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P A R T  I

E V A L U A T I O N  O F  T H E R M O D Y N A M I C  A N D  K I N E T IC  P A R A M E T E R S  

FOR E L E C T R O N  T R A N S F E R  A N D  F O L L O W I N G  C H E M I C A L  RE A C T IO N  

F R O M  A  G L O B A L  A N A L Y S IS  O F  C U R R E N T - P O T E N T IA L -T IM E  D A TA

1 . 1  I n t r o d u c t i o n

E l e c t r o c h e m i c a l  e x p e r i m e n t s  in g e n e ra l  c a n  be  c o n s i d e r e d  as  

the  m e a s u r e m e n t  o f  c u r r e n t  vs  the  e x p e r i m e n t a l  v a r i a b l e s ,  t im e  

an d  a p p l i e d  vo l tage .  E v e n  though  v a lu a b le  i n f o r m a t io n  a b o u t  the  

e l e c t r o c h e m i c a l  p r o c e s s  b e i n g  s tu d i e d  is c o n t a i n e d  in the  e n t i r e  

set  o f  e x p e r i m e n t a l  d a t a  a c q u i r e d ,  o f t e n  t im e s  on ly  a f ew  s e le c te d  

p o in t s  are  used in d a t a  a na ly ses .  T y p i c a l ly ,  a c y c l i c  v o l t a m m e t r i c  

s tu d y  m a y  u t i l i z e  o n l y  the  v a l u e s  o f  p e a k  c u r r e n t  a n d  p e a k  

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

s t a n d a r d  po ten t ia l .  W i t h  d ig i t a l  c o m p u t e r s ,  w i d e l y  a v a i l a b l e  in the 

l ab o r a to r y ,  it is n o w  p o s s ib l e  to e x t r a c t  i n f o r m a t io n  f ro m  a m u c h  

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

t h e r m o d y n a m i c  an d  k in e t i c  p a r a m e t e r s  a s s o c i a t e d  w i t h  e l e c t r o d e  

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

c u r r e n t - v o l t a g e - t i m e  su r f a c e .  Th i s  d i f f e r s  f r o m  the  usua l  a p p r o a c h  

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

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

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

m e a s u r e m e n t s ;  n a t u r a l l y ,  the  c o n f i d e n c e  in the  p a r a m e t e r  v a lu e s  

e s t i m a t e d  is h igher .

T h e  d e v e l o p m e n t  o f  a m a t h e m a t i c a l  m o d e l  f o r  an e le c t r o n  

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

f irs t.  T h e  m o d e l  is u sed  to  s im u l a t e  c u r r e n t  vs  t im e  c u r v e s  and  

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

p o t e n t i a l  c u r v e s  a re  then  t e s t e d  u n d e r  v a r i o u s  l im i t i n g  c o n d i t i o n s
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to  e n s u r e  the  v a l id i t y  o f  the  m o d e l  a n d  the  s i m u l a t i o n  m e t h o d .  

A t t e m p t s  to  e v a l u a t e  the  s t a n d a r d  p o t e n t i a l  ( E ° ), t h e  e l e c t r o n
t r a n s f e r  c o e f f i c i e n t  ( a ) ,  the e lec t ron  t r a n s fe r  ra te  c o n s t a n t  (k°)  and  

the  f o l l o w i n g  c h e m i c a l  r e a c t i o n  ra t e  c o n s t a n t  ( k f) by  f i t t i ng  the 

t h e o r e t i c a l  e q u a t i o n  to  t h e  s i m u l a t e d  ' e x p e r i m e n t a l  d a t a '  a r e  

d e s c r i b e d  n e x t .  T h e s e  a t t e m p t s  l ea d  to  t h e  c o n c l u s i o n  th a t

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

by  f i t t i n g  a c u r r e n t - v o l t a g e - t i m e  s u r f a c e  an d  n o t  f r o m  a s in g l e

c u r r e n t - t i m e  c u r v e  or  a s ing le  c u r r e n t - v o l t a g e  c u rv e .  T h e  l im i t in g  

f o r m s  o f  the  e q u a t i o n  fo r  c u r r e n t ,  t h a t  r e s u l t  w h e n  the  k i n e t i c

p a r a m e t e r s  a s s u m e  e x t r e m e  v a l u e s  w e r e  a n a l y z e d .  T h i s  

i n f o r m a t i o n  w a s  u s e d  to m a p  o u t  v a r i o u s  r e g i o n s  in p a r a m e t e r

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

p r e d o m i n a n t l y  in e a c h  r eg ion .  T h e s e  K in e t i c  Z o n e  D i a g r a m s  w e r e  

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

c o n s t a n t s .  T h e  m e t h o d  w a s  t h e n  a p p l i e d  t o  s t u d y  th e
e l e c t r o c h e m i s t r y  o f  m e t h y l  c o b a l a m i n ,  a v i t a m i n  B 12 d e r i v a t i v e  

k n o w n  fo r  i ts  s i g n i f i c a n t  r o le  in the  Bj  2 - c a t a l y z e d  e n z y m a t i c  

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

m e t h y l  c o b a l a m i n ,  t h e  h o m 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

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

f o r  the  r e d o x  c o u p l e  a n d  the  e l e c t r o n  t r a n s f e r  c o e f f i c i e n t  a re  

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

1 . 2  G e n e r a l  C u r r e n t - P o t e n t i a l  E q u a t i o n

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

o c c u r r in g  at an e l e c t r o d e - s o l u t i o n  i n te r f a c e  c a n  be r e p r e s e n t e d  as:

0  + ne ----------» R
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T h e  o x i d i z e d  f o r m  O p i c k s  up  n n u m b e r  o f  e l e c t r o n s  a t  the  

e l e c t r o d e  s u r f a c e  g e t t in g  c o n v e r t e d  to the  r e d u c e d  f o r m  R .  T h e  

re a c t io n  has  f o rw ard  and  b a c k w a r d  pa th s  as  sh o w n .  T h e  f o rw ard  

c o m p o n e n t  p r o c e e d s  at  a r a t e  vf  w h i c h  is p r o p o r t i o n a l  to  the 

c o n c e n t r a t i o n  o f  O  at  the e le c t ro d e  su r face  at  t ime  t , Co(0,/) Thus ,

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

r e a c t io n  rate  to the  su r f a c e  c o n c e n t r a t i o n .  T h e  r a t e  m a y  be

e x p r e s s e d  in t e r m s  o f  the c u r r e n t  f l o w in g  a c ro s s  uni t  a re a  o f  the 

e l e c t r o d e  su r f a c e :

k,Ce(0,t) =
nFA

w h e r e  ic is the  c a th o d i c  c u r r e n t  due  to  r e d u c t io n  o f  O, F  is the  

F a r a d a i c  c o n s t a n t  e q u a l  to 9 6 4 8 4 . 6  c o u l o m b s  p e r  e q u i v a l e n t  and  

A is the  a re a  o f  the  e l e c t r o d e  s u r f a c e .  L i k e w i s e  the  b a c k w a r d  

r e a c t io n  ra t e  can  be e x p re s s e d  as

v* = k bC„(Q,t)

kbCK(0,t) =
nFA
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w h e r e  ia is the a nod ic  c u r r e n t  du e  to  ox id a t io n  o f  R and  kb is the 

rate  c o n s t a n t  fo r  the  r e v e r s e  reac t ion .  T h e  ne t  r ea c t io n  ra te  w h ic h  

is t h e  d i f f e r e n c e  b e t w e e n  the  f o r w a r d  a n d  b a c k w a r d  r e a c t i o n  

r a t e s  is

l = l  - L

i = nFA[k/ C0((),t)~ kbCK(0,t)\ ( 1 . 1 )

V a l u e s  o f  kf  an d  kb d e p e n d  u p o n  the p o t e n t i a l  a p p l i e d  on  the  

e l e c t r o d e .  W h e n  the  a p p l i e d  p o t e n t i a l  is e q u a l  to  the  s t a n d a r d  

po t e n t i a l ,  E° ,  and  the c o n c e n t ra t io n s  o f  both O  and  R are  the  sam e ,  

bo th  kf  and  kb a re  e q u a l  to  the  s t a n d a r d  r a t e  c o n s t a n t  k ° .  For  

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

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

f o l low s  [1].

k k = k oe( 0 - ^ ( ^ ) " < r )
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S u b s t i t u t i n g  these  e x p r e s s i o n s  fo r  kf  and  kb i n to  e q u a t i o n  (1 .1 ) ,  fo r  

the  ne t  r e a c t i o n  y i e l d s  the  m o d i f i e d  B u t l e r - V o l m e r  e q u a t i o n  [2] 

fo r  e l e c t r o d e  k ine t ic s :

i = nFAk°\co ( 0 , t ) e ^ {E- E‘ )IRT)- C R(0, t)ew -a)^ F- K° )IRT]

= n F A k ° ' [ c M t ) - C K( lU)e{*'lH~E' ),KT]] ( { 2)

w h e r e ,

VRT}

an d  R is the m o la r  gas  cons tan t .  E q u a t ion  (1 .2 ) ,  ca l l ed  the cu r r e n t -  

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

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

po t en t ia l  a p p l i e d  on  the  e lec t rode .  T h i s  e q u a t i o n  or  a v a r i a t ion  o f  

it is u sed  in the  t r e a tm e n t  o f  e v e r y  p r o b l e m  in e l e c t r o d e  k ine t ic s .  

C u r r e n t  a t  an y  in s tan t  is g iven  by  the  t h e r m o d y n a m i c  an d  k ine t ic  

p a r a m e t e r s  o f  the  s y s te m  and  the  c o n c e n t r a t i o n  o f  O  and  R a t  the 

e l e c t r o d e  s u r f a c e .  T h e s e  c o n c e n t r a t i o n  t e r m s  at a n y  in s t a n t  a re  

d e t e r m i n e d  by  the  c o m p e t i t i o n  b e t w e e n  the  e l e c t r o n  t r a n s f e r  an d  

c o u p l e d  c h e m i c a l  r e a c t io n ( s )  as  wel l  as  d i f f u s io n  to a nd  f r o m  the  

e l e c t r o d e  s u r f a c e .
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1 . 3  Electron T ran sfer Fol lowed by Coupled Chemical  
React ion (EC Process)

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

h e t e r o g e n e o u s  e l e c t r o n  t r a n s fe r  p r o c e s s  c a n  be r e p r e s e n t e d  as

T h e  r e d u c e d  f o r m  R ge t s  c o n v e r t e d  to  Z by  c h e m i c a l  r e a c t i o n .  

R e m o v a l  o f  R  f r o m  the  e l e c t r o d e  s u r f a c e  by the c h e m i c a l  p r o c e s s  

c a u s e s  m o r e  O to c o n v e r t  to R in o r d e r  to m a i n t a i n  the  N e r n s t i a n  

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

E x p r e s s i o n s  fo r  the  c o n c e n t r a t i o n s  o f  the  o x i d i z e d  a n d  r e d u c e d  

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

h a v e  been  d e s c r i b e d  in the  l i t e ra tu re  [3J. F o r  the  E C  m e c h a n i s m  

th e  c o n c e n t r a t i o n s ,  as  a f u n c t i o n  o f  t i m e  a re  g i v e n  by  the  

f o l l o w i n g  e x p re s s io n s .

O  + ne

R — - —>Z

n F A D ^ n ^ ^ t  -  x

0 n F A D l n ^ t - X

i( x )dx
1 1

1 + *  0 n F A D j n 24 t ^ x

w h e r e
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C ’, and  Cl  are  the bulk c o n c e n t r a t io n s  o f  O  and R 

r e s p e c t i v e l y

l  = kl +kb is a k inet ic  p a r a m e t e r  which  e m b o d i e s  the effect  

o f  the  c h e m i c a l  p rocess .

D0 and  D„ are the d i f fu s io n  c oe f f ic i en t s  o f  O and R 

r e s p e c t i v e l y

K = kb/ k {

For  an i r r e v e r s ib l e  c he m ic a l  r e a c t io n  (kf » k b),

T h u s  f o r  an  i r r e v e r s i b l e  c h e m i c a l  r e a c t i o n  f o l l o w i n g  e l e c t r o n  

t r a n s f e r ,

S u b s t i t u t i n g  t h e  a b o v e  c o n c e n t r a t i o n  e x p r e s s i o n s  i n t o  t h e  

m o d i f i e d  B u t l e r - V o l m e r  e q u a t i o n  y i e l d s  a n  e x p r e s s i o n  f o r  the  

c u r r e n t  as a f u n c t io n  o f  t ime  and  a p p l i e d  v o l ta ge ,  f o r  an  e le c t ro d e  

reac t ion  f o l lo w in g  the E C  m e c h a n i s m .

n F A D j n ^ t - x a n d

nFAD^J i^yJt -  x

i(t) = nFAk° C ^ - j '
0 nFAD^iC^jt -  x

i{x)dx

n F A D \ iC ^ t  -  x
R T



8

D jPa
R e p l a c i n g  DR in the s e c o n d  in teg ra l  by D an d  a s s u m i n g  tha t  

on ly  the  o x id iz e d  fo rm  is in i t i a l ly  p resen t .

i(t) = nFAk°
° nFAD* ji* VT^l nFAD*jc* *Ji^X \ DH

- / ( i - t )

B e s i d e s  the  e x p e r i m e n t a l  v a r i a b l e s ,  t im e  an d  v o l t a g e  the c u r r e n t  

is a l s o  d e p e n d e n t  on the  f o l l o w i n g  i m p o r t a n t  p a r a m e t e r s  o f  the 

s y s t e m :

k ° ,  the h e t e r o g e n e o u s  rate  c o n s t a n t  fo r  the  e l e c t r o n  t r a n s fe r  

p r o c e s s

kf , the h o m o g e n e o u s  rate  c o n s ta n t  fo r  the  f o l l o w i n g  c h e m i c a l  

s t e p  (£ = kf  w h e n  the f o l l o w i n g  r ea c t ion  is i r r e v e r s ib l e )

a ,  the  e l e c t r o n  t r a n s fe r  c o e f f i c i en t

E ° ,  the  s ta nda rd  po ten t ia l  fo r  the r ed o x  c o u p le

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

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

r e q u i r e s  p r io r  k n o w l e d g e  o f  one  or  m o r e  o f  the  o t h e r  p a ra m e te r s .  

A l s o  a n y  e r r o r  in the  k n o w n  p a r a m e t e r s  wil l  a f f e c t  the  a c c u r a c y  

o f  the  o n e s  b e in g  d e t e r m i n e d .  T h i s  m a k e s  it h i g h ly  d e s i r a b l e  to 

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

S i m u l t a n e o u s  e v a l u a t i o n  o f  p a r a m e t e r s  is d o n e  by  f i t t i n g  

e x p e r i m e n t a l  d a t a  to  the  theo re t i c a l  e q u a t i o n .  A b r i e f  o u t l i n e  o f

the  m e t h o d  c a l l e d  n o n - l i n e a r  r e g r e s s i o n  o r  c u r v e - f i t t i n g  is g iv en  

b e l o w .
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W h e n  a set  o f  n d a ta  po in ts ,  y (i = 0 ,1  n -  1) is to  be  f i t ted to a

f u n c t i o n  w i th  a d j u s t a b l e  p a r a m e t e r s ,  the  o p t i m u m  v a l u e  o f  the  

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

1 2 
<p= -  y ()  is m in im u m .

i =o

T h e  func t ion  to be fi t ted is

f  =  ' ( * „ ............& —  / * , - , ) =  ' ( * •  f t

w h e r e  P0, /?T p k , a re  the  k  a d j u s t a b l e  p a r a m e t e r s  a n d

x0, x,  x m- i  are l^ e m  i n d e p e n d e n t  va r i a b le s .  w ( is the w e ig h t

o f  the  i 'h d a t a  p o i n t .  In t h e  l e a s t  s q u a r e s  p r o c e d u r e ,  the

e s t i m a t e s  b0, b ,.............  b k , o f  the  p a r a m e t e r s  p0, p 1................. /?*_, i s

o b t a i n e d  w h e n

d  i V ( ' , - y , ) '  = o
I ' = 0

for  all  b t( j  = 0 ,  1............k  -  1)

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

m i n i m u m  on  th e  <p s u r f a c e  in p a r a m e t e r  s p a c e .  S t a r t i n g  w i th

c e r t a i n  t r i a l  p a r a m e t e r  v a l u e s ,  b0, bv  a c o r r e c t i o n

v e c t o r ,  8b  i s  c a l c u l a t e d .  T h e  n e w  p a r a m e t e r  v a l u e s ,

8b0, b ,+  8br................................ ^ * - 1 + 8bk_ , a r e  the  s t a r t i n g  v a lu e s

fo r  the  n e x t  i t e r a t io n .  T h e  p r o c e s s  c o n t i n u e s  unt i l  al l  8 b j a re  

s m a l l e r  than  a c e r t a in  s p e c i f i e d  va lue .
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T h e  c u r v e  f i t t ing  e x p e r i m e n t s  d e s c r i b e d  in the f o l l o w i n g  

s e c t io n s  u t i l i zed  a p r o g ra m  based  on the M a r q u a r d t  m e t h o d  [4] for  

n o n - l i n e a r  l e a s t  s q u a r e s  m i n i m i z a t i o n .  T h e  a d v a n t a g e  o f  the  

M a r q u a r d t  a l g o r i t h m  o v e r  the  S i m p l e x  a l g o r i t h m  [5] w h i c h  w a s  

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

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

p o p u l a r  m e t h o d s  fo r  m i n i m u m  s e a r c h ,  viz ,  the  T a y l o r  e x p a n s i o n  

m e t h o d  an d  the  g r a d i e n t  m e t h o d .  T a y l o r  e x p a n s i o n  m e t h o d  is 

m o s t  s u i t a b l e  in the  v i c i n i t y  o f  the  m i n i m u m  o f  0 ,  w h e r e  the  

f u n c t i o n ,  f  c an  be  l inea r i zed .  T h e  g r a d i e n t  m e t h o d  on  the  o th e r  

ha nd  e x h i b i t s  r ap id  c o n v e r g e n c e  f a r  f rom  the  m i n i m u m  o f  <P bu t  

is s l o w  n e a r  the  m i n i m u m .  In the  M a r q u a r d t  a l g o r i t h m ,  a 

c o m p r o m i s e  is m a d e  b e t w e e n  the  p a r a m e t e r  c o r r e c t i o n s  p r e d i c t e d  

by the  t w o  m e t h o d s .  In the  e a r ly  s ta ge  o f  the i t e r a t ive  p r o c e s s ,  

the  c o m p r o m i s e  c r i t e r i o n  f a v o u r s  the  g r a d i e n t  m e t h o d .  As  the 

p a r a m e t e r  v a lu e s  ge t  c l o s e r  to t h e i r  c o r r e c t  v a lu e s ,  m o r e  u se  is 

m a d e  o f  the T a y l o r  ser i es  m ethod .

