
u n d e r l y i n g  mechanism of t h e  e l e c t r o n  t r a n s f e r  between t h e  
enzymes and o r g a n i c  s a l t s  i s  i n v e s t i g a t e d .

An enzyme e l e c t r o d e  f o r  c h o l i n e  i s  d e s c r i b e d  i n  which 
c h o l i n e  o x id a s e  i s  e n t r a p p e d  c l o s e  t o  th e  o r g a n i c  s a l t  
s u r f a c e  by a semi -pe rme abl e  membrane. The s en s o r  r es p o n d s  
to  both c h o l i n e  and b e t a i n e  a l d e h y d e ,  and a n a l y s i s  of  t h e  
r e s p o n s e  us in g a t h e o r e t i c a l  model a l l o w s  t h e  p r o c e s s e s  
i n v o l v e d  in  l i m i t i n g  th e  r e s p o n s e  of  t h e  d e v i c e  to  be 
d e t e r m i n e d .  Co n cl u si on s  made from t h i s  a n a l y s i s  a r e  
confirmed by o b s e r v i n g  changes in  t h e  b eh av i o r  of  t h e  s e n s o r  
when i t s  component p a r t s  a r e  a l t e r e d .

S e v e r a l  methods f o r  t h e  e l e c t r o s y n t h e s i s  of  NMPTCNQ and 
TTFTCNQ m odi fie d e l e c t r o d e s  a r e  i n v e s t i g a t e d  and a TTFTCNQ 
e l e c t r o d e  f a b r i c a t e d  in  t h i s  way i s  used in  a membrane 
e l e c t r o d e  which re s p o n d s  t o  g l u c o s e .  R o t a t i n g  d i s c  s t u d i e s  
on g lu c o s e  o x i d a s e  u sin g a TTFTCNQ e l e c t r o d e  a r e  a l s o  
d e s c r i b e d  and t h e  e x p e r i m e n t a l  d a t a  f o r  d i f f e r e n t  enzyme 
c o n c e n t r a t i o n s ,  r o t a t i o n  speeds and p o t e n t i a l s  a r e  compared 
w i t h  two t h e o r e t i c a l  models i n  an e f f o r t  to  e l u c i d a t e  t h e  
mechanism of  th e  syst em.  The r e s u l t s  of  t h i s  a n a l y s i s  a r e  
i n c o n c l u s i v e ,  but  f u r t h e r  c o n d i t i o n s  t h a t  any m e c h a n i s t i c  
model has t o  s a t i s f y  t o  p r e d i c t  t h e  o v e r a l l  b e h a v i o r  o f  th e  
system a r e  d e t e r m i n e d .
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To my p a r e n t s .



Man's got to know his limitations"

C

“ . . w h a t  i s  a man, what has he g ot?

I f  not  h i m s e l f ,  t h e n  he has not 

To say t h e  t h i n g s  he t r u l y  f e e l s  

And not th e  words o f  one who k n e e l s .

Eastwood

P Anka
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CHAPTER 1

INTRODUCTION

This t h e s i s  i s  con ce rn ed  w i t h  t h e  development of  enzyme 

e l e c t r o d e s  f o r  use as ch e m ic a l  s e n s o r s  f o r  b i o l o g i c a l  

m o l e c u le s  in complex m i x t u r e s  or  iji v i v o . Enzyme e l e c t r o d e s  

a r e  d e v i c e s  which u t i l i s e  enzymes f o r  t h e i r  high s e l e c t i v i t y  

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

and e a s e  of  u s e .  In t h i s  f i r s t  c h a p t e r ,  t h e  b a s ic  

p r o p e r t i e s  of enzymes a r e  d e s c r i b e d  as w e l l  as co n d u c t in g  

o r g a n i c  s a l t s  which a r e  employed as e l e c t r o d e  m a t e r i a l s  i n  

t h e  work c o n t a i n e d  i n  t h i s  t h e s i s .  The ne x t  s e c t i o n  g i v e s  a 

s h o r t  overview of  t h e  f i e l d  of  b i o s e n s o r s  and in  p a r t i c u l a r  

enzyme e l e c t r o d e s ,  t a k i n g  t h e  development  of  glu c o se  s e n s o r s  

as a c as e  s t u d y .  F i n a l l y ,  t h i s  c h a p t e r  concludes  w i t h  a 

b r i e f  d e s c r i p t i o n  of  t h e  r e s t  of  t h i s  t h e s i s .

1 . 1  ENZYMES

Enzymes a r e  t h e  e s s e n t i a l  c a t a l y s t s  o f  b io c h em ic al

r e a c t i o n s .  Compared to  t h e  c o r r e s p o n d i n g  n o n - b i o l o g i c a l

c a t a l y s t s  enzymes e x h i b i t  g r e a t e r  c a t a l y t i c  e f f i c i e n c y ,

h i g h e r  s p e c i f i c i t y ,  and e l i m i n a t i o n  of  unwanted s i d e -

r e a c t i o n s .  The r e a s o n s  f o r  t h i s  l i e  i n  t h e i r  s t r u c t u r e  and

t h e  mechanisms by which t h e y  o p e r a t e .  A d e t a i l e d  e x p o s i t i o n

o f  t h e s e  f a c t o r s  i s  beyond t h e  scope of  t h i s  review and t h e

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

[1-5]
t h e  s u b j e c t  ; however some o f  t h e  more b as ic  p r o p e r t i e s  

o f  enzymes t h a t  a r e  r e l e v a n t  t o  t h i s  t h e s i s  w i l l  now be



exa m in ed .

A l l  enzymes a r e  p r o t e i n s ,  a l th o u g h  many c o n t a i n  s m a l l e r  

n o n - p r o t e i n  m o l ec u le s  known as c o - f a c t o r s  or  p r o s t h e t i c  

g r o u p s ,  depending on w h et h er  the y ar e  i o n i c a l l y  or 

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

wit h  t h e  enzyme i t  w i l l  bin d a t  a s p e c i a l l y  t a i l o r e d  s u r f a c e  

known as th e  s p e c i f i c i t y  s i t e .  I t  i s  t h e  b in d i n g  p r o p e r t i e s  

of  t h a t  s i t e  t h a t  d e t e r m i n e  t h e  s p e c i f i c i t y  o f  t h e  enzyme 

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

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

r e a c t i o n  w i l l  t a k e  p l a c e ,  c a l l e d  th e  a c t i v e  s i t e .  The 

n a t u r e  of  t h e  i n t e r a c t i o n s  between t h e  enzyme and s u b s t r a t e  

a t  t h i s  s i t e ,  and a t  t h e  s p e c i f i c i t y  s i t e ,  w i l l  d e t e r m in e  

how and a t  what speed t h e  r e a c t i o n  w i l l  t a k e  p l a c e .

The r a t e  a t  which an enzyme c a t a l y s e s  a r e a c t i o n  d e ­

pends on many f a c t o r s ,  such as pH, t e m p e r a t u r e ,  i o n i c  

s t r e n g t h ,  and enzyme and s u b s t r a t e  c o n c e n t r a t i o n .  In 

g e n e r a l ,  enzymes work most e f f e c t i v e l y  a t  p h y s i o l o g i c a l  

v a l u e s  of  t h e  f i r s t  t h r e e  p a r a m e te r s  and w i l l  be d e a c t i v a t e d  

o r  d e n a t u r e d ,  p o s s i b l y  i r r e v e r s i b l y ,  under more extreme 

c o n d i t i o n s .  U s u a ll y  t h e  r e a c t i o n  r a t e  i s  d i r e c t l y  p r o p o r ­

t i o n a l  t o  t h e  enzyme c o n c e n t r a t i o n ;  however i t s  dependence 

on s u b s t r a t e  c o n c e n t r a t i o n  w i l l  be more c o m p li c a te d  and 

depends on t h e  e x a c t  mechanism of  th e  r e a c t i o n .  Many 

e n z y m e / s u b s t r a t e  syst ems  have been found,  however,  t o

a p p r o x i m a t e l y  obey t h e  same e x p e r i m e n t a l  r a t e  law known as

r e ]
t h e  M ic h a e li s - M e n te n  e q u a t i o n 1 ;
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v = k „ [ E ] . [ S ] / ( K  +[ S] )  
c a t  t  m ( 1 . 1 )

where v i s  t h e  r a t e  of  r e a c t i o n ,  k . i s  known as t h e  t u r n o v e r
c a t

number,  [E]j.  i s  t h e  t o t a l  c o n c e n t r a t i o n  o f  enzyme p r e s e n t ,

[ S ]  i s  t h e  s u b s t r a t e  c o n c e n t r a t i o n  and K i s  known as th e
m

M i c h a e l i s  c o n s t a n t .  This  r a t e  law can a r i s e  from many

d i f f e r e n t  k i n e t i c  models and a d e r i v a t i o n  of  t h i s  law f o r  a

p a r t i c u l a r  k i n e t i c  mechanism i s  given i n  Appendix 1.

This e q u a t i o n  i s  r e p r e s e n t e d  g r a p h i c a l l y  in  F ig u r e

1 . 1 . 1 .  I t  can be seen t h a t  a t  high s u b s t r a t e  c o n c e n t r a t i o n s

( CS3>>K ) t h e  r a t e  of r e a c t i o n  r e a c h e s  a maximum, v which 
m max

i s  d e t e r m i n e d  by th e  t u r n o v e r  number and t h e  enzyme conc en ­

t r a t i o n .  i . e .

v = k [ E]  ( 1 . 2 )
max c a t  t  '

At low s u b s t r a t e  c o n c e n t r a t i o n s  ([S]<<K ) t h e  r a t e  of  r e a c -m

v = (k-._A.ZK ) [ S H E ] ,  ca t  m t

t i o n  i s  g iv e n  by:

( 1 . 3 )

Thus, under  t h e s e  c o n d i t i o n s ,  t h e  r a t e  o f  r e a c t i o n  i s  

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

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

be t r e a t e d  i n  s e v e r a l  ways t o  f i n d  e x p e r i m e n t a l  v a l u e s  of  

t h e  v a r i o u s  k i n e t i c  p a r a m e t e r s .  In t h i s  t h e s i s  t h e  Hanes 

p l o t  i s  employed,  which r e l i e s  on e x p r e s s i n g  

e q u a t i o n ( 1 . 1 )  as:

( 1 . 4 )

Thus p l o t t i n g  e x p e r i m e n t a l  v a l u e s  of  [ S ] / v  as t h e  o r d i n a t e

[ S ] / v  = [ S 3 / v + K / v
max m max

and [ S ]  as  t h e  a b s c i s s a  g i v e s  K and v from t h e  g r a d i e n t
m max

and t h e  i n t e r c e p t  ( s e e  F i g u r e  1 . 1 . 2 ) .

There a r e  many d i f f e r e n t  r e a c t i o n s  c a t a l y s e d  by
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enzymes. The enzymes used i n  t h e  work c o n t a in e d  in  t h i s  

t h e s i s  c a t a l y s e  o x i d a t i o n / r e d u c t i o n  r e a c t i o n s  and form p a r t  

o f  a c l a s s  of  enzymes known as o x i d o r e d u c t a s e s . F u r t h e r ­

more,  th ey  both c o n t a i n  f l a v i n  a d e n o s i n e  d i n u c l e o t i d e ( F A D , 

F i g u r e  1 . 1 . 3 )  as a c o - f a c t o r  or  p r o s t h e t i c  group and a r e  

t h e r e f o r e  known as f l a v o p r o t e i n s . These w i l l  be d i s c u s s e d  

i n  more d e t a i l  i n  t h e  n ex t  s e c t i o n .

1 . 1 . 1  FLAVOPROTEINS

[8 9 ]
As s t a t e d  above,  f l a v o p r o t e i n s  ' c o n t a i n  t h e  FAD

moi ety  as a c o - f a c t o r  or  p r o s t h e t i c  g r o u p .  The FAD moi ety

i s  n or ma ll y  ver y t i g h t l y  bound t o  t h e  p r o t e i n  by i o n i c

i n t e r a c t i o n s ,  a l t h o u g h  in  some c a s e s  i t  i s  bound 

[ 10 ]
c o v a l e n t l y  . Many f l a v o p r o t e i n s  p er fo rm  a two e l e c t r o n  

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

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

( F i g u r e  1 . 1 . 4 ) .  The r e o x i d a t i o n  of  t h e  enzyme to  i t s  

s u b s t r a t e  a c t i v e  form i s  t h e n  f a c i l i t a t e d  by a s u i t a b l e  

e l e c t r o n  a c c e p t o r ,  commonly m o l e c u l a r  oxygen in  b i o l o g i c a l  

s y s t e m s .  In t h i s  c a s e ,  t h e  o v e r a l l  r e a c t i o n  scheme i s :

S + E( FAD) ------> E( FADH2 ) + P

0 2 + E(FADH2 ) ------- > E(FAD) +

In t h i s  work,  two f l a v o p r o t e i n s  a r e  employed, namely 

g l u c o s e  o x i d a s e  (GOD) and c h o l i n e  o x i d a s e  (ChOD). Each w i l l  

now be examined i n  t u r n .  

a ) Glucose Oxidase

Glucose oxidase(GOD) c a t a l y s e s  t h e  o x i d a t i o n  of  

B- D-gl ucose by m o l e c u l a r  oxygen t o  g i v e  D -g l u c o n o la c to n e  and
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hydrogen p e r o x i d e :

B-D-glucose + 0 2 -------> D - g l u c o n o l a c t o n e  + H^O^

The most commonly used s o u r c e s  of  t h e  enzyme a r e

A s p e r g i l l u s  n i q e r  ^  ^  and some s p e c i e s  of  P e n i c i l l i u m  ̂^ .

In b o th  c as es  t h e  enzyme o b t a i n e d  i s  a dimer  with  two

i o n i c a l l y  bound FAD g r o u p s .  These groups cannot  be removed

by normal d i a l y s i s ,  bu t  t h e  enzyme/FAD complex w i l l

[ 8 ]
d i s s o c i a t e  i n  8M u r e a  s o l u t i o n  . The b i n d i n g  of  FAD has

been shown to  change t h e  c o n f o r m a t i o n  of  t h e  enzyme from a

l o o s e  f l e x i b l e  c o i l  t o  a t i g h t  s p h e r i c a l  form, th u s

[ 1 3 ]
s t a b i l i s i n g  t h e  p r o t e i n  . The enzyme i s  h i g h l y  s e l e c t i v e

towar ds  B- D- gl u co se ,  onl y showing very s l i g h t  a c t i v i t y  to

r 1 L 1
some o t h e r  s u g a r s  such as mannose,  x y l o s e  and g a l a c t o s e

GOD has been s t u d i e d  e x t e n s i v e l y ,  and many of  i t s

k i n e t i c  p a r a m e t e r s  have been d e t e r m i n e d ^ 1 . Because i t

i s  an o x i d o r e d u c t a s e , e l e c t r o c h e m i c a l  methods have been used

i n  an a t te m p t  t o  f u r t h e r  e l u c i d a t e  i t s  mechanism. However,

c o n v e n t i o n a l  t e c h n i q u e s  have proved to  be o f  l i t t l e  v a l u e

[ 1 B 1
be ca us e of  th e  low d e t e c t i o n  l i m i t s  r e q u i r e d .  S c h e l l e r  

used d i f f e r e n t i a l  p u l s e  p o l a r o g r a p h y  (DPP) t o  f i r s t  

d e m o n s t r a t e  d i r e c t  e l e c t r o n  t r a n s f e r  between GOD and a 

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

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

I a n i e l l o * 17 *1 8  ̂ d e l i b e r a t e l y  im m ob il is ed  GOD to  a g l a s s y  

ca rb o n  e l e c t r o d e  u s i n g  c y a n u r i c  c h l o r i d e  and agai n employed 

DPP t o  o bs er v e d i r e c t  e l e c t r o n  t r a n s f e r .  Using (3 - am in o-  

p h e n y l ) b o r o n i c  a c i d  i n s t e a d  of  c y a n u r i c  c h l o r i d e  Wingard and



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

a l th o u g h  B o u r d i l l o n  found 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

could not  be ob served when c a r b o d i i m i d e  was employed as t h e

[2 0]
im m o b i l i s i n g  a ge n t  . By employing p r e - t r e a t e d  p l a t i n u m

[ 2 1 ]
e l e c t r o d e s  in  t h i n - l a y e r  c e l l s ,  D u r l i a t  and Comtat

r e p o r t 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  of GOD w i t h o u t

a d s o r p t i o n  or  i m m o b i l i s a t i o n  of  t h e  enzyme onto th e

e l e c t r o d e ;  however i t  i s  u n c l e a r  as t o  whether  t h i s  r e a c t i o n

was m e d ia te d  by f r e e  FAD i n  s o l u t i o n  and o t h e r  workers  had

[ 2 2 ]
p r e v i o u s l y  f a i l e d  t o  o b s e r v e  t h i s  

b ) Cho line Oxidase

C ho li ne o x i d a s e  (ChOD) has been o b t a i n e d  from s e v e r a l

[ 23 ]
s o u r c e s  i n c l u d i n g  A r t h r o b a c t ^ r  g lo b o f o r m is  , A l c a l i o e n e s

[ 2 4 ]  [ 2 5 ]
s p e c i e s  and Cv li nd ro ca o o n  didvimum M-1 . From th e

l a t t e r  s o u r c e  t h e  enzyme c o n t a i n s  two c o v a l e n t l y  bound FAD

m o i e t i e s  per  mo le cu le  and i s  a dimer  c o n s i s t i n g  of  two

[ 2 6  2 7 ]
i d e n t i c a l  s u b - u n i t s  ' . When o b t a i n e d  from t h e  former

two s o u r c e s ,  t h e  enzyme i s  a monomer c o n t a i n i n g  one

[2 4  28]
c o v a l e n t l y - b o u n d  FAD u n i t  p e r  m o l e c u le  *

ChOD c a t a l y s e s  t h e  r e a c t i o n  between c h o l i n e  and 

m o l e c u l a r  oxygen t o  g i v e  b e t a i n e  al d eh y d e,  which i s  f u r t h e r  

o x i d i s e d  by m o l e c u l a r  oxygen i n  t h e  p r e s e n c e  of ChOD to 

b e t a i n e  ( s e e  F ig u r e  1 . 1 . 5 ) .  At p h y s i o l o g i c a l  oxygen 

t e n s i o n s ,  t h e  vmax f o r  bo th r e a c t i o n s  i s  th e  same, a l t h o u g h  

t h e  f o r  b e t a i n e  al d eh y de  i s  a p p r o x im a te ly  15Z of  t h a t  f o r  

c h o l i n e .

Some a c t i v i t y  i s  a l s o  shown by th e  enzyme towards  

c h o l i n e  a n a l o g u e s ,  such as  N, N - d i m e t h y la m in o et h a n o l  and
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t r i e t h a n o a m i n e , but  not  to  s im p l e  

The e l e c t r o c h e m i s t r y  of ChOD does  

i n v e s t i g a t e d ,  p o s s i b l y  be ca u se  i t  

c h a r a c t e r i s e d  compared t o  o t h e r  f l  

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

a l c o h o l s  or al deh yd es  

not  seem to  have been 

i s  not so w e ll  

a v o p r o t e i n s  due to  i t s

t 24 ]



1.2 CONDUCTING ORGANIC SALTS

The e l e c t r i c a l  c o n d u c t i v i t y  of  most o r g a n i c  m a t e r i a l s  

i s  very low. However, many s t r o n g  TT-molecular donor(D)  and

a c c e p t o r ( A )  m o le cu le s  o f t e n  r e a c t  t o  form i o n - r a d i c a l

+ - + - + - 
s a l t s t D  X o r  H A I and c h a r g e - t r a n s f e r  complexes(D A )

[ 2 9 - 3 1 ]
which have much h i g h e r  c o n d u c t i v i t i e s

Although work began i n  t h i s  f i e l d  in  t h e  1 9 5 0 ' s ,  i t  was

w i t h  t h e  d i s c o v e r y  of  t e t r a c y a n o q u i n o d i m e t h a n e  {TCNQ, F ig u r e

[ 3 2 ]
1 . 2 . 1 )  in  1960 by Melby t h a t  i n t e r e s t  r e a l l y  mounted.

This TT-molecular a c c e p t o r  was used t o  form s a l t s  w it h  a

[ 3 3 ]
v a r i e t y  of  c a t i o n s  and e l e c t r o n  don ors  . With c e r t a i n  of

t h e  l a t t e r  ( F i g u r e  1 . 2 . 1 ) ,  TCNQ was found to  form s a l t s  of

u n u s u a l l y  high m e t a l l i c - l i k e  c o n d u c t i v i t i e s  along one o f  t h e

c r y s t a l  a x e s ,  t h e s e  m a t e r i a l s  b ei n g  r e f e r r e d  t o  as 1-

d i m e n s i o n a l  o r g a n i c  c o n d u c t o r s ,  o r g a n i c  m e ta ls  or  c o n d u c t in g

[ 3 4 ]
o r g a n i c  s a l t s  . Many o f  t h e s e  s a l t s  have a 1: 2  o r  2 : 3  

r a t i o  of  c a t i o n  t o  TCNQ, such as Et^NHtTCNQ)^, b u t  some 

s a l t s  form 1:1 complexes such as N-methylphenazinium 

(NMP)TCNQ and t e t r a t h i a f u l v a l i n i u m  (TTF)TCNQ . I t  i s  t h i s  

l a t t e r  c l a s s  of  s a l t s  t h a t  t h i s  d i s c u s s i o n  w i l l  be 

r e s t r i c t e d  t o ,  as th e y  have been c h a r a c t e r i s e d  much more 

e x t e n s i v e l y  th a n  complexes w it h  o t h e r  s t o i c h i o m e t r i e s .

Much work has been c a r r i e d  o u t  t o  f i n d  ou t  why t h e s e  

s a l t s  cond uct  and why s ee mi ng ly s m a l l  changes t o  e i t h e r  t h e  

donor or  a c c e p t o r  r e s u l t  i n  l a r g e  d i f f e r e n c e s  in  

c o n d u c t i v i t y .  There now seems t o  be a consensus  as t o  two 

e s s e n t i a l  c o n d i t i o n s  which must be f u l f i l l e d  f o r  a compound
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to  e x h i b i t  high c o n d u c t i v i t y .  F i r s t ,  th e  c r y s t a l  s t r u c t u r e

of  th e  m a t e r i a l  must be such t h a t  t h e r e  a r e  s e p a r a t e  s t a c k s  

of  donor and a c c e p t o r  m o l e c u l e s . This e x p l a i n s  t h e  

a n i s o t r o p i c  n a t u r e  of  t h e s e  compounds, as c o n d u c t io n  only 

t a k e s  p l a c e  along t h e  d i r e c t i o n  o f  t h e  s t a c k s .  An 

i n t e r e s t i n g  example to  show how t h e  c r y s t a l  s t r u c t u r e  can 

a f f e c t  c o n d u c t i v i t y  i s  t o  compare t h e  TCNQ s a l t s  o f  N- 

e t h y l p h e n a z i n i u m  (NEP+, F i g u r e  1 . 2 . 1 )  and NMP+, where t h e  

donor s p e c i e s  have very s i m i l a r  chem ica l  s t r u c t u r e s .  In 

NEPTCNQ, t h e  donor and a c c e p t o r  mo le cu le s  a r e  a r r a n g e d  

a l t e r n a t i v e l y  in  each s t a c k  ( F i g u r e  1 . 2 . 2 ) ;  th e  r e s u l t  b ei ng  

an i n s u l a t o r .  On t h e  o t h e r  hand,  in  NMPTCNQ s e p a r a t e  donor  

and a c c e p t o r  s t a c k s  a r e  formed,  r e s u l t i n g  i n  a c o n d u c t o r .

The second c o n d i t i o n  c o n c e r n s  t h e  d e g r e e  of  ch arg e 

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

by th e  e q u a t i o n

In o r g a n i c  m e t a l s ,  o has always been found to  l i e  between 0 

. [ 3 5 , 3 6 ]
and 1 ; o t h e r w i s e  t h e  m a t e r i a l  i s  an i n s u l a t o r  or

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

f i r s t  c o n d i t i o n  d e s c r i b e d  above (an example of a t h i s  i s  

Na+TCN(f, F ig u r e  1 . 2 . 2 ) .

1 . 2 . 1  MODELS FOR CONDUCTION IN ORGANIC METALS

The b a s i c  i d e a s  of  band t h e o r y  i n  s o l i d s  e x p l a i n  why 

t h e  above two c r i t e r i a  a r e  n e c e s s a r y  f o r  h igh  c o n d u c t i v i t y .  

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

donor and a c c e p t o r  m o l ec u le s  t h e  T l - o r b i t a l s  in  each
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i n d i v i d u a l  s t a c k  combine t o  form en erg y bands I f  o=1
[ 3 0 ]

th en  t h e  h i g h e s t - f i l l e d  band w i l l  be co m p lete ly  f u l l ,  hence 

a band-gap w i l l  e x i s t  between t h e  h i g h e s t - f i l l e d  energy 

s t a t e  ( c a l l e d  t h e  Fermi l e v e l )  and t h e  lo w es t  unoccupied 

s t a t e .  As c o n d u c t i o n  i n v o l v e s  pr omot ing an e l e c t r o n  between 

t h e s e  two s t a t e s ,  and t h i s  w i l l  r e q u i r e  an i n p u t  o f  e n e r g y ,  

an i n s u l a t o r  o r  a se m ic on d u ct o r  w i l l  p ro bab ly be t h e  r e s u l t .  

However, i f  o i s  l e s s  than 1,  t h e n  empty s t a t e s  w i l l  e x i s t  

c l o s e  t o  the  Fermi l e v e l ,  as t h e  h i g h e s t - f i l l e d  band w i l l  

not  be c o m p le te ly  f u l l .  Thus t h e  m a t e r i a l  w i l l  p r o b a b ly  be 

a c o n d u c t o r .

An a l t e r n a t i v e ,  l e s s  r i g o r o u s  e x p l a n a t i o n ,  i n v o l v e s  

t r e a t i n g  th e  c o n d u c t i o n  p r o c e s s  as  an e l e c t r o n  hopping 

mechanism. I f  o=1 th e n a l l  t h e  m o l e c u le s  on a s t a c k  w i l l  be 

ionised*,  th us  c o n d u c t i o n  can be t h o u g h t  of  as i n v o l v i n g  t h e  

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

s t a c k  as an exa m pl e) :

A~ + A" -------> A + A2 ’

A s i m i l a r  p r o c e s s  w i l l  t a k e  p a r t  a l o n g t h e  donor s t a c k .  On 

t h e  o t h e r  hand,  i f  o i s  l e s s  t h a n  1, then some m o l e c u le s  on 

each s t a c k  w i l l  be n e u t r a l .  E l e c t r o n  hopping w i l l  then 

i n v o l v e  th e  f o l l o w i n g ,  more e n e r g e t i c a l l y  f a v o u r a b l e ,  s e l f ­

exchange p r o c e s s :

A + A -------> A + A

Answering t h e  q u e s t i o n  as t o  why s e g r e g a t e d  s t a c k s  a r e  

formed i n  some c a s e s  bu t  no t  i n  o t h e r s  i s  q u i t e  d i f f i c u l t  

and does not  seem t o  have been r e s o l v e d .  However t h e



f a c t o r s  in v o l v e d  i n  d e t e r m i n i n g  o a r e  b e t t e r  known, and i t

seems t h a t  a  i s  only l e s s  tha n 1 when th e  s a l t  i s  composed

of  a m o d e ra te l y  good donor  s p e c i e s  combined w ith  a

[ 3 7 ]
mo de ra te ly  good a c c e p t o r  s p e c i e s

1 . 2 . 2  ELECTROCHEMISTRY OF CONDUCTING ORGANIC SALTS

E l e c t r o d e s  made of  c o n d u c t i n g  o r g a n i c  s a l t s  have been

. [ 3 8 ]
p re p a r e d  by s e v e r a l  methods.  J a e g a r  and Bard f a b r i c a t e d

compacted p e l l e t s  of  s e v e r a l  s a l t s  of  TCNQ, then examined

t h e i r  e l e c t r o c h e m i c a l  b e h a v i o r  u s i n g  c y c l i c  volt am m etr y.  In

every c a s e ,  t h e  e l e c t r o d e s  were only s t a b l e  over  a c e r t a i n

p o t e n t i a l  r a n g e ,  b ei ng  th e m s e l v e s  o x i d i s e d  or reduced

o u t s i d e  t h i s  r an g e by r e a c t i o n s  such as:

DA • ■— > D + A + e

Depending on t h e  background e l e c t r o l y t e ,  s ub se q ue n t

voltammograms may show peaks a t t r i b u t a b l e  to  i n s o l u b l e  donor

o r  a c c e p t o r  s p e c i e s  or  t h e i r  s a l t s  formed on th e  e l e c t r o d e

s u r f a c e .  Employing e l e c t r o d e s  p r e p a r e d  by packing a sma ll

c a v i t y  w it h  a p a s t e  made of  c r y s t a l l i t e s  of  o r g a n i c  s a l t s  in

[39 40 ]
a polymer s o l u t i o n ,  C r a s to n  * confirmed and exten ded

t h e s e  r e s u l t s  t o  o t h e r  o r g a n i c  m e t a l s ,  and concluded t h a t

TTFTCNQ was t h e  e l e c t r o d e  m a t e r i a l  of  cho ic e  because of  i t s

r e l a t i v e l y  l a r g e  s t a b l e  r a n g e  and low background c u r r e n t s .

E l e c t r o d e s  made from s i n g l e  c r y s t a l s  of  some o r g a n i c

s a l t s  have a l s o  been f a b r i c a t e d ,  where s u i t a b l y  l a r g e

[ 3 9 , 4 1 ]
c r y s t a l s  were a v a i l a b l e  . These show very s i m i l a r

p r o p e r t i e s  t o  e l e c t r o d e s  produced by o t h e r  methods.



1 . 2 . 3  CONDUCTING ORGANIC SALTS AS ELECTRODE MATERIALS

[ 4 2 ]
J ae g ar  and Bard have shown t h a t  TTFTCNQ p e l l e t

e l e c t r o d e s  behave very much l i k e  p l a t i n u m  when used to

o x i d i s e  or  re d u c e  co u p l es  such as C u ( I I ) / C u ( I )  and

f e r r i c y a n i d e / f e r r o c y a n i d e . In a d d i t i o n  th e y  have shown t h a t

copper  can be d e p o s i t e d  or  s t r i p p e d  from p e l l e t  NMPTCNQ

[38]
e l e c t r o d e s  w i t h o u t  changi ng t h e  s u r f a c e

Most a t t e n t i o n ,  however,  has been fo cu s s ed  on t h e

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

molec ule s  a t  lower  o v e r p o t e n t i a l s  th a n  on c o n v e n t i o n a l  m e ta l

e l e c t r o d e s .  In 1 9 8 0 ,  Kulys showed t h a t  NMPTCNQ. NMP(TCNQ)2 ,

and N -m e th y l a c r id i n iu m  (NMA)TCNQ co u ld  be used to  o x i d i s e

[ 4 3 ]
GOD, p e r o x i d a s e  and cytochrome Albery ext end ed t h i s

work to  show t h a t  s e v e r a l  o t h e r  o r g a n i c  s a l t s  could be used

t o  o x i d i s e  GOD ^* ^,  and i n  p a r t i c u l a r  used TTFTCNQ

[ 4 4 ]
e l e c t r o d e s  t o  o x i d i s e  some o t h e r  f l a v o p r o t e i n s  . The

o x i d a t i o n  o f  NADH has  a l s o  been s t u d i e d  a t  NMPTCNQ

[ 4 5 ]
e l e c t r o d e s  , and t h i s  system has been used to  produce

enzyme e l e c t r o d e s  f o r  e t h a n o l ^ * ^  and b i l e  a c i d s ^ 1 ^ .

The mechanism by which b i o l o g i c a l  mole cule s  a r e

o x i d i s e d  a t  o r g a n i c  s a l t  e l e c t r o d e s  i s  by no means c l e a r ,

and i s  t h e  s u b j e c t  o f  Ch apt er  4 o f  t h i s  t h e s i s .  I t  i s

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

Some work has a l s o  been perfo rme d by Sharp i n  t h e

use  of o r g a n i c  s a l t s  w i t h i n  i o n - s e l e c t i v e  e l e c t r o d e s  f o r  

+ + 2+ [ 4 7 ]
c a t i o n s  such as Ag , Cu and Pb . Although very good

c a l i b r a t i o n  p l o t s  were o b t a i n e d ,  t h e s e  systems do no t  seem



to have offered significant advantages over existing

d e v i c e s .



1.3 BIOSENSORS

The a n a l y s i s  o f  many b i o c h e m i c a l  s u b s t a n c e s  in  complex

sample m a t r i c e s  i s  becoming i n c r e a s i n g l y  im p o r t a n t  i n  a r e a s

such as m e di ca l  d i a g n o s i s  and r e s e a r c h ,  p r o ce s s  c o n t r o l  and 

[ 4 8  4 9 ]
t h e  food i n d u s t r y  ’ . C o n v e n t i o n a l  methods of  a n a l y s i s  fo

t h e s e  s u b s t a n c e s  u s u a l l y  i n v o l v e  t h e  use o f  complex and 

e xp en s iv e i n s t r u m e n t s ,  s k i l l e d  p e r s o n n e l  and t ime-consuming 

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

b at ch  mode and c o n t i n u o u s  o n - l i n e  or  i n - v i v o  measurements 

a r e  not  p o s s i b l e ;  t h i s  i s  a s e r i o u s  l i m i t a t i o n  f o r  

aut omating p r o c e s s  c o n t r o l  or  m o n i t o r i n g  s e r i o u s l y  i l l  

p a t i e n t s .  There i s  a need . t h e r e f o r e ,  f o r  d e v i c e s  which 

can s e l e c t i v e l y  measure th e  c o n c e n t r a t i o n  o f  a g iv e n 

s u b s t a n c e  in  a complex m i x t u r e  and which a r e  i n e x p e n s i v e ,  

e a s y - t o - u s e ,  a b l e  t o  o p e r a t e  i n  a c o n t i n u o u s  mode and g iv e 

r a p i d  r e s u l t s .  To meet t h i s  r e q u i r e m e n t  t h e  co n ce p t  of  

b i o s e n s o r s  has ev ol v ed  and an enormous amount of  work has 

been c a r r i e d  out  o ve r  t h e  p a s t  few y e a r s  t o  r e a l i s e  t h e i r  

p o t e n t i a l .

A l l  b i o s e n s o r s  o p e r a t e  by t h e  same b a s i c  p r i n c i p l e s .

They can be d e f i n e d  as d e v i c e s  which t r a n s d u c e  a s e l e c t i v e

[ 4 9 ]
b io c h e m ic a l  r e a c t i o n  i n t o  an e l e c t r i c a l  s i g n a l  , and 

always c o n s i s t  of  a b i o c h e m i c a l  r e c e p t o r  ( b i o r e c e p t o r )  

im mobil ised c l o s e  t o  a p h y s i c a l  t r a n s d u c e r ,  in a d d i t i o n  to  

some a s s o c i a t e d  e l e c t r o n i c s  which m a n i p u l a t e  th e  e l e c t r i c a l  

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

( F i g u r e  1 . 3 . 1 ) .  U s u a l l y  t h e  b i o s e n s o r  w i l l  be e n c a p s u l a t e d  

i n  a s em i-p erm eab le  membrane; t h i s  may perform s e v e r a l
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F i g u r e  1 . 2 . 3  Schematic diagram of a biosensor.



f u n c t i o n s ,  such as i n c r e a s i n g  b i o c o m p a t i b i l i t y .

i m m o b i l i s a t i o n  of  t h e  b i o r e c e p t o r  and r ed u ci n g i n t e r f e r e n c e s

from o t h e r  s u b s t a n c e s  in  t h e  sa m p le .

The b i o r e c e p t o r  should be chosen so as to r e a c t  as

s e l e c t i v e l y  as p o s s i b l e  w i t h  t h e  a n a l y t e  of  i n t e r e s t ;

examples of  s u i t a b l e  b i o r e c e p t o r s  bei ng  enzymes, b a c t e r i a ,

[ 5 0 ]
a n t i b o d i e s  and DNA or RNA s t r a n d s  . The p h y s i c a l

t r a n s d u c e r  must the n be chosen t o  measure a s p e c i f i c

p h y s ic o c h e m ic a l  change which o c c u r s  on th e  r e a c t i o n  between

t h e  a n a l y t e  and b i o r e c e p t o r .  Ta b le  1 . 3 . 1  l i s t s  t h e  main typ

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

p h y s ic o c h e m ic a l  change which t h e y  measure.  E l e c t r o c h e m i c a l

d e v i c e s  w i l l  now be examined i n  more d e t a i l ;  t h e  r e a d e r

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

a s e l e c t i o n  o f  books and r e v ie w s  on t h e  subject^***

1 . 3 . 1  ELECTROCHEMICAL DEVICES

Many b i o l o g i c a l  m o l e c u le s  e x h i b i t  poor e l e c t r o c h e m i c a l

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

[ 5 2  53 ]
methods of  e l e c t r o c h e m i c a l  a n a l y s i s  ' . To overcome

t h i s  problem, an e l e c t r o c h e m i c a l  d e t e c t o r  can be combined 

w i t h  a system which s e l e c t i v e l y  r e a c t s  wi th  th e  mo le cu le  of  

i n t e r e s t  to  g iv e  a p r o d u c t  which i s  much more amenable to  

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

can be produced f o r  use  i n  complex m i x t u r e s .

E l e c t r o c h e m i c a l  b i o s e n s o r s  f a l l  i n t o  two major  

c a t a g o r i e s :  p o t e n t i o m e t r i c  or  a m p e r o m e t r i c . In t h e  former 

t y p e  of  d e v i c e  t h e  p o t e n t i a l  where no net  c u r r e n t  f lows i s



TABLE 1.3.1

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

Tr ansducer P h y s ic o ch em ic a l  
Q u an ti ty  Measured

E l e c t r o d e P o t e n t i a l
Cur ren t
C o n d u c t i v i t y

Th er m is to r Temperature

P i e z o - e l e c t r i c  c r y s t a l Weight

O p t i c a l  s e n s o r Absorbance
Luminescence

Semiconductor C u r r e n t / V o l t a g e



measured; conversely in an amperometric device the current

i s  monitored a t  some ch os en,  f i x e d  p o t e n t i a l .

a ) P o t e n t i o m e t r i c  B io s e n s o r s

As s t a t e d ,  t h e s e  d e v i c e s  measure p o t e n t i a l  a t  t h e  p o i n t  

where t h e r e  i s  no n e t  f low o f  c u r r e n t .  Under t h e s e  

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

of  th e  e l e c t r o a c t i v e  s p e c i e s  c ,  by t h e  f o l l o w i n g

. .  C54]
e q u a t io n  :

l n ( c )  = c o n s t a n t  + nEF/RT ( 1 . 5 )

where n i s  number of  e l e c t r o n s  i n v o l v e d  p e r  mol ecu le  in  t h e

r e a c t i o n  of  i n t e r e s t ,  F i s  t h e  Faraday c o n s t a n t ,  R i s  th e

gas c o n s t a n t  and T i s  th e  t e m p e r a t u r e .

Although d i r e c t  p o t e n t i o m e t r y  of a number of  b i o l o g i c a l

mo/ecules has been a t t e m p t e d ,  in  g e n e r a l  t h e i r

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 s  a r e  too low to  al lo w  them to

e s t a b l i s h  a s t a b l e  p o t e n t i a l .  Because of  t h i s ,  most

i n t e r e s t  i n  t h i s  f i e l d  has c e n t r e d  on p ro duc ing

p o t e n t i o m e t r i c  b i o s e n s o r s  based on i m m o b il is in g  an enzyme

l a y e r  over  a c o n v e n t i o n a l  i o n - s e l e c t i v e ( ISE) or  g a s - s e n s i n g

e l e c t r o d e ( G S E ) . The ISE or  GSE m o n i to r s  t h e  ap p ea ran ce of  a

pr o d u c t  of t h e  e n z y m e / s u b s t r a t e  r e a c t i o n ,  o r  p o s s i b l y  th e

t h e  d i s a p p e a r a n c e  of  a c o f a c t o r  such as 0 ^ .  An example of

t h e  former  i s  a u r e a  s e n s o r  bas ed on u s in g  t h e  enzyme u r e a s e

[ 5 5 ]
combined w i t h  an ammonium ISE . Here t h e  enzyme

c a t a l y s e s  t h e  h y d r o l y s i s  o f  u r e a  to  g iv e ammonium and 

b i c a r b o n a t e  i o n s ;  by m o n i t o r i n g  t h e  i n c r e a s e  i n  

c o n c e n t r a t i o n  o f  ammonium t h e  amount of  u r ea  i n  t h e  sample



can be d e t e r m i n e d .

A more r e c e n t  development  o f  IS E's  a r e  i o n - s e l e c t i v e

C 5 6 3
f i e l d  e f f e c t  t r a n s i s t o r s  ( I S F E T ' s )  , which can be th o u g h t

of as an ISE and i t s  p o t e n t i o m e t e r  i n t e g r a t e d  i n t o  a sma ll

s o l i d - s t a t e  d e v i c e .  ISFET's have s e v e r a l  p o t e n t i a l

ad van ta ges  ov er  I SE' s .  M i n i a t u r i s a t i o n  of  t h e  d e v i c e  i s

p o s s i b l e ,  t o g e t h e r  w i t h  t h e  p o s s i b i l i t y  of  m u l t i p l e  s e n s o r

c o n f i g u r a t i o n s  on one ‘c h i p * .  However, t h e r e  a r e  s t i l l

t e c h n o l o g i c a l  problems t o  be r e s o l v e d  b e f o r e  ISFET's can

. [ 5 6 ]
begin to  r e p l a c e  ISE s . In a d d i t i o n ,  i m m o b i l i s a t i o n  of  

s u f f i c i e n t  amounts of  enzyme t o  an ISFET to  produce a v i a b l e  

b i o s e n s o r  may be d i f f i c u l t  due t o  th e  small  s i z e  of  th e  

d e v i c e .  Given t h e s e  l i m i t a t i o n s  can be overcome, enzyme- 

based ISFET's may become an i m p o r t a n t  c l a s s  of  b i o s e n s o r s .  

b) Amperometric B i o s e n s o r s

Amperometric s e n s o r s  work under  n o n - e q u i l i b r i u m  

c o n d i t i o n s ,  where an a p p r o p r i a t e  p o t e n t i a l  i s  s e l e c t e d  and 

f a r a d a i c  c u r r e n t s  a r e  mea sure d.  In g e n e r a l  th e  p o t e n t i a l  i s  

chosen such t h a t  t h e  e l e c t r o d e  k i n e t i c s  a r e  r e l a t i v e l y  f a s t  

and th e  r e s p o n s e  i s  d e t e r m in e d  by t h e  r a t e  of mass t r a n s p o r t  

t o  t h e  e l e c t r o d e  s u r f a c e .  O p e r a t i n g  in  t h i s  mode, th e  

c u r r e n t  i s  u s u a l l y  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  t a r g e t  s p e c i e s .  As w ith  p o t e n t i o m e t r y , 

d i r e c t  amperometry of  b i o l o g i c a l  m o le cul es  i s  not  u s u a l l y  

f e a s i b l e ,  in  t h i s  c as e  be ca u se  o f  th e  high o v e r p o t e n t i a l s  

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

However, i n  an ana lo gou s way t o  p o t e n t i o m e t r i c  b i o s e n s o r s ,



which s e l e c t i v e l y  r e a c t s  w i t h  t h e  mo lecule  of i n t e r e s t  to

consume a c o - f a c t o r  or g i v e  a p r o d u c t  which i s  much more

amenable to  e l e c t r o c h e m i c a l  methods of  a n a l y s i s .

There a r e  many examples  of  amperometric  b i o s e n s o r s

[ 5 7 ]
r e p o r t e d  i n  t h e  l i t e r a t u r e  . Much work has c e n t r e d  on 

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

d i a b e t e s  t r e a t m e n t  and r e s e a r c h ,  and we w i l l  t a k e  th e  

v a r i o u s  a t t e m p t s  to  p r o d uc e a v i a b l e  b i o s e n s o r  f o r  g lu c o s e  

as an i l l u s t r a t i o n  t o  t h e  s t r a t e g i e s  i n v o l v e d .

Most g l u c o s e  b i o s e n s o r s  employ t h e  enzyme GOD as t h e  

b i o r e c e p t o r .  This enzyme was d e s c r i b e d  i n  S e c t io n  1 . 1 . 1 .

I t  c a t a l y s e s  t h e  o x i d a t i o n  o f  B-D-glucose by m o l e c u la r  

oxygen in  t h e  f o l l o w i n g  manner:

g l u c o s e  + GOD(FAD) ------> GODIFADH^) + g l u c o n o l a c t o n e

0 2 + G0D(FADH2 ) ------> GOD ( FAD) +

The f i r s t  enzyme e l e c t r o d e  f o r  g l u c o s e  was d e s c r i b e d  by 

[ 5 9 ]
C la r k e i n  19 62  . Here t h e  d e p l e t i o n  o f  oxygen consumed

i n  t h e  enzymic r e a c t i o n  was fo l l o w ed  a m p e r o m e t r i c a l l y .

Following t h i s ,  i n  19 70  a s i m i l a r  d e v i c e  was developed in

which th e  ac c u m u la t i o n  o f  hydrogen p e r o x i d e  was 

[ 6 0 ]
measured . However b o t h  d e v i c e s  s u f f e r  t h e  same problem, 

which i s  t h a t  t h e  ambient  c o n c e n t r a t i o n  o f  oxygen can a f f e c t  

t h e  r e s p o n s e  of  th e  s e n s o r .  Because of  t h i s  l i m i t a t i o n ,

redox m ed iato rs (M ) have been used to  r e p l a c e  oxygen in  th e

 ̂ P ^ . [61] 
second s t e p  of  th e  enzymic r e a c t i o n  :

g l u c o s e  + GOD(FAD) ------> GODtFADHg) ♦  g l u c o n o l a c t o n e

an amperometric detector can be combined with a bioreceptor

2M + G0D(FADH2) > GOD(FAD) + 2M



The m e d i a t o r  must have t h e  f o l l o w i n g  p r o p e r t i e s :

i )  i t  sho uld be s t a b l e  in  both o x i d i s e d  and reduced

f o r m s ;

i i )  i t  sho uld e x t r a c t  e l e c t r o n s  r a p i d l y  from t h e  

reduced enzyme( GOD( FADH2 ) ) ;

i i i )  t h e  reduced form o f  t h e  m e d i a t o r  should be 

u n r e a c t i v e  towar ds  oxygen;

i v )  t h e  reduce d form o f  t h e  m e d i a t o r  should be 

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

o b v i a t e  i n t e r f e r e n c e s  from t h e  o x i d a t i o n  o f  e x t ra n e o u s  

s p e c i e s  i n  t h e  sample.

I t  i s  a l s o  p r e f e r a b l e  to  use a m e d i a t o r  which can be

im m o b il is ed  o n to  t h e  e l e c t r o d e  s u r f a c e  so t h a t  i t  does not

have to  be added t o  th e  sample s o l u t i o n  in  o r d e r  t o  make t h e

a n a l y s i s .  Examples of  m e d i a t o r s  t h a t  have been employed t o

[62]
co up le  e l e c t r o c h e m i c a l l y  w i t h  GOD a r e  benzoquinone

[ 6 3 ]  [ 6 4 ]
p h e n a z m e  m e t h o s u l p h a t e  , f e r r i c y a n i d e  and f e r r o c e n e  

[65]
d e r i v a t i v e s  . The l a t t e r  has a c t u a l l y  been used in  th e  

commercial  p r o d u c t i o n  of  a g l u c o s e  s e n s o r  by Medisense 

L t d 1 6 6 1 .

Another  t y p e  of  ' r e a g e n t l e s s *  enzyme e l e c t r o d e  ( s o -

c a l l e d  be ca us e a l l  t h e  r e a g e n t s  n e c e s s a r y  f o r  t h e  a n a l y s i s

a r e  c o n t a i n e d  i n  th e  s e n s o r  i t s e l f )  has been developed by 

[67]
B o u t e l l e  jet aJL , who employed GOD ab so rb ed on TTFTCNQ 

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

used t o  measure g lu c o s e  l e v e l s  i n  th e  b r a i n s  of  f r e e l y -  

moving r a t s .  These s e n s o r s  o p e r a t e d  f o r  s e v e r a l  days



w i t h o u t  l o s s  of a c t i v i t y ,  and compared w e l l  with  r e s u l t s  

o b t a i n e d  s i m u l t a n e o u s l y  from blood sa mples .

Although t h e  above examples  r e l a t e  t o  th e  development

o f  a b i o s e n s o r  f o r  a p a r t i c u l a r  s u b s t r a t e ,  they i l l u s t r a t e

t h a t  p r o b a b ly  t h e  major  problem e n c o u n t e r e d  in  th e  f i e l d  o f

b i o s e n s o r s  i s  i n  t h e  i n t e r f a c e  between t h e  b i o r e c e p t o r  and

t h e  p h y s i c a l  t r a n s d u c e r .  In t h i s  ca se  t h e  e l e c t r o d e  s u r f a c e

was m o d i f ie d  in  o r d e r  t o  produ ce r e a g e n t l e s s  b i o s e n s o r s ,

which were s m a l l e r ,  c h e a p e r  and e a s i e r  t o  o p e r a t e  than

e x i s t i n g  d e v i c e s .  Another  r o u t e  would be to  modify th e

b i o r e c e p t o r  i t s e l f ,  and t h i s  p o s s i b i l i t y  has been

d e m o n s t r a te d  by a t t a c h i n g  e l e c t r o n  r e l a y s  to  GOD t o  e n ab le

[66 6 9 ]
i t  t o  t r a n s f e r  e l e c t r o n s  t o  a g l a s s y  carbon e l e c t r o d e  ' 

Again,  t h i s  may o f f e r  t h e  p o s s i b i l i t y  o f  p ro duc ing  a 

r e a g e n t l e s s  b i o s e n s o r  based on t h i s  te c h n o lo g y  i n  th e  

f u t u r e .

cj. Comparison of  Amperometric and P o t e n t i o m e t r i c  Sensors

One of  t h e  main d i f f e r e n c e s  between t h e  two ty p e s  of  

d e v i c e  l i e s  in  t h e  r e l a t i o n s h i p  between r e s p o n s e  and 

c o n c e n t r a t i o n ;  g e n e r a l l y  t h i s  i s  l i n e a r  i n  th e  case  of 

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

s e n s o r s .  The consequence of  t h i s  i s  t h a t  w h ile  th e  former  

t y p e  of  d e v i c e  g e n e r a l l y  has a s m a l l e r  dynamic r a n g e ,  th e  

l a t t e r  i s  much more pr one t o  e r r o r s  i n  m e a s u r e m e n t .

