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I N T R O D U C T I O N  

P y r i m i d i n e  is a key  c o m p o u n d  in u n d e r s t a n d i n g  the  e l e c t r o c h e m i c a l  b e h a v i o r  
o f  p y r i m i d i n e s  a n d  pu r ines ,  i n c l u d i n g  those  of  b io log i ca l  i m p o r t a n c e  w h i c h  a re  the  
e s s e n t i a l  bases  o f  the  n u c l e i c  ac ids ,  e.g., the  e l e c t r o c h e m i c a l  r e d u c t i o n  o f  pu r ine s  
o c c u r s  in the  p y r i m i d i n e  r ing  l 'z.  T h e  p o l a r o g r a p h y  of  p y r i m i d i n e  a n d  its de r iva t i ve s  
a 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  ( D M E )  has  been  s t u d i e d  by severa l  i nves t i ga to r s  z, 
the  m o s t  d e t a i l e d  s t u d y  b e i n g  t h a t  o f  S m i t h  a n d  E lv ing  3. T h e  la t t e r  i n c l u d e d  c o n t r o l l e d -  
p o t e n t i a l  e lec t ro lys i s  a n d  c o u l o m e t r y  as well  as d.c. p o l a r o g r a p h y  a n d  r e s u l t e d  in the  
fo l lowing  m e c h a n i s m  b e i n g  p o s t u l a t e d  for the  e l e c t r o c h e m i c a l  r e d u c t i o n  o f p y r i m i d i n e  
a t  t he  D M E ,  w h i c h  resul t s  ha five p o l a r o g r a p h i c  w a v e s  a p p e a r i n g  o v e r  the  p H - r a n g e ,  
0 .5-13 .  

In  h igh ly  ac id  m e d i a ,  p H - d e p e n d e n t  o n e - e l e c t r o n  ( le)  w a v e  I is seen.  A t  a b o u t  
p H  3, p H - i n d e p e n d e n t  l e  w a v e  II  e m e r g e s  f r o m  b a c k - g r o u n d  d i s cha rge .  T h e s e  t w o  
w a v e s  m e r g e  n e a r  p H  5 to  f o r m  p H - d e p e n d e n t  2e w a v e  III .  N e a r  pFI 7.2, p H - i n d e p e n d -  
e n t  2e  w a v e  IV e m e r g e s  f r o m  b a c k g r o u n d  a n d ,  a t  p H  9.2, m e r g e s  w i t h  w a v e  I I I  to  
foLm p H - d e p e n d e n t  4e  w a v e  V. W a v e  I is p o s t u l a t e d  to be the  l e  r e d u c t i o n  o f p y r i m i -  
d i n e  to  t he  n e u t r a l  r a d i c a l ;  w a v e  II  is the  l e  r e d u c t i o n  of  the  l a t t e r  to  a d i h y d r o -  
p y r i m i d i n e  wi th  w a v e  I I I  b e i n g  the  c o m p o s i t e  o f  these  t w o  steps.  W a v e  IV  is the  2e 
r e d u c t i o n  o f  t he  d i h y d r o  spec ies  to  a t e t r a h y d r o p y r i m i d i n e  wi th  w a v e  V be ing  the  
c o m p o s i t e  o f  w a v e s  I I I  a n d  IV. 

R e c e n t l y ,  T i r n m e r  e t  a l .  p r e s e n t e d  a t h e o r e t i c a l  t r e a t m e n t  4 a n d  a n  e x p e r i m e n t a l  
ve r i f i ca t ion  5 o f  a.c. p o l a r o g r a p h i c  w a v e s  for  i r revers ib le  e l e c t r o d e  r eac t i ons ,  w h i c h  
h a v e  d o n e  m u c h  to  d i spe l  the  be l ie f  t h a t  o n l y  " reve r s ib l e"  p o l a r o g r a p h i c  waves  
exh ib i t  a.c. p o l a r o g r a p h i c  peaks ,  a n d  w h i c h  s h o u l d ,  the re fo re ,  p r o m o t e  the  use of  
a.c. p o l a r o g r a p h y  in  the  e l u c i d a t i o n  o f  o r g a n i c  o x i d a t i o n - r e d u c t i o n  p a t h s  a n d  the  
dete~w, i n a t i o n  o f  k ine t i c  p a r a m e t e r s ;  the  l a t t e r  h a v e  n o t  b e e n  as wel l  s t u d i e d  as 
t h o s e  o f  i n o r g a n i c  sys t ems  p r o b a b l y  b e c a u s e  o f  the  gene ra l l y  i r r eve r s ib le  n a t u r e  o f  
o r g a n i c  p o l a r o g r a p h i c  r eac t i ons .  W e  h a v e  b e e n  p r o m p t e d  by  these  s tud i e s  to  in-  
ves t iga te  t he  a.c. p o l a r o g r a p h i c  b e h a v i o r  o f  p y r i m i d i n e  in a q u e o u s  m e d i a  in a n  effor t  
to  o b t a i n  f u r t h e r  e v i d e n c e  for  t he  p r o p o s e d  p y r i m i d i n e  r e d u c t i o n  m e c h a n i s m  (par-  
t i cu l a r ly  in r e spec t  to t he  c o n t r o l l i n g  s tep  in e a c h  process )  a n d  to e v a l u a t e  the  v a r i o u s  
t h e o r e t i c a l  p r e d i c t i o n s  for  a r a t h e r  c o m p l i c a t e d  o r g a n i c  sys tem.  

J. Eleetroanal. Chem.,  21 (1969) 169-179 



170 J . E .  O ' R E I L L Y ,  P .  J.  E L V I N G  

E X P E R I M E N T A L  

Chemicals 
P y r i m i d i n e  ( M a n n  R e s e a r c h  L a b o r a t o r i e s )  was  o f  c h r o m a t o g r a p h i c  g r a d e ;  

its p o l a r o g r a p h i e  p a t t e r n  a f f o r d e d  n o  e v i d e n c e  o f  a n y  e l e c t r o a c t i v e  i m p u r i t y .  Buffer  
s o l u t i o n s  (Tab le  1) w e r e  p r e p a r e d  f rom ana ly t i c a l  r e a g e n t - g r a d e  c h e m i c a l s ;  i on ic  
s t r e n g t h  was  k e p t  c o n s t a n t  a t  0.5 M .  N i t r o g e n  used  for  d e o x y g e n a t i n g  (L iqu id  C a r -  
bon ic ,  O.P . )  was  pur i f i ed  a n d  e q u i l i b r a t e d  by b u b b l i n g  it success ive ly  t h r o u g h  two  
ac id i c  v a n a d o u s  so lu t ions ,  s a t u r a t e d  c a l c i u m  h y d r o x i d e ,  a n d  d is t i l led  wa te r .  T r i p l y -  
d is t i l l ed  m e r c u r y  was  used .  