1 . 4  S i m u l a t i o n  o f  C u r r e n t - T i m e  a nd  C u r r e n t - P o t e n t i a l  
C u r v e s

T h e  in tegral  eq u a t io n  fo r  c u r r e n t  g iven  in the  p r e v io u s  sec t ion  

has  n o  a n a ly t i c a l  so lu t ion  and  a n u m e r i c a l  m e t h o d  is r e q u i r e d  to 

so lv e  it. N i c h o l s o n  and  O l m s t e d  [6] h a v e  d e s c r i b e d  a n u m e r i c a l  

a p p r o a c h  fo r  the  so lu t io n  o f  in te g ra l  e q u a t i o n s  o f  th is  f o r m  tha t  

a p p e a r  f r e q u e n t l y  in e l e c t r o c h e m i c a l  theo ry .  B e f o re  a p p l y i n g  the  

n u m e r i c a l  t r e a t m e n t  it is c o n v e n i e n t  to  n o r m a l i z e  the  c u r r e n t  by 

d i v i d i n g  b o t h  s i d e s  o f  t h e  e q u a t i o n  by  th e  d i f f u s i o n - l i m i t e d  

c u r r e n t ,  i(t)d , g iven  by  the Cott rel l  equa t ion  [1]:

nFADlCp
l \ l )d  ”  1 1



T h u s ,

t ( r )nM
I

nFAD*C‘0

r

D 2C*L'()K'0
z - l

i(x)dx
- £ ■

i(x)dx

nFAD(] K ^ t  -  x nFAD ^id ' j t  -  X

n F j E - E * )

RT

D 2n 2
M u l t ip ly in g  both s ides  by —p —

1 1  1 1  1 i
/ ( f ) n V  D()k 2 ___  ̂ j '  i (x)n2t 2dx j<e~t0 'c)i ( x )n2t 2dx [P() ’

= w ' -     r -^ ---------- . J - ^ e

nFAD}tC'0 k nFAD*C'0 y f t ^ X  nFAD~]C’a ^ X

L e t t i n g ,

/ ( Q n V  = i(r) _ 

nFADlc'a

y¥(x)dx ID
k° V / ^ x  J»

T ( t )  r e p r e s e n t s  the  n o r m a l i z e d ,  d i m e n s i o n l e s s  c u r r e n t  t h a t  is 

i n d e p e n d e n t  o f  c o n c e n t r a t i o n  o f  O  and  e l e c t r o d e  su r f a c e  a rea .

Le t  t = m d ,  t h u s  d i v i d i n g  the r a n g e  o f  i n t e g r a t i o n  in to  m  e q u a l  

in te rva l s  o f  w id th ,  d .



^ ( t )dx r * e - ‘(md ''>'V(x)dx i F ( E - E ' )
RT

0 *Jmd -  T ,' 0 y f m d - X  V D,

A s s u m i n g  the  f u n c t i o n  to  be a c o n s t a n t  ( z e r o  o r d e r  p o l y n o m i a l )

a n d  e q u a l  to  bt (i = l , 2 .m )  in e a c h  in t e r v a l  ( f i g u r e  1 . 1 ), the

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

d e s c r i b e d  by N i c h o l s o n  and  O l m s t e d  is a spe c ia l  c a s e  o f  H u b e r ' s  

m e t h o d  | 7 )  w h e r e ,  in g e n e r a l ,  t h e  f u n c t i o n  to  be  e v a l u a t e d  is 

a p p r o x i m a t e d  by c o n n e c t e d  l ine  s e g m e n t s  on  th e  i n t e g r a t i o n

s u b i n t e r v a l s .

T h e  in te g ra l s  are  s im pl i f ied  by the c h a n g e  o f  va r i ab le s ,  m d - x  = y

S u b s t i t u t i n g  l y - z  and dy = d z / t  and  m u l t ip ly in g  bo th  s ides  by t 1

i F ( F . - E " )

* E ( E - E ° )

R T



Ut j
D e f in ing  5l* = J  ~ r dz -  2y fdi [4k -  V* - 1 )

a n d  52*= j  V ^ z = ^ { e r f ( y [ k M ) - e r f { ^ ( k  - ! )<#)} ,
( k - \ ) d t * Z

the  a b o v e  e q u a t io n  can  be w r i t t en  as

D Z n ' l 2
= n ( m d l f  -  -  Z fc.-y2- .

»KK-H°)

S e p a r a t i n g  bm f r o m  the  tw o  su m m a t io n s :

r> 2n i / i  . "-i
°.o- = M m d l f  - b ms \ { -  % b,s] r
* 1=1

1 3

( 1 . 3 )

( 1 . 4 )

r ^ —  * K E - E ° )  { j r —

- K ’2 , . - f e  ”  -
\ u r V Ur i=i
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I s o l a t i n g  b m :

n ( m d t f  -
1 =  1

R T

i = l (1 .5)

E q u a t io n  (1 .5 )  is used to c a lcu la te  the  va lue  o f  the func t ion  bm 

in each  o f  the  m in te rva ls ,  s ta r t ing  wi th  the tq  in the f i rs t  in terval .

1.5 Analys i s  o f  S imulated  C u r re n t - T im e  (i - t)  Curves

F i g u r e  1.2 s h o w s  c u r r e n t - t i m e  c u r v e s  s im u l a t e d  at v a r i o u s  

a p p l i e d  p o ten t ia l s .  T h e  c u r r e n t  f u n c t io n  is the  n o r m a l i z e d  c u r r e n t  

o b t a i n e d  by  d i v i d i n g  the  c u r r e n t  a t  e a c h  p o i n t  in t im e  by  the  

d i f f u s io n  l im it ed  c u r r e n t  at the  s a m e  po in t  in t im e.  T h e  d i f f u s io n -  

l im i t e d  c u r r e n t  d e c a y s  f a s t e r  than  c u r r e n t  c o n t r o l l e d  b y  k in e t i c s .  

T h e  n o r m a l i z e d  c u r r e n t  t h e r e fo r e  i n c r e a s e s  w i th  t im e  as  in f ig u r e  

1.2 18). As  the  a p p l i e d  po ten t ia l  is v a r i e d  f rom  -1 .4 0  vo l t s  to  - 

1 .55 v o l t s  in s t e p s  o f  - 0 . 0 2 5  v o l t s ,  t h e  n o r m a l i z e d  c u r r e n t  

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

u n i t y .

F i g u re  1.3 s h o w s  the e f f e c t  o f  v a r y i n g  the  e l e c t r o n  t r a n s fe r  

r a t e  c o n s t a n t ,  on  the  s i m u l a t e d  c u r r e n t  vs  t i m e  d a t a .  k° is 

i n c r e a s e d  by  a f ac to r  o f  f ive,  f rom  one  c u rv e  to  the  nex t  and  the  

c u r r e n t  f u n c t i o n  is seen  to i n c r e a s e  p r o g r e s s i v e l y  unt i l  a l im i t ing  

v a lue  is r e a c h e d .  T h e  l im i t in g  va lue  o f  the c u r r e n t  fu n c t io n  d o e s  

not  r e a c h  un i ty  in th is  c a s e ,  u n l ike  the  d a t a  p r e s e n t e d  in f igu re
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1.2. T h i s  is b e c a u s e  the ap p l i e d  po ten t ia l ,  -1 .45  vo l ts  is 5 0  mv

pos i t ive ,  r e la t ive  to the E° used  in the s im u la t ion .

T h e  in f luence  o f  the t ransfe r  coeff ic ien t ,  a ,  on  the  c u r r e n t - t i m e  

c u r v e s  is s h o w n  in f igu res  1.4a and  1.4b. W h e n  the  p o t e n t i a l  on 

the e l e c t r o d e  is c h a n g e d  f rom  z e ro  (on a n y  a rb i t r a ry  s c a le )  to E, 

the e n e r g y  o f  the  e l e c t r o n s  i n s ide  the  e l e c t r o d e  c h a n g e s  by  -nFE.  
T h e  res u l t i n g  c h a n g e  in the ac t i va t ion  e n e rg y  fo r  r e d u c t io n  is a n F E

a n d  tha t  fo r  o x i d a t io n  is ( l - a ) n F E .  W h e n  a  is 0.1 a n e g a t iv e

v o l t a g e ( - E )  a p p l i e d  on  the  e l e c t r o d e  wil l  d e c r e a s e  the  a c t i v a t i o n

e n e r g y  fo r  r e d u c t io n  by 0.1 n F E  an d  i n c r e a s e  tha t  fo r  o x id a t io n  by
0 .9 n F E .  W h e n  a  is 0 .9  the c h a n g e s  wil l  be 0 . 9 n F E  fo r  r e d u c t io n  

an d  0.1 n F E  fo r  o x i d a t io n .  W h a t  v a lue  o f  a  wil l  r e s u l t  in m o re  

c u r r e n t ,  t h e r e fo r e ,  d e p e n d s  on w h i c h  r e d o x  f o r m  o f  the  m o l e c u l e

is p r e d o m i n a n t  at  the  e l e c t r o d e  s u r f a c e .  In f i g u r e  1 .4a ,  the

a p p l i e d  p o t e n t i a l  is m o r e  n e g a t i v e  t h a n  Eo .  T h e  p r e d o m i n a n t

s p e c i e s  is the  r e d u c e d  fo rm .  T h i s  e x p la i n s  the  l a rg e r  c u r r e n t  fo r  
a = 0 . 1 .  In f igu re  1.4b the  ap p l i e d  po ten t ia l  is on the pos i t i v e  s ide

o f  Eo.  T h e  ox id iz e d  fo rm  is in e x c e s s  an d  the e f f e c t  o f  a  on  the

c u r r e n t  is r e v e r s e d .

T h e  e ffec t  o f  va ry ing  the rate  o f  the fo l l o w in g  c h e m ic a l  s tep on 
the c u r r e n t  - t im e  c u r v e s  is s h o w n  in f igu re  1.5. T h e  k f - v a l u e s

less  than  1 . 0  d id  not  h a v e  any  e f f e c t  on  the  c u r r e n t - t i m e  c u rve s .
T h e s e  v a l u e s  o f  k f  a re  to o  lo w  to c o m p e t e  w i th  the  r e v e r s ib l e  

e l e c t r o n  t r a n s fe r  ra t e  fo r  con t ro l  o f  the ove ra l l  c o n v e r s i o n  f ro m  O 

to R. T h e  va lue  o f  kf va r i es  f ro m  1.0 s 1 to the  ve ry  fast  ra te  o f  

1 0 6 s > .  As  kf  is i n c r e a s e d  the  c u r r e n t  i n c r e a s e s  a n d  e v e n t u a l l y  

b e c o m e s  c lo s e  to  the  d i f f u s io n  l im i t e d  c u r r e n t .  T h e  v a lu e  o f  E, 

- 1 . 4 5  v o l t s ,  is 5 0  m i l l i v o l t s  p o s i t i v e  t o  t h e  s t a n d a r d  r e d o x  

p o t e n t i a l  u s e d  in the  s i m u l a t i o n .  T h e  f o l l o w i n g  c h e m i c a l  s tep  

r e m o v e s  the  r e d u c t io n  p r o d u c t  f r o m  the  v i c in i t y  o f  the  e l e c t r o d e  

q u i c k l y .  T o  m a i n t a i n  the  N e r n s t i a n  e q u i l i b r i u m ,  m o r e  o f  the  

ox id iz e d  fo rm  has to c o n v e r t  to  the  r ed u c e d  fo rm .  T h i s  c o n v e r s io n



can  b e c o m e  d i f fu s io n  c o n t r o l l e d ,  e v e n  at p o t e n t i a l s  on  the  p o s i t i v e

side  o f  E° ,  i f  the  h e t e r o g e n e o u s  re a c t io n  rate  is r e v e r s ib l e  a nd  the

h o m o g e n e o u s  r ea c t ion  is fas t  e n o u g h .  An  in te r e s t in g  l im i t in g  c a s e  

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

fo l l o w i n g  r ea c t ion  are  e x t r e m e l y  fast .  F ig u re  1.6 s h o w s  a c u r r e n t ­

t im e  s im u la t io n  u s ing  a va lue  o f  1 . 0  fo r  k°  and  a va lue  o f  1 0 6  f o r
kf .  T h o u g h  the a pp l i ed  po ten t ia l  is on  the  pos i t i v e  s ide  o f  E 0', the

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

t i m e s .

1.6 Analys i s  o f  S imulated  C ur ren t - Vo l t ag e  ( i -E) Curves

E q u a t io n  1.5 w as  used to  s im u la t e  c u r r e n t  vs v o l t a g e  ( i -E)  

c u r v e s  in a m a n n e r  a n a l o g o u s  to  s i m u l a t i o n  o f  i - t  c u r v e s ,  

d e s c r i b e d  in the p r e v i o u s  sec t ion .  A typ ica l  s i m u l a t i o n  is s h o w n  

in f igu re  1.7 a lo ng  wi th  a list o f  the  p a r a m e t e r  va lue s  used.  W h i l e  

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

c h r o n o a m p e r o m e t r y ,  t h e  i -E  c u r v e s  a r e  t h e  c o u n t e r p a r t  in 

s i m u l a t i o n  o f  n o r m a l  p u l s e  p o l a r o g r a p h y  ( N P P ) .  T h e  i -E  c u r v e  

d o e s  h a v e  th e  s h a p e  o f  a n o r m a l  p u l s e  p o l a r o g r a m .  T h e  

n o r m a l i z e d  c u r r e n t  f u n c t i o n  is z e r o  f a r  f r o m  E°  on  the  p o s i t i v e

side.  B e y o n d  E° on the ne g a t iv e  s ide  it r e a c h e s  the  l im it ing  va lue  

o f  un i ty  as  e x p e c t e d .

T h e  e ff ec t  o f  v a ry in g  the h e t e r o g e n e o u s  rate  c o n s t a n t  on  the  

i -E  c u r v e s  is s h o w n  in f igu re  1.8. As  the  e l e c t r o n  t r a n s f e r  ra t e  

i n c r e a s e s  the  c u r v e s  sh if t  to the  p o s i t i v e  d i r e c t i o n .  T h e  r i s in g  

p o r t ion  o f  the i -E  cu rve ,  i.e. ,  the  r an g e  in vo l ta g e  o v e r  w h i c h  the 

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

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

r e v e r s i b l e .

F i g u r e  1.9 s h o w s  the  e f f e c t  o f  v a r y i n g  the  ra t e  o f  the

h o m o g e n e o u s  r e a c t i o n  f o l l o w i n g  r e v e r s i b l e  e l e c t r o n  t r a n s fe r .  As



the  ra te  c o n s t a n t  is in c re as e d  the i -E  w a v e s  shif t  t o w a r d s  pos i t i v e  
v o l ta ge s  and  rea c he s  a l imit  w h e n  k f is 109 . On  the o th e r  e x t r e m e ,  

v a lue s  o f  k f less than  1.0 have  no  e ff ec t  on  the  i -E cu rves .  Ef fec t  

o f  k f on  i -E  c u r v e s  d e p e n d s  on  the  v a lu e s  o f  o t h e r  p a r a m e t e r s ,  

e s p e c i a l l y  k° as  show n  in f igures  1.10 a-c.  Fo r  large  va lues  o f  k°,  
the on ly  e f f e c t  o f  i n c r e a s i n g  k f is a sh if t  in pos i t ion  o f  the c u rv e  

a nd  is thus  i n d i s t i n g u i s h a b l e  f r o m  a c h a n g e  in E° ( f i g u r e  1.10a) .  

F o r  s m a l l e r  v a lu e s  o f  k° ,  the shif t  in pos i t ion  o f  the c u r v e  is less 

but  there  is a l so  a c h a n g e  in the shape  o f  the  c u rv e  ( f igu re s  1 . 1 0 b- 
c).  The  e ffec t  o f  a large k f, in this  case  is s im i la r  to the c o m b i n e d  

e ff ec t  o f  a s low e r  e lec t ron  t rans fe r  rate and  a m o r e  pos i t ive  E°.

T h e  s i m u l a t e d  c u r r e n t - t i m e  an d  c u r r e n t - v o l t a g e  c u r v e s  in 

f i g u r e s  1 . 2  to  1 . 1 0  a r e  w e l l  in a g r e e m e n t  w i th  t h e o r e t i c a l  

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

s i m u l a t i o n  e x p e r i m e n t s  f u r th e r  s h o w  h o w  the  t w o  ra te  c o n s t a n t s ,  
k °  and  kf  and  the  s t a n d a r d  red o x  p o t e n t i a l ,  E°  a r e  c o r r e l a t e d ,  

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

s t r a i g h t f o r w a r d .

1 . 7  Access ib le  Rate Cons tant s  and Kinet ic  Zones

R ates  o f  c h e m i c a l  r ea c t ions  fo l l o w in g  e le c t r o n  t r a n s fe r  are  of ten  

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

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

d i s a p p e a r i n g  s p e c i e s  d u r i n g  the  r e v e r s e  s c an  o r  s te p .  S p e c i e s  

w h o s e  h a l f - l i f e  is m u c h  less  than  the  r e v e r s a l  t im e  r e a l i z a b l e  

u n d e r  c o n d i t i o n s  o f  the  e x p e r i m e n t  c a n n o t  be  o b s e r v e d .  T h i s  

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

d e s c r i b e d  in th i s  c h a p t e r .  T h e  t h e o r y  d e v e l o p e d  h e r e  is fo r  

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

s tep .  H o w e v e r ,  t h e re  are  t h e o r e t i c a l  l im i t s  on  m e a s u r a b l e  ra t e  

c o n s t a n t s  in d i f f e r e n t  k ine t ic  r e g i o n s  as  d e s c r i b e d  b e lo w .  T h e s e  

l im i t s  a re  se t  by  the  c o m p e t i t i o n  b e t w e e n  the  e l e c t r o n - t r a n s f e r
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r ea c t io n ,  the  f o l l o w i n g  c h e m i c a l  r e a c t io n ,  and  the  d i f f u s io n  o f  the 

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

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

( e q u a t i o n  1.5) d e r i v e d  in s e c t i o n  1.4 w a s  a n a l y z e d  as  d e s c r i b e d  

b e l o w .