A second major  d i f f e r e n c e  i s  t h a t  amperometric d e v i c e s  

w i l l  consume t h e  r e a c t a n t  and t h u s  u s u a l l y  mass t r a n s p o r t  t o  

t h e  e l e c t r o d e  has t o  c o n t r o l l e d ,  whereas  in  p o t e n t i o m e t r i c



devices there is no net current flow and mass transport is

u ni m p o r ta n t  as t h e  r e a c t a n t  i s  no t  consumed.

F i n a l l y ,  i t  should be n o te d t h a t  t h e  development of 

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

s u i t a b l e  enzymes which c a t a l y s e  r e a c t i o n s  t h a t  can be 

m on it or ed by t h e  IS E's  and GSE's a v a i l a b l e  a t  p r e s e n t .  

Amperometric d e t e c t o r s  a r e  much more v e r s a t i l e  as th e  

p o t e n t i a l  can be chosen t o  m o n i t o r  many o t h e r  s p e c i e s ,  th u s  

i n c r e a s i n g  t h e  number of  enzyme systems t h a t  can be used as 

b i o r e c e p t o r s  and so p o t e n t i a l l y  making many more d i f f e r e n t

b i o s e n s o r s  f e a s i b l e .



1 . 4  THE ORGANISATION OF THIS THESIS

The r e s t  of  t h i s  t h e s i s  i s  d i v i d e d  i n t o  t h r e e  main 

c h a p t e r s .  In Chapt er  2,  an amperometric  enzyme e l e c t r o d e  

f o r  c h o l i n e  i s  d e s c r i b e d  which uses a con d uc ti ng  o r g a n i c  

s a l t  e l e c t r o d e  w i t h  c h o l i n e  o x i d a s e .  Param et ers  g o v e r n in g  

t h e  r e s p o n s e  of  t h e  s e n s o r  a r e  d et erm in ed  with  a view to  

f a c i l i t a t i n g  i t s  development  as a b i o s e n s o r  f o r  c h o l i n e .

In Chapter  3 a number of  methods f o r  t h e  

e l e c t r o s y n t h e s i s  of  TTFTCNQ and NMPTCNQ a r e  d e s c r i b e d  w i t h  

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

f o r  use in  b i o s e n s o r s  and m e c h a n i s t i c  s t u d i e s .

The mechanism by which f lavoenzymes a r e  o x i d i s e d  a t  

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

s u b j e c t  of Ch apt er  4 .  T h e o r e t i c a l  models a r e  compared w i t h  

e x p e r i m e n t a l  r e s u l t s  in  o r d e r  t o  r e s o l v e  t h i s  q u e s t i o n .



CHAPTER 2

INITIAL DEVELOPMENT jQ£ M  ENZYME ELECTRODE FOR CHOLINE

2 . 1  INTRODUCTION

This c h a p t e r  co n ce rn s  t h e  i n i t i a l  development of  an 

enzyme e l e c t r o d e  f o r  c h o l i n e ,  bas ed on o x i d i s i n g  c h o l i n e  

o x id a s e  (ChOD) a t  a TTFTCNQ e l e c t r o d e .  A s che ma tic  diagram 

of  t h e  system i s  shown in  F ig u r e  2 . 1 . 1 .  ChOD i s  e n t ra p p e d  

c l o s e  to  th e  o r g a n i c  s a l t  e l e c t r o d e  by a semi-permeable  

membrane. When t h e  d e v i c e  i s  i n t e r r o g a t e d  w ith  a sample 

c o n t a i n i n g  c h o l i n e ,  t h e  l a t t e r  w i l l  pass  though t h e  membrane 

t o  r e a c t  with  t h e  ChOD c o n t a i n e d  i n  t h e  s e n s o r ,  prod ucin g a 

reduce d form of  t h e  enzyme. This can be o x i d i s e d  a t  t h e  

e l e c t r o d e  back t o  i t s  s u b s t r a t e - a c t i v e  form, t h u s  pr oducing 

a c u r r e n t  from which t h e  c o n c e n t r a t i o n  o f  c h o l i n e  i n  th e  

sample can be d e t e r m i n e d .

Although t h e  measurement o f  c h o l i n e  i t s e l f  i s  no t  so 

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

systems which measure a c e t y l c h o l i n e  (a n e u r o t r a n s m i t t e r ) 

and p h o s p h o l i p i d s  (an i n d i c a t o r  o f  l i v e r  f u n c t i o n ) ^ ^ .  In 

bo th c a s es  t h e  a n a l y t e  i s  an e s t e r  o f  c h o l i n e ,  and t h e i r  

d e t e r m i n a t i o n  i n v o l v e s  enzymic h y d r o l y s i s  which r e l e a s e s  

c h o l i n e .  A f u r t h e r  use f o r  a c h o l i n e  b i o s e n s o r  would be in  

a d e v i c e  to  measure t h e  a c t i v i t y  of  t h e  enzyme 

a c e t y l c h o l i n e s t e r a s e  (AChE) ,  i m p o r t a n t  i n  n eu r o p h y s io l o g y  

and i n  t h e  i n v e s t i g a t i o n  o f  t h e  a c t i o n  o f  n erv e g a s e s  and 

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

t o  a c e t i c  a c i d  and c h o l i n e .  By i n t e r r o g a t i n g  a sample with
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e l e c t r o d e e n z y m e / e l e c t r o l y t e  l a y e r bulk s o l u t i o n

2e

2e'
2 "

ChOD

ChOD . choline#iAf\r

C h O D H yn  betaine 
aldehyde

betaine •4vaaA  
aldehyde

C h O D H2 betaine
membrane

F i g u r e  2 . 1 . 1  Schematic dia g ra m of th e  c h o l i n e  enzyme 
e l e c t r o d e .



exce ss  a c e t y l c h o l i n e  and m o n i t o r i n g  t h e  r a t e  of  c h o l i n e

produced,  t h e  enzyme's a c t i v i t y  can be d e t e r m i n e d .

In th e  p a s t ,  th e  as s ay  of  c h o l i n e  has been performed by

a v a r i e t y  of methods based on s e v e r a l  d i f f e r e n t  enzymes.

U sually  t h e s e  i n v o l v e  s e p a r a t i o n  p r o c e s s e s  t o g e t h e r  w ith  t h e  us

[ 7 0 ]
of  r a d i o l a b e l s  or s p e c t r o p h o t o m e t r i c  t e c h n i q u e s  . When

ChOD has been u s ed ,  p r o d u c t i o n  has been d e t e c t e d  by a

[ 7 2 ]
coupled chem iluminescence r e a c t i o n  and by

[ 7 3 ]
amperometry . However, b o th  t h e s e  t e c h n i q u e s  r e q u i r e  t h e  

p r e s e n c e  of  oxygen as a c o - f a c t o r ,  and a r e a g e n t l e s s  s e n s o r  

would be more d e s i r a b l e ,  e s p e c i a l l y  f o r  i n - v i v o  

a p p l i c a t i o n s .  F u r th e r m o r e ,  i t  was hoped t h a t  by 

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

a c e t y l c h o l i n e  could be p ro d u ce d,  f o r  o n - l i n e  or  i n - v i v o  

a p p l i c a t i o n s .

This work i s  concerned only w ith  th e  i n i t i a l  

development  of  a c h o l i n e  enzyme e l e c t r o d e ,  t o  be o p t i m i s e d  

by o t h e r  workers  f o r  t h e i r  p a r t i c u l a r  a p p l i c a t i o n .  To t h i s  

end,  in  t h i s  c h a p t e r  t h e  e s s e n t i a l  c h a r a c t e r i s t i c s  o f  t h e  

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

t h e  s e n s i t i v i t y  and r e s p o n s e  t i m e  of  t h e  e l e c t r o d e .  This  i s  

c a r r i e d  o u t  by comparing e x p e r i m e n t a l  wi th  t h e o r e t i c a l  

r e s u l t s  and by e m p i r i c a l  m et ho ds .  By knowing how t h e  v a r i o u s  

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

su b se q ue n t  development  f o r  any p a r t i c u l a r  use i s  th e n

f a c i l i t a t e d .



2 . 2  EXPERIMENTAL

2 . 2 . 1  CHEMICALS AND SOLUTIONS

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

used ar e  g iv e n  i n  Table 2 . 2 . 1 .  A l l  ch e m ic a ls  were

commercial ly  o b t a i n e d  of  AnalaR g r a d e ,  and both t h e s e  and

t h e  enzymes were used 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 .  TTFTCNQ

[ 7 4 ]
was s y n t h e s i s e d  by t h e  f o l l o w i n g  method :

S e p a r a t e  s o l u t i o n s  o f  e q u i m o l a r  amounts of TTF and TCNQ 

were made i n  t h e  minimum amounts of  h o t  a c e t o n i t r i l e .  The 

two s o l u t i o n s  were the n q u i c k l y  mixed and al lowed t o  cool  

s lowly to  room t e m p e r a t u r e .  Small b la c k  c r y s t a l s  o f  TTFTCNQ 

were then c o l l e c t e d  by f i l t r a t i o n .  The c r y s t a l s  were washed 

s e v e r a l  t i m es  w i t h  cold a c e t o n i t r i l e ,  a l lowed t o  a i r - d r y  

o v e r n i g h t ,  and s t o r e d  b e f o r e  use  a t  room t e m p e r a t u r e  i n  th e  

da r k.  As TTFTCNQ i s  u n s t a b l e  i n  s o l u t i o n ,  no f u r t h e r  

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

All  s o l u t i o n s  were made up f r e s h l y  each day u s in g  a

- 3
st o ck  pH7.4  b u f f e r  c o n t a i n i n g  0 . 1  mol dm sodium hydrogen

- 3
o r t h o p h o s p h a t e  and 0 . 1 5  mol dm sodium c h l o r i d e ,  t h e  pH 

being a d j u s t e d  t o  7 . 4  u sin g c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d .  

I t  was p r e p a r e d  u s in g  doubly d e i o n i s e d  w a t e r  (DDW) which had 

been p u r i f i e d  by p as s ag e t h r o u g h  an io n - ex ch a n g e r e s i n  

(Houseman) f o l l o w e d  by c i r c u l a t i o n  th r o u g h  a M i l l i  Q system 

( M i l l i p o r e ) .  The r e s i s t a n c e  of  t h e  w a te r  o b t a i n e d  by t h i s  

p r o ce d u r e  was l e s s  than 10 MQ cm 1 .

P r i o r  to  e l e c t r o c h e m i c a l  measurement ,  a l l  s o l u t i o n s  

were d eo x yge na ted  by p a s s i n g  n i t r o g e n  (BOC, "w hite  s p o t " )



TABLE 2.2.1

P r o p e r t i e s  of t h e  t h r e e  p r e p a r a t i o n s  of c h o l in e  o x id a se  

employed in  t h i s  work.

Company Sigma BCL Finn Sugar

Supplied L y o p h i l i s e d 50 u n i t s / m l L y o p h i l i s e d
as powder s o l u t i o n powder

S p e c i f i c
a c t i v i t y

15 u n it s/m g

-3

10 un its/mg

-3

16 un it s/m g

K b e t a i n e  
m aldehyde

6 . 2  mmol dm

-3

8 . 7  mmol dm

-3

8 . 7  mmol dm

c h o l i n e 0 . 8 7  mmol dm 1 . 2  mmol dm 1 . 2  mmol dm

Source A l c a l i g e n e s
s p e c i e s

A r t h r o b a c t e r  
g lo b o f o r m is

A r t h r o b a c t e r  
g lo bo f o r m is

Molecular
we ight

7 0 , 0 0 0 8 3 , 0 0 0 8 3 , 0 0 0

Stored a t <0 *C + 4 *C <0 *C



thro ugh  them f o r  a b o u t  h a l f  an h o u r .  This n i t r o g e n  was p r e ­

t r e a t e d  by p as sa ge  t h r o u g h  an aqueous s o l u t i o n  c o n t a i n i n g  

reduced a n t h r a q u i n o n e - 2 - s u l p h o n a t e  and z i n c  amalgam, t o  

deoxyg ena te  i t  f u r t h e r .

All  g l a s s w a r e  was c l e a n e d  by soaking o v e r n i g h t  i n  a 

d i l u t e  s o l u t i o n  of  Oecon 90  (BDH),  th e n  r i n s i n g  t h o r o u g h l y  

w it h  DOW.

2 . 2 . 2  MEMBRANES

A ll  membranes were o b t a i n e d  from Cole-Palmer  and were 

s u p p l i e d  in  th e  form o f  d i a l y s i s  t u b i n g .  They were

p r e t r e a t e d  to  s o f t e n  and remove i m p u r i t i e s  by b o i l i n g  i n  a

-3
10 g dm aqueous s o l u t i o n  of  sodium c a r b o n a t e  f o r  10 

m i n u t e s ,  then p r e p a r e d  f o r  use by c u t t i n g  the  tu b i n g  i n t o

s t r i p s  about t h r e e  c e n t i m e t r e s  l o n g .  Membranes were s t o r e d

- 3  - 3
i n  a s o l u t i o n  of 10 mmol dm T r i s  c o n t a i n i n g  1 mmol dm

EDTA a t  4 *C.

2 . 2 . 3  ELECTRODES

Working e l e c t r o d e s  were f a b r i c a t e d  in - h o u s e  by Mr M 

P r i t c h a r d  and Mr D Dyer . A p l a t i n u m  d i s c  connected t o  a 

b r a s s  c o n t a c t  was p r e s s - f i t t e d  i n t o  t e f l o n  with  a r e c e s s  

( d e p t h  1 mm), t o  pr od u ce  a c a v i t y  e l e c t r o d e .  This e l e c t r o d e  

was c o n t a i n e d  in  an o u t e r  s l e e v e  of  t e f l o n  which coul d be 

a d j u s t e d  so t h a t  t h e  i n n e r  cou ld  be r e t r a c t e d  a s h o r t ,  known 

d i s t a n c e  ( 0 . 2 5 - 5 . 0 0  mm) ( s e e  F i g u r e  2 . 2 . 1 ) .  A c o n d u c t in g  

s a l t  e l e c t r o d e  was t h e n  produced as f o l l o w s :

A m i x tu r e  of TTFTCNQ and p o l y v i n y l  c h l o r i d e  ( 9 : 1  w/w)



outer sleeve (PTFE)

Figure 2.2.1 Cross-section and plan of the cavity electrode.



was made up i n t o  a t h i c k  s l u r r y  u s in g  t h e  minimum amount of

t e t r a h y d r o f u r a n . The r e s u l t i n g  s l u r r y  was th en  c a r e f u l l y  

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

bub ble s  of  a i r  were removed u s i n g  a P a s t e u r  p i p e t t e ,  and 

t h i s  s l u r r y  was al lowed t o  dry i n s i d e  t h e  c a v i t y .  By 

s u c c e s s i v e  a p p l i c a t i o n s  of  t h i s  m i x t u r e  t h e  amount of 

TTFTCNQ in  t h e  c a v i t y  was i n c r e a s e d  u n t i l  t h e  c a v i t y  was 

c om p le te ly  f i l l e d .  The e l e c t r o d e  was now l e f t  to  dry in  a i r  

a t  room t e m p e r a t u r e  f o r  a t  l e a s t  one ho ur ,  a f t e r  which th e  

s u r f a c e  of  t h e  o r g a n i c  s a l t  was trimmed w ith  a s c a l p e l  to  

produce a f l a t  s u r f a c e  t h a t  was l e v e l  w ith  th e  r e s t  of  th e  

e l e c t r o d e .  The e l e c t r o d e  was p r e - t r e a t e d  b e f o r e  use by 

e l e c t r o c h e m i c a l l y  c y c l i n g  i t  o v e r n i g h t  between - 2 0 0  and +400 

mV ( r e l a t i v e  t o  t h e  s a t u r a t e d  ca l o m el  e l e c t r o d e )  i n  pH7.4 

p ho s p ha te  b u f f e r .  F i n a l l y  t h e  r e s i s t a n c e  of  t h e  e l e c t r o d e  

was checked u s in g  a s t a n d a r d  m u l t i m e t e r ,  being repacked with  

o r g a n i c  s a l t  i f  t h e  measured r e s i s t a n c e  was above 500  Q.

S a t u r a t e d  cal omel  e l e c t r o d e s  made i n - h o u s e  were used as 

r e f e r e n c e  e l e c t r o d e s ,  and a l l  qu o te d  p o t e n t i a l s  a r e  w ith  

r e s p e c t  t o  t h i s .  Counter  e l e c t r o d e s  were made of  p la t i n u m  

ga uz e ,  bei ng c l e a n e d  r e g u l a r l y  by immersion o v e r n i g h t  in  

c o n c e n t r a t e d  n i t r i c  a c i d ,  f o l l o w e d  by washing w i t h  copious 

amounts of  DDW.

2 . 2 . 4  APPARATUS

Experiments  were c a r r i e d  o u t  u s in g  a modular  system of

[751
e l e c t r o n i c s  made xn t h e s e  l a b o r a t o r i e s  by Hr 3 Hooper



Bryans s e r i e s  6 0 0 0 0  or  2 9 0 0 0  c h a r t  r e c o r d e r s  were used

to  d i s p l a y  e x p e r i m e n t a l  r e s u l t s .

A ll  e x p er im en ts  were c a r r i e d  out  i n  a s p e c i a l  g l a s s  

c e l l  shown i n  F ig u r e  2 . 2 . 2 .  The s o l u t i o n  in  th e  c e l l  was 

ke pt  a t  a c o n s t a n t  t e m p e r a t u r e  o f  25 *C by pumping w a te r  

from an e x t e r n a l  t h e r m o s t a t t e d  s o u r c e  thro u gh  t h e  w at er  

j a c k e t .

2 . 2 . 5  EXPERIMENTAL PROCEDURES

a ) P r e p a r a t i o n  of Enzvme E l e c t r o d e s

A drop of enzyme e l e c t r o l y t e  s o l u t i o n  was pla ced  onto 

an o r g a n i c  s a l t  e l e c t r o d e  so t h a t  t h e  whole of  th e  s u r f a c e  

of  t h e  e l e c t r o d e  was c o v e r e d .  A membrane was then pla ce d  

over  i t  and s ec u r ed  by means o f  an " o a r i n g  ( s e e  Fig ur e  

2 . 2 . 3 ) .  Care was ta k e n  t o  av o id  t r a p p i n g  a i r  bubbles  

u n d e r n e a th  t h e  membrane; i f  t h i s  occured the n t h e  membrane 

was removed and t h e  p r o c e d u r e  r e p e a t e d .  Excess enzyme 

s o l u t i o n  was then removed by washing w ith  copious q u a n t i t i e s  

o f  DDW. The e l e c t r o d e  was s t o r e d  b e f o r e  use i n  pH7.4 

p ho s p ha te  b u f f e r .

b ) Measurment of  C u r r e n t/ T i m e  T r a n s i e n t s

The e l e c t r o c h e m i c a l  c e l l  was f i l l e d  w ith  a known amount 

of  b u f f e r ,  g e n e r a l l y  20 ml .  This  b u f f e r  was deoxygenated 

( s e e  above) and th e n  t h e  enzyme e l e c t r o d e  was pla ce d  i n  t h e  

c e l l  and p o is ed  a t  t h e  a p p r o p r i a t e  p o t e n t i a l ,  which i s  +50 

mV u n l e s s  o t h e r w i s e  s t a t e d .  The background c u r r e n t  was the n 

mo ni to re d u n t i l  i t  r e a c h e d  a s te a d y  v a l u e .  The r e s p o n s e  of  

t h e  e l e c t r o d e  was t h e n  measured by i n t r o d u c i n g  small
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Figure 2.2.2 Diagram of a membrane enzyme electrode.
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Figure 2.2.3 The electrochemical cell.



aliquots of a stock solution of substrate, allowing the

c u r r e n t  to  r eac h a s te a d y  v a l u e  a f t e r  each a d d i t i o n .



2.3 THEORY

This s e c t i o n  i s  d i v i d e d  i n t o  two p a r t s .  The f i r s t  p a r t  

compares two k i n e t i c  models  which could apply to  an o r g a n i c  

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

p r o c e s s  a t  high s u b s t r a t e  c o n c e n t r a t i o n s .  The second p a r t  

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

e l e c t r o d e  to  c h o l i n e  i n d i v i d u a l l y  in  th e  l i m i t i n g  c a s e s  of  

low and high s u b s t r a t e  c o n c e n t r a t i o n s ,  which cannot  be 

t r e a t e d  by the  above two models bec ause th e  o x i d a t i o n  

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

t h e  f o l l o w i n g  t h e o r y  f l u x ,  j ,  i s  used t h r o u g h o u t  t o  d e s c r i b e  

t h e  r a t e  a t  which ChOD i s  o x i d i s e d  a t  th e  e l e c t r o d e .

Although e x p e r i m e n t a l l y  t h e  c u r r e n t ,  i ,  i s  u s u a l l y  me asu re d,  

i t  i s  r e l a t e d  to  j  by t h e  s im p l e  e x p r e s s i o n  i  = nFAj (where 

n i s  number of e l e c t r o n s  t r a n s f e r r e d  per  m o l e c u le ,  F i s  t h e  

Faraday c o n s t a n t  and A i s  t h e  ar e a  of  t h e  e l e c t r o d e )  and i  

can be s u b s t i t u t e d  f o r  j  i n  any e x p r e s s i o n  prov ided  

al lo w anc e i s  made f o r  t h e  c o n s t a n t  of  p r o p o r t i o n a l i t y .

2 . 3 . 1  THE ONE-SUBSTRATE MODEL

The k i n e t i c  scheme o f  t h i s  model i s  shown in  F ig u r e

2 . 3 . 1 .  In the  c as e  o f  t h e  c h o l i n e  enzyme e l e c t r o d e  t h i s  

model a p p l i e s  when b e t a i n e  al d eh yd e i s  used as t h e  

s u b s t r a t e .  The e l e c t r o d e  w i l l  e x h i b i t  d i f f e r e n t  b e h a v i o r  

depending on which k i n e t i c  s t e p s  a r e  r a t e - l i m i t i n g .  At low 

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

by t h e  t r a n s p o r t  o f  s u b s t r a t e  th r ou g h  t h e  membrane, by t h e
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Figure 2.3.1 Reaction scheme for the one-substrate model.



r e a c t i o n  of  s u b s t r a t e  w ith  t h e  enzyme, o r  by a com b in ati o n  

of  t h e s e  two p r o c e s s e s .  At high s u b s t r a t e  c o n c e n t r a t i o n s  

t h e  c u r r e n t  w i l l  be d et er m in e d  e i t h e r  by t h e  breakdown of  

t h e  most k i n e t i c a l l y  i m p o r t a n t  enzyme i n t e r m e d i a t e  (E S ) ,  by 

t h e  o x i d a t i o n  of  E' a t  t h e  e l e c t r o d e ,  o r  as above,  by a 

com bina tion  of  t h e s e  two p r o c e s s e s .  For t h i s  k i n e t i c  scheme 

we have t h e  f o l l o w i n g  e q u a t i o n s :

j  = L k  [ E j m - L k 2 [ E S 3 ( 2 . 1 )

j  = L k 3 [ E S J ( 2 . 2 )

j  = k ' [ E * ] 172 ( 2 . 3 )

j  = k ( [ S 3  -S “
[ S 3 ) ( 2 . 4 )

[ E 3 t  = [E] ♦ [ E S 3  + [ E '3 ( 2 . 5 )

w h e r e  [ S 3  and [ S ]  d e n o t e  00 t h e  c o n c e n t r a t i o n  o f  s u b s t r a t e  i n

t h e  e n z y m e / e l e c t r o l y t e  l a y e r  and in  t h e  bulk r e s p e c t i v e l y .  

I t  should be no ted a t  t h i s  p o i n t  t h a t  k ’ may r e p r e s e n t  a 

c o l l e c t i o n  of  k i n e t i c  c o n s t a n t s ,  and e q u a t i o n  2 . 3  i s  based 

on t h e  o b s e r v a t i o n  by B a r t l e t t  ( s u p p o r t e d  by th e  r e s u l t s  i n 

Chapter  4 of  t h i s  t h e s i s )  t h a t  e x c e p t  a t  very low enzyme 

c o n c e n t r a t i o n s  t h e  o bs erv ed f l u x  of  e l e c t r o n s  i s  

p r o p o r t i o n a l  t o  [ E * 3 ^ 72 I f  t h e  f l u x  i s  l i n e a r  w ith

r e s p e c t  to  CE* 3 ,  t h e n  k . may a l s o  be a composite a p p a r e n tC3 v

r a t e  c o n s t a n t  made up from enzymic a n d / o r  e l e c t r o c h e m i c a l  

c o n t r i b u t i o n s .  We a l s o  have t o  assume t h a t  t h e r e  i s  no 

c o n c e n t r a t i o n  p o l a r i s a t i o n  of  t h e  enzyme. I f  t h i s  i s  not  

t h e  c a s e ,  L must be r e p l a c e d  by LD, t h e  enzyme r e a c t i o n  

l a y e r  t h i c k n e s s ,  which w i l l  depend on s u b s t r a t e  

c o n c e n t r a t i o n .

We w i l l  f i r s t  f i n d  a g e n e r a l  e q u a t i o n  to  l i n k  f l u x ,  j



w it h  bulk s u b s t r a t e  c o n c e n t r a t i o n .  [S ]  . and then examine
00

two c a s es  of  t h e  e q u a t i o n ,  d e p en di n g on t h e  r a t e - l i m i t i n g  

s t e p  a t  high v a l u e s  of  s u b s t r a t e  c o n c e n t r a t i o n .  From 

e q u a t i o n s  2 . 2  and 2 . 3 ,  we can d e f i n e  [ES] and [ E ‘ ] in  terms 

of  j ,  L, k' and k ^ .  By s u b s t i t u t i n g  f o r  [ES] i n  e q u a t i o n  2 . 1  

we can f i n d  CE3. Combining t h e s e  r e s u l t s  with  e q u a t i o n  2 . 5 ,  

we f i n d :

I E ] . / j  = <*, /Lk .CS1) ♦ 1/Lk . ♦ j / ( k ' ) Z (2 . 6)
t  m c a t  c a t

where K = k / ( k +k ) and k = k_. But from e q u a t i o n  2 . A,  
m 1 2 3  c a t  3

[S ]  = ( 1 / k ) ( k [ S] - j )  ( 2 . 7 )5 5 00

S u b s t i t u t i n g  t h i s  r e s u l t  i n t o  e q u a t i o n  2 . 6  and r e a r r a n g e m e n t  

g i v e s :

[S] 1 t S] *—  +

kme

1

Lk [E] ( k ‘ ) 2 [E1
c a t  t  t

1 -

k [S]  
s <

( 2 . 8 )

where ( 1 / k  ) = ( 1 / k  + K / Lk [ E ] . ) .  Lk ./K i s  i n  f a c t
me s m c a t  t  c a t  m

t h e  e f f e c t i v e  h e t e r o g e n e o u s  second 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  of  S w i t h  E, so k i s  r e a l l y  a com bina tion  of  

t h i s  r a t e  c o n s t a n t  and k g . Thi s  e q u a t i o n  i s  too c o m p li c a te d  

t o  be t r e a t e d  a n a l y t i c a l l y  i n  f u l l  bu t  we can s i m p l i f y  i t ,  

depending on w het her  t h e  enzyme or  e l e c t r o d e  k i n e t i c s

c o n t r o l  th e  r e s p o n s e  a t  h ig h  s u b s t r a t e  c o n c e n t r a t i o n s .

However, we w i l l  f i r s t  examine i t s  b e h a v i o r  f o r  t h e  extreme 

c a s e s  of  high and low s u b s t r a t e  c o n c e n t r a t i o n s .

At low s u b s t r a t e  c o n c e n t r a t i o n s  [S ]  tends  t o  z e r o ,  

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

j  = k [S3 
me

The v al u e of  k
me

w i l l  g e n e r a l l y  be e q u a l  to  e i t h e r  k
s

( 2 . 9 )

or



Lk , [ E ]  /K dep en d in g  on whe ther  th e  membrane or enzyme 
c a t  t  m

k i n e t i c s  a r e  r a t e  l i m i t i n g .

At high s u b s t r a t e  c o n c e n t r a t i o n s ,  as [ S ] ^  becomes ver y

l a r g e ,  t h e  f l u x  w i l l  r e a c h  a maximum v a l u e ,  j  g iv e n  by
max

1 / j  = 1 /Lk [ E] ♦  j  / ( k ’ ) 2 [ E ] + ( 2 . 1 0 )
max c a t  t  max t

2
Remembering t h a t  [ES] = j  /Lk . and [ E ' )  = ( j  / k *) . i t  can

max c a t  max

be seen t h a t  j  depends on which of  t h e s e  enzyme forms a r e  
max 3

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

one o f  t h e  te rm s on t h e  r i g h t  hand s i d e  of  t h i s  e q u a t i o n  

w i l l  be i m p o r t a n t .

We can now s i m p l i f y  e q u a t i o n  2 . 8  by t r e a t i n g  t h e  two 

c a s e s  of  enzyme and e l e c t r o d e  c o n t r o l  a t  s a t u r a t e d  

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

t h e  terms on t h e  r i g h t  hand s i d e  of  e q u a t i o n  2 . 1 0  w i l l  be 

u n i m p o r t a n t ,  dep en d in g on t h e  c a s e .

a ) C o n tr o l  by Enzyme K i n e t i c s  a t  High S u b s t r a t e  

C o n c e n t r a t i o n s

In t h i s  c a s e  a t  high s u b s t r a t e  c o n c e n t r a t i o n s

CES]>>[E’ ] .  Thus 1/Lk .> > j  / ( k ‘ ) ^ , where j  i s  t h e
c a t  Jmax Jmax

maximum f l u x  o f  t h e  enzyme e l e c t r o d e  and w i l l  be e q u a l  t o

Lk CE3 . E q u a t io n  2 . 8  w i l l  now be reduce d to:  
c a t  t

[S ] [S3

me Lkc a t [ E ] t

1 -

k [S3
s <

( 2 . 11  )

This e q u a t i o n ,  i n  a s l i g h l y  d i f f e r e n t  form has a l r e a d y

[763
been examined by Albery and B a r t l e t t  , and what f o l l o w s  

i s  a summary o f  t h e i r  work.  The f i r s t  s t a g e  of  t h e  k i n e t i c



a n a l y s i s  w i l l  be t o  f i n d  k by p l o t t i n g  CS] / j  a g a i n s t
me 00

[S] . We can note  t h a t  t h i s  i s  s i m i l a r  to  th e  Hanes p l o too

mentioned i n  Chapter  1,  s e c t i o n  1 . 1 .  Although i t  may be a

c u r v e ,  t h e  l i m i t i n g  v a l u e  as [ S ] ^  te n d s  to  0 g iv e s  { [ S l ^ / j J g

= 1/k . Next we c a l c u l a t e  t h e  p a r a m e te r  p, where:
me

p = ( j / [ S ]  )/ k  ( 2 . 1 2 )
~ me

S u b s t i t u t i o n  i n t o  e q u a t i o n  2 . 1 1  g i v e s :

y =
e ’ 1- 1

CS]

me

Lk . CE]. 
c a t  t

Qk
me

( 2 . 1 3 )

A p l o t  of  y a g a i n s t  p (which we s h a l l  c a l l  a normal p-

p l o t ,  as t h i s  i s  t h e  p l o t  used by Albery and B a r t l e t t )  w i l l

th en  g i v e  k / (Lk . [ E ] . )  from t h e  i n t e r c e p t  a t  p = 0 and 
me c a t  t

k / k from t h e  i n t e r c e p t  a t  y = 0 .  The former  r a t i o  can bes me k j

used to  f i n d  j  , as j  = Lk . [ E ] . .  The r e l a t i v e  
max max c a t  t

im p o r ta n c e  of  t h e  t r a n s p o r t  and enzyme k i n e t i c s  a t  low

s u b s t r a t e  c o n c e n t r a t i o n s  can be o b t a i n e d  from k /k . I t
s me

w i l l  be u n i t y  when t r a n s p o r t  a c r o s s  t h e  membrane i s  r a t e -  

l i m i t i n g  and very l a r g e  when t h e  u n s a t u r a t e d  enzyme k i n e t i c s  

d o m i n a t e .

We s h a l l  now t u r n  t o  t h e  c a s e  where t h e  e l e c t r o d e  

k i n e t i c s  dominate  a t  hig h c o n c e n t r a t i o n s .  I t  w i l l  be seen 

t h a t  t h e  t r e a t m e n t s  a r e  q u i t e  s i m i l a r ,  a l th o u g h  th e  

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

b) C o n t r o l  bv E l e c t r o d e  K i n e t i c s

In t h i s  c a s e ,  a t  hig h s u b s t r a t e  c o n c e n t r a t i o n s

[E' ]> >CE S] ,  or in  o t h e r  w ords,  ( j  / ( k * ) 2 ) > > ( 1 /Lk . ) .
max c a t



1 / 2
Here,  i  i s  g iv e n  by k ' ( [ E l  ) . Hence e q u a t i o n  2 . 8

max t

r e d u c e s  to :

[S ]  1 [S ]  j*0 00 ------  = ----- + ------ z----
k ( k ’ ) CE3.  

me t

1 -

k [S]
s <

(2.  H )

The v a l u e  of  k w i l l  be t h e  same as in th e  p r e v io u s  
me

t r e a t m e n t ,  and can be found as above.  De fining  p as b e f o r e ,  

we can r e a r r a n g e  e q u a t i o n  2 . 1 4  t o  giv e:

Q 1- 1

CS] j

me

( k ' ) 2 C E 3

Q k
1 - me

( 2 . 1 5 )

This i s  a m od if ie d p - p l o t  as t h i s  e q u a t i o n  d i f f e r s  from

2
e q u a t i o n  2 . 1 3  only in  t h a t  y = y / j  and t h a t  (k*)  r e p l a c e s

2
Lk . .  Thus th e  i n t e r c e p t  a t  y = 0 g i v e s  k / C( k ‘ ) CE]. )  

c a t  me t
2

( i n  o t h e r  words,  k / ( j  ) ) ,  and t h e  i n t e r c e p t  a t  q = 0
me max

g i v e s  k /k
s me

In a n a l y s i n g  t h e  e x p e r i m e n t a l  r e s u l t s ,  t h e  d a t a  w i l l  be 

t r e a t e d  t o  t e s t  f o r  both t h e  above c a s e s ,  by u s in g  both 

t y p e s  o f  p - p l o t .  The most s a t i s f a c t o r y  f i t  should th en  t e l l  

us which k i n e t i c  s t e p  i s  r a t e  l i m i t i n g  a t  high s u b s t r a t e  

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

s u b s t r a t e  c o n c e n t r a t i o n s  s ho u ld  be i d e n t i f i e d .

2 . 3 . 2  RESPONSE OF THE ENZYME ELECTRODE TO CHOLINE

Trea tme nt  of  a k i n e t i c  model to  d e s c r i b e  th e  b e h a v i o r  

o f  t h e  r e s p o n s e  o f  t h e  e l e c t r o d e  i s  to o  co m p li ca te d  to  be 

worked o u t  i n  f u l l ,  b u t  a t  low and hig h s u b s t r a t e  

c o n c e n t r a t i o n s  we can s i m p l i f y  t h e  model c o n s i d e r a b l y ,  by



assuming th e  c o n c e n t r a t i o n  of  some of  th e  d i f f e r e n t  forms of

th e  enzyme w i l l  be n e g l i g i b l e .  We w i l l  f i r s t  c o n s i d e r  th e

res p o ns e of th e  e l e c t r o d e  t o  low c o n c e n t r a t i o n s  of  c h o l i n e

( i e  u n s a t u r a t e d  c o n d i t i o n s )  and th e n  c o n s i d e r  th e  l i m i t i n g

r es p o n s e of t h e  e l e c t r o d e  un der  s a t u r a t e d  c o n d i t i o n s .

i l l  Response of  t h e  E l e c t r o d e  Under U n s a t u r a t e d  C o n d it io n s

In t h i s  model,  we can assume t h a t  t h e  enzyme i s  almost

comp lete ly  in  i t s  f r e e  fo rm,  E, as i t  i s  working under

u n s a t u r a t e d  c o n d i t i o n s .  Secondly we only have to  c o n s i d e r

t h e  u n s a t u r a t e d  k i n e t i c s  o f  t h e  enzyme, t h e  t r a n s p o r t  of

c h o l i n e  though t h e  membrane, and t h e  l o s s  of b e t a i n e

aldehyde through t h e  membrane to  th e  b u l k .  Here th e

e l e c t r o d e  i s  me rely  m e as u r i n g  t h e  o v e r a l l  f l u x  o f  E being

c on v er te d t o  E ' , and t h e  k i n e t i c s  of  t h i s  r e a c t i o n  w i l l  be

u n im p o r ta n t .  The k i n e t i c  scheme i s  t h e r e f o r e  shown in

F ig u r e  2 . 3 . 2 .  The second o r d e r  r a t e  c o n s t a n t s  f o r  t h e

r e a c t i o n  of  th e  f r e e  enzyme w ith  each s u b s t r a t e  (k_ and kr )
D C

a r e  given by t h e  r e s p e c t i v e  v a l u e s  of  (k . [ E ] . ) / K  . We can
c a t  t  m

now d e f i n e  th e  f r a c t i o n  o f  b e t a i n e  al d e h y d e ,  ♦  _ t h a t  r e a c t sD
w i t h  th e  enzyme:

*B * LV ,LV k s V

The o v e r a l l  f l u x ,  j

= k _/k _
me, B s , B

i s  th e n  giv en  by:

( 2 . 1 6 )

j  = (1+*B)Lkc [C] ( 2 . 1 7 )

where [C] i s  t h e  c o n c e n t r a t i o n  o f  c h o l i n e  i n  th e  enzyme

e l e c t r o l y t e  l a y e r .  We can a l s o  e q u a t e  t h e  n e t  f l u x  of

c h o l i n e  t r a n s p o r t e d  a c r o s s  t h e  membrane w ith  t h a t  o f  c h o l i n e

r e a c t i n g  with  t h e  enzyme. I f  [C] i s  t h e  bulk c o n c e n t r a t i o n00
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L

e l e c t r o d e

e n z y m e / e l e c t r o l y t e  

l a y e r

membrane

bulk

Ch-Choline

BA= Betaine 
Aldehyde

B = Betaine

F i g u r e  2 . 3 . 2  R e a c t i o n  scheme f o r  c h o l i n e  under u n s a t u r a t e d  

c o n d i t i o n s .



o f  c h o l i n e  the n

Lkr [C] = k ( [ C]  - [ C D  
C s 00

Combining t h i s  e q u a t i o n  w i t h  e q u a t i o n  2 . 1 7  a f t e r  

r e a r r a n g e m e n t  we f i n d :

( 2 . 1 7 )

[C] 1

' ’ ♦ V
t 1
---  + —
k „ Lk 

s . C C

1

«1 ) k
B me, C

( 2 . 1 8 )

Remembering t h a t  t h i s  e q u a t i o n  a p p l i e s  a t  low s u b s t r a t e  

c o n c e n t r a t i o n s ,  t h e  v al u e o f  t h e  r i g h t - h a n d  s i d e  of  th e  

e x p r e s s i o n  can be o b t a i n e d  from p l o t t i n g  [C3 / j  a g a i n s t  [C]
00 00

and f i n d i n g  t h e  i n t e r c e p t  a t  [C] = 0 .  This i n t e r c e p t  w i l l
00

be an a p p a r e n t  v a l u e  of  1 / k f o r  c h o l i n e .  From t h e  Hanes
me

and Q - p l o t s  f o r  b e t a i n e  a l d e h y d e  we can c a l c u l a t e  ♦  , and
D

f i n d  Lk . The v a l u e  o f  Lk- can be c a l c u l a t e d  from Lk_ and 
b C B

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

t h e  two s u b s t r a t e s  ( t h i s  r a t i o  i s  known from p r e v io u s  work 

[ 2 3
on t h e  enzyme ] ) .  Thus k g ^ can be c a l c u l a t e d  us in g

e q u a t i o n  2 . 1 9 .  This w i l l  a l l o w  us to  f i n d  ou t  about  th e

i n t e r p l a y  between th e  u n s a t u r a t e d  enzyme k i n e t i c s  and t h e

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

i l l  Response of  t h e  E l e c t r o d e  Under S a t u r a t e d  C on d it io n s

In t h i s  c a s e ,  t h e  c o n c e n t r a t i o n  of  t h e  f r e e  form of  th e

enzyme w i l l  be n e g l i g i b l e .  The enzyme w i l l  be mostl y  i n  i t s

red uc e d  form, E’ or  in  a complex w ith  e i t h e r  c h o l i n e ,  EC or

b e t a i n e  a l d e h y d e ,  EB. We a l s o  have t o  c o n s i d e r  th e  l o s s  of

b e t a i n e  al deh yd e t o  th e  b u l k .  The k i n e t i c  model i s

t h e r e f o r e  shown i n  F ig u r e  2 . 3 . 3 .

The o v e r a l l  f l u x ,  j  i s  g i v e n  by a sum o f  t h e  f l u x e s  of

t h e  r e d u c t i o n  of  c h o l i n e  and b e t a i n e  a l d e h y d e ,  j  and j
C B
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F i g u r e  2 . 3 . 3  Re ac tio n  scheme f o r  c h o l i n e  under  s a t u r a t e d  
c o n d i t i o n s .



r e s p e c t i v e l y :

tECJ * V Lkc a t . C

CEB1 = V Lkc a t . B  

[ E‘ ] = (3 / k ‘ ) 2

3 = 3C ♦ 3 b ( 2 . 20 )

Looking a t  th e  k i n e t i c  model we can now f i n d  e x p r e s s i o n s  f o r  

t h e  c o n c e n t r a t i o n s  o f  each of  t h e  enzyme forms in  terms of  

t h e  above f l u x e s  and t h e  r a t e  c o n s t a n t s :

( 2. 21  )

( 2 . 2 2 )

( 2 . 2 3 )

Again,  t h e  f l u x  i s  assumed to  be p r o p o r t i o n a l  to  t h e  s q u ar e  

r o o t  of  [ E * 3.  The sum of  t h e s e  enzyme forms must be e q u a l  to  

t h e  t o t a l  enzyme c o n c e n t r a t i o n ,  [ E ] ^ .  Hence,

( 2 . 2 4 )

We can n o te  t h a t  as b e t a i n e  a l d eh y de  i s  a p r o d uc t  o f  th e  

r e d u c t i o n  of  c h o l i n e  th e n  j c >jg a t  a l l  t i m e s .  Thus, from 

e q u a t i o n  2 . 2 0 ,  1 > ( j c / j ) > 1 / 2 .  I n t r o d u c i n g  t h e  p a r a m e te r  ij>

■ for j c / j  and u s in g  t h e  r e s u l t  3 B = j - j c we o b t a i n :

CE]t  = V Lkc a t . C  * V Lkc a t , B  * C’ ' " ' ' 2

[E]

= *
1 1

Lk Lk , _
c a t . C  c a t , B .

Lk ( k 1 ) 2
( 2 . 2 5 )

c a t , B

Although t h i s  e q u a t i o n  a p p e a r s  to  be c o m p l i c a t e d ,  each

te rm  i s  a s s o c i a t e d  w i t h  a s p e c i f i c  enzyme form, and th u s

u s u a l l y  only t h e  one term  w i l l  be i m p o r t a n t .  Now, t h e

p a r a m e te r  i|> d e s c r i b e s  whe ther  t h e  enzyme k i n e t i c s  a r e  f a s t

enough t o  r ed u ce  t h e  b e t a i n e  a l d eh y de  b e f o r e  i t  can es cap e

th r o u g h  t h e  membrane t o  t h e  b u l k .  I f  t h e  enzyme k i n e t i c s

a r e  f a s t  the n most o f  t h e  b e t a i n e  ald ehy de r e a c t s  w i t h  t h e

enzyme. In t h i s  c a s e  j  -  j  and so \J> ~ 1 / 2 . C o n v e r s e ly .

i f  t r a n s p o r t  th r o u g h  t h e  membrane i s  f a s t  then j  «
B

0 and so



4> - 1. We a r e  now a b l e  t o  p r e d i c t  t h e  l i m i t i n g  f l u x ,  j
max

depending on which enzyme form i s  most predominant under

t h e s e  c o n d i t i o n s .  The r e s u l t s  a r e  summarised in  Table

2 . 3 . 1 .  An i n t e r e s t i n g  c a s e  a r i s e s  when k „ -  k ^ _. In
c a t . C  c a t . B

t h i s  c a s e ,  no m a t t e r  what v a l u e  \1) t a k e s  j  remains  t h e
max

same, and comparison of  e q u a t i o n  2 . 2 5  wi th  e q u a t i o n  2 . 1 0

shows t h a t  t h i s  i s  e q u a l  t o  t h e  maximum r es p o n s e t o  b e t a i n e

ald ehy de when i t  i s  used as t h e  s u b s t r a t e  i n s t e a d  of

c h o l i n e .  F i n a l l y ,  we w i l l  examine what happens i f  t h e  f l u x

1/ 2
i s  l i n e a r  w i t h  [ E ' 3 ,  not  CE’ 3 as assumed. Here, t h e

e q u a t i o n s  f o r  l i m i t i n g  f l u x  w i l l  only d i f f e r  from t h e  above

t r e a t m e n t  i f  E’ i s  t h e  p r e d o m i n e n t  form of th e  enzyme a t

s a t u r a t i o n .  Under t h e s e  c o n d i t i o n s  j  i s  th e n  g ive n by

k [ E 3 . ,  where k i s  t h e  a p p a r e n t  e l e c t r o c h e m i c a l  r a t e  
app t  app

c o n s t a n t  f o r  E' .



Summary of k i n e t i c  e q u a t i o n s  d e s c r i b i n g  t h e  r es p o n s e of  th e  

c h o l i n e  enzyme e l e c t r o d e  under  s a t u r a t e d  c o n d i t i o n s .

I m p o r t a n t  Form of  Enzyme

TABLE 2.3.1

Y EB EC E*

1 - Lk . r [ E] 
c a t , C t

k * {CE]t ]i 1/2

1/2
2Lkc a t V E ] t

2Lk . [ E] 
c a t , C t k - ( [ E ] t ]

1/2
I



2.4 RESULTS

2 . 4 . 1  CHOICE OF ENZYME

The d e c i s i o n  as t o  which s o u r c e  of  c h o l i n e  o x i d a s e  t o  

use i s  not  an easy one as t h e  t h r e e  commercially  a v a i l a b l e  

p r e p a r a t i o n s  of  enzyme a r e  s u p p l i e d  i n  d i f f e r e n t  p u r i t i e s  

and forms.  Al l  t h r e e  p r e p a r a t i o n s  can be employed i n  a 

c h o l i n e  enzyme e l e c t r o d e  ( s e e  F i g u r e  2 . 4 . 1  and 2 . 4 . 2 ) ,  

though f o r  some e x p e r i m e n t s  or  a p p l i c a t i o n s  one or  o t h e r  of  

t h e  p r e p a r a t i o n s  w i l l  be p r e f e r r e d .  For most of t h i s  s tu d y  

t h e  BCL enzyme was u s ed ,  b ec a u se  t h i s  i s  s u p pl ie d  as a 50 

U ni ts / m l  s o l u t i o n  which can be used d i r e c t l y  to  make up t h e  

enzyme e l e c t r o d e  (1 Unit  i s  t h a t  amount of  enzyme t h a t  

c a t a l y s e s  th e  f o r m a t i o n  of  1 pmol o f  per  m i n u t e ) .  The

Sigma and Finn Sugar enzymes a r e  s u p p l i e d  as powders; t h e  

p r e p a r a t i o n  of s m al l  amounts of  enzyme s o l u t i o n s  a c c u r a t e l y  

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

t h e  c o n c e n t r a t i o n  of  t h e  enzyme. Attempts to  make up l a r g e r  

amounts of  s to c k  s o l u t i o n s  o f  t h e s e  enzymes f a i l e d ,  as t h e  

enzymes q u i c k l y  l o s t  a c t i v i t y  even when s t o r e d  a t  +4*C. 

Because of  t h i s ,  u n l e s s  o t h e r w i s e  s t a t e d  a l l  r e s u l t s  

p r e s e n t e d  use t h e  BCL enzyme.