T A B L E  1 

B U F F E R  A N D  B A C K G R O U N D  E L E C T R O L Y T E  S O L U T I O N S  a 

Buffer No.  pH range Compostt ton 

1 0 . 5 -  2.5 
2 2 2 -  8 0  
3 8 0-10.29 
4 10 5 -13 .0  
5 11.0--13.0 

HCI  + K C I  
Nazl--I PO4  - 7 H 2 0  + c i t r ic  ac id  m o n o h y d r a t e  + K C I  
H 3 B O z + K O H  + K C!  
K O H  + K C I  
( C z H s ) 4 N O H  + (C2Ha)4NCIO.~ 

" A l l  buffers  used  were  0 5 ~V/ i o m c  s t r e n g t h  

Apparatus 
T h e  w a t e r - j a c k e t t e d  ( t h e r m o s t a t t e d  a t  25.0 +__ 0.1°), t h r e e - c o m p a r t m e n t  p o l a r -  

o g r a p h i c  cell e m p l o y e d  was  p r ev ious ly  d e s c r i b e d  6. T h e  c o u n t e r  e l e c t r o d e  was  a coi l  
o f  p l a t i n u m  wi re  d i p p e d  in to  a 0.5 /kl K C I  s o l u t i o n ;  the  r e fe rence  was  a n  a q u e o u s  
s a t u r a t e d  c a l o m e l  e l ec t rode ,  to w h i c h  all po t en t i a l s  a r e  re fer red .  T h e  c a p i l l a r y  ( m a r i n e  
b a r o m e t e r  t ub ing)  h a d  the  fo l l owing  m-va lues  (mg/sec)  in 0.5 M K C I  a t  25 ° a n d  
o p e n  c i r cu i t :  1.326 a t  52.7 c m  o f  m e r c u r y ,  c o r r e c t e d  for  b a c k  p r e s s u r e  ; 1.577 (62.7 
cm)  ; a n d  1.833 (72.7 cm) .  D r o p - t i m e s ,  m e a s u r e d  at  p o t e n t i a l s  o f i n t e r e s t ,  w e r e  g e n e r a l l y  
b e t w e e n  3 a n d  10 sec ; d r o p - t i m e s  g r e a t e r  t h a n  6 sec we re  e n c o u n t e r e d  o n l y  a t  he igh t s  
o f  22 a n d  32 c m  d u r i n g  h e i g h t - v a r i a t i o n  e x p e r i m e n t s ,  w h e r e  t he  r e s p o n s e  w a s  n o r m a l .  

S low,  s ing le - scan  d.c. p o l a r o g r a p h y ,  used  to  c h e c k  E~-va lues  p r e v i o u s l y  o b -  
t a i n e d  a, was  p e r f o r m e d  w i t h  a S a r g e a n t  M o d e l  X V  p o l a r o g r a p h .  

A.c.  p o l a r o g r a m s  w e r e  o b t a i n e d  wi th  a p o t e n t i o s t a t i c  c o n t r o l  l o o p  o f  c o n v e n -  
t i ona l  des ign  u s i n g  P h i l b r i c k  K 2 - X A  n n d  K 2 - P  o p e r a t i o n a l  ampl i f i e r s  a n d  a p r e c i s i o n  
rec t i f ier  p r e v i o u s l y  d e s c r i b e d  by  S m i t h  7 ; t hey  w e r e  r e c o r d e d  w i th  a M o s e l e y  7035A 
X - Y  r eco rde r .  T h e  d.c. r a m p  v o l t a g e  w a s  s u p p l i e d  by  a u t i l i ty  i n t e g r a t o r  c o n s t r u c t e d  
u s ing  a P h i l b r i c k  U P A - 2  amp l i f i e r  a n d  a s t e p - f u n c t i o n  m o d u l e  c o n s i s t i n g  o f  a 
m e r c u r y  b a t t e r y  a n d  a res i s t ive  vo l t age  d iv ide r .  S c a n  r a t e  w a s  c o n s t a n t  a t  1.0 mV/sec .  
T h e  s u p e r i m p o s e d  s ine  w a v e  was  s u p p l i e d  by  a H e w l e t t - P a c k a r d  202A l o w  f r e q u e n c y  
f u n c t i o n  g e n e r a t o r ,  w h o s e  o u t p u t  was  r e g u l a t e d  to b e t w e e n  5 a n d  60 m V  p e a k - t o -  
p e a k  by  m e a n s  o f  :an e x t e r n a l  vo l t age  d iv ide r .  

T h e  o u t p u t  o f  t he  p rec i s ion  rec t i f ie r  was  c a l i b r a t e d  u s ing  a s ine  w a v e  o f  k n o w n  
r.m.s,  a m p l i t u d e  a n d  a d u m m y  cell  o f  res is t ive  c o m p o n e n t s  ; t he  o u t p u t  w a s  l i nea r  
f r o m  a b o u t  100 m V  to  o v e r  30 V. T h e  perfoLuaance o f  this  u n i t  w a s  t es ted  by  e x a m  i n i n g  
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the  f e r rous / fe r r i c  c o u p l e  in 0.25 M p o t a s s i u m  oxa!a te - -025  M oxa l i c  a c id  buffer.  T h e  
r e s p o n s e  was  i den t i ca l  w i th  tha t  p r e v i o u s l y  r e p o r t e d  for  this  sy s t em a n d  w i th  t ha t  
e x p e c t e d  for  a revers ib le  sys t emS:  T h e  a l t e r n a t i n g  c u r r e n t  was  i n d e p e n d e n t  o f  
m e r c u r y  c o l u m n  he igh t ,  l i nea r ly  p r o p o r t i o n a l  to the  a m p l i t u d e  of  the  s u p e r i m p o s e d  
a l t e r n a t i n g  vo l t age ,  a n d  p r o p o r t i o n a l  to the  s q u a r e  roo t  o f  f r e q u e n c y  to  a b o u t  65 H z  ; 
t he  s u m m i t  p o t e n t i a l  was  iden t i ca l  w i th  the  E~_, w i t h i n  e x p e r i m e n t a l  e r ro r .  T h e  
a l t e r n a t i n g  c u r r e n t ,  Ais, for  0.969 m M  F e ( l I I )  in o x a l a t e  b a c k g r o u n d  was  8.29 p A ;  
the  ca l cu l a t ed ,  t h e o r e t i c a l l y  e x p e c t e d  va lue  a is 11.37 pA (A ---- 3.38- 10-  2 c m  2, V ----- 8.46 
m V  r . m . s . , f =  50 Hz ,  Do = 5 .70-10 - 6  cm2/sec) .  T h e  d i f fe rence  is d u e  p r i m a r i l y  to the  
a t t e n u a t i o n  by  the  d a m p i n g  c a p a c i t o r  in the  p rec i s ion  rectifier.  

m B e c k m a n  M o d e l  G p H - m e t e r  was  u sed  to m e a s u r e  the  p H  o f  buffer  a n d  
test  so lu t ions .  

