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ULTRA H I G H  VACUUM ELECTROCHEMISTRY WITH CONDUCTING POLYMERS 
?I. 

T. A .  Skotheim,  M .  I .  F l o r i t  , A .  Melo, and W. E. O'Grady 
Department of  Applied S c i e n c e  
Brookhaven N a t i o n a l  L a b o r a t o r y  

Upton, N Y  11973 

A b s t r a c t  

S o l v e n t  f r e e  polymer s o l i d  e l e c t r o l y t e s  based on h i g h  m o l e c u l a r  
we igh t  po ly (e thy1ene  o x i d e )  (PEO) complexed w i t h  a l k a l i  metal s a l t s  
are c o m p a t i b l e  w i t h  u l t r a  h i g h  vacuum (UHV). T h i s  h a s  been t a k e n  
a d v a n t a g e  of  i n  t h e  d e s i g n  o f  e l e c t r o c h e m i c a l  ce l l s  f o r  
e l e c t r o c h e m i c a l  s y n t h e s i s  a s  w e l l  as  r e d u c t i o n / o x i d a t i o n  of . 
p o l y p y r r o l e  i n  UHV. T h i s  a l l o w s  i n  s i t u  a p p l i c a t i o n  of  s u r f a c e  
s p e c t r o s c o p i e s  (XPS) t o  s t u d y  t h e  material  as  a f u n c t i o n  of i t s  
s t a t e  of  o x i d a t i o n .  

Recent  XPS s t u d i e s  o f  p o l y p y r r o l e  (1 ,Z)  have  l e a d  t o  
c o n f l i c t i n g  c o n c l u s i o n s  a b o u t  t h e  i n t e r a c t i o n s  between t h e  a n i o n s  
and t h e  p o l y p y r r o l e  m a t r i x .  Sa l aneck  e t  a 1  (1) conc luded  t h a t  
uniform c h a r g e  e x t r a c t i o n  from t h e  p o l y p y r r o l e  backbone o c c u r s  
whereas  t h e  r e s u l t s  o f  P f l u g e r  and S t r e e t  ( 2 )  seemed t o  i n d i c a t e  
t h a t  a s p e c i f i c  e lec t ros ta t ic  i n t e r a c t i o n  o c c u r s  between t h e  
m a j o r i t y  of  t h e  a n i o n s  and t h e  n i t r o g e n  h e t e r o a t o m s .  

a m b i g u i t i e s  a n d  e x t e n d  t h e  XPS s t u d i e s  on  p o l y p y r r o l e  u s i n g  a new 
t e c h n i q u e  which a l l o w s  u s  t o  perform e l e c t r o c h e m i c a l  o x i d a t i o n  a n d  
r e d u c t i o n  of t h e  polymer i n  s i t u  . The material c a n  t h e n  be s t u d i e d  
w i t h  XPS s p e c t r o s c o p y  a s  a f u n c t i o n  of  i t s  s ta te  o f  o x i d a t i o n  ( 3 ) .  

A key e l emen t  of  t h e  i n  s i t u  e l e c t r o c h e m i c a l  t e c h n i q u e  is t h e  
a p p l i c a t i o n  of  t h i n  f i l m  polymer s o l i d  e l ec t ro ly t e s  i n  t h e  
c o n s t r u c t i o n  o f  e l e c t r o c h e m i c a l  c e l l s  which are c o m p a t i b l e  w i t h  U H V .  
The polymer s o l i d  e l e c t r o l y t e s  are based on h i g h  m o l e c u l a r  we igh t  
p o l y ( e t h y 1 e n e  o x i d e )  (PEO) complexed w i t h  a l k a l i  metal sa l t s  ( e . g .  
NaClO ) ( 4 )  and  have a s f f i c i e n t l y  low vapor  p r e s s u r e  t o  be 

The pu rpose  o f  t h e  p r e s e n t  s t u d y  is  t o  a t t e m p t  t o  r e s o l v e  t h e s e  

compa2ible  w i t h  UHV (10 -5) t o r r ) .  