The powder p r e p a r a t i o n s  o f  enzyme were p r e f e r r e d  when 

i t  was wished t o  v ar y  t h e  c o n c e n t r a t i o n  of  th e  enzyme, as 

t h e  BCL enzyme cou ld  only be d i l u t e d  from i t s  maximum 

c o n c e n t r a t i o n  as s u p p l i e d  o f  50 u n i t s / m l .  Although t h e  

Sigma p r e p a r a t i o n  was much c h e a p e r  th a n  t h a t  of Finn S ug ar ,  

i t  c o n t a i n e d  a p p r o x i m a t e l y  30Z by w e ig h t  bovine serum
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F i g u r e  2 . 4 . 1  Response of  membrane enzyme e l e c t r o d e  to
c h o l i n e  u s i n g  Finn Sugar (O, 5 0 u n i t s / m l )  and 
BCL ( V , 5 0 u n i t s / m l )  enzymes.
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F i g u r e  2 . 4 . 2  Response of  membrane enzyme e l e c t r o d e  to  
c h o l i n e  u s in g  Sigma ( 1 5 u n i t s / m l )  enzyme.



albumin (BSA). A d d i t i o n a l l y ,  i t  was found t h a t  u n l i k e  both 

t h e  BCL and t h e  Finn Sugar  enzymes, t h e  Sigma enzyme d id  not  

ad s or b  to  t h e  e l e c t r o d e  s u r f a c e ,  p o s s i b l y  because t h e  BSA 

adso rbed p r e f e r e n t i a l l y ,  b l o c k i n g  s i t e s  on the  e l e c t r o d e ,  or 

beca use  i t  came from a d i f f e r e n t  s o u r c e .  For t h e s e  r e a s o n s ,  

t h e  Finn Sugar p r e p a r a t i o n  was employed in  p r e f e r e n c e  t o  

t h a t  o f  Sigma.

2 . 4 . 2  REPRODUCIBILITY AND LIFETIME OF ELECTRODES

The r e p r o d u c i b i l i t y  o f  e l e c t r o d e s  can be d i v i d e d  i n t o  

two main f a c t o r s .  F i r s t ,  t h e  a b i l i t y  of  th e  o r g a n i c  s a l t  

e l e c t r o d e s  to  o x i d i s e  ChOD d i f f e r e d  from one e l e c t r o d e  to  

a n o t h e r .  One of  t h e  main r e a s o n s  f o r  t h i s  i s  the  

v a r i a b i l i t y  in  th e  a c t u a l  s u r f a c e  a r e a  and p o r o s i t y  o f  t h e s e  

e l e c t r o d e s .  On a v e r a g e ,  ChOD showed s a t i s f a c t o r y  a c t i v i t y  

on abo ut  25Z of  t h e  o r g a n i c  s a l t  e l e c t r o d e s  f a b r i c a t e d .  For 

t h i s  r e a s o n ,  co m p a r a t i v e  r e s u l t s  a r e  shown only where th e  

same o r g a n i c  s a l t  e l e c t r o d e  was u s e d .  U n f o r t u n a t e l y ,  

e l e c t r o d e s  f a b r i c a t e d  by o t h e r  me th o ds ,  such as p r e s s e d  

p e l l e t ,  proved u n s u i t a b l e  f o r  use  in  enzyme e l e c t r o d e s  as 

t h e  c u r r e n t s  o b t a i n e d  were too  low.

The l i f e t i m e  of  t h e  enzyme e l e c t r o d e  tended t o  be 

l i m i t e d  by th e  l i f e t i m e  of  t h e  enzyme. When s t o r e d  a t  room 

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

d e t e r i o r a t e d  q u i t e  q u i c k l y ,  and sometimes th e  e l e c t r o d e  

showed no a c t i v i t y  towards  c h o l i n e  a f t e r  two days .  However, 

when load ed w ith  f r e s h  enzyme s o l u t i o n  t h e  e l e c t r o d e  a g a i n  

res p o nd ed  to  c h o l i n e ,  showing t h a t  t h e  enzyme had l o s t  i t s



a c t i v i t y  r a t h e r  than t h e  e l e c t r o d e .  This c o n c l u s i o n  i s  

s u p p o r te d  by t h e  work of  Dr S a l l y  D u r r a n t ,  who showed t h a t  

by s t o r i n g  t h e  e l e c t r o d e s  a t  4*C t h e i r  l i f e t i m e  was much

improved and th ey  s t i l l  showed a c t i v i t y  towards c h o l i n e

r . - . [ 7 7 ]
a f t e r  7 days

2 . 4 . 4  RESPONSE OF THE ENZYME ELECTRODE TO BETAINE ALDEHYDE

When c h o l i n e  i s  used as  a s u b s t r a t e  f o r  ChOD i t  i s

f i r s t  o x i d i s e d  t o  b e t a i n e  a l d e h y d e  and then to  b e t a i n e .  The

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

towar ds  b e t a i n e  al d e h y d e .  The r e s p o n s e  of  th e  e l e c t r o d e  t o

t h i s  s u b s t r a t e  i s  shown i n  F i g u r e  2 . 4 . 3 ,  compared t o  t h e

r e s p o n s e  t o  c h o l i n e  under  t h e  same c o n d i t i o n s .

To f i n d  what k i n e t i c  s t e p  d e t e r m i n e s  t h e  r e s p o n s e  of

t h e  e l e c t r o d e  t o  b e t a i n e  a l d e h y d e ,  we can a n a l y s e  t h e

r e s u l t s  a c c o r d i n g  to  th e  t h e o r y  giv en  above.  The Hanes

p l o t ,  shown i n  Fig u re  2 . 4 . 4 ,  g i v e s  a valu e f o r  k f o r
me

~5 -1
b e t a i n e  al d eh y d e of 5 . 6 x 1 0  cm s . Using t h i s  r e s u l t ,  t h e  

normal and m o d i f ie d  q  p l o t s  a r e  shown in  F ig u r es  2 . 4 . 5  and 

2 . 4 . 6 .  I t  can be seen t h a t  t h e  normal q p l o t  i s  a s t r a i g h t  

l i n e  w ith  a n e g a t i v e  g r a d i e n t ,  as  would be exp ec ted  i f  t h e  

r a t e  l i m i t i n g  s t e p  a t  h igh  s u b s t r a t e  c o n c e n t r a t i o n s  was due 

t o  t h e  kc a t  term  in  e q u a t i o n  2 . 1 0 .  The modified q p l o t  i s  

curved w i t h  a p o s i t i v e  g r a d i e n t .  I f  t h e  k ’term in  e q u a t i o n  

2 . 1 0  l i m i t e d  t h e  r e s p o n s e  a t  h ig h  s u b s t r a t e  c o n c e n t r a t i o n s  

t h e n  t h i s  p l o t  would be s t r a i g h t  w ith  a n e g a t i v e  g r a d i e n t .  

For t h e s e  r e a s o n s  we can t h e r e f o r e  conclude t h a t  a t  high



F ig u r e  2 . 4 . 3 Response of  membrane enzyme e l e c t r o d e  to 
chol ine  (O) and b e t a i n e  aldehyde (O) .



F i g u r e  2 . 4 . 4 Hanes p l o t  o f  d a t a  shown i n  F i g u r e  2 . 4 . 3 .  ( 7 )
c h o l i n e ,  (O) b e t a i n e  a l d e h y d e .
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F i g u r e  2 . 4 . 6  Modified p - p l o t  f o r  b e t a i n e  a l de hy de  of  d a t a  
shown i n  F ig u r e  2 . 4 . 3 .

OO
cn



c o n c e n t r a t i o n s  t h e  r a t e  l i m i t i n g  s t e p  i s  pr ob abl y t h e  enzyme

r e a c t i o n  w ith  s u b s t r a t e  a l t h o u g h  we c an n o t  y e t  r u l e  o u t  t h e

e l e c t r o d e  k i n e t i c s  i n  c as e  k ^ i s  a composite  c o n s t a n t

c o n t a i n i n g  c o n t r i b u t i o n s  from t h e  l a t t e r .

Turning t o  t h e  r e s p o n s e  of t h e  e l e c t r o d e  a t  low

s u b s t r a t e  c o n c e n t r a t i o n s ,  we f i n d  from t h e  normal p - p l o t

t h a t  k ~ (Lk [E]  )/K ( s e e  Table 2 . 4 . 1 ) .  This means t h a t  
s c a t  t  m

t h e  r e s p o n s e  i s  l i m i t e d  by enzyme k i n e t i c s  and t r a n s p o r t

thro ug h t h e  membrane al m o s t  e q u a l l y .

We have now o b t a i n e d  a v a l u e  f o r  Lk„ ( = (Lk ^ [ E K ) / K  ) ,
B c a t  t  m

t h e  e f f e c t i v e  second o r d e r  h e t e r o g e n e o u s  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  of  b e t a i n e  ald ehy de wi th  c h o l i n e  o x i d a s e .  The

v a l u e  of  Lk_/j  i s  an a p p a r e n t  K f o r  b e t a i n e  a l d eh y de  f o r  
b max m

t h i s  system,  and from t h e  e x p e r i m e n t a l  d a t a  i s  e q u a l  t o  3 . 8  

-3
mmol dm . The s i m i l a r i t y  between t h i s  v al u e and t h e  t r u e

- 3  [ 2 3 ]
v a l u e  f o r  t h e  K f o r  b e t a i n e  al dehyde o f  8 . 7  mmol dm m

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

s u b s t r a t e  c o n c e n t r a t i o n s  i s  t h e  enzyme k i n e t i c s .  In t h e  

c a s e  where t h e  e l e c t r o d e  k i n e t i c s  a r e  s low,  t h e  a p p a r e n t  K
m

would be e x p e c t e d  t o  be much s m a l l e r  t h a n  t h e  t r u e  v a l u e .

I f  we now compare t h e  r e s p o n s e  t o  b e t a i n e  a l d eh y de  w ith  

t h a t  t o  c h o l i n e ,  i t  can be seen f i r s t  of  a l l  t h a t  both

s u b s t r a t e s  have a p p r o x i m a t e l y  t h e  same i  . From t h e
max

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

k i n e t i c s  a r e  r a t e - l i m i t i n g  o r  t h a t  k . r  ~ k . The 

a n a l y s i s  of  t h e  d a t a  f o r  b e t a i n e  al d eh yd e r u l e s  ou t  t h e  

former p o s s i b i l i t y .  I t  i s  i n t e r e s t i n g  t o  n ote  t h a t  i n  f r e e  

s o l u t i o n  u s in g  oxygen as a c o - f a c t o r  t h e  kc a t  s 'for bo th



TABLE 2.4.1

Values of  v a r i o u s  k i n e t i c  p a r a m e t e r s  and c o n s t a n t s  f o r  th e  

c h o l i n e  enzyme e l e c t r o d e

S u b s t r a t e B et a in e  Choline
Aldehyde

k / cm s 
me

I n t e r c e p t  a t  p=0 x mM 

i  / nA
max

I n t e r c e p t  a t  

k / cm s ^
s

(Lk
c a t

[ E ] t ) /K

y = 0

/ cm s m
- 1

5 . 6 x 1 0  

0 .  14 

25 5 0  + 

2 . 1

1 . 2 x 1 0

1 . 1 x 1 0

1 . 6 x 1 0

24 30 *

1 . 3 x 1 0

7 . 7 x 1 0

c a l c u l a t e d  from i  =(nFAk ) / ( p )
max me y=0

maximum ob s er v ed  c u r r e n t



s u b s t r a t e s  a r e  th e  same. In t h i s  c as e  i t  may be th o u g h t

t h a t  t h i s  i s  due t o  t h e  r e a c t i o n  w i t h  oxygen being r a t e

l i m i t i n g ;  however t h e  r e s u l t s  shown above i n d i c a t e  t h a t  t h e

t r u e  *<c a ^ ' s  f o r  both s u b s t r a t e s  a r e  s i m i l a r ,  p o s s i b l y

bec ause t h e  r e a c t i o n  i s  l i m i t e d  by t h e  breakdown of  a common

enzyme i n t e r m e d i a t e  to  g i v e  t h e  reduced form of t h e  enzyme.

Looking a t  th e  r e s p o n s e  of  t h e  e l e c t r o d e  to  low

c o n c e n t r a t i o n s  of  c h o l i n e ,  we now know ♦  and Lk_. From
B B

[ ?3 1
p u b l i s h e d  d a t a ,  we can c a l c u l a t e  t h a t  k = 7 . 3k _  . Hence

C B

from th e  a p p a r e n t  k f o r  c h o l i n e  ( s e e  Fig ur e  2 . 4 0 4 )  we f i n d
me

-4  -1
t h a t  kg = 1 . 3 x 1 0  cm s . This  i s  very c l o s e  t o  th e

v a l u e  of k , which i s  t o  be e x p e c te d  as th e  m o le cul es  a r e
S I D

very s i m i l a r  in  s t r u c t u r e ,  s i z e  and c h a r g e .  This s u p p o r t s

t h e  c o n c l u s i o n s  p r e s e n t e d  above and shows th e  r e s u l t s  t o  be

c o n s i s t e n t .  From Table 2 . 4 0 1  i t  can a l s o  be seen t h a t  k i s
s

a p p r o x i m a t e l y  one q u a r t e r  o f  t h e  second o r d e r  enzyme r a t e  

c o n s t a n t  f o r  c h o l i n e ,  showing t h a t  t h e  f l u x  of  c h o l i n e  a t  

low c o n c e n t r a t i o n s  i s  d e t e r m i n e d  mainly by t r a n s p o r t  a c r o s s  

t h e  membrane.

The c o n c l u s i o n s  made above can be confirmed 

q u a l i t a t i v e l y  by v a r y i n g  some o f  t h e  e x p e r i m e n t a l  

p a r a m e t e r s  and examining t h e  e f f e c t  on th e  r es p o n s e of  t h e  

e l e c t r o d e .  This proved t o  be d i f f i c u l t  f o r  b e t a i n e  aldehyde 

as i t  i s  very e x p e n s i v e ,  t h e r e f o r e  only c h o l i n e  was used in  

t h e s e  e x p e r i m e n t s .  The r e m a in d e r  of  t h i s  c h a p t e r

d e s c r i b e s  a t t e m p t s  t o  do t h i s .



2.4.4 ADSORBED ENZYME ELECTRODES

Experiments  u s i n g  t h e  Sigma enzyme showed t h a t  i t  d i d  

n o t  a d s o r b  to  t h e  o r g a n i c  s a l t  e l e c t r o d e .  When an e l e c t r o d e  

was dip pe d i n t o  t h e  BCL enzyme s o l u t i o n  f o r  10 m i n u t e s ,  and 

t h e n  washed wi th  DDW, i t  showed a r e s p o n s e  t o  c h o l i n e  as 

shown i n  Fig u re  2 . 4 . 7 ,  compared t o  t h e  r e s p o n s e  of  t h e  same 

e l e c t r o d e  with  a membrane over  i t .  As can be se en ,  t h e  i
max

i s  d e c r e a s e d  in  t h e  ab s en ce  of  t h e  membrane, showing t h a t

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

t o  i  . A t  low c o n c e n t r a t i o n s  of  c h o l i n e ,  t h e  r e s p o n s e  i s  
max

i n c r e a s e d  when no membrane i s  p r e s e n t ,  showing t h a t  t h e  

membrane must a t  l e a s t  p a r t i a l l y  c o n t r o l  t h e  r e s p o n s e  i n  

t h i s  r e g i o n .

In t h e  case  of  t h e  Finn Sugar enzyme, a d i f f e r e n t  

approac h was t a k e n ,  as t h e  th e  enzyme was s u p p l i e d  in  powder 

form.  One u n i t  of  enzyme was pla ce d  on to t h e  e l e c t r o d e  by 

a l l o w i n g  10 p i  o f  100 u n i t s / m l  aqueous enzyme s o l u t i o n  t o  

a i r - d r y  on th e  e l e c t r o d e  s u r f a c e .  The e l e c t r o d e  was th e n  

washed w ith  DDW. The r e s p o n s e  of  th e  e l e c t r o d e  to  c h o l i n e  

i s  shown in  F i g u r e  2 . 4 . 8 .

The f o l l o w i n g  c o n c l u s i o n s  can be made from t h i s  r e s u l t  

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

enzyme must ad s o r b  s t r o n g l y  o r  e l s e  i t  would be washed o f f  

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

t h e  c u r r e n t ,  which d i d  no t  o c c u r .  S eco nd ly ,  th e  enzyme i s  

r o b u s t  enough t o  s u r v i v e  a i r - d r y i n g  on t h e  e l e c t r o d e .  This 

c o u l d  be i m p o r t a n t  i n  t h e  m a n u fa ct u r e  of  t h e s e  e l e c t r o d e s  

c o m m e r c i a l l y .
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F ig u r e  2 . 4 . 7  Comparison of  th e  r e s p o n s e  of  adso rbed (X/ )  and 
membrane (O) enzyme e l e c t r o d e s  to  c h o l i n e .
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F i g u r e  2 . 4 . 8  Response of  a i r - d r i e d  adso rbed enzyme 
e l e c t r o d e  t o  c h o l i n e .



In o r d e r  t o  t r y  t o  e l i m i n a t e  t h e  e f f e c t  of b e t a i n e  

al de hyd e on t h e  r e s p o n s e  o f  t h e  e l e c t r o d e ,  s e m i c a r b a z i d e  was 

added t o  t h e  bu lk s o l u t i o n .  Thi s  sho uld r e a c t  w ith  b e t a i n e  

al de hyd e t o  produce a s e m i c a r b a z o n e , t o  which t h e  enzyme 

would be i n a c t i v e .  In t h i s  way t h e  c u r r e n t  due t o  t h e  

t u r n o v e r  of  c h o l i n e  s h ou ld be i s o l a t e d .  The e f f e c t  o f  

adding s e m i c a r b a z i d e  t o  t h e  b u lk  s o l u t i o n  i s  shown i n  F i g u r e

2 . 4 . 9 .  On Day 1 no s e m i c a r b a z i d e  was p r e s e n t .  On Days 2

-3
and 3 ,  t h e  bulk s o l u t i o n  c o n t a i n e d  72 mmol dm

s e m i c a r b a z i d e .  On Days 4 and 5 c o n d i t i o n s  were as Day 1.

I t  can be seen t h a t  s e m i c a r b a z i d e  does  a l t e r  t h e  r e s p o n s e  of

t h e  e l e c t r o d e  t o  a g iv e n  c o n c e n t r a t i o n  of  c h o l i n e .  However,

t h e  r e s p o n s e  of  t h e  e l e c t r o d e  t o  c h o l i n e  was lower on Day 3

t h a n  Day 2 .  F u r t h e r m o r e ,  a l t h o u g h  on Day 5 the  e l e c t r o d e

shows a s i m i l a r  r e s p o n s e  t o  c h o l i n e  as Day 1, on Day 4 t h e

r e s p o n s e  i s  d e c r e a s e d ,  even though no s e m i c a r b a z i d e  was

p r e s e n t .  The e f f e c t  of  s e m i c a r b a z i d e  i s  t h e r e f o r e  n o t  as

s im p l e  as may f i r s t  be th o u g h t ;  a p o s s i b l e  e x p l a n a t i o n  of

t h i s  phenomenon may be t h a t  i t  p o i s o n s  t h e  e l e c t r o d e  i n  some

way and b loc ks  s i t e s  f o r  t h e  enzyme t o  ad s o r b .  This would

a c c o u n t  f o r  t h e  d e c r e a s e s  i n  i  t h a t  occu r  when
max

s e m i c a r b a z i d e  i s  p r e s e n t .  For t h i s  r e a s o n ,  th e  use of  

s e m i c a r b a z i d e  was d i s c o n t i n u e d  and q u a n t i t a t i v e  a n a l y s i s  of  

r e s u l t s  in  which s e m i c a r b a z i d e  was added to  th e  bulk

2.A.5 EFFECT OF SEMICARBAZIDE

s o l u t i o n  was no t  a t t e m p t e d .
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F i g u r e  2 . 4 . 9  E f f e c t  of  s e m i c a r b a z i d e  on th e  r e s p o n s e  of  t h e  
membrane enzyme e l e c t r o d e  to  c h o l i n e .  Days 1 
( O ) , 4 ( ■ )  and 5 (V) : no s e m i c a r b a z i d e  
p r e s e n t .  Days 2 ( • )  and 3 [CL) :  7 2  mmol dm 
p r e s e n t  i n  bulk s o l u t i o n .



2.4.6 EFFECT OF CHANGING MEMBRANE THICKNESS

One of t h e  ways to  v ary  t h e  e x p e r i m e n t a l  p ar am et er s  

would be t o  change ks - I f  t h e  r e s p o n s e  o f  t h e  e l e c t r o d e  was 

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

membrane k i n e t i c s  th e n  a s m a l l  change i n  k s would b r in g  

about  a change i n  r e s p o n s e ,  and hence a change in  th e  

a p p a r e n t  kmg f o r  c h o l i n e .  C o n s i d e r i n g  th e  c o n c l u s i o n s  made 

so f a r ,  however,  i t  can be seen t h a t  t h e  r e l a t i o n s h i p  

between k and a p p a r e n t  k f o r  c h o l i n e  i s  not  a s imple one.  

I f  we d e c r e a s e  kg th en  kmg sho uld d e c r e a s e ,  r e s u l t i n g  in  a 

lower  r e s p o n s e .  However, w i l l  i n c r e a s e ,  as l e s s  b e t a i n e  

al dehyde w i l l  e s c a p e  i n t o  t h e  b u l k ,  and t h i s  w i l l  te nd  to  

compensate a l i t t l e  f o r  t h e  l o s s  of  r e s p o n s e .  In o r d e r  t o  

make c o n c l u s i o n s  from r e s u l t s  we t h e r e f o r e  have to  change kg 

i n  a known manner and t o  do t h i s  we have t o  examine how k

i s  de te rm in e d

The r a t e  c o n s t a n t ,  k , i s  c o n t r o l l e d  by th e  membrane
s

[ 4 0 ]

t h i c k n e s s  L , t h e  d i f f u s i o n  c o e f f i c i e n t ,  0 and t h e  m m

p a r t i t i o n  c o e f f i c i e n t  of  S, Kg i n  th e  f o l l o w i n g  way

k = (K D )/L ( 2 . 2 6 )
s s m m

The e a s i e s t  way t o  change k g i s  t o  s imply use a

d i f f e r e n t  membrane. However, i n  t h i s  ca se  K , D and L
s m m

coul d a l l  be a l t e r e d ,  w it h  u n p r e d i c t a b l e  r e s u l t s .  A

b e t t e r  approac h i s  t o  t r y  t o  d o u b le  L by us in g  two

i d e n t i c a l  membranes i n s t e a d  of  on e.  Comparing th e  r e s u l t s

o b t a i n e d  w i t h  t h o s e  where a s i n g l e  membrane was used would

t h e n  be e a s i e r ,  as L would be a p p r o x i m a t e l y  doubled and D
m m



and K would be c o n s t a n t .  The v a l u e  of k f o r  a double  
s s

membrane would t h e r e f o r e  be a p p r o x i m a t e l y  h a l f  t h a t  of a

s i n g l e  membrane, a l th o u g h  some e r r o r  may c r e e p  in  from t h e

dead space in  between t h e  membranes.

F igu re  2 . 4 . 1 0  shows t h e  r e s p o n s e  of t h e  e l e c t r o d e  when

t h i s  p r o ce du r e  i s  c a r r i e d  o u t ,  and th e  c o r r e s p o n d i n g  Hanes

p l o t s  a r e  shown in  F i g u r e  2 . 4 . 1 1 .  The l a t t e r  g iv e  v a l u e s  o f

a p p a r e n t  k of  c h o l i n e  as 1 . 6 x 1 0  * cm s 1 where a s i n g l e
me

-4  -1
membrane was employed, and 0 . 8 x 1 0  cm s where a double

membrane was u s ed .  I f  we assume k i s  d e c r e a s e d  by a f a c t o r
s

of  two, then e q u a t i o n  2 . 1 9  would p r e d i c t  a v a l u e  f o r  th e

-4  -1
a p p a r e n t  k of  0 . 7 7 x 1 0  cm s f o r  t h e  d o ub le  membrane. 

A f t e r  a l lo w in g  f o r  e x p e r i m e n t a l  e r r o r  and t h e  assumptions  

i n v o l v e d ,  t h i s  a g r e e s  w i t h  t h e  e x p e r i m e n t a l  v a l u e  q u i t e  

w e l l .  The most i m p o r t a n t  c o n c l u s i o n  however,  i s  t h a t  t h e  

a p p a r e n t  kmg i s  changed s u b s t a n t i a l l y  on changing k$ ; th us  

membrane t r a n s p o r t  must be t h e  most s i g n i f i c a n t  f a c t o r  in  

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

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

2 . 4 . 7  EFFECT OF CHANGING ENZYME/ELECTROLYTE LAYER THICKNESS 

Looking a t  e q u a t i o n  2 . 8 ,  i t  i s  c l e a r  t h a t  a change in  

t h e  e l e c t r o l y t e  l a y e r  t h i c k n e s s ,  L, w i l l  r e s u l t  in  a change 

i n  t h e  terms which i n v o l v e  t h e  homogeneous k i n e t i c s  of th e  

enzyme. F ig u r e  2 . 4 . 1 2  shows t h e  e f f e c t  of  changing L to

0 . 2 5  mm. At f i r s t  s i g h t  i t  seems s t r a n g e  t h a t  t h e r e  i s  no t  

an a p p r e c i a b l e  change i n  r e s p o n s e .  This may seem to
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F i g u r e  2 . A . 10 Comparison of th e  re s p o n s e  o f  s i n g l e  membrane 
(O) and d o ub le  membrane (D) enzyme e l e c t r o d e s  
to  c h o l i n e .



F ig u r e  2 . A . 11 Hanes p l o t s  of  d a t a  p r e s e n t e d  i n  F igu re  
2 . 4 . 1 0 .  (O) S i n g l e  membrane, (V) double
membrane.
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F i g u r e  2 . 4 . 1 2  Comparison of  t h e  re s p o n s e  t o  c h o l i n e  of
membrane enzyme e l e c t r o d e s  havi ng a minimum 
v a l u e  of  L (Q) , and a valu e o f  L of 0.25mm 
( O )  .



i n d i c a t e  t h a t  our o r i g i n a l  c o n c l u s i o n s  were wrong and t h a t

t h e  r es po n s e i s  l i m i t e d  s o l e l y  by membrane t r a n s p o r t  a t  low

c h o l i n e  c o n c e n t r a t i o n s  and t h e  e l e c t r o d e  k i n e t i c s  a t  high

c o n c e n t r a t i o n s .  However, t h e  r e s u l t s  can be e x p l a i n e d  by

l o o k i n g  a t  t h e  r e a c t i o n  l a y e r  o f  t h e  enzyme and comparing i t

w it h  th e  e l e c t r o l y t e  l a y e r  t h i c k n e s s .  Because t h e  s o l u t i o n

behind th e  membrane i s  u n s t i r r e d  only t h e  enzyme i n  a t h i n

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

enzyme e f f e c t i v e l y  t a k i n g  p a r t  i n  th e  r e a c t i o n .

[76]
Albery and B a r t l e t t  have examined t h i s  phenomenon 

and we s h a l l  loo k a t  a s i m p l i f i e d  v e r s i o n  of  t h e i r  scheme.

We s h a l l  assume t h e  enzyme e x i s t s  mainly i n  two fo rms,  Ê  

and Eg. We s h a l l  assume no p r o d u c t  i n h i b i t i o n .  Thus

kfE. — —> E„

E E2 1

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

enzyme, Lr  i s  g iv e n  by:

Lr  = IDE/ k f ) 1/ 2  ( 2 . 2 7 )

where 0^  i s  t h e  d i f f u s i o n  c o e f f i c i e n t  of  t h e  enzyme. Now,

a t  s a t u r a t i o n ,  E =ES, E =E’ and so k .  i s  give n by k _ , whos 
i t  f  c a t

-1 [ 2 3 ]
v a l u e  i s  a p p r o x i m a t e l y  10 s . A  r e a s o n a b l e  v a l u e  f o r

- 7  2 -1 -4
D i s  5x10  cm s . Thus,  L *» 2x10  cm. For t h e  

E r
- L

r e s u l t s  shown, L = 2 5 0 x 1 0  cm. We can t h e r e f o r e  con cl ud e

t h a t  under  t h e s e  c i r c u m s t a n c e s ,  t h e  enzyme i s  c o n c e n t r a t i o n

p o l a r i s e d  and does  no t  a l l  t a k e  p a r t  i n  r e a c t i o n .

A d d i t i o n a l l y ,  a d s o r be d  enzyme w i l l  g i v e  t h e  same

c o n t r i b u t i o n  t o  i  w h a te v e r  v a l u e  L t a k e s  and so t h e  
max



e f f e c t  of  a l t e r i n g  L w i l l  be a t t e n u a t e d .

At lower  s u b s t r a t e  c o n c e n t r a t i o n s ,  t h e  t r e a t m e n t  i s  

more c o m p li c a te d  as  k^. w i l l  depend on t h e  c o n c e n t r a t i o n s  of 

c h o l i n e  and b e t a i n e  aldehyde in  t h e  e l e c t r o l y t e  l a y e r ,  as 

w e l l  as th e  u n s a t u r a t e d  enzyme k i n e t i c  r a t e  c o n s t a n t s .  The 

s i t u a t i o n  i s  a l s o  co m p li c a te d  by t h e  p r e s e n c e  of  adsorbed 

enzyme. However, g iv e n t h a t  t h e  membrane k i n e t i c s  mainly 

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

enzyme w i l l  c o n t r i b u t e  s u b s t a n t i a l l y  t o  t h e  c u r r e n t ,  t h e  

o b s e r v a t i o n  t h a t  t h e r e  i s  l i t t l e  change i n  re s p o n s e  on 

a l t e r i n g  L i s  not  s u r p r i s i n g .

2 . 4 . 8  EFFECT OF CHANGING ENZYME CONCENTRATION

The e f f e c t  of  changing [ E31 should be tw ofold;  f i r s t

i max should be p r o p o r t i o n a l  to  [ E 3 t  and s ec o n dl y  t h e r e

should be an e f f e c t  on k i f  t h e  u n s a t u r a t e d  enzyme
me '

k i n e t i c s  a r e  i m p o r t a n t .  I f  th e  enzyme c o n c e n t r a t i o n  i s  

d e c r e a s e d  both ♦  and Lk_ w i l l  a l s o  d e c r e a s e ;  hence t h eD l

a p p a r e n t  k f o r  c h o l i n e  w i l l  be l o w e r .  The co n ve rs e  w i l l  me

be t r u e  a t  h i g h e r  c o n c e n t r a t i o n s  o f  enzyme, al th o u g h  t h e

up per  l i m i t  f o r  t h e  a p p a r e n t  k w i l l  be 2k , when ♦  „ i s
me s B

e q u a l  t o  u n i t y  and k <<Lk..
s C

U n f o r t u n a t e l y  t h e  s i t u a t i o n  i s  more com p lic a te d  th a n  

t h i s  beca use enzyme ad s o r b s  onto t h e  e l e c t r o d e ,  th u s  t h e  

e f f e c t i v e  enzyme c o n c e n t r a t i o n  w i l l  be l a r g e r  th an  would 

o t h e r w i s e  be t h o u g h t .  To t e s t  f o r  t h i s ,  an o r g a n i c  s a l t  

e l e c t r o d e  was d ip p e d  i n  50 u n i t s / m l  ChOD s o l u t i o n  f o r  30
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m i n u t e s .  The e l e c t r o d e  was th e n  washed with  DOW and a 

w et t ed  membrane f i x e d  over  i t .  The r e s p o n s e  of t h i s  

e l e c t r o d e  to  c h o l i n e  i s  shown i n  F i g u r e  2 . 4 . 1 3 ,  a l ong  w i t h  

t h e  r e s p o n s e  of  e l e c t r o d e s  c o n t a i n i n g  50 u n i t s / m l  and 500  

u n i t s / m l  o f  e n t r a p p e d  enzyme s o l u t i o n .  I t  can be seen t h a t  

t h e  re s p o n s e  of  t h e  ad s or bed  enzyme e l e c t r o d e  i s  

a p p r o x im a te ly  503! of  an e l e c t r o d e  c o n t a i n i n g  50 u n i t s / m l  

enzyme. F u r th e r m o re ,  when t h e  enzyme c o n c e n t r a t i o n  i s  

i n c r e a s e d  t o  5 00  u n i t s / m l  t h e  r e s p o n s e  of  th e  e l e c t r o d e  i s  

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

The r e s u l t s  t h e r e f o r e  c o n f ir m  t h a t  i  i n c r e a s e s  w i t h
max

enzyme c o n c e n t r a t i o n .  They a l s o  show t h a t  the  dynamic r a n g e

o f  t h e  e l e c t r o d e  i n c r e a s e s  w it h  enzyme c o n c e n t r a t i o n  as

w e l l .  By l o o k i n g  a t  t h e  v a r i a t i o n  o f  i  with
max

c o n c e n t r a t i o n  we can a l s o  check t h a t  enzyme k i n e t i c s  l i m i t

t h e  r e s p o n s e  a t  hig h s u b s t r a t e  c o n c e n t r a t i o n s .  I f  t h i s  i s

t h e  c a s e ,  the n j  w i l l  be r e l a t e d  t o  enzyme c o n c e n t r a t i o n  
max

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

j  = Lk . [ E ] . ♦  j  
max c a t  t  m a x , s u r f

( 2 . 2 8

where j  . i s  t h e  c o n t r i b u t i o n  t o  j  from t h e
m a x , s u r f  max

ad s or bed  enzyme. In t h e  p r e c e e d i n g  s e c t i o n  we have shown t h a t  

t h e  enzyme may be c o n c e n t r a t i o n  p o l a r i s e d  under t h e s e  

c o n d i t i o n s .  In t h i s  ca se  we can s u b s t i t u t e  L f o r  L. We have
r

h e r e  assumed t h a t  t h e  s u r f a c e  i s  s a t u r a t e d  with enzyme. This

can be j u s t i f i e d  b ec a u se  t h e  enzyme b in ds  to  th e  e l e c t r o d e

s t r o n g l y .  E x p e r i m e n t a l l y ,  t h e  enzyme i s  measured in  u n i t s .

From t h e  d e f i n i t i o n  of  t h e  u n i t :

[E]  = ( 1 0 " 6 / 6 0 ) k  t E]
u c a t  t

( 2 . 2 9 )
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F ig u r e  2 . ^ . 1 3  Comparison of t h e  res p o n se  t o  c h o l i n e  of 
membrane enzyme e l e c t r o d e s  w i t h  d i f f e r e n t  
v a l u e s  of  enzyme c o n c e n t r a t i o n .  Enzyme 
c o n c e n t r a t i o n :  (O) 500 u n i t s / m l ,  ( • )  50 
u n i t s / m l ,  (V) adsorbed enzyme l a y e r  o n l y .



where [E3 i s  t h e  c o n c e n t r a t i o n  i n  u n i t s / m l .  Hence, a f t e r  
u

c o n v e r t i n g  f l u x  t o  c u r r e n t :

i  = nFA(10 _ 6 /6  0 )L [E ]  + i
max u m a x . s u r f

( 2 . 3 0 )

Although i  c a n n o t  be o b t a i n e d  e x a c t l y ,  i t  can be 
max 3

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

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

[ E ] ^  we o b t a i n  t h e  r e s u l t s  i n  F ig u r e  2 . 4 . 1 4 *  I t  can be seen 

t h a t  t h e  p o i n t s  l i e  a p p r o x i m a t e l y  on a s t r a i g h t  l i n e .  From 

t h e  g r a d i e n t  we can c a l c u l a t e  L t o  be 2 . 3 x 1 0  * cm, a v a l u e  

t h a t  i s  s i m i l a r  *to t h e  p r e v i o u s  e s t i m a t e  f o r  Lf . This 

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

c o n t r o l l e d  by t h e  enzyme k i n e t i c s  a t  high c o n c e n t r a t i o n s  of  

s u b s t r a t e .

An i n t e r e s t i n g  q u e s t i o n  now a r i s e s  as t o  why t h e  Q -p l o t  

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

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

e s t i m a t e d  as b ei ng o f  t h e  o r d e r  of  m i cr o n s .  This i s  

a p p r o x im a te ly  t h e  same v a l u e  as t h a t  c a l c u l a t e d  f o r  L .
r

Because of  t h i s ,  c o n c e n t r a t i o n  p o l a r i s a t i o n  may on ly be

i m p o r t a n t  a t  t h e  h i g h e s t  s u b s t r a t e  c o n c e n t r a t i o n s ,  and so a

n o n - l i n e a r i t y  i n  t h e  p - p l o t  may be d i f f i c u l t  t o  d e t e c t .

At low c o n c e n t r a t i o n s  o f  s u b s t r a t e ,  t h e  r e s p o n s e  of  t h e

s e n s o r  does  i n c r e a s e  a l i t t l e  w i t h  enzyme c o n c e n t r a t i o n .

However, t h e  i n c r e a s e  i s  n o t  as marked as t h e  d i f f e r e n c e s  in

i  . This can be e x p l a i n e d  beca use th e  r e s p o n s e  i s  a l r e a d y  
max *

mainly  c o n t r o l l e d  by t h e  membrane k i n e t i c s  in  th e  u n s a t u r a t e d  

r e g i o n .  Even a l t e r i n g  t h e  enzyme c o n c e n t r a t i o n  s u b s t a n t i a l l y
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F i g u r e  2 . 4 . 1 4 Plot of observed maximum current to choline 
against enzyme concentration for data shown 
in Figure 2.4.13.



will therefore have only a small effect on response.

2 . 4 . 9  FACTORS INVOLVED IN DETERMINING THE RESPONSE TIME OF 

THE ENZYME ELECTRODE

In o r d e r  t o  u n d e r s t a n d  how t o  o p t i m i s e  th e  r e s p o n s e  

time of th e  s e n s o r ,  one must l o o k  a t  t h e  c u r r e n t / t i m e  

t r a n s i e n t s  when t h e  c o n c e n t r a t i o n  o f  c h o l i n e  in  t h e  bulk i s  

changed.  To compare t r a n s i e n t s  we must f i r s t  n o r m a l i s e  t h e  

r e s p o n s e  of  t h e  e l e c t r o d e  by d i v i d i n g  th e  change in  c u r r e n t ,  

Ai by th e  t o t a l  change in  c u r r e n t ,  Ty p i c a l  t r a n s i e n t s

a r e  shown f o r  low c o n c e n t r a t i o n s  o f  c h o l i n e  in  F ig u r e  

2 . 4 . 1 5 ,  and f o r  high c o n c e n t r a t i o n s  in  Figure  2 . 4 . 1 6 .  The 

f o l l o w i n g  p o i n t s  can be note d:

i )  th e  r e s p o n s e  t ime i s  f a s t e r  a t  lower  c o n c e n t r a t i o n s ;  

i i )  i n c r e a s i n g  t h e  e l e c t r o l y t e  l a y e r  t h i c k n e s s ,  L 

i n c r e a s e s  th e  r e s p o n s e  t ime;

i i i )  a t  high c o n c e n t r a t i o n s  t h e  r e s p o n s e  of  t h e  s e n s o r  shows 

an i n i t i a l  drop on a d d i t i o n  o f  s u b s t r a t e ;

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

d r a m a t i c a l l y .

We w i l l  f i r s t  examine p o i n t s  i i i )  and i v ) .  The same 

phenomena occur  f o r  ads or bed  enzyme e l e c t r o d e s  as w e l l  as 

membrane e l e c t r o d e s ;  th e y  o ccu r  i n  both th e  p r e s e n c e  and 

ab se nce  of  s e m i c a r b a z i d e ; and when b e t a i n e  aldehyde i s  used 

as  a s u b s t r a t e  i v )  does  no t  o c c u r  and t h e r e  i s  l i t t l e  drop 

i n  r e s p o n s e  when t h e  c o n c e n t r a t i o n  o f  b e t a i n e  al deh yd e i s  

changed.  We can t h e r e f o r e  r u l e  o u t  t h e  cause of  t h i s  e f f e c t  

t o  be due i n  any way t o  t h e  membrane, b e t a i n e  al dehyde or
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Figure 2.4.15 Transient responses of different enzyme
electrodes to low concentrations of choline: 
a) adsorbed enzyme only, no membrane; b) 50 
units/ml enzyme, single membrane, minimum 
value of L ; c) 500 units/ml enzyme, single 
membrane, minimum value of L; d) 50 units/ml 
enzyme, single membrane, L=0.25 mm.
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F i g u r e  2 . 4 . 1 6  T r a n s i e n t  r e s p o n s e s  of d i f f e r e n t  enzyme
e l e c t r o d e s  to  high c o n c e n t r a t i o n s  of  c h o l i n e  
a) a d s o r b e d  enzyme o n ly ,  no membrane; b) 50 
u n i t s / m l  enzyme, s i n g l e  membrane, minimum 
v a l u e  of  L; c)  500 u n i t s / m l  enzyme, s i n g l e  
membrane, minimum v al ue  of L; d) 50 u n i t s / m l  
enzyme, s i n g l e  membrane, L=0.25 mm.



p r o d u c t  i n h i b i t i o n .  F u r t h e r m o r e ,  t h e  p re s e n c e  of  c h o l i n e

seems t o  have l i t t l e  e f f e c t  on t h e  performance of  a g l u c o s e  

o x i d a s e  co nd u ct in g  s a l t  enzyme e l e c t r o d e  i n  i t s  r e s p o n s e  t o  

g l u c o s e .  This exc lu de s  t h e  p o s s i b i l i t y  t h a t  c h o l i n e  p o is o n s  

th e  e l e c t r o d e  s u r f a c e .  A q u e s t i o n  must a l s o  be asked as t o  

w het her  t h e  two phenomena a r e  r e l a t e d  or i n d e p e n d e n t .

A d e f i n i t i v e  e x p l a n a t i o n  f o r  t h i s  b eh av io r  pr o ba b ly  

r e q u i r e s  f u r t h e r  work on t h e  enzyme i t s e l f .  One p o s s i b i l i t y  

which coul d acc ount  f o r  t h e  d e c r e a s e  in  t h e  r e s p o n s e  i s  t h a t  

c h o l i n e  o x i d a s e  i s  i n h i b i t e d  by hig h c o n c e n t r a t i o n s  of  

c h o l i n e .  This has been o b s e r v e d  i n  a r e c e n t  s tudy of t h e  

e n z y m e ^ ^  , but  was not  been me nti one d by p r e v i o u s  w o r k e r s .

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

c h o l i n e  i s  s l i g h l y  l e s s  t h a n ,  a l t h o u g h  comparable t o ,  t h a t

o f  b e t a i n e  al d eh y d e.  A p s e u d o - s a t u r a t i o n  r e g io n  could be

r e a c h e d  where a l l  t h e  enzyme i s  complexed wi th  e i t h e r

c h o l i n e  (EC) or  b e t a i n e  a l d e h y d e  (EB).  In t h i s  c a s e ,  a

s h a r p  i n c r e a s e  in  c h o l i n e  c o n c e n t r a t i o n  would r e s u l t  in  t h e

c o n c e n t r a t i o n  of EC being i n c r e a s e d  a t  t h e  expense of  EB.

Due t o  t h e  d i f f e r e n c e  in  t h e  k ' s  t h i s  would r e s u l t  in  an
c a t

i n i t i a l  f a l l  in  c u r r e n t ,  which co u l d  l a t e r  be compensated 

f o r  as t h e  c o n c e n t r a t i o n  o f  b e t a i n e  aldehyde i n c r e a s e d  to  

i t s  s t e a d y  s t a t e  v al u e and r e s t o r e d  t h e  b al a n c e  between t h e  

two complexes.

P o i n t  i i )  i s  p r o b ab ly  e x p l a i n e d  by lo o k i n g  a t  th e  dead 

space behind t h e  membrane. When L = 0 . 2 5  mm t h i s  w i l l  be 

c o m p a r a t i v e l y  very l a r g e  and t h i s  w i l l  l e a d  to  high r es p o n s e



t i m e s .

In use t h e  s e n s o r  w i l l  be o p e r a t i n g  under  u n s a t u r a t e d

c o n d i t i o n s  ( i e .  low c o n c e n t r a t i o n s  of  s u b s t r a t e ) ,  and th e

k i n e t i c  a n a l y s i s  of  t h e  s t e a d y - s t a t e  d at a  shows t h a t  in

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

mainly by t h e  membrane k i n e t i c s .  The r e s p o n s e  time under

t h e s e  c o n d i t i o n s  can e i t h e r  be governed by t h e  membrane

k i n e t i c s  or  t h e  u n s a t u r a t e d  enzyme k i n e t i c s .  To t e s t

whether  i t  i s  t h e  former  we can compare t h e  t r a n s i e n t s  when

a double  membrane i s  used compared to  a s i n g l e  membrane.

For an i n c r e a s e  in  bulk c h o l i n e  c o n c e n t r a t i o n  of  0 t o  0 . 5  

-3
mmol dm t h e s e  a r e  shown i n  F i g u r e  2 . 4 . 1 7 a .  I t  can be seen

t h a t  t h e  d ou bl e  membrane e l e c t r o d e  has a s u b s t a n t i a l l y

l o n g e r  r e s p o n s e  t ime th a n  t h a t  w i t h  a s i n g l e  membrane,

showing t h a t  t h e  membrane i s  a t  l e a s t  p a r t i a l l y  d e t e r m i n i n g

t h e  r e s p o n s e  t i m e .  Q u a n t i t i v e l y , i f  th e  r e s p o n s e  t i m e ,  t i s

c o n t r o l l e d  s o l e l y  by t h e  membrane k i n e t i c s  then

T oc D / (L ) 2 
s m

I f  th e  t r a n s p o r t  k i n e t i c s  d e t e r m in e d  x, f o r  t h e  double

membrane electrode t should be a quarter of that of the

s i n g l e  membrane, as L has been doubled and D remains  th e
m s

same. This can be t e s t e d  by p l o t t i n g  A i / A i ^ m a g a i n s t  t i m e,  

t  f o r  th e  dou ble  membrane e l e c t r o d e  and a g a i n s t  4 t  f o r  t h a t  

o f  t h e  s i n g l e  membrane. I f  t h e  membrane s o l e l y  c o n t r o l s  t h e  

r e s p o n s e  t ime th e n  th e  two p l o t s  should c o i n c i d e .  These 

p l o t s  a r e  shown in  F ig u r e  2 . 4 . 1 7 b .  The agreement  between 

t h e  cu r v e s  i s  q u i t e  good, and shows t h a t  t h e  r e s p o n s e  time 

o f  t h e  s e n s o r  i s  mainly l i m i t e d  by t h e  membrane k i n e t i c s .



I l l

Ai

b)

Tfc

F i g u r e  2 . 4 . 1 7  T r a n s i e n t  r e s p o n s e  of membrane enzyme
e l e c t r o d e s  to c h o l i n e :  a) s ,  s i n g l e  membrane; 
d, dou ble  membrane; b) t h e  same d a t a ,  
comparing th e  t r a n s i e n t  f o r  t h e  double  
membrane (— ) wi th  t h e  t r a n s i e n t  f o r  t h e  
single membrane r e p l o t t e d  a g a i n s t  4xt ime (©) .
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F u r t h e r m o r e ,  under  t h e s e  c i r c u m s t a n c e s  i t  has p r e v i o u s l y  

been shown t h a t  t  ̂ , the  t ime t a k e n  t o  r eac h h a l f  t h e

s t e a d y  s t a t e  r e s p o n s e  i s  giv en  by :

t 1/9  = (L ) 2 / ( 7 . 1 9 9 D  ) ( 2 . 3 1 )
1/2  m s

For a s i n g l e  membrane t .  ._ was ab ou t  15 s and L was
l / Z m

-3
measured t o  be a p p r o x im a te ly  6x10 cm using  a m i c r o m e t e r .

-7 2 -1
This g i v e s  D t o  be 3x10 cm s , which ag r ee s  w it h  a 

s
[ 79 ]

v a l u e  found u s in g  in d e p e n d e n t  t e c h n i q u e s  , thus

s u p p o r t i n g  t h e  c o n c l u s i o n s  above.



2.5 DISCUSSION

The r e s u l t s  p r e s e n t e d  above al lo w  us to form s e v e r a l  

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

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

and i t s  r e s p o n s e  t i m e .  Using k i n e t i c  a n a l y s i s ,  we have shown 

t h a t  a t  low c o n c e n t r a t i o n s  o f  c h o l i n e ,  th e  r e s p o n s e  i s  main ly 

l i m i t e d  by t r a n s p o r t  a c r o s s  t h e  membrane. This was conf irm ed 

e m p i r i c a l l y  by a l t e r i n g  t h e  enzyme c o n c e n t r a t i o n ,  t h e  

e n z y m e / e l e c t r o l y t e  l a y e r  t h i c k n e s s  and th e  t h i c k n e s s  o f  t h e  

membrane. Only chang in g t h e  l a t t e r  par am ete r  had a 

s u b s t a n t i a l  e f f e c t .

At high c o n c e n t r a t i o n s  o f  c h o l i n e ,  t h e  e l e c t r o d e  k i n e t i c s  

a r e  r e l a t i v e l y  f a s t  and so t h e  enzyme k i n e t i c s  a r e  r a t e  

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

p o l a r i s a t i o n  of  t h e  enzyme a t  s a t u r a t i o n .  This i s  confirmed 

u s in g  k i n e t i c  a n a l y s i s  and by comparing th e  e x p e r i m e n t a l l y  

d et er m in e d r e a c t i o n  l a y e r  t h i c k n e s s  w ith  t h a t  o b t a i n e d  u s in g  

s t a n d a r d  t h e o r y .

The r e s p o n s e  t ime of  t h e  s e n s o r  i s  det ermined by t h e  

membrane. Again,  both q u a l i t a t i v e  r e s u l t s  and t h e o r e t i c a l  

a n a l y s i s  co nf irm s t h i s .