P r o c e d u r e s  
S t o c k  s o l u t i o n s  o f  b a c k g r o u n d  buffers  a n d  p y r i m i d i n e  w e r e  p r e p a r e d  by  dis-  

so lv ing  w e i g h e d  q u a n t i t i e s  a n d  d i l u t i n g  to k n o w n  v o l u m e .  Tes t  s o l u t i o n s  we re  
p r e p a r e d  by p i p e t t i n g  a p p r o p r i a t e  a m o u n t s  o f  s tock  s o l u t i o n s  in to  10- o r  50-ml  
v o l u m e t r i c  flasks a n d  d i l u t i n g  to v o l u m e  wi th  d is t i l led  wa te r .  N i t r o g e n  was  b u b b l e d  
t h r o u g h  the  test  s o l u t i o n  in the  p o l a r o g r a p h i c  cell for 5 m i n  ; t he  D M E  was  t h e n  
in se r t ed  a n d  v o l t a m m o g r a m s  were  r e c o r d e d  wi th  n i t r o g e n  pass ing  o v e r  the  test 
so lu t i on .  

T h e  s u m m i t  po t en t i a l ,  Es, for a.c. v o l t a m m o g r a m s ,  was  t a k e n  as t ha t  p o t e n t i a l  
a t  w h i c h  the  to ta l  a l t e r n a t i n g  c u r r e n t  d u e  to the  e l e c t r o a c t i v e  species ,  Ais, r e a c h e d  
a m a x i m u m  ; this was  m e a s u r e d  as the  d i f fe rence  in c u r r e n t  at  U s b e t w e e n  s o l u t i o n s  
c o n t a i n i n g  the  b a c k g r o u n d  buffer  plus  e l e c t roac t i ve  species,  a n d  the  buffer  only .  

T h e  e r r o r  in Ai~ is e s t i m a t e d  to be + 59/o for  m o d e r a t e  to  l a rge  cu r r en t s ,  i.e., 
a b o v e  0.5 ~uA; w i th  s m a l l e r  c u r r e n t s ,  the  e r r o r  is l a rge r  o w i n g  to the  p r o b l e m  o f  
s u b t r a c t i n g  a l a rge  base  c u r r e n t .  

A .  C .  P O T E N T I A L  BEHAVIOR.  

W a v e  p a t t e r n  
O v e r  the  p H - r a n g e  0 .5-13 ,  p y r i m i d i n e  gives  five r ecogn izab l e ,  if d i s t o r t ed ,  

a.c. p o l a r o g r a p h i c  waves ,  w h i c h  c o r r e s p o n d  to  the  five o b s e r v e d  d.c. p o l a r o g r a p h i c  
w a v e s  (cf. Fig .  1 for  examples ) .  A t  low p H ,  a s ingle  p H - d e p e n d e n t  w a v e  is o b s e r v e d  
(wave  I). A t  a b o u t  p H  2.8, p H - i n d e p e n d e n t  w a v e  II ,  w h o s e  c u r r e n t  is m u c h  less t h a n  
t h a t  for  w a v e  I, e m e r g e s  f rom b a c k g r o u n d .  A t  a b o u t  p H  4.8, waves  I a n d  I I  m e r g e  to  
fo~-~a p H - d e p e n d e n t  w a v e  I I I ,  w h o s e  p e a k  c u r r e n t  is c lose  to t ha t  o b s e r v e d  for  w a v e  I. 
A t  a b o u t  p H  7.0, w a v e  IV  e m e r g e s  f rom b a c k g r o u n d  a n d  m e r g e s  w i t h  w a v e  I I I  a t  
a b o u t  p H  8.3 to  f o r m  p H - d e p e n d e n t  w a v e  V. A b o v e  p H  9, w a v e  V is o b s e r v e d  o n l y  
as  a n  in f lec t ion  o n  b a c k g r o u n d  d i s c h a r g e  in K C I / K O H  buffer  ; p o i n t - b y - p o i n t  sub-  
t r a c t i o n  o f  b a c k g r o u n d  is n e c e s s a r y  to  o b t a i n  even  a d i s t o r t e d  wave .  In  E t 4 N C I O J  
E t 4 N O H  buffer,  the  b a c k g r o u n d  d i s c h a r g e  is suff ic ient ly  r e m o v e d  f r o m  Es t ha t  
r e p r o d u c i b l e  m e a s u r e m e n t s  c a n  be  m a d e .  E s d o e s  n o t  shift  w i th  c h a n g e  o f  b a c k -  
g r o u n d  e l ec t ro ly t e  f r o m  K C I  to E t a N C I O 4 ,  as has  been  seen in s o m e  sys tems.  

T h e  l i nea r  E s  vs. p H  r e l a t i o n s h i p s  p r e s e n t e d  in T a b l e  2 we re  o b t a i n e d  by a 
l ea s t - squa re s  ana lys i s  o f  t he  e x p e r i m e n t a l  da ta .  
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Fig .  1. A l t e r n a t i n g  c u r r e n t  p o l a r o g r a m s  o f  0.954 m/W p y r i m l d i n e  ( ) a n d  b a c k g r o u n d  a l o n e  ( . . . .  ) 
(A). W a v e s  [ a n d  II ,  p H  3.96 (buffer  2) ;  (B). waves  I I I  a n d  IV, p H  7.48 (buffer  2) ;  (C), w a v e  V, p H  12.00 
(buffer  5). C o n d i t i o n s :  62.7 c m  m e r c u r y  ( c o r r ) ;  50 Hz  a p p l i e d  f r e q u e n c y ;  8.46 m V  a p p l i e d  vo l t a ge  O n l y  
the  p e a k s  o f  d r o p  o s c i l l a t i o n s  a re  i nd i ca t ed .  

Fig .  2. L i n e a r  Es ( ) a n d  E ,  ( . . . .  ) cs. p H  r e l a t i o n s h i p s  for p y r i m i d i n e .  Each  Es-va lue  is the  a v e r a g e  o f  
two  o r  m o r e  m e a s u r e m e n t s  (with a n  e s t i m a t e d  u n c e r t a i n t y  o f  4-5 mV )  for  the  f o l l o w i n g  c o n d i t i o n s :  0 .954 
m M  p y r i m i d i n e  c o n c h . ;  62.7 c m  m e r c u r y  (corr . ) ;  50 H z  a p p l i e d  f r e q u e n c y ;  8.46 m V  r.rn.s a p p l i e d  vo l tage .  
E_~-data t a k e n  f r o m  ref. 3. 

T A B L E  2 

LINEAR E s VS. p H  RELATIONSHIPS FOR PYRIbtIDINE a 

W a r e  p H  range  E~ ( V )  

I 0 . 5 -  4 8  
II  2 . 8 -  4.8 
I I l  4.8-- 8 0 
IV 7 . 0 -  8 3  
V 8 .3-13 .0  

- - 0 . 5 7 5 - - 0 . 1 0 8  p H  
- -  1 ~.226 -- 0.003 p H  
- - 0 . 7 6 6 - - 0  078 p H  
- -  1 . 9 8 2 + 0 0 2 3  p H  
- -1  3 6 5 - - 0 . 0 3 9  p H  

° C o n d i t i o n s :  0 .954 m_&i p y r i m i d m e ;  50 H z ;  62.7 em m e r c u r y  (corr . ) ;  8.46 m V  r_m.s, a p p l i e d  vo l tage .  
~" T h e  e q u a t i o n s  g iven  i n d i c a t e  the  E~, v, h e n  e x t r a p o l a t e d  to  zero  pH ,  a n d  the  v a r i a t i o n  o f  Es wi th  p H .  