R e p l a c i n g  S l ^  a n d  S2k by  t h e i r  r e s p e c t i v e  d e f i n i t i o n s

I f )  /
( e q u a t io n s  1.3 and  1.4 ) and  le t t i ng  6 - J  y ^ e  /RT , e q u a t i o n  

1.5 can  be wr i t t en  as fo l lows:

n (m d f ) 2  -  2 - J d i ^ b ^  m -  i + 1 -  ^  m -  î j -  QK2^ b l e r f ^ ( m  -  i + 1 )d t }
i=l 1=1

- e / - / ( 7 ( w - i ) ^ ) } ] I i  i  
D ljW _

k°
2 j d l  + W e r f { 4 T t )

It is m o r e  i n s t r u c t i v e  to  w r i t e  th is  e q u a t i o n  in t e r m s  o f  the  

f o l l o w i n g  d i m e n s i o n l e s s  ra te  c o n s ta n t s :

A =
k° \[d

a n d \  = dt



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

1 m- 1

b_ = n ( m X y  - 2 V X ^ / ? ( V m - /  + l - 07C2^ft, | er/ (-^/ (m - i  + 1)X)
1=1 1=1

- e r / J V i ^ T j x ) } ]

+ 2 X2 + Qn2erf
i  f

X2 
\  y

D iv i d in g  the n u m e r a t o r  and  d e n o m i n a t o r  by X2

7l(m)2 -  l ^ b ^ m  - /  + ! -  Vm -  <) -  —t ~ -  / + 1)X)
0712 m-1

X2

7C2 0712 ..i
—  + 2 + — X2 

}2 {

1 \ ( 1 .6 )

T h e  use  o f  d i m e n s i o n l e s s  p a ra m e t e r s ,  A and ^  wil l  y i e ld  resu l t s  o f  

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

o f  the  s y s t e m  in all  t im e - w in d o w s .  T o  ge t  d i m e n s i o n e d  p ro f i le s  at

an y  g iv en  t im e  o n e  o n l y  n e e d s  to m u l t ip l y  A by  an d  X by

T h e  l i m i t i n g  b e h a v i o r s  o f  the  a b o v e  e q u a t i o n  o b t a i n e d  w h e n  A 

and  X a s s u m e  e x t r e m e  v a lu e s  a re  c o n s id e r e d  b e lo w .
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1. A -»«>  ( R e v e r s ib le  E le c t ron  T r a n s f e r  wi th  C h e m ic a l  S tep)

T h e  f i r s t  t e r m  in the  d e n o m i n a t o r  d r o p s  ou t  a n d  e q u a t i o n  1.6 

b e c o m e s :

n ( m ) 2  -  -  / + 1 -  Vm -  ( ) - —3— - i  + 1)X j
X2

Bn2

i = l

- e r f ^ j ( m - i ) X

^ 0 7 t 2  r 2 + —r er f
X2

f  \_ \
X2

V /

( 1 . 7 )

T h e  b o u n d a r y  o f  t h i s  r e g i o n  w a s  m a p p e d  ( f i g u r e  1 .1 1 )  by  

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

d e n o m i n a t o r s  o f  e q u a t i o n s  1.6 a nd  1.7 a re  n e a r l y  e q u a l  ( w i th i n  

2%).

i .e. ,

- , 0 k 2 ,
2  + —j- e r f  

X2

(  i  A
X2

V J
I

A I  ,
= 0.98

2. X - » 0  ( Q u a s i - R e v e r s i b l e  E l e c t ro n  T r a n s f e r )

E q u a t io n  1.6 b e c o m e s :
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n (m ) 2  -  i + 1 -  yjm -  j) i + 1 -  Vm -  j )

^ --------------------------------- T----------------------1=3-----------------------------------------------

—  +  2 +  20  
A

Note: e r f ( x )  = -7 =  for x  «  1
V J

T h e  b o u n d a r y  o f  th is  r eg io n  w a s  m a p p e d  ( f i g u re  1.12)  as  in the 

p r e v io u s  c ase  by so lv ing  the f o l l o w i n g  e q u a t i o n  fo r  A at  v a r i o u s  

va lues  o f  X.

i i

—  +  2 +  20 
A

3 . X —> oo ( i r r e v e r s i b l e  E l e c t r o n  T r a n s f e r )  

E q u a t io n  1.6 b e c o m e s :

] m—1
n(m)2 - 2 ^ b ^ m - i  +  1 -  V m - 7 j

T h i s  r eg io n  ( f igu re  1.13)  w as  m a p p e d  by s o lv i n g  the  fo l l o w i n g  

e q u a t i o n :
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— +  2 
A ____ = 0.98

er f  X2
\  /

In f i g u r e  1 .14 ,  the  t h r e e  l im i t i n g  r e g i o n s  c o n s i d e r e d  a b o v e  a re  

d r a w n  in the s a m e  l o g ( X ) - l o g ( A )  s p a c e  d i v id i n g  the  e n t i r e  r eg io n  

in to  severa l  k ine t ic  zones .  T h e s e  r e g i o n s  a re  e s se n t i a l l y  the s a m e  

as  in the z o n e  d i a g r a m  for  the  E C  r e a c t i o n  s c h e m e  d e r i v e d  f rom  

cyc l i c  v o l t a m m e t r i c  theo ry  [9]. L i s ted  in p a r e n t h e s e s  in e a c h  z one  

o f  f ig u r e  1.14, a re  the  p a r a m e t e r s  that  c o n t r o l  the  c u r r e n t  in that  

r eg ion .  A c c o r d in g  to this  t h eo ry ,  it s h o u ld  be p o s s ib l e  to e v a lu a te  

the  p a r a m e t e r s  l is ted  in a r e g io n  f r o m  e x p e r i m e n t a l  d a ta  a c q u i r e d  

f r o m  the  s a m e  r e g i o n .  Da ta  fo r  f ig u r e  1 .14  w e r e  c a l c u l a t e d  fo r  

a p p l i e d  p o t e n t i a l ,  E,  e q u a l  to E ° , the s t a n d a r d  po te n t i a l .  I f  the  

v a lu e  o f  a p p l i e d  p o te n t i a l  is c h a n g e d ,  the  z o n e s  in the  d i a g r a m  

c o u l d  sh i f t ,  a s  s h o w n  in f i g u r e s  1 .15  a n d  1 .16 .  A p a r t  f r o m  

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

p a r a m e t e r s ,  the  z o n e  d i a g r a m s  c a n  a id  in s e l e c t i n g  d a t a  fo r  

a n a ly s i s  that  c o n ta in  the  m o s t  i n f o r m a t io n  a b o u t  the  sy s te m .  T h e  

d i a g r a m  a l so  s h o w s  the  l im i t in g  va lue s  o f  p a r a m e t e r s  t h e o r e t i c a l l y  

a c ce s s ib l e  . F o r  in s tance ,  in f igure  1.14, the  r eg ion  l abe l led  'Q uas i -  

rev .  E T  wi th  c h e m .  s tep '  r e p r e s e n t s  the  r e g i m e  w h e r e  c u r r e n t  is 
c o n t r o l l e d  by all fou r  p a r a m e t e r s .  At  l o g ( A ) = 0 ,  the  s m a l l e s t  and  

l a r g e s t  v a lu e s  o f  log(X) that  fal l  in this  r eg ion  a re  -0 .75 a nd  2.5.  

T h i s  v a lu e  o f  A will  t rans la te  to a k0' o f  0.01 c m  s 1 w hen  d is 10 

m i l l i s e c o n d s  an d  D is 10 6  c m 2 s _1. T he  va lues  o f  k f will  be  18, for  

l o g ( X )  = -0 .75 and  3 . 2 x l 0 4  for  log(X)=2.5 .  T h e s e  v a lu e s  r e p r e s e n t  

the s m a l l e s t  a nd  l a rges t  ra te  c o n s t a n t s  fo r  the  f o l l o w i n g  c h e m i c a l  

r e a c t i o n ,  m e a s u r a b l e  w h e n  k0’ is 0.01 c m  s 1. T h e  u p p e r  l imit  o f  
k f t h a t  c o u ld  be  e v a l u a t e d  by  f i t t ing  s i m u l a t e d  i -E - t  d a t a  w a s
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5 x l 0 4  s ' 1, for  k° '= 0 . 0 1  c m  s ' 1 and  this  va lue  is in good  a g r e e m e n t  

wi th  the  p red ic t ion  based  on the z one  d ia g r a m .

1 . 8  F i t t i ng  c u r r e n t - t i m e  and c u r r e n t - v o l t a g e  c u r v e s

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

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

e q u a t i o n  (1 .5 ) .  S in c e  s im u l a t e d  d a ta  a re  f ree  o f  no i se  an d  o t h e r  

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

on the  s a m e  p a r a m e t e r  v a lu e s  that  w e r e  used  to s im u l a t e  the  d a ta  

set.  D a ta  p r e se n ted  in tab le  1.1 are  typ ica l  o f  the r esu l ts  o b t a in e d  

in a l a rge  n u m b e r  o f  a t t e m p t s  to fit  i -E  da ta .  T h e  v a lu e  o f  the 

e x p e r i m e n t a l  va r i a b le ,  t im e ,  used  in the  s im u la t io n  is g iv en  in the  

f i rs t  c o l u m n .  T h e  n e x t  fo u r  c o lu m n s  c o n ta i n  the p a r a m e t e r  va lue s  

a f t e r  c o n v e r g e n c e ,  w i th  the t rue  va lu e s  l is ted in p a re n th e s i s .  T h e  

las t  c o l u m n  is the  s u m  o f  s qua re s  o f  residuals,<J>. In m o s t  c a se s ,

e x c e p t  fo r  E ° , the  f i t t ed  v a lu e s  a re  c o n s i d e r a b l y  d i f f e r e n t  f r o m

those  used  in the  s im u la t io n .  Yet ,  the  s u m  o f  s q u a re s  o f  r e s id u a l s  

is ve ry  smal l .  T h e  s a m e  ob s e rv a t io n  can  be m a d e  f rom  the resu l ts  

o f  f i t t i ng  i-t da ta ,  s h o w n  in tab le  1.2. T h e  t im e  w i n d o w  in w h i c h  

c u r r e n t - t i m e  d a ta  w a s  s im u la t e d  is g iv en  in the  f irst  c o lu m n .  T h e  

r e m a in i n g  e n t r i e s  are  s a m e  as  in t able  1.1. It is q u i te  e v id e n t  that  

the  v a lu e s  o f  the  fou r  p a ra m e t e r s  that  can  g e n e ra te  a g iv en  i -E  or  

i - t  c u r v e  a re  n o t  u n i q u e .  T h e  o p t i m i z a t i o n  p r o g r a m  s e e m s  to  

c o m p e n s a t e  fo r  the  e r r o r  in a g iv en  p a r a m e t e r  by  a d j u s t i n g  the

o t h e r  p a r a m e t e r ( s ) .  T h i s  a d j u s t m e n t  o f  p a r a m e t e r s  r e s u l t i n g  in

n o n - u n i q u e  v a l u e s  is f u r t h e r  e x a m i n e d  in the  f o l l o w i n g  s t u d y  

u s ing  s im u l a t e d  i -E  da ta .

T h r e e  i -E  c u r v e s  w e r e  s i m u l a t e d  at  0 .1 ,  1 .0  a n d  10 

m i l l i s e c o n d s .  T h e  a d ju s t a b l e  p a r a m e t e r s  w e r e  s a m e  fo r  al l  t h re e  

cu rves .  T h e s e  cu rv e s  w ere  f i t ted to see h o w  the s a m e  e r r o r  in one  
p a r a m e t e r ,  viz ,  k°  will  be c o m p e n s a t e d  for  by ad ju s t in g  k f . T h u s  a



and  E°  w e r e  he ld  c o n s ta n t  at the i r  t rue  v a lu e s  w h i l e  k°  w a s  he ld  

at  v a lu e s  d i f f e re n t  f ro m  the t rue  va lue .  T h e  on ly  p a r a m e t e r  to  be 
f r e e ly  a d ju s t e d  w a s  k f . T h e  resu l ts  a re  s u m m a r i z e d  in t ab le  1.3. 

A n  in te r e s t in g  o b s e r v a t io n  to  be m a d e  he re  is tha t  the  o p t im iz i n g  
p r o g r a m  a d ju s t e d  the  v a lue  o f  k f by  a d i f f e r e n t  a m o u n t  fo r  ea ch  

c u rv e ,  in o rde r  to co r r e c t  for  the  s a m e  e r r o r  in k° .  F o r  i n s tance ,  
the  f i rs t  r o w  in t ab le  1.3 s h o w s  that  k f  had to be  i n c r e a s e d  by 562  

to  c o m p e n s a t e  fo r  an e r r o r  o f  0 .01  in k°  to  f it  an  i -E  c u r v e  

s i m u l a t e d  at  10 ' 4  s e co n d .  A s  s h o w n  in the  f i f th  r o w ,  the  s a m e  
e r r o r  in k° is c o r r e c t e d  by  i n c r e a s i n g  k f  by 55,  at  1 0 2  s e c o n d .  

T h i s  r e su l t  is not  e n t i r e ly  u n e x p e c t e d  c o n s i d e r i n g  the  fac t  tha t  the  
e f f e c t  o f  kine t ic  p a r a m e t e r s  such  as  k°  and  k f on c u r r e n t  d e p e n d s  

on  t h e i r  m a g n i t u d e s  an d  a l s o  the t im e  w i n d o w  o f  m e a s u r e m e n t .  

N e v e r t h e l e s s ,  th is  o b s e r v a t i o n  d id  p r o v id e  the  c lu e  to  a d i f f e r e n t  

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

c u r r e n t .  S u p p o s e  the th ree  i -E  c u r v e s  w e r e  f i t t ed  s i m u l t a n e o u s l y .  

T h e  f i t t e d  p a r a m e t e r s  fo r  i n d iv i d u a l  i -E  c u r v e s  w i l l  no t  f i t  the  

d a t a  set  m a d e  up  o f  the  three c u rv e s  taken  tog e th e r .  T h i s  is d u e  

to  the  fac t  tha t  the  a d j u s t m e n t  r e q u i r e d  to  c o m p e n s a t e  the  e r r o r  

in a  p a r a m e t e r  is d i f f e r e n t  f o r  e a c h  c u r v e .  T h e  o p t i m i z i n g  

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

s i m u l t a n e o u s l y ,  has  a b e t t e r  c h a n c e  o f  c o n v e r g i n g  on  th e  t rue  

v a lu e s .  T h e  f o l l o w i n g  s e c t ion  d e s c r i b e s  th is  a p p r o a c h  a p p l i e d  to 

s i m u l a t e d  d a ta .

1.9 F i t t ing  c u r r e n t - v o l t a g e - t i m e  sur fac e

S e v e ra l  c u r r e n t - v o l t a g e  c u r v e s ,  e a c h  r e c o r d e d  at  d i f f e r e n t  

s a m p l i n g  t im e s ,  c o n s t i t u t e  a c u r r e n t - v o l t a g e - t i m e  ( i - E - t )  s u r f a c e .  

A n  e q u i v a l e n t  c o n c e p t  w o u l d  b e  s e v e r a l  c u r r e n t - t i m e  c u r v e s  

r e c o r d e d  at d i f f e r e n t  v o l t a g e s .  T h a t  f i t t i n g  an i -E - t  s u r f a c e  in 

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

e v a l u a t i o n  o f  al l  t h e  f o u r  p a r a m e t e r s  is  d e m o n s t r a t e d  in the  

f o l l o w i n g  e x p e r i m e n t .



C o n s i d e r  the d o m a i n  o f  vo l tage  and  t im e  d e f ine d  by  the p lane  

s u r f a c e  s h o w n  in f i g u r e  1 .17 .  T h e  t w e n t y  f i v e  p o i n t s  o f

i n t e r s e c t i o n  on the  g r id  r e p r e s e n t  t w e n ty  f ive  p o i n t s  in t im e  and

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

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

E x p e r i m e n t a l l y  s u c h  a d a t a  set  c o u l d  be f o r m e d  by  t a k i n g  f iv e  

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

t im e s  0 .1 5 ,  0 .4 0 ,  0 .6 5 ,  0 . 9 0  an d  1.15 m i l l i s e c o n d  o r  e q u i v a l e n t l y  

by  t a k i n g  f iv e  p o i n t s  e a c h  f r o m  f iv e  c u r r e n t - t i m e  c u r v e s  at  

v o l t a g e s ,  - 1 .5 1 ,  -1 .5 6 ,  -1 .6 1 ,  - 1 .6 6  an d  -1.71 v o l t s .  T a b l e  1.4 

c o n t a i n s  the  r e s u l t  o f  f i t t i n g  th is  s i m u l a t e d  i -E - t  s u r f a c e  a l o n g  

w i th  r e s u l t s  o b t a i n e d  by f i t t ing  i -t  and  i -E  c u r v e s  f r o m  the  s a m e  

t i m e - v o l t a g e  d o m a i n .  T h e  f i r s t  f iv e  e n t r i e s  a re  fo r  i -t  c u r v e s  at

- 1 .5 1 ,  - 1 .5 6 ,  -1 .6 1 ,  -1 .6 6  an d  -1.71 v o l t s  f o l l o w e d  by  f ive  i -E

c u rv e s  at 0 .15 ,  0 .40 ,  0 .65 ,  0 .9 0  and  1.15 m i l l i s ec o n d .  E a c h  i-t and

i -E  c u r v e  is m a d e  up  o f  25 poin ts .  T h e  last  e n t r y  is fo r  the  i -E- t  

s u r f a c e  a n d  is the  on ly  i n s t a n c e  w h e r e  all  the  c o n v e r g e d  v a lu e s  

a re  s a m e  as  those  used  in the  s im u la t ion .  A 3 D - g r a p h  o f  the  i -E- t  

d a ta  c o r r e s p o n d i n g  to the last  e n t r y  in t ab le  1.4 is s h o w n  in f igu re  

1.18,  w i th  m o r e  po in t s  a d d e d  fo r  b e t t e r  d e f in i t i o n  o f  the  su r face .