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

produced enzyme e l e c t r o d e s  w i t h  d i f f e r e n t  c h a r a c t e r i s t i c s .  I t  

i s  s u gg es te d  t h a t  t h e  e l e c t r o d e  which made th e  b e s t  s e n s o r  

c o n t a i n e d  50 0  u n i t s / m l  enzyme s o l u t i o n ,  used a s i n g l e  membrane 

and was made up w i t h  a minimal v a l u e  of  L. This had t h e  

b e s t  dynamic ra n g e  and s m a l l e s t  r e s p o n s e  t i me .  I t  sho uld be



p o s s i b l e  to  i n c r e a s e  th e  former  i f  r e q u i r e d  by i n c r e a s i n g  

th e  enzyme c o n c e n t r a t i o n .  The r e s p o n s e  time could be 

a l t e r e d  by chang in g t h e  membrane, a l t h o u g h  of  c o u r s e  t h i s  

could change t h e  s t e a d y  s t a t e  r e s p o n s e .

These e x p e r i m e n t s  have a l s o  g iv e n  some i n s i g h t  i n t o  t h e  

k i n e t i c s  of  t h e  enzyme i t s e l f .  They show t h a t  t h e  t r u e  

*<c a t  'for t h e  enzyme r e d u c t i o n  s t e p  bo th f o r  c h o l i n e  and 

b e t a i n e  al de hyd e a r e  t h e  same. They a l s o  show t h a t  c h o l i n e  

pr ob ab ly  i n h i b i t s  t h e  enzyme a t  h ig h c o n c e n t r a t i o n s .

Because o f  t h e  u n r e s o l v e d  problem con ce rn in g  t h e  

r e p r o d u c i b i l i t y  o f  t h e  o r g a n i c  s a l t  e l e c t r o d e s ,  i t  was d ec id ed  

t h a t  i t  would be d e s i r a b l e  to  f i n d  an a l t e r n a t i v e  method of  

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

a t t e m p t s  t o  pr oduce t h e s e  e l e c t r o d e s  e l e c t r o c h e m i c a l l y . The 

r e a d e r  i n t e r e s t e d  i n  f o l l o w i n g  t h e  development  of t h e s e  

c h o l i n e  e l e c t r o d e s  t o  d e t e c t  a c e t y l c h o l i n e  i s  d i r e c t e d  to  the  

t h e s i s  of  Dr S a l l y  D u r r a n t ^ ^ .



CHAPTER 3

THE ELECTROCHEMICAL SYNTHESIS OF ORGANIC SALTS

3 . 1 INTRODUCTION

S e v e r a l  methods have been used t o  produce c o n d u c t in g

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

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

s a l t  were employed.  These gave high c u r r e n t s  but  were

i r r e p r o d u c i b l e , p r o b a b ly  due t o  t h e i r  v a r y in g  p o r o s i t y .  In

t h i s  l a b o r a t o r y ,  p r e s s e d  p e l l e t s  have a l s o  been u s ed .

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

w i t h  f l a v o e n z y m e s , and r e q u i r e  a high degr ee of t e c h n i c a l

e x p e r t i s e  to  c o n s t r u c t  them. Another  method of f a b r i c a t i o n

has been t o  p r e p a r e  p a s t e  e l e c t r o d e s  u s in g  s i l i c o n e  o i l  as

t h e  b i n d e r .  These e l e c t r o d e s  have much b e t t e r

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

flavoe nzymes ( s e e  Chap ter  4 ) .  Dr P N B a r t l e t t  has  used

r l  1 ]
s i n g l e - c r y s t a l  e l e c t r o d e s  f o r  t h e  o x i d a t i o n  of  GOD , but  

a g a i n  t h e s e  show lower  c u r r e n t s  th an  polymer p a s t e  

e l e c t r o d e s ,  r e q u i r e  high q u a l i t y  c r y s t a l s  and a r e  much l e s s  

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

There i s  t h e r e f o r e  a r e q u i r e m e n t  f o r  a method of  

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

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

o f  d i f f e r i n g  c o n f i g u r a t i o n s  (s u ch  as t h e  r o t a t i n g  d i s c )  and 

r e l a t i v e l y  easy t o  p r od u ce .  A p o t e n t i a l  answer t o  t h i s  

problem i s  t o  produce t h i n - f i l m  o r g a n i c  s a l t  m o di fie d



e l e c t r o d e s  by e l e c t r o c h e m i c a l  methods.  I f  t h i s  was 

p o s s i b l e ,  any s u r f a c e  made of  a s u i t a b l e  e l e c t r o d e  m a t e r i a l  

cou ld  be coa te d  w it h  a t h i n ,  even l a y e r  of a known amount of 

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

by pr oducing t h i n - f i l m s  o f  t h e  o r g a n i c  s a l t ,  t h e  use of  

t e c h n i q u e s  such as s u r f a c e  enhanced Raman and U V - r e f l e c t a n c e  

s p e c t r o s c o p y  t o  i n v e s t i g a t e  t h e i r  p r o p e r t i e s  would be 

f a c i l i t a t e d .

In t h i s  c h a p t e r ,  t h e  s y n t h e s i s  of  o r g a n ic  s a l t  

e l e c t r o d e s  by 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  i s  c a r r i e d  o u t  

u s i n g  s e v e r a l  metho ds.  Because TTFTCNQ and NMPTCNQ have 

become t h e  m a t e r i a l s  of  c h o i c e  i n  t h i s  l a b o r a t o r y ,  t h e s e  

s a l t s  were chosen as t a r g e t s  f o r  s y n t h e s i s  in  t h i s  manner .  

P r e v io u s  work has shown t h a t  t h e s e  s a l t s  can be produced 

e l e c t r o c h e m i c a l l y , and t h e  s t r a t e g i e s  a v a i l a b l e  w i l l  be 

d i s c u s s e d  in  t h e  n e x t  s e c t i o n .  However, in  t h e s e  p r e v i o u s  

s y n t h e s e s  th e  o b j e c t  was t o  make c r y s t a l s  of th e  s a l t ,  not  a 

t h i n  f i l m .  Thus t h e s e  methods had to  be modified in  o r d e r  

t o  t r y  to  make s u i t a b l e  e l e c t r o d e s  f o r  use in  s e n s o r s  or 

m e c h a n i s t i c  s t u d i e s .

3 . 1 . 1  THE ELECTROCHEMICAL SYNTHESIS OF ORGANIC SALT 

ELECTRODES

The e l e c t r o s y n t h e s i s  of  c o n d u c t i n g  o r g a n ic  s a l t s  i s ,  in  

p r i n c i p l e ,  very s i m p l e .  I f  D d e n o t e s  th e  donor and A t h e  

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

A or  th e  r e d u c t i o n  o f  a s o l u t i o n  c o n t a i n i n g  D+ and A° 

sho uld y i e l d  t h e  s a l t  DA. However, t h e r e  are  s e v e r a l



problems to  be overcome b e f o r e  t h i s  approach can be u s e d .

F i r s t l y ,  both D and A i n  a l l  t h e  r e l e v e n t  o x i d a t i o n  s t a t e s

must be s o l u b l e  in  t h e  s o l v e n t  employed but  DA must no t;

se con dly  th e  donor  c a t i o n  and a c c e p t o r  anion must not  form

an i n s o l u b l e  s a l t  w i t h  any background e l e c t r o l y t e  used;  and

f i n a l l y  many d ono rs  and a c c e p t o r s  a r e  u n s t a b l e  to  both a i r

and l i g h t ,  t h u s  i f  t h e  p r e p a r a t i o n  t a k e s  p l a c e  over  a

t i m e s c a l e  of ho urs  i t  must be c a r r i e d  out  in  the  d a r k  under

an i n e r t  g as ,  such as n i t r o g e n .

Addressing t h e s e  problems t o  t h e  s p e c i f i c  c a s e s  of

TTFTCNQ and NMPTCNQ, f i r s t  we must n o te  t h a t  the

commercially  a v a i l a b l e  forms of t h e i r  components a r e  TTF°,

0 +
TCNQ and NMP ( a s  i t s  m e t h o s u l p h a t e  s a l t ) .  The n e u t r a l

form of NMP + i s  v er y  u n s t a b l e  i n  s o l u t i o n  and t h e r e f o r e

ca nn ot  be used i n  an e l e c t r o c h e m i c a l  s y n t h e s i s ^ 8 0 ^ . LiTCNQ

[ 3 3 ]
can be e a s i l y  s y n t h e s i s e d  i n  bulk and o t h e r  s a l t s  o f  t h e

same anion can be p r od uce d from t h i s  by m e t a t h e s i s .  The

s i m p l e s t  way t o  p r od u ce  s a l t s  of  TTF i s  e l e c t r o c h e m i c a l l y  in

a c e t o n i t r i l e ;  s e p a r a t i o n  can be d i f f i c u l t  i f  th e  s a l t  i s

+
s o l u b l e  in  t h a t  medium and so i f  a TTF s a l t  i s  to  be used

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

ti 0
s i t u .  The s o l u b i l i t i e s  of  TTF , TCNQ , NMPMeS03 and some of

t h e i r  s a l t s  i n  w a t e r  and a c e t o n i t r i l e  a r e  shown in  Tabl e

♦

3 . 1 . 1 .  No s t a b l e  s a l t  o f  TTF has been found to  be s o l u b l e

enough in  w a t e r  t o  be used as a background e l e c t r o l y t e .  I t

can be seen t h a t  as TCNQ0 and TTF0 a r e  only s o l u b l e  i n

+
a c e t o n i t r i l e  and t h e  n e u t r a l  form of  NHP i s  u n s t a b l e ,  t h i s
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TABLE 3 . 1 . 1

0 0
S o l u b i l i t i e s  of TTF , TCNQ , NMPMeSO^ and some of t h e i r  

s a l t s  in  w ate r  and a c e t o n i t r i l e .

M a t e r i a l Water A c e t o n i t r i l e

TTF° X S

TTF+CH3 C00_ $U 2 ]

TTFC1 SS X

TTFC10
4

S

TCNQ° X S

LiTCNQ s SS

Et N+TCNQ~ 
4

X
SC39]

NMPMeS03 s s

( R e s u l t s  of s po t  t e s t s  c a r r i e d o u t  in  t h i s  work
o t h e r w i s e  i n d i c a t e d .
S = s o l u b l e , S S = s l i g h t l y  s o l u b l e , , X = i n s o l u b l e )



must be th e  s o l v e n t  o f  c h o i c e  f o r  any e l e c t r o s y n t h e s i s  based

on t h i s  method.

Nearly a l l  t h e  p r e v i o u s  work in  t h i s  area has been

d i r e c t e d  a t  p r o d u c in g  TTFTCNQ, t h e  most pop ula r  s y n t h e t i c

r o u t e  to  d a t e  bei ng  t h e  o x i d a t i o n  ap p r o a c h .  This i s  p r o b a b ly

beca use  s a l t s  of  TCNQ a r e  e a s i e r  t o  p r e p a r e  than t h o s e  of  

+
TTF . In 197 6  Wheland and G i l l s o n  o x i d i s e d  a s o l u t i o n  of

TTF, TTFTCNQ and NMPTCNQ in a c e t o n i t r i l e  to  produce c r y s t a l s  

[ 3 7 ]
o f  TTFTCNQ . Presumably t h e  o v e r a l l  r e a c t i o n  was:

TTF° + TCNQ" ------ > TTFTCNQ + e"

However, t h e  r e a c t i o n  took 2 weeks to  complete ,  and t h e  

a p p a r a t u s  had to  be enca se d in  a n i t r o g e n  glove bag.  In t h i s  

c a s e ,  NMPTCNQ s er ve d  as both t h e  background e l e c t r o l y t e  and 

s o u r c e  of  TCNQ .

The n e x t  a t t e m p t s  a t  t h e  e l e c t r o c h e m i c a l  s y n t h e s i s  of

[81 8 2 ]
o r g a n i c  s a l t s  were made by Ka th irg a m an at ha n  ' , who

produced s a l t s  of  t h e  form TTF^X (where n may be non­

i n t e g r a l )  by o x i d i s i n g  s o l u t i o n s  of  TTF° i n  th e  p r e s e n c e  o f  

t h e  a p p r o p r i a t e  a n i o n .  The c r y s t a l s  took 9 - 1 5  hours  to  

produce and a g a i n  had t o  be grown under  n i t r o g e n .  

Appro xim at ely  20 s a l t s  were made a l t o g e t h e r ,  i n c l u d i n g  

TTFTCNQ, a l t h o u g h  t h e  e x a c t  s a l t  o f  TCNQ employed i s  not  

r e c o r d e d .  When t h i s  s y n t h e s i s  was r e p e a t e d  by Dr Derek 

C r a s to n  i n  t h e s e  l a b o r a t o r i e s  u s i n g

tetrae th yla mm on ium tTE A) TCNQ, TTFTCNQ was produced bu t  in

v e r y  low e l e c t r o c h e m i c a l  y i e l d .  Thi s  was a t t r i b u t e d  t o  t h e

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

[ 3 9 ]
and poor  su p p ly  o f  TCNQ t o  t h e  e l e c t r o d e



F i n a l l y ,  El Kacemi and Lamache have produced TTFTCNQ by

a two s t a g e ,  "one p o t"  method by f i r s t  producing a s o l u t i o n

+ . . .  0 . 
of  TTF via  th e  o x i d i d a t i o n  TTF i n  a c e t o n i t r i l e  u s in g

tetrabutylammonium p e r c h l o r a t e  as a background 

[ 8 3 ]  0
e l e c t r o l y t e  . Adding TCNQ t o  t h i s  s o l u t i o n ,  t h e y  t h e n  

reduced th e  m i x tu r e  t o  g i v e  TTFTCNO. Thus th e  t w o - s t e p

p r e p a r a t i o n  was t h e r e f o r e  as f o l l o w s :

0  ♦ - 
TTF ------ > TTF + e

TTF+ + TCNQ° + e '  -------> TTFTCNQ

P a r t  1 of t h i s  c h a p t e r  e x p l o r e s  e l e c t r o s y n t h e s e s  based on

t h e  above g e n e r a l  a p p r o a c h .  The m e t h o s u l p h a t e  s a l t  o f  NMP+

i s  very s o l u b l e  i n  a c e t o n i t r i l e  and so f o r  i n i t i a l  s t u d i e s

i t  was d eci d ed  t o  a t t e m p t  a s y n t h e s i s  o f  NMPTCNQ by r e d u c i n g

0 .
a s o l u t i o n  of NMPMeSO^ and TCNQ i n  a c e t o n i t r i l e ,  u s i n g  t h e

NMP + s a l t  as th e  background e l e c t r o l y t e .  This i s  d e s c r i b e d

i n  S e c t i o n  3 . 3 ( 1 )  .1 . As t h i s  approach f a i l e d  to  g i v e

s a t i s f a c t o r y  e l e c t r o d e s ,  a second method was t r i e d  which

0
i n v o l v e d  o x i d i s i n g  a s o l u t i o n  o f  TTF and LiTCNQ i n  an 

a c e t o n i t r i l e / w a t e r  m i x t u r e  ( d e s c r i b e d  i n  s e c t i o n  3 . 3 ( 1 ) . 2 ) .  

F i n a l l y ,  th e  El Kacemi/Lamache method was r e p e a t e d  u s i n g  

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

chance o f  p ro du cin g a t h i n - f i l m  e l e c t r o d e  r a t h e r  th a n  

c r y s t a l s .  This i s  d e s c r i b e d  in  S e c t i o n  3 . 3 ( 1 ) . 3 .

Following t h e  l i m i t e d  s u c c e s s  o f  t h e  above methods a 

c o m p l e t e l y  new, two s t e p  app roach was adopted which i s  

d e s c r i b e d  i n  P a r t  2 o f  t h i s  c h a p t e r .  Work on t h e  

e l e c t r o c h e m i s t r y  o f  TTF and TCNQ s a l t s  showed t h a t  i t  i s



very easy t o  make r e p r o d u c i b l e  t h i n - f i l m  m o d if ie d  e l e c t r o d e s  

of  e i t h e r  TTF° or TCNQ°. In t h e  case  of  a m o di fie d  TTF° 

e l e c t r o d e ,  i t  could be p o s t u l a t e d  t h a t  TTFTCNQ could then be 

g e n e r a t e d  by o x i d a t i o n  i n  t h e  p r e s e n c e  of  t h e  TCNQ an i o n .

In an analogous way, i f  a m o d i f ie d  TCNQ e l e c t r o d e  was 

employed,  then t h e  o r g a n i c  s a l t  could be g e n e r a t e d  by 

r e d u c t i o n  in  a s o l u t i o n  o f  t h e  donor c a t i o n .  F u r th er m o re ,  

by ch oo sin g th e  a p p r o p r i a t e  s a l t s  of t h e  donor and a c c e p t o r ,  

a l l  t h e  e l e c t r o c h e m i s t r y  coul d be c a r r i e d  ou t  i n  w a t e r ,  and 

f o r  t h e  second s t e p  no a d d i t i o n a l  background e l e c t r o l y t e  

needed t o  be added.  Thi s  approach tend ed to  be more 

s u c c e s s f u l  than p r e v i o u s  a t t e m p t s ,  and TTFTCNQ e l e c t r o d e s  

made by t h i s  method were employed f o r  some m e c h a n i s t i c  

s t u d i e s  of  th e  TTFTCNQ/GOD system d e s c r i b e d  i n  Chapter  k .



3.2 EXPERIMENTAL

3 . 2 . 1  CHEMICALS AND SOLUTIONS

All  ch em ic a ls  were co m m er ci al ly  o b t a i n e d  of AnalaR or 

s i m i l a r  g r a d e ,  and were used 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 .

To al lo w  e q u i l i b r a t i o n  o f  t h e  d i f f e r e n t  anomers of  g l u c o s e ,  

s o l u t i o n s  of  t h i s  s u b s t r a t e  were made up 24 hours  b e f o r e  use 

and s t o r e d  a t  4 *C. D e t a i l s  o f  t h e  g lu c o s e  o x id a se  (GOD) 

employed a r e  g iv e n  i n  Table  3 . 2 . 1 .  A c e t o n i t r i l e  (D r ie d 

D i s t i l l e d  g r a d e )  was o b t a i n e d  from F is o n s  Ltd,  and DDW was 

produced as g iv e n i n  S e c t i o n  2 . 2 . 1 .  LiTCNQ, NMPTCNQ ( i n  

b u l k )  and TTFC1 were s y n t h e s i s e d  as below.

a ) P r e p a r a t i o n  of  LiTCNQ

[ 3 3 ]
LiTCNQ was p r e p a r e d  by t h e  method of Melby e t  a l  

I t  employs t h e  f o l l o w i n g  r e a c t i o n :

2 TCNQ + 3 L i l  -------> 2 LiTCNQ + L i l ^

Three e q u i v a l e n t s  of  l i t h i u m  i o d i d e  in  hot  a c e t o n i t r i l e  were 

mixed wi th  two e q u i v a l e n t s  o f  TCNQ in  hot  a c e t o n i t r i l e .  The 

m i x t u r e  was al lowed t o  c o o l  t o  room te m p e r a t u r e  and t h e  

p u r p l e  s o l i d  was c o l l e c t e d  and washed on th e  f i l t e r  w it h  

a c e t o n i t r i l e  u n t i l  t h e  wa sh ing s were b r i g h t  g r e e n .  The 

s o l i d  was th e n  washed w i t h  a l a r g e  volume of e t h e r .

b)  P r e p a r a t i o n  o f  NMPTCNQ ( i n  B u l k )

[ 3 3 ]
This m a t e r i a l  was p r e p a r e d  by t h e  method of Melby 

A b o i l i n g  s o l u t i o n  o f  one e q u i v a l e n t  of  NMPMeS03 i n  e t h a n o l  

was mixed w it h  a b o i l i n g  s o l u t i o n  o f  one e q u i v a l e n t  of  

LiTCNQ i n  e t h a n o l .  A f t e r  t h e  s o l u t i o n  had cooled t o  room 

t e m p e r a t u r e ,  t h e  b l a c k  s o l i d  was c o l l e c t e d  on a f i l t e r  and



1 2 3

TA8 LE 3 . 2 . 1

P r o p e r t i e s  of  t h e  g l u c o s e  o x i d a s e  employed in t h i s  work

Company Sigma (Type VII-S)

Su pplied as L y o p h i l i s e d  powder

S p e c i f i c  A c t i v i t y 146 U nit s/ ml

K
m

-3
33 mmol dm,

Source A s D e r q i l l u s  n iq e r

Molecular  Weight 1 8 6 , 0 0 0

Stor ed a t <0 *C



washed w ith  e t h a n o l .

c ) P r e p a r a t i o n  of  TTFC1

- 3  o
A d eg as se d s o l u t i o n  c o n t a i n i n g  10 mmol dm TTF and 

-3
1 0 0  mmol dm te tr ae th y la m m on iu m  c h l o r i d e  i n  a c e t o n i t r i l e  

was e l e c t r o l y s e d  a t  +300 mV (vs SCE) a t  a p la t in u m  d i s c  

e l e c t r o d e  r o t a t e d  a t  4 Hz. Black c r y s t a l s  grew from t h e  

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

c e l l .  When t h e  s o l u t i o n  was al m o s t  c l e a r  t h e  e l e c t r o l y s i s  

was s to p p e d ,  th e  b l a c k  c r y s t a l s  were c o l l e c t e d  on a f i l t e r  

and washed w it h  a c e t o n i t r i l e .

3 . 2 . 2  MEMBRANES

D e t a i l s  of  t h e  membranes employed and t h e i r  

p r e t r e a t m e n t  a r e  g iv e n  i n  S e c t i o n  2 . 2 . 2 .

3 . 2 . 3  ELECTRODES

Working e l e c t r o d e s  were f a b r i c a t e d  in - h o u s e  by Mr M 

P r i t c h a r d .  Both d i s c  and r i n g - d i s c  e l e c t r o d e s  were 

employed,  made of  g o l d ,  p l a t i n u m  or  g l a s s y  carbon.  Gold and 

p la t i n u m  e l e c t r o d e s  were h a n d - p o l i s h e d  u sin g 0 . 3  pm al u m in a .  

Glassy carbon e l e c t r o d e s  were h a n d - p o l i s h e d  using j e w e l l e r ' s  

r o u g e .

Both s a t u r a t e d  ca lo m el  (SCE, u s u a l l y  f o r  aqueous and 

mixed s o l v e n t  work) and Ag/Ag+ ( f o r  work in  a c e t o n i t r i l e )  

r e f e r e n c e  e l e c t r o d e s  were employed.  These were made i n -  

ho us e.  A ll  p o t e n t i a l s  a r e  give n r e l a t i v e  to  th e  a c t u a l  

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

Counter  e l e c t r o d e s  were f a b r i c a t e d  from p la t i n u m  g a u z e ,

and were c l e a n e d  as d e s c r i b e d  in  S e c t i o n  2 . 2 . 3 .



3.2.A APPARATUS

The r o t a t i o n  system was made in  t h e s e  l a b o r a t o r i e s  and

[8 4]
has been d e s c r i b e d  p r e v i o u s l y

Non-aqueous work was c a r r i e d  o u t  i n  a 10 ml b e a k e r ,  

u s in g  5 ml o f  s o l u t i o n .  The e x p e r i m e n t a l  s e t - u p  i s  shown in  

F i g u r e  3 . 2 . 1 .

A ll  o t h e r  a p p a r a t u s  i s  as d e s c r i b e d  i n  S e c t io n  2 . 2 . 4 .

3 . 2 . 5  EXPERIMENTAL PROCEDURES

Other  th a n  below, t h e s e  a r e  g iv e n  i n  S e c t i o n  2 . 2 . 5 .

Al l  s o l u t i o n s  were d e ga s s ed  p r i o r  t o  and d u r in g  use by 

b u b b li n g  deoxygena ted n i t r o g e n  t h r o u g h  them (s e e  S e c t i o n  

2 . 2 . 1 ) .

+
Because NMP i s  u n s t a b l e  in  s o l u t i o n  to  l i g h t ,  t h e  

e l e c t r o c h e m i c a l  c e l l  was wrapped i n  aluminium f o i l  whenever 

t h i s  c a t i o n  was employed.

Glucose o x i d a s e  membrane e l e c t r o d e s  were made in  t h e  

same way as t h o s e  f o r  c h o l i n e ,  d e s c r i b e d  in  s e c t i o n  2 . 2 . 5 ,  

e x c e p t  t h a t  a s o l u t i o n  of  5 00  u n i t s / m l  GOD was employed

i n s t e a d  of  a c h o l i n e  o x i d a s e  s o l u t i o n .



1 2 6

Ni

Figure 3.2.1 Sot.-up for rion~aqueous experiments.



3.3 RESULTS

Before  we can a t t e m p t  t o  produce m o d i f ie d  o r g a n i c  s a l t

e l e c t r o d e s  we must f i r s t  d e v i s e  some means t o  c h a r a c t e r i s e

t h e  e l e c t r o d e  once i t  has been made. F a i l u r e  t o  produce an

e l e c t r o d e  made up of  t h e  o r g a n i c  s a l t  may r e s u l t  in

e l e c t r o d e s  m odi fie d by some kind of  donor  or a c c e p t o r

s p e c i e s ,  or  uncomplexed m i x t u r e s  of  t h e  two. To

d i f f e r e n t i a t e  between t h e s e  p o s s i b i l i t i e s ,  t h r e e  primary

methods of c h a r a c t e r i s a t i o n  were used in  t h i s  work: c y c l i c

vo lt am m et ry ,  v i s u a l  i n s p e c t i o n  o f  t h e  e l e c t r o d e  and r e s p o n s e

o f  th e  e l e c t r o d e  t o  GOD and NADH.

Taking th e  l a t t e r  method f i r s t ,  blank ex p er im en ts

show t h a t  ba re  m e ta l  e l e c t r o d e s  do not  respond a t  p o t e n t i a l s

such as +50 mV when exposed t o  NADH or  reduced GOD.

P r e v io u s  work has shown t h a t  NMPTCNQ e l e c t r o d e s  a r e  a b l e  t o

o x i d i s e  both GOD and NADH q u i t e  w e l l  a t  t h e s e  

[AO 45 ]
p o t e n t i a l s  ' . TTFTCNQ e l e c t r o d e s  respond w e l l  to  GOD,

a l t h o u g h  t h e i r  r e s p o n s e  t o  NADH seems t o  be r a t h e r  

[ 85 ]
i r r e p r o d u c i b l e  . Care should be ta k e n  wi th  t h e s e  

r e s u l t s ,  ho vev er ,  as e l e c t r o d e s  made up of  th e  uncomplexed 

donor  or  a c c e p t o r  m o l e c u le s  may o x i d i s e  t h e s e  s p e c i e s ,  so we 

c an n o t  say t h a t  th e  e l e c t r o d e  must t h e r e f o r e  c o n s i s t  of  t h e  

pure  o r g a n i c  s a l t .

We w i l l  now t u r n  t o  a d i s c u s s i o n  of  th e  former  two

means of  c h a r a c t e r i s a t i o n .



a) Electrochemistry of TTF and TCNQ Modified Electrodes

In t h i s  s tudy m o d i f ie d  TTF or  TCNQ e l e c t r o d e s  were made

by two methods. Both gave s i m i l a r  r e s u l t s .  The s i m p l e s t

method i s  t o  c a r e f u l l y  drop an a c e t o n i t r i l e  s o l u t i o n  of  t h e

donor  or  a c c e p t o r  on to t h e  s u r f a c e  of a p l a t i n u m  e l e c t r o d e

and al lo w  t h e  s o l v e n t  t o  e v a p o r a t e ,  l e a v i n g  th e  s p e c i e s  of

i n t e r e s t  adso rbed on t h e  e l e c t r o d e .  The second method,

d e s c r i b e d  more f u l l y  in  S e c t i o n  3 . 3 ( 2 ) ,  was by o x i d a t i o n  of

LiTCNQ or r e d u c t i o n  of TTFC1 a t  a b are  m e ta l  e l e c t r o d e .

0 0
Here,  TCNQ or  TTF r e s p e c t i v e l y  ar e  p r e c i t a t e d  a t  th e

e l e c t r o d e  s u r f a c e .  F i g u r e s  3 . 3 . 1  and 3 . 3 . 2  show t h e  c y c l i c

-3
voltammograms in  100 mmol dm KBr f o r  TCNQ and TTF 

e l e c t r o d e s  m o d i f ie d  by t h e  l a t t e r  method. For both 

e l e c t r o d e s  one c a t h o d i c  and one anod ic  peak a r e  a p p a r e n t ,  

c o r r e s p o n d i n g  to  t h e  r e a c t i o n s .

TCNQ° + e “  ̂ > K+TCNQ"

TTF0 TTF+Br" + e~

With both of  t h e s e  r e a c t i o n s ,  th e  m o di fie d e l e c t r o d e

changes c o l o u r ,  as t h e  o x i d a t i o n  s t a t e  of  t h e  s p e c i e s  on t h e

s u r f a c e  ch an g e s.  These c o l o u r  changes jivsnin Table 3 . 3 . 1 .

[42 1
I t  s h oul d be noted t h a t  J a e g a r  and Bard have a l s o  

s t u d i e d  t h e  e l e c t r o c h e m i s t r y  o f  TTF and TCNQ in  t h e i r  s o l i d  

s t a t e ,  u s in g  im pr egn ate d ca rb o n  p a s t e  e l e c t r o d e s .  The 

r e s u l t s  c o n t a i n e d  in  t h e i r  work a r e  in  agreement  w it h  t h i s  

s t u d y .  They have a l s o  shown t h a t  th e  peak p o t e n t i a l s  can 

change s i g n i f i c a n t l y ,  d epe nd in g on th e  n a t u r e  of  th e

background e l e c t r o l y t e .
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Figure 3.3.1 Cyclic uo.l tnmmogram of a TCNQ modified 
elect.rode (50 mV/s vs SCE)

Figure 3.3.2 Cyclic voltarnmogram of a TTF modified electrode 
(50 mV/s vs SCE)
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TABLE 3 . 3 . 1

Colour  of  TTF and TCNQ m o di f ie d e l e c t r o d e s .

TTF° Orange/Yellow

TTFBr L i g h t  P u r pl e

0
TCNQ Green

KTCNQ Deep Purple



b) Electrochemistry of TTFTCNQ and NMPTCNQ Electrodes

The e l e c t r o c h e m i s t r y  of  t h e  above o r g a n i c  s a l t s  has

[383
been p r e v i o u s l y  s t u d i e d  by J a e g a r  and Bard and has 

a l r e a d y  been d i s c u s s e d  in  S e c t i o n  1 . 2 . 2  of  t h i s  t h e s i s .

Both s a l t s  have a s t a b l e  r an ge  o f  p o t e n t i a l  beyond which 

they a r e  reduced or  o x i d i s e d .  F i g u r e s  3 . 3 . 3  and 3 . 3 . A show 

c y c l i c  voltammograms o b t a i n e d  f o r  c a r e f u l l y  produced polymer 

p a s t e  TTFTCNQ and NMPTCNQ e l e c t r o d e s  r e s p e c t i v e l y .  I t  can 

be seen t h a t  i f  swept w i t h i n  t h e  s t a b l e  r a n g e ,  t h e  TTFTCNQ 

e l e c t r o d e  does no t  e x h i b i t  any p e a k s .  Reduc tion  of  t h i s  

e l e c t r o d e  l e a d s  t o  f o u r  new p e a k s .  These peaks can be 

a t t r i b u t e d  to  t h e  e l e c t r o c h e m i c a l  coup le s  TTF^/TTF+ and 

TCNQ°/TCNQ o c c u r i n g  on t h e  s u r f a c e  of  t h e  e l e c t r o d e .  This 

can be shown by comparison of  t h e  c y c l i c  voltammograms of  

TTF and TCNQ m o d i f i e d  e l e c t r o d e s  wi th  t h a t  of  th e  TTFTCNQ 

e l e c t r o d e .  Although th e  peak p o t e n t i a l s  have s h i f t e d  a 

l i t t l e ,  p r o b a b ly  due to  r e s i s t i v e  e f f e c t s ,  th e y  appear  in  

a p p r o x im a te ly  t h e  same p l a c e s .

In th e  c a s e  of  NMPTCNQ, t h e  donor i s  s o l u b l e  in  most 

aqueous e l e c t r o l y t e  s o l u t i o n s .  Like TTFTCNQ, t h e  m a t e r i a l  

shows no peaks w i t h i n  i t s  s t a b l e  r a n g e .  However when 

reduced only one s t a b l e  c a t h o d i c  and one s t a b l e  anodic  peak 

a p p e a r ,  c o r r e s p o n d i n g  to  t h e  TCNQ°/TCNQ c o u p l e .  A r ed u ce d ,  

u n s t a b l e  form of  NMP i s  a l s o  produced in  t h e  r e d u c t i o n  

p r o c e s s  ("NMP°"),  and t h i s  may g iv e  r i s e  t o  a broad anodic  

peak a t  - 1 3 5  mV on t h e  r e v e r s e  sweep which d i s a p p e a r s  

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

should be no ted however,  t h a t  r e d u c t i o n  o f  t h e  o r g a n i c  s a l t
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F i g u r e  3 . 3 . 3  C y cl ic  voltammogram of a TTFTCNQ polymer p a s t e  
e l e c t r o d e  (5 0  mV/s vs SCE): a) b e f o r e  
r e d u c t i o n ;  b) a f t e r  r e d u c t i o n .
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Figure 3.3.4 Cyclic, voltammogram of a NMPTCNQ polymer paste 
electrode (50 mV/s vs SCE): a) before 
reduction; b) after reduction.



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

We have now shown t h a t  r e d u c t i o n  of  both o r g a n i c  s a l t

electrodes r e s u l t s  i n  t h e i r  d ec o m p o si t i o n  i n t o  t h e

constituent donor and a c c e p t o r  m o l e c u l e s ,  l e a d i n g  to  new

peaks i n  t h e i r  c y c l i c  voltammograms. This b e h a v i o r  can be

u t i l i s e d  to  i d e n t i f y  a newly m o d i f ie d  e l e c t r o d e  as t h e

d e s i r e d  o r g a n i c  s a l t .  F i r s t  t h e  newly m o di f ie d e l e c t r o d e  i s

swept w i t h i n  i t s  s t a b l e  r a n g e .  I f  t h e  c y c l i c  voltammogram

d i s p l a y s  no peaks t h e n  we can e l i m i n a t e  th e  p r e s e n c e  o f  f r e e

donor or  a c c e p t o r  s p e c i e s  t h a t  a r e  e l e c t r o c h e m i c a l l y  a c t i v e

w i t h i n  t h a t  r a n g e .  The e l e c t r o d e  i s  then r e d u c e d .  In t h e

c as e of TTFTCNQ, new peaks should appea r  i n  t h e  c y c l i c

voltammogram a t t r i b u t a b l e  t o  non-complexed TTF and TCNQ. In

t h e  c as e  of  NMPTCNQ, peaks c o r r e s p o n d i n g  t o  t h e  TCNQ co up le

sho uld a p p e a r .  An u n s t a b l e  peak c o r r e s p o n d i n g  t o  th e

0 ,
o x i d a t i o n  of  NMP may a l s o  be a p p a r e n t ;  however e x p e r i e n c e  

i n  t h i s  l a b o r a t o r y  shows t h i s  can be to o  broad t o  d e t e c t .

U n f o r t u n a t e l y ,  i t  must be noted t h a t  r e d u c t i o n  of  t h e  

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

s u r f a c e ,  and i n  t h e  c a s e  of  a t h i n - f i l m  e l e c t r o d e  may 

d e s t r o y  i t  a l t o g e t h e r .  Thus, t h i s  p r o c e d u r e  was 

employed f o r  i n i t i a l l y  d e t e r m i n i n g  t h a t  t h e  m o di f ie d  

e l e c t r o d e  produced u s in g  each s y n t h e t i c  r o u t e  was t h e  

d e s i r e d  s a l t .  Whenever a m o di f ie d e l e c t r o d e  was needed t o  

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

r e s p o n s e  t o  GOD o r  NADH), t h i s  method of  c h a r a c t e r i s a t i o n  

was employed t o  check t h e  e l e c t r o d e  c o n s i s t e d  o f  t h e  o r g a n i c



s a l t  only a f t e r  any o t h e r  e x p e r i m e n t s  on i t  were com ple te d.  

To s cr ee n  e l e c t r o d e s  which were t o  be s u b s e q u e n tl y  used f o r  

e x p e r i m e n t s ,  a n o n - d e s t r u c t i v e  method of  i d e n t i f i c a t i o n  was 

developed which depended on v i s u a l  i n s p e c t i o n .  The o r g a n i c  

s a l t s  a r e  b la ck  in  c o l o u r ,  wh ere as  t h e  i n d i v i d u a l  donor  and 

a c c e p t o r s  a r e  c o l o u re d  as g iv e n  above,  in  Table 3 . 3 . 1 .  Thus 

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

of  th e  m a t e r i a l  modifying i t .  Although t h i s  method ap p ea rs  

c r u d e ,  i t  i s  a c t u a l l y  q u i t e  e f f e c t i v e  as each of th e  

i n d i v i d u a l  donor  and a c c e p t o r  s p e c i e s  ab so rb  l i g h t  very 

s t r o n g l y  and can e a s i l y  be seen even i n  very small  amounts.  

c ) C a l c u l a t i n g  t h e  S u r f a c e  Coverage o f  a. Modified E l e c t r o d e

An i m p o r t a n t  p a r a m e te r  used t o  c h a r a c t e r i s e  m o di fie d 

e l e c t r o d e s  i s  t h e  amount of  m a t e r i a l  ads orbed onto t h e  

e l e c t r o d e .  The method employed i n  t h i s  s tudy  t o  d e t e r m in e  

t h i s  p ara m ete r  u t i l i s e s  t h e  c y c l i c  voltammograms which have 

a l r e a d y  been d e s c r i b e d  above.  The a r e a  under  a peak in  

c y c l i c  voltammetry i s  e q u a l  t o  t h e  t o t a l  charge pass ed 

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

c o r r e s p o n d s  t o .  I f  t h e  s p e c i e s  con ce rn ed  i s  a t h i n - l a y e r  on 

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

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

i n  t h e  system a r e  no t  s i g n i f i c a n t l y  e l e c t r o a c t i v e  a t  t h a t  

p o t e n t i a l ,  the n we can o b t a i n  an e s t i m a t e  of th e  t o t a l  

number of  moles of  adsorbed m a t e r i a l  by d i v i d i n g  t h e  charge 

p as s ed  by t h e  Faraday and n,  t h e  number of e l e c t r o n s  passed 

p e r  mo lecule  in  t h e  e l e c t r o c h e m i c a l  r e a c t i o n ^ 8 6 ^ .

In t h e  c a s e  o f  NMPTCNQ and TTFTCNQ, r e d u c t i o n  o f  t h e



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

♦ 0
s p e c i e s .  Peaks c o r r e s p o n d i n g  t o  t h e  NMP /NMP ” c o u p l e

r a p i d l y  d i s a p p e a r  from t h e  c y c l i c  voltammogram. E x p e r i e n c e

+ 0
shows t h a t  peaks c o r r e s p o n d i n g  t o  t h e  TTF /TTF c o u p l e  a r e

m e t a s t a b l e  and can a l s o  d i s a p p e a r ,  a l t h o u g h  much more 

0
s l o w l y .  The TCNO /TCNQ co up le  g i v e s  r i s e  to  s t a b l e  peaks

and from th e  s t o i c h i o m e t r y  o f  t h e  s a l t ,  t h e  number o f  moles

o f  TCNQ rema ining on t h e  e l e c t r o d e  a f t e r  t h e  o r g a n i c  s a l t  i s

r e d u c e d  must be e q u a l  to  t h e  o r i g i n a l  number of moles of  t h e

s a l t .  Thus, c y c l i c  voltammetry o f  t h e  o r g a n i c  s a l t  m o d i f ie d

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

c o v e r a g e  of t h e  e l e c t r o d e ,  by m e a su r i n g  t h e  amount of

r e m a i n i n g  TCNQ. I f  Q i s  t h e  amount of  char ge ( i n  Coulombs)

0
a t t r i b u t a b l e  to  t h e  c o n v e r s i o n  o f  TCNQ t o  TCNQ , o r  v i c e

2
v e r s a ,  and A i s  t h e  ar e a  of  t h e  e l e c t r o d e  ( i n  cm ) ,  t h e n  t h e

- 2
s u r f a c e  coverage n ( i n  mol cm ) i s  g iv e n  by 

H = Q/(FA) ( 3 . 1 )

as  i n  t h i s  case n=1 .

To o b t a i n  t h e  av er a ge  number of  monolayers N , we must
m

d i v i d e  n by number o f  moles which make up 1 mo nolayer .  This

- 1 0  - 2  [ 4 5 ]
has  been p r e v i o u s l y  e s t i m a t e d  a t  1 . 3 x 1 0  mol cm 

H en ce ,

N = H/( 1 . 3 x 1 0 _ 1° ) = Q/( 1 . 3 x 1 0 _ 1 °FA) ( 3 . 2 )
m

A p r e r e q u i s i t e  of  t h i s  method i s  t h a t  no TCNQ i s  l o s t  

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

e n s u r e d  by u s in g  a background e l e c t r o l y t e  c o n t a i n i n g  K or  

Na+. The s o l u b i l i t y  p r o d u c t s  o f  KTCNQ and NaTCNQ a r e  sm al l
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enough to  en s ur e  t h a t  t h e  amount of  TCNQ l o s t  to  t h e  bulk

[47] 0
i s  n e g l i g i b l e  . The s o l u b i l i t y  of  TCNQ in w a t e r  has

a l s o  been shown t o  be so sma ll  t h a t  l o s s  of t h i s  mo le cu le

[87]
i n t o  t h e  bulk i s  n o t  i m p o r t a n t

Knowing Q, we can a l s o  e a s i l y  c a l c u l a t e  the  

e l e c t r o s y n t h e t i c  y i e l d  of  th e  e x p e r i m e n t .  In a l l  t h e  

s y n t h e s e s  employed i n  t h i s  work,  one e l e c t r o n  should be 

r e q u i r e d  t o  s y n t h e s i s e  one m o le cu le  of  th e  o r g a n i c  s a l t .

Thus t h e  t o t a l  c h a r g e  p as se d d u r i n g  th e  s y n t h e s i s  Q̂ ., 

d i v i d e d  by t h e  F ara day  should g i v e  us t h e  t h e o r e t i c a l  y i e l d  

of  o r g a n i c  s a l t  (as su mi n g  t h e  c o n t r i b u t i o n  to  th e  c u r r e n t  by 

o t h e r  r e a c t i o n s  i s  n e g l i g i b l e ) .  But Q/F i s  the  t o t a l  amount 

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

E l e c t r o s y n t h e t i c  y i e l d  = ( Q/Q^.) x 1 0 0 1 . (3.3)



3.3(1) "ONE-POT" METHODS

3 . 3  ( 1 ) . 1 PREPARATION OF NMPTCNQ ELECTRODES FROM NMP AND 

TCNQ°

In t h i s  s y n t h e s i s  a s o l u t i o n  c o n t a i n i n g  NMPMeSÔ  and

0
TCNQ was reduce d i n  a c e t o n i t r i l e .  NMPMeSÔ  i s  p r e s e n t  a t

high c o n c e n t r a t i o n  and s e r v e s  as th e  background e l e c t r o l y t e ,

as w e l l  as a s u b s t r a t e  f o r  t h e  s y n t h e s i s .  Cy cl ic

0
voltammograms f o r  NMPMeSÔ  and TCNQ i n  a c e t o n i t r i l e  a r e

shown i n  F i g u r e s  3 . 3 . 5  and 3 . 3 . 6 ,  and t h e i r  peak p o t e n t i a l s

a r e  give n i n  Tab le  3 . 3 . 2 .  In t h e  c a s e  of  NMP+, i t s

r e d u c t i o n  a p p e a r s  t o  be very i r r e v e r s i b l e  ( t h e  peaks a r e

drawn out  w ith  a l a r g e  s e p a r a t i o n ) .  TCNQ^ shows f o u r  peaks;

two c a t h o d i c ,  c o r r e s p o n d i n g  t o  i t s  r e d u c t i o n  to TCNQ a t  low

2 -
r e d u c i n g  p o t e n t i a l s  and f u r t h e r  to  TCNQ a t  h i g h e r  re d u c i n g  

p o t e n t i a l s ;  and two an o d i c ,  which can be i n t e r p r e t e d  as th e

r e v e r s e  of t h e s e  two r e a c t i o n s .

„ + 0
On r e d u c i n g  a m ix tu re  of  NMP and TCNQ t h e r e  a r i s e s

t h e  i n t e r e s t i n g  q u e s t i o n  of  what r e a c t i o n  a c t u a l l y  o c c u r s  a t

t h e  e l e c t r o d e .  The peak p o t e n t i a l  f o r  th e  r e d u c t i o n  of 

0
TCNQ t o  TCNQ i s  - 1 9 0  mV. As g iv e n  i n  t h e  f o o t n o t e  to

Table  3 . 3 . 2 ,  a p ola rog ra m of  NMP+ under  t h e  same c o n d i t i o n s

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

o c c u r s  a t  abou t  - 3 0 0  mV. In t h e  e l e c t r o s y n t h e s i s ,  a

r e d u c i n g  c u r r e n t  i s  employed which i s  s u b s t a n t i a l l y  below

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

0
would t h e r e f o r e  e x p e c t  t h a t  under  t h e s e  c o n d i t i o n s  TCNQ 

w i l l  be reduced a t  t h e  e l e c t r o d e  and s ho uld  then combine
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F ig ur e  3 . 3 . 5  (abov e)  Cy cl ic  voltammogram of 0 . 8  mmol dm”
NMPMeS03 in a c e t o n i t r i l e  (1 00  mV/s vs Ag+/Ag) .

F ig ur e  3 . 3 . 6  C y c l ic  voltammogram of  1 . 0  mmol dm" 3 TCNQ° 
in  a c e t o n i t r i l e  ( 1 0 0  mV/s vs Ag+/Ag).



1 4 0

TABLE 3 . 3 . 2

+
Peak p o t e n t i a l s  (vs  Ag/Ag ) from t h e  c y c l i c  voltammetry of 

TCNQ° and NMPMeS03 i n  a c e t o n i t r i l e .

Couple

tcnq° / tcnq’

tcnq' / tcnq2

+ 0  
NMP /NMP

Anodic Peak 
(mV)

- 1 9 0

- 5 8 0

-0 4 0 *

Cathodic  Peak 
(mV)

-20

- 4 0 0

- 120

*
o n s e t  of f a r a d a i c  c u r r e n t  from r o t a t i n g  d i s c  po larogram a t  

- 3 0 0  mV



w i t h  NMP to  pr od uc e t h e  s a l t ,  i e ,

TCNQ° + e" -------> TCN0~

TCNQ’ + NMP+ -------> NMPTCNQ

D e t a i l s  of  t h e  e l e c t r o s y n t h e t i c  p r oc ed u r e  and t h e  

r e s u l t s  w i l l  now f o l l o w .

a ) I n i t i a l  S y n t h e s i s

- 3  0
A s o l u t i o n  was p r e p a r e d  c o n t a i n i n g  1 mmol dm TCNQ 

w it h  s a t u r a t i n g  amounts of  NMPMeSÔ  and NMPTCNQ in  

a c e t o n i t r i l e .  A p l a t i n u m  d i s c  e l e c t r o d e  ( r a d i u s  3 . 5  mm) was 

p l a c e d  in t h e  s o l u t i o n  and r o t a t e d  a t  4Hz. A r e d u c i n g  

c u r r e n t  of 10 pA was f o r c e d  t h r o u g h  t h e  e l e c t r o d e  f o r  22 

m i n u t e s .  The e l e c t r o d e  was washed c a r e f u l l y  with  DDW.

b ) Appearance and E l e c t r o c h e m i c a l  Behavior  of th e  E l e c t r o d e

The e l e c t r o d e  appe ar ed to  c o n s i s t  of th e  o r i g i n a l  b a r e  

m e t a l ,  covered i n  s m a l l  b la ck s p e c k l e s .  A c y c l i c  

voltammogram of  t h e  e l e c t r o d e  in  pH9.0 Ches b u f f e r

-3
c o n t a i n i n g  0 . 1  mmol dm NaCl i s  shown in  Figure  3 . 3 . 7 a ,  

C y cl in g  between 50 and 30 0  mV r e v e a l s  t h e r e  i s  no TCNQ 

p r e s e n t  on t h e  e l e c t r o d e ;  however a f t e r  r e d u c t i o n  peaks 

c o r r e s p o n d i n g  to  t h e  TCNQ/TCNQ coup le  appeared ( s e e  F i g u r e  

3 . 3 . 7 b ) .  I t  sh o u ld  be noted t h a t  t h e  r e d u c t i o n  peak f o r  

TCNQ0 o cc ur s  a t  - 1 5  mV, but  t h e  i n i t i a l  r e d u c t i o n  o f  t h e  

e l e c t r o d e  o c c u r r e d  a t  lower  p o t e n t i a l s .  Thus, a l t h o u g h  no 

peaks f o r  pure NMP can be s e e n ,  t h e  e l e c t r o d e  p r o b ab ly  

c o n s i s t s  of  NMPTCNQ and not  some TCNQ s p e c i e s .

c ) Response of  t h e  E l e c t r o d e  t o  GOD and NADH

Blank e x p e r i m e n t s  show t h a t  b ar e  p la t i n u m  e l e c t r o d e s  do
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F i g u r e  3 . 3 . 7  C y c l ic  vo.ltammogram of t h e  e l e c t r o s y n t h e s i s e d  
NMPTCNQ e l e c t r o d e  (2 0  mV/s vs SCE): a) b e f o r e  
r e d u c t i o n ;  b) a f t e r  r e d u c t i o n ,  i )  f i r s t  sweep, 
i i )  second sweep.



n o t  respond to  e i t h e r  NADH or  r ed uce d GOD a t  +50 mV. The

e l e c t r o s y n t h e s i s e d  NMPTCNQ e l e c t r o d e  responded to t h e s e

s p e c i e s  as shown in  F i g u r e s  3 . 3 . 8  and 3 . 3 . 9 .  In both c a s e s

t h e  c u r r e n t  shows some d r i f t .  F ur the rm ore i t  i s  very poor

f o r  GOD, compared t o  polymer p a s t e  e l e c t r o d e s .  The r e s p o n s e

- 2  -3
t o  NADH i s  a p p r o x i m a t e l y  3 pA cm per  mmol dm NADH, which

i s  a p p r o x im a te ly  25 -5 0Z  of  t h e  t y p i c a l  v al ue  f o r  polymer 

[ 88]
p a s t e  e l e c t r o d e s  . In t h e  c a s e  of  GOD, th e  e l e c t r o d e  i s  

s a t u r a t e d  a t  r e l a t i v e l y  low g l u c o s e  c o n c e n t r a t i o n s  (on

-3
i n c r e a s i n g  th e  c o n c e n t r a t i o n  o f  g l u c o s e  from 6 mmol dm t o  

-3
9 mmol dm t h e r e  was no s i g n i f i c a n t  i n c r e a s e  in c u r r e n t ) ,

and th e  maximum c u r r e n t  i s  a p p r o x i m a t e l y  4Z of the

comparable  v al u e f o r  t y p i c a l  polymer p a s t e  e l e c t r o d e s .