Relations o f  Es and E. 
A s  c a n  b e  s e e n  f r o m  F i g .  2, t h e  a.c .  p o l a r o g r a p h i c  b e h a v i o r  o f  p y r i m i d i n e  o v e r  

t h e  p H - r a n g e  c l o s e l y  p a r a l l e l s  t h e  d .c .  b e h a v i o r  a t  t h e  D M E .  T h e  d e v i a t i o n  o f  Es 
f r o m  E ,  c a n  b e  c o n s i d e r e d  a s  a m e a s u r e  o f  t h e  r e v e r s i b i l i t y  o f t h e  o r i g i n a t i n g  e l e c t r o d e  
r e a c t i o n  s. E s f o r  w a v e s  I I ,  I V  a n d  V,  a l l  c o r r e s p o n d i n g  t o  t h e  d i r e c t  f o r m a t i o n  o f  a 

J .  E lec t roanaL  C h e m .  , 2 I  (1969) 169--179 
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s t ab le  m o l e c u l a r  species ,  a r e  m o r e  n e g a t i v e  t h a n  the i r  c o r r e s p o n d i n g  E~-va lues  by 
60 to  200 inV.  W a v e  I, o n  t he  o t h e r  h a n d ,  w h i c h  c o r r e s p o n d s  to  a l e  a d d i t i o n  to  
p y r i m i d i n e  to f o r m  a r a d i c a l  species ,  s h o w s  li t t le d i f fe rence  in E~ a n d  E_~ ; this  is, 
h o w e v e r ,  n o t  to be  t a k e n  in i tself  as  a n  i n d i c a t i o n  o f  the  revers ib i l i ty  o f  the  wave ,  as 
the  o b s e r v e d  a l t e r n a t i n g  c u r r e n t  is less t h a n  t h a t  t h e o r e t i c a l l y  e x p e c t e d  for  a l e  
r eve r s ib le  s y s t e m  8. T h e  d e r i v e d  l i nea r  Es vs. p H  r e l a t i o n s h i p s  a re  on ly  a p p r o x i m a t i o n s  
to  the  t rue  b e h a v i o r  o f  the  sys t em,  e.g., a c o n s i d e r a b l e  d e p a r t u r e  f r o m  l inea r i ty  is 
o b s e r v a b l e  n e a r  the  m e r g i n g  o f  t w o  waves ,  w h i c h  is p a r t i c u l a r l y  e v i d e n t  in the  w a v e  
I I I  d a t a .  

Effect o f  experimental conditions 
Es d o e s  n o t  shift  w i th  a m p l i t u d e  o f  the  a p p l i e d  a l t e r n a t i n g  vo l t age  (2-15 m V  

rma.s.) o r  m e r c u r y  c o l u m n  he igh t s  ( d rop - t ime ) ,  e.#., Es for w a v e  V is -- 1.836 -I-0.003 V 
(ave rage  d e v i a t i o n )  for  twe lve  d i f fe rent  a p p l i e d  vo l t ages  a n d  c o l u m n  he igh t s .  E s for  
al l  five waves ,  h o w e v e r ,  shifts to m o r e  nega t ive  p o t e n t i a l  wi th  i nc r ea s ing  f r e q u e n c y  
o f  a p p l i e d  a l t e r n a t i n g  vo l t age  (Tab le  3), as e x p e c t e d  for i r revers ib le  r eac t ions .  P lo t s  
o f  Es vs. l o g f  a r e  a p p r o x i m a t e l y  l i nea r ;  h o w e v e r ,  the  u n c e r t a i n t y  o f  a n  i n d i v i d u a l  
d a t u m  ( a b o u t  -I-5 m V )  is re la t ive ly  la rge  c o m p a r e d  to the  m a g n i t u d e  of  the  p o t e n t i a l  
shift  a n d  p r e c l u d e s  q u a n t i t a t i v e  a p p r a i s a l  o f  the  effect. 

T h e  w i d t h  of  the  a.c. w a v e  a t  ha l f -he igh t ,  AEs/2, for wave  I a t  p H  0.92 a n d  3.96 
d o e s  n o t  vary ,  w i t h i n  e x p e r i m e n t a l  e r ro r ,  w i th  c h a n g e s  in m e r c u r y  c o l u m n  h e i g h t  o r  
in m a g n i t u d e  o f  a p p l i e d  a l t e r n a t i n g  vo l t age  w i t h i n  the  r anges  s t u d i e d  ; it is 1 2 4 ~ 6  
m V ,  as c o m p a r e d  to  the  90.5 m V  p r e d i c t e d  for  a revers ib le ,  d i f f u s i o n - c o n t r o l l e d  l e  
r e a c t i o n  8. T h e  a.c. w a v e  is n o t  s y m m e t r i c a l  a b o u t  Es" Et~/2~,--E~----52q-3 m V  a n d  
E~--Ets/2~_,=72-1-3 inV.  In  the  f r e q u e n c y  r ange ,  5 -100  Hz ,  AE~/2 a p p e a r s  to  fo l low 
the  s a m e  c u r v i l i n e a r  t r e n d  as d o e s  the  to ta l  c u r r e n t  for c h a n g e  in f r e q u e n c y  (vide 
infra), i n c r e a s i n g  f rom 106 m V  at  5 H z  to  125 m V  at  50 H z  a n d  t h e n  d e c r e a s i n g  to  
118 m V  at  100 H z .  T h e  A E  ~/2-values for the  o t h e r  waves  c a n n o t  be  d e t e r m i n e d  b e c a u s e  
the  c u r r e n t  d o e s  n o t  d r o p  to  o n e - h a l f  the  peak  va lue  o n  the  nega t ive  p o t e n t i a l  s ide  o f  
the  a.c. wave .  

T A B L E  3 

V A R I A T I O N  O F  ~'~ W I T H  F R E Q U E N C Y  F O R  P Y R I ~ , l l D I N E  a 

F r e q u e n c y  W a ~ e  

(H:) I I I  I ! I  ! V V 

1 - -  - -  1 3 5 9  - -  - -  
5 0 . 9 8 6  1.2931 - -  - -  1 8 1 2  

I 0  0 . 9 9 1  1 . 2 3 2  1 . 3 7 2  1 . 7 1 2  1 8 2 4  
2 0  - -  - -  1 . 3 6 3  1 . 7 0 6  - -  
2 5  0 . 9 9 6  1 2 3 9  - -  - -  1 . 831  
5 0  1 . 0 0 5  1 . 2 3 6  1 . 3 7 2  1 7 2 4  1 . 8 3 6  
7 5  1 . 0 1 1  1 2 4 4  - -  - -  1 . 8 4 1  

1 0 0  1 . 0 2 0  1.2945 1 . 3 8 9  1 . 7 6 5  1 8 5 1  

° C o n d i t i o n s :  W a v e s  I a n d  II, p H  3 . 9 6  ( b u f f e r  2 ) ;  w a v e s  I I I  a n d  I V ,  p H  7 . 5 5  ( b u f f e r  2 ) ;  w a v e  V ,  p H  1 2 . 0 0  
( b u f f e r  5 ) . - P y r i m i d i n e  c o n c h . ,  0 . 9 5 4  m M ;  8 4 6  m V  r _ m . s  a p p h e d  v o l t a g e  ; 6 2 . 7  e m  ( c o r r . ) .  E s - v a l u e s  a r e  i n  
n e g a t i v e  v o l t s  vs .  S C E .  D a s h  i n d i c a t e s  m e a s u r e m e n t  n o t  m a d e .  