F i g .  1 shows a s c h e m a t i c  o f  t h e  UHV e l e c t r o c h e m i c a l  c e l l .  The 
U H V  c e l l s  are  c o n s t r u c t e d  by s o l u t i o n  c a s t i n g  from MeOH a 
PEO.NaC10 f i l m  ( 1 0  um) o n t o  a t r a n s p a r e n t  c o n d u c t i n g  s u b s t r a t e  
( i n d i u m - t i n  o x i d e  ( I T O )  on g l a s s ) ,  f o l l o w e d  by vacuum e v a p o r a t i o n  o f  
a t h i n  s e m i t r a n s p a r e n t  Au f i l m  (180-200 1). The Au f i l m  a t  t h a t  
t h i c k n e s s  s t i l l  m a i n t a i n s  a h i g h  d e n s i t y  of p i n h o l e s  and m i c r o c r a c k s  
t h r o u g h  which monomers c a n  d i f f u s e  and p h o t o e l e c t r o n s  e s c a p e  ( 3 ) .  

k e p t  i n  a p r e e v a c u a t e d  chamber i n t o  which 

4 

During p o l y m e r i z a t i o n  t h e  sandwich cel l  ITO/PE0.NaC104/Au i s  
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292 T. A. SKOTHEIM et al. 

ullv ~LLCIROCnLYICU CELL i s  r e l e a s e d  p y r r o l e  vapor .  
P y r r o l e  monomers w i l l  d i f f u s e  
t h r o u g h  t h e  p i n h o l e s  o f  t h e  Au 
f i l m  and i n t o  t h e  PEO e l e c t r o l y t e .  
By the a p p l i c a t i o n  of a 
s u f f i c i e n t l y  p o s i t i v e  p o t e n t i a l  t o  
t h e  Au e l e c t r o d e  e l e c t r o c h e m i c a l  
p o l y m e r i z a t i o n  o f  a c o n d u c t i n g  
p o l y p y r r o l e  f i l m  t a k e s  p l a c e  on 
t h e  Au. With a t r a n s p a r e n t  
s u b s t r a t e  t h e  a v e r a g e  t h i c k n e s s  of 
t h e  f i l m  as it grows c a n  be 
mon i to red  o p t i c a l l y  by mounting 
t h e  chamber i n  a 
s p e c t r o p h o t o m e t e r .  F’lms o f  
t h i c k n e s s e s  200-300 1 were used .  
O p t i c a l  s p e c t r a  showed t h a t  t h e  
f i l m s  c o u l d  be  c o m p l e t e l y  reduced 
i n  s i t u  w i t h  t h e  PEO electrolyte .  

o x i d i z e d  p o l y p y r r o l e  f i l m s  were 
s u b s e q u e n t l y  t r a n s f e r r e d  t o  t h e  
UHV chamber f o r  XPS a n a l y s i s ,  
b e i n g  exposed t o  a i r  f o r  less t h a n  
5 m i n u t e s .  

During t h e  XPS e x p e r i m e n t s  o n l y  p h o t o e l e c t r o n s  e m i t t e d  from t h e  

s w m  
UrClMlff 

F i g . 1  Schematic  of UHV The cel ls  w i t h  t h e  a s  made, 
e l e c t r o c h e m i c a l  cell  

p o l y p y r r o l e  i n  t h e  p i n h o l e  r e g i o n s  c o u l d  be  c o l l e c t e d  du t o  t h e  
s h o r t  e l e c t r o n  mean f r e e  p a t h  i n  Au, of t h e  o r d e r  of  10 1 , 
Ni t rogen  Is S p e c t r a  

F i g .  2 shows t h e  N(1s) s p e c t r a  o f  p o l y p y r r o l e  s y n t h e s i z e d  and 
c y c l e d  (between o x i d i z e d  and r educed  states) w i t h  PE0.NaC104. 
The N(1s) spec t rum of  a s  made p o l y p y r r o l e  i n d i c a t e s  t h e  e x i s t e n c e  o f  
t h r e e  i n e q u i v a l e n t  n i t r o g e n s .  The main p y r r o l e  peak at  401.3 eV h a s  
a w e l l  r e s o l v e d  s h o u l d e r  on  t h e  h i g h  ene rgy  s i d e  a t  402.9 eV as well  
a s  a s h o u l d e r  i n  t h e  399 eV r e g i o n .  The h i g h  e n e r g y  s h o u l d e r  i s  
v i s i b l e  o n l y  when t h e  polymer i s  i n  t h e  o x i d i z e d  s t a t e  and  is 
a t t r i b u t e d  t o  electrostatic i n t e r a c t i o n  w i t h  a n i o n s .  The s t r u c t u r e  
r e a p p e a r s  when t h e  p o l y p y r r o l e  i s  r e o x i d i z e d  b u t  a t  a lower e n e r g y  
and  less pronounced,  i n d i c a t i n g  a somewhat weaker electrostatic 
i n t r a c t i o n  between t h e  n i t r o g e n s  and  the a n i o n s  a n d  i n v o l v i n g  a 
smaller f r a c t i o n  o f  t h e  n i t r o g e n s .  T h i s  means t h a t  t h e  p o l y p y r r o l e  
f i l m  is n o t  f u l l y  r e o x i d i z e d  t o  i t s  o r i g i n a l  state. 