These r e s u l t s  can be e x p l a i n e d  by assuming t h e  m o d i f ie d

e l e c t r o d e  c o n s i s t e d  of  i s l e t s  o f  NHPTCNQ, s e p a r a t e d  by t h e

b a r e  p l a t i n u m  m e t a l .  The r a t e  o f  o x i d a t i o n  of  NADH i s

d ep en d e n t  on t h e  g e o m e t r i c a l  a r e a  o f  t h e  e l e c t r o d e ,  as would

be e x p e c t e d ,  bu t  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  the

e l e c t r o d e ' s  p o r o s i t y  or  r o u g h n e s s .  Evidence f o r  t h i s

s t a t e m e n t  comes from t h e  o b s e r v a t i o n  t h a t  NMPTCNQ p e l l e t

e l e c t r o d e s  (which have a smooth s u r f a c e )  have a p p r o x im a te ly

t h e  same r e s p o n s e  t o  NADH as  polymer p a s t e  e l e c t r o d e s  (which

[ 4 5 ]
have a high roug hne ss  f a c t o r )  . On t h e  o t h e r  hand,  t h e

c u r r e n t  o b t a i n e d  from r edu ce d GOD has been shown t o  depend

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

[4 1  ]
w o rd s,  i t s  a c t u a l  s u r f a c e  a r e a )  . I f  t h e  e l e c t r o d e  

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

a c t u a l  s u r f a c e  ar ea  of  NMPTCNQ would be very small  compared
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Figure 3.3.8 Response of the electrosynthesised NMPTCNQ
electrode to total NADH concentrations of : a) 
0.41 mmol dm-3 and b) 0.82 mmol dm"3 .

5 pA cm'1

Figure 3.3.9 Response of the electrosynthesised NMPTCNQ/ 
GOD membrane electrode to total glucose 
concentrations of: a) 3 mmol dm~^, b) 6 mmol 
dm~^ and c) 9 mmol ditT^.



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

would be r e l a t i v e l y  s i m i l a r .  Thus one would ex p e c t  i t s  

r e s p o n s e  t o  GOD to  be p o or ,  but  to  be s i m i l a r  f o r  NADH.

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

a b o v e .

d ) S u r f a c e  Coverage o f  t h e  E l e c t r o d e

Using t h e  for mul a  g iv e n  in  S e c t i o n  3 . 1 ,  t h e  s u r f a c e

- 2
cov era ge of  t h e  e l e c t r o d e  i s  about  1 . 5  nmol cm NMPTCNQ. 

This c o r r e s p o n d s  t o  ab ou t  1 1 - 1 2  monolayers  and an 

e l e c t r o s y n t h e t i c  y i e l d  o f  a p p r o x i m a t e l y  0 . 4 Z .  The very low 

y i e l d  p r o b a b ly  i n d i c a t e s  t h a t  e i t h e r  NMPTCNQ i s  p r e c i p i t a t e d  

i n  s o l u t i o n  or  t h a t  n u c l e a t i o n  of  NMPTCNQ o cc u r s  very s lowly 

on t h e  e l e c t r o d e .

Repe ating  t h i s  ex p er i m en t  u s in g  d i f f e r e n t  p l a t i n g  

c u r r e n t s  produced e l e c t r o d e s  wi th  s i m i l a r l y  poor s u r f a c e  

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

carbon f o r  p l a t i n u m  as  t h e  e l e c t r o d e  m a t e r i a l  did  not  

s i g n i f i c a n t l y  a l t e r  t h e  q u a l i t y  of t h e  m o d if ie d  e l e c t r o d e s  

produced by t h i s  t e c h n i q u e .  The c o n c l u s i o n  must be t h a t  

t h i s  method o f  s y n t h e s i s  i s  u n s u i t a b l e  f o r  prod ucin g NMPTCNQ 

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

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

3 . 3 ( 1 ) . 2  PREPARATION OF TTFTCNQ ELECTRODES FROM TTF° AND 

TCNQ"

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

s o l u b l e  i n  t h e  same s o l v e n t  as TTF i t s e l f  or  TCNQ. The same



i s  t r u e  f o r  s a l t s  of  TCNQ. Thi s  i s  a p r e r e q u i s i t e  f o r  t h i s

type of  s y n t h e s i s ,  as o t h e r w i s e  t h e  r e s u l t i n g  modified

e l e c t r o d e  may c o n s i s t  of t h e  i n s o l u b l e  donor  or  a c c e p t o r ,

and no t  t h e  d e s i r e d  o r g a n i c  s a l t .  To overcome t h i s  problem,

i n  t h e  f o l l o w i n g  s y n t h e s i s  a mixed s o l v e n t  was employed,

namely a 1 : 1  m i x tu r e  (by volume) of  a c e t o n i t r i l e  and w a t e r .

Simple sp o t  t e s t s  showed t h a t  TTF^, TCNQ° and LiTCNQ were

- 3
a l l  s o l u b l e  t o  a t  l e a s t  1 mmol dm i n  t h i s  medium and 

t h e i r  s a l t ,  TTFTCNQ proved t o  be i n s o l u b l e .  Lithium a c e t a t e  

was chosen as t h e  background e l e c t r o l y t e  as t h e  a c e t a t e  s a l t  

of  TTF i s  known to  be s o l u b l e  i n  w a t e r ^ 2 ^ .  To see i f  TTF + 

was s o l u b l e  i n  t h i s  mixed s o l v e n t  system e l e c t r o c h e m i c a l  

methods,  d e s c r i b e d  below, were  employed.

The c y c l i c  voltammetry of  LiTCNQ and TTF° in  a 1:1

-3
w a t e r / a c e t o n i t r i l e  m i x tu r e  c o n t a i n i n g  50 mmol dm l i t h i u m

a c e t a t e  i s  shown in  F i g u r e s  3 . 3 . 1 0  and 3 . 3 . 1 1 ,  as w e ll  as

po la rograms of  t h e  two m a t e r i a l s  i n  t h e  p o t e n t i a l  range of

i n t e r e s t .  Peak p o t e n t i a l s  a p p e a r  i n  Table  3 . 3 . 3 .  In t h e

c y c l i c  voltammogram TTF^ e x h i b i t s  two an od ic  peak s,  which

can be a t t r i b u t e d  t o  i t s  r e d u c t i o n  f i r s t  t o  TTF+ and the n t o  

2 +
TTF . There a r e  two c o r r e s p o n d i n g  c a t h o d i c  peaks f o r  t h e

r e v e r s e  of  t h e s e  two r e a c t i o n s .  Although t h e  peak f o r  t h e  

+
r e d u c t i o n  of  TTF occurs  a t  +130 mV in  t h e  c y c l i c  

voltammogram, i t  does not  a p p e a r  i n  t h e  r o t a t i n g  d i s c  

p o la ro g r a m .  This i m p l i e s  t h a t  e i t h e r  i t  i s  s o l u b l e  i n  

t h e  s o l v e n t  system and i s  swept away by c o n v e c ti o n  a t  th e  

r o t a t i n g  d i s c ,  or  t h a t  in  t h e  t im e s c a l e  of  t h e  exp eriment  

i t  un dergoes  a chem ica l  r e a c t i o n  and so becomes
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F ig u r e  3 . 3 . 1 0  E l e c t r o c h e m i c a l  b eh av i o r  (vs SCE) o f  0 . 5  mmol 
dm'^ LiTCNQ in a 1:1 m i x tu r e  of  w at er  and 
a c e t o n i t r i l e :  a) c y c l i c  voltammogram a t  50 
mV/s; b) r o t a t i n g  d i s c  po larogram a t  20 mV/s 
and 4 Hz.
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F i g u r e  3 . 3 . 1 1  E l e c t r o c h e m i c a l  b e h a v i o r  (vs SCE) of  1 . 0  mmol 
dm’3 TTF i n a 1 ; 1 m i x tu r e  of w a te r  and 
a c e t o n i t r i l e :  a)  c y c l i c  voltammogram a t  50 
mV/s; b) r o t a t i n g  d i s c  polarogram a t  20 mV/s 
and 4Hz.



1 4 9

TABLE 3 . 3 . 3

Peak p o t e n t i a l s  (vs SCE) from t h e  c y c l i c  voltammetry of TTF 

and LiTCNQ in  a c e t o n i t r i l e .

Couple Anodic Peak Cathodic
(mV) (mV)

0 , + 
TTF /TTF + 230 + 130

+ 2 + 
TTF /TTF + 580 - +460

TCNQ°/TCNQ~ + 2 0 0 + 12 0

tcnq~/ tcnq2 ~ - 9 0 - 2 0 0

Peak



e l e c t r o c h e m i c a l l y  i n a c t i v e  a l t h o u g h  perhaps s t i l l  re m a in in g

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

th e  ex p er i m en t  showed no m a t e r i a l  adsorbed onto i t s  s u r f a c e .

+
The c o n c l u s i o n  must t h e r e f o r e  be t h a t  TTF i s  s o l u b l e  i n  t h e

s o l v e n t  system ch os en.  Turni ng t o  LiTCNQ, i t  can be r edu ce d 

2 -  0
to  TCNQ or  o x i d i s e d  t o  TCNQ , both r e a c t i o n s  showing as 

peaks in  t h e  c y c l i c  voltammogram, t o g e t h e r  w ith  peaks 

c o r r e s p o n d i n g  to  t h e i r  c o n v e r s i o n  back to  TCNQ . As 

e x p e c t e d ,  t h e  po la ro g ra m  shows b oth  s p e c i e s  t o  be s o l u b l e .  

The polaro gr am s f o r  LiTCNQ and TTF° show t h a t  t h e  o n s e t  o f  a 

m e as u r e ab le  o x i d a t i o n  c u r r e n t  o c c u r s  a t  a lower  p o t e n t i a l  

f o r  TCNQ t h a n  TTF°. Given t h a t  i n  t h e  e l e c t r o s y n t h e s i s  a 

c u r r e n t  i s  employed which i s  much s m a l l e r  than t h e  d i f f u s i o n  

l i m i t e d  c u r r e n t s  f o r  both t h e s e  s p e c i e s ,  we can concl ud e 

t h a t  TCNQ sho uld be o x i d i s e d  a t  t h e  e l e c t r o d e  i n  p r e f e r e n c e  

t o  TTF°. The p r o d u c t ,  TCNQ° sho uld then form t h e  o r g a n i c  

s a l t  by combining wi th  TTF° i n  t h e  s o l u t i o n ,  v i z ,

TCNQ" -------> TCNQ° + e"

TCNQ° + TTF° -------> TTFTCNQ.

a ) S y n t h e s i s

-3  0 -3
A s o l u t i o n  c o n t a i n i n g  1 mmol dm TTF , 1 mmol dm

-3
LiTCNQ, and 5Q mmol dm l i t h i u m  a c e t a t e  in  a 1:1 m i x tu r e  of  

a c e t o n i t r i l e  and DDW was d e g a s s e d  u sin g deoxygenated 

n i t r o g e n .  A gold d i s c  e l e c t r o d e  ( r a d i u s  3 . 5  mm) was p la c e d  

i n  th e  s o l u t i o n  and r o t a t e d  a t  4 Hz. An o x i d i s i n g  c u r r e n t  

o f  3 pA was p as se d t h r o u g h  t h i s  e l e c t r o d e  f o r  100 s ec o n d s .  

The e l e c t r o d e  was c a r e f u l l y  removed from t h e  s o l u t i o n  and



washed with  DDW.

b ) Appearance and E l e c t r o c h e m i c a l  Behavior of  th e  E l e c t r o d e

The e l e c t r o d e  app eared t o  be covered w ith  p a t c h e s  of  a

b r o w n is h /b l ac k  m a t e r i a l ,  s e p a r a t e d  by t h e  ba re  e l e c t r o d e

s u r f a c e .  The c o l o u r  of  t h e  p a t c h e s  i n d i c a t e d  t h a t  t h e y  may

have c o n s i s t e d  of  t h e  b l a c k  o r g a n i c  s a l t  w it h  a brownish or

y e l l o w i s h  i m p u r i t y  (su ch as TTF°) or t h a t  t h e  l a y e r  o f  t h e

o r g a n i c  s a l t  was too t h i n  t o  c o m p le te ly  o b s cu re  t h e  gold

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

A c y c l i c  voltammogram of  t h e  e l e c t r o d e  ( s e e  F ig u r e

3 . 3 . 1 2 a )  w i t h i n  th e  s t a b l e  l i m i t s  of  TTFTCNQ r e v e a l s  two

s ma ll  p ea ks ,  a t  a p p r o x i m a t e l y  +120 mV and - 8 0  mV. We can

0  +
a s s i g n  t h e s e  t e n t a t i v e l y  t o  t h e  TTF /TTF c o u p l e .  Reduction

of  t h e  e l e c t r o d e  l e a d s  t o  t h e s e  peaks becoming much l a r g e r ,

and t h e  a p p ea r an ce  of  two new peaks a t  +300 mV and +20 mV

( F i g u r e  3 . 3 . 1 2 b ) .  This b e h a v i o r  i s  very c h a r a c t e r i s t i c  of

TTFTCNQ, and t h e  two new peaks can be a t t r i b u t e d  t o  t h e  

0
TCNQ /TCNQ c o u p l e .  Thus t h i s  r e s u l t  co n fir m s t h a t  t h e  

e l e c t r o d e  c o n s i s t s  ma inly o f  TTFTCNQ. t o g e t h e r  w i t h  a very 

s m al l  amount of  TTF.

c ) Response o f  t h e  E l e c t r o d e  t o  GOD and NADH

The e l e c t r o d e  ap pea red  t o  have very l i t t l e  a c t i v i t y  

towards  NADH. However t h e  e l e c t r o d e  was found to  respond to

GOD as shown in  F ig u r e  3 . 3 . 1 3 .  S a t u r a t i o n  occurs  a t  about 3

-3  - 2
mmol dm GOD, wi th  a c u r r e n t  of  about  10 pA cm . A

TTFTCNQ polymer p a s t e  e l e c t r o d e  under s i m i l a r  c o n d i t i o n s

- 3
would be e x p e c t e d  t o  s a t u r a t e  a t  about  25 mmol dm g l u c o s e



1 5 2

F i g u r e  3 . 3 . 1 2  C y c l ic  voltammogram of the  e l e c t r o s y n t h e s i s e d  
TTFTCNQ e l e c t r o d e  ( 1 0 0  mV/s vs SCE): a)  b e f o r e  
r e d u c t i o n ;  b) a f t e r  r e d u c t i o n .
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F ig u r e  3 . 3 . 1 3  Response o f  t h e  e l e c t r o s y n t h e s i s e d  TTFTCNQ/ 
GOD membrane e l e c t r o d e  to  g l u c o s e .



w it h  a c u r r e n t  of  ab o u t  170 pA cm 3 Using a s i m i l a r

argument to  t h a t  p r e s e n t e d  i n  S e c t i o n  3 . 3 ( 1 ) . 1 ,  th e  

c om p ar at iv el y  low s a t u r a t i o n  c u r r e n t  i s  probably due t o  t h e  

low p o r o s i t y  or s u r f a c e  r o u g hn es s  of th e  e l e c t r o s y n t h e s i s e d  

e l e c t r o d e .

d ) Surfa ce Coverage o f  t h e  E l e c t r o d e

Using the  c y c l i c  voltammogram shown in  Fig ur e  3 . 3 . 1 2 b

and th e  formula g i v e n  in  S e c t i o n  3 . 1 . 1 ,  th e  s u r f a c e  c o ve r a ge

- 2
o f  th e  e l e c t r o d e  i s  a b o ut  2 . 5  nmol cm , which c o r r e s p o n d s  

t o  about 19 m o n o l a y e r s .  This g i v e s  an e l e c t r o c h e m i c a l  y i e l d  

of  33'/. Although t h i s  i s  a much b e t t e r  y i e l d  tha n t h e  t h a t  

f o r  th e  NMPTCNQ s y n t h e s i s  d e s c r i b e d  in  S ec t io n  3 . 3  ( 1 )  . 1 , t h e  

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

r e a s o n  f o r  the  d i f f e r e n c e  i n  t h e  y i e l d s  could t h e r e f o r e  be 

due th e  l a r g e  d i f f e r e n c e  i n  t h e  ch arg e passed d u r i n g  

p l a t i n g .

To i n v e s t i g a t e  t h i s  q u e s t i o n ,  th e  p l a t i n g  t ime was 

v a r i e d  and the  r e s u l t i n g  s u r f a c e  covera ges  measured.  A 

p l a t i n g  c u r r e n t  o f  2 . 8  pA was chosen as t h i s  c o r r e s p o n d e d  to  

t h e  fo rm at ion  of  a p p r o x i m a t e l y  one monolayer per  s e c o n d .  

Ta bl e  3 . 3 . 4  shows t h e  r e s u l t s .  There i s  some v a r i a b i l i t y  in  

t h e  s u r f a c e  c o v e r a g e s  o b t a i n e d ,  bu t  i t  can seen t h a t  

i n c r e a s i n g  the  p l a t i n g  t im e l e a d s  to  s l i g h t l y  i n c r e a s e d  

s u r f a c e  coverages  b u t  low er  y i e l d s .  This p r o b ab ly  i n d i c a t e s  

t h a t  once th e  e l e c t r o d e  i s  co ver ed  w ith  t h e  o r g a n i c  s a l t  t h e  

r a t e  of  c r y s t a l  growth slows down, l e a d i n g  to  p r e c i p i t a t i o n

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



1 5 5

TABLE 3 . 3 . 4

Su rf ace  coverages  and e l e c t r o c h e m i c a l  y i e l d s  f o r  TTFTCNQ 

o b ta in e d  with d i f f e r e n t  p l a t i n g  t i m e s .

C u r r en t Time Average Range of Average E l e c t r o
Coverage Coverage chem ical  Yield

( yA) ( s ) ( m o n o l a y e r s ) ( m o n o l a y e r s ) (Z)

2 . 8 60 28 2 5 - 3 2 47

2 . 8 120 46 2 9 - 6 6 39

ro C
D 300 55 3 6 - 9 6 17

TABLE 3 . 3 . 5

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

TTFTCNO a t  d i f f e r e n t p l a t i n g  t i m e s  and c u r r e n t s  w it h  a

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

C u r r en t Time S u r f a c e E l e c t r o c h e m i c a l
Coverage Yield

( |J A) ( s ) ( m o n o l a y e r s ) m

0 . 2 8 3 0 0 0 21 7.  1

2 . 8 300 45 15

28 30 28 9 . 5



Another  e x p l a n a t i o n  would be t h a t  t h e  me cha nic al  i n t e g r i t y  

o f  th e  l a y e r  of  o r g a n i c  s a l t  b r e a k s  down a f t e r  a c e r t a i n  

s u r f a c e  cov erage i s  r e a c h e d  and so a l t h o u g h  o r g a n i c  s a l t  

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

i n t o  s o l u t i o n .

In a second e x p e r i m e n t  t h e  t o t a l  charge passed d u r i n g  

p l a t i n g  was ke pt  c o n s t a n t  and t h e  p l a t i n g  c u r r e n t  (and hence 

p l a t i n g  t i m e)  was v a r i e d  ( s e e  Tabl e  3 . 3 . 5 ) .  In t h i s  c a s e ,  

t h e r e  does not  seem t o  be g r e a t  changes in  s u r f a c e  c o v e r a g e ,  

and th e  d i f f e r e n c e s  i n  s u r f a c e  c o ve r a ge  a r e  pr ob abl y 

e x p l a i n e d  as normal e x p e r i m e n t a l  v a r i a t i o n .  This s u p p o r t s  

t h e  c o n c l u s i o n  r ea c h ed  above t h a t  i t  becomes d i f f i c u l t  t o  

i n c r e a s e  t h e  s u r f a c e  c o ve r a ge  a f t e r  i t  a t t a i n s  a c e r t a i n  

l e v e l .

The a c t i v i t y  of  t h e  e l e c t r o d e  towards  GOD, i t s  v i s u a l  

ap pe a ra nc e and e s p e c i a l l y  t h e  c y c l i c  voltammograms a l l  

s u p p o r t  t h e  c o n c l u s i o n  t h a t  TTFTCNQ i s  produced by t h i s  

s y n t h e t i c  r o u t e .  However, i t s  u t i l i t y  as a t e c h n i q u e  f o r  

f a b r i c a t i n g  t h i n - l a y e r  TTFTCNQ e l e c t r o d e s  can not  be 

r e g a r d e d  as s a t i s f a c t o r y  b e c a u s e  t h e  s u r f a c e  covera ges  

o b t a i n e d  were low and t h e  b a r e  m e t a l  e l e c t r o d e  s u b s t r a t e  was 

no t  co m p le te ly  cover ed  w i t h  t h e  s a l t .  For t h i s  r e a s o n ,  work 

was c o n t in u e d  on t r y i n g  t o  f i n d  o t h e r  s y n t h e t i c  r o u t e s  

to w ard s  o r g a n i c  s a l t  e l e c t r o d e s .

3 . 3 ( 1 ) . 3  PREPARATION OF TTFTCNQ ELECTRODES FROM TTF+ AND 

TCNQ°

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



methods to  produce s a t i s f a c t o r y  o r g a n i c  s a l t  e l e c t r o d e s ,  i t

was decided to  a t t e m p t  t o  s y n t h e s i s e  TTFTCNQ by th e  method

of  El Kacemi and Lamache, o u t l i n e d  i n  S e c t io n  3 . 1 . 1 .  The

method c o n s i s t s  o f  i n i t i a l l y  p r e p a r i n g  a s o l u t i o n  of  TTF+ in

0
a c e t o n i t r i l e ,  adding TCNQ , and t h e n  re d u ci n g  the  m i x tu r e  to

produce TTFTCNQ. The o b j e c t  of  t h e  o r i g i n a l  s y n t h e s i s  was

t o  make c r y s t a l s  of  t h e  o r g a n i c  s a l t ,  not  a t h i n - l a y e r ,  and

so in  th e  second s t e p  th e y  pr oduced t h e  s a l t  a t  a r e l a t i v e l y

slow r a t e ,  presumably a t  a s t a t i o n a r y  e l e c t r o d e .  In th e

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

was employed. I t  was hoped t h a t  in  t h i s  way, the  m e ta l

s u b s t r a t e  would be u n i f o r m l y  a c c e s s i b l e  to  the p l a t i n g  

[ 8 9 ]
m a t e r i a l s  and n u c l e a t i o n  would t a k e  p l a c e  over  t h e  whole 

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

s a l t  i n s t e a d  of  a number of  c r y s t a l s .

a ) S y n t h e s i s

+
TTF was s y n t h e s i s e d  by o x i d i s i n g  a s o l u t i o n  of  20 mg 

( 1 0 0  pmoles) of  TTF° i n  20 ml a c e t o n i t r i l e  at  +500 mV u n t i l

-3
t h e  c u r r e n t  was 20Z of  i t s  i n i t i a l  v a l u e .  50 mmol dm 

t
Bu^NClO^ was employed as background e l e c t r o l y t e .  To th e  

r e s u l t i n g  s o l u t i o n  was added 20 mg TCNQ0 ( 1 0 0  p m ol es ) ,  and 

t h i s  m ix tu re  was r ed uce d u s in g  a p la t i n u m  e l e c t r o d e  h el d  a t  

+ 50 mV and r o t a t e d  a t  i* Hz f o r  4 h o u r s .  The r e s u l t i n g  

m o di f ie d e l e c t r o d e  was c a r e f u l l y  washed using  DDW.

b) Appearance and E l e c t r o c h e m i c a l  Behavior  of th e  

E l e c t r o d e

The m od if ie d e l e c t r o d e  c o n s i s t e d  of  many b la ck  c r y s t a l s



which appeared to  have grown p e r p e n d i c u l a r  to  th e  e l e c t r o d e  

s u r f a c e .  These c r y s t a l s  were a p p r o x i m a t e l y  0 . 2 5  mm l o n g ,  

wi th  a c r o s s - s e c t i o n  about  1/5  o f  t h e  s i z e  of  t h e i r  l e n g t h .  

Bare p la t i n u m  m e ta l  was v i s i b l e  between t h e  c r y s t a l l i t e s ,  

which were e s t i m a t e d  by eye t o  co ver  about 60-70 Z Of t h e  

e l e c t r o d e  s u r f a c e .

-3
Cy cl ic  voltammograms of  t h e  e l e c t r o d e  in  0 . 1  mol dm 

KBr ar e  shown in  F ig ur e  3 . 3 . 1 4 .  I n i t i a l l y ,  between - 1 0 0  mV 

and +400 mV only very s m al l  peaks  ( p o s s i b l y  f o r  TCNQ^/TCNQ ) 

can be ob se rv ed a t  0 mV and +180 mV. When th e  e l e c t r o d e  i s  

reduced however,  t h e s e  peaks become much b i g g e r  and t h e  

anod ic  peak s h i f t s  p o t e n t i a l  s l i g h t l y  t o  +215 mV, p r o b a b ly  

due to  r e s i s t i v e  e f f e c t s  ( s e e  F i g u r e  3 . 3 . 1 4 b ) .  In a d d i t i o n  

two new peaks a t t r i b u t a b l e  to  t h e  TTF/TTF+ coup le  a p p e a r  a t  

- 2 7 0  mV and +130 mV. This i s  c h a r a c t e r i s t i c  of  TTFTCNQ and 

shows th e  e l e c t r o d e  i s  made from t h i s  m a t e r i a l .

c ) Response of  t h e  E l e c t r o d e  t o  NADH

The r e s p o n s e  of  t h e  e l e c t r o d e  to  NADH was 

- 2  -3
ap p r o x im a te ly  7 . 5  pA cm f o r  1 mmol dm NADH. Thi s  i s  

comparable t o  NMPTCNQ polymer p a s t e  e l e c t r o d e s .  The 

r e s p o n s e  to  GOD was not  t e s t e d  as t h e  a c t  of p l a c i n g  a 

membrane on t h e  e l e c t r o d e  would have damaged th e  c r y s t a l s  on 

i t s  s u r f a c e .

d ) Su rf ac e Coverage of  t h e  E l e c t r o d e

From t h e  c y c l i c  voltammogram i n  F ig u r e  3 . 3 . 1 4 b  we can

- 2
c a l c u l a t e  t h a t  about  63 nmol cm o f  TTFTCNQ had been 

reduce d in  t h e  e x p e r i m e n t .  This c o r r e s p o n d s  t o  a b o u t  530  

mo n ol ay er s .  As i n s p e c t i o n  o f  t h e  e l e c t r o d e  showed t h a t
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F ig u r e  3 . 3 . H  C y c l ic  voltammogram of the  e l e c t r o s y n t h e s i s e d  
TTFTCNQ e l e c t r o d e  (vs SCE): a) b e f o r e  
r e d u c t i o n ,  10 mV/s; b) a f t e r  r e d u c t i o n ,  2 
mV / s .



t h e r e  was o b v i o u s l y  much more m a t e r i a l  than t h i s  on t h e  

e l e c t r o d e ,  we must c o n cl u d e t h a t  t h i s  v al ue r e p r e s e n t s  an 

upper l i m i t  to  t h e  amount of  TTFTCNQ t h a t  could be r ed uce d 

b e f o r e  th e  b u i l d  up of  i n s o l u b l e  s p e c i e s  on the  o r g a n i c  

s a l t ' s  s u r f a c e  p r e v e n t e d  f u r t h e r  e l e c t r o c h e m i s t r y  on t h e  

s a l t  i t s e l f .  This c o n c l u s i o n  i s  s u p p o r te d  by th e  work of  

J a e g a r  and Bard, who found t h a t  o x i d a t i o n  or r e d u c t i o n  of  

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

s p e c i e s  on t h e  s u r f a c e  c o r r e s p o n d i n g  t o  of the  o r d e r  of

„ , ..[4 2 ]
hundreds of monolayers

Although t h i s  p a r t i c u l a r  s y n t h e s i s  seems to  produce t h e

h i g h e s t  s u r f a c e  c o v e r a g e s  ou t  of  t h e  methods d e s c r i b e d  so

f a r  in  t h i s  t h e s i s ,  i t  does  s u f f e r  from s e v e r a l

d i s a d v a n t a g e s .  This method t a k e s  s e v e r a l  ho u rs ,  due t o  t h e

+
m - s i t u  p r e p a r a t i o n  of  t h e  TTF s a l t .  This i n c r e a s e s  t h e

l i k e l i h o o d  of  t h e  m a t e r i a l  r e a c t i n g  w i t h  any oxygen p r e s e n t .

TTF i s  r e q u i r e d  f o r  t h e  s y n t h e s i s  in  r e l a t i v e l y  l a r g e

+
q u a n t i t i e s .  As t h i s  i s  e x p e n s i v e  compared to  NMP and TCNO 

t h i s  i s  o b v i o u s l y  no t  d e s i r a b l e .  However, perhaps more 

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

t h e  o r g a n i c  s a l t  d id  no t  c o m p l e t e l y  cover  th e  e l e c t r o d e  and 

b a r e  p l a t i n u m  s t i l l  showed between t h e  c r y s t a l s .  For t h i s  

r e a s o n ,  no f u r t h e r  work was c a r r i e d  ou t  on t h i s  s y n t h e t i c

r o u t e .



3.3(2) METHODS EMPLOYING MODIFIED DONOR OR ACCEPTOR

ELECTRODES

A common f e a t u r e  of  t h e  p r e v i o u s  t h r e e  s y n t h e s e s  i s  t h e  

f a i l u r e  of  th e  o r g a n i c  s a l t  to  cove r  t h e  b are  m e ta l  

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

problem i s  t h a t  t h e  o r g a n i c  s a l t  has d i f f i c u l t y  " k e y i n g ” 

on to th e  me tal  and once t h e r e  a r e  n u c l e a t i o n  s i t e s  on t h e  

s u r f a c e  i t  has a p r e f e r e n c e  f o r  growing a t  t h e s e  s i t e s  

r a t h e r  than on t h e  m e t a l .  The o r g a n i c  s a l t s  a r e  c o n d u c t i v e  

so t h e r e  would be no problems con nec ted  with  th e  newly 

formed c r y s t a l s  b e i n g  r e s i s t i v e  and t h e r e b y  p r e v e n t i n g  

f u r t h e r  growth. As t h e  c r y s t a l s  grew ou t  i n t o  t h e  bulk one 

coul d e nv i sa g e t h a t  d on or s  or  a c c e p t o r s  d i f f u s i n g  t o  t h e  

e l e c t r o d e  would become more and more l i k e l y  t o  e n c o u n t e r  a 

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

a t  t h e  former s i t e .  In t h i s  way growth would become c e n t r e d  

a t  e x i s t i n g  c r y s t a l s  and would not  t a k e  p l a c e  a t  th e  

e l e c t r o d e  s u r f a c e .  S tro n g  ev i d en ce  f o r  t h i s  h y p o t h e s i s  i s  

pr ov id ed  by th e  s y n t h e s i s  d e s c r i b e d  in  S e c t i o n  3 . 3 ( 1 ) . 3 ,  

where d e s p i t e  t h e  f a c t  t h a t  r e l a t i v e l y  l a r g e  amounts of  

TTFTCNQ were p ro d u c e d ,  i n d i v i d u a l  c r y s t a l s  grew a t  t h e  

e l e c t r o d e  s u r f a c e  and b ar e  m e ta l  was s t i l l  v i s i b l e  between 

them.

One way t o  overcome t h i s  d i f f i c u l t y  would be t o  

p r e t r e a t  th e  e l e c t r o d e  in  o r d e r  to  c r e a t e  enough n u c l e a t i o n  

s i t e s  to  f a c i l i t a t e  com ple te  cov erage o f  t h e  m e ta l  s u r f a c e  

by t h e  s a l t .  Work i n  t h e s e  l a b o r a t o r i e s  showed t h a t  i t  was 

p o s s i b l e  t o  produce TCNO and TTF m o d i f ie d  e l e c t r o d e s  q u i t e



e a s i l y  us in g  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  ( s e e  b el o w ).  These

e l e c t r o d e s  a r e  r e l a t i v e l y  s t a b l e  i n  r e du ce d and o x i d i s e d

forms,  and form a smooth l a y e r  o ver  t h e  m e t a l  s u b s t r a t e  t h a t

ap pe a rs  to  co m p le te ly  cover  th e  e l e c t r o d e  when seen under  a

m i c r o s c o p e .  Ions  can e a s i l y  be i n c o r p o r a t e d  i n t o  t h e s e

e l e c t r o d e s  by simp le  r e d u c t i o n  o r  o x i d a t i o n  in  the

a p p r o p r i a t e  background e l e c t r o l y t e .  An example of  t h i s

0 +
would be th e  c o n v e r s i o n  of a TCNQ e l e c t r o d e  to  K TCNQ by

r e d u c t i o n  a t  about  0 mV in  an e l e c t r o l y t e  such as KBr. A

c y c l i c  voltammogram showing t h i s  p r o c e s s  has a l r e a d y  been

p r e s e n t e d  in  F i g u r e  3 . 3 . 1 .  Although o r g a n i c  donor and

a c c e p t o r  mo le cu le s  a r e  much l a r g e r  t h a n  simp le  io n s  such as 

+
K , i t  was hoped t h a t  by us in g  an e l e c t r o l y t e  c o n t a i n i n g  t h e  

donor  or  a c c e p t o r ,  t h e  o r g a n i c  s a l t  coul d be produced by 

i n c o r p o r a t i o n  of  t h e  s p e c i e s  in  s o l u t i o n  i n t o  the  

a p p r o p r i a t e  donor or  a c c e p t o r  m o d i f ie d  e l e c t r o d e .  Although 

t h i s  may sound u n l i k e l y  because of  t h e  s i z e  of t h e s e  

m o l e c u l e s ,  i t  should be noted t h a t  m o l e c u le s  as l a r g e  as p- 

t o l u e n e  s u l p h o n a t e  have been i n c o r p o r a t e d  in  t h i o n i n e  

m o d i f ie d  e l e c t r o d e s  { t h i o n i n e  i s  s i m i l a r  in  s i z e  to  t h e

nhpV 9 0 1 .

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

NMPTCNQ and TTFTCNQ, i t  must f i r s t  be no te d t h a t  NMP 

m o d i f ie d  e l e c t r o d e s  a r e  u n s t a b l e  and t h e r e f o r e  cannot  be 

u s e d .  As background e l e c t r o l y t e s  in  w a t e r ,  NMPMeS03 and 

LiTCNQ appear  s u i t a b l e ,  but  as s t a t e d  p r e v i o u s l y  TTF s a l t s  

t h a t  a r e  s o l u b l e  enough i n  w a te r  f o r  t h i s  purpose a r e  very



d i f f i c u l t  to p r e p a r e .  A c e t o n i t r i l e  cannot  be used as a

0 0
s o l v e n t  because TTF and TCNQ a r e  s o l u b l e  in t h i s  medium

and modi fie d e l e c t r o d e s  made of  t h e s e  m a t e r i a l s  would

d i s s o l v e .  Thus to  p r e p a r e  NMPTCNQ e l e c t r o d e s  one must f i r s t  

0
produce a TCNQ e l e c t r o d e  and r e d u c e  i t  in  an aqueous 

s o l u t i o n  of NMPMeS0 3 . To p r e p a r e  TTFTCNQ e l e c t r o d e s ,  one 

must use a TTF° m o d i f ie d  e l e c t r o d e  and o x i d i s e  i t  i n  t h e  

p r e s e n c e  of LiTCNQ.

In the  rema inde r  o f  t h i s  i n t r o d u c t o r y  s e c t i o n  ways of 

pr odu cin g mod ified TCNQ and TTF e l e c t r o d e s  w i l l  be 

d i s c u s s e d .  The use of t h e s e  e l e c t r o d e s  in  th e  

e l e c t r o s y n t h e s e s  of  NMPTCNQ and TTFTCNQ w i l l  be d e s c r i b e d  i n  

t h e  f o l l o w i n g  two s e c t i o n s .  

a ) P r e p a r a t i o n  of  TCNQ Modified E l e c t r o d e s

As a l r e a d y  s t a t e d ,  TCNQ e l e c t r o d e s  can be p r e p a r e d  by 

simply dro ppi ng  a s o l u t i o n  o f  TCNQ on to t h e  e l e c t r o d e  

s u r f a c e  and a l l o w i n g  t h e  s o l v e n t  t o  e v a p o r a t e  or by 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 f  LiTCNQ in an aqueous medium.

The l a t t e r  method must be p r e f e r r e d  and was always used in  

t h i s  work as th e  amount o f  TCNQ d e p o s i t e d  on the  e l e c t r o d e  

can be c o n t r o l l e d  by m o n i t o r i n g  t h e  amount of  charge p as se d 

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

-3
A r o t a t i n g  d i s c  p o la ro g r a m  o f  LiTCNQ in 100 mmol dm

aqueous l i t h i u m  a c e t a t e  a t  4 Hz i s  shown in Figure 3 . 3 . 1 5 .

At o x i d i s i n g  p o t e n t i a l s  a p o l a r o g r a p h i c  wave c o r r e s p o n d in g

0
t o  t h e  p r o d u c t i o n  o f  i n s o l u b l e  TCNQ i s  a p p a r e n t .  As t h e  

p o t e n t i a l  i s  swept tow ar d s  r e d u c i n g  p o t e n t i a l s  a peak 

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



aqueous LiTCNQ ( 1 0  mV/s vs SCE).
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e l e c t r o d e .  This peak i s  su perimposed on a c a t h o d i c  wave due

2 -
to  th e  r e d u c t i o n  of  TCNQ to  TCNQ . Measurement of  th e

t o t a l  charge pa s s ed  f o r  t h e  p r o d u c t i o n  of  TCNQ° and i t s

su b se q ue nt  s t r i p p i n g  s u g g e s t s  t h a t  w i t h i n  e x p e r i m e n t a l  e r r o r  

0
a l l  t h e  TCNQ pr oduced i n  t h e  a n o d i c  wave remains  on t h e

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

i m p l i e s  t h a t  by m o n i t o r i n g  t h e  c h a r g e  pass ed in  p r o d u c t i o n  

0
o f  a TCNQ e l e c t r o d e  we have an a c c u r a t e  measure of  t h e  

amount of  m a t e r i a l  ads or bed  t o  t h e  s u r f a c e  of  t h e  e l e c t r o d e .

In t h i s  work, TCNQ^ e l e c t r o d e s  were produced both by 

p o t e n t i o s t a t i c  and g a l v a n o s t a t i c  means.  As long as in  t h e  

l a t t e r  case  th e  f o r c i n g  c u r r e n t  was k e p t  below t h e  d i f f u s i o n  

c o n t r o l l e d  l i m i t ,  t h e  r e s u l t i n g  e l e c t r o d e s  d id  not  

s i g n i f i c a n t l y  d i f f e r  in  t h e i r  p r o p e r t i e s  and both methods 

were e q u a l l y  s a t i s f a c t o r y .  

b ) P r e p a r a t i o n  of  TTF Modified E l e c t r o d e s

As wi th  TCNQ, TTF mo dified e l e c t r o d e s  can be produced 

by simple  e v a p o r a t i o n  of a TTF s o l u t i o n  pla ce d  on th e  

e l e c t r o d e  or by el ect ro che mi ca l  me thods.  Again t h e  l a t t e r  

method i s  p r e f e r r e d  as being more r e p r o d u c i b l e  and 

c o n t r o l l a b l e .

-3
A r o t a t i n g  d i s c  polarogram o f  TTFC1 i n  100 mmol dm

l i t h i u m  a c e t a t e  i s  shown in  F ig u r e  3 . 3 . 1 6 .  A c a t h o d i c  wave

a t t r i b u t a b l e  t o  t h e  r e d u c t i o n  of TTFC1 t o  TTF^ as w e l l  as an

an o d i c  wave c o r r e s p o n d i n g  t o  t h e  o x i d a t i o n  of  t h e  former 

2 +
s p e c i e s  t o  TTF a r e  a p p a r e n t .  There i s  a l s o  an an o d i c  peak 

a t  +215 mV which can be a t t r i b u t e d  t o  t h e  r e o x i d a t i o n  of
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F igu re  3 . 3 . 1 6  R o t a t i n g  d i s c  p ola rog ra m of 1 . 0  mmol dm 
aqueous TTFC1 (5 mV/s vs SCE).
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TTF adsorbed o n to  t h e  e l e c t r o d e .  Comparison of  t h e  t o t a l

charge passed shows t h a t  a t  l e a s t  85Z of th e  TTF° pr oduced

a t  reduc ing  p o t e n t i a l s  i s  a d s o r b e d  onto the  e l e c t r o d e  and

appea rs  in t h i s  p e a k .  This r e s u l t  shows t h a t  th e  amount of  

0
TTF adsorbed on t h e  m o d i f ie d  e l e c t r o d e  can be c o n t r o l l e d  

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

G a l v a n o s t a t i c  o r  p o t e n t i o s t a t i c  methods can bo th be 

employed to  p r e p a r e  TTF° m o d i f i e d  e l e c t r o d e s .  In t h i s  work 

t h e  l a t t e r  method was p r e f e r r e d  as TTFC1 tend s to  be 

u n s t a b l e  in  s o l u t i o n  and so by s e t t i n g  th e  p o t e n t i a l  t o  g iv e  

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

produced a t  t h e  f a s t e s t  r a t e  p o s s i b l e .

3 . 3 ( 2 ) . 1  ATTEMPTED SYNTHESIS OF NMPTCNQ ELECTRODES FROM TCNQ 

MODIFIED ELECTRODES

In t h i s  s y n t h e s i s  a TCNQ^ m o d i f i e d  e l e c t r o d e  i s  r ed uce d 

i n  th e  p r e s e n c e  o f  NMPMeSO^ as t h e  background e l e c t r o l y t e .  

F ig u r e  3 . 3 . 1 7  shows a r o t a t i n g  d i s c  polarogram of  t h e  l a t t e r

-3
on a p la t i n u m  e l e c t r o d e  i n  1 0 0  mmoldm aqueous l i t h i u m

a c e t a t e  a t  4 Hz. A c a t h o d i c  wave i s  c l e a r l y  a p p a r e n t

co r r e s p o n d in g  t o  r e d u c t i o n  o f  NMP* t o  "NMP°", which i s

adsorbed on t h e  s u r f a c e  of  t h e  e l e c t r o d e  and i s  s u b s e q u e n t l y

r e o x i d i s e d  in  t h e  r e v e r s e  sweep, g i v i n g  r i s e  to  a peak a t  -

20 mV. The o n s e t  o f  a m e a s u r a b l e  F a r a d a i c  c u r r e n t  f o r  t h e

-3  +
r e d u c t i o n  of  4 mmol dm NMP o c c u r s  a t  a p p ro x im at e ly  - 4 0

0
mV. The r e d u c t i o n  o f  a TCNQ e l e c t r o d e  normally o c c u r s  a t

abo u t  0 to  - 5 0  mV. Thus i t  i s  p o s s i b l e  t h a t ,  g ive n t h e  hig h

+ 0
c o n c e n t r a t i o n  o f  NMP employed,  "NMP " may be produced i n



1 6 3

Figu re  3 . 3 . 1 7  R o t a t i n g  d i s c  polarogram of 4 . 2  mmol dm 
aque o us  NMPMeSO^ (10 mV/s vs SCE).



t h e  s y n t h e s i s . I t  i s  not known w he th er  t h i s  s p e c i e s  

0
combines w it h  TCNO t o  produce t h e  s a l t .  Because of  t h i s

problem,  t h e  second s t e p  o f  t h e  s y n t h e s i s  was c a r r i e d  out by 

0
sweeping t h e  TCNQ e l e c t r o d e  o v er  a p o t e n t i a l  range 

s u f f i c i e n t  t o  r e d u c e  t h e  TCNQ° t o  TCNQ~ and t o  r e o x i d i s e  

" NMP°".

Under t h e s e  c o n d i t i o n s  i t  was hoped t h a t  a l l  t h e  TCNQ°

p r e s e n t  should be e v e n t u a l l y  c o n v e r t e d  t o  TCNQ which w i l l

combine w ith  NMP + from t h e  b u l k .  Any "NMP°" which may be

made should be r e o x i d i s e d  when t h e  e l e c t r o d e  i s  swept back

towards  p o s i t i v e  p o t e n t i a l s  and l o s t  i n t o  t h e  b u lk .  The

f o l l o w i n g  s y n t h e s i s  was c a r r i e d  ou t  u s in g  t h e s e  p r i n c i p l e s .

a ) S y n t h e s i s  

0
A TCNQ e l e c t r o d e  was p r e p a r e d  by r e d u c i n g  an aqueous 

-  3 _ 3
s o l u t i o n  of  1 mmol dm LiTCNQ and 100 mmol dm l i t h i u m  

a c e t a t e  a t  +200 mV f o r  1 min ute  a t  a p la t i n u m  d i s c  e l e c t r o d e  

( r a d i u s  3 . 5  mm) r o t a t e d  a t  4Hz. At t h e  s t a r t  of t h e  s y n t h e s i s  

t h e  c u r r e n t  was 60 pA and a t  t h e  end i t  was 56 pA. A l t o g e t h e r

3 . 4  mC of charge was passed c o r r e s p o n d i n g  to  th e  o x i d a t i o n  of

3 4 . 2  nmol of  TCNQ .

The m od i f ie d  e l e c t r o d e  was now p l a c e d  in  an aqueous 

-3
s o l u t i o n  of  20  mmol dm NMPMeSO^. r o t a t e d  a t  4 Hz and swept 

a t  5 mV/s between - 7 0  mV and +55 mV. The d i s a p p e a r a n c e  over  

a number of  sweeps o f  a c a t h o d i c  peak a t  - 3 0  mV could 

c l e a r l y  be o b s e r v e d .  This i s  a t t r i b u t a b l e  to  th e  r e d u c t i o n  

o f  TCNQ° on th e  e l e c t r o d e  s u r f a c e .  Because t h e  amount of 

t h i s  m a t e r i a l  on t h e  e l e c t r o d e  s u r f a c e  i s  l i m i t e d  and i t  can



no t  be r e o x i d i s e d  a t  t h e  p o t e n t i a l s  employed, th e  d e c r e a s e  

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

TCNQ . Once t h i s  peak had d i s a p p e a r e d ,  th e  e l e c t r o d e  was 

t a k e n  out of  th e  s o l u t i o n  and washed c a r e f u l l y  w i t h  ODW.

b ) Appearance and E l e c t r o c h e m i c a l  P r o o e r t i p s  of  t h e  

E l e c t r o d e

The e l e c t r o d e  ap p ea red  t o  t h e  naked eye to have an 

even b ro w n is h /b l ac k  c o l o u r  w i t h  some of  th e  bare p l a t i n u m  

m e t a l  sometimes showing as a b a c k g r o un d ,  depending on i t s  

o r i e n t a t i o n  to  t h e  v i e w e r .  Using scann ing e l e c t r o n  

m ic r o s co p y ,  i t  was p o s s i b l e  t o  s e e  t h a t  ap p r o x im at e ly  30 -5 0Z  

o f  th e  e l e c t r o d e  s u r f a c e  was c o v e r e d  with  m i c r o c r y s t a l l i t e s .  

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

hav in g an avera ge s i z e  of  a b o u t  5 pm a c r o s s .  Due t o  t h e  

d e p t h  of  t h e s e  m i c r o c r y s t a l l i t e s  one would t h e r e f o r e  ex p e c t  

t h e  appea ran ce of t h e  e l e c t r o d e  t o  change with  i t s  

o r i e n t a t i o n .  Viewed o b l i q u e l y ,  most of  th e  bare p l a t i n u m  

would be hidden by th e  m i c r o c r y s t a l l i t e s  which w i l l  extend 

away from t h e  e l e c t r o d e  s u r f a c e .  However, when viewed 

p e r p e n d i c u l a r l y  to  th e  e l e c t r o d e  s u r f a c e ,  th e  bare  m e ta l  

would c l e a r l y  be v i s i b l e .  Thus t h e  appearance of  t h e  

e l e c t r o d e  can be e x p l a i n e d  by l o o k i n g  a t  i t s  m i c r o s t r u c t u r e .

