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ELECTROCHEMICAL CELLS E M P L O Y I N G  POLYACETYLENE A N D  P O L Y ( ~ - P H E N Y L E N E )  

AS ACTIVE MATERIALS 

L.W. Shacklette, R.L. Elsenbaumer and R.H. Baughman 

AZZied Corporation, ~ o r ~ o r a t e  Research Center, Morristom, New Jersey 07960, 
U. S.A. 

~e ' sumd  - Le comportement 6 l e c t r o c h i m i q u e  du po ly -  
a c d t y l s n e  e t  du  p ~ l ~ ( ~ - ~ h & n ~ l Z n e )  es t  d i s c u t 8  
e n  f o n c t i o n  d e  l a  s t r u c t u r e  d e  bande e t  d e  l a  
s t r u c t u r e  c r i s t a l l i n e .  

A b s t r a c t  - 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 o l y a c e t y l e n e  
and p o l y ( p - p h e n y l e n e )  is d i s c u s s e d  i n  terms of  band- 
s t r u c t u r e  and c r y s t a l  s t r u c t u r e .  

I - INTRODUCTION 

~ o l ~ a c e t ~ l e n e l  (PA) and p o l y ( p - p h e n y l e n e ) 2  (PPP) a r e  c o n j u g a t e d  po ly -  
m e r s  which can  be e i t h e r  o x i d i z e d  or r educed  e l e c t r o c h e m i c a l l y .  T h i s  
p r o c e s s  r e s u l t s  i n  t h e  f o r m a t i o n  o f  a  h i g h l y  c o n d u c t i n g  complex b e t -  
ween t h e  r educed  o r  o x i d i z e d  polymer  and t h e  a p p r o p r i a t e  c o u n t e r  i o n  
f rom t h e  e l e c t r o l y t e .  The e l e c t r o c h e m i c a l  r e a c t i o n  which o c c u r s  i n  a  
c e l l  c o n t a i n i n g  PA o r  PPP e l e c t r o d e s  i n v o l v e s  t h e  removal  o r  a d d i t i o n  
o f  e l e c t r o n s  t h r o u g h  t h e  e x t e r n a l  c i r c u i t  and t h e  i n s e r t i o n  o f  i o n s  
f rom t h e  e l e c t r o l y t e  i n t o  t h e  polymer  l a t t i c e .  T h e r e f o r e ,  p o l y a c e t y -  
l e n e  and p o l y p h e n y l e n e  f u n c t i o n  i n  an  e l e c t r o c h e m i c a l  c e l l  a s  i on -  
i n s e r t i o n  e l e c t r o d e s  and may be compared w i t h  o t h e r  w e l l - s t u d i e d  
s y s t e m s  which e x h i b i t  s i m i l a r  b e h a v i o r ,  e.g. l a y e r e d  t r a n s i t i o n - m e t a l  
d i c h a l c o g e n i d e s , 3  r u t i l e - r e l a t e d  t r a n s i t i o n - m e t a l  d i o x i d e s , *  and 
g r a p h i t e . 5  The polymer  l a t t i c e  is g e n e r a l l y  expanded and r e o r g a n i z e d  
i n  o r d e r  t o  accommodate i n s e r t e d  c o u n t e r  i o n s .  S i n c e  PA o r  PPP c h a i n s  
a r e  o n l y  weakly  bonded i n t o  a  t h r e e - d i m e n s i o n a l  c r y s t a l l i n e  s t r u c t u r e ,  
c o n s i d e r a b l e  changes  i n  t h a t  s t r u c t u r e  a r e  p o s s i b l e  d u r i n g  i o n  i n s e r -  
t i o n .  One e x p e c t s  t h a t  t h e  p a r t i c u l a r  s t r u c t u r e  o f  t h e  complex w i l l  
depend on s t o i c h i o m e t r y  ( i . e .  d o p i n g  p e r c e n t )  and on i o n  s i z e  and 
shape .  I n  some c a s e s  t h e  s o l v e n t  from t h e  e l e c t r o l y t e  may a l s o  be 
i n s e r t e d  a l o n g  w i t h  t h e  i o n s .  Due t o  s t r a i n  e n e r g y  e f f e c t s ,  it is 
e x p e c t e d  t h a t  t h e  c o u n t e r  i o n s  w i l l  t e n d  t o  a g g r e g a t e ,  t h a t  is, t h a t  a  
minimum l o c a l  c o n c e n t r a t i o n  o f  i o n s  w i l l  be r e q u i r e d  t o  o b t a i n  r a p i d  
i n s e r t i o n  k i n e t i c s  and t h a t  t h e  i o n s  w i l l  n o t  be homogeneously d i s t r i -  
b u t e d  w i t h i n  t h e  polymer  l a t t i c e .  