c e r t a i n  f r a c t i o n  of  t h e  n i t r o g e n s  f o l l o w e d  by r ea r r angemen t  of t h e  
p y r r o l e  bonds t o  s a t i s f y  t h e  t h r e e  n i t r o g e n  v a l e n c e s  (5) .  

The low ene rgy  s h o u l d e r  c o u l d  be  due  t o  d e h y d r o g e n a t i o n  of a 

A l t e r n a t i v e l y ,  t h e  low ene rgy  s h o u l d e r  c o u l d  be t h e  r e s u l t  o f  
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F i g . 2  N ( I s )  s p e c t r a  of  
p o l y p y r r o l e  o x i d i z e d  and reduced 
-- i n  s i t u  w i t h  PEO e l e c t r o l y t e  

i n c o r p o r a t i o n  o f  Na c a t i o n s  from 
i n c o m p l e t e l y  d i s s o c i a t e  s a l t .  The 
low ene rgy  s h o u l d e r  v a n i s h e s  when 
t h e  polymer is  reduced  and d o e s  
n o t  r e a p p e a r  upon r e o x i d a t i o n .  

The N(1s) s p e c t r a  of  f i g . 2  
a lso show sa t e l l i t e  ( s h a k e  up)  
s t r u c t u r e s  on t h e  h i g h  b i n d i n g  
e n e r g y  s i d e .  These  are  u s u a l l y  
a t t r i b u t e d  toz-Z* t r a n s i t i o n s  
accompanying core l e v e l  
e x c i t a t i o n s  and c a n  be  t a k e n  as 
e v i d e n c e  f o r  t h e  p r e s e r v a t i o n  o f  
t h e  p y r r o l e  r i n g  s t r u c t u r e  
( 1 , 3 9 6 ) .  

No h i g h  e n e r g y  s h o u l d e r s  were 
v i s i b l e  i n  t h e  c a r b o n  Is s p e c t r a  
( 3 ) .  The C ( I s )  s p e c t r a  are skewed 
towards  t h e  h i g h  e n e r g y  s i d e  a n d  
are e s s e n t i a l l y  i d e n t i c a l  f o r  
o x i d i z e d  and r educed  p o l y p y r r o l e .  
The skewing is  t h e r e f o r e  
a t t r i b u t e d  to d i s o r d e r  phenomena 
r a t h e r  t h a n  t h e  e x c i t a t i o n  o f  
f e r m i  s u r f a c e  e l e c t r o n s  ( 3 ) .  

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

The a n i o n  c o n c e n t r a t i o n  was measured u s i n g  t h e  c h l o r i n e  2p 
s i g n a l .  I n  f i g .  3 t h e  a n i o n  c o n c e n t r a t i o n  i n  p o l y p y r r o l e  i n  t h e  
o x i d i z e d  s t a t e  is  p l o t t e d  as a f u n c t i o n  o f  t h e  number o f  cycles 
( r e d u c t i o n - r e o x i d a t i o n )  o f  t h e  polymer.  I n  bo th  PE0.NaC104 and 
p o l y p y r r o l e  polymerized i n  PE0.NaC104 two c h l o r i n e  s i g n a l s  o f  
a p p r o x i m a t e l y  e q u a l  magn i tude  are o b s e r v e d ,  o n e  a t  199 eV 
c o r r e s p o n d i n g  t o  a c h l o r i d e  s p e c i e s  a n d  one a t  208.9 eV 
c o r r e s p o n d i n g  t o  p e r c h l o r a t e ,  whereas  i n  t h e  p u r e  NaC104 s a l t  
( o n  d o u b l e  s t i c k  t a p e )  o n l y  t h e  p e r c h l o r a t e  s p e c i e s  is o b s e r v e d .  It 
a p p e a r s  t h e n  t h a t  bo th  s p e c i e s  are  b u i l t  i n t o  t h e  p o l y p y r r o l e  m a t r i x  
d u r i n g  p o l y m e r i z a t i o n  w i t h  e q u a l  p r o b a b i l i t y .  The p e r c h l o r a t e  a n i o n  
i s  known t o  be  thermodyn!mically u n s t a b l e  and may react w i t h  o r g a n i c  
materials t o  g e n e r a t e  C 1  
(7), trace amounts  o f  which are p r e s e n t  d u r i n g  complexa t ion  and 
s o l u t i o n  c a s t i n g ,  as w e l l  as d u r i n g  t r a n s f e r  p r i o r  t o  i n s e r t i o n  i n  
t h e  UHV chamber due t o  t h e  h y g r o s c o p i c  n a t u r e  of  PEO. 