I n i t i a l  c y c l i c  vo ltamm etry o f  t h e  e l e c t r o d e  i n  100 mmol 

- 3
dm KC1 shows peaks t h a t  a r e  c h a r a c t e r i s t i c  of t h e  p r e s e n c e  

o f  f r e e  TCNQ ( F i g u r e  3 . 3 . 1 8 a ) .  In an e f f o r t  to  remove t h i s  

from the e l e c t r o d e ,  a c y c l i c  voltammogram was c a r r i e d  out  in

-3
100 mmol dm aqueous l i t h i u m  a c e t a t e .  I t  was hoped t h a t  

TCNQ would be reduced t o  TCNQ , which i s  s o l u b l e  i n  t h i s
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Figure 3.3.18 Cyclic, vo.l tammogram of the electrosynthesised 
NMPTCNQ electrode (20 mV/s vs SCE): a) before 
reduction, in aqueous KBr; b) during 
reduction, in lithium acetate.



e l e c t r o l y t e ,  w h i l s t  t h e  NMPTCNQ would not be decomposed

because i t s  s t a b l e  range was n o t  exce ede d.  However, t h i s

p r o c e s s  removed a l l  t h e  m a t e r i a l  from t h e  e l e c t r o d e .

I n s p e c t i o n  of  t h e  c y c l i c  voltammogram of  t h i s  p r o c e s s

( F i g u r e  3 . 3 . 1 8 b )  shows two c a t h o d i c  peaks a t  - 1 0 0  mV and -

170 mV and a broad anodic  peak c e n t r e d  a t  HO mV. The f i r s t

could be due to  f r e e  TCNQ bei ng c o n v e r t e d  to  TCNQ . The

second peak i s  more d i f f i c u l t  t o  e x p l a i n .  However, i t  could

p o s s i b l y  be a t t r i b u t a b l e  t o  NMPTCNQ bei ng decomposed to  

0  „
NMP and TCNQ , or  to  TCNQ b e i n g  f u r t h e r  reduced to  

2 -

TCNQ . I t s  ab se n ce in  t h e  p r e v i o u s  c y c l i c  voltammogram in  

aqueous KC1 may be due t o  t h e  change in  e l e c t r o l y t e .  The 

broad anodic  peak may be due to  TCNQ being r e o x i d i s e d  to  

TCNQ0 .

Because of  t h e  r e s u l t s  from t h e s e  c y c l i c  voltammograms, 

t h i s  s e c t i o n  has been c l a s s i f i e d  as an "a t t em p te d 

s y n t h e s i s " .  However, t h e r e  i s  a p o s s i b i l i t y  NMPTCNQ was 

p r o duc ed,  and so t h e  r e s p o n s e  t o  GOO and NADH was 

i n v e s t i g a t e d .

c ) Response of  t h e  E l e c t r o d e  t o  GOD and NADH

E l e c t r o d e s  p r e p a r e d  u s in g  t h i s  method of s y n t h e s i s

te nde d to  have problems w it h  background c u r r e n t s  which

d r i f t e d  and were ver y n o i s y .  Some did  not  respond t o  NADH

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

t i m e .  The b e s t  r e s p o n s e  to  NADH was seen when th e  e l e c t r o d e

was used f o r  t h e  f i r s t  t i m e ,  when i t  reac hed about 2 pA 

- 2 -3
cm f o r  1 mmol dm NADH ( F i g u r e  3 . 3 . 1 9 ) .  This v a l u e  i s
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Figure 3.3.19 Response of a fresh electrosynthesised NMPTCNQ 
electrode to 1 mmol dm"^ NADH.

Figure 3.3.20 Response of a fresh electrosynthesised 
NHPTCNQ/GOD membrane electrode to total 
glucose concentrations of: a) 1 mmol drrr̂  , b) 
2 mmol dm'-̂  and c) 7 mmol dnT^ .



about 2 5 l  of t h a t  f o r  t y p i c a l  NMPTCNQ polymer p a s t e  

e l e c t r o d e s ,  and by a s i m i l a r  argument  to  t h a t  i n t r o d u c e d  in  

S e c t i o n  3 . 3 ( 1 ) . 1 ,  can be e x p l a i n e d  from t h e  o b s e r v a t i o n  t h a t  

t h e  e l e c t r o d e  c o n s i s t s  of  m i c r o c r y s t a l l i t e s  s e p a r a t e d  by 

b ar e  m e t a l .

-3
Turning t o  GOD, t h e  e l e c t r o d e  s a t u r a t e d  a t  1 mmol dm

- 2
g l u c o s e  with  a s a t u r a t i o n  c u r r e n t  o f  1 . 8  pA cm ( F i g u r e  

3 . 3 . 2 0 ) .  This i s  around M  of  t h e  t y p i c a l  value f o r  polymer 

p a s t e  e l e c t r o d e s ,  and a g a i n  can be e x p e c te d  because t h e  

e l e c t r o d e  w i l l  not  be porous and so w i l l  have a low a c t u a l  

s u r f a c e  a r e a .

I f  th e  e l e c t r o d e  was used f o r  prolon ged  p e r i o d s  o f  t ime

(s uch  as o v e r n i g h t )  t h e  s u r f a c e  of  t h e  e l e c t r o d e  changed

c o l o u r  from brow n/b la ck t o  p u r p l e .  This w i l l  be d i s c u s s e d

i n  t h e  next  s e c t i o n .

d ) S u r f ac e Coverage o f  t h e  E l e c t r o d e

An e s t i m a t i o n  o f  t h e  s u r f a c e  co v era ge of th e  e l e c t r o d e

was d i f f i c u l t  b e c a u s e  i t  may have c o n s i s t e d  wholly or

p a r t i a l l y  of  f r e e  TCNQ and be ca u se  from c y c l i c  voltammetry

i t  was not c l e a r  w h e th e r  NMPTCNQ was a c t u a l l y  p r e s e n t .  As

has a l r e a d y  been i n d i c a t e d ,  some e l e c t r o d e s  produced u s in g

t h i s  method did  n o t  r es po nd  t o  NADH. Furthermore,  t h e

p r o p e r t i e s  of t h e  e l e c t r o d e  seemed t o  to  be u n r e l a t e d  t o  t h e  

0
amount of  TCNQ (and hence i t s  t h i c k n e s s )  p r e s e n t  on t h e  

0
TCNQ mo dified e l e c t r o d e  u s e d .  One e x p l a n a t i o n  f o r  t h e  poor  

performance of t h e  e l e c t r o d e s  produced by t h i s  method of  

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

of  an u n s t a b l e  form o f  NMPTCNQ or  a m i x tu r e  of uncomplexed



NMP and TCNQ. Th is  would e x p l a i n  s e v e r a l  of th e  

e x p e r i m e n t a l  o b s e r v a t i o n s  as one could e n v i s a g e  t h a t  i f  

e i t h e r  of  t h e s e  h y p o t h e s e s  were t r u e  on p l a c i n g  an e l e c t r o d e  

in  a s o l u t i o n  c o n t a i n i n g  a p o t a s s i u m  or sodium s a l t  as th e  

background e l e c t r o l y t e  a s o l u b l e  form of NMP could be l o s t  

from the e l e c t r o d e  t o  l e a v e  TCNQ on i t s  s u r f a c e .  The 

l a t t e r  would g iv e  r i s e  t o  peaks in  th e  c y c l i c  voltammograms 

and would be o b s e r v e d  as a p u r p l e  i n s o l u b l e  s o l i d  on t h e  

s u r f a c e  of  the  e l e c t r o d e .  The o r i g i n a l  brown/black c o l o u r  

could be due to  NMPTCNQ or  to  a com bin ati on  o f  t h e  c o l o u r s  

of  th e  f r e e  donor and a c c e p t o r  s p e c i e s .

F u r t h e r  i n v e s t i g a t i o n  of t h e s e  problems ( p o s s i b l y  by 

s p e c t r o s c o p i c  t e c h n i q u e s )  would be i n t e r e s t i n g ,  bu t  due to  

t h e  s u cc es s  of t h e  n e x t  s y n t h e s i s  d e s c r i b e d  below were not 

c a r r i e d  o u t .  One l i m i t a t i o n  of  t h e  above s y n t h e s i s  (and 

t h a t  d e s c r i b e d  i n  S e c t i o n  3 . 3 ( 1 ) . 3 )  could be problems w it h  th e  

e l e c t r o c h e m i s t r y  t h e  NMP c a t i o n .  The n a t u r e  of  "NMP°" i s  

unknown, and i f  prod uce d as a b y p ro d u ct  of th e  s y n t h e s i s ,  i t  

co ul d p o s s i b l y  p o i s o n  an NMPTCNQ e l e c t r o d e ,  e s p e c i a l l y  i f  

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

A l t e r n a t i v e l y  i t  may form an u n s t a b l e  complex w ith  TCNQ*1 

which i s  n o n - c o n d u c t i n g  an d /o r  i n a c t i v e  to  NADH and GOD. I f  

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

e n v i s a g e  any e l e c t r o s y n t h e s i s  f o r  NMPTCNQ s uc cee din g i n  

pro d u cin g th e  p u r e  o r g a n i c  s a l t .



3 . 3 ( 2 ) . 2  PREPARATION OF TTFTCNQ ELECTRODES FROM TTF°

MODIFIED ELECTRODES

0
In t h i s  s y n t h e s i s  a TTF e l e c t r o d e  i s  o x i d i s e d  i n  a

s o l u t i o n  c o n t a i n i n g  LiTCNQ. The e l e c t r o c h e m i c a l  b e h a v i o r  of  

0
TTF m od if ied  e l e c t r o d e s  and t h a t  of  LiTCNQ in  s o l u t i o n  has

a l r e a d y  been shown i n  F i g u r e s  3 . 3 . 2  and 3 . 3 . 1 5 .  I t  can be

seen t h a t  TCNQ can be o x i d i s e d  a t  p o t e n t i a l s  as low as 0

0
mV, whereas  ads or bed  TTF shows a peak a t  130 mV. The

approach of  sweeping t h e  p o t e n t i a l  of  t h e  e l e c t r o d e  around

t h i s  peak would t h e r e f o r e  r e s u l t  i n  ver y l a r g e  amounts of  

0
i n s o l u b l e  TCNQ b e i n g  p r od uce d,  e s p e c i a l l y  because t h e

c o n c e n t r a t i o n  of  TCNQ w i l l  be v er y  h igh  due to  i t s  use as

t h e  background e l e c t r o l y t e .  W h i l s t  i t  may be p o s s i b l e  to

remove t h i s  e l e c t r o c h e m i c a l l y , t h e  more ci rc u m s p e c t  approach

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

a d o p t e d .  Knowing t h e  amount of TTF° bound to  the e l e c t r o d e ,

t h e  charge passed co ul d  be c o n t r o l l e d  to  o x i d i s e  t h e  same

number of  moles of  TCNQ , so o p t i m i s i n g  t h e  chances  of

pro d u cin g th e  maximum amount of  t h e  o r g a n i c  s a l t  w i t h  th e

l e a s t  amount of  i m p u r i t i e s .

a ) S y n t h e s i s

0  . .
A TTF m o d i f ie d  e l e c t r o d e  was p r e p a r e d  as f o l l o w s .  A

g o ld  d i s c  e l e c t r o d e  ( r a d i u s  3.5mm) was r o t a t e d  a t  16 Hz in

-3
an aqueous s o l u t i o n  c o n t a i n i n g  1 mmol dm TTFC1 and 100 

-3
mmol dm l i t h i u m  a c e t a t e .  The e l e c t r o d e  was p o is e d  a t  0 

mV and e l e c t r o l y s i s  was c a r r i e d  f o r  4 2 2  se conds,  a f t e r  which 

10 mC of  charge had been passed a t  t h e  e l e c t r o d e  ( t h i s  was 

m o ni to r ed  u s in g  a c u r r e n t  i n t e g r a t o r ) .  At t h e  s t a r t  of  t h e



s y n t h e s i s  the  c u r r e n t  was 32 pA. This d ec r e as e d  to  24 pA by

t h e  end of th e  s y n t h e s i s .  The e l e c t r o d e  was then c a r e f u l l y

washed in  ODW.

0
The TTF m o d i f ie d  e l e c t r o d e  was t h e n  pla ced i n  an

-3
aqueous s o l u t i o n  c o n t a i n i n g  25 mmol dm LiTCNQ, r o t a t e d  a t  

16 Hz and an o x i d i s i n g  c u r r e n t  o f  100 pA was passed f o r  100 

s ( i e  t o t a l  charge p as s ed  10 mC). The e l e c t r o d e  was t a k e n  

o u t  o f  s o l u t i o n  and washed w i t h  DDW.

b) Appearance and E l e c t r o c h e m i c a l  Behavior  of  the  

E l e c t r o d e

The e l e c t r o d e  was ev enl y co v er e d  in  a t h i n  l a y e r  o f  a 

d a r k  g r e y / b l a c k  m a t e r i a l .  No b a r e  m e t a l  was v i s i b l e  and an 

o b l i q u e  view of  t h e  e l e c t r o d e  showed t h e  l a y e r  of  o r g a n i c  

s a l t  c l e a r l y  s t a n d i n g  out  on t h e  s u r f a c e  with  a t h i c k n e s s  

t h a t  was a p p r o x im a te ly  uniform ov er  t h e  e n t i r e  edge o f  t h e  

e l e c t r o d e .

Figu re  3 . 3 . 2 1 a  shows a c y c l i c  voltammogram of  t h e

-3
e l e c t r o d e  in  a pH7.4 b u f f e r  c o n t a i n i n g  150 mmol dm NaCl 

-3
and 100 mmoldm sodium p h o s p h a t e .  No s i g n i f i c a n t  peaks  a r e  

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

shown in  Figure  3 . 3 . 2 1 b  a f t e r  b ei n g reduc ed  i n  aqueous KC1.

New peaks have ap p e a r e d  which a r e  c h a r a c t e r i s t i c  of  TTFTCNQ.

We can t h e r e f o r e  co n c l u d e  t h a t  t h i s  s y n t h e s i s  has been 

s u c c e s s f u l  in  p r o d u c in g  TTFTCNQ.

c ) Response of  th e  E l e c t r o d e  t o  NADH and GOD

An unusual property of the TTFTCNQ electrode prepared

by this synthesis was that transients for potential steps were



F i g u r e  3 . 3 . 2 1  C y c l ic  voltammogram of  the  e l e c t r o s y n t h e s i s e d  
TTFTCNQ e l e c t r o d e  (vs SCE): a) b e f o r e  
r e d u c t i o n ,  100 mV/s; b) a f t e r  r e d u c t i o n ,  50 
mV / s .
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much f a s t e r  th a n  t h o s e  e x p e r i e n c e d  w i t h  polymer p a s t e  and

s i l i c o n e  o i l  e l e c t r o d e s .  Because of  t h i s ,  a r o t a t i n g  d i s c

polarogram of  NADH could be c a r r i e d  o u t .  To minimise

c a p a c i t i v e  and o t h e r  e f f e c t s  a v er y slow sweep r a t e  was

ad o p t ed .  F i g u r e  3 . 3 . 2 2  shows such a polarogram ( t a k e n  i n  an

- 3
aqueous s o l u t i o n  o f  pH7.4 b u f f e r  c o n t a i n i n g  1 mmol dm

- 3  - 3
NADH, 100 mmol dm sodium p h o s p h a te  and 150 mmol dm NaCl

a t  a r o t a t i o n  speed of  4 Hz and sweep r a t e  of  0 . 2  mV s 1 ) ,

a f t e r  al lo w an ce  had been made f o r  t h e  background c u r r e n t .

Unlike NMPTCNQ e l e c t r o d e s ,  t h e  r a t e  o f  o x i d a t i o n  o f  NADH i s

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

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

d i s c u s s e d  in  S e c t i o n  3 . 4 .

This d a t a  can a l s o  be used t o  f i n d  an a p p a r e n t  t r a n s f e r  

c o e f f i c i e n t  a ,  f o r  NADH a t  a TTFTCNQ e l e c t r o d e .  This  

assumes t h a t  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  NADH k * , 

i s  given by t h e  f o l l o w i n g  e q u a t i o n

k' = k*exp{ncxF ( E- E* ) / RT > ( 3 . 4 )

The c u r r e n t  i ,  i s  t h e n  g ive n by

nFA/i = 1 / ( k ’ [NADH]) + nFA/il i m  ( 3 . 5 )

where i .  . i s  t h e  l i m i t i n g  c u r r e n t  f o r  a p ro ce ss  such as 
l im

mass t r a n s p o r t  o r  a d s o r p s i o n .  S u b s t i t u t i o n  of  e q u a t i o n  3 . 4  

i n t o  3 . 5 ,  and t a k i n g  l o g a r i t h m s  g i v e s :

l n { ( i ^ ^ ^ / i J - 1 } = - ( naF/RT) E + c o n s t a n t  ( 3 . 6 )

r b b i
This  i s ,  i n  f a c t ,  a m o d i f ie d  form o f  t h e  T a f e l  p l o t  and

such a p l o t  i s  shown f o r  t h e  NADH/TTFTCNQ system i n  F i g u r e  

3 . 3 . 2 3 .  The g r a d i e n t  of  t h i s  p l o t  g i v e s  a value f o r  na of

0 . 8 8 .  The s i g n i f i c a n c e  of  t h i s  r e s u l t  w i l l  be d i s c u s s e d  i n



1 8 0

Figure 3.3.22 Rotating disc polarogram of 1.0 mmol dm" NADH 
at the electro synthesised TTFTCNQ electrode 
(0.2 mV/s vs SCE).



1 8 1

Figure 3.3.23 Modified Tafe.l plot of data shown in Figure 
3.3.22



t h e  n ex t  c h a p t e r .

The r e s p o n s e  of  t h e  e l e c t r o d e  t o  GOD was t e s t e d  a t  8

p o t e n t i a l s  between - 5 0  and +300 mV. Most of t h e s e  r e s u l t s

a r e  shown in  t h e  ne xt  c h a p t e r .  For comparison w ith  t h e

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

r e s p o n s e  to  GOD a t  50 mV i s  shown i n  F ig u r e  3 . 3 . 2 4 .  The

-3
e l e c t r o d e  b eg in s  t o  s a t u r a t e  a t  about  2 mmol dm g l u c o s e

-  2
w it h  a f i n a l  s a t u r a t i o n  c u r r e n t  of  3 . 6  pA cm . This  i s  

s u b s t a n t i a l l y  below t h a t  f o r  a polymer p a s t e  e l e c t r o d e ,  but  

t h i s  would be e x p e c te d  i f  t h e  e l e c t r o d e  was not porous or 

had a low rou ghn es s  f a c t o r  ( i e  smoother  s u r f a c e ) .  A f u l l e r  

d i s c u s s i o n  of t h e s e  r e s u l t s ,  and a comparison of r e s u l t s  

from t h i s  e l e c t r o d e  and e l e c t r o d e s  made from a s i l i c o n e  o i l  

p a s t e ,  w i l l  be g iv e n  i n  t h e  n e x t  c h a p t e r .

d ) S u r f a c e  Coverage o f  t h e  E l e c t r o d e

Using th e  for mul a  giv en  i n  S e c t i o n  3 . 3 . 1 ,  and from t h e

c y c l i c  voltammogram shown i n  F i g u r e  3 . 3 . 2 1 b ,  t h e  amount of

TTFTCNQ reduced d u r i n g  t h e  e x p e r i m e n t  was about  19 nmol cm 

2
, c o r r e s p o n d i n g  t o  a bo u t  150 m o n o l a y e r s .  As t h i s  i s  c l o s e  

t o  t h e  l i m i t  t o  t h e  number of  monolayers  which can be 

r edu ce d b e f o r e  t h e  e l e c t r o d e  becomes to o  r e s i s t i v e ,  t h i s  

v a l u e  must r e p r e s e n t  a lower  l i m i t  t o  t h e  amount o f  TTFTCNQ 

i n  t h e  m od if ie d  e l e c t r o d e .  This  g i v e s  an e l e c t r o s y n t h e t i c  

y i e l d  o f  g r e a t e r  t h a n  1 5 Z.

The r e p r o d u c i b i l f i j  of  t h i s  s y n t h e s i s  seemed t o  depend 

g r e a t l y  on th e  f r e s h n e s s  of  t h e  s o l u t i o n s  of t h e  donor  and 

a c c e p t o r  s p e c i e s  u s ed .  I t  was found t h a t  poor e l e c t r o d e s



1 8 3

Figure 3.3.24 Response of the electrosynthesised TTFTCNQ/ 
GOD membrane electrode to glucose.



were g e n e r a l l y  t h e  r e s u l t  o f  employing s o l u t i o n s  t h a t  were 

no t  p r o p e r l y  de ga s s ed  or where t h e  s u b s t r a t e s  had been 

al lo w ed  to  decompose in s o l u t i o n .  O th er w ise  the  s u c c e s s  

r a t e  o f  t h i s  s y n t h e s i s  in  p ro d u ci n g  t h i n - l a y e r  TTFTCNQ

e l e c t r o d e s  seemed to  be q u i t e  good.



3.4 DISCUSSION

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

o r g a n i c  s a l t  e l e c t r o d e s  a r e  d e s c r i b e d  based on two d i f f e r e n t  

s y n t h e t i c  r o u t e s .  The f i r s t  r o u t e  c o n s i s t e d  of r e d u c i n g  or 

o x i d i s i n g  a s o l u t i o n  of  both t h e  donor  and a c c e p t o r  in  t h e  

a p p r o p r i a t e  o x i d a t i o n  s t a t e s .  In t h e  second r o u t e ,  a 

m od i f ie d  donor or a c c e p t o r  m o d i f ie d  e l e c t r o d e  was produced 

in  t h e  f i r s t  s t e p ,  and th e n  reduc ed  or  o x i d i s e d  in  a 

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

d o n o r .

Two s y n t h e s e s  f o r  NMPTCNQ a r e  d e s c r i b e d ,  based on t h e  

two d i f f e r e n t  methods.  Using t h e  f i r s t  t e c h n i q u e ,  th e  

m o d i f ie d  e l e c t r o d e  t h a t  r e s u l t e d  from th e  s y n t h e s i s  was 

p at chy  and p ro bab ly c o n s i s t e d  of  s e p a r a t e  m i c r o c r y s t a l l i t e s  

o f  NMPTCNQ. This h y p o t h e s i s  i s  s u p p o r te d  by i t s  a p p e a r a n c e ,  

a c t i v i t y  towards  NADH and GOD, and c y c l i c  vo ltammetry.  

Employing th e  second method,  t h e  e l e c t r o d e  agai n c o n s i s t e d  

of  s e p a r a t e  m i c r o c r y s t a l l i t e s  ( s e e n  q u i t e  c l e a r l y  by 

s ca n n in g  e l e c t r o n  m i c r o s c o p y )  and was a c t i v e  towards  NADH 

and GOD, a l th o u g h  i t s  c y c l i c  vo ltammetry gave i n c o n c l u s i v e  

r e s u l t s .

TTFTCNQ was produced by t h r e e  s y n t h e s e s .  In t h e  f i r s t  

s y n t h e s i s  d e s c r i b e d ,  a s o l u t i o n  of  TTF° and LiTCNQ was 

o x i d i s e d  t o  produce a TTFTCNQ m o di f ie d  e l e c t r o d e ,  a l t h o u g h  

t h e  y i e l d  was low. I d e n t i f i c a t i o n  of  t h e  e l e c t r o d e  was 

confirm ed by i t s  c y c l i c  v o lt am m et r y ,  and su pp o rte d by i t s  

a c t i v i t y  t o  GOD and a p p e a r a n c e .  The second s y n t h e s i s  

f o r  TTFTCNQ c o n s i s t e d  o f  r e d u c i n g  a s o l u t i o n  of  TTF+ and



TCNQ^ in  a c e t o n i t r i l e .  B la c k ,  n e e d l e - l i k e ,  c r y s t a l s  of  

TTFTCNQ were produced i n  r e l a t i v e l y  l a r g e  amounts.  Again,  

c y c l i c  voltammetry co nf irm ed  t h e s e  c r y s t a l s  as th e  d e s i r e d  

o r g a n i c  s a l t .  F i n a l l y ,  a t h i n - l a y e r  TTFTCNQ e l e c t r o d e  was 

produced in  th e  l a s t  s y n t h e s i s  d e s c r i b e d  i n  t h i s  c h a p t e r  by 

o x i d a t i o n  of  a TTF^ e l e c t r o d e  in  th e  p r e s e n c e  of TCNQ .

This e l e c t r o d e  was a c t i v e  tow ard s  GOD and NADH, and c y c l i c  

voltammetry showed i t  t o  be t h e  d e s i r e d  p r o d u c t .

Three major q u e s t i o n s  o f  s c i e n t i f i c  i n t e r e s t  a r i s e  when 

we compare t h e  r e s u l t s  o f  t h e s e  s y n t h e s e s :

i )  why did  only t h e  f i n a l  s y n t h e s i s  f o r  TTFTCNQ r e s u l t  in  

a t h i n - l a y e r  e l e c t r o d e ;

i i )  why did  th e  second s y n t h e s i s  f o r  TTFTCNQ produce l a r g e  

amounts of t h i s  m a t e r i a l ,  whe reas  th e  y i e l d s  f o r  t h e  o t h e r  

s y n t h e s e s  based on th e  same r o u t e  were low?

i i i )  why did  th e  a c t i v i t y  o f  t h e  TTFTCNQ e l e c t r o d e s  towards  

NADH vary so widely?

Ad dressing t h e  f i r s t  q u e s t i o n ,  as a l r e a d y  mentioned 

t h i s  problem could be due t o  t h e  number of s i t e s  a v a i l a b l e  

f o r  n u c l e a t i o n  on t h e  e l e c t r o d e  s u r f a c e .  R e s u lt s  from th e  

second s y n t h e s i s  f o r  TTFTCNQ s u g g e s t  t h a t  once n u c l e a t e d ,  

t h e  c r y s t a l s  grow l o n g i t u d i n a l l y  away from the e l e c t r o d e  t o  

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

would be t h a t  growth i s  much f a s t e r  along th e  co nd uct ing  

a x i s  of  t h e  c r y s t a l  t h a n  i n  t h e  o t h e r  two d i r e c t i o n s .

Turning t o  t h e  t h i r d  s y n t h e s i s  f o r  TTFTCNQ, e f f e c t i v e l y  we 

have c r e a t e d  a l l  t h e  n u c l e a t i o n  s i t e s  we r e q u i r e  because we



have m od if ie d t h e  whole s u r f a c e  of  th e  e l e c t r o d e  w ith  TTF .

TCNQ can t h e r e f o r e  l o c k  o n to  a l l  t h e s e  s i t e s  to  produce th e

s a l t  in  a t h i n ,  even l a y e r .  The r ea so n why a t h i n  l a y e r

NMPTCNQ e l e c t r o d e  cou ld  no t  be produced in  a s i m i l a r  way

remains  to  be fo und .  However, t h e  s y n t h e s i s  could have

f a i l e d  because ”NMP^" was made d u r i n g  t h e  f i n a l  s t e p  which

may complex w ith  TCNQ a n d / o r  p o is o n  NMPTCNQ.

An answer to  q u e s t i o n  i i )  i s  not r e a d i l y  a p p a r e n t .

I t  i s  i n t e r e s t i n g  t h a t  t h i s  was t h e  only s y n t h e s i s  where t h e

donor and a c c e p t o r  s p e c i e s  were both in  s o l u t i o n  a t

-3
c o n c e n t r a t i o n s  h i g h e r  tha n 1 mmol dm . I t  may be t h a t  in

t h e  o t h e r  two s y n t h e s e s  based on th e  same method t h e  o r g a n i c

s a l t  was p r e c i p i t a t e d  i n  s o l u t i o n  and not  on th e  e l e c t r o d e

i t s e l f .  The f a c t o r s  g o v e r n in g  c r y s t a l l i s a t i o n  a r e  not  very

[91  ]
w e l l  u nd er s to o d  a t  p r e s e n t  , and so an answer to  t h i s  

q u e s t i o n  p r o b a b ly  must w a i t  f o r  f u r t h e r  advances  in  t h i s  

f i e l d  o f  s c i e n c e .

The l a s t  q u e s t i o n  i s  a g a i n  d i f f i c u l t  t o  e x p l a i n .  

V a r i a b l e  r e s u l t s  have been r e p o r t e d  f o r  t h e  o x i d a t i o n  of  

NADH a t  TTFTCNQ polymer p a s t e  e l e c t r o d e s .  The r e a s o n  f o r  

t h i s  i r r e p r o d u c i b i l i t y  i s  unknown. However, a c l u e  may be 

found from t h e  p ol a ro g r a m  o f  NADH on t h e  TTFTCNQ e l e c t r o d e  

p r e s e n t e d  i n  F i g u r e  3 . 3 . 2 2 .  I t  shows t h a t  t h e r e  i s  a high 

o v e r p o t e n t i a l  f o r  t h i s  s p e c i e s  on t h i s  o r g a n i c  s a l t  compared 

t o  NMPTCNQ, which o x i d i s e s  NADH s a t i s f a c t o r i l y  th r o u g h o u t  

i t s  s t a b l e  r a n g e .  F u r th e r m o re  t h e  l i m i t i n g  c u r r e n t  i s  very 

s m al l  compared t o  t h o s e  seen on NMPTCNQ e l e c t r o d e s .  One 

p o s s i b l e  e x p l a n a t i o n  could be t h a t  t h e  ob served



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  i s  very dependent  on t h e  

n a t u r e  of  t h e  s u r f a c e  of t h e  e l e c t r o d e .  I f  t h i s  were t r u e ,  

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

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

high c u r r e n t s  f o r  t h i s  p r o c e s s  s ee n on t h e  TTFTCNQ e l e c t r o d e  

produced by t h e  m o d i f ie d  El Kacemi/Lamache s y n t h e s i s  may 

t h e r e f o r e  be due t o  i t s  high s u r f a c e  a r e a  compared t o  a 

t h i n - l a y e r  e l e c t r o d e ,  or  t o  d i f f e r e n c e s  in  i t s  s u r f a c e .  We 

may a l s o  e n v i s a g e  t h a t  t h e  s ma ll  amount of  uncomplexed TTF 

p r e s e n t  in  t h e  f i r s t  TTFTCNQ e l e c t r o d e  s y n t h e s i s e d  may be 

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

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

A f t e r  an sw eri ng  t h e s e  q u e s t i o n s ,  we must f i n a l l y  n o te

t h a t  th e  aim of  t h i s  work was t o  f a b r i c a t e  t h i n - l a y e r

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

d e s c r i b e d  i n  t h i s  c h a p t e r  must be e v a l u a t e d  w ith  t h i s  i n

mind.  Although NMPTCNQ was made i n  a t  l e a s t  one s y n t h e s i s ,

i t  formed as s e p a r a t e  m i c r o c r y s t a l l i t e s  and not  as a t h i n -

l a y e r .  Of t h e  t h r e e  s y n t h e s e s  d e s c r i b e d  f o r  TTFTCNQ. t h a t

0
u s i n g  a m o d i f ie d  TTF e l e c t r o d e  succee ded  in  pro d u cin g  a 

t h i n - l a y e r  of  t h e  o r g a n i c  s a l t .  The n ex t  c h a p t e r  u t i l i s e s  

such an e l e c t r o d e  i n  some m e c h a n i s t i c  s t u d i e s  of t h e

60D/TTFTCNQ s yst em .



CHAPTER 4

STUDIES ON JHE MECHANISM OF THE OXIDATION OF £OD AX TTFTCNQ

ELECTRODES

4 . 1  INTRODUCTION

This c h a p t e r  i s  made up o f  two main p a r t s .  The f i r s t  

p a r t  i s  concerned w i t h  t h e  e l u c i d a t i o n  of  t h e  mechanism by 

which GOD i s  o x i d i s e d  a t  a TTFTCNQ e l e c t r o d e  made u s i n g  a 

s i l i c o n e  o i l  p a s t e .  This p a r t i c u l a r  typ e of o r g a n i c  s a l t  

e l e c t r o d e  was employed b eca u se i t  i s  easy to  f a b r i c a t e  and 

can be p o l i s h e d  t o  g i v e  a smooth r e p r o d u c i b l e  s u r f a c e .  The 

v a l i d i t y  of  two k i n e t i c  models f o r  t h i s  p r o c e s s  i s  t e s t e d  by 

means of  r o t a t i n g  d i s c  s t u d i e s  w i t h  GOD in s o l u t i o n .

In th e  second p a r t  of  t h i s  c h a p t e r  t h e  p o t e n t i a l  

dependence of  a membrane e l e c t r o d e  f o r  g lu c o s e  i s  examined 

w i t h  r e f e r e n c e  t o  t h e  k i n e t i c  model p r e s e n t e d  f o r  t h e  "one-  

s u b s t r a t e  s y s t e m " ,  i n t r o d u c e d  i n  Chap ter  2 .  This was 

f a c i l i t a t e d  w i t h  t h e  use o f  an e l e c t r o s y n t h e s i s e d  TTFTCNQ 

e l e c t r o d e ,  so r e d u c i n g  problems due t o  adsorbed enzyme and 

from t h e  slow t r a n s i e n t s  seen a t  polymer p a s t e  e l e c t r o d e s  

a f t e r  a p o t e n t i a l  s t e p .  The l a t t e r  p o i n t  i s  i m p o r t a n t ,  as 

i t  a l lo w s  one t o  make measurements a t  a range of d i f f e r e n t  

s u b s t r a t e  c o n c e n t r a t i o n s  and p o t e n t i a l s  in  one day,  u s in g  

t h e  same e l e c t r o d e .  By comparing t h e  r es p o n s e a t  each 

p o t e n t i a l  and w i t h  r e f e r e n c e  t o  t h e  k i n e t i c  model,  t h e  r a t e  

l i m i t i n g  p r o c e s s e s  t h a t  govern t h e  r e s p o n s e  of  th e  e l e c t r o d e  

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



a l s o  compared wi th  t h e  r o t a t i n g  d i s c  r e s u l t s  and th e  

t h e o r e t i c a l  models w it h  a view t o  f u r t h e r  e l u c i d a t i o n  of  t h e  

mechanism by which GOD i s  o x i d i s e d  a t  t h e s e  e l e c t r o d e s .

In t h e  next  p a r t  o f  t h i s  i n t r o d u c t o r y  s e c t i o n  a 

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

and a g a i n s t  each model w i l l  be d i s c u s s e d .  A more r i g o r o u s  

m a t h e m a ti c a l  a n a l y s i s  o f  t h e  two models w i l l  be p r e s e n t e d  

l a t e r .

♦ . 1 . 1  PRESENT MODELS OF THE GOD/TTFTCNQ SYSTEM

The f i r s t  ex p e r i m e n t s  u s i n g  con d uc ti ng  o r g a n i c  s a l t s  as

[ 4 3 ]
e l e c t r o d e s  f o r  GOD were made by t h e  sc hool  of Kulys

They p o s t u l a t e d  a mechanism b a s e d  on homogeneous m e d i a t i o n  of

t h e  enzyme. A scheme of  h i s  model i s  shown in  F i g u r e  4 . 1 . 1 .

Here,  some kind of  m e d i a t o r  M, d i s s o l v e s  from th e  e l e c t r o d e

i n t o  th e  b u l k .  Reduced enzyme GODĤ  r e a c t s  wi th  t h i s

m e d ia to r  t o  form GOD and a r e d u c e d  form of the  m e d i a t o r  M .

M can th e n  d i f f u s e  i n t o  t h e  b u lk  (and hence e f f e c t i v e l y  i s

l o s t  i n t o  s o l u t i o n )  or  back t o  t h e  e l e c t r o d e ,  where i t  i s

r e o x i d i s e d  t o  M. In t h i s  mod el ,  t h e  res p o n se  of  t h e

e l e c t r o d e  depends c r u c i a l l y  on t h e  c o n c e n t r a t i o n  of

d i s s o l v e d  m e d ia to r  a t  t h e  e l e c t r o d e  s u r f a c e  and t h e  second

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 tw e e n  M an d  GODH^.

Kulys measured t h i s  r a t e  c o n s t a n t  ( f o r  TCNQ̂  as M) t o  be 

6 ~1 3 _1 [9 2 3
3x10  mol dm s . O th er  m e d i a t o r s  gave lower  v a l u e s

o f  t h i s  p a r a m e t e r .  The c u r r e n t s  o b t a i n e d  could the n be as

- 3
ex p ec te d  i f  t h e  m e d i a t o r  c o n c e n t r a t i o n  was 1 3 . 5  pmol dm 

( a g a i n  assuming TCNQ° was M). I t  was a l s o  s t a t e d  t h a t  i f



electrode solution

F ig u r e  4 . 1 . 1  Reaction scheme for the homogeneous 
model.

m e d i a t i o n

e l e c t r o d e

s o l u t i o n

F i g u r e  4 . 1 . 2  R e a c t i o n  scheme f o r  t h e  h et er o g en eo u s  redox 
c a t a l y s i s  model.



t h e  e l e c t r o d e  was rough t h i s  c o n c e n t r a t i o n  could be much 

lo w e r ,  as th e  e l e c t r o d e  s u r f a c e  ar e a  would be r e l a t i v e l y  

l a r g e .

In 1 9 0 5 ,  Albery e t  a l  c a r r i e d  out  ex p e r i m e n t s  using  a 

r o t a t i n g  p la t in u m  ring/TTFTCNQ d i s c  e l e c t r o d e ^ ^ . They f a i l e d  

to  d e t e c t  s i g n i f i c a n t  amounts o f  any m e d i a t o r  a t  th e  r i n g .

I t  was t h e r e f o r e  concluded t h a t  t h e  m e d i a t o r  c o n c e n t r a t i o n  

a t  t h e  s u r f a c e  was pmolar or  l e s s .  F u r t h e r m o r e ,  sc anning 

e l e c t r o d e  microscopy showed t h a t  t h e  s c a l e  o f  roughness  was 

n o t  enough to  j u s t i f y  t h e  d i f f e r e n c e s  i n  c u r r e n t s  

o b s e r v e d ^ ^ .  They conc lu ded  t h a t  GODĤ  was t h e r e f o r e  

i n v o l v e d  in  a d i r e c t  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  

s u r f a c e .

However, f u r t h e r  i n v e s t i g a t i o n  of  t h e  system by

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

c u r r e n t  was p r o p o r t i o n a l  t o  t h e  s qu ar e  r o o t  of  th e  enzyme 

[ 4 1 ]
c o n c e n t r a t i o n  . This r e s u l t  was i n c o m p a t i b l e  w ith  th e  

d i r e c t  e l e c t r o n  t r a n s f e r  t h e o r y  but  coul d be e x p l a in e d  by 

t h e  Kulys model.  The o r i g i n a l  o b j e c t i o n s  t o  t h i s  model 

remained however,  and so a n o t h e r  mechanism was proposed 

which in v o l v e d  h e t e r o g e n e o u s  redox c a t a l y s i s  (F ig u r e  4 . 1 . 2 ) .

In t h i s  model,  t h e r e  i s  an e q u i l i b r i u m  a t  t h e  s u r f a c e  of  t h e  

e l e c t r o d e  between t h e  o r g a n i c  s a l t  DA, and f r e e  D° and A° 

a d s o r b e d  on i t s  s u r f a c e .  The enzyme r e a c t s  with  A° t o  form 

A . i s  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  D+ (hence p r o d u c in g  

a c u r r e n t ) ,  and t h e s e  two p r o d u c t s  recombine to  form DA.

Under c e r t a i n  c i r c u m s t a n c e s ,  t h e  o b s erv ed r e l a t i o n s h i p
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between c u r r e n t  and enzyme c o n c e n t r a t i o n  i s  then e x p e c t e d .

In t h i s  t h e s i s ,  r e s u l t s  a r e  p r e s e n t e d  which show t h a t  t h e r e

i s  an i n v e r s e  r e l a t i o n s h i p  between t h e  c u r r e n t  a t  a r o t a t i n g

d i s c  e l e c t r o d e  and t h e  r o t a t i o n  s pee d.  The model was

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

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

0
s p ee d.  Less D w i l l  t h e r e f o r e  be a v a i l a b l e  f o r  

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

I t  would of  c o u r s e  be d e s i r a b l e  t o  use i n de p en d en t  

methods to  d e t e c t  i n t e r m e d i a t e s  and measure i n d i v i d u a l  r a t e  

c o n s t a n t s  as w e l l  as t h e o r e t i c a l  a n a l y s i s  to d i f f e r e n t i a t e  

between th e  p o s s i b l e  models f o r  t h i s  system.  However, up t o  

t h e  p r e s e n t  t ime t h i s  has proved d i f f i c u l t  beca use of  t h e  

low s o l u b i t i e s  of t h e  v a r i o u s  s p e c i e s  of  i n t e r e s t  and 

beca use  o r g a n i c  s a l t  e l e c t r o d e s  tend t o  have high background 

c u r r e n t s  and do not  seem amenable t o  n o n - s t e a d y  s t a t e  

measurements .  For t h e  moment, we must t h e r e f o r e  r e l y  on 

u s in g  a n a l y t i c a l  models o f  each mechanism to  p r e d i c t  t h e  

e x p e r i m e n t a l  r a t e  l a w s .  This p r o c e s s  forms t h e  b a s i s  of  t h e  

f i r s t  p a r t  of t h i s  c h a p t e r .



4.2 EXPERIMENTAL

4 . 2 . 1  CHEMICALS AND SOLUTIONS

A ll  chem ica ls  were e i t h e r  commercial ly  o b ta in e d  of 

AnalaR g r a d e ,  or s y n t h e s i s e d  as given in  S e c t i o n  2 . 2 . 1 ,  

Chapter  2 and S e c t i o n  3 . 2 . 1 ,  Chapter  3 .

4 . 2 . 2  MEMBRANES

Membranes were t r e a t e d  p r i o r  to  use as d e s c r i b e d  in 

S e c t i o n  2 . 2 . 2 ,  C h a p t e r  2 .

4 . 2 . 3  ELECTRODES

R o t a t i n g  gold d i s c  and c a v i t y  e l e c t r o d e s  were made by 

Mr M P r i t c h a r d .  D e t a i l s  o f  r e f e r e n c e  and c o u n t e r  

e l e c t r o d e s  a r e  found i n  S e c t i o n  2 . 2 . 3 ,  Chapter  2.  All  

p o t e n t i a l s  a r e  qu o te d a g a i n s t  t h e  s a t u r a t e d  calomel  

e l e c t r o d e .

4 . 2 . 4  APPARATUS

D e t a i l s  of  a l l  t h e  a p p a r a t u s  employed a r e  given in  

s e c t i o n s  2 . 2 . 4  ( C h a p t e r  2 ) ,  and 3 . 2 . 4  (C h a p t e r  3 ) .

4 . 2 . 5  EXPERIMENTAL PROCEDURES

GOD membrane e l e c t r o d e s  were made as d e s c r i b e d  in 

S e c t i o n  3 . 2 . 5 ,  C h a p t e r  3 .  T h e i r  r e s p o n s e  t o  g lu c o s e  was 

mo ni to re d  as d e s c r i b e d  f o r  c h o l i n e  e l e c t r o d e s  i n  S e c t io n

2 . 2 . 5 ,  Chapter  2 ,  e x c e p t  t h a t  i n i t i a l l y  t h e  e l e c t r o d e  was



poised at -50 mV, and at each substrate concentration the

p o t e n t i a l  was s te p pe d t o  +300 mV in  50 mV i n c r e m e n t s .  A f t e r

each s t e p  th e  c u r r e n t  was al lowed to  r e a c h  a s te ad y s t a t e .

When th e  s te a d y  s t a t e  c u r r e n t  a t  +300 mV had been measured

t h e  p o t e n t i a l  was s te p p e d  back to  - 5 0  mV, and th e  next

a l i q u o t  o f  g l u c o s e  s o l u t i o n  added.

For r o t a t i n g  d i s c  e x p e r i m e n t s ,  t h e  e l e c t r o d e  was p o is e d

a t  t h e  d e s i r e d  p o t e n t i a l  in  a 20 ml s o l u t i o n  c o n t a i n i n g  150 

-3
mmol dm g lu c o s e  in  pH7.4 b u f f e r .  The s t e a d y  s t a t e  

background c u r r e n t  was measured a t  1 Hz, 4 Hz and 9 Hz, and 

th e n  a l i o q u o t s  of  g l u c o s e  o x id a s e  s o l u t i o n  were added u s in g  

a micro p i p e t t e .  A f t e r  each a l i q u o t  was added,  th e  s t e a d y  

c u r r e n t  was measured a t  4 Hz, and a d d i t i o n a l l y  a t  1 Hz and 9 

Hz f o r  s e l e c t e d  c o n c e n t r a t i o n s  of  enzyme.



4.3 THEORY

In t h i s  s e c t i o n  two k i n e t i c  models a r e  ana ly se d  f o r  t h e  

o x i d a t i o n  of  g lu c o se  o x i d a s e  a t  an o r g a n i c  s a l t  e l e c t r o d e .  

Before  we examine each model in  t u r n  we w i l l  ask o u r s e l v e s  

i f  we can p r e d i c t  what t h e  l i k e l y  v a l u e  o f  th e  each of  t h e  

v a r i o u s  k i n e t i c  and e x p e r i m e n t a l  p a r a m e t e r s  a r e  t h a t  ap pea r  

i n  each t h e o r y .

F i r s t ,  we w i l l  lo o k  a t  t h e  d i f f u s i o n  of  s p e c i e s  t o  and

from t h e  e l e c t r o d e .  The i m p o r t a n t  p a r a m e t e r s  h er e  a r e  t h e

d i f f u s i o n  c o e f f i c i e n t  (where i  i s  t h e  s p e c i e s  of

i n t e r e s t )  and th e  d i f f u s i o n  l a y e r  t h i c k n e s s  Z^.

The d i f f u s i o n  l a y e r  t h i c k n e s s  can q u i t e  s imply be

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

p r o p o r t i o n a l  to  th e  s q u a r e  r o o t  of  t h e  r o t a t i o n  s pee d.  I t

[ 8 6 ]
i s  giv en  by t h e  f o l l o w i n g  e q u a t i o n  :

ZD = 0 . 6 4 2 v 1 / 6 (Di ) 1 / 3 W"1/ 2  ( 4 . 1 )

where v i s  t h e  k i n e m a ti c  v i s c o s i t y  and W t h e  r o t a t i o n  speed

2 -1 [9 3  ]
i n  Hz. A t y p i c a l  v a l u e  o f  v i s  0 . 0 1  cm s ( a l t h o u g h

t h i s  i s  an a p p r o x i m a t i o n ,  t h e  ver y low power to  which i t  i s  

r a i s e d  means Zp i s  very i n s e n s i t i v e  t o  changes in  t h i s  

p a r a m e t e r )  and so

1/3 - 1 / 2
ZQ * 0 . 2 9 0 ( 0 . )  W ( 4 . 2 )

For t h i s  system,  s e v e r a l  of  t h e  d i f f u s i o n  c o e f f i c i e n t s

f o r  t h e  s p e c i e s  of i n t e r e s t  have been measured.  A l i s t  of

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

t h i c k n e s s e s  a t  1 Hz (Z^ ) a p p e a r s  i n  Table 4 . 3 . 1 .  The

0 0
d i f f u s i o n  c o e f f i c i e n t s  o f  TTF , TCNQ and TCNQ do not



1 8 7

TABLE 4.3.1

D i f f u s i o n  p a r a m e t e r s  f o r  s p e c i e s  in v o l v e d  in  the  TTFTCNQ/GOD

system.

Spe ci es 1C) D / crn s
Z D, 1 7

GOD 22

Glucose S 7 t 9 t ] 56

+
TTF 6 0 [ 9 5 ] -54

TABLE 4.3.2

S ec on d - o r d er  r a t e  c o n s t a n t s  f o r  r e a c t i o n  of  reduced GOD w i t h  

v a r i o u s  m e d i a t o r s .

Me diator

TTF + 

TCNQ°

4 ft4, / w 3 -1
10  ku / mol dm s M

e f f i c i e n t "  

[ 9 2 ]

[96]

300

3 . 3  

[ 9 2 ]
TCNQ



appear to  have been d e t e r m i n e d .  However, they ar e  l i k e l y  t o

be c l o s e  t o  th e  v a l u e  f o r  TTF+, c o n s i d e r i n g  t h a t  th e y  a r e

+
s i m i l a r  in  s i z e  to  TTF and t h e  l a t t e r  i s  not h ig h l y  

c h a r g e d .

We must now t u r n  t o  t h e  k i n e t i c  r a t e  c o n s t a n t s  f o r  t h e  

r e a c t i o n s  in  s o l u t i o n .  The r a t e  a t  which glu co se r ed u ce s  

t h e  enzyme may, o f  c o u r s e  depend on i t s  c o n c e n t r a t i o n ,  

being d et er m in e d  by p a r t i c u l a r  k i n e t i c s  of  the  enzyme. 

However a t  t h e  g l u c o s e  c o n c e n t r a t i o n  employed in  t h e  work 

p r e s e n t e d  i n  t h i s  t h e s i s  t h e  enzyme w i l l  be appoaching 

s a t u r a t i o n  ( t h e  Km f o r  g l u c o s e  i s  abou t  3 3  mmol dm' 3 C11 ] ) . 

The r a t e  of  t u r n o v e r  f o r  enzyme w i l l  t h e r e f o r e  be c l o s e  to  

i t s  k _ + 34 0 0  s  ̂ The r a t e  a t  which GOD r e a c t s

w ith  th e  p o s s i b l e  m e d i a t o r s  has been more d i f f i c u l t  to  

d e t e r m i n e ,  due t o  t h e  low s o l u b i l i t i e s  of  TCNQ° and TTF° and 

problems due t o  t h e  s y n t h e s i s  of  w a t e r  s o l u b l e  TTF+ s a l t s .  

However r e p o r t e d  v a l u e s  f o r  t h e s e  c o n s t a n t s  a r e  shown in  

Table 4 . 3 . 2 .