I1 - BEHAVIOR OF OXIDIZED POLYMERS 

W e  have  c o n s t r u c t e d  ce l l s  w i t h  o x i d i z e d  polymer  c a t h o d e s  and l i t h i u m  
anodes .  Data o b t a i n e d  f o r  p o l y ( p - p h e n y l e n e )  is  p r e s e n t e d  i n  F ig .  1. 
The e l e c t r o l y t e  employed i n  t h i s  c a s e  was 1 M  LiAsFg i n  s u l f o l a n e ,  
which was found t o  g i v e  s u p e r i o r  s t a b i l i t y  toward  t h e  o x i d i z e d  
polymer.  The p e r c e n t a g e  dop ing  p e r  pheny l  r i n g  was d e t e r m i n e d  by 
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t h e  amount o f  c h a r g e  e x t r a c t e d  d u r i n g  d i s c h a r g e  to 3.0V. The crosses 
on t h e  c u r v e  r e p r e s e n t  t h e  o p e n - c i r c u i t  v o l t a g e  o b t a i n e d  a f t e r  a  
s i x - h o u r  w a i t  b e f o r e  d i s c h a r g e  ( t h e  c i r c l e s  a f t e r  a  3-day w a i t ) .  
The cou lombic  e f f i c i e n c y  f o r  a l l  p o i n t s  r e p r e s e n t e d  by c r o s s e s  were 
g r e a t e r  t h a n  80 %. 

Partiallv Oxidized Polv(p-phenvlene) vs. Li/Li + 

Doping Percentage 

Fig .  1 O p e n - c i r c u i t  v o l t a g e  vs .  o x i d a t i o n  l e v e l  p e r  p h e n y l  r i n g  
f o r  PPP 

The maximum d o p i n g  p e r c e n t a g e  p e r  p h e n y l  r i n g .  ( 1 6 % )  d e p i c t e d  i n  
F ig .  1 r e p r e s e n t s  t h e  h i g h e s t  r e v e r s i b l e  o x i d a t i o n  l e v e l  a c h i e v e d  t o  
d a t e  w i t h  PPP. T h i s  maximum p e r c e n t a g e  i m p l i e s  a  c o m p o s i t i o n  
[ ( c ~ H ~ ) + ~ . ~ ~ ( A s F ~ - )  0 . 1 6 ] ~ .  A f t e r  c y c l i n g  t h r o u g h  32 d e e p  c y c l e s ,  e l e -  

m e n t a l  a n a l y s i s  o f  t h e  PPP e l e c t r o d e  was o b t a i n e d  a f t e r  c h a r g i n g  
t o  a n  e x p e c t e d  o x i d a t i o n  l e v e l  o f  1 5 8  based  on t h e  number o f  coulombs 
pas sed .  The a n a l y s i s  gave  C6.00 H4.00 (AsF5 ,2 )0 .15  w i t h  4.6% o f  t h e  
sample  w e i g h t  unaccoun ted  f o r .  The low f l u o r i n e  t o  a r s e n i c  r a t i o  
r a t i o  m i g h t  be e x p l a i n e d  by s i m p l e  measurement  error, o r  by t h e  
p r e s e n c e  of  v a r i o u s  a r s e n i c  o x i d e s  o r  o x y f l u o r i d e s ,  produced p e r h a p s  
by r e a c t i o n  o f  t h e  d o p a n t  w i t h  a i r ,  w a t e r ,  o r  t h e  s o l v e n t .  The 
t h e o r e t i c a l l y  c o r r e c t  ca rbon  t o  hydrogen r a t i o  s u g g e s t s  t h a t  t h e  
polymer  i t s e l f  is n o t  deg raded  d u r i n g  c y c l i n g .  