1 . 1 0  A p p l i c a t i o n  o f  i - E - t  s u r f a c e  a n a l y s i s  t o  s t u d y  t h e

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

T h e r e  has  been  g rea t  in te res t  in the  c h e m i s t r y  o f  v i t a m i n  B 1 2  

s in c e  it w a s  d i s c o v e r e d  in the  1920 's  as  a c u r e  fo r  p e r n i c i o u s

a n e m i a  a n d  i s o l a t e d  in 1948  i n d e p e n d e n t l y  by  F o l k e r s  a n d

c o - w o r k e r s  [10]  a nd  by Sm i th  and  P a r k e r  [11 ,12] .  T h e  e n z y m a t i c  
r e a c t i o n s  c a t a ly z e d  by v i t a m in  B 1 2  a re  a c c o m p a n i e d  by c h a n g e s  in 

th e  o x i d a t i o n  s t a t e  o f  t h e  c o b a l t  a t o m  in t h e  v i t a m i n .  T h i s

p r o v i d e d  the  i m p e tu s  fo r  the  vas t  a m o u n t  o f  e x i s t i n g  l i t e r a tu re  on
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 s  o f  v i t a m i n  B 1 2  a n d  r e l a t e d

c o m p o u n d s .
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E a r l i e r  w o r k  u s ing  p o la ro g rap h ic  t e c h n i q u e s  [ 1 3 - 2 0 J p r o d u c e d  

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

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

L a t e r ,  o t h e r  t e c h n i q u e s  i n c l u d i n g  c y c l i c  v o l t a m m e t r y  [ 2 1 , 2 2 ] ,  

p o t e n t i o m e t r y  [2 2 ,2 3 ]  an d  c o n t r o l l e d  p o t e n t i a l  c o u l o m e t r y  [24 -26]  
w e r e  u s e d  to  s t u d y  v i t a m i n  B 1 2  d e r i v a t i v e s  a n d  m o d e l  

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

the  t h e r m o d y n a m i c s  and  k in e t i c s  o f  e l e c t r o d e  r e a c t i o n s  o f  v i t a m in
B 1 2  h a v e  b e e n  r e p o r t e d  [27 -36]  by d i f f e r e n t  l a b o r a to r i e s .  T h e s e

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

the  i n t e r p l a y  o f  e l e c t r o n  t r a n s fe r  and  c h a n g e s  in axia l  l iga t ion  in
the  c h e m i s t r y  o f  v i t a m in  B 1 2  d e r i v a t i v e s .  T h a t  s e ve ra l  q u e s t i o n s  

r e m a i n  u n a n s w e r e d  r e g a r d i n g  th e  r o l e  o f  v i t a m i n  B ] 2  in 

b i o c h e m i c a l  r e a c t i o n s  is h a rd ly  s u r p r i s i n g  in v i e w  o f  the  h ig h ly

c o m p l e x  n a tu re  o f  its r edox  c h e m is t ry .

T h e  s t ru c tu re  o f  v i tam in  B ] 2 , the  m o s t  c o m p l e x  n a t u r a l l y  

o c c u r r i n g  n o n - p o l y m e r i c  m o le c u le ,  is s h o w n  in f ig u re  1.19.  T h e  
f o r m  o f  v i t a m i n  B 1 2  r e p r e s e n t e d  in the  f ig u r e  is r e f e r r e d  to as 

c y a n o c o b a l a m i n ,  c y a n o c o b ( l I I ) a l a m i n  o r  l e s s  c o m m o n l y ,  5 ,6 -  

d i m e t h y l b e n z i m d a z o l y l c y a n o c o b a m i d e .  T h e  c o e n z y m e  f o r m s  o f  
v i t a m i n  B l 2  a re  o b t a i n e d  w h e n  the  c y a n i d e  g r o u p  in the  ax ial  

p o s i t i o n  is r e p l a c e d  by  s o m e  o t h e r  r e s i d u e ,  t y p i c a l l y  5 ' -  

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

by  t h e s e  c o e n z y m e s  a re  k n o w n  to o c c u r  v ia  d i s s o c i a t i o n  an d  

r e f o r m a t i o n  o f  the c a r b o n - c o b a l t  b o n d  in the  ax ia l  p o s i t i o n ,  w h ic h  

w a s  the  f i r s t  o r g a n o m e t a l l i c  bond  f o u n d  to o c c u r  in n a tu r e  [37] .  

F o r  i n s t a n c e ,  m e th y l  c o b a l a m i n  in its r e d u c e d  f o rm  is i n v o lv e d  in 

t he  t r a n s f e r  o f  a m e t h y l  g r o u p  f ro m  m e t h y l - t e t r a h y d r o f o l i c  ac id  

to  h o m o c y s t e i n e  in the b io sy n th e s i s  o f  m e t h io n i n e  ]38].  T h e  exac t  

m e c h a n i s m  o f  th is  r e a c t io n  s e q u e n c e  is no t  k n o w n  at p r e s e n t  and  

t h e r e  is  a g r e a t  de a l  o f  i n t e r e s t  in u n d e r s t a n d i n g  f a c t o r s  tha t  

c a u s e  the  C o - C  bond  to c le ave  and  r e fo rm  [21 ,39 ,40] .
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I n  v i t r o  r e d u c t i o n  o f  a l k y l  c o b a l a m i n s  is  f o l l o w e d  by

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

[ 3 1 ,3 2 ]  h a v e  s h o w n  tha t  the  p r o d u c t  f o r m e d  on  r e d u c t i o n  o f

m e thy l  a n d  a d e n o sy l  c o b a l a m i n s  at -1 .5 vo l ts  is c o b ( I ) a l a m i n ,  a l so  
k n o w n  as v i tam in  B 12s. G C - M S  s tud ies  [40) ind ica te  that e th a n e  is 

g r e a t e r  th a n  9 7 %  o f  the p r o d u c t  o f  the  r e d u c t i o n  o f  m e t h y l

c o b a l a m i n ,  s u g g e s t i n g  that  the  l e a v in g  g r o u p  is a m e t h y l  r ad ica l .  

T h e  n u m b e r  o f  e l e c t r o n s  i n v o l v e d  in the  r e d u c t i o n  s t e p ,  as

d e t e r m i n e d  by c o n t r o l l e d - p o t e n t i a l  c o u l o m e t r y  at -1 .5  v o l t s  w a s  

on e  for  bo th  m e th y l  and a d e n o s y l  c o b a l a m i n s  [41 ,42 [ .  B a s e d  on 

these  and  o the r  e v id e n c e ,  the e l e c t r o r e d u c t i o n  o f  a lky l  c o b a l a m i n s  

can  be r e p r e s e n te d  by the f o l l o w in g  E C  m e c h a n i s m :

Co III e

R- + Co(l)

T h e  k in e t i c s  o f  th is  d i s s o c i a t io n  s tep  can  va ry  o v e r  a w i d e  r a n g e  

d e p e n d i n g  on the  e n v i r o n m e n t .  In a q u e o u s  m e d i a  t h e  r a t e  

c o n s t a n t  fo r  d i s soc ia t ion  is as low  as  0 . 3 7 s ' 1 [43).  In n o n a q u e o u s  

m e d i a  w h e r e  s o lv a t io n  e f f e c t s  s t a b i l i z e  the  m e t h y l  r a d i c a l ,  the  

ra te  c o n s t a n t  was  repor ted  to be 1 . 2 x l 0 2 s ' 1 at  -30 ° C  [33].

A n a l y s i s  o f  c u r r e n t - t i m e - v o l t a g e  su r f a c e ,  as  d e s c r i b e d  in the 

p r e v i o u s  s e c t i o n s ,  w a s  a p p l i e d  to s tu d y  m e t h y l  c o b a l a m i n  in
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d i m e t h y l  s u l f o x i d e  ( D M S O )  so lv e n t .  D M S O  o f fe r s  a f a i r ly  w id e  

p o t e n t i a l  w i n d o w ,  f r o m  0 . 0  to  - 2 . 0  v o l t s ,  vs  s a t u r a t e d  c a l o m e l  

e l e c t r o d e  ( S C E ) .  A l s o  the  e l e c t r o d e  p ro c e s s  is no t  c o m p l i c a t e d  by 

a d s o rp t io n  o f  the m o le c u le  on the  e l e c t r o d e  su r face  in D M S O .  DC 

a n d  n o r m a l  p u l s e  p o l a r o g r a m s  o f  m e t h y l  c o b a l a m i n  in D M S O  

( f ig u re s  1 .20 and  1.21)  s h o w  well  d e f i n e d  r e d u c t io n  w a v e s  at  1.51 

vo l ts .  T he  p o l a r o g r a m s  w e r e  r e c o r d e d  in d e - o x y g e n a t e d  s o lu t io n s  

u s ing  a T a c u s s e l  pu l se  p o l a r o g r a p h .  C y c l i c  v o l t a m m e t r y  of  m e thy l  

c o b a l a m i n  in the  sa m e  so lve n t  is s h o w n  in f igure  1.22.  T h e r e  is a 

r e d u c t i o n  p e a k  at -1 .5 5  v o l t s  c o r r e s p o n d i n g  to  the  r e d u c t i o n  

w a v e s  in the  p o l a r o g r a m s .  T h e  a b s e n c e  o f  a r e o x i d a t i o n  p e a k  on 

r e v e r s e  scan  is due  to the fast  c h e m i c a l  r eac t ion  f o l lo w in g  e lec t ron  

t r a n s f e r .

T h e  e x p e r i m e n t a l  s e t - u p  used  to  r e c o r d  the  i -E - t  s u r f a c e  is 

s h o w n  in f i g u r e  1.23.  T h e  e l e c t r o c h e m i c a l  ce l l ,  p r o t e c t e d  f ro m  

l igh t  ( m e t h y l  c o b a l a m i n  is l ight  s e n s i t iv e . )  c o n ta i n s  10‘3M m e t h y l  

c o b a l a m i n  in D M S O  w i th  0 . 1 M  t e t r a b u ty l  a m m o n i u m  p e r c h l o r a t e  

as  s u p p o r t i n g  e le c t r o ly te .  T h e  s o lu t io n  is m a i n t a i n e d  o x y g e n - f r e e  

by  b u b b l i n g  n i t r o g e n  th r o u g h  a f ine  g las s  f ri t.  A m e r c u r y  d r o p  

s u s p e n d e d  f r o m  the  r e c e s s e d  t ip  o f  a p l a t i n u m  w i r e  fused  in s ide  

g l a s s  s e r v e s  as  the  w o r k i n g  e l e c t r o d e .  A s a t u r a t e d  c a l o m e l  

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

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

p r o g r a m m e d  w a v e  f o rm .  T h e  W e n k i n g  p o t e n t i o s t a t  a p p l i e s  this  

v o l t a g e  on the  e l e c t r o d e s  in the ce l l .  At  f i rs t  the  po ten t ia l  o f  the 

w o r k i n g  e l e c t r o d e  is h e ld  w h e r e  n o  r e a c t i o n  t a k e s  p l a c e .  A 

v o l t a g e  p u l s e  is then  a p p l i e d  to  the  r i s i n g  pa r t  o f  the  i -E  c u rv e  

s h o w n  in f ig u re  1.20. T h e  c u r r e n t - t i m e  r e s p o n s e  is c o l l e c t e d  and  

s t o r e d  in a N i c o l e t  s t o r a g e  o s c i l l o s c o p e .  T h e  e x p e r i m e n t  is 

r e p e a t e d  at  v a r i o u s  p u l s e  h e ig h t s ,  c o v e r i n g  the  e n t i r e  i -E  c u r v e  

f r o m  the  b a se  l ine to the d i f fu s io n  l im i ted  r eg ion .  Th i s  c o l l e c t ion  

o f  i - t  c u r v e s  r e c o r d e d  fo r  d i f f e r e n t  v a lu e s  o f  a p p l i e d  p o t e n t i a l (E )  

c o n s t i t u t e  an i -E - t  su r f a c e .  T h e  c u r r e n t - t i m e  c u r v e s  w e r e  d i v id e d
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by  the  d i f f u s i o n - l i m i t e d  c u r r e n t  to  g e n e r a t e  the  n o r m a l i z e d  i -E - t  

s u r f a c e .  T o  r e c o r d  the  d i f f u s i o n - l i m i t e d  c u r r e n t  the  v o l t a g e  w as  

s t e p p e d  to the p l a t e a u  o f  the  i -E  c u rv e .  F i g u re  1.24 s h o w s  the 

n o r m a l i z e d  c u r r e n t - v o l t a g e - t i m e  s u r f a c e  t h a t  w a s  f i t t e d  to  the  

t h e o r e t i c a l  e q u a t i o n .  T a b l e  1.5 c o n t a i n s  a s u m m a r y  o f  the

p a r a m e t e r  e s t i m a t io n  for  m e thy l  c o b a l a m i n  in D M S O .

1.11 D i s c u ss i on

T h e  e s t i m a t e d  v a l u e s  o f  the  f o u r  p a r a m e t e r s  in f ive

e x p e r i m e n t s  are  l is ted in tab le  1.5. B e lo w  the  f i t t ed v a lue  o f  each  

p a r a m e t e r  are  the  u p p e r  and  l o w e r  b o u n d s  o f  the  p a r a m e t e r  as 

e s t i m a t e d  by  the  c u r v e - f i t t i n g  ro u t in e .  T h e s e  e r r o r  e s t i m a t e s  are  

f o r m e d  by  t a k i n g  the  p r o d u c t  o f  the  s t a n d a r d  d e v i a t i o n  o f  the

d a t a  p o in t s  and  the s q u a re  roo t  o f  the d i a g o n a l  e l e m e n t s  o f  the 

e r r o r  m a t r i x .  T h e  e s t i m a t e d  e r r o r s  s e e m  to  be  h i g h e r  than

r e a l i s t i c  a n d  is p r o b a b l y  d u e  to  the  n o i s e  in e x p e r i m e n t a l  da ta .  

T h e  e x p e r i m e n t a l  c u r r e n t - v o l t a g e - t i m e  s u r f a c e  is no t  v e ry  s m o o t h  

as  seen  in f igu re  1.24.  In fact ,  a m e m o r a n d u m  144]  e x p la i n in g  the 

i n t e r p r e t a t i o n  o f  the  e r r o r  e s t i m a t e s  m a d e  by  the  p r o g r a m  d o e s  

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

by the  p r e c i s io n  o f  the  da ta .  O n e  pos s ib l e  so u rc e  o f  l a rge  e r ro r  

e s t i m a t e s  m e n t i o n e d  in t h e  m e m o r a n d u m  is n o i s e  in t h e  

e x p e r i m e n t a l  d a t a  po in t s .

T h e  e f f e c t  o f  the n o i s e  level  on the  e s t i m a t e d  e r ro r ,  was  

s tu d i e d  by  f i t t i ng  d a t a  w i th  an d  w i t h o u t  no ise .  T a b l e  1.6 s h o w s  

t h e  p a r a m e t e r  v a l u e s  a nd  e r r o r  e s t i m a t e s  o b t a i n e d  by  f i t t i n g  a 

s i m u l a t e d  ( n o i s e  f r e e )  i - E - t  s u r f a c e .  R a n d o m  n u m b e r s  w e r e  

g e n e ra te d  on a c o m p u t e r  in the range ,  0  to + 2.5 % o f  the  av e ra g e  

m a g n i t u d e  o f  the s im u la t e d  da ta .  By a d d in g  these  n u m b e r s  to  the 

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

and  the i r  b o u n d s  o b ta in e d  by f i t t i ng  this  su r f a c e  are  a l s o  s h o w n  in 

t ab le  1.6. I n t r o d u c in g  the no ise  on ly  c h a n g e d  the  e s t i m a t e d  v a lue
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o f  the  p a r a m e t e r s  s l i g h t ly  but  the  e r r o r  e s t i m a t e s  a re  v e r y  la rge  

as  w i th  the  e x p e r i m e n t a l  da ta .

It s e e m s  m o r e  r e a s o n a b le  to  c a l c u l a t e  the  s t a n d a r d  d e v ia t io n  

in t h e  p a r a m e t e r  e s t i m a t e s  f r o m  r e p e a t e d  e x p e r i m e n t s .  T h e  

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

b a s e d  on  the f ive  e x p e r i m e n t s  l is ted in tab le  1.5 are  as  fo l low s :  
a  = 0 .552  + 0 .004 ;  k° = 0 .0 0 5 2  + 0 .0005 ;  k f = 1500 + 140; E 0 ' = 

-1 .54  ±  0.01.