J.  E lec t roanal .  C h e m  , 21  ( 1 9 6 9 )  1 6 9 - 1 7 9  
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O v e r  t h e  p H - r a n g e ,  t h e  p r e s e n c e  o f  p y r i m i d i n e  s h o w s  n o  t e n d e n c y  t o  e l e v a t e  
o r  d e p r e s s  t h e  a .c .  b a s e  c u r r e n t  b e f o r e  a r e d u c t i o n  p e a k ,  r e g a r d l e s s  o f  t h e  n a t u r e  
o f  t h e  b u f f e r ;  u n d e r  all  c o n d i t i o n s ,  t h e  b a s e  c u r r e n t  w a s  i d e n t i c a l ,  w i t h i n  experimental 
e r r o r ,  w i t h  t h a t  o b s e r v e d  in  t h e  a b s e n c e  o f  p y r i m i d i n e .  T h i s  w o u l d  s e e m  t o  i n d i c a t e  
t h a t  l i t t l e  o r  n o  a d s o r p t i o n  o f  p y r i m i d i n e  o c c u r s ,  s i n c e  a.c.  p o l a r o g r a p h y  is a v e r y  
s e n s i t i v e  t e c h n i q u e  f o r  d e t e c t i n g  a d s o r p t i o n .  T h e r e  d o e s  a p p e a r  t o  be ,  h o w e v e r ,  s o m e  
increase i n  b a s e  c u r r e n t  a f t e r  a r e d u c t i o n  p e a k ,  e.g., a t  l o w  p H ,  t h e  c u r r e n t  a f t e r  w a v e  
I d o e s  n o t  r e t u r n  t o  t h e  b a s e - l i n e  e v e n  t h o u g h  t h e r e  is s u f f i c i e n t  p o t e n t i a l  s p a n  b e f o r e  
b a c k g r o u n d  d i s c h a r g e  (ca. 0 .35  V)  t o  peLu , i t  t h i s ,  w h i c h  w o u l d  s e e m  t o  i n d i c a t e  s o m e  
a d s o r p t i o n  o f  t h e  p y r i m i d i n c  r e d u c t i o n  p r o d u c t ( s ) .  T h e  p r e s e n c e  o f  p y r i m i d i n c  d o e s  
s h i f t  t h e  b a c k g r o u n d  d i s c h a r g e  t o  m o r e  p o s i t i v e  p o t e n t i a l  ; t h e  m a g n i t u d e  is i r r e g u l a r  
b u t  c o n t i n u e s  a c r o s s  t h e  p n - r a n g e  ; t h e  c a u s e  o f  t h i s  e f fec t  is n o t  k n o w n  b u t  m a y  b e  
d u e  t o  t h e  p y r l m i d i n e  r e d u c t i o n  p r o d u c t s .  

Effect of  alternating voltage 
T h e  a l t e r n a t i n g  c u r r e n t  o b s e r v e d  fo r  a l l  f ive  w a v e s  is a l i n e a r  f u n c t i o n  o f  t h e  

a p p l i e d  a l t e r n a t i n g  v o l t a g e  f r o m  2 t o  15 m V  ram.s.  (F ig .  3) ; n o n e  o f  t h e  p l o t s  i n t e r s e c t s  
a t  t h e  o r i g i n .  W i t h  w a v e s  I I  a n d  IV ,  p a r t  o f  t h i s  e f fec t  m a y  b e  e x p l a i n e d  b y  t h e  p r o x -  
i m i t y  o f  t h e s e  t w o  w a v e s  t o  t h e  p r e v i o u s l y  o c c u r r i n g  w a v e  ; t h u s ,  a r e s i d u a l  c u r r e n t  

"v" 

: :L 

2 

l "n"  

T r  
o 

/ I I I 1 
O 4 8 12 16 

, A L T E F ~ A T I  N G  V O L T A G E  

m Y  r r n s  

Fig. 3. Var ia t ion  o f  a l ternat ing current ,  Ai~, with ampl i tude  o f  applied a.c. vo l tage :  Waves  I and  II, pH  
3.96 ['buffer 2); waves IH and  IV, p H  7.48 (buffer 2); wave  V, pH  12.00 (buffer 5). C o n d i t i o n s :  0.954 m M  
pyri_'midinc concaa.; 50 H z  appl ied f requency;  62.7 cm mercu ry  ( c o r r . ) .  

J.  Elec troanal .  Chem.,  21 (1969) 169-179 
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e l e m e n t  m a y  b e  i n c o r p o r a t e d .  I n  a d d i t i o n ,  t h e  a p p a r e n t  i n c r e a s e d  b a s e  c u r r e n t  a f t e r  
a r e d u c t i o n  w a v e ,  n o t e d  p r e v i o u s l y ,  m a y  a c c o u n t  fo r  p a r t  o f  t h e  i n c r e a s e d  c u r r e n t .  
T h e  f ac t  t h a t  p l o t s  f o r  w a v e s  I, I I I  a n d  V a l s o  d o  n o t  i n t e r s e c t  t h e  o r i g i n ,  h o w e v e r ,  
i n d i c a t e s  t h a t  o t h e r  f a c t o r s  m u s t  b e  o p e r a t i v e .  

Ef fec t  o f  d rop - t ime  
E a r l y  t h e o r e t i c a l  t r e a t m e n t s  8 i n d i c a t e d  t h a t  t h e  f a r a d a i c  a l t e r n a t i n g  c u r r e n t  

f o r  r e v e r s i b l e  a n d  q u a s i - r e v e r s i b l e  e l e c t r o d e  r e a c t i o n s  s h o u l d  b e  i n d e p e n d e n t  o f d r o p -  
t i m e .  R e c e n t l y ,  s e v e r a l  w o r k e r s  9 -  t 2 h a v e  c o m m e n t e d  o n  t h e  d r o p - t i m e  d e p e n d e n c e  
o f  a .c .  p o l a r o g r a p h i c  c u r r e n t  w i t h  t h e  g e n e r a l  c o n c l u s i o n  t h a t  s u c h  d e p e n d e n c e  wi l l  
De e x h i b i t e d  w h e n e v e r  s o m e  r a t e  p r o c e s s  o t h e r  t h a n  d i f f u s i o n  is k i n e t i c a l l y  in -  
f l u e n c i n g  t h e  f a r a d a i c  p r o c e s s  ~ .  E x p e r i m e n t a l  e v i d e n c e  w a s  p r e s e n t e d  o n  t h e  d r o p -  
t i m e  d e p e n d e n c e  fo r  (a) t h e  q u a s i - 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  p r o c e s s  a n d  (b) re -  
d u c t i o n s  a n d  o x i d a t i o n s  i n v o l v i n g  c o u p l e d  c h e m i c a l  r e a c t i o n s ,  r a t e  l i m i t e d  s u r f a c e  
c o v e r a g e ,  a n d  a m a l g a m  f o r m a t i o n  °. T i m m e r  et al. ~ s u p p o r t e d  t h e i r  t h e o r e t i c a l  
predic t ions  tha t  a.c. peak heights  should  be p r o p o r t i o n a l  to t -  ~ for h ighly  irreversible 
e l e c t r o d e  r e a c t i o n s ,  w i t h  t h e  e x p e r i m e n t a l  d a t a  o f  A y h v a r d  a n d  H a y e s  9 o n  t h e  
r e d u c t i o n  o f  t h e  c a d m i u m - E D T A  c o m p l e x .  