d r a m a t i c a l l y  w i t h  t h e  number o f  s w i t c h i n g  c y c l e s .  T h i s  i m p l i e s  a 
h i g h  d e g r e e  of i r r e v e r s i b i l i t y  i n  t h e  e l e c t r o c h e m i s t r y  of 
p o l y p y r r o l e .  The d i f f e r e n c e  i n  t h e  r e s u l t s  of p o l y p y r r o l e  f i l m s  
c y c l e d  i n  MeCN and  PEO e l e c t r o l y t e s  is l i k e l y  due  t o  s w e l l i n g  
e f f e c t s  and s o l v e n t  a s s i s t e d  i o n  i n s e r t i o n  w i t h  MeCN e lec t ro ly tes .  

and  0 i n  t h e  p r e s e n c e  o f  water 2 

A s  f i g .  3 c lear ly  shows, t h e  a n i o n  c o n c e n t r a t i o n  d e c r e a s e s  
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F i g . 3  Anion c o n c e n t r a t i o n  o f  
o x i d i z e d  p o l y p y r r o l e  

These r e s u l t s  are c o n s i s t e n t  w i t h  
t h e  e v o l u t i o n  o f  t h e  N(1s) s p e c t r a  
d u r i n g  c y c l i n g  ( f i g .  2 ) .  

We c a n n o t  c o n c l u s i v e l y  
d e t e r m i n e  from t h e  p r e s e n t  d a t a  
which a n i o n  s p e c i e s  is r e s p o n s i b l e  
f o r  t h e  electrostatic b i n d i n g  t o  
t h e  n i t r o g e n  h e t e r o a t o m s  a s  
e x h i b i t e d  by t h e  h i g h  e n e r g y  
s h o u l d e r  of t h e  N(1s) spec t rum.  
The c h l o r i d e  a n i o n ,  b e i n g  smaller 
t h a n  the p e r c h l o r a t e  a n i o n  and 
w i t h  a h i g h e r  c h a r g e  d e n s i t y ,  
c o u l d  c o n c e i v a b l y  have  s t r o n g e r  
i n t e r a c t i o n  w i t h  t h e  polymer 
m a t r i x .  

The h i g h  e n e r g y  s h o u l d e r  c o u l d  
t h e r e f o r e  b e  due t o  a c h l o r i d e ,  
r a t h e r  t h a n  a p e r c h l o r a t e ,  a n i o n  
s p e c i e s .  I n  t h i s  c o n t e x t  one  
s h o u l d  n o t e  t h a t  S a l a n e c k  e t  a1 
d i d  n o t  o b s e r v e  a h i g h  e n e r g y  
s h o u l d e r  w i t h  BF4 doped 
p o l y p y r r o l e  (1). 

I n  summary, w e  have  demons t r a t ed  t h e  t e c h n i q u e  of i n  s i t u  
e l ec t rochemis t ry /XPS and its u t i l i t y  for d e t a i l e d  s u r f a c e  
s p e c t r o s c o p i c  s t u d i e s  o f  c o n d u c t i n g  polymer f i l m s .  The a d v a n t a g e  of 
t h e  t e c h n i q u e  l i e s  i n  b e i n g  a b l e  t o  s t u d y  t h e  polymer t h r o u g h o u t  its 
cont inuum of  o x i d a t i o n  states a n d  t o  pe r fo rm the e l e c t r o c h e m i s t r y  
w i t h  t h e  r i g o r o u s  e x c l u s i o n  of  oxygen t h a t  t h e  UHV p e r m i t s .  

The r e s u l t s  show a fundamen ta l  i r r e v e r s i b i l i t y  i n  t h e  
e l e c t r o c h e m i s t r y  o f  p o l y p y r r o l e  which c a r r y  i m p o r t a n t  i m p l i c a t i o n s  
f o r  t h e  u s e  of p o l y p y r r o l e  as  e l e c t r o d e  material i n  r e c h a r g e a b l e  
polymer b a t t e r i e s .  
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