T h e  role  o f  m e thy l  c o b a l a m i n  in the b io sy n th e s i s  o f  m e th io n in e  

is o f  c o n s i d e r a b l e  in te res t  to b io c h e m is t s .  T h e  m e c h a n i s m  o f  this  

r e a c t i o n  an d  the  ro le  p l a y e d  by  m e t h y l  c o b a l a m i n  ha s  b e e n  an 

a re a  o f  l ive ly  c o n t r o v e r s y  fo r  the las t  f ew  d e c a d e s  (45, 4 6 j .  Da ta  

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

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

m e c h a n i s m s  [ 3 6 . 4 7 1. M e th y l  c o b a l a m i n  is i n v o l v e d  in the  f ina l  

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

t e t r a h y d r o f o l a t e  to  h o m o c y s t e i n e ,  f o r m i n g  m e t h i o n i n e .  A c c o r d i n g  

to  the  r e a c t i o n  s c h e m e  ( f i g u r e  1 .2 5 )  c o n s i d e r e d  m o s t  p r o b a b l e  

[ 4 6 , 4 7 , 4 8 , 4 9 ] ,  c o b a l a m i n  b o u n d  to  t h e  e n z y m e  m e t h i o n i n e  

s y n t h a s e  is c o n v e r t e d  to m e t h y l c o b a l a m i n  by t r a n s fe r  o f  a m e t h y l  

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

s t e p  a n d  is f o l l o w e d  by  the  c a t a l y t i c  c y c l e  in w h i c h  a m e t h y l  

g r o u p  is t r a n s fe r r e d  f ro m  m e th y l  c o b a l a m i n  to h o m o c y s t e i n e .  T h e  

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

g r o u p  f r o m  m e t h y l - t e t r a h y d r o f o l a t e .  E x p e r i m e n t a l  e v i d e n c e  

i n c l u d i n g  r e t e n t i o n  o f  c o n f i g u r a t i o n  at the  c a r b o n  a t o m  o f  the  

m e t h y l  g r o u p  [50]  an d  pH d e p e n d e n c e  s tu d i e s  [51]  s u g g e s t s  tha t  
th e  t r a n s f e r  o f  m e t h y l  g r o u p  o c c u r s  v i a  t h e  c l a s s i c a l  Sjst 2  

m e c h a n i s m .  H o w e v e r ,  s inc e  the  r e d u c t io n  o f  m e t h y l c o b a l a m i n  is 

k n o w n  to be f o l l o w e d  by  h e t e r o ly t i c  d i s s o c i a t i o n  o f  the  c a r b o n -  

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

r ad ica l  c o u ld  be c o n s id e r e d .  In this  co n te x t ,  the  la rge  n e g a t i v e  E°



m e a s u r e d  in the  p r e s e n t  s tu d y  i n d i c a t e s  tha t  a r e d u c t i v e  m e t h y l  

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

e n e r g e t i c a l l y .  T h i s  w o u l d  be i n d i r e c t  s u p p o r t  fo r  the  p r o p o s e d  

n u c l e o p h i l i c  s u b s t i tu t io n  in the  c a ta ly t i c  cyc le .

In c o n c lu s io n ,  ana ly s i s  o f  da ta  in three d i m e n s io n s ,  a l low ing  

a m o r e  c o m p l e t e  c h a r a c t e r i z a t i o n  o f  the  r ed o x  p r o c e s s  s hou ld  lead 

to a b e t t e r  u n d e r s t a n d i n g  o f  b io log ica l  p r o c e s s e s  i n v o lv i n g  v i t a m in  
B 1 2  a nd  o t h e r  m o le c u le s .  S i m u l t a n e o u s  m e a s u r e m e n t  o f  the  fo u r  

p a r a m e t e r s ,  not  r e q u i r in g  p r io r  k n o w l e d g e  o f  a ny  one ,  is c l e a r l y  a 

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

e x t e n d e d  to o t h e r  e l e c t r o d e  m e c h a n i s m s .
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f igu re  1 . 1

S te p  Func t ion  m ethod :  The  func t ion  to be  e v a lu a te d ,  f (x)  is 
a p p r o x i m a t e d  by a c o n s ta n t  in e a ch  o f  the m in te rva l s  into  
w h i c h  the r a n g e  o f  i n te g ra t ion  is d iv ide d .
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time
sec

a k°
cm sec ’1

kf
sec'1

E°
volts

O

1x10 '3
0 .474
(0.5)

0 .066
(0.05)

3644
(1000)

-1.62
(-1.60) 2 .3 x 1 0 '5

5 x 1 0 ‘4
0 .463
(0.5)

0 .076
(0.05)

6898
(1000)

-1.62
(-1.60) 5.9x1 O'4

1x1 O'4
0 .478
(0.5)

0 .099
(0.05)

7088
(1000)

-1.63
(-1.60) 2.6x1 O'3

2 x 1 0 ‘3
0 .596
(0.5)

0 .028
(0.05)

26 .56
(1000)

-1.58
(-1.60) 1.1x1 O'3

2x1 O'3
0 .863
(0.5)

0 .002
(0.005) 2 x 1 0 17

-1.52
(-1.60) 4 .1 x 1 0 '1

5x1 O'3
0 .650
(0.5)

0 .025
(0.01)

34 .38
(1000)

-1.57
(-1.60) 8.5x1 O'5

Table  1.1 P a ra m e te r s  es t im a ted  by fitting s im ulated  i-E d a ta .  T rue 
v a lues  a re  listed in p a ren th es is
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time
sec

a k°
•1

cm sec

kf
sec  1

E°
volts

0

5x1 O'6 
to

1x1 O'3

0 .237
(0.5)

0 .030
(0.05)

500
(500)

-1 .50
(-1.50) 2 .4 x 1 0 '13

5x1 O’5 
to

1x10 '2

0.185
(0.5)

0 .027
(0.05)

500
(500)

-1 .50
(-1.50) 2 .6 x 1 0 '13

2x1 O'4 
to

2x10 ‘3

-0.51
(0.5)

0 .0095
(0.01)

1 x1015 
(500)

-1.60
(-1.60) 8.1x1 O'3

5x1 O'5 
to

5x1 O’3

-1.6
(0.5)

0 .072
(0.01)

2x1016
(1000)

-1 .59
(-1.60) 2.5x1 O'1

5x1 O'4 
to

3x1 O'3

0 .002
(0.5)

0 .0073
(0.005)

2894
(2000)

-1 .63
(-1.60) 2.1x1 O'6

1 x10 '4 
to

5x1 O'4

-0.72
(0.5)

0 .022
(0.05)

1000
(1000)

-1 .60
(-1.60) 6 .4 x 1 0 '13

T able  1.2 P a ra m e te r s  es t im a ted  by fitting sim ulated  i-t d a ta .  T rue 
v a lu es  a re  listed in pa ren th es is
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Time

sec
a

held constant

E°
volts

held constant

k° -1cm sec 
held constant

kf
sec '1

adjustable

<D

10 '4
0.5

(0.5)
-1.5

(-1.5)
0.04

(0.05)
1562

(1000) 2 .4 x 1 0 '1

10 '4
0.5

(0.5)
-1.5

(-1.5)
0 .06

(0.05)
471

(1000) 1 .5 x 1 0 '1

10 '3
0.5

(0.5)
-1.5

(-1.5)
0.04

(0.05)
1084

(1000) 6 .0 x 1 0 '2

10 '3
0.5

(0.5)
-1.5

(-1-5)
0 .06

(0.05)
936

(1000) 2 .9 x 1 0 '2

10 '2
0.5

(0.5)
-1.5

(-1.5)
0 .04

(0.05)
1055

(1000) 2 .4 x 1 0 '2

o rb 0.5
(0.5)

-1.5
(-1-5)

0 .06
(0.05)

962
(1000) 1 .1x10 '2

Table  1.3 Adjustment of k, to offset error in k° for i-E c u rv e s  from different 
time windows. True pa ram ete r  va lues  a re  given in p a ren thes is .
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t im e/
voltage

a

0.5

k°
0 .05cm

s e c '1

kf

1000 s e c '1
E°

-1.60 volts
<D

i-
E

 
d

a
ta

150 u s e c 0 .437 0.0079 15048 -1.62 2 .1 3 x 1 0 '4

400 u s e c 0 .422 0.0072 8257 -1.622 3 .7 9 x 1 0 ‘5

550 u s e c 0 .429 0.0062 4370 -1.616 6.04x1 O'6

900 u s e c 0 .428 0.0587 4101 -1.617 3.91 x10 '6

1150U s e c 0 .429 0.0057 4060 -1.617 3 .9 2x10 ‘6

i-t
 

d
a

t 
a

-1.51 volts -4.42 0 .0422 1013 -1.603 2.34x1 O'2

-1.56 volts -0.704 0 .0607 2 .5 x 1 0 15 -1.487 2 .70x10 ’1

-1.61 volts 0 .003 0.3514 1000 -1.6 1 .6 0 x 1 0 '12

•1.66 volts 1.21 0 .0047 2527 -1.634 1.42x1 O'2

-1.71 volts 1.05 0 .0047 1000 -1.6 1.8 0 x 1 0 '14

i-E
-t 

da
ta 150-1150 

p s e c  ;
-1.51 to 
-1.71 volts

0.5 0 .05 1000 -1.6 4 .0 0 x 1 0 '12

Table  1.4 P a ra m e te r s  e s t im a ted  by fitting s im ula ted  i-t, i-E a n d  i-E-t d a ta  
i-E d a ta  a re  current-voltage cu rves  at the  time specified  u n d e r  'time/voltage' 
i-t d a ta  a re  current-tim e cu rves  a t the  voltage specified  u n d e r  't ime/voltage' 
i-Et d a ta  a re  points on the  E-t su rface  specified u n d e r  'time/voltage'
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Expt# a
K°

cm

s e c '1

kf

s e c ' 1

E°
volts

vs
SC E

1 0 .552 0 .0052 1430 -1.54
+ .020 + .0039 + 1620 + .03

2 0 .546 0.0061 1640 -1.55
+ .022 ± .0040 + 1500 + .03

3 0 .557 0 .0042 1260 -1.53
+ .020 + .0038 + 1800 + .04

4 0 .5 5 3 0 .0050 1450 -1.54
+ .024 + .0048 + 1950 + .04

5 0 .550 0 .0055 1530 -1.55
+ .022 + .0041 + 1590 + .03

Table  1.5 Kinetic a n d  therm odynam ic  p a ra m e te rs  for e lec tron  transfer  
an d  coup led  h o m o g e n e o u s  reaction of methyl cobalam in  in DM SO



6 5

P a ra m e te r s
a

(0.5)

k°

cm s e c '1 
(0.05)

kf

s e c '1
(10000)

E°
volts vs  SC E  

(-1.60)

noise-free 0.5 0.05 10000 -1.60
d a ta ±  1.1x10 7 ± 1 .7x10"8 ± 1 .2 x 1 0 '2 ±  1 .6x10 '8

0.44 0.056 9477 -1.602
noisy d a ta

±  5 .3x10 '2 ± 7 .5x10 '3 ±  5 .2x103 ±  7 .0x 1 0 '3

Table  1.6 Effect of a d d e d  noise on error e s t im a tes .  True v a lu e s  of 
the  p a ra m e te rs  a re  listed in p a ra n th e s e s
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PART II

EL E C T R O -C A T A L Y T IC  DETECTION IN HIGH P E R F O R M A N C E  LIQUID 
C H R O M A T O G R A P H Y  O F  VITAMIN B 12 A N D OT H ER M O L E C U L E S  

O F  BIOL OGICA L A N D  E N V I R O N M E N T A L  IN TER EST

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

S e v e ra l  c o m p o u n d s  o f  b i o lo g i c a l  and  e n v i r o n m e n t a l  i n te r e s t  

th a t  i n c l u d e  V i t a m i n  B 12 ( c y a n o c o b a l a m i n )  a n d  V i t a m i n  Bj  

( t h i a m i n e )  u n d e r g o  an e l e c t r o c a t a l y t i c  r e a c t io n  k n o w n  as  c a t a ly t i c  

h y d r o g e n  e v o l u t i o n  u p o n  r e d u c t i o n  in a c id i c  o r  n e u t r a l  m e d i a .  

T h e  m o l e c u l e  ac ts  as  a c a ta ly s t  in r e d u c i n g  h y d r o g e n  ions  in the 

s o lu t i o n ,  p r o d u c i n g  a la rge  r e d u c t io n  c u r r e n t .  T h e  f o l l o w i n g  is a 

s u g g e s t e d  m e c h a n i s m  (52]  fo r  this  r eac t ion :

B + HA BH + A

BH+ + e" -» BH 

BH -* B + ^H2

HA + e'  -> }H2 + A"

B r e p r e s e n t s  the  ca ta ly s t ,  w h ic h ,  in g ene ra l  is a base.  HA is the  

p r o t o n  d o n o r  in the  m e d i u m .  T h o u g h  the  e x a c t  m e c h a n i s t i c  

s e q u e n c e  is no t  fu l ly  e s t a b l i s h e d ,  the  f o l l o w i n g  c h a r a c t e r i s t i c s  a re  

k n o w n  a b o u t  c a t a ly t i c  h y d r o g e n  e v o lu t io n :
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1) C u r ren t  in c re as e s  wi th  low e r in g  o f  pH.

2)  C u r r e n t  i n c r e a s e s  w i th  i n c r e a s i n g  b u f f e r  c a p a c i ty .

3) C u r r e n t  i n c r e a s e s  wi th  i n c r e a s i n g  c o n c e n t r a t i o n  of

the c a ta ly s t  and  reaches  a l imit ,  that  d e p e n d s  on the 

c o n c e n t r a t i o n  o f  the p ro to n  d o n o r  in the  m e d i u m .

4)  C o m p o u n d s  tha t  g ive  r is e  to c a t a ly t i c  h y d r o g e n  c u r r e n t  are

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

p ro to n  to the  free e lec tron  pa ir  o f  the n i t roge n  atom.

M a n y  o f  these  c o m p o u n d s  are  a d s o rb e d  s t ro n g ly  on the 

m e r c u r y  e l e c t r o d e .

S e v e r a l  c l a s s e s  o f  o r g a n i c  m o l e c u l e s  i n c l u d i n g  p r o t e i n s  [ 5 3 ,5 4 ] ,  

a lk a l o id s  [55]  a nd  p y r id in e  d e r i v a t i v e s  [56] h a v e  been  r e p o r t e d  to 

g i v e  r i s e  to l a rge  c a t a ly t i c  c u r r e n t s .  T h i s  c h a p t e r  e x p l o r e s  the  

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

p e r f o r m a n c e  l iqu id  c h r o m a t o g r a p h y  ( H P L C ) ,  t h a t  t a k e s  a d v a n t a g e  

o f  the e l e c t r o c a t a ly t i c  p ro ce s s  ( H P L C - E C a t )  to  a c h i e v e  h ig h  l eve ls  

o f  s e n s i t iv i ty .

H i g h  p e r f o r m a n c e  l i q u i d  c h r o m a t o g r a p h y  [ 5 7 , 5 8 ] ,  a s  an  

a n a l y t i c a l  t e c h n i q u e ,  has  u n d e r g o n e  p h e n o m e n a l  g r o w t h  in the  

pa s t  t w o  d e c a d e s .  N e a r ly  7 0 %  o f  all  p h a r m a c e u t i c a l  a n a ly s e s  are  

n o w a d a y s  p e r f o r m e d  u s ing  H P L C .  T h e  m a j o r  c o m p o n e n t s  o f  an 

H P L C  s y s t e m  a r e  t h e  s o l v e n t  d e l i v e r y  s y s t e m ,  t h e  

c h r o m a t o g r a p h i c  c o l u m n  and  the  d e t e c to r .  A s u b s t a n t i a l  a m o u n t  

o f  the  r e s e a rc h  w ork  d o n e  in H P L C  is d i re c te d  to w a rd s  d e v e l o p i n g  

n e w  d e t e c t o r s  o r  i m p r o v i n g  e x i s t i n g  o n e s ,  as  e v i d e n c e d  by  the  

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

and  the  n u m b e r  o f  n e w  pa ten t s  i s s u e d  ea ch  year .  D e v e l o p m e n t  o f  

an  H P L C  d e t e c t o r  b a s e d  on  r e d u c t i v e  e l e c t r o c h e m i s t r y  at  the  

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



6 8

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

u n d e r g o e s  r e d u c t i o n  at m e r c u r y ,  is h i g h ly  s e n s i t iv e  f o r  V i t a m i n  

B 1 2 1 t h i a m i n e  a n d  o t h e r  c o m p o u n d s  tha t  e x h i b i t  c a t a l y t i c  

h y d r o g e n  e v o l u t i o n .

E l e c t r o c h e m ic a l  or  e lec t r i ca l  p ro p e r t i e s  of  the  c o m p o n e n t s  o f  

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

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

c h r o m a t o g r a p h y .  In 1940  T r o i t s k i i  159]  d e t e c t e d  the  a d s o r p t i o n  

b o u n d a r i e s  in l iq u id  c h r o m a t o g r a p h y  by m e a s u r i n g  the  d i e l e c t r i c  

c o n s ta n t s .  In 1947 M u l l e r  160)  d e s ig n e d  a c o n t i n u o u s  f low  s y s te m  

w i th  an  a m p e r o m e t r i c  cel l  fo r  the m e a s u r e m e n t  o f  low  lev e l s  o f  

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

a n d  l iqu id  c h r o m a t o g r a p h y  w a s  f i rs t  r e p o r t e d  by  D r a k e  [61]  a nd  

K e m u l a  [62]  as  e a r ly  as  1950.  H o w e v e r  the full p o ten t ia l  o f  the 

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

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

a d a p te d  and  r e f in e d  by A d a m s  [63] and  K i s s inge r  et. al. [64].  It 

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

u n r iv a l e d  in the  H P L C  a n a ly s i s  o f  ce r ta in  c la sses  o f  c o m p o u n d s  in 

t e r m s  o f  s e n s i t i v i t y  an d  l in e a r  d y n a m i c  range .  D u r i n g  the  last  

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

a s c e n t  a n d  i ts  p r i n c i p l e s  [6 5 -7 2 ]  an d  a p p l i c a t i o n s  [ 7 3 -8 0 ]  h a v e  

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

A w i d e  v a r i e t y  o f  o r g a n i c  a n d  i n o r g a n i c  c o m p o u n d s  a re  

e l e c t r o a c t i v e  an d  a m e n a b l e  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 .  T a p p i n g  

th i s  p o t e n t i a l  r e q u i r e s  a d d r e s s i n g  c e r t a i n  p rac t i c a l  c o n s i d e r a t i o n s  

th a t  g o  in to  the c o n s t r u c t i o n  an d  m a i n t e n a n c e  o f  E C  de te c to r s .  It 

is a r e l a t i v e ly  s im p l e  task  to  bu i ld  e l e c t r o c h e m i c a l  d e t e c to r s  that  

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

g r a p h i t e ,  g l a s s y  c a r b o n ,  c a r b o n  pas te  e tc .  Seve ra l  such  d e t e c to r s  

a re  d e s c r i b e d  in the l i t e ra tu re  [81-92] ,  So l id  e l e c t r o d e s  in H P L C  

d e t e c t o r s  h a v e  c e r t a in  s e r i o u s  d r a w b a c k s .  M ost  i m p o r t a n t  is the
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i r r e p r o d u c i b i l i t y  o f  s u r f a c e  c o n d i t i o n s .  T h e  e l e c t r o d e  s u r f a c e  is 

e a s i ly  p o i so n e d  by fo rm a t io n  o f  ox id e  f i lms ,  p o ly m e r ic  c o m p o u n d s ,  

d i s s o lu t io n  in m o b i l e  p h a s e  etc . T h e  l ife spa n  o f  solid  e l e c t ro d e s ,  

e s p e c i a l l y  c a rb o n  pas te  and  g las sy  c a rb o n  a re  r e l a t ive ly  sho r t ,  i .e. ,  

a f e w  w e e k s  o r  m o n t h s .  M a i n t e n a n c e  o f  the  e l e c t r o d e  o f te n  

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

o f  c o n d i t i o n i n g .  Seve ra l  o f  these  l im i t a t i o n s  can be o v e r c o m e  by 

use  o f  a l iquid e l e c t r o d e  such  as  the  d r o p p i n g  m e r c u r y  e le c t r o d e .  