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

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

t h i s  p a r a m e te r  i s  unknown, as i s  t h e  s o l u b i l i t y  p r o d u c t  of  

TTFTCNO. The on ly work r e p o r t e d  i n  t h i s  f i e l d  a p p ea r s  t o  be 

t h e  r o t a t i n g  d i s c  measurements o f  C r as to n  who concluded

t h a t  t h e r e  was no m e d i a t o r  p r e s e n t  in  c o n c e n t r a t i o n s  above

. .  . . -3  [ 3 9 ]
1 - 2  pmol dm

F i n a l l y ,  in  t h e  heterogeneous redox c a t a l y s i s  th e o r y  

r a t e  c o n s t a n t s  a r e  i n t r o d u c e d  f o r  t h e  r e a c t i o n  of  enzyme a t

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



of  adsorbed s p e c i e s ,  as w e l l  as a c o n s t a n t  to  d e s c r i b e  t h e

e q u i l i b r i u m  between t h e  o r g a n i c  s a l t  and TTF and TCNQ 

adsorbed t o  i t s  s u r f a c e .  None o f  t h e s e  pa ra m et er s  have been 

d et er m in e d  a t  t h e  p r e s e n t  t i m e .

4 . 3 . 1  THE HOMOGENEOUS MEDIATION THEORY

The k i n e t i c  scheme o f  t h i s  model was shown i n  F ig u r e

4 . 1 . 1 .  A complete  a n a l y s i s  of  t h i s  t h e o r y  would t a k e  i n t o

a cc ou nt  t h e  d i f f u s i o n  of  M and M , GOD and GODHg, and

g l u c o s e  and i t s  p r o d u c t  between t h e  e l e c t r o d e  and t h e  b u l k ,

as w e l l  as a l l  t h e  r e a c t i o n s  between them. However, t h i s

would be to o  d i f f i c u l t  t o  a n a l y s e  m a t h e m a t i c a l l y  and so we

must make some s i m p l i f y i n g  a s s u m p t i o n s .

F i r s t ,  we w i l l  i g n o r e  p r o d u c t  i n h i b i t i o n  of t h e  enzyme.

The c o n c e n t r a t i o n  o f  p r o d u c t  w i l l  be too  small compared to

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

- 3
150 mmol dm , and anyway g l u c o s e  o x i d a s e  does not  seem t o

[14]
show s t r o n g  p r o d u c t  i n h i b i t i o n  . Second, the  ob s er v ed  

f l u x e s  a r e  so low, and t h e  g l u c o s e  c o n c e n t r a t i o n  so h i g h ,  

t h a t  we can assume g l u c o s e  i s  p r e s e n t  a t  c o n s t a n t  

c o n c e n t r a t i o n  t h r o u g h o u t  t h e  l a y e r .  T h i r d ,  we can l o o k  a t  

t h e  r a t i o  of  o x i d i s e d  t o  reduced enzyme i n  the  r e a c t i o n  

l a y e r .  This can be c a l c u l a t e d  by lo o k i n g  a t  the  l o c a l  

e q u i l i b r i u m  between t h e  o x i d i s e d  enzyme E, and t h e  reduc ed  

enzyme E’ a t  t h e  e l e c t r o d e  s u r f a c e :

E q u a t i n g  t h e  f l u x e s ,  we h a v e  ( w h e r e  e an d  e* d e n o t e  t h e



c o n c e n t r a t i o n s  o f  E and E’ r e s p e c t i v e l y ,  m i s  th e
o

c o n c e n t r a t i o n  of M a t  t h e  e l e c t r o d e  s u r f a c e ,  k.. r e p r e s e n t s  

t h e  second o r d e r  r a t e  c o n s t a n t  between E* and H, and k£ i s  

t h e  observed f i r s t  o r d e r  r a t e  c o n s t a n t  f o r  r e a c t i o n  o f  E and 

s u b s t r a t e )

e / e ‘ = <kHmo)/kE U.3)

We s h a l l  c a l l  t h i s  r a t i o  y . For t h e  work p r e s e n t e d  i n  

3 -1
t h i s  t h e s i s  0 s . The v a l u e  o f  mQ i s  u n l i k e l y  to

_ 6 ^
be s i g n i f i c a n t l y  g r e a t e r  than 10 mol dm" . Hence, u s in g  

a v al u e f o r  kM of  1 0 6 mol 1 dm3 s 1 , we f i n d  t - i o " 3 . This 

means t h a t  even i f  k^ and mQ were both te n  t imes as l a r g e  as 

e s t i m a t e d ,  almost  a l l  t h e  enzyme w i l l  be in  th e  reduc ed  form 

and e '  can be assumed to  be e q u a l  to  t h e  t o t a l  enzyme 

c o n c e n t r a t i o n  e^., t h r o u g h o u t  t h e  r e a c t i o n  l a y e r .  I t  sho uld 

be noted t h a t  t h i s  s i t u a t i o n  e x i s t s  beca use  f o r  t h e  work 

p r e s e n t e d  in  t h i s  t h e s i s  t h e  s u b s t r a t e  c o n c e n t r a t i o n  i s  very 

h i g h .  When t h e  l a t t e r  i s  s ma ll  we may f i n d  t h a t  f > 1 . This 

c a s e  i s  being i n v e s t i g a t e d  i n  t h e  l a b o r a t o r i e s  of  B a r t l e t t

and Albery and w i l l  be d i s c u s s e d  i n  t h e  t h e s i s  of  His s  L J

u u t 97^Murphy

Using t h e  above a s s u m p ti on s  we have now a r r i v e d  a t  a

s t a g e  where we can b e g i n  t o  a n a l y s e  t h e  problem. We a r e  now

[921
f o l l o w i n g  th e  o r i g i n a l  t r e a t m e n t  by Kulys . M a th em at ic al  

a n a l y s i s  now shows ( s e e  Appendix 2)  t h a t  th e  f l u x  j ,  i s  

g iv e n  by:

j  = k m KKu ) , / 2 c o t h ( K 1. ) , / 2  -  U  U . 4 )

where k^ i s  a t h e  mass t r a n s p o r t  r a t e  c o n s t a n t  f o r  M g iv e n

2
by k =DU/Z_ and K =kM(Z ) e_/D . The v al u e of  m may be 

D M l I  n f l l / L n  o



governed by thermodynamics or i t s  d i s s o l u t i o n  k i n e t i c s ,  and

in  Appendix 2 a s imp le  model i s  i n t r o d u c e d  which shows t h a t :

m  = m o t / ( 1 + e M ) (A.5)o o.T M

where m i s  t h e  thermodynamic s o l u b i l i t y  of M and 0 .. i s  
o , l  M

g ive n by 0 u=k_/ku , k. being a f i r s t  o r d e r  r a t e  c o n s t a n t  f o r  
M D b b

t h e  r e i n c o r p o r a t i o n  of  M onto t h e  e l e c t r o d e  a f t e r  i t  has

d i s s o l v e d .  Thus s u b s t i t u t i o n  f o r  mQ in  e q u a t io n  4 . 4  g i v e s

j  = k m  _ [ ( K J 1 / 2 c o t h (K u ) 1 / 2  - 1 ] / (1 + 0 J  (4 . B)

This e q u a t i o n  s p l i t s  up i n t o  two c a s e s ,  dep ending on

t h e  v a l u e  of  K... Case I i s  where K„>>1. The f l u x  i s  th en  
M M

giv en  by:

3 = n(DHkMe [ ; ) , / 2 / ( 1  ♦  0 M) U . 7 )

Here M r e a c t s  i n  a t h i n  r e a c t i o n  l a y e r  and does n o t  es cap e 

i n t o  t h e  b u lk .

However i f  KkJ<<1, th e n  most H i s  l o s t  to  t h e  b u lk  and 

i t s  r e a c t i o n  w i t h  E* i s  r e l a t i v e l y  s low.  This i s  Case II  

and now th e  f l u x  i s  g iv e n by:

3 = ( 1 / 3 )  nkMmQ . ^ Z p / l l  + 9 ^  ( 4 . 8 )

Each of  t h e s e  c a s e s  can be s u b d i v i d e d  i n t o  s u b - c a s e s

depending on w h et h er  i s  g r e a t e r  t h a n  or  l e s s  t h a n  u n i t y .

I f  0 k.<<1 ( s u b - c a s e s  I_ and I I _ )  th e n  m w i l l  be 
M T T o

themodynamically  c o n t r o l l e d  and e q u a l  t o  m _. On t h e  o t h e r
o , T

hand, i f  0 M>>1 ( s u b - c a s e s  I and I I U) th e n  m <<m _ and w i l l
M K K O 0 , T

be i n v e r s e l y  p r o p o r t i o n a l  to  kp. Table  4 . 3 . 3  summarises t h e  

e x p r e s s i o n  f o r  t h e  f l u x  f o r  each of  t h e  fo u r  s u b - c a s e s  and 

t h e  c as e  diagram i s  shown i n  F i g u r e  4 . 3 . 1 .

In 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  work the  c u r r e n t  i s



2 0 2

TABLE A.3.3

Approximate e q u a t i o n s  f o r  f l u x  f o r  each c as e  of t h e  

homogeneous m e d i a t i o n  t h e o r y .

Case

I

I

II

II

T

K

T

K

> 1

>1

<1

< 1

C o n t r o l  
o f  mo

Thermodynamic

K i n e t i c

Thermodynamic

K i n e t i c

Flux Given By

/n , J / 2
" ‘ V W  V t

nC,kHeE°M,1/2V T ]/0M

n d H I k ^ Z ^  T 

n [ (1 /3 ) kMe £Z0mo  ̂ / 0 M

TABLE A.3.4

Order  of  f l u x  w it h  r e s p e c t  to  enzyme c o n c e n t r a t i o n  and 

r o t a t i o n  speed f o r  each c a s e  of  t h e  homogeneous m e d i a t i o n  

m o d e l .

Case Order  w . r . t .  
e,.

Order w . r . t .  
W

I
T

I K

II T
II

K

1/ 2

1/ 2

1

0

- 1/2

- 1/2

1 -1
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F i g u r e  A.3 . 1  Case diagram f o r  t h e  homogeneous m e d i a t i o n  
m o d e l .



2 0 4

d et er m in e d  a t  d i f f e r e n t  v a l u e s  o f  e^ and W. The o r d e r  of

t h e  f l u x  w i t h  r e s p e c t  t o  t h e s e  two v a r i a b l e s  f o r  t h e  f o u r

s u b - c a s e s  i s  shown in  Tab le  4 . 3 . 4 .  R e s u l t s  a r e  a l s o

p r e s e n t e d  a t  d i f f e r e n t  p o t e n t i a l s .  A l t e r a t i o n  of t h i s

l a t t e r  v a r i a b l e  could change m _ and k and w i l l  be
o , T b

d i s c u s s e d  i n  S e c t i o n  4 . 4 ( 1 ) . 5 .

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

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

w it h  r e s p e c t  t o  e^ and W. Comparing t h e s e  v a l u e s  t o  t h o s e  

shown i n  Table 4 . 3 . 4 ,  we can see  which s u b - c a s e  ( i f  any) of  

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

d a t a  w i l l  the n depend on t h e s e  i n i t i a l  c o n c l u s i o n s ,  and w i l l  

be d i s c u s s e d  in  more d e t a i l  i n  S e c t i o n  4 . 4 ( 1 ) . 3 ,  which c o n t a i n s  

t h e  e x p e r i m e n t a l  r e s u l t s .

4 . 3 . 2  THE HETEROGENEOUS REDOX CATALYSIS THEORY

A scheme of  r e a c t i o n s  f o r  t h i s  model has been shown i n  

F i g u r e  4 . 1 . 2 .  On t h e  s u r f a c e  o f  t h e  o r g a n i c  s a l t  DA t h e r e

i s  supposed to  be a l a b i l e  e q u i l i b r i u m  i n v o l v i n g  t h e  s a l t

-. . . 0  0 0 + 
and s p e c i e s  D and A . D i s  assumed t o  be o x i d i s e d  t o  D

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

. 0
k ^ .  The enzyme i s  assumed t o  r e a c t  w i t h  A w ith  a second

o r d e r  r a t e  c o n s t a n t  k3 t o  produce A . D+ i s  then supposed

t o  combine r a p i d l y  w it h  A t o  reform DA, th e  o r g a n i c  s a l t .

A f u r t h e r  p o s s i b i l i t y  i n c l u d e d  i n  th e  model i s  t h a t  D° can

be l o s t  from t h e  e l e c t r o d e  by d i s s o l v i n g  i n t o  s o l u t i o n  and



th e n  d i f f u s i n g  out  i n t o  t h e  b u l k .  This p r o c e s s  can be

d e s c r i b e d  by th e  p a r t i t i o n  c o e f f i e n t  and a mass t r a n s f e r

r a t e  c o n s t a n t  k^:

KS '  d s o l /d 

kD " °D/ZD

( 4 . 9 )

( 4 . 1 0 )

where d , and d a r e  t h e  c o n c e n t r a t i o n  o f  D in  s o l u t i o n  a t  
s o l

- 3
t h e  e l e c t r o d e  s u r f a c e  (mol cm ) and ad s or bed  to  th e

- 2
e l e c t r o d e  s u r f a c e  (mol cm ) r e s p e c t i v e l y ,  i s  th e  

d i f f u s i o n  c o e f f i c i e n t  of  D and 2 ^ i s  t h e  l e n g t h  of  th e  

d i f f u s i o n  l a y e r .  In t h e  s t e a d y  s t a t e  t h e  d i f f u s i o n  of  D° 

from t h e  s u r f a c e  must be matched by an e q u a l  f l u x  of  A 

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

In s o l u t i o n  t h e  enzyme r e a c t s  w ith  s u b s t r a t e  with  a

f i r s t  o r d e r  r a t e  c o n s t a n t  k ^ .  In a s i m i l a r  argument to

t h a t  p r e s e n t e d  in  s e c t i o n  4 . 3 . 1 ,  we can presume k ~ k  . and
E c a t

t h e r e  i s  no c o n c e n t r a t i o n  p o l a r i s a t i o n  of  g lu c o s e  th r o u g h o u t  

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

A f u l l  m a t h e m a t i c a l  t r e a t m e n t  of  t h i s  system i s  

p r e s e n t e d  in  Appendix 3 .  Here we w i l l  summarise th e  

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

p a r a m e t e r s  %=KSI<D/I<2 . KE=k£(Z0 ) 2 /D£ . B= Cne^/ K£k? k3 ) (DE/ZD) 2 

and f ,  where f  i s  g i v e n  by:

3 e = fnDEe E/ZD ( 4 . 1 1 )

where j  i s  th e  f l u x  o f  e l e c t r o n s  and e q u a l  t o  i/AF. The 

system i s  the n d e s c r i b e d  by t h e  f o l l o w i n g  e q u a t io n :

Bf2 + f t a n h [ ( K E) l / 2 ] / ( K E ) 1 / 2  - ( 1  + e ^ " 1 = 0 ( 4 . 1 2 )

Ke d e s c r i b e s  t h e  c h an c es  t h a t  E w i l l  esca pe ifsta t h e



bulk b e f o r e  i t  r e a c t s  w it h  s u b s t r a t e .  I f  K^>>1 th e n  E i s  

more l i k e l y  t o  r e a c t  th a n  be l o s t  to  th e  b u lk ,  whereas  th e  

converse  i s  t r u e  i f  «E<<1 . B d e s c r i b e s  t h e  b a l a n c e  between 

th e  s u r f a c e  k i n e t i c s  and mass t r a n s p o r t .  I f  B>>1 then th e  

s u r f a c e  k i n e t i c s  a r e  r e l a t i v e l y  r a p i d  and th e  f l u x  w i l l  tend 

t o  be c o n t r o l l e d  by t h e  r e g e n e r a t i o n  o f  enzyme or  mass 

t r a n s p o r t .  On t h e  o t h e r  hand i f  B<<1 the n mass t r a n s p o r t  i s  

r a p i d  and t h e  f l u x  w i l l  te n d  to  be c o n t r o l l e d  by t h e  s u r f a c e  

k i n e t i c s  or  enzyme r e g e n e r a t i o n .  9 ^  d e s c r i b e s  t h e  chances  

of  D bei ng e l e c t r o c h e m i c a l l y  o x i d i s e d  b e f o r e  d i s s o l v i n g  i n t o  

s o l u t i o n .  I t  w i l l  be g r e a t e r  t h a n  u n i t y  i f  D i s  more l i k e l y  

t o  es cap e i n t o  s o l u t i o n  t h a n  be o x i d i s e d ,  and l e s s  th a n  one 

i f  th e  c o n v e r s e  i s  t r u e .

We a r e  now in  a p o s i t i o n  t o  d e r i v e  t h r e e  appro xim ate  

s o l u t i o n s  f o r  f which c o r r e s p o n d  to  t h r e e  s imple c a s e s .  We 

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

B / (1 + 9d ) >> t a n h 2 [ ( K E) 1 / 2 ] / K E ( 4 . 1 3 )

the n we f i n d  e q u a t i o n  4 . 1 2  r e d u c e s  to:

f » {B(U0o)}'1/2 U.K)
and so

j e = {nK1 k 2 k3 e i; / ( 1  + 0 D , } 1 / 2  ( 4 . 1 5 )

In t h i s  c a s e  (Case S) t h e  s u r f a c e  k i n e t i c s  a r e  r a t e  

l i m i t i n g .

R ev er s in g t h e  i n e q u a l i t y  of  e q u a t i o n  4 . 1 3  we f i n d :  

f  * {(KE) 1 / 2 c o t h [ ( K E) 1 / 2 ] } / ( 1 +eD) ( 4 . 1 6 )

I f  Ke <<1 we f i n d

f  * 1 / < 1 +0O) ( 4 . 1 7 )
•%

hence we o b t a i n  Case T:



j e = nDEe E/{ZDM+0 D)} ( 4 . 1 0 )

The r a t e  l i m i t i n g  s t e p  i s  now mass t r a n s p o r t  of E' a c r o s s

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

F i n a l l y  we w i l l  c o n s i d e r  t h e  f i n a l  c as e  where Kf >>1 . 

Enzyme r e g e n e r a t i o n  i s  now r a p i d  and we f i n d  

f  * t ( K E) 1 / 2 ] / ( U e D) ( 4 . 1 9 )

g i v i n g

je = n(DEkE)1/2eE/(1+0D) (4.20)

This i s  Case E. E i s  now consumed in  a r e a c t i o n  l a y e r  c l o s e

1 / 2
to  t h e  e l e c t r o d e  given by ( DE/ kE)

We have now found t h r e e  s im pl e  c a s e s  as s o l u t i o n s  t o  

our  o r i g i n a l  problem. These c a s e s  can be f u r t h e r  sub­

d i v i d e d ,  depending on t h e  v a l u e  o f  0 ^ .  They a r e  shown on 

t h e  case  diagrams d i s p l a y e d  i n  F i g u r e s  4 . 3 . 2  ( f o r  0 D<<1,

s u b - c a s e s  E, S and T) and A .3 . 3  ( f o r  0 >>1, s u b - c a s e s  EQ, SQ
U 0 0

and T g ) .  Table 4 . 3 . 5  summarises  th e  ap p ro x im ate  e x p r e s s i o n  

f o r  t h e  f l u x  in  each s u b - c a s e .

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

p r o c e d u r e  as f o r  t h e  homogeneous medation t h e o r y .  We f i r s t  

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

r e s p e c t  to  e^  and W and compare them w ith  t h o s e  p r e d i c t e d  by 

t h e  t h e o r y ,  shown in  Table  4 . 3 . 6 .  F u r t h e r  a n a l y s i s  then 

depends as to  which c as e  we b e l i e v e  i s  a p p l i c a b l e ,  and w i l l  

be d i s c u s s e d  f u r t h e r  in  S e c t i o n  4 . 4 ( 1 ) . 4  w i t h  t h e  e x p e r i m e n t a l

r e s u l t s .
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F i g u r e  4 . 3 . 2  Case diag ram f o r  th e  h et e r o g e n e o u s  redox 
c a t a l y s i s  model ( 0  <<1 ) .
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F i g u r e  4 . 3 . 3
C s c  diagram for the heterogeneous redox 

catalysis model (6p>>1
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TABLE 4.3.5

Approximate e q u a t i o n s  f o r  f l u x  f o r  each ca se  of  th e  

h e t e r o g e n e o u s  redox c a t a l y s i s  model.

Case e D Flux Given By

E <1 n(D k ) ^ 2 e r 
E E  L

S <1
1 /  2

( n ^ k ^ e ^ . )

T <1
nDEe r /ZD

CD
U

J >1 n [ ( D ckc ) 1 / 2 e r ) / 8 i.
E E  1 P

se >1 [ ( nK k k e J  1 ZZJ / 0

Te >1
n [ , D Ee E, / Z O] / 0 i>
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TABLE A.3. 6

Order of  f l u x  with  r e s p e c t  to  enzyme c o n c e n t r a t i o n  f o r  each 

c a s e  o f  t h e  h e t e r o g e n e o u s  redox c a t a l y s i s  model.

Case Order w . r . t . 

e E

Order w 
W

E 1 0

S 1 / 2 0

T 1 + 1 / 2

Ee 1 - 1 / 2

se 1 / 2 - 1 / 2

Te 1 0



Correlation coefficients for data shown in Figures 4.4.1a

and b :

P o t e n t i a l
/mV

C o r r e l a t i o n
C o e f f i c i e n t

P o i n t s  Used *
f o r  C a l c u l a t i o n

300 0 . 9 9 7 6 3 - 1 0

250 0 . 9 9 8 8 4 - 1 0

2 0 0 0 . 9 8 9 3 4 1 - 1 0

150 0 . 9 9 5 8 3 2 - 1 0

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

50 0 . 9 9 8 1 1 - 1 0

C o r r e l a t i o n c o e f f i c i e n t s  f o r d a t a  shown in  F ig u r e s

and b:

P o t e n t i a l
/mV

C o r r e l a t i o n
C o e f f i c i e n t

P o i n t s  Used *
f o r  C a l c u l a t i o n

300 0 . 9 9 9 8 5 3 - 1 0

250 0 . 9 9 9 7 6 4 - 1 0

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

150 0 . 9 9 9 7 7 2 - 1 0

1 0 0 0 . 9 9 9 8 4 3 - 1 0

50 0 . 9 9 3 8 8 1 - 1 0

p o i n t s  ar e  ta k e n  to  be numbered s e q u e n t i a l l y  in  o r d e r  of 

i n c r e a s i n g  enzyme c o n c e n t r a t i o n  from 1 ( l o w e s t

c o n c e n t r a t i o n )  t o  10  ( h i g h e s t  c o n c e n t r a t i o n )



4.4 RESULTS

4 . 4 ( 1 )  ROTATING DISC STUDIES

This s e c t i o n  c o n t a i n s  r e s u l t s  from r o t a t i n g  d i s c  

s t u d i e s  of  GOD a t  s u b s t r a t e  s a t u r a t i o n  us in g  a 

TTFTCNQ/silicone o i l  p a s t e  e l e c t r o d e .  The c u r r e n t  was 

measured a t  10  enzyme c o n c e n t r a t i o n s  between 10  and 9 0 . 9  

u n i t s / m l  f o r  s i x  p o t e n t i a l s  between 50 and 300  mV. 

A d d i t i o n a l l y  t h e  dependence o f  t h e  c u r r e n t  w ith  r o t a t i o n  

speed was i n v e s t i g a t e d  f o r  t h r e e  enzyme c o n c e n t r a t i o n s .

4 . 4 ( 1 ) .  1 DEPENDENCE OF CURRENT ON ENZYME CONCENTRATION

Raw d a t a  showing th e  dependence of  c u r r e n t  i ,  w ith

enzyme c o n c e n t r a t i o n  e^., a t  4 Hz i s  shown in  F ig u r e s  4 . 4 . 1 a

and b f o r  t h e  s i x  p o t e n t i a l s  employed.  I t  can be seen t h a t

t h e  c u r r e n t  i s  not  l i n e a r  w i t h  e^. a t  any p o t e n t i a l  and t h a t

i t  does not  ap p ea r  t o  change s i g n i f i c a n t l y  w ith  p o t e n t i a l

1 / 2
above +150 mV. R e p l o t t i n g  t h e  c u r r e n t  a g a i n s t  (ej . )

( F i g u r e s  4 . 4 . 2 a  and b ) ,  we f i n d  t h a t  we o b t a i n  more l i n e a r

£
p l o t s  ( e x c e p t  f o r  th e  lo w es t  c o n c e n t r a t i o n s  of  enzyme) and

we can t h e r e f o r e  conclude t h a t  t h e  c u r r e n t  i s  a p p r o x im a te ly

1 / 2
p r o p o r t i o n a l  t o  ( e ^ )  . This  means t h a t  in  terms of  th e

two proposed mechanisms we must be s u b s t a n t i a l l y  in  Case I 

( f o r  homogeneous m e d i a t i o n )  or  Case S ( f o r  h et er o g en eo u s  

redox c a t a l y s i s )  perhaps a p p r o a c h i n g  t h e  boundary of  an o t h e r  

c a s e  a t  low enzyme c o n c e n t r a t i o n s .



mV, ( • )  250 mV and (x) 300 mV.
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es/units/ml

F i g u r e  4 . 4 . 1  b)Response of  t h e  e l e c t r o d e  to  d i f f e r e n t
c o n c e n t r a t i o n s  of  enzyme: (O) 50 mV and (A) 100 
mV.

r o
H-*-



F i g u r e  4 . 4 . 2  a)  Data from F ig u r e  4 . 4 . 1  r e p l o t t e d  a g a i n s t  
sq ua re  r o o t  of  enzyme c o n c e n t r a t i o n :  ( • )  150
mV. ( X )  200  mV. (V) 250  mV and (O) 3 00  mV. ^

OT



1 I

(eJ7(unifs/ml)/7‘
F i g u r e  4 . 4 . 2  b) Data from F ig u r e  4 . 4 . 1  r e p l o t t e d  a g a i n s t  

s q u a r e  r o o t  of  enzyme c o n c e n t r a t i o n :  ( a )  50 
mV and (* )  100 mV.

216



4 . 4 ( 1 ) . 2  DEPENDENCE OF CURRENT ON ROTATION SPEED

F igu res  4 . 4 . 3 a ,  b and c show how th e  c u r r e n t  changes

w ith  r o t a t i o n  speed f o r  enzyme c o n c e n t r a t i o n s  o f  2 9 . 1 ,  5 6 . 6

and 9 0 . 9  u n i t s / m l  r e s p e c t i v e l y .  There i s  d e f i n i t e l y  an

i n v e r s e  r e l a t i o n s h i p  between c u r r e n t  and r o t a t i o n  s p ee d ,

ex c e p t  a t  +50 mV, where t h e  c u r r e n t  does not  seem t o  change

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

- 1 / 2
t h a t  i  i s  no t  p r o p o r t i o n a l  t o  W because i f  so t h e  

c u r r e n t  a t  1 Hz would be t h r i c e  t h a t  a t  9 Hz. This i n v e r s e  

r e l a t i o n s h i p  would seem t o  e l i m i n a t e  Case T of  t h e  

h e t er o g en eo us  red ox  t h e o r y  as b ei n g i m p o r t a n t .  This was 

exp ec ted  as we can c a l c u l a t e  t h a t  K^>>1 ( s e e  Appendix 3)  

F u rth er m o re ,  we c a n n o t  be s o l e l y  i n  Case I I  of  t h e  

homogeneous m e d i a t i o n  t h e o r y  be ca u se  o t h e r w i s e  t h e  c u r r e n t  

would depend s u b s t a n t i a l l y  more on r o t a t i o n  speed.

As i t  i s  d i f f i c u l t  t o  a s s e s s  a. p r i o r i  th e  e f f e c t  of  

changing th e  p o t e n t i a l ,  f o r  t h e  moment we w i l l  t r e a t  t h e  

d a t a  a t  each p o t e n t i a l  i n d i v i d u a l l y .  Comparing our  

c o n c l u s i o n s  from t h e  p r e v i o u s  s e c t i o n ,  we can p r e d i c t  t h a t  

f o r  th e  homogeneous m e d i a t i o n  t h e o r y  we a r e  e i t h e r  working 

s o l e l y  in  Case I ( w it h  b e i n g  comparable to  u n i t y ,  

because of  t h e  r e l a t i o n s h i p  between c u r r e n t  and r o t a t i o n  

speed)  or moving away from t h e  I / 11 boundary i n t o  Case I 

w i t h  i n c r e a s i n g  enzyme c o n c e n t r a t i o n .  In a s i m i l a r  way, f o r  

t h e  h e t e r o g e n e o u s  redox c a t a l y s i s  t h e o r y ,  we must be i n  Case 

SG, or moving away from t h e  Eft/SQ boundary with  i n c r e a s i n go D O
enzyme c o n c e n t r a t i o n .  We w i l l  examine t h e s e  two 

a l t e r n a t i v e s  in  t h e  ne xt  two s e c t i o n s ,  and f i n a l l y  we w i l l
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F i g u r e * . 4 . 3  V a r i a t i o n  of c u r r e n t  w ith  r o t a t i o n  speed f o r  an 
enzyme c o n c e n t r a t i o n  of  a) 2 9 . 1  u n i t s / m l  and b) 
5G.6 u n i t s / m l .  Numbers 1 , 4  and 9 on f i g u r e s
refer to rotation speed in Hz.
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°0 ' TOO ' 200 ' 300
E/mV

F ig u r e  4 . 4 . 3  c)  V a r i a t i o n  of  c u r r e n t  wi th  r o t a t i o n  speed f o r  
an enzyme c o n c e n t r a t i o n  of 9 0 . 9  u n i t s / m l .  
Numbers 1 , 4  and 9 on f i g u r e  r e f e r s  to  r o t a t i o n  
speed in  Hz.



examine i f  i t  i s  p o s s i b l e  t o  e x p l a i n  t h e  p o t e n t i a l

dependence of  t h e  c u r r e n t .

4 . 4 ( 1 ) . 3  FIT OF THE EXPERIMENTAL DATA TO THE HOMOGENEOUS 

MEDIATION MODEL

The m a s t e r  e q u a t i o n  d e s c r i b i n g  t h i s  system i s  as 

f o l l o w s :

j  = k m T[( K M) , / 2 c o t h ( K J , / 2  - 1 3 / ( 1  ♦  e I U . 2 1 I

A n a ly s is  of  t h e  d a t a  can be made much e a s i e r  i f  we can make

some kind of  s i m p l i f y i n g  a s s u m p t i o n .  R o ta t i o n  speed

dependence a r i s e s  in  th e  terms f o r  KM, k_ and 0. . .  I t  i s

p o s s i b l e  t o  show t h a t ,  w h a te v e r  t h e  v a l u e s  of 0 .. and k - ,M D

K„>4 because o t h e r w i s e  we would o b s e r v e  much more r o t a t i o n  n
1 / 2

speed dependence.  Thus we can assume t h a t  co t h (K .J  ~1  andM

so s u b s t i t u t i n g  f o r  Ku , k_ and 0 .. t h e  e x p r e s s i o n  s i m p l i f i e sM U  M

t o :

j  = (C1 ( e E > 1 / 2  - C2 W1 / 2 ) / ( 1  + C3 W1 / 2 ) ( 4 . 2 2 )

where C, 1 / 2mo r  V 1 V ZD I m0  , T and W  IZD. i V  •

I t  should be n ote d t h a t  b ec a u se  we have assumed t h a t  Kl.>4, j  

w i l l  always be p o s i t i v e  i n  t h i s  e x p r e s s i o n  (as we would 

e x p e c t  from p h y s i c a l  i n t u i t i o n ) .  We can now r e a r r a n g e  t h i s  

e q u a t i o n  t o  g iv e :

( j/ W1 / 2 ) = C [ (C /C ) ( e E/W1 / 2 ) - 1 3 / ( 1  + C3 W1 / 2 ) ( A . 23 )

I f  t h e  homogeneous m e d i a t i o n  model i s  c o r r e c t ,  th e n

1/2 1/2
e x p e r i m e n t a l  p l o t s  o f  i/W a g a i n s t  (ej./W ) must



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

i )  a t  each r o t a t i o n  spe ed,  we must o b t a i n  a s t r a i g h t  

l i n e ;

i i )  t h e s e  s t r a i g h t  l i n e s  should pass  thr ough a common

i n t e r c e p t  on t h e  a b s c i s s a  (we s h a l l  c a l l  t h i s  p o i n t  I ) ;

i i i )  t h e  g r a d i e n t s  G, of  each l i n e  should e i t h e r  remain

c o n s t a n t  or d e c r e a s e  w it h  r o t a t i o n  speed and f u r t h e r m o r e  in

1 / 2
t h e  l a t t e r  case a p l o t  of  1/G a g a i n s t  W should be l i n e a r .

I t  w i l l  be seen t h a t  when we a t t e m p t  to  f i t  t h e  

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

t h e  c o n d i t i o n s  t h a t  t h e  p l o t s  need to s a t i s f y  are  

p r a c t i c a l l y  t h e  same, th u s  making comparison between t h e  two 

models f a i r .

F ig u re s  4 . 4 . 4 a  t o  f  show such p l o t s  f o r  the

e x p e r i m e n t a l  d a t a .  For t h r e e  p o t e n t i a l s  (namely + 15 0,  +200

and +250 mV) t h e  d a t a  seems t o  s a t i s f y  t h e  above c o n d i t i o n s

r e a s o n a b l y  w e l l .  There i s  a common i n t e r c e p t  on t h e

a b s c i s s a  and t h e  g r a d i e n t s  te nd  t o  d e c r e a s e  with  W. The

d i f f e r e n c e  in  t h e  g r a d i e n t s  i s  very s m a l l ,  however, showing

t h a t  and hence 0.. a r e  not  very s i g n i f i c a n t .  For t h e  o M

o t h e r  t h r e e  p o t e n t i a l s  t h e  d a t a  do not  f i t  as w e l l .

However, from t h e  p r e v i o u s  t h r e e  p l o t s ,  we can assume t h a t

i n  t h e s e  cas es  i s  q u i t e  s m a l l ,  and th u s  f o r c e  a s t r a i g h t

l i n e  through a l l  t h e  d a t a .  This should g iv e us a rough i d e a

o f  t h e  va lu es  of  m T and k.. a t  t h e s e  p o t e n t i a l s .0 , 1  M
From t h e  g r a d i e n t s  and t h e  i n t e r c e p t  we t h e r e f o r e  f i n d

f o r  m _ and k„ as  shown i n  Table  4 . 4 . 1 .  The v a l u e s  f o r  
o , T M
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•1 Hz 

°4Hz 

+9Hz

Figure 4.4.4 a) Diagnostic plot for homogeneous mediation
model for data at 50 mV.
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•1 Hz 

°4Hz 

*9Hz

F i g u r e 4.4.4 b) Diagnostic plot for homogeneous mediation
model for data at 100 mV.
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°AHz
+9Hz

Figure A. 4.4 c) Diagnostic plot, for homogeneous mediation
model for data at 150 mV.
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•1 Hz 
°4Hz 
+9 Hz

Figure 4.4.4 d) Oiagnostic plot for homogeneous mediation
model for data at 200 mV.
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Figure 4.4.4 e) Diagnostic plot for homogeneous mediation 
model for data at ?TiO mV.
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•1 Hz 
°4Hz 
*9Hz

Figure 4.A.4 f) Diagnostic plot for homogeneous mediation
model for data at 300 mV.
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TABLE 4 . 4 . 1

K i n e t i c  p a r a m e t e r s  d e t e r m in e d  e x p e r i m e n t a l l y  from t h e  

d i a g n o s t i c  p l o t s .

HOMOGENEOUS MEDIATION MODEL

P o t e n t i a l m
o , T

-6
10  kH

/ mV / pmol dm 3 / mol 1 dm
3 -1

s

*
50 0 . 0 6 140

1 0 0 * 1 . 4 8

150 2 . 4 23

2 0 0 2 . 2 22

250 4 . 3 11

300* 4 . 0 6

HETEROGENEOUS REDOX CATALYSIS MODEL

P o t e n t i a l
,DEkE) , / 2

1 0 ~ 1 5 K. k 0 k. 
1 2 3

Ks / k 2

/ mV . - 1  
/ cm s / mol cm 1 s

1 , - 1
/ c m  s

*
50 0 . 0 0 6 8 . 5 -

1 0 0 * 0 . 0 1 5 460 118

150 0 . 0 8 2 450 0 391

2 0 0 0 . 0 6 7 2 2 0 0 2 0 0

*
250 0 . 1 1 5500 450

300 0 . 0 5 5 36 00 333

*
v a l u e s  of p a r a m e t e r s  a t t h e s e  p o t e n t i a l s were o b t a i n e d  from

p o o r e r  q u a l i t y  p l o t s  and t h e r e f o r e  w i l l  have a g r e a t e r

e r r o r .



mQ ^ a l l  l i e  in  t h e  pmolar ran g e or  below, which would be 

ex pe c te d  g iv e n  p r e v i o u s  e x p e r i m e n t a l  e v i d e n c e .  However t h e  

v a l u e s  o f  k„ o b t a i n e d  seem much h i g h e r  th a n  t h o s e  measured
M

0  - .
f o r  r e a c t i o n  of  GOD w ith  e i t h e r  TCNQ or  TCNQ in  s o l u t i o n ,

and i f  t h i s  model i s  c o r r e c t  we must t h e r e f o r e  r u l e  out

t h e s e  two s p e c i e s  as c a n d i d a t e  m e d i a t o r s .  This l e a v e s  TTF +

. 2 +
( o r  p er h ap s  TTF ) as t h e  only a l t e r n a t i v e s .  As t h e  v al u e

f o r  k.. has no t  been d e f i n i t i v e l y  measured f o r  e i t h e r  of 
M

t h e s e  two c a t i o n s ,  t h e i r  d e t e r m i n a t i o n  should be an 

i m p o r t a n t  p a r t  of  f u t u r e  work.

The d i a g n o s t i c  p l o t s  p r e s e n t e d  above t h e r e f o r e  seem 

c l e a r l y  t o  s u p p o r t  t h e  homogeneous m e d i a t i o n  model as th e  

t r u e  mechanism f o r  t h i s  system.  Wh ilst  t h r e e  p o t e n t i a l s  

gave p l o t s  t h a t  were not  p e r f e c t ,  they s t i l l  y i e l d e d  

r e a s o n a b l e  v a l u e s  f o r  m _ and k.. .  I t  i s  a l s o  i n t e r e s t i n g  

t h a t  t h e  v a l u e s  f o r  k.. ar e  a l l  r e l a t i v e l y  c o n s t a n t  wi th
M

p o t e n t i a l  ( t h e  v a l u e  o b t a i n e d  a t  50 mV i s  much h i g h e r  than

t h e  r e s t ,  bu t  t h i s  may be bec ause of  th e  h i g h e r  e x p e r i m e n t a l

e r r o r  f o r  t h i s  d a t a ) .  This i s  j u s t  as ex p ec te d  and i s

f u r t h e r  e v i d e n c e  i n  s u p p o r t  of  t h i s  model.  The p l o t s

c on fir m  our  p r e l i m i n a r y  c o n c l u s i o n s  t h a t  we a r e  working in

Case I . As we have shown t h a t  0.. i s  not  very s i g n i f i c a n t  I rl
t h e  m e d i a t o r  c o n c e n t r a t i o n  must be c o n t r o l l e d  main ly by th e  

thermodynamics  of  t h e  system and not  i t s  d i s s o l u t i o n  

k i n e t i c s .  At low enzyme c o n c e n t r a t i o n s  we a r e  q u i t e  c l o s e  

t o  Case I I ^  and t h i s  i s  why t h e r e  i s  some dependence of 

c u r r e n t  on r o t a t i o n  sp eed .  We w i l l  now see how w e l l  t h e  

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

4 . 4 ( 1 ) . 4  FIT OF THE DATA TO THE HETEROGENEOUS REDOX 

CATALYSIS THEORY

The m a s t e r  e q u a t i o n  f o r  t h i s  t h e o r y  i s :

Bf2 + f t a n h [ ( K E) 1 / 2 ] / ( K E ) 1 / 2  - (1 + Bp) ' 1 = 0 .  ( 4 . 2 4 )

Because we know t h a t  KE>>1, we can assume t h a t  

tanh(l<E) ~ 1 . Hence s u b s t i t u t i n g  f o r  «E, f ,  B and 0 ^  a f t e r  

r e a r r a n g e m e n t  we f i n d

3 = ( e E/ j ) F  / ( 1  + F2 W1 / 2 ) - F3 ( 4 . 2 5 )

where F ^ n l ^ k ^ ,  F2 =(Ks Dd , / ( Z D 1 k2 J and 

F3=(K1k 2k3 , / ( D EkE, 1 / 2 -

I f  t h i s  mechanism i s  c o r r e c t ,  the n a p l o t  of  i  a g a i n s t  

i / e ^  should g i v e  a s t r a i g h t  l i n e  a t  c o n s t a n t  r o t a t i o n  speed.  

The g r a d i e n t  should e i t h e r  d e c r e a s e  or  remain c o n s t a n t  with  

r o t a t i o n  speed depen di ng  on t h e  v a l u e  o f  F2< and th e  

i n t e r c e p t  on t h e  o r d i n a t e  s hou ld always be th e  same a t  any 

r o t a t i o n  sp eed .  F u r t h e r m o r e ,  a p l o t  of  t h e  th e  r e c i p r o c a l  

o f  t h e  g r a d i e n t  a g a i s t  r o t a t i o n  speed should be a s t r a i g h t  

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

a r e  almo st  t h e  same as t h e  f i t  f o r  t h e  homogeneous m e d i a t i o n  

t h e o r y ,  e x c e p t  t h a t  t h e  i n t e r c e p t  must be c o n s t a n t  on th e  

o r d i n a t e  i n  t h i s  c as e  and n o t  t h e  a b s c i s s a .  Fig ur es  4 . 4 . 5 a  

t o  f  show such p l o t s  f o r  t h e  e x p e r i m e n t a l  d a t a .

For two of  t h e  p o t e n t i a l s  (namely +200 and +300 mV) t h e
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Figure 4.4.5 a) Diagnostic plot for heterogeneous redox
catalysis model for data at 50 mV.
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Figure A.4.5 b) Diagnostic plot for heterogeneous redox
catalysis model for data at 100 mV.
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Figure A.4.5 c) Diagnostic plot for heterogeneous redox
catalysis model for data at 150 mV.
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Figure 4.4.5 d) Diagnostic plot for heterogeneous redox
catalysis model for data at 200 mV.
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Figure 4.4.5 e) Diagnostic plot for heterogeneous redox
catalysis model for data at 250 mV.



Figure 4.4.5 f) Diagnostic plot for heterogeneous redox
catalysis model for data at 300 mV.



d at a  does inde ed behave as t h i s  t h e o r y  would p r e d i c t .  At

+150 mV t h e  d a t a  could a l s o  f i t  t h e  t h e o r y  r e a s o n a b l y  w e l l .

However, t h e  p l o t s  a t  t h e  o t h e r  p o t e n t i a l s  do not  appear  t o

f i t  t h e  t h e o r y  q u i t e  so w e l l .  As in  th e  t r e a t m e n t  f o r  the

homogeneous m e d ia t i o n  model,  we can a t t e m p t  t o  f o r c e  th e

d a t a  to  f i t  t h e  t h e o r y ,  and t h i s  i s  shown in  t h e  p l o t s .

From a l l  the  p l o t s  we can t h e r e f o r e  f i n d  v a l u e s  f o r  F ,

Fg, and F3 and th us  o b t a i n  e s t i m a t e s  f o r  t h e  r a t e  c o n s t a n t s

shown i n  Table  4 . 4 . 1 .  I t  i s  d i f f i c u l t  to  e s t i m a t e  va lu es

i n d e p e n d e n t l y  f o r  K1 , k? , k3 and K$ but  we can e s t i m a t e  from

1/2
p u b l i s h e d  d a t a  ( s e e  S e c t i o n  4 . 3 )  t h a t  th e  v al u e of  (D^k^)

should be “ 0 . 0 4  cm s 1 . Except  f o r  t h e  v al u e o b t a i n e d  a t  50

mV, t h i s  a g r e e s  q u i t e  w e l l  w i t h  t h o s e  det erm ine d

e x p e r i m e n t a l l y .  The d i s c r e p a n c y  seen f o r  th e  50 mV d a t a  may

agai n be due to  e x p e r i m e n t a l  e r r o r .

On t h e  b a s i s  of  t h e s e  d i a g n o t i c  p l o t s  we can not

e l i m i n a t e  t h i s  model as a p o s s i b l e  mechanism to  d e s c r i b e

t h i s  sy st em .  Two, and p o s s i b l y  t h r e e ,  p o t e n t i a l s  f i t  the

t h e o r y  q u i t e  w e l l ,  but  t h e  o t h e r  p o t e n t i a l s  gave poor  p l o t s

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

1/ 2
f o r  <DEkE) • I t  i s  however s a t i s f a c t o r y  t h a t  K kgk seems 

t o  be s m a l l e r  a t  low p o t e n t i a l s ,  which would be e x p ec te d  

be ca use  o f  t h e  s m a l l e r  c u r r e n t s  under  t h e s e  c o n d i t i o n s .

K$ / k 2 a l s o  seems to  d e c r e a s e  a t  low p o t e n t i a l s ,  which agai n 

i s  t o  be e x p e c te d  beca use  of  t h e  l o s s  of  r o t a t i o n  speed 

de pen de nce .  The r e a s o n  why some o f  t h e  p l o t s  were so 

u n s a t i s f a c t o r y  may not  be b ec a u se  t h i s  model i s  wrong but 

beca use  o f  unknown e x p e r i m e n t a l  f a c t o r s  (such as adsorbed



enzyme or d r i f t i n g  background c u r r e n t s )  which may be

a f f e c t i n g  th e  d a t a .  F u r t h e r  work now being c a r r i e d  o u t  in

[ 9 7 ]
t h e s e  l a b o r a t o r i e s  should r e s o l v e  t h i s  q u e s t i o n

4 ( 1 ) . 5  DEPENDENCE OF CURRENT WITH POTENTIAL

Q u a l i t a t i v e  a n a l y s i s  of  t h e  d a t a  shows t h a t  t h e  c u r r e n t

i n c r e a s e s  wi th  p o t e n t i a l  and t h a t  a t  low p o t e n t i a l s  i t

becomes l e s s  depe nd en t  on r o t a t i o n  speed.  For the

homogeneous m e d ia t i o n  t h e o r y  0 ^  and mQ ^ could both change

w ith  p o t e n t i a l .  The m a s t e r  e q u a t i o n  i s  of  the  form:

j  = Urn _ / ( 1  + 8 ) } . f ( e r ,W1 / 2 ) ( 4 . 2 6 )

We have a l r e a d y  shown t h a t  a t  h igh  p o t e n t i a l s  0„  i s  q u i t e
M

sm al l  and t h a t  t h e  r o t a t i o n  speed dependence comes from t h e  

1 / 2
f u n c t i o n  fte^-.W ) .  This f u n c t i o n  should not change w it h  

p o t e n t i a l .  We must t h e r e f o r e  e x p l a i n  th e  d e c r e a s e  i n  

c u r r e n t  by assuming t h a t  m _ i n c r e a s e s  w ith  p o t e n t i a l
o i  i

a n d / o r  t h a t  0 U becomes l a r g e r  as t h e  p o t e n t i a l  d e c r e a s e s .M

I n s p e c t i o n  of  Table  4 . 4 . 1  shows t h a t  indeed m T does
o, T

i n c r e a s e  w it h  p o t e n t i a l  and so t h i s  ap p ea rs  to  e x p l a i n  t h e

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

U n f o r t u n a t e l y  f o r  t h i s  model we now a r r i v e  a t  a

c o n t r a d i c t i o n  when we a l s o  c o n s i d e r  t h e  l o s s  of r o t a t i o n

speed dependence a t  low p o t e n t i a l s .  I n s p e c t i o n  o f  e q u a t i o n

4 . 2 6  shows t h a t  changes  i n  m _ would not  a f f e c t  t h eo , T

r o t a t i o n  speed dep en de nc e.  0 U c an n o t  be i n c r e a s e d  a t  low 

p o t e n t i a l s  beca use  t h i s  would g i v e  r i s e  t o  more r o t a t i o n



speed dependence.  Thus i t  i s  i m p o s s i b l e  t o  e x p l a i n  th e  

e x p e r i m e n t a l  r e s u l t s  by t h i s  model in  i t s  p r e s e n t  form.

Turning to  t h e  h e t e r o g e n e o u s  redox c a t a l s i s  t h e o r y ,  

p o t e n t i a l  dependence a r i s e s  o u t  of  t h e  term s i n v o l v i n g  0 ^ 

and K ^ ^ k ^  w h i l s t  r o t a t i o n  speed dependence i s  d et er m in e d  by 

t h e  magnitude of  0 ^ .  A d e c r e a s e  in  c u r r e n t  can be e x p l a i n e d  

by an i n c r e a s e  in  0 p or  a d e c r e a s e  in  K-j k2 k3 * Table * ■ * • 1 

co nf ir m s  t h a t  t h e  l a t t e r  p a r a m e te r  does d e c r e a s e  

c o n s i d e r a b l y  w ith  p o t e n t i a l .  K$ ^ k 2 and hence 0 D a l s o  

d e c r e a s e  w ith  p o t e n t i a l ,  th u s  e x p l a i n i n g  t h e  l o s s  of  

r o t a t i o n  speed dependence a t  low p o t e n t i a l s .  This model 

t h e r e f o r e  ac c ou n ts  f o r  t h e  changes in  t h e  system w ith  

p o t e n t i a l s  in  a very s a t i f a c t o r y  manner.