I n  t h e  c a s e  o f p y r i m i d i n e ,  a l l  f ive a.c.  w a v e s  e x h i b i t  a c o n s i d e r a b l e  l i n e a r  i n c r e a s e  
o f  c u r r e n t  w i t h  t -~-. T h e  r e l a t i o n s  fo r  w a v e s  I, I I I ,  I V  a n d  V i n t e r s e c t  n e a r  t h e  o r i g i n  
( i n f i n i t e l y  l o n g  d r o p - t i m e )  (F ig .  4 ) ;  t h e  s m a l l  v a l u e s  o f  t h e  i n t e r c e p t s  c a n  b e  a t -  
t r i b u t e d  t o  e x p e r i m e n t a l  e r r o r .  T h e  r e l a t i v e l y  l a r g e  p o s i t i v e  i n t e r c e p t  f o r  w a v e  I I ,  a s  

3.O 

0 0.2 0.4 0 6  
{DROP TIME) -~z. sec -~z 

i l I 1 I 

I 

2 4 6 8 I0 
(FREQUENCY}  I'~, se¢ - I / 2  

Fig. 4. Variation of alternating current, A/~, with drop-time, expressed as t-*'-. Waves I and II, pH 3 96 
(buf fe r  2 ) ;  w a v e s  I I l  a n d  IV,  p H  7.48 (buf fe r  2) ;  w a v e  V, p H  12 00 (buffer  5) C o n d i t i o n s .  0 .954 m ~ l  p y r i m i -  
d i n e  c o n c h . ;  8.46 m V  r .m s. a p p l i e d  a l t e r n a t i n g  v o l t a g e ;  50 H z  a p p l i e d  f r e q u e n c y .  

F ig .  5. V a r i a t i o n  o f  a l t e r n a t i n g  c u r r e n t ,  A~,  w i t h  t he  s q u a r e  r o o t  o f  a p p h e d  f r e q u e n c y :  W a v e s  I a n d  I I ,  
p H  3.96 (buf fe r  2) ;  w a v e s  I I I  a n d  IV ,  p H  7.48 (buf fe r  2) ;  w a v e  V,  p H  12.00 (buf fe r  5). C o n d i t i o n s :  0 .954 
m/Mr p y r i m i d i n e  c o n c h . ;  8.46 m V  r .m.s ,  a p p l i e d  v o l t a g e ;  62.7 can m e r c u r y  (corr . ) .  

+ 
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c o m p a r e d  to the  m a g n i t u d e  o f  t he  c u r r e n t  obse rved ,  m a y  be a t t r i b u t e d  to  a res idua l  
c u r r e n t  o r  capac i t ive  c u r r e n t  e l e m e n t  f rom w a v e  I, as m e n t i o n e d  prev ious ly .  T h a t  
waves  IV a n d  V exh ib i t  such  a r e l a t ionsh ip ,  desp i t e  the  c o m p l e x i t y  o f  the i r  e l e c t r o d e  
reac t ions ,  is s ignif icant .  

Frequeilc y-dependence 
T h e  f r e q u e n c y - d e p e n d e n c e  o f  the  five waves  (Fig. 5) s h o w s  t he  b e h a v i o r  

gene ra l ly  expec t ed  for s emi - reve r s ib l e  sys tems  : increase  in c u r r e n t  to  a m a x i m u m  
a n d  then  decrease ,  W a v e  II s h o w s  on ly  a very smal l  f r e q u e n c y - d e p e n d e n c e ,  as w o u l d  
be e x p e c t e d  wi th  a h igh ly  i r revers ib le  wave.  T h e  a l m o s t  ident ica l  r e s p o n s e  to fre- 
q u e n c y  c h a n g e  s h o w n  by waves  IV a n d  V p r o b a b l y  ind ica tes  tha t  b o t h  waves  invo lve  
a s ingle  r a t e - d e t e r m i n i n g  step,  a l t h o u g h  a c o n t r i b u t i n g  fac tor  m a y  be the i r  h a v i n g  
a l m o s t  iden t ica l  cu r r en t s  at  the  app l i ed  vo l tage  (8.46 mV)  (Fig. 3). 

Effect o f  concentration 
T h e  a l t e r n a t i n g  cu r r en t  for wave  I is l inear  with c o n c e n t r a t i o n  in the  range,  

0.5--10 m M ,  wi th  a smal l  bu t  def in i te  c h a n g e  in s lope  at ca. 5 m M  (Fig. 6). T h e r e  
seems  to be a " ' toeing" be low 0.5 raM.  

i i I i 

12 r 

.~E 8 

2 4 6 8 fO 

PYRIMID INE.  m M  

Fig.  6. V a r i a t i o n  o f  a l t e r n a t i n g  c u r r e n t ,  AI~, wzth p y r i r n i d i n e  c o n c n  for w a v e  I. C o n d i t i o n s  : p H  0.92 (buffer  
1); 50 I-iz a p p h e d  frequency.; 8.46 m V  r .m s a p p h e d  v o l t a g e ;  62.7 ~ m e r c u r y  (corr.) .  

R E D U C T I O N  M E C H A N I S M  FOR P Y R I M I D I N E  

T h e  a.c. p o l a r o g r a p h i c  b e h a v i o r  o f  p y r i m i d i n e  gene ra l ly  subs t an t i a t e s  t he  
p r o p o s e d  r e d u c t i o n  m e c h a n i s m  as o u t l i n e d  in Fig.  7. W a v e  I, a s soc i a t ed  wi th  a le ,  
o n e - p r o t o n  a d d i t i o n  to  p y r i m i d i n e  to  p r o d u c e  a neu t r a l  radical ,  is t he  m o s t  revers ib le  
o f  t he  p y r i m i d i n e  waves  o n  t he  basis  o f  p r o x i m i t y  o f  the  E , -  a n d  E~-values, a n d  a 
gen e ra l  c o n s i d e r a t i o n  o f  a l t e r n a t i n g  c u r r e n t  m a g n i t u d e s .  F u r t h e r m o r e ,  the  inc reased  
p r o x i m i t y  o f  E_,- a n d  Es-va lues  wi th  inc reased  h y d r o g e n  i on  c o n c e n t r a t i o n  (Fig. 2) 
s u p p o r t s  t he  p o s t u l a t e  t h a t  p r o t o n  a d d i t i o n  is p a r t  o f  t he  overa l l  first s tep  ; as  m o r e  
o f t h e  pyr i rn id ine  is p r o t o n a t e d ,  the  c o u p l e d  c h e m i c a l  r eac t i on  o f p r o t o n a t i o n  b e c o m e s  
less cri t ical  in d e t e r m i n i n g  the  ra te  o f  the  first s tep.  ( p g ~  for  p r o t o n a t i o n  o f p y r i m i d i n e  
is 1.30.) O w i n g  to  the  re la t ive  s impl ic i ty  o f  w a v e  I, l ack  o f  p r e c e d i n g  r eac t ions  a n d  
near - revers ib i l i ty ,  it w o u l d  b e  m o s t  a m e n a b l e  to  ana lys i s  o f  k ine t i c  p a r a m e t e r s ,  
pa r t i cu la r ly  in h igh ly  ac id  m e d i a .  