A l s o  t h e  bu lk  o f  e l e c t r o c h e m i c a l  d a t a  in the l i t e r a tu r e  is f rom  

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

S e v e ra l  p a p e r s  e x p lo r i n g  the  use o f  m e r c u r y  e l e c t r o d e s  fo r  H P L C  

h a v e  a p p e a r e d  [ 9 3 - 1 0 0 ] .

B e s id es  e l e c t r o d e  m ate r i a l s ,  a n o th e r  a rea  of  ac t ive  r e s e a rc h  is 

the po t en t i a l  w a v e  fo rm  ap p l i e d  to the w o r k i n g  e l e c t r o d e  [92 ,93] .  

In the  m o s t  b as ic  a m p e r o m e t r i c  d e t e c t o r  a c o n s t a n t  p o t e n t i a l  is 

a p p l i e d  on the w o r k i n g  e le c t r o d e .  S e l e c t iv i t y  and  s e n s i t i v i t y  has  

b e e n  i n c r e a s e d  in e l e c t r o c h e m i c a l  d e t e c t o r s  by the  use  o f  m o r e  

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

T h e s e  i n c lu d e  the  d i f f e r e n t i a l  pu l se  [101]  a nd  sq u a re  w a v e  [100] ,  

a m o n g  o ther s .  T h e  po ten t i a l  o f  the  w o r k i n g  e l e c t r o d e  is l inea r ly  

v a r i e d  in  r a p i d  s c a n n i n g  e l e c t r o c h e m i c a l  d e t e c t i o n ,  w i t h  or  

w i t h o u t  s u p e r i m p o s e d  v o l t a g e  p u l s e s  [ 8 8 , 9 6 , 9 7 ] .  T h e  r e s u l t i n g  

c u r r e n t  vs  v o l t a g e  c u r v e s  can  be d i s p l a y e d  as a f u n c t io n  o f  t ime  

f o r m i n g  a th re e  d i m e n s i o n a l  c h r o m a t o - v o l t a m o g r a m  [ 9 8 , 9 9 J w h ic h  

c an  r ev e a l  m o re  spec i f ic  in fo r m a t io n  ab o u t  the c o m p o n e n t s  in the 

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

e l e c t r o c h e m i c a l  d e t e c t o r s  h a v e  a l s o  b e e n  e x p l o r e d  [ 1 0 2 ] .  

T y p i c a l l y ,  the  p r o d u c t  o f  o x i d a t io n  o r  r e d u c t i o n  o c c u r r i n g  at an 

u p s t r e a m  e l e c t r o d e  is m o n i t o r e d  at a d o w n s t r e a m  e l e c t r o d e .

D u r in g  the  last 10-15 years  the p o p u la r i ty  o f  e l e c t r o c h e m i c a l  

d e t e c t o r s  in H P L C  h a s  s t e a d i l y  i n c r e a s e d  a n d  a l l  m a j o r  

m a n u f a c t u r e r s  o f  c o m m e r c i a l  H P L C  e q u i p m e n t  s u p p l y  E C



d e t e c t o r s .  T h e s e  a re  m o s t l y  fo r  o x i d a t i v e  d e t e c t i o n  an d  f e w e r  

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

h a v e  a p p e a r e d .  T h e  po ten t ia l  o f  the  e l e c t r o c h e m i c a l  d e t e c t o r  for  

H P L C  is f a r  f r o m  b e in g  fu l ly  e x p lo i t e d .  T h e  b e s t  a p p r o a c h  to 

c lo s i n g  th is  ga p  is the d e v e l o p m e n t  o f  s e n s i t iv e  d e t e c t o r s  tha t  a re  

e a s i e r  to m a i n t a i n  a nd  o pe ra te .

2 . 2  History o f  D eve l op me nt  in Our  La b o r at or y

T h e  e x p e r i m e n t a l  s e t - u p  p r e s e n t ly  in use  in o u r  l a b o r a to r y  is the 

r e s u l t  o f  s e ve ra l  s t a g e s  o f  d e v e l o p m e n t .  O u r  in i t i a l  a t t e m p t s  to 

d e v e l o p  an  e l e c t r o c h e m i c a l  d e t e c t o r  f o r  H P L C  e m p l o y e d  a 

c o m m e r c i a l l y  a v a i l a b l e  d e t e c t o r  c e l l  m a n u f a c t u r e d  by  B i o -  

A n a ly t i c a l  S y s t e m s  ( B A S )  Inc.  s h o w n  in f igure  2.1.  T h e  w o r k i n g  

e le c t rode  in the B A S  cell  is a disc  m a d e  o f  p la t inum ,  go ld  o r  g lassy  

c a r b o n  e m b e d d e d  in a Kel-F® block .  A thin f i lm  s p a c e r  s e p a ra te s  

the w o r k i n g  e l e c t r o d e  b lock  f r o m  a n o th e r  Kel-F® b lock .  A n  ova l  

s h a p e d  p i e c e  is cu t  ou t  f ro m  the  s p a c e r  c r e a t in g  a cav i ty .  E lu e n t  

f r o m  the  c h r o m a t o g r a p h i c  c o l u m n  is p a s s e d  t h r o u g h  th i s  c a v i t y .  

An  A g / A g C I  r e f e r e n c e  e l e c t r o d e  an d  a p l a t i n u m  c o u n t e r  e l e c t r o d e  

are  a l s o  p r o v id e d .

T o  a n a ly z e  s a m p le s  c o n ta i n in g  v i ta m in  B 1 2  d e r i v a t i v e s  u s in g  

the  B A S  c e l l ,  t he  a m a l g a m a t e d  p l a t i n u m  w o r k i n g  e l e c t r o d e  w a s  

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

a c e t o n i t r i l e  ( 5 0 : 5 0 )  c o n t a i n i n g  0 . 0 5 M  s o d i u m  a c e t a t e  a n d  w a s  

t i t ra t ed  to a pH  o f  5 .0  u s in g  g lac ia l  a c e t i c  ac id .  T h e  s t a t io n a r y  

p h a s e  w a s  a C - 1 8  r e v e r s e  p h a s e  c o l u m n  f r o m  W a t e r s  A s s o c i a t e s .  

T h e  b a c k g r o u n d  o b ta in e d  w h e n  this  cell  w a s  o p e r a t e d  at  -1 .5  vol ts  

vs  S C E  s h o w e d  a s teady  in c re as e  in no i se  w i th  t im e .  T h e  m a j o r  

c a u s e  o f  th is  no i se  w a s  t iny  gas  b u b b le s  on the  e l e c t r o d e  su r face .  

T h e s e  w e r e  not  b u b b l e s  t r a n s p o r t e d  by  the  m o b i l e  p h a s e ,  bu t  

sm a l l  a m o u n t s  o f  h y d r o g e n  g a s  f o r m i n g  on  the  e l e c t r o d e  s u r f a c e  

that  a g g r e g a t e  to  f o rm  l a rg e r  b u b b le s .  It is n e c e s s a r y  to  use  an
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a c i d i c  m o b i l e  p h a s e  to  o b t a i n  l a r g e  c u r r e n t s  by  w a y  o f  the

c a t a ly t i c  h y d r o g e n  e v o lu t io n  r ea c t io n .  T h e  f o r m a t i o n  o f  h y d r o g e n  

gas  on  an a m a l g a m a t e d  p l a t in u m  s u r f a c e  is i n e v i t a b l e  u n d e r  these  

c o n d i t i o n s .

T h e  use  o f  a h a n g in g  m e r c u r y  e l e c t r o d e  w as  e x p lo r e d  next ,  

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

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

w a s  s u s p e n d e d  f r o m  the  r e c e s s e d  t ip o f  a p l a t i n u m  w i r e  f u se d  

i n s i d e  a g l a s s  tube .  T h i s  d o e s  not  e l i m i n a t e  the  p r e s e n c e  o f  

p l a t i n u m  in the  w o r k i n g  e le c t ro d e  m ate r i a l  c o m p l e t e l y .  A Kel-F® 

b lock  w a s  m a c h i n e d  to fit the g las s  tube  as  s h o w n  in f ig u r e  2.2.  

E l u e n t  f r o m  the  c o l u m n  w a s  c a r r i e d  by  a T e f lon®  t u b i n g  and  

i n t r o d u c e d  in the i m m e d i a t e  v i c i n i t y  o f  the  s u s p e n d e d  m e r c u r y

d r o p .  T h e  w o r k i n g  e l e c t r o d e  an d  the  Ke l -F ® a d a p t e r  w e r e  

i m m e r s e d  in a cel l  c o n t a i n i n g  the  m o b i l e  ph a s e .  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  w e r e  a l s o  i n t r o d u c e d  i n to  the  b u l k  s o l u t i o n

c o n t a i n e d  in the  ce l l .  T h e  bu lk  s o lu t i o n  w a s  d e o x y g e n a t e d  by 

b u b b l i n g  n i t r o g e n  gas.  T h e  b a c k g r o u n d  o b t a i n e d  w i th  th i s  s e t -u p  

w a s  less  n o i s y  in the b e g in n i n g .  H o w e v e r  w i th  t im e  the  no ise -  

level  d id  bu i ld  up, r e n d e r in g  this  a r r a n g e m e n t  un u s a b le .  A lso ,  the 

Kel-F® p o l y m e r  w a s  n o t  c o m p a t i b l e  w i th  the  a c e t o n i t r i l e : w a t e r  

m o b i l e  p h a s e .

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

a m o u n t  o f  h y d r o g e n  ions  is r e d u c e d  u n d e r  the  c o n d i t i o n s  o f  this  

e x p e r i m e n t ,  c h a r a c t e r i z e d  by low pH  and  ve ry  n e g a t i v e  p o t en t i a l s .  

It is i m p e r a t i v e  tha t  the  e l e c t r o d e  s u r f a c e  be r e n e w e d  f r e q u e n t l y ,  

to  p r e v e n t  b u i ld - u p  o f  h y d r o g e n  gas .  F o r  all  p r ac t ic a l  p u r p o s e s ,  

the  use o f  sol id  e l e c t r o d e s  is ru le d  out  and  this  led to o u r  a t t e m p ts  

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

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

e v o l u t i o n .
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O n e  o f  the  r e a s o n s  fo r  the  lack o f  p o p u l a r i t y  o f  d r o p p i n g  

m e r c u r y  e l e c t r o d e  in E C  d e t e c to r s  is the m e c h a n i c a l  d i f f i c u l ty  in 

c o n f i g u r i n g  m e r c u r y  d ro p s  fa l l ing  f ro m  a c a p i l l a r y  i n to  the  e lu e n t  

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

de t e r io r a t i o n  o f  s ig n a l - t o - n o i s e  ra t io .  T w o  o f  the d e s ig n s  t e s t ed  in 

this  l abo ra to ry  are  s h o w n  in f igures  2.3 and  2.4.

Fig 2.3 sh o w s  a glass  cap i l la ry  c o m m o n l y  used to  c o n s t ru c t  the 

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

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

c o l u m n  p a s s e s  t h r o u g h  a n a r r o w  bo re  (0 .3  m m )  T e f lo n ®  t u b i n g  

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

c a p i l l a r y  t ip.  T h e  e l e c t r o d e  is i m m e r s e d  in the  m o b i l e  p h a s e  

c o n t a i n e d  in a p o l a r o g r a p h i c  ce l l .  T h e  b u lk  s o l u t i o n  is k e p t  

d e o x y g e n a t e d  by b u b b l i n g  n i t r o g e n  gas .  C o u n t e r  an d  r e f e r e n c e  

e l e c t r o d e s  a re  a l s o  i n t r o d u c e d  in the  b u lk  s o l u t i o n .  E x c e s s  

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

e l e c t r o d e  su r f a c e  w a s  c le a r l y  o v e r c o m e  in this  d e s ig n .  H o w e v e r  

w i th  the  g lass  c a g e  m a d e  by f u s in g  g las s  t u b es  it w a s  e x t r e m e l y  

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

c a p i l l a r y  an d  the  Tef lon® tu b e  c a r r y i n g  the e l u e n t .  Y e t  p e r f e c t  

a l i g n m e n t  o f  the tw o  tubes  is c r i t ica l  fo r  o p t i m u m  p e r f o r m a n c e  o f  

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

m e r c u r y  d r o p  and  the e lu e n t  in c lo s e  p ro x im i t y ,  is r e a l i z e d  in the  

c u r r e n t  d e s ig n  by  a Tef lon® p lu g  a d a p t e r  s h o w n  in f i g u r e s  2 . 4 a  

an d  2 .4 b  T h e  a d a p te r  p lu g  f its t igh t ly  at the  t ip o f  the  d r o p p i n g  

m e r c u r y  e le c t r o d e .  A 1.5 m m  d i a m e t e r  bo re  is d r i l l e d  t h r o u g h  

the  c e n te r  o f  the p lug ,  para l le l  and  c o n c en t r i c  w i th  the  bo re  o f  the 

d r o p p i n g  m e r c u ry  e l e c t ro d e .  T h e  Tef lon® tube  c a r r y i n g  the  e lu e n t  

is p a s s e d  th r o u g h  th is  bo re  in the  Tef lon® p l u g  a n d  p o s i t i o n e d  

v e r y  c l o s e  to  the  m e r c u r y  d r o p s  f a l l in g  f r o m  the  c a p i l l a r y  t ip .  

T i g h t e n i n g  the  Te f lon®  s c re w  on the  p lu g  wil l  ho ld  the  tube  in 

p lace .  H o le s  d r i l l ed  on the s ides  o f  the a d a p te r  a l l o w s  e lu e n t  a nd  

s p e n t  m e r c u ry  to f low  out  into the bu lk  so lu t ion .  S in c e  p re c i s io n
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m a c h i n i n g  is e a s i e r  than  p r e c i s io n  g l a s s - b l o w i n g  th is  d e v i c e  w a s

c o n s t r u c t e d  e a s i l y  and  d id  p e r f o r m  bet t er .

2 . 3  Ov e rv i ew  o f  the Ex pe r i men t

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

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

s o lv e n t  d e l i v e r y  s y s t e m  use d  fo r  m o s t  o f  the  e x p e r i m e n t s  w a s  a 

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

c o l u m n  w a s  a C 1 8  r e v e r s e  p h a s e  c o l u m n  f r o m  e i t h e r  W a t e r s  

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

e l e c t r o c h e m i c a l  ce l l  as d e s c r i b e d  a b o v e  t o g e t h e r  w i th  d i f f e r e n t

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

c o n f i g u r a t i o n  a M I N C  l a b o r a to r y  c o m p u t e r  w a s  u s e d  to a p p ly  the  

p o t e n t i a l  w a v e  f o rm  and  to a c q u i r e  an d  a n a l y z e  the  d a t a .  A n

a l t e rn a t e  c o n f i g u r a t i o n  used  a T a c u s s e l  pu l se  p o l a r o g r a p h  to  a p p ly  

t he  v o l t a g e  on the  w o r k i n g  e l e c t r o d e  and  to m o n i t o r  the  c u r r e n t  

r e s p o n s e .  T h e  T a c u s se l  p o l a r o g r a p h  is n o r m a l ly  used  fo r  D C ,  Tas t ,  

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

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

pu l se s .  I n t e r e s t i n g l y  e n o u g h ,  the  d i f f e re n t i a l  p u l s e  p o l a r o g r a p h i c  

( D P P )  m o d e  can  be  used to a p p ly  a c o n s t a n t  s ize  v o l t a g e  pu l se  at 

r e g u l a r  in te rval s .  T h e  ch o ic e  of  pu lse  he ig h ts  av a i l ab l e  are  1, 2, 5, 

10, 20,  5 0  and  100 m i l l ivo l t s .  T h e  p u l s e  d u r a t io n  c a n  be  va r i ed  

f r o m  10 to  80  m i l l i s e c o n d s  in i n c r e m e n t s  o f  10 m i l l i s e c o n d s .  

A f t e r  s e t t in g  the  o p e ra t i n g  c o n d i t i o n s  such as  ini t ia l  v o l t a g e  and  

p u l s e  he ig h t ,  the  i n s t r u m e n t  is s w i t c h e d  to ' e x te r n a l  c e l l ’ l e a v i n g  

the  ' s can '  sw i tc h  in the o f f  p os i t ion .  F ig u re  2.5 s h o w s  the  w a v e  

f o r m  a p p l i e d  on  the  w o r k i n g  e l e c t r o d e  an d  the  r e s u l t i n g  c u r r e n t  

p r o d u c e d  u n d e r  t h e s e  c o n d i t i o n s .  T h e  c u r r e n t  o u t p u t  to  the

r e c o r d e r  is  the  d i f f e r e n c e  b e t w e e n  th e  c u r r e n t s  s a m p l e d  j u s t

b e f o r e  a p p l y i n g  the  p u l s e  an d  at the  e n d  o f  the  p u l s e .  T h e  

m e r c u r y  d r o p  is k n o c k e d  o f f  at  the  en d  o f  e a c h  pu l se  an d  a n e w  

d r o p  is a l l o w e d  to  fo rm .  A s  s h o w n  in f i g u r e  2.5  the  c h a r g i n g



c u r r e n t ,  u n l i k e  the  f a r a d a i c  c u r r e n t ,  d r o p s  to  v e r y  low  l e v e l s  

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

d i f f e r e n t i a l  m e a s u r e m e n t  is t h e r e f o r e  ab le  to  d i s c r i m i n a t e  a g a in s t  

the  c h a r g i n g  c u r r e n t .  T he  r a n g e s  a v a i l a b l e  on the  T a c u s s e l  are  

s o m e w h a t  l im i t e d ,  no t  a l w a y s  a l l o w i n g  the  c h o i c e  o f  c o n d i t i o n s  

d e s i r e d  fo r  d i f f e re n t  a n a ly t e  s a m p le s .  W i th  the M I N C  c o m p u t e r ,  it 

w a s  p o s s ib l e  to  s e le c t  va lu e s  of  in i t ia l  b a s e  p o t e n t i a l  ( V I )  an d  

f i n a l  s t e p  p o t e n t i a l  ( V 2 )  a n y w h e r e  in the  p o t e n t i a l  w i n d o w  

a v a i l a b l e  fo r  the  so lv e n t .  A l so ,  the  o u t p u t  c o u ld  be  e i t h e r  the 

d i r e c t  c u r r e n t  o r  the  d e r i v a t i v e  c u r r e n t .  T h e  b a c k g r o u n d  c u r r e n t ,  

m a i n ly  due  to  r ed u c t io n  o f  h y d r o g e n  ions w a s  typ ic a l ly  in the  2-3 

m i c r o a m p  r a n g e .  T h e  20  m i c r o a m p  r a n g e  on the  a m m e t e r  w a s  

the  m o s t  s e ns i t ive  c u r r e n t  scale  that  c o u ld  be used .