The c h a r g e / d i s c h a r g e  b e h a v i o r  of  t r a n s  p o l y a c e t y l e n e  is shown i n  
Fig .  2. These  c u r v e s  were t a k e n  a t  a  c u r r e n t  d e n s i t y  o f  5 o U ~ / c m 2 .  
The coulombic  e f f i c i e n c y  i n  t h i s  c a s e  was 80%.  Rapid c h a r g e  and 
d i s c h a r g e  (lmA/cm2) g e n e r a l l y  gave  e f f i d i e n c i e s  o f  90% o r  b e t t e r .  
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Fig .  2  V o l t a g e  vs. o x i d a t i o n  l e v e l  p e r  CH u n i t  f o r  PA. 

L - 

- - - 

I11 - BEHAVIOR OF REDUCED POLYMERS - 
W e  have  a l s o  a s sembled  c e l l s  composed o f  a l k a l i - m e t a l  anodes  
r educed  polymer  c a t h o d e s ,  and a n  e l e c t r o y l t e  of  t h e  
a p p r o p r i a t e  a l k a l i - m e t a l  s a l t  i n  t e t r a h y d r o f u r a n ,  THF. 

- 

V o l t a g e  a s  a  f u n c t i o n  o f  c h a r g e  is p r e s e n t e d  i n  F ig .  3 f o r  l i t h i u m -  
doped PA vs .  L i /L i+  and Fig .  4  f o r  sodium-doped PA vs .  ~ a / N a + .  These  
c u r v e s  were o b t a i n e d  by s t e p p i n g  t h e  v o l t a g e  i n  s m a l l  i n c r e m e n t s  and 
w a i t i n g  f o r  t h e  c u r r e n t  t o  d e c a y  t o  a  s m a l l  v a l u e  ( 1 0  11~ /cm2) .  The 
c u r v e s  a r e  t h e o r e t i c a l l y  e q u i v a l e n t  t o  t h o s e  t h a t  would be o b t a i n e d  
f o r  a  c o n s t a n t  c u r r e n t  d i s c h a r g e  a t  10 u ~ / c m 2  ( o r  c o n s i d e r i n g  t h e  
polymer  w e i g h t s ,  1.25 mA/g f o r  L i  and 2mA/g f o r  Na).  Even though  t h e  
e f f e c t i v e  c h a r g e / d i s c h a r g e  r a t e s  f o r  t h e  c u r v e s  i n  F i g s .  3 and 4 a r e  
v e r y  low,  a n  a p p r e c i a b l e  h y s t e r e s i s  is e v i d e n t  ( e s p e c i a l l y  i n  t h e  c a s e  
o f  t h e  Li-doped s a m p l e ) .  One may a l s o  n o t e  t h a t  t h e r e  is e v i d e n c e  f o r  
a  d i s t i n c t  p l a t e a u  i n  t h e  c a s e  o f  b o t h  t h e  sodium-doped and t h e  
l i t h ium-doped  sample .  The v o l t a g e  and dop ing  r a n g e  cove red  by t h e  
p l a t e a u  a r e  v e r y  s i m i l a r  f o r  t h e  two t y p e s  of  d o p a n t s  ( a s suming  
L i /L i+  is 0.35 V  n e g a t i v e  of  Na/Na+). 