W a v e  II, a s soc i a t ed  w i t h  l e  a d d i t i o n  to the  n e u t r a l  r ad ica l  to  f o r m  a d i h y d r o -  
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p y r i m i d i n e ,  a p p e a r s  t o  b e  t h e  m o s t  i r r e v e r s i b l e  o f  t h e  p y r i m i d i n e  w a v e s ,  a s  m i g h t  
b e  e x p e c t e d  b e c a u s e  o f  t h e  s t a b i l i t y  o f  t h e  d i h y d r o  s p e c i e s  a n d  t h e  e x t r e m e  d i f f i c u l t y  
o f  r e o x i d i z i n g  a n  a l i p h a t i c  c a r b o n  s i te .  T h e  a l t e r n a t i n g  c u r r e n t  fo r  t h i s  w a v e  s h o w s  
v e r y  l i t t l e  c h a n g e  w i t h  v a r i a t i o n  in  a p p l i e d  v o l t a g e ,  d r o p - t i m e  o r  f r e q u e n c y  ; t h i s  
b e h a v i o r  is e x p e c t e d  s i n c e ,  o n c e  a r e a c t i o n  a p p e a r s  t o  b e  v e r y  i r r e v e r s i b l e  u n d e r  a 
g i v e n  se t  o f  c o n d i t i o n s ,  r e l a t i v e l y  s m a l l  c h a n g e s  in  v a r i a b l e s  w o u l d  o n l y  s l i g h t l y  a f f ec t  

o t--I 

I 

A B 

H H 

N 
W o v e  IT-  B 4- H~tO ÷ e = I + Ol - t -  

C 

Wc1ve ~rr : 

I 

A + 2 H 2 0  + 2 e  = C + 2 O H -  

H H H H H 

H ' N ~ / ' I  H ~ H H  + ~ O  H _ 

H 

O E 

W o v e ' E :  A + 41q20 + 4 e  = [3 or" E -r 4 0 H -  

Fig .  7. R e a c t i o n s  p r o d u c m g  t h e  five p o l a r o g r a p h t c  w a v e s  o b s e r v e d  m the  e l e c t r o c h e m i c a l  r e d u c t a o n  o f  
p y n m i d i n e  ( c o m p o u n d  A )  

t h i s  i r r e v e r s i b i l i t y .  W a v e  I I  d i f f e r s  m o s t  f r o m  t h e  o t h e r  w a v e s  o f  t h e  r e d u c t i o n  p a t h  
in  t h a t  i t s  f i r s t  s t e p  - involves  a t t a c k  o n  a n e u t r a l  radical, whereas t h e  i n i t i a l  s t e p  fo r  
w a v e s  I,  I I I  a n d  V p r e s u m a b l e  i n v o l v e s  i n i t i a l  a t t a c k  o f t h e  3 , 4 - c a r b o n - n i t r o g e n  d o u b l e  
b o n d ,  a n d  t h a t  f o r  w a v e  I V  o n  t h e  1 , 2 - c a r b o n - n i t r o g e n  d o u b l e  b o n d .  T h i s  d i f f e r e n c e  
w o u l d  a c c o u n t  f o r  t h e  d i f f e r e n c e  in  e l e c t r o c h e m i c a l  p r o p e r t i e s  r e l a t i v e  t o  t h e  o t h e r  
w a v e s .  

T h e  v e r y  s i m i l a r  c h a r a c t e r i s t i c s  o f  w a v e s  I a n d  I I I  a r e  a t t r i b u t a b l e  t o  t h e  f a c t  
t h a t  w a v e  I I I  i n v o l v e s  t h e  s a m e  i n i t i a l  s t e p  a s  w a v e  I, i.e., a l e  a t t a c k  o n  t h e  3 , 4 - N = C  
b o n d .  T h u s ,  a l t h o u g h  w a v e  I I I  s h o u l d  h a v e  f o u r  t i m e s  t h e  a l t e r n a t i n g  c u r r e n t  o f  w a v e  
I ( fo r  b o t h  r e v e r s i b l e  a n d  i r r e v e r s i b l e  r e a c t i o n s ,  Ais  s h o u l d  v a r y  a s  n2),  i t s  c u r r e n t  is 
a c t u a l l y  o n l y  s l i g h t l y  l a r g e r .  H o w e v e r ,  w a v e  I I I  is s o m e w h a t  l ess  r e v e r s i b l e  t h a n  
w a v e  I ,  a s  a t t e s t e d  t o  b y  t h e  l a r g e r  d e v i a t i o n  o f E  s f r o m  E ,  a n d  t h e  f ac t  t h a t  i t s  m a x i m u m  
c u r r e n t  is r e a c h e d  a t  a l o w e r  f r e q u e n c y  (15 H z ;  25  H z  f o r  w a v e  I). 

W a v e s  I V  a n d  V ,  a s s o c i a t e d  w i t h  t h e  f o r m a t i o n  o f  a t e t r a h y d r o p y r i m i d i n e  
s p e c i e s  k n o w n  t o  b e  u n s t a b l e  u n d e r  t h e  a l k a l i n e  c o n d i t i o n s  o f  i t s  f o r m a t i o n ,  a r e  h i g h l y  
i r r e v e r s i b l e .  T h e  s i m i l a r i t y  in  t h e i r  b e h a v i o r  w i t h  v a r i a t i o n  in  d r o p - t i m e ,  a p p l i e d  
v o l t a g e  a n d  f r e q u e n c y ,  m e n t i o n e d  e a r l i e r ,  is p r o b a b l y  d u e  t o  t h e  c o m p o s i t e  n a t u r e  
o f  w a v e  V .  W a v e s  I I I  a n d  I V  b o t h  i n v o l v e  a 2 e  a t t a c k  o n  a d o u b l e  b o i l d .  T h e  c u r r e n t  
f o r  w a v e  I V ,  a s  a f u n c t i o n  o f  a p p l i e d  a l t e r n a t i n g  v o l t a g e ,  is a b o u t  t w i c e  t h a t  f o r  w a v e  
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I I I  ; s ince  t he  s h a p e  o f  t h e  a.c. w a v e  (Fig.  1B) i nd i ca t e s  t h a t  w a v e  I V  sits o n  t o p  o f  
w a v e  I I I ,  t h e  d o u b l i n g  o f  the  c u r r e n t  c o u l d  i n d i c a t e  a p p r o x i m a t e l y  e q u a l  c o n t r i b u t i o n s  
f rom the  two  waves .  