A b lock  d i a g r a m  o f  the overa l l  e x p e r im e n ta l  se t-up  is show n  in 

F ig u re  2.6.  T h e  m ob i le  p ha se  is d e o x y g e n a t e d  by s p a rg i n g  h e l iu m  

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

c o v e r .  T h e  h e l i u m  is p r e s a t u r a t e d  wi th  a c e t o n i t r i l e  in a b u b b l e r  

to  p rev e n t  loss o f  ace ton i t r i l e  f rom  the  m o b i l e  phase .  T h e  m o b i l e  

p h a s e  is t h e n  p u m p e d  th ro u g h  the c o l u m n  at a f lo w  ra te  o f  1 

m L / m i n u t e .  T h e  e lu e n t  ex i t s  d i r e c t l y  b e lo w  the m e r c u r y  d r o p  in 

the p o l a r o g r a p h i c  cell .  T h e  bu lk  so lu t ion  in the cel l  is m a in ta in e d  

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

b u b b l e r  that  has  a f ine frit  at the t ip and  a hood  c o v e r i n g  the frit.  

T h e  h o o d  ve n t s  d i re c t l y  a b o v e  the l iquid level  in the  ce l l .  T h i s  

a r r a n g e m e n t  a l l o w s  c o n t i n u o u s  b u b b l i n g  o f  n i t r o g e n  e v e n  as  the  

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

b u b b l i n g  is c o n t a i n e d  w i th in  the h o o d  an d  wil l  no t  c o n t r i b u t e  to 

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

d e o x y g e n a t i o n  is v e ry  i m p o r t a n t  in r e d u c t i v e  e l e c t r o c h e m i s t r y  as 

d i s s o lv e d  o x y g e n  is eas i ly  reduced  at m erc u ry .  T h e  T a c u s se l  pu lse  

p o l a r o g r a p h  a n d  a H e a t h  m o d e l  S R - 2 0 5  s t r i p  c h a r t  r e c o r d e r  

c o m p l e t e  the  se t-up .



T h e  c h r o m a t o g r a m s  o f  pure s a m p le s  o f  v i tam in  B )2 , t h i a m i n e ,  

r i b o f l a v i n  a n d  n i a c i n a m i d e ,  i n j e c t e d  s e p a r a t e l y  a re  s h o w n  in 

f ig u re s  2 .7  - 2 .10.  The  m o b i l e  phase  w a s  m a d e  up  o f  a c e to n i t r i l e  

( 6 0 % )  and  w a t e r  ( 4 0 % )  c o n t a i n i n g  0 . 0 5 M  s o d i u m  a c e t a t e ,  t i t ra t ed  

to a PH of  5 .0.  A C l 8 rever se  phase  c o lu m n  w as  used and  the  f low 

ra te  o f  m o b i l e  p h a s e  w a s  1 m L / m i n u t e .  T h e  r e t e n t i o n  t im e s  fo r  

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

t e m p e r a t u r e  a re  l i s ted  in t ab le  2 .1 .  F i g u r e s  2.11 an d  2 .1 2  a re  

c h r o m a t o g r a m s  o f  m ix t u r e s  m a d e  up  o f  the  a b o v e  fo u r  v i t a m i n s .  

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

p r e p a r a t i o n  v i z . ,  M i c e b r i n - T ® ,  m a n u f a c t u r e d  b y  D i s t a  

P h a r m a c e u t i c a l s  is s h o w n  in f igure  2 .13.  T h e  t ab le t  w a s  c ru s h e d  

a f t e r  r e m o v i n g  the suga r  c o a t in g  and  e x t r a c t e d  u s ing  5 0  m L  o f  the 

m o b i l e  p h a s e .  T h e  e x t r a c t  w a s  d i l u t e d  to  1 / 2 0 t h  o f  i ts  

c o n c e n t r a t i o n  and  a 20  m i c r o  l i t e r  s a m p l e  w a s  i n j e c t e d .  T h e  

m i x t u r e  c o n t a i n i n g  o v e r  3 0  i n g r e d i e n t s  d id  not  s e p a r a t e  w e l l  in 

t he  i s o c r a t i c  m o d e .  H o w e v e r  s evera l  c o m p o n e n t s  in the  m i x t u r e  

a re  s h o w n  to  be s u s c e p t i b l e  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  at the  

m e r c u r y  e l e c t r o d e .  B e t t e r  s e p a r a t i o n  w a s  p o s s i b l e  w i t h  
T h e r a g r a n ®  c o n t a i n i n g  v i t a m i n  B] (15  m g) ,  v i t a m in  B 2 (15  m g) ,  

v i t a m i n  B 6 (25  m g ) ,  v i t a m in  B 12 (12  p g ) ,  v i t a m i n  C  ( 6 0 0  m g ) ,  

v i t a m i n  E ( 3 0  I .U.) ,  N ia c in  ( 1 0 0  m g ) ,  p a n to t h e n ic  a c id  (2 0  m g ) ,  
fo l ic  ac id  ( 4 0 0  p g ) ,  biot in  (45 p g )  and i ron (27  mg),  pe r  tablet .  T h e  

c h r o m a t o g r a m  is s h o w n  in f igu re  2.14.  B a s e d  on r e t e n t i o n  t im es  

a n d  i n c r e a s e  in p e a k  h e ig h t  u p o n  a d d i t i o n  o f  k n o w n  s t a n d a r d ,  

p e a k s  1, 3 a nd  8 w e r e  a s s i g n e d  to  r i b o f l a v i n ,  n i a c i n a m i d e  and  

t h i a m i n e  w h i c h  are all p r e s e n t  in m i c r o g r a m  leve ls  in the  in je c te d  
s a m p l e .  V i t a m i n  B 12 at less  than 10 ng is o b s c u r e d  by p e a k s  4 

a n d  5. Q u a n t i t a t i v e  a n a ly s i s  o f  B 12 and  o t h e r  v i t a m i n s  in the 

t a b l e t  w i l l  r e q u i r e  g r a d i e n t  e l u t i o n  a n d  a d d i t i o n a l  s a m p l e  

p r e p a r a t i o n .
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2 . 4  O p t i m i z a t i o n  o f  E x p e r i m e n t a l  P a r a m e t e r s

Severa l  exp e r im e n ta l  va r i ab le s  such as p H  of  the m ob i le  phase ,  

a p p l i e d  ini t ia l  p o t e n t i a l ,  p u l se  w id th  and  p u l s e  h e ig h t  c o n t r i b u t e  

to the  m a g n i t u d e  o f  the  c u r r e n t  s igna l  in the  E C  d e t e c to r .  T h e  

se n s i t iv i ty  o f  the  d e t e c to r  can  be  g rea t ly  e n h a n c e d  by o p t i m i z i n g  

t h e s e  v a r i a b l e s .

2 .4 .1  E ffe c t  o f  p H  on  D e te c to r  R e sp o n se

T h e  e f f e c t  o f  va ry ing  pH on the c a ta ly t i c  r e d u c t io n  w a v e  o f  
v i t a m i n  B 12 in a c e t o n i t r i l e  : w a t e r  ( 5 0 : 5 0 )  m i x t u r e  c o n t a i n i n g  

0 . 0 5 M  s o d i u m  a c e t a te  w a s  e x a m i n e d  us ing  t w o  d i f f e r e n t  m o d e s  o f  

p o l a r o g r a p h y .  F i g u r e  2 . 1 5 a  s h o w s  the  D C  ( D i r e c t  C u r r e n t )  
p o l a r o g r a m  o f  v i t a m in  B 12 r ec o r d e d  in the a b o v e  s o lv e n t  m ix t u r e  

w h o s e  PH w a s  8.56.  T h e r e  is on ly  a hint  o f  a r e d u c t io n  w a v e  at 

a b o u t  - 1 .5 5  vo l t s .  T h e  p o l a r o g r a m  w a s  r e c o r d e d  a g a i n  a f t e r  

a d d i n g  o n e  d r o p  o f  g lac ia l  a c e t i c  a c id  to  5 0  m L  o f  the  a b o v e  

s o lu t i o n ,  t h u s  l o w e r i n g  the  p H  to 6 .7 1 .  T h e  h u g e  i n c r e a s e  in 

c u r r e n t  ( f i g u r e  2 . 1 5 b )  is c l e a r  i l l u s t r a t i o n  o f  t h e  o r d e r s  o f  

m a g n i t u d e  ga in  in s e n s i t iv i ty  a t t a in a b l e  by v i r tue  o f  the  c a ta ly t i c  

p r o c e s s .

T h e  c u r r e n t  m a x im a ,  m e a s u r e d  f rom  severa l  p o l a r o g r a m s  o v e r  

a w id e  r an g e  o f  pH ,  is plo t t ed  in f igure 2.16.  T h e  o b s e rv e d  t rend ,  

viz. ,  an i n c re as e  in cu r r e n t  as  p H  is low ered  is ea s i ly  p red ic te d  on 

the bas i s  o f  the c a ta ly t i c  h y d r o g e n  e v o lu t io n  m e c h a n i s m  d i s c u s s e d  

e a r l i e r .  T h e  s a m e  t rend  w a s  o b s e r v e d  in the  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 i c  ( D P P )  da ta .  T h e  s ign i f ican t  i n c re as e  in c u r r e n t  w i th  

d e c r e a s i n g  p H  t r a n s la t e s  to  h i g h e r  s e n s i t iv i ty  fo r  the  E C  d e t e c t o r  

a t  l o w e r  pH .  H o w e v e r ,  there  is an o p p o s in g  f ac to r  tha t  t en d s  to 

l im i t  this  ga in  in sensi t iv i ty .  A t  low pH  m o r e  h y d r o g e n  ions  a re  

r e d u c e d ,  f o r m i n g  h y d r o g e n  g a s  on the  e l e c t r o d e  s u r f a c e .  T h e
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r e s u l t i n g  f l u c t u a t i o n  in the  a r e a  o f  the  e l e c t r o d e  l e a d s  to  an

i n c r e a s e  in no ise .  F o r  the  a c e t o n i t r i l e :w a t e r  s y s t e m  the re  w a s  no  

i m p r o v e m e n t  in the d e t e c t i o n  l im it  w h e n  pH w a s  lo w e r e d  b e y o n d  

5 .0 .

2 . 4 . 2  E ffe c t  o f  W o rk in g  E le c tr o d e  P o te n t ia l  on C u r r e n t  S ig n a l

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

s i g n i f i c a n t l y  w i t h  sm a l l  c h a n g e s  ( t e n s  o f  m i l l i v o l t s )  in a p p l i e d

p o t e n t i a l .  In the  d i f f e r e n t i a l  p u l s e  m o d e ,  t h e  o u t p u t  is the  

d i f f e r e n c e  b e t w e e n  the  c u r r e n t s  f l o w i n g  t h r o u g h  th e  w o r k i n g

e l e c t r o d e  at p o t e n t i a l s  V]  ( b e f o r e  the p u l se )  an d  V 2  ( a f t e r  the  

pu lse ) .  T h e r e f o r e ,  in c h o o s in g  V j  and V 2 , it is log ica l  to e x a m i n e  

the  d i f f e r e n t i a l  pu l se  p o l a r o g r a m  o f  the c o m p o u n d  in the  m o b i l e

pha se .  T h i s  is a n a lo g o u s  to u t i l iz ing  in fo r m a t io n  f r o m  the U V - V i s

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

U V - V i s  d e te c to r .  In the a b s e n c e  o f  c o m p l i c a t i n g  f a c to r s  s u c h  as  

a d s o r p t io n ,  the p e a k s  in the  D P P  r e p r e s e n t  the vo l t a g e s  at w h i c h  

the  c h a n g e  in c u r r e n t  w i th  v o l t a g e  r e a c h e s  a m a x i m u m .  T h e s e  

v o l t a g e s  s h o u l d  a l s o  be the  v a lu e  o f  V]  tha t  g iv e s  r is e  to  the  

b i g g e s t  j u m p  in c u r r e n t  level  w h e n  the pu l se  is a p p l i e d .  F ig u re s  

2 . 1 7 a  and  2 .1 7 b  s h o w  severa l  D P Ps  o f  v i t a m in  B 1 2  in a ce ton i t r i l e  : 

w a t e r  m ix t u re s  at pH va lues  r an g in g  f rom  5 to 8. T h e  c u r r e n t  vs  

P H  d a t a  ( f i g u r e  2 . 1 8 )  s h o w s  t h e  s a m e  t r e n d  a s  t h e  D C

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

o b s e r v a t i o n  to  be m a d e  he re  is a sh if t  in p e a k  p o te n t i a l  in the  

p o s i t i v e  d i r e c t i o n  as  the  p H  is l o w e re d .  A l s o  a f t e r  r e a c h i n g  the  

p e a k ,  the  d e r i v a t i v e  c u r r e n t  d r o p s  b e l o w  z e r o .  T h e  d r o p  in 

c u r r e n t  c a n  be e x p la i n e d  as a c o n s e q u e n c e  o f  the  e l e c t r o d e  s u r f a c e  

b e c o m i n g  b l o c k e d  du e  to  a d s o r p t i o n  o f  the  r e d u c t i o n  p r o d u c t .  

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

o b s e r v e d  in o r g a n i c  e l e c t r o c h e m i s t r y .  As  the  p H  is l o w e r e d  the 

r a t e  o f  f o r m a t i o n  o f  r e d u c t io n  p r o d u c t  is i n c r e a s e d  a n d  c o v e r a g e  

by  a d s o rp t io n  o c c u r s  e a r l i e r  on  the po ten t ia l  ax is .  T h e  D P P  d a ta
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s u gge s t  that  the bes t  va lue  for  init ia l  po ten t ia l  m a y  d e p e n d  on the 

PH o f  the m o b i l e  phase .  A l s o  the peak  po ten t ia l  da ta  as  r ead  from 

the  ill d e f i n e d  D P P  o f  V i t a m i n  Bj  2 » m a y  be  m i s l e a d i n g .  T he  

o p t i m u m  va lue  o f  V i  can  a l so  be d e t e r m i n e d  by  r e c o r d in g  several  

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

e x p e r i m e n t  w a s  d o n e  for  v i t a m in  B 1 2  and  the d a ta  is p r e s e n t ed  in 

f i g u r e  2 .1 9 .  T h e  m a x i m u m  in the  c u r v e ,  a t  - 1 4 8 0  m i l l i v o l t s ,  

d i f f e r s  f r o m  the  p e a k  in t h e  D P P .  In c h r o m a t o g r a p h y  the  

e l e c t r o d e  is r e s t ing  in the  m o b i l e  p h a s e  free o f  a n a ly t e  unt i l  the  

c o m p o u n d  e x i t s  the c o lu m n .  W i t h in  the next  f ew  ( 1 0 -1 5 )  seconds  

the c o m p o u n d  is f lu shed  out  o f  the d e t e c to r  c a v i t y  by  the e luen t  

s t r e a m ,  w h e r e a s  in D P P  the e l e c t r o d e  g r o w s  in to  a s o lu t io n  that  

c o n t a i n s  a r e l a t i v e l y  h i g h e r  c o n c e n t r a t i o n  o f  the  a n a l y t e  a t  all 

t i m e s .  A s  a r e s u l t  d i s t o r t i o n  d u e  to  a d s o r p t i o n  is m o r e  

p r o n o u n c e d  in D P P .  A s tudy  o f  D P P  as  a f u n c t i o n  o f  pH  for  

t h i a m i n e  ( f i g u r e  2 .2 0 )  in the s a m e  m o b i l e  p h a s e  s h o w e d  peak  

c u r r e n t s  tha t  i n c r e a s e  as pH is l o w e re d .  T h e  p e a k  po ten t ia l  did 

no t  d e p e n d  on pH un l ike  the ca se  o f  v i tam in  B ] 2 - H o w e v e r ,  the 

p o s i t i o n  o f  the  p e a k  on the  v o l t a g e  ax is  w a s  v e ry  c lo s e  to  the 

d e c o m p o s i t i o n  p o i n t  o f  the  s o lv e n t .  T h i s  c u t - o f f  p o i n t  sh if t s  

t o w a r d s  p o s i t ive  p o t e n t i a l s  as the  pH  is l o w e re d  an d  at  v e ry  low 

p H s  the  D P P  peak  f rom  t h i a m i n e  ge ts  b u r i e d .  T h u s ,  w h i l e  the 

i n f o r m a t i o n  f rom  D P P  e x p e r i m e n t s  c o u ld  n a r r o w  d o w n  the  base 

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

e x p e r i m e n t a t i o n  m ig h t  be r e q u i r e d  fo r  bes t  re su l t s .

2 . 4 . 3  E ffe c t  o f  P u ls e -W id th  a n d  P u ls e -H e ig h t  on  C u rre n t

C u r r e n t  in pu l se  p o l a r o g r a p h y  is e x p e c t e d  to i n c r e a s e  w hen  

pu l se  h e ig h t  is i n c r e a s e d  and  a l so  w h e n  pu l se  w id th  is na r r o w e d .  