- 
5 3 -  

F - - 
0 > 

2 

P o l y ( p - p h e n y l e n e )  can  a l s o  be r educed  i n  a  LiC104/THF e l e c t r o l y t e .  
A s  c an  be s e e n  from Fig .  5,  t h e  r e d u c t i o n  o f  PPP t a k e s  p l a c e  a t  a  
g e n e r a l l y  l ower  v o l t a g e  vs .  L i / ~ i +  t h a n  t h e  r e d u c t i o n  o f  PA ( F i g .  3 ) .  
The r e d u c t i o n  o c c u r s  p r i m a r i l y  a l o n g  a  p l a t e a u  e x t e n d i n g  from a b o u t  
0.9V t o  0.6V. More i m p o r t a n t  f o r  t h e  p o t e n t i a l  u s e  o f  PPP a s  an  
anode ,  is t h e  f a c t  t h a t  e s s e n t i a l l y  a l l  t h e  l i t h i u m  is p u t  i n  o r  t a k e n  
o u t  a t  p o t e n t i a l s  below 1V ( a s  compared t o  1.9V f o r  PA, a s  s e e n  i n  
F ig .  3 ) .  The o b s e r v e d  h y s t e r e s i s  a t  a  c u r r e n t  d e n s i t y  o f  
40 p ~ / c m ~  ( 0 . 8  mA/g ) is a l s o  c o m p a r a t i v e l y  low. 

/ - - 
- - 

- Lithium - 
VS. - Oxidized Polyacetylene - 
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Lithium 
VS. 

Reduced Polyacetylene i 
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Fig .  3 V o l t a g e  vs  r e d u c t i o n  l e v e l  p e r  CH u n i t  f o r  r educed  
PA w i t h  ~ i +  c o u n t e r  i o n s  

Sodium 
vs. 

Reduced Polacetylene 

Fig .  4 V o l t a g e  v s  r e d u c t i o n  l e v e l  p e r  CH u n i t  f o r  r educed  
PA w i t h  ~ a +  c o u n t e r  i o n s  
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Fig. 5 Vol tage vs. r e d u c t i o n  Level p e r  phenyl  r i n g  f o r  PPP. 

IV - DISCUSSION 

It is obv ious  from t h e  d a t a  p r e s e n t e d  f o r  emf vs .  c a p a c i t y  t h a t  t h e r e  
is much s i m i l a r i t y  i n  t h e  e l e c t r o c h e m i c a l  behav ior  of p o l y a c e t y l e n e  
and polyphenylene. Furthermore t h e  appearance of p l a t e a u s  s u g g e s t s  
t h a t  t h e  mechanisms behind t h e  observed behavior  is complex. 

The v a r i a t i o n  i n  v o l t a g e  a t  low doping l e v e l s  may be f i t  by a  
l o g a r i t h m i c  e x p r e s s i o n  r e m i n i s c e n t  of t h e  Nernst  Equation. However, 
t h e  observed v o l t a g e  v a r i e s  much more r a p i d l y  than  would be p r e d i c t e d  
by t h e  Nernst  Equat ion a l o n e .  T h i s  r e s u l t  is no t  s u r p r i s i n g  s i n c e  t h e  
Nerns t  e q u a t i o n  assumes a  f i x e d  thermodynamic p o t e n t i a l  f o r  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 .  T h i s  assumption is i n v a l i d  s i n c e  t h e  poly-  
mers a r e  expec ted  t o  have an a r r a y  of r e d u c t i o n  o r  o x i d a t i o n  poten-  
t i a l s  a s  s u c c e s s i v e  e l e c t r o n s  a r e  t r a n s f e r r e d  t o  o r  from a  g i v e n  
cha in .  From a  s o l i d - s t a t e  p o i n t  of  view, t h i s  a r r a y  of  r e d u c t i o n  o r  
o x i d a t i o n  p o t e n t i a l s  w i l l  d i r e c t l y  r e s u l t  from t h e  s h i f t  i n  chemical  
p o t e n t i a l  caused by t h e  f i l l i n g  and s h i f t i n g  of t h e  polymer conduc t ion  
band ( r e d u c t i o n )  o r  t h e  emptying and s h i f t i n g  of t h e  va lence  band 
( o x i d a t i o n ) .  The movement of t h e  chemical  p o t e n t i a l  ( p )  w i l l  be 
c o n t r o l l e d  by t h e  behav ior  of t h e  d e n s i t y  of s t a t e s  ( N ( E ) )  n e a r  t h e  
band edge. I n  a  r i g i d  band i n  t h e  d e g e n e r a t e  l i m i t  t h e  v a r i a t i o n  of 
t h e  chemical  p o t e n t i a l  w i l l  be c o n t r o l l e d  by t h e  f o l l l o w i n g  r e l a t i o n :  