C O N C L U S I O N S  

T h e  p r e s e n t  s t a te  o f  t he  a r t  d o e s  n o t  pe,ll~it q u a n t i t a t i v e  e v a l u a t i o n  o f  k ine t i c  
p a r a m e t e r s  o r  d e t a i l e d  spec i f i ca t i on  o f  the  p y r i m i d i n e  r e d u c t i o n  m e c h a n i s m .  F o r  
e x a m p l e ,  s ince  t he re  h a v e  b e e n  n o  t h e o r e t i c a l  n o r - - t o  o u r  k n o w l e d g e  e x p e r i m e n t a l  
t r e a t m e n t s  o f  a s y s t e m  as  c o m p l i c a t e d  as p y r i m i d i n e ,  w h i c h  has  five d i s c r e t e  r e d u c t i o n  
w a v e s  a n d  n u m e r o u s  i n t e r m e d i a t e  c h e m i c a l  r eac t i ons ,  the  m a g n i t u d e  o f t h e  " 'expected'" 
c u r r e n t s  for  w a v e s  I I I  V a r e  rea l ly  n o t  k n o w n  a n d  the  revers ib i l i t ies  o f t h e  p y r i m i d i n e  
w a v e s  c a n n o t  be  assessed  by  c o m p a r i s o n  o f  the  m a g n i t u d e s  o f  a l t e r n a t i n g  c u r r e n t .  
H o w e v e r ,  t he  q u a l i t a t i v e  a p p l i c a t i o n  o f  a.c. p o l a r o g r a p h y  to  the  u n d e r s t a n d i n g  o f  a 
c o m p l i c a t e d ,  q u a s i - r e v e r s i b l e  o r g a n i c  r e d u c t i o n  series has  been  s h o w n  to be  poss ible ,  
i.e., a.c. p o l a r o g r a p h y  has  y i e lded  i n t e r p r e t a b l e  resu l t s  for  the  f ive-wave  r e d u c t i o n  
p a t t e r n  o f  p y r i m i d i n e .  T h e  q u a l i t a t i v e  c o r r e s p o n d e n c e  o f  t he  five p y r i m i d i n e  re-  
d u c t i o n  w a v e s  wi th  t h e o r e t i c a l  p r e d i c t i o n s  for  i r revers ib le  w a v e s  (effect o f  d r o p - t i m e ,  
f r equency ,  a p p l i e d  vo l tage ,  a n d  c o n c e n t r a t i o n )  ind ica tes  the  va l id i ty  o f  c o n t e m p o r a r y  
t h e o r y  a n d  the  poss ib i l i ty  t ha t  f u r t h e r  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  w o r k  o n  m o r e  
c o m p l i c a t e d  r e a c t i o n  m e c h a n i s m s  m a y  be fruitful.  

U s e  o f  phase - sens i t i ve  a.c. p o l a r o g r a p h y ,  useful  for  s u p p r e s s i o n  o f  the  base  
c u r r e n t  w h i c h  b e c o m e s  a p r o b l e m  wi th  sma l l  f a r a d a i c  c u r r e n t s ,  a n d  a m o r e  d e t a i l e d  
e x a m i n a t i o n  o f  w a v e  I u n d e r  h igh ly  ac id  c o n d i t i o n s  w o u l d  p r o b a b l y  be  m o s t  useful  
in f u r t h e r  c la r i fy ing  the  p y r i m i d i n e  r e d u c t i o n  m e c h a n i s m .  P h a s e  a n g l e  m e a s u r e m e n t s  
u n d e r  a va r i e ty  o f  c o n d i t i o n s  m a y  y ie ld  m o r e  eas i ly  i n t e r p r e t a b l e  resul ts  for  t h e  m o r e  
c o m p l i c a t e d  waves ,  I I - V .  

A C ~ O W ] "  FT') G E M E N T S  

T h e  a u t h o r s  t h a n k  the  N a t i o n a l  Sc i ence  F o u n d a t i o n  for  h e l p i n g  to  s u p p o r t  
t h e  w o r k  de sc r i bed .  O n e  o f  t h e  a u t h o r s  ( J E t )  t h a n k s  t he  D e p a r t m e n t  o f  H e a l t h ,  
E d u c a t i o n  a n d  Wel fa re ,  a n d  the  M i c h i g a n  D e p a r t m e n t  o f  C h e m i s t r y  for  a n  N D E A  
F e l l o w s h i p .  

S U M M A R Y  

T h e  e l e c t r o c h e m i c a l  r e d u c t i o n  o f  p y r i m i d i n e  in a q u e o u s  m e d i a  w a s  s t u d i e d  
u s i n g  a l t e r n a t i n g  c u r r e n t  (a.c.) p o l a r o g r a p h y .  O v e r  t he  p H - r a n g e ,  0 .5-13 ,  five m o d e r -  
a t e ly  to  h igh ly  i r r eve r s ib l e  a.c. w a v e s  w e r e  o b s e r v e d ,  w h i c h  c o r r e s p o n d e d  to  t he  five 
w a v e s  o b s e r v e d  o n  d.c.  p o l a r o g r a p h y .  A l t h o u g h  the  e l e c t r o c h e m i c a l  r e d u c t i o n  p a t h  
o f  p y r i m i d i n e  is c o m p l e x  a n d  o n l y  pa r t i a l l y  u n d e r s t o o d ,  g o o d  q u a l i t a t i v e  a g r e e m e n t  
b e t w e e n  the  fea tu res  o f  t h e  m e c h a n i s m  a n d  v a r i o u s  p o l a r o g r a p h i c  p a r a m e t e r s  w a s  
a c h i e v e d ,  p r o v i d i n g  f u r t h e r  s u p p o r t  for  t he  p r o p o s e d  mechani-~m, a n d  i n d i c a t i n g  the  
va l id i ty  o f  c u r r e n t  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  resu l t s  in the  a r e a  o f  t h e  a.c. p o l a r -  
o g r a p h y  o f  q u a s i - r e v e r s i b l e  e l e c t r o d e  r eac t i ons .  S u m m i t  p o t e n t i a l s  for  t he  five waves ,  
w h i c h  v a r y  l i nea r ly  w i t h  p H ,  a r e  i n d e p e n d e n t  o f  a p p l i e d  a l t e r n a t i n g  vo l t age ,  m e r c u r y  
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c o l u m n  h e i g h t  (d rop - t ime)  a n d  c o n c e n t r a t i o n ,  b u t  shift to  m o r e  nega t ive  p o t e n t i a l  
w i th  inc reas ing  f requency .  T o t a l  a l t e rna t i ng  c u r r e n t  for all waves  increases  l inear ly  
w i th  a m p l i t u d e  o f  app l i ed  a l t e r n a t i n g  vo l t age  a n d  the  nega t ive  s q u a r e  r o o t  o f  d r o p -  
t ime  ; p lo ts  o f  to ta l  a l t e r n a t i n g  c u r r e n t  v s .  squa re  r o o t  o f  app l i ed  f r equency  exh ib i t  
cu rv i l inea r  t r e n d s  w i th  a m a x i m u m  in the  range,  15--50 Hz.  
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