F i g u r e  2.21 s h o w s  D P P  c u r r e n t  i n c r e a s i n g  as  p u l s e  w i d t h  is 

d e c r e a s e d  fo r  v i t a m i n  B 1 2  at pH 4.6.  H o w e v er ,  as pu lse  w id th  is 

n a r r o w e d ,  the  c o n t r i b u t i o n  f r o m  c a p a c i t a n c e  c u r r e n t  to  the  total  

c u r r e n t  i nc re ase s .  A l s o  as the pu lse  he igh t  is i n c re as e d ,  the  noise
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l eve l  i n c r e a s e s  too. T o  rea l ize  the h ighes t  a t t a in a b le  s e n s i t iv i ty ,  it 

w i l l  be  n e c e s s a r y  to  e x p e r i m e n t  w i th  t h e s e  v a r i a b l e s .  T h e  bes t  

c h o i c e  o f  p u l s e - w i d th  and p u l s e - h e ig h t  m a y  d e p e n d  on the  a c tua l  

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

c o m p o s i t i o n ,  f low rate  etc.

2 . 5  Sens i t i v i ty  and S i g n a l - t o - N o i s e  Rat io

T o  d e t e r m i n e  the d e t e c t i o n  l im i t  a n d  o t h e r  p e r f o r m a n c e  

c h a r a c t e r i s t i c s  o f  t h e  d e t e c t o r ,  i ts  r e s p o n s e  as  f u n c t i o n  o f  

c o n c e n t r a t i o n  o f  v i tam in  B 1 2  w as  r eco rded  ov e r  a w ide  range .  The  

r e s u l t  is p lo t t ed  as a c a l i b ra t io n  c u rv e  in f igu re  2 .22 .  T h e  c u r v e  

d e v ia t e s  f rom  st ra igh t  l ine on ly  at fa i r ly  la rge  c o n c e n t r a t i o n s .  T h e

l in e a r  d y n a m i c  r an g e  o f  the  d e t e c t o r  is a t  leas t  th re e  o r d e r s  o f

m a g n i t u d e .  T h e  d e t e c t i o n  l im i t ,  as  d e t e r m i n e d  by  e x t r a p o l a t i n g  

the s t r a igh t  l ine to s ignal  to no ise  r a t io  o f  2:1 , w a s  0.7 p i co m o le ,  

w h i c h  is at leas t  an o r d e r  o f  m a g n i t u d e  l o w e r  th a n  the  d e t e c t i o n  

l im i t s  r e p o r t e d  in the  l i t e ra tu re  [ 1 0 3 -1 0 5 ] .

T h e r e  are  severa l  f ac to rs  that  a d v e r s e ly  a f f e c t  the s igna l - to -  

no i se  ra t io  in an EC de tec to r .  The  E C  d e te c to r  is a so lu te  p roper ty  

d e t e c t o r  tha t  re l ies  on a r ea c t ion  o c c u r r in g  on  the  s u r f a c e  a n d  is 

t h e r e f o r e  h i g h ly  s e n s i t iv e  to m a s s  t r a n s f e r  ra t e  a t  the  e l e c t r o d e .  

W i t h  the  p u m p  tu r n e d  o f f ,  it is e a s y  to  o b t a i n  v e r y  s m o o t h  

b a c k g r o u n d  e v e n  at ve ry  h igh  s ens i t iv i ty  r ange s .  W h e n  the  p u m p

is t u r n e d  on ,  the  i n c r e a s e d  m a s s  t r a n s f e r  r a t e  l e a d s  to  m u c h

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

b a c k g r o u n d  no i se  has  the  a p p e a r a n c e  o f  l o w  leve l  r a n d o m  n o i s e  

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

2 .2 3 ) .  A v e ry  s t e a d y  p u m p  is e s s e n t i a l  fo r  t h e  d e t e c t o r  to 

p e r f o r m  w e l l .

A n o t h e r  fac to r  that  can  add to  the n o i se  is i r r egu la r i ty  in the 

m e r c u r y  d r o p  s ize .  Each  s a m p l in g  o f  c u r r e n t  in the  D P P  m o d e  is
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d o n e  on a n e w  drop .  The  d r o p  is then d i s lo d g e d  by  the  a rm  o f  the 

d r o p  k n o c k e r  h i t t ing  the c ap i l l a ry .  T h e  s t r e ng th  and  sp e ed  o f  the 

a rm  or  h a m m e r  and  the pos i t ion  w h e r e  it h i ts  the  c a p i l l a r y  s h ou ld  

be  a d j u s t e d  so  that  the d r o p  fa l l s  o f f  w i t h o u t  c a u s i n g  e x c e s s i v e  

v i b r a t i o n .  T h e  t ip  o f  the c a p i l l a r y  s h o u ld  be m a i n t a i n e d  c le a n  

s in c e  r e s id u a l  d e p o s i t s  can  e a s i l y  r e s u l t  in i r r e g u la r  d r o p s .  In 

s e e k i n g  f u r th e r  i m p r o v e m e n t s  in the  d e t e c to r ,  one  m i g h t  c o n s id e r  

m o d i f y i n g  the  Tef lo n® p lu g  at the  c a p i l l a r y  tip. In the  p r e s e n t  

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

s o lu t io n  t h ro u g h  fou r  ven ts ,  a b o u t  2-3 m i l l i m e t e r  in d i a m e te r .  By 

r e d u c i n g  the n u m b e r  and s ize of  these  ven ts  as wel l  as the  v o l u m e  

i n s ide  the  d e t e c t o r  ca v i ty ,  it s h o u ld  be p o s s ib l e  to  f lu sh  ou t  the  

a n a l y t e  m o l e c u l e s  f ro m  the  v i c i n i t y  o f  the  e l e c t r o d e  in m u c h  

s h o r t e r  t im e .  T h i s  s h o u ld  d e c r e a s e  b r o a d e n i n g  o f  the  p e a k s  and  

i n c r e a s e  the e f f i c i e n c y  o f  s e p a ra t ion .

2 . 6  C o m p a r i s o n  w i t h  a  C o m m e r c i a l  I n s t r u m e n t  

( W a t e r s  6 0 0 E )

T o  a s se s s  the  r e l a t ive  m er i t  o f  the  H P L C - E C a t  d e t e c t i o n  vs 

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

s a m p l e s  o f  v i t a m in  B 1 2 at d i f f e r e n t  c o n c e n t r a t i o n s  w e r e  a n a l y z e d  

u s i n g  the  W a t e r s  6 0 0 E  l i q u i d  c h r o m a t o g r a p h i c  s y s t e m .  T h e  

w a v e l e n g t h  s e t t i n g  on  the  s p e c t r o p h o t o m e t r i c  d e t e c t o r  w a s  3 6 3  

n m  c o r r e s p o n d i n g  to the m a x i m u m  in the  a b s o r p t i o n  s p e c t r u m  o f  
v i t a m i n  B 12 s h o w n  in f igu re  2 .24 .  T h e  d a t a  in the  f o r m  o f  a 

c a l i b r a t i o n  c u r v e  a re  s h o w n  in f i g u r e  2 .25 .  T h e  c u r v e  s h o w s  a 

l ine a r  d y n a m i c  r a n g e  o f  a b o u t  th ree  o r d e r s  o f  m a g n i t u d e  w h ic h  is 

no t  v e ry  d i f f e r e n t  f rom  tha t  o f  the  e l e c t r o c h e m i c a l  d e t e c to r .  T h e  

d e te c t io n  l imit  c a lc u la te d  the  s a m e  w ay  as  fo r  E C  d e t e c to r  w as  1.2 

p i c o m o l e .

T h e r e  are  s e ve ra l  a s p e c t s  o f  the  E C  d e t e c t o r  t h a t  o f f e r s  

c o n s i d e r a b l e  r o o m  for  i m p r o v e m e n t .  In i ts  p r e s e n t  s ta te  the  E C



d e te c to r  is a c r u d e  p r o to ty p e ,  w h e r e a s  the W a te r s  6 0 0 E  is o n e  o f  

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

the  E C  d e t e c to r  c o m p a r e s  wel l  wi th  the  6 0 0 E  is a c l e a r  in d ic a t io n  

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

H P L C  ana lys is .

2.7 S u mma r y

M a n y  o r g a n ic  n i t r o g e n o u s  c o m p o u n d s  h a v e  been  r e p o r t e d  to 

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

e l e c t r o d e s .  T h e s e  inc lu d e  d r u g s ,  pe s t i c id e s ,  p ro te in s  e tc  an d  the i r  

a na ly s i s  at t race  levels  can  be o f  e n o r m o u s  p rac t ica l  va lue .  R e d o x  

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

e x t e n s i v e l y  at m e r c u r y  e l e c t r o d e s .  T h i s  i n f o r m a t io n  a v a i l a b l e  in 

the l i t e r a tu re  will  e n a b le  the a n a ly s i s  o f  t race  l eve l s  o f  m a n y  o f  

these  c o m p o u n d s  by H P L C  us ing  e le c t r o c h e m i c a l  d e te c t ion .
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.  K e l-F  block  

. In le t  fo r  e luent

Thin f i lm  spacer

.W orking e lectrode

_Kel-F block

J 'as tn ers

F igure  2.1  T h in - la y e r  cell f o r  BAS E le c t ro c h e m io c a l  D e t e c t o r .



8 3

Kel-

P l a t i n u m  w i r e

El uent  i n l e t

Figure  2.2 Kel-F block a d a p t e r  us ed  w i t h  hanging  m e r c u r y  
drop e l e c t r od e .



Dropping m e r c u r y  e l e c t r o d e

XJ'

Figure  2.3 Gl a s s  a d a p t e r  f o r  HPLC-EC d e t e c t o r
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Dropp i ng  Hg e l e c t r o d e

T e f l o n  b l oc k

El ue n t  i n l e t

f igure  2 .4a  T e f lon  p lu g  a d a p te r  fo r  d r o p p in g  Hg  
e l e c t r o d e  E C  d e t e c to r
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Exit holes not shown
for clarity

Four exit holes 90  
ap art as shown

Figure  2 . 4 b

D r a f t s m a n ' s  d r aw i n g  of t e f l o n  plug a d a p t e r  f o r  d ropping m e r c u r y  
e l e c t r o d e  d e t e c t o r



V 2 -

( a )

t i m e

f ig u r e  2.5  (a)  P o ten t i a l  a p p l i e d  on the  w o r k i n g  e l e c t r o d e  
(b )  C h a r g in g  c u r ren t  (c)  F a rad a i c  c u r r e n t  
(d )  C u r r e n t  m e a s u r e d  n e a r  the end  o f  the pu l se
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PUMP

He
DROPPING
MERCURY ELECTRODE

COUNTER \ 
ELECTRODEREFERENCE ELECTRODI

TACUSSEL PULSE 

POLAROGRAPH

BUBBLER

STRIP CHART 

RECORDER

Figure  2.6 S e t - u p  or  HPLC us ing  dropping  m e r c u r y  e l e c t r o d e  
EC d e t e c t o r
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Figure 2 .7  HPLC of vitamin B12. Sam ple:0 .36  n m ol(0 .5p g)  
Mobile phase: aceton itr ile :w ater(60:40) containing 0 .05M  
sodium a c e ta te ,  titrated to  pH =5.0  with glacial acetic  acid
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Figure 2 .8  HPLC of Thiamine. Sample: 1 .2 2 n m o l(0 .4 2 p g )  
Mobile phase: aceton itr ile :w ater(60:40)
Flow rate: 1 m L/minute
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Figure 2 .9  HPLC of  riboflavin Sample: 1 .8 n m o l(0 .6 8 p g )  
Mobile phase: aceton itr ile :w ater(60:40),  pH =5.0  
flow rate: 1 m L/minute
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Figure 2 . 1 0  HPLC o f  niacinamide. S a m p le :0 .1n m ol(12 .0n g)  
Mobile phase: aceton itr ile :w ater(60:40),  pH =5.0  
Flow rate: 1 m L/m inute
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HPLC o f  mixture of riboflavin, niacinamide and thiamine

0.4 micro amp

0 2 3 4 51

tim e/m inutes

figure 2 .11  Peaks 1, 2 and 3 correspond to  riboflavin (0.1 mmolar), 
niacinamide (0 .1  mmolar) and thiamine (0 .0 1  mmolar) respectively.  
Mobile phase: acetonitrile:water (5 0 :5 0 ) ,  pH 5 .0  
Flow rate: 1 mL/minute. Sample volume: 2 0  microliter.
VI = -1 .4 0 v o l t s  v 2 = -1 .6 0 v o lt s
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HPLC o f m ixture o f riboflavin, v itam in  B12 and th iam ine

0 2 4

t im e/m in u tes

figure 2.12 Peaks 1,2 and 3 correspond to riboflavin(O.lmillimolar), 
B12(0.01 millimolar) and thiamine(0.1 millimolar) respecively.
Mobile phase: acetonitrile:water (50:50), pH 5.0
Sample volume: 20 micro liter. V1:-1400mv V 2:-1600  mv
Flow rate: 1 mL/minute



0.5 micro amp

60 2 4

tlme/mlnutes

Figure 2.1 3 HPLC of  Micebrin-T vitamin tablet.
Sample: 2 0  o f  a solution containing on e  tab let/liter  
Mobile phase: acetonitrile:water (5 0 : 5 0 ) ,  pH =5.0
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Figure 2 .1 4  HPLC o f  Theragran. Sample: 2 0  pL o f  o n e  tab let  
dissolved in 2 5  mL. Mobile phase: aceton itr ile :w ater(60:40),  
PH = 5 .0
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Figure 2.1 5a DC polarogram o f  Vitamin B12 at pH 8 .5 6  

in acetonitrile:water (5 0 : 5 0 )  mixture. Concentration  

o f  B12: 8 . 5 5 x 1  O’5 M
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Figure 2.1 5b DC polarogram o f  vitamin B 12at pH 6 .71

-5
in acetonitrile:water ( 5 0 : 5 0 )  mixture. C one.:8 .5 5 x 1 0  M
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DC current vs pH for Vitamin B12 in 
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F i g u re  2 .1 6
C o n c e n t r a t i o n  o f  v i tam in  B 12: 2 . 8 5 x l O ' 5M
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1.0 micro amp

volts

Figure 2.1 7a DPP of vitamin B 12 vs  pH. pH for curves  1 , 2 , 3 ,
4 , 5 and 6 are 6 .9 2 ,  6 .5 9 ,  6 .3 3 ,  6 .0 8 ,  5 .8 2  and 5 .6 4  respectively .  
Cone, o f  B12: 0 .8 8 x 1  C? M. Pulse height: 1 0 0  millivolts.
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2.5 micro amp.

Volts

Figure 2.1 7b  DPP of vitamin B 12 vs  pH pH for curves  1, 2, 3, 4 , 5,
6 and 7 are 5 .5 0 ,  5 .4 2 ,  5 .2 9 ,  5.1 3, 5 .0 0 ,  4 .8 3  and 4 .6 3  respectively.  
Cone, o f  B 12 :0 .88x1  (55 M. Pulse height: 1 0 0  millivolts.
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DPP current vs pH for Vitamin B12 in 
acetoni t r i le :water  (50:50) mixture
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F igu re  2 .18  C o n c e n t ra t i o n  o f  B 1 2 : 0.881 x 10 '5 M 
Pulse  he igh t :  100 m i l l ivo l t s
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Base potential vs DME response in 
the HPLC analysis of vitamin B12
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F i g u re  2 .19
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1.0 micro amp

1 . 61.4 1.81 . 2

Volts

Figure 2 .2 0  DPP of  thiamine vs pH. pH for curves 1, 2 , 3, 4,
5 and 6 are 6 .9 0 ,  6 .6 4 ,  6 .4 4 ,  6 .2 5 ,  6 .0 5  and 5 .81 respectively.  
Pulse height = 5 0  millivolts.
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Pulse width vs current  from 
DPP of Vitamin B12 at ph 4.6
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F i g u r e  2.21
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calibration curve for vitamin B12 
using dropping mercury EC detector

2

1.54450-2 + 1.2905e+5x RA2 = 0.999

0 - p - — >-------1-----------   1-------   1-------   1-------   1--- --------
0.00e+0 2 .0 0 6 -6  4 .000-6  6 .0 0 e -6  8 .0 0 e -6  1 .000-5  1.200

c o n c e n t r a t i o n  ( m o l e s / l i t e r )

F igu re  2 .22 .  Ini t ial  po ten t ia l :  -1450  mv.  S te p  po ten t ia l :  
- 1600  mv.  pH  4.5.  C onc e n t ra t ion  range :  4 .0  x 10 '5 to 
8 .0  x 1 0 '8 m o le s / l i t e r .  S a m p le  vo lu m e :  20  m ic ro l i t e r .
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PUMP ON

( a )

PUMP OFF

---------------------------  0.2 nA

( b )

0.2 \iA

Figure  2 . 2 3  E f f e c t  o f  f low on  b a c k g r o u n d  n o i s e  fo r  
EC d e t e c t o r  us ing  d r o p p i n g  m e r c u r y  e l e c t r o d e .
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Figure 2 .2 4  Absorption spectrum  of  vitamin B 12 in acetonitrile: 
w ater mixture (5 0 : 5 0 )  at pH 5 .0
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calibration curve for vitamin B12 
using Waters 600E HPLC system

0.008
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F ig u re  2.25.  De tec to r  r e s p o n s e  vs  c o n c e n t r a t io n  
o f  V i tam in  at 363 nm. C o nc e n t ra t ion  range :  

2 . 5 x 1 0 " 5 to  2 . 4 x l ( ) ' 8 m o le s / l i t e r .
S a m p l e  v o l u m e :  20  m ic ro l i t e r .



RETENTION TIMES OF VITAMINS

SAMPLE RETENTION TIME

( 2 0  m i c r o  l i t e r  of  0 . 1 x 1  0 ^  M sol n.) ( m i n u t e s )

Ribof lav in 3 . 0 9

Niacinamide 3 . 3 7

Vi t amin  Bj ^  ( cyano  c o b a l am i n ) 4 . 0 6

Vi t amin  B ^ T h i a m i n e ) 6.01

Table  2.1
Mobile Phase :  a ce to n i t r i 1e : w a t e r  ( 5 0 : 5 0 )  con ta in ing  0 . 0 5  
m o l a r  sod ium ace ta t e ,  t i t r a t e d  to pH 5 . 0  w i t h  glacial  HOAc 
Flow ra te :  1 m L / m i n u t e  
Col umn: C 18  r e v e r s e  phase
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