lI 1 N(E)dE oc Doping Percen t  
0 
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The v o l t a g e  of t h e  c e l l  (V) is n a t u r a l l y  r e l a t e d  t o  t h e  chemical  
p o t e n t i a l  through Faraday ' s  c o n s t a n t ,  V = -p/F. For a  one-dimensional 
polymer i n  a  d i s o r d e r e d  th ree -d imens iona l  l a t t i c e ,  t h e  d e n s i t y  of 
s t a t e s  is expected t o  peak n e a r  t h e  band edge and t o  t a i l  i n t o  t h e  gap 
because o f  t h e  d i s o r d e r .  S ince  t h e  v o l t a g e  w i l l  v a r y  s lowly  when t h e  
d e n s i t y  o f  s t a t e s  is a t  a  maximum and more r a p i d l y  e l sewhere ,  a  weak 
p l a t e a u - l i k e  behav ior  i n  t h e  v o l t a g e  v s  doping l e v e l  can r e s u l t .  Also 
one e x p e c t s  t h a t  t h e  o n s e t  of r e d u c t i o n  and o x i d a t i o n  w i l l  occur  j u s t  
b e f o r e  t h e  band edges .  Th i s  l a t t e r  i d e a  is w e l l  suppor ted  by t h e  d a t a  
i n  TABLE 1 which shows t h e  c l o s e  c o r r e l a t i o n  between band g a p s  
i n f e r r e d  from o p t i c a l  and e l e c t r o c h e m i c a l  d a t a .  

Table  1: Comparison of E lec t rochemica l  and Optical Data 

Oxidat ion  Reduction O p t i c a l  Absorpt ion 

Onset of Onset of Onset Edge Peak 
p-Doping n-Doping Gap 

Po lyace ty lene :  3.20 1.90 1.30V 1.4eL l .9eV 

Polyphenylene : 3.70 1 .15 2.55 2.8 3.35 

We have s o  f a r  n e g l e c t e d  e f f e c t s  b rought  on by s t r u c t u r a l  changes  
induced by e l e c t r o n  t r a n s f e r  and by t h e  p h y s i c a l  i n s e r t i o n  o f  i o n s  
i n t o  t h e  polymer l a t t i c e .  These e f f e c t s  a r e  expected t o  be impor tan t ,  
e s p e c i a l l y  a t  h igh  doping l e v e l s .  The f a c t  t h a t  t h e  polymer l a t t i c e  
must be expanded and r e o r g a n i z e d  i n  o r d e r  t o  accommodate t h e  i n s e r t e d  
c o u n t e r  i o n s  i m p l i e s  t h a t  a  minimum l o c a l  c o n c e n t r a t i o n  of  i o n s  w i l l  
be r e q u i r e d  b e f o r e  i n s e r t i o n  w i l l  be e n t h a l p i c a l l y  f a v o r a b l e .  
However, low l e v e l s  of r e d u c t i o n  o r  o x i d a t i o n  of t h e  polymer w i l l  
s t i l l  be p o s s i b l e  wi thou t  ion i n s e r t i o n  s i n c e  t h e  dimension of t h e  
polymer f i b r i l s  ( b o t h  PA and PPP) a r e  comparable wi th  t h e  d e p t h  of 
t h e  expected space  charge l a y e r .  I n  t h i s  l i m i t ,  doping l e v e l s  w i l l  be 
s m a l l  s i n c e  t h e  a v a i l a b l e  s u r f a c e  a r e a  (-50 m2/g f o r  PA and PPP) w i l l  
accommodate no more t h a n  abou t  0.003 i o n s  p e r  carbon atom i n  t h e  bulk.  