4 . 4 (  1 ) . 6  COMPARISON OF RESULTS FOR THE HOMOGENEOUS MEDIATION

AND HETEROGENEOUS REDOX CATALYSIS MODELS

In o r d e r  t o  e v a l u a t e  both models i t  i s  n e c e s s a r y  to

loo k a t  t h e  r e s u l t s  r e g a r d i n g  t h e  c u r r e n t ' s  dependence on

r o t a t i o n  speed,  enzyme c o n c e n t r a t i o n  and p o t e n t i a l  and t h e

q u a l i t y  of  th e  e x p e r i m e n t a l  p l o t s  o b t a i n e d  f o r  each

mechanism. Q u a l i t a t i v e l y  t h e  o v e r a l l  r e s u l t s  can not  be

e x p l a i n e d  by t h e  homogeneous m e d i a t i o n  t h e o r y  bec ause i t  can

no t  e x p l a i n  th e  o b s e r v e d  d e c r e a s e  in  r o t a t i o n  speed

dependence a t  low p o t e n t i a l s .  However t h e  f i t  of  t h e  d a t a

t o  t h e  homogeneous m e d i a t i o n  model a p p e a r s  t o  be b e t t e r  th a n

t h a t  f o r  t h e  h e t e r o g e n e o u s  c a t a l y s i s  model.  Using e i t h e r

model,  we d e r i v e  v a l u e s  f o r  p a r a m e te r s  such as k.. and
M

1 / 2
( D k )  and m 

E E o, T
which ap p ea r  c r e d i b l e .
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Of c o u r s e  we must no t  ex cl u d e th e  

t h e r e  may be a f e a t u r e  o f  e i t h e r  model 

However t h e  r e s u l t s  p r e s e n t e d  he re  

r a t h e r  i n c o n c l u s i v e .  Work now being ca 

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

i n v e s t i g a t i o n  of  t h e  sy stem a t  low subs 

should g i v e  us a c l e a r e r  p i c t u r e  in  th e

p o s s i b i l i t y  t h a t  

t h a t  we have i g n o r e d .

seem to  be 

r r i e d  out  in  t h e s e  

c s t u d i e s  and

t r a t e  c o n c e n t r a t i o n s

* . C97]
near  f u t u r e



4 . 4 ( 2 )  THE GLUCOSE MEMBRANE ELECTRODE

In t h i s  s e c t i o n  r e s u l t s  a r e  p r e s e n t e d  which show how 

t h e  re s p o n s e  of a g l u c o s e  membrane e l e c t r o d e  changes with  

p o t e n t i a l  over  a range  of  g l u c o s e  c o n c e n t r a t i o n s  which 

encompasses both s a t u r a t e d  and u n s a t u r a t e d  c o n d i t i o n s .  The 

o r g a n i c  s a l t  e l e c t r o d e  employed was e l e c t r o c h e m i c a l l y  

s y n t h e s i s e d  e x a c t l y  as d e s c r i b e d  in  S e c t i o n  3 . 3 ( 2 ) . 2  of 

Chapt er  3 .

The r es p o n s e o f  t h e  e l e c t r o d e  t o  g l u c o s e  a t  each

p o t e n t i a l  i s  shown in  F i g u r e s  4 . 4 . 6 a  and b. Looking a t

t h e s e  curves  i t  can be seen t h a t  i  i n c r e a s e s  with
max

p o t e n t i a l  and t h a t  th e  dynamic r ang e of  t h e  s e n s o r  i s  a l s o  

i n c r e a s e d .  I f  we now t u r n  t o  t h e  Hanes p l o t s  of  t h e  d a t a  

( F i g u r e  4 . 4 . 7 )  i t  can a l s o  be seen t h a t  a t  low 

c o n c e n t r a t i o n s  th e  r e s p o n s e  of  t h e  e l e c t r o d e  becomes more 

l i n e a r  as th e  p o t e n t i a l  becomes l a r g e r  and th e  curv es  a t  

each p o t e n t i a l  seem to  r e a c h  a common i n t e r c e p t  ( t h e  

r e s p o n s e  i s  l i n e a r  when t h e  g r a d i e n t  of  th e  l i n e  i s  z e r o ) .

We can look a t  t h e  r e s u l t s  i n  a d i f f e r e n t  way by 

examining how th e  c u r r e n t  changes  wi th  p o t e n t i a l  a t  a give n 

s u b s t r a t e  c o n c e n t r a t i o n .  Thi s  i s  shown i n  Fig ur e  4 . 4 . 8 ,  

where l n ( i )  i s  p l o t t e d  a g a i n s t  p o t e n t i a l  E, f o r  s e v e r a l  

d i f f e r e n t  g l u c o s e  c o n c e n t r a t i o n s .  At high p o t e n t i a l s  and 

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

remains  ap p r o x im a te ly  c o n s t a n t .  This i s  why t h e  Hanes p l o t s  

a t  each p o t e n t i a l  have a common i n t e r c e p t .  However, a t  hig h 

s u b s t r a t e  c o n c e n t r a t i o n s  t h e  p l o t  almost  becomes a s t r a i g h t
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F i g u r e  A.A. 6 a )R esponse of  t h e  membrane e l e c t r o d e  t o  g l u c o s e  
a t  d i f f e r e n t  p o t e n t i a l s .  Numbers - 5 0 ,  0 ,  +50 
and +100 on f i g u r e  r e f e r  to  p o t e n t i a l  i n  mV.
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Figure 4.4.6 b)Respor»se of the membrane electrode to glucose
at different potentials. Numbers 150, 200, 250
and 300 on figure refer to potential in mV.



i

F i g u r e  * . * . 7  Hanes p l o t s  of d a t a  shown in  F i g u r e s  4 . 4 . 6 a  and 
b.  Numbers 5 0 ,  100 ,  15 0 ,  2 0 0 ,  250  and 3 0 0  on 
f i g u r e  r e f e r  to p o t e n t i a l  in  mV.

r o
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F ig ur e  4 . 4 . 8  V a r i a t i o n  of  th e  c u r r e n t  from the membrane 
e l e c t r o d e  a t  d i f f e r e n t  p o t e n t i a l s .  Numbers 
0 . 5 ,  1,  2 ,  4 ,  7 . 5 ,  15 and 40 on f i g u r e  r e f e r  to  
g l u c o s e  c o n c e n t r a t i o n  in  mmol dm'-*.



l i n e ,  with  a p o s i t i v e  g r a d i e n t .  F ur th erm or e we can see  t h a t

each i n d i v i d u a l  c u r v e  te n d s  to  approac h t h i s  s t r a i g h t  l i n e  

a t  lower s u b s t r a t e  c o n c e n t r a t i o n s  f o r  lower  p o t e n t i a l s ,  

ag ai n  showing t h a t  t h e  dynamic r ang e of  th e  e l e c t r o d e  i s  

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

We can e x p l a i n  a l l  t h e s e  o b s e r v a t i o n s  us in g  t h e  t h e o r y  

i n t r o d u c e d  in  s e c t i o n  2 . 3 . 1 ,  C hap te r  2 .  The complete 

e q u a t i o n  d e s c r i b i n g  t h i s  system i s :

CS]

3

1 [S] oo 1 3 1 - 3

k Lk [ E3 ( k ) 2 [ E] k CS3
me [ c a t  t  t j L  s

( 4 . 2 7 )

F i r s t ,  we can se e  t h a t  t h e  Hanes p l o t s  come t o  a common 

i n t e c e p t  beca use  a t  low v a l u e s  of  [S]  , [S]  / j  te n d s  t o
oo oo

1/k . I f  we now t u r n  t o  th e  s i t u a t i o n  a t  high s u b s t r a t e
me

c o n c e n t r a t i o n s ,  i t  has a l r e a d y  been shown t h a t

CE3. / j  = 1 / ( Lk . )  + j  / ( k ‘ ) 
t  max c a t  max

. , 2
( 4 . 2 8 )

Thus t h e  i n c r e a s e  i n  i  w ith  p o t e n t i a l  must be e x p l a i n e d
max r

by an i n c r e a s e  i n  k ‘ ( as  k , i s  p o t e n t i a l  i n d e p e n d e n t ) .  

However, t h e  p l o t  o f  l n ( i )  a g a i n s t  E i s  not  q u i t e  l i n e a r  

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

t h a t  some o t h e r  r a t e  l i m i t i n g  p r o c e s s  i s  becoming i m p o r t a n t  

a t  high p o t e n t i a l s .  This w i l l  be d i s c u s s e d  more f u l l y  

l a t e r .

The dynamic r a n g e  of  t h e  s e n s o r  can be ro ughly

e s t i m a t e d  by t h e  v a l u e  of  Kmes 3ma)<kme• This can be th o u g h t

of  as anal ogous t o  t h e  M ic h a e li s  c o n s t a n t  of  an enzyme (K ) .m
The dynamic r a n g e  w i l l  be l a r g e r  as t h e  v a l u e  K i n c r e a s e s .

me

At each p o t e n t i a l ,  k i s  c o n s t a n t  b u t  j  i n c r e a s e s  This
me max



l e a d s  t o  an i n c r e a s e  i n  K and so an i n c r e a s e  in  th e
me

dynamic r an g e,  as o b s e r v e d .

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

s e p a r a t e d  i n t o  e x a m i n a t i o n  of  t h e  r e s p o n s e  a t  low, high and 

i n t e r m e d i a t e  v a l u e s  o f  g l u c o s e  c o n c e n t r a t i o n .  We w i l l  look 

a t  each of  t h e s e  r e g i o n s  in  t u r n .

4 . A( 2 )  . 1 RESPONSE AT LOW GLUCOSE CONCENTRATIONS

In t h i s  r e g i o n  t h e  f l u x  i s  l i m i t e d  by th e  membrane or

t h e  enzyme k i n e t i c s .  As a q u a l i t a t i v e  g u i d e ,  we know t h a t

a t  high p o t e n t i a l s  t h e  c u r r e n t  i s  l i n e a r  w ith  s u b s t r a t e

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

F u rth erm o re k i s  d e f i n e d  by t h e  e q u a t i o n :  
me

1/k = 1/k + KM/Lk . [ E l  ( 4 . 2 9 )
me s M c a t  t

- 5  -1
The e x p e r i m e n t a l  v a l u e  o f  k i s  3 . 6 x 1 0  cm s . This

me
-5

compares with  a v a l u e  o f  kg measured as 4 . 7 x 1 0  by Albery

and C r a s t o n ^ ^  and e s t i m a t e d  v a l u e  of  K.VLk . [ E ] ^  of
M c a t  t

>1x10 4 cm s 1 ( u s i n g  a low v a l u e  f o r  L o f  1 pm) .  This  

a g a i n  p o i n t s  to  membrane c o n t r o l .  Co nf irm ati o n  of  t h i s  

c o n c l u s i o n  would u s u a l l y  be made by employing th e  q or  

m o d i f i e d  p p l o t .  However, t h e s e  p l o t s  do not give 

s a t i s f a c t o r y  r e s u l t s .  The r e a s o n  f o r  t h i s  l i e s  in  th e  r a t e  

d e t e r m i n i n g  p r o c e s s e s  a t  high and i n t e r m e d i a t e  

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

4 . 4 ( 2 ) . 2  RESPONSE AT HIGH GLUCOSE CONCENTRATIONS

At high c o n c e n t r a t i o n s  o f  g l u c o s e  t h e  re sp o n se  i s  

o b v i o u s l y  governed by some p o t e n t i a l  depend en t  p r o c e s s .  In



terms of  homogeneous m e d i a t i o n  t h e o r y  t h i s  must be due to  

changes i n  t h e  c o n c e n t r a t i o n  of  m e d i a t o r ,  w h i l s t  i n  terms of  

t h e  h e t e r o g e n e o u s  redox c a t a l y s i s  model i t  must be due to  

changes i n  K^, k^ .  k^ or  K^. I t  must be remembered t h a t  we 

can not  however apply e x a c t l y  t h e  same m a th e m a ti c a l  a n a l y s i s  

to  t h i s  system as f o r  t h e  r o t a t i n g  d i s c  e l e c t r o d e ,  because 

t h e  membrane a l t e r s  t h e  boundary c o n d i t i o n s  of  t h e  problem.  

The s i m p l e s t  view to  t a k e  would be t h a t  because of  t h e  

membrane kD w i l l  be e f f e c t i v e l y  s m a l l e r  f o r  membrane 

e l e c t r o d e s  th a n  t h a t  t h a t  f o r  t h e  r o t a t i n g  d i s c  s yst em .  

However t h e  e f f e c t  of  t h e  membrane may a l s o  be t o  a l l o w  a 

b u i l d - u p  o f  any s p e c i e s  d i s s o l v i n g  from t h e  e l e c t r o d e  i n t o  

t h e  e n z y m e / e l e c t r o l y t e  l a y e r .  For both mechanisms,  t h i s  

would tend t o  i n c r e a s e  t h e  o b s e r v e d  c u r r e n t  i f  0„  o r  0,. were 

i m p o r t a n t .  However, we can use both models as a g u id e  f o r  

i n t e r p r e t a t i o n  of  th e  d a t a  where th e  c u r r e n t  i s  not  l i m i t e d  

by membrane t r a n s p o r t .

The a n a l y s i s  i s  e a s i e r  f o r  t h e  h e t er o ge n eo u s  redox 

c a t a l y s i s  model and we w i l l  s t a r t  w ith  t h i s .  At t h e  h i g h e s t  

c o n c e n t r a t i o n s  of  g l u c o s e  t h e  c u r r e n t  i s  p o t e n t i a l  

d e p e n d e n t .  This  means we a r e  i n  Case S and th e  f l u x  i s  

given by

j  = (nK1k2 k3 e i;) 1/2  ( A. 3 0)

We have h er e  assumed t h a t  t h e  d e c r e a s e  in  k^ w i l l  make 0 ^

n e g l i g i b l e .  At high p o t e n t i a l s  some o t h e r  p r o c e s s  i s

in v o l v ed  in  d e t e r m i n i n g  t h e  f l u x ,  as l n ( i  ) i s  no t  q u i t e
max

l i n e a r  w ith  p o t e n t i a l .  We can g a i n  some idea  of  t h e



magnitude o f  t h i s  second p r o c e s s  by assuming t h a t  i f  i t  was

e n t i r e l y  r a t e - d e t e r m i n i n g  i t  would g iv e r i s e  to  some

l i m i t i n g  c u r r e n t ,  i  . Using a modi fie d T a f e l  p l o t  ( c f

S e c t i o n  3 . 3 ( 2 ) . 2 ,  Chap ter  3 )  we f i n d  th e  b e s t  s t r a i g h t  l i n e

- 2
i s  o b t a i n e d  when i . . - 1 1 9  pA cm ( s e e  Figu re  4 . 4 . 9 ) .  I t  i s  

l im

i n t e r e s t i n g  t h a t  i f  we were in  Case E and th e  r a t e ­

d e t e r m i n i n g  p r o c e s s  was t h e  r e a c t i o n  of E wi th  S in  a t h i n

r e a c t i o n  l a y e r  we can c a l c u l a t e  t h a t  th e  c u r r e n t  would be 

- 2
about 112 pA cm . I n s p e c t i o n  o f  t h e  case  diagram f o r  t h i s

mechanism ( F i g u r e  4 . 3 . 1 )  shows t h a t  as we i n c r e a s e  t h e  v a l u e

of  we e v e n t u a l l y  move from Case S to  Case E. The

p o t e n t i a l  dependence of  i  t h u s  a p p a r e n t l y  seems t o  be
max

e x p l i c a b l e  w i t h  t h i s  model.

We s h a l l  now move on t o  t h e  homogeneous m e d i a t i o n

t h e o r y .  We have a l r e a d y  seen t h a t  a l th o u g h  i  i s
max

p o t e n t i a l  d e p e n d e n t ,  a T a f e l  p l o t  of  l n ( i  ) a g a i n s t
max

p o t e n t i a l  i s  not  a s t a i g h t  l i n e .  Using th e  m o d i f ie d  T a f e l

- 2
p l o t  we o b t a i n e d  a v a l u e  f o r  i ,  . of  119 pA cm As has

l i m  p

a l r e a d y  been s t a t e d  t h i s  v a l u e  of  i ,  . i s  c l o s e  t o  t h a t
l im

ex pe c ted  i f  t h e  r a t e - l i m i t i n g  p r o c e s s  was r e a c t i o n  o f  enzyme

and s u b s t r a t e  i n  a t h i n  r e a c t i o n  l a y e r .  We a l s o  know t h a t

t h e  p o t e n t i a l  dep en d e nt  c o n t r i b u t i o n  must come from changes

i n  m _. I f  m _ became l a r g e ,  t h e n  we may f i n d  t h a t  we 
o , T o , T

r e a c h  a s i t u a t i o n  where ^ > 1 .  In t h i s  ca se  a p o s s i b l e

consequence i s  t h a t  t h e  r a t e - l i m i t i n g  s t e p  can change from

r e a c t i o n  of  m e d i a t o r  w it h  E‘ in  a t h i n  r e a c t i o n  l a y e r  to

[97 3
r e a c t i o n  of  E w it h  S i n  a t h i n  r e a c t i o n  l a y e r  . The d a t a  

t h e r e f o r e  seems t o  be e x p l i c a b l e  a l s o  i n  terms of  t h i s
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F i g u r e  4 .  A .9 Modified T a f e l  p l o t  f o r  i ^ x  a t  e a c h p o t e n t i a l
u s in g  a v al ue  f o r  i ,  . of 119 uA cm

lim



mechanism.

U n f o r t u n a t e l y ,  both a n a l y s e s  seem c o n t r a d i c t o r y  t o  th e

r o t a t i n g  d i s c  r e s u l t s ,  which show l i t t l e  p o t e n t i a l

dependence a t  t h e  h i g h e r  p o t e n t i a l s .  One could argue t h a t

changes  in t h e  v a l u e  of  0 or 0 .  be ca u se  of  the  d i f f e r e n c e sM D
i n  kp between t h e  membrane and t h e  r o t a t i n g  d i s c  e l e c t r o d e s  

may a f f e c t  th e  p o t e n t i a l  dep end en ce.  We have a l r e a d y  shown 

t h a t  f o r  th e  homogeneous m e d i a t i o n  t h e o r y  0.. i s  u n i m p o r t a n tM
and so f o r  t h i s  model t h i s  p o s s i b i l i t y  can be d i s c o u n t e d .  

However, in  t h e  c a s e  of  t h e  h e t e r o g e n e o u s  redox t h e o r y  0 ^  i s  

s i g n i f i c a n t  and so t h i s  e x p l a n a t i o n  must be c o n s i d e r e d ,  

a l t h o u g h  one must p o i n t  ou t  t h a t  t h e  r o t a t i n g  d i s c  r e s u l t s  

seem t o  i n d i c a t e  t h a t  K^k^k^ i s  a p p r o x i m a t e l y  c o n s t a n t  a t  

t h e  h i g h e r  p o t e n t i a l s  ( s e e  Table 4 . 4 . 1 ) .  Thus i t  i s  

d i f f i c u l t  t o  e x p l a i n  t h i s  p ar ad o x .  Could t h e r e  be a 

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

and an e l e c t r o s y n t h e s i s e d  e l e c t r o d e  which produces  changes 

i n  p o t e n t i a l  dependence?

P u r el y  p h y s i c a l  d i f f e r e n c e s  between t h e  two s u r f a c e s  

such as s u r f a c e  r o u gh n es s  would p r o b a b l y  le ad  to i n c r e a s e d  

c u r r e n t s  a t  a l l  p o t e n t i a l s  but  t h e  same p o t e n t i a l  dependence 

and can t h e r e f o r e  be r u l e d  o u t .  The d i f f e r e n c e  in  p o t e n t i a l  

dependence would t h e r e f o r e  p r o b a b ly  have t o  be a s c r i b e d  to  

t h e  ch emical  r a t h e r  than p h y s i c a l  d i f f e r e n c e s  in  t h e  

s u r f a c e s .  I n v e s t i g a t i o n  of  t h i s  would r e q u i r e  th e  

a p p l i c a t i o n  of  o t h e r  t e c h n i q u e s .  Perh aps  th e  t h i n - l a y e r  

TTFTCNQ has a d i f f e r e n t  m i c r o s t r u c t u r e  t h a n  t h a t  found in



the  s i l i c o n e  o i l  e l e c t r o d e .  Ano ther  p o s s i b i l i t y  may be t h a t

the  s i l i c o n e  o i l  forms a t h i n - f i l m  on th e  s u r f a c e  of th e  

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

m e d ia to r  i s  l i m i t e d  in  some way by t h i s  f i l m .  However, i t  

i s  obvious in  t h e  l a t t e r  c a s e  t h a t  i f  t h e  e f f e c t i v e  

s o l u b i l i t y  of  M i s  l a r g e r  a t  " p u r e "  TTFTCNQ e l e c t r o d e s  th a n  

t h o s e  made o f  s i l i c o n e  o i l ,  i t s  t r u e  s o l u b i l i t y  must be in  

th e  range  of  1 0 ' s  of  pmo la r .  Th is  should almost c e r t a i n l y  

have been d e t e c t e d  in  r i n g / d i s c  s t u d i e s  as th e  d i s c  

e l e c t r o d e  in  t h a t  ca se  was a p r e s s e d  p e l l e t  of  TTFTCNQ. The 

answer t o  t h i s  q u e s t i o n  must a w a i t  f u r t h e r  work.

A.4 ( 2 ) . 3  RESPONSE AT INTERMEDIATE GLUCOSE CONCENTRATIONS 

At i n t e r m e d i a t e  c o n c e n t r a t i o n s  of  s u b s t r a t e  t h e  

f o l l o w i n g  p r o c e s s e s  could be r a t e  l i m i t i n g : -  mass t r a n s p o r t  

a c r o s s  t h e  membrane, r e a c t i o n  o f  t h e  enzyme wi th  s u b s t r a t e  

or m e d i a t o r  behind t h e  membrane e i t h e r  in  th e  whole of  t h e  

e n z y m e / e l e c t r o l y t e  l a y e r  or  i n  a r e a c t i o n  l a y e r .

The f i r s t  p r o c e s s  can be e l i m i n a t e d  where th e  r es p o n s e

i s  n o t  l i n e a r  w i t h  s u b s t r a t e .  D e a l i n g  w i t h  t h e

h e t e r o g e n e o u s  redox c a t a l y s i s  model f i r s t ,  we must now

c o n s i d e r  w het her  th e  enzyme i s  c o n c e n t r a t i o n  p o l a r i s e d .  I t

has a l r e a d y  been s t a t e d  t h a t  t h e  r e a c t i o n  l a y e r  t h i c k n e s s  LDK
1/2

i s  give n by (D ^ /k ^ )  . Under u n s a t u r a t e d  c o n d i t i o n s  k^ i s

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

f o r  r e a c t i o n  o f  E and S w i t h  t h e  s u b s t r a t e  c o n c e n t r a t i o n  i n  

t h e  enzyme e l e c t r o l y t e  l a y e r ,  [ S ] .  For GOD, t h i s  r a t e  

c o n s t a n t  has a v a l u e  o f  1 0 , 0 0 0  (mol dm 3 ) s ” 1 j n



Chapt er  2 ,  i t  has a l r e a d y  been shown in  th e  case of  c h o l i n e  

t h a t  we p ro bab ly have enzyme c o n c e n t r a t i o n  p o l a r i s a t i o n  a t  

s a t u r a t i o n .  In t h a t  c a s e  t h e  v a l u e  of  k£ was 10 s ’ 1 . For

- 1 _ 3
t h e  g lu c o s e  system k£>10 s when CS3> 1 mmol dm . From t h e

v a l u e  of  we can c a l c u l a t e  [S]  a t  any given c u r r e n t  and

bulk g lu c o se  c o n c e n t r a t i o n  [ s ] ^ .  Taking t h e  da ta  a t  3 0 0  mV

as an example we f i n d  t h a t  CS3>1 mmol dm’ 3 when [S] >10 mmol00
- 3

dm . I t  t h e r e f o r e  seems l i k e l y  t h a t  a t  i n t e r m e d i a t e  

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

and so t h e  g - p l o t  may no t  be l i n e a r .

In th e  homogeneous m e d i a t i o n  t h e o r y ,  by a l t e r i n g  

s u b s t r a t e  c o n c e n t r a t i o n  we a r e  changing k^ and hence y .  At 

low and i n t e r m e d i a t e  s u b s t r a t e  c o n c e n t r a t i o n s  we may f i n d  

t h a t  *Y>1. The a n a l y s i s  would become much more d i f f i c u l t  i n  

t h i s  c a s e .  However we do know t h a t  y  f i x e s  th e  

c o n c e n t r a t i o n  of E' a t  t h e  e l e c t r o d e  s u r f a c e  a t  any 

s u b s t r a t e  c o n c e n t r a t i o n  ( c f  e q u a t i o n  4 . 3 ) .  This 

c o n c e n t r a t i o n  would be u n l i k e l y  t o  be t h e  c o n c e n t r a t i o n  of  

enzyme c l o s e  to  t h e  membrane and so th e  enzyme w i l l  be 

c o n c e n t r a t i o n  p o l a r i s e d  and t h e  p - p l o t  a g ai n  may not  g i v e  

s a t i s f a c t o r y  r e s u l t s ,  e s p e c i a l l y  as we may be changing from 

one c as e  to  a n o t h e r  when i n c r e a s i n g  t h e  s u b s t r a t e  

c o n c e n t r a t i o n  r e s u l t s  i n  cha n g in g  th e  v a l u e  of y  t o  l e s s  

t h a n  u n i t y .

4 . 4 ( 2 ) . 4  THE APPARENT TRANSFER COEFFICIENT, a

From th e  g r a d i e n t  o f  t h e  m o di fie d  T a f e l  p l o t  shown in  

F i g u r e  4 . 4 . 9  we can c a l c u l a t e  a v a l u e  f o r  t h e  a p p a r e n t



t r a n s f e r  c o e f f i c i e n t ,  o .  This  i s  0 . 4 9 .  I t  i s  i n t e r e s t i n g  

t h a t  t h i s  i s  al mo st  h a l f  t h e  v a l u e  of t h a t  f o r  NADH. I f  

both o x i d a t i o n s  were m e d ia te d in  s o l u t i o n ,  the n we would 

ex p e c t  th e  same v a l u e  of  a ,  beca use a would be a p a r a m e t e r  

r e p r e s e n t i n g  t h e  s o l u b i l i t y  of  M. I t  could be s u g g e s t e d  f o r  

t h i s  mechanism t h a t  a r e p r e s e n t s  th e  p o t e n t i a l  dependence 

f o r  t h e  r e o x i d a t i o n  o f  M . Again,  in  t h i s  ca se  we would 

e xp ec t  th e  same v a l u e  of  a and f u r t h e r m o r e  i t  would imply 

t h a t  e xc e p t  a t  t h e  h i g h e s t  p o t e n t i a l s  [H ] a t  the  e l e c t r o d e  

s u r f a c e  was n o n - z e r o .  This i s  u n l i k e l y  because i n  t h a t  ca se  

th e  c u r r e n t  would be more d ep end en t  on W f o r  the  r o t a t i n g  

d i s c  s t u d i e s  as more M would be l o s t  t o  t h e  bulk when t h e  

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

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

On t h e  o t h e r  hand,  i f  we c o n s i d e r  t h e  h et er o g en eo u s  

redox c a t a l y s i s  model ,  i t  i s  easy to  see t h a t  i f  k3 was 

p o t e n t i a l  d e p e n d e n t ,  a  co ul d change wi th  th e  n a t u r e  of  t h e  

s p e c i e s  being r e d u c e d .  Care should be ta k en  with t h i s  

c o n c l u s i o n  however,  be ca u se  i t  should be noted t h a t  as lo ng  

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

mechanisms may p r e d i c t  d i f f e r e n t  va lu es  of  a f o r  d i f f e r e n t  

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

mechanisms f o r  t h e  o x i d a t i o n  of  d i f f e r e n t  s u b s t r a t e s  should

a l s o  not  be e l i m i n a t e d .



4.5 DISCUSSION

In t h i s  c h a p t e r  s t u d i e s  were made on t h e  60D/TTFTCNQ

system u s i n g  both membrane and r o t a t i n g  d i s c  e l e c t r o d e s .

The main t h r u s t  of  t h e s e  s t u d i e s  was t o  see how w e l l  th e  two

c u r r e n t  models f o r  t h e  o x i d a t i o n  of  GOD on TTFTCNQ could

p r e d i c t  t h e  e x p e r i m e n t a l  b e h a v i o r  of  t h e  system.  The

dependence of  c u r r e n t  w ith  enzyme c o n c e n t r a t i o n ,  r o t a t i o n

speed and p o t e n t i a l  was measured and d i a g n o s t i c  p l o t s  were

made on t h e  d a t a  to  t e s t  each t h e o r y .

Both models could a d e q u a t e l y  e x p l a i n  t h e  dependence of

t h e  c u r r e n t  on each of  t h e s e  v a r i a b l e s  ta k en  in  i s o l a t i o n .

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

m e d ia t i o n  model ,  a l th o u g h  t h e  poor  q u a l i t y  o f  some of  the

p l o t s  f o r  t h e  h e t e r o g e n e o u s  redox c a t a l y s i s  model may be due

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

1 / 2
f o r  p a r a m e t e r s  such as (D_k_) , m _ and k^ seemedt t O , T M

r e a s o n a b l e ,  a l th o u g h  t h e  l a t t e r  seems to  e l i m i n a t e  TCNQ̂  and 

TCNQ as c a n d i d a t e s  f o r  t h e  m e d i a t o r ,  M. The h e t er o ge n eo u s  

redox model could c o n v i n c i n g l y  e x p l a i n  th e  dependence of  th e  

c u r r e n t  w i t h  p o t e n t i a l  which was not  p o s s i b l e  u s in g  th e  

homogeneous m e d i a t i o n  t h e o r y  in  a c o n s i s t e n t  manner.

R e s u l t s  f o r  th e  membrane e l e c t r o d e  could s u p p o r t  

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

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

Again,  t h e  h e t e r o g e n e o u s  redox c a t a l y s i s  model can 

q u a l i t a t i v e l y  e x p l a i n  t h i s  d ic ho tom y,  but  f a i l s  once t h e  

e x p e r i m e n t a l l y  d et er m in e d  r a t e  c o n s t a n t s  a r e  take n i n t o
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a c c o u n t .  Comparison of t h e  v a l u e s  f o r  a f o r  GOD and NADH 

f o r  o x i d a t i o n  a t  TTFTCNQ seems t o  f av o u r  th e  h e t e r o g e n e o u s  

redox t h e o r y ,  as t h e  homogeneous m e d i a t i o n  th e o ry  would 

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

u n l e s s  they a r e  o x i d i s e d  u s in g  d i f f e r e n t  mechanisms.

The e x p e r i m e n t a l  e v i d e n c e  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 f o r e  seems t o  f a v o u r  n e i t h e r  model c o n c l u s i v e l y .  The

f i t  of  th e  d a t a  t o  t h e  h e t e r o g e n e o u s  redox c a t a l y s i s  model

seems poor ,  but  in  o r d e r  t o  e x p l a i n  t h e  d i f f e r e n c e  i n

t h e  b eh av io r  of  t h e  system between low and high p o t e n t i a l s

t h e  homogeneous m e d i a t i o n  t h e o r y  would have to  be m o d i f i e d

i n  some way. I t  i s ,  however ,  d i f f i c u l t  t o  imagine what form

t h i s  m o d i f i c a t i o n  would t a k e  as i t  would not only have to

e x p l a i n  th e  l o s s  of  r o t a t i o n  speed dependence a t  low

p o t e n t i a l s  and t h e  d i f f e r e n c e s  i n  a f o r  GOD and NADH, but

1 / 2
a l s o  s t i l l  a l lo w  f o r  t h e  c u r r e n t  be p r o p o r t i o n a l  t o  (e^.) 

w i t h  an i n v e r s e  r o t a t i o n  speed dependence a t  low p o t e n t i a l s .

Much more work needs t o  be c a r r i e d  out  b ef o r e  a 

d e f i n i t i v e  c o n c l u s i o n  can be made. This  may not be 

s u r p r i s i n g ,  be ca us e t h e  models a r e  q u i t e  s i m i l a r  and we do 

not  have a c c u r a t e ,  i n d e p e n d e n t l y  d e t e r m i n e d ,  v al u es  f o r  

s e v e r a l  i m p o r t a n t  p a r a m e t e r s  f o r  both models .  However, t h i s  

s tu dy  has se rv ed  t o  show t h e  im p o r ta n c e  of examining t h e  

e f f e c t  of  a l l  of  t h e  d i f f e r e n t  e x p e r i m e n t a l  v a r i a b l e s  when 

a t t e m p t i n g  to  e l u c i d a t e  t h e  mechanism of  t h i s  system and of  

a p p l y i n g  th e  d a t a  t o  t h e o r e t i c a l  a n a l y s i s .  Only by u s in g  

a l l  t h e  e v i d e n c e  a t  our  d i s p o s a l  can we hope to  f i n d  a

s o l u t i o n  to  t h i s  problem.



APPENDIX 1

DERIVATION OF THE MICHAELIS MENTEN EQUATION

This app endix g i v e s  t h e  B n g g s - H a l d a n e  d e r i v a t i o n  

of  t h e  M i c h a e l i s  Menten e q u a t i o n  f o r  an enzyme, E t h a t  

r e a c t s  with  s u b s t r a t e ,  S t o  g iv e  an e n z y m e / s u b s t r a t e  

i n t e r m e d i a t e ,  ES. This i n t e r m e d i a t e  brea ks  down to  g i v e  a 

p r o d u c t ,  P and t h e  f r e e  enzyme, E. In t h i s  model,  p r o d u c t  

i n h i b i t i o n  w i l l  be ig n o r e d  and t h e  c o n c e n t r a t i o n  of  S i s  

assumed to  be much g r e a t e r  th a n  t h e  t o t a l  enzyme 

c o n c e n t r a t i o n ,  C E 3 1 . 

k 1 k
E ♦  S ___ y_  ES — — > E ♦  P

k2

Using th e  s t e a d y - s t a t e  a p p r o xi m at i o n :  

d [ E S ] / d t  = 0 = k 1 [ E 3 C S] - ( k 2 + k3 ) C ES 3 ( A 1 . 1 )

The r a t e ,  v i s  o b t a i n e d  by c o n s i d e r i n g  th e  breakdown of 

ES:

v = k3 [ES] ( A1 . 2 )

F i n a l l y ,  t h e  t o t a l  c o n c e n t r a t i o n  of  enzyme i s  given by:

[ E ] t  = [E] + [ES] ( A1 . 3 )

We can f i n d  [ES] from e q u a t i o n  A 1.2  and s u b s t i t u t e  t h i s  

r e s u l t  i n t o  e q u a t i o n  A1.1 t o  o b t a i n  [ E ] .  S u b s t i t u t i o n  f o r  

[E] and [ES] i n t o  e q u a t i o n  A1.3 and re ar r an g e m en t  th en  

g i v e s :

v = k . CE] [ S ] / ( K +[S3)  ( A1 . 4 )
c a t  t  m

where k . = k_ and K = (k + k _ ) / k ,  
c a t  3 m 2 3 1

[98]



APPENDIX 2

THE HOMOGENEOUS MEDIATION MODEL

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

t h e  homogeneous m e d i a t i o n  model f o r  t h e  o x i d a t i o n  of  GOD a t

TTFTCNQ e l e c t r o d e s .  The u n d e r l y i n g  as s u m pt io n s  and k i n e t i c

scheme f o r  th e  model were d i s c u s s e d  i n  S e c t i o n  4 . 3 . 1  of

Chap ter  4 .  Using t h e s e  a s s u m p ti o n s ,  we a r e  f o l l o w i n g

r 92 ]
a n a l y s i s  f i r s t  c a r r i e d  o u t  by Kulys i n  1981

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

and k i n e t i c s  of  t h e  two s p e c i e s  M and M a r e  as f o l l o w s  

DM6 2m/6z2 = kMe £m ( A 2 . 1 )

DM3 2m‘ / 3 z 2 = - k ^ m  ( A 2 . 2 )

where m and m’ d e n o t e  t h e  c o n c e n t r a t i o n s  of  M and M 

r e s p e c t i v e l y ,  t h e  t o t a l  c o n c e n t r a t i o n  o f  E i s  e^., and z i s  

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

d i f f u s i o n  c o e f f i c i e n t s  o f  M and M‘ a r e  presumed to  be th e  

same.

The boundary c o n d i t i o n s  are  as f o l l o w s :

At t h e  e l e c t r o d e  s u r f a c e  (z = 0) :

m = m and m' = 0 o

At t h e  edge of  t h e  d i f f u s i o n  l a y e r  ( z = Z ^ ): 

m = m‘ =0

The f l u x  of  e l e c t r o n s  j ,  from t h e  c o n v e r s io n  of  M’ t o  M 

a t  t h e  e l e c t r o d e  s u r f a c e  i s  given by

j  = nD (d m ' / d z )  ( A 2 . 3 )
n o

A d d i t i o n  of  e q u a t i o n s  A2.1 and A2.2  fo l l o w ed  by i n t e g r a t i o n



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

m + m* = m (1 - z/Z_ ) ( A2.4  )O D

We can now i n t r o d u c e  t h e  d i m e n s i o n l e s s  v a r i a b l e s  X=z/Z
D

u=m/m , u'=m‘ /m , and K s k - J Z . )  e_/Du . This l a t t e r  p a r a m e t e rO O n n U L M

d e s c r i b e s  th e  chances  o f  t h e  m e d i a t o r  M escap ing  i n t o  t h e  

bu lk b e f o r e  i t  r e a c t s  w it h  enzyme. I f  Ku<1 then M i s  more 

l i k e l y  to  esca pe th a n  r e a c t  w i t h  E*. I f  Ku>1 then most of  

t h e  M w i l l  r e a c t  r a t h e r  t h a n  e s c a p e .  S u b s t i t u t i o n  i n t o  

e q u a t i o n s  A2.1 and A2.4 t h e n  g i v e s

32u /8X2 = K u  M ( A 2 . 5 )

( A 2 . 6 )u + u ’ = 1 - X 

and t h e  boundary c o n d i t i o n s  a r e  

a t  X=0, u=1 and u ’ =0 

a t  X=1, u=u’ =0

The f l u x  of  e l e c t r o n s  i s  g iv e n  by

( A 2 . 7 )

We can e a s i l y  s o l v e  e q u a t i o n  A 2 . 5 ,  and use of  t h e

j  = ( nD m / Z J I d u ' / a X )  
m o d  o

boundary c o n d i t i o n s  g i v e s

u = cosh{(KM) 1 / 2 X} - c o t h { ( K M) 1 / 2 } s in h { (K M) 1 / 2 X) ( A 2 . 8 )

Using e q u a t i o n  A 2 . 6 ,  w i t h  d i f f e r e n t i a t i o n  we f in d

Ou*/0X) = (KM)1/2coth{(KM )1/2} - 1 (A2.9)O M M

Hence t h e  f l u x  i s  g iv e n  by

1 / *>
( A 2 . 10)

We w i l l  now d e a l  w it h  s im pl e  k i n e t i c  scheme f o r  t h e

j  = n(DM/ZD)mo {(KM) 1 / 2 c o t h { (K M) 1 / 2 } - 1 }

v a l u e  of  m .o

The Value of  m

An i m p o r t a n t  q u e s t i o n  i s  w h e th e r  m i s  dete rmin edo



th erm od yn am ic all y  or  k i n e t i c a l l y .  To i l l u s t r a t e  how

i m p o r t a n t  t h i s  i s  we w i l l  ta k e a s imple  k i n e t i c  scheme f o r

t h e  d i s s o l u t i o n  o f  H from th e  e l e c t r o d e .  This i s  shown in

F i g u r e  A 2 .1 .  M d i s s o l v e s  from t h e  o r g a n i c  s a l t  w i t h  a

z e r o - o r d e r  r a t e  c o n s t a n t  kf . I t  can then d i f f u s e  i n t o

s o l u t i o n ,  r e a c t  w i t h  t h e  enzyme or  r e p r e c i p i t a t e  a t  t h e

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

However, i t  i s  a l s o  formed a t  t h e  e l e c t r o d e  s u r f a c e  by t h e  

o x i d a t i o n  of  M . In t h e  s te a d y  s t a t e  we can equ at e  t h e  f l u x

o f  M away from t h e  e l e c t r o d e  w ith  i t s  n e t  r a t e  of  f o r m a t i o n :

k - k m + D O m ’ /d z)  = -D Om/dz)  ( A 2 . 1 1 )
T D O M 0 M O

Hence,

k - k m = -D { O m ’ /Bz) + (6m/3z)  } ( A 2 . 1 2 )
f  b O M O 0

But d i f f e r e n t i a t i o n  of  e q u a t i o n  A2.4 y i e l d s

(d m '/ dz )  + (6m /3z )  = -m / Z_ ( A 2 . 1 3 )
o o o D

Comparison of t h e  above two e q u a t i o n s ,  g iv e s  a f t e r  

r e a r r a n g e m e n t :

mo = kf / ( k b + kD) (A2. U )

where k=D / Z„.
D m D

The v al ue  o f  m t h e r e f o r e  depends on t h e  r a t i o  of  kL t o  
o b

kft. I f  k. >>k_. t h e n  t h e  v a l u e  of  m can be c o n s id e r e d  t o  be 
D b D o

t h e  th erm o d y n am i ca ll y  c o n t r o l l e d  v a l u e  of k . / k . .  On t h e
f  b

o t h e r  hand, i f  k. <<kn t h e n  m can be c o n s id e r e d  to  be 
b D o

k i n e t i c a l l y  c o n t r o l l e d  w it h  a v a l u e  of  kf / k ^ . In t h i s

l a t t e r  c a s e ,  m w i l l  be s e n s i t i v e  t o  r o t a t i o n  speed as 
o

m « ( 1 / k  ) * Z «* W 
o D D

F i n a l l y ,  i f  we assume t h e  thermodynamic s o l u b i l i t y  of  M
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electrode

solution

F i g u r e  A2.1 K i n e t i c  scheme f o r  th e  d i s s o l u t i o n  of  M.
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t o  be mQ j =kf / kb t h e n  we can r e a r r a n g e  e q u a t i o n  A2.14  to

g iv e :

mo m T (1 +0U ) 
o , T M ( A 2 . 15)

where 0 M=kD/ kb - S u b s t i t u t i o n  f o r  mQ i n t o  e q u a t io n  A 2. 10  

t h e n  y i e l d s :

j  = n(DM/ZD)mo T{(KM) 1 / 2 c o t h [ ( K M) 1 / 2 ] - 1} / (1 ♦  0 ^

( Equ ation A2. 1 6 )

This e x p r e s s i o n  i s  d i s c u s s e d  in  S e c t i o n  4 . 3 . 1  (C h a p t e r  

4 ) ,  where ap pr o xi m at e  e x p r e s s i o n s  f o r  t h e  f l u x  ar e  d e r i v e d .



APPENDIX 3

THE HETEROGENEOUS REDOX CATALYSIS MODEL

The b a s i s  of t h i s  model was d i s c u s s e d  in S e c t i o n  4 . 3 . 2

o f  Chapter  4 .  I t  was f i r s t  pr oposed by Albery e t  a l  in  

[41 ]
1987  . The a n a l y s i s  i n v o l v e s  f i n d i n g  an e x p r e s s i o n  f o r

t h e  f l u x  of e l e c t r o n s  i n  terms o f  t h e  c o n c e n t r a t i o n  o f  E‘ a t  

t h e  e l e c t r o d e  s u r f a c e  and th e n  examining what t h i s  

c o n c e n t r a t i o n  w i l l  be u s i n g  F i c k ' s  second law.

Because D^ may be l o s t  from t h e  e l e c t r o d e  s u r f a c e  t h e  

f l u x  of e l e c t r o n s  j  w i l l  not  be e q u a l  to  th e  f l u x  o f  enzyme 

I f  sma ll  l e t t e r s  d e n o t e  t h e  c o n c e n t r a t i o n s  o f  D and A 

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

K  ̂ = da ( A 3 . 1 )

= k2d ( A 3 . 2 )

j E = k3 ae o ( A 3 . 3 )

In t h e  s te ad y s t a t e  t h e  f l u x e s  o f  D̂
0

and A must match:

(k + K k )d = nk0 e ' a  
2 S D 3 o ( A 3 . 4 )

where e ’ i s  th e  c o n c e n t r a t i o n  o f  E' a t  the  e l e c t r o d e  
0

s u r f a c e .  E l i m i n a t i o n  u s i n g  t h e  above e q u a t io n s  g i v e s

j e = n j E/ ( u e D) ( A 3 . 5 )

Here 9^  i s  a d i m e n s i o n l e s s  p a r a m e te r given by

0 D ■  KSkD/ k 2 ( A 3 . 6 )

where kD= D^/2 ^ . 0 ^  d e s c r i b e s  t h e  l i k e l i h o o d  of  D° b ei n g

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

I f  0Q>>1 the n most D° w i l l  d i s s o l v e  r a t h e r  th an  be o x i d i s e d .  

On t h e  o t h e r  hand i f  0 D<<1 t h e n  most D° w i l l  tend t o  be 

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



rearrangement and elimimation between the above equations

y i e l d s :

j c = [ K , k . k , ( 1 * e _ ) e ‘ / n ] 1/2 ( A 3 . 7 )
E 1 2  3 D o

We must now l o o k  a t  th e  d i f f e r e n t i a l  e q u a t i o n  

d e s c r i b i n g  t h e  d i f f u s i o n  and k i n e t i c s  o f  th e  enzyme in  a 

d i r e c t i o n  z normal t o  th e  e l e c t r o d e :

DE6 2e ’ / 6 z 2 = - k Ee (A 3 .8 )

where e d e n o t e s  t h e  c o n c e n t r a t i o n  of  E. I f  we assume E and E' 

have th e  same d i f f u s i o n  c o e f f i c i e n t  th e n

e + e ' = ej. (A3 . 9 )

We assume a l l  t h e  enzyme in  t h e  bulk of  s o l u t i o n  i s  i n  th e

reduced form. Hence a t  z = Zp, e ' = e E and e=0.

Secondly a t  t h e  e l e c t r o d e  s u r f a c e  ( z = 0 ) : -

D _ O e ‘ / 0z )  = j_  ( A 3 . 1 0 )
E o E

I n t r o d u c i n g  t h e  d i m e n s i o n l e s s  p a r a m e t e r s  v = e ' / e j . ,

K_ = k_(Zr. ) 2 /D_ and X = z/Z_ we f i n d  
E E D E D

a 2 v/0X2 = - « E(1 - v ) ( A 3 . 1 1 )

w i t h  th e  boundary c o n d i t i o n s  t h a t  a t  X=1, v=1 and t h a t  a t  

X = 0

j_  = ( D e r /Z ) ( 0 v / 0 X ) ( A 3 . 1 2 )
E E l  D o

I n t e g r a t i o n  of  e q u a t i o n  A 3 . 1 1 ,  f o l l o w e d  by a p p l i c a t i o n  of

t h e  boundary c o n d i t i o n s  and d i f f e r e n t i a t i o n  g iv e s

O v/ 0X )  = (1 - v ) ( K )  1 / 2 cot h{(K ) 1 / 2 } ( A 3 . 1 3 )
o o E E

We now d e f i n e  t h e  d i m e n s i o n l e s s  p a r a m e t e r ,  f ,  to  

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

j  = fnD e r /Zn ( A 3 . 1 4 )
e E L D

From e q u a t i o n s  A 3 . 5 ,  A 3.1 2  and A 3.14  we th e n  f i n d
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Ov/3X) = f M + G ^  ( A 3 . 1 5 )

Hence from e q u a t i o n s  A 3 .7 ,  A 3 . 1 0 ,  A3.1A and A3.15  we o b t a i n

v = ( 1 + 0 n ) B f 2 ( A 3 . 1 6 )o u
where B= ( nej./K1 k ^ k 3 ) ( D^/Z^) 2

S u b s t i t u t i o n  o f  t h e  above two e q u a t i o n s  i n t o  e q u a t i o n  A 3. 13  

th e n  g iv e s

Bf2 + f t a n h [ ( K E) 1 / 2 ] / ( K E) 1/2  - (1 + G ^ " 1 = 0 ( A 3 . 1 7 )

Approximate s o l u t i o n s  f o r  t h e  f l u x  using  t h i s  e q u a t i o n ,  

a r e  giv en  i n  C h ap t er  A, where t h e  s i g n i f i c a n c e  of  K£ and B 

i s  a l s o  d i s c u s s e d .  At t h i s  p o i n t  we can e s t i m a t e  t h a t  KE~

3
10 from t h e  v a l u e s  f o r  Z_, D_ and k . given i n  S e c t i o n

D E c a t

A.3 in  Ch ap te r  A. This w i l l  make a p p l i c a t i o n  of  e q u a t i o n  

A3.17  t o  e x p e r i m e n t a l  r e s u l t s  much e a s i e r  as we can the n 

assume t h a t  t a n h ( K E) - 1 .  This p r o c e d u r e  i s  c a r r i e d  o u t  in  

S e c t i o n  4 . 4 ( 1 )  .A of  th e  same c h a p t e r .

An A l t e r n a t i v e  Mechanism

In t h e  above a n a l y s i s  i t  has  been assumed t h a t  E'

0  0
r e a c t s  w i t h  A and t h a t  0 i s  e l e c t r o c h e m i c a l l y  o x i d i s e d  t o

produce t h e  c u r r e n t .  However an a l t e r n a t i v e  mechanism cou ld

be proposed i n  which t h e  s a l t  d i s s o c i a t e s  givwvjD* and A .

The enzyme t h e n  r e a c t s  on t h e  s u r f a c e  wi th  D+ t o  produce D°

0
and A i s  e l e c t r o c h e m i c a l l y  o x i d i s e d  t o  giv e A , which 

recombines  w i t h  D° to  give back DA. In t h i s  c a s e ,  th e  

a n a l y s i s  would be e q u i v a l e n t ,  and we would o b t a i n  t h e  same

e q u a t i o n s  f o r  t h e  f l u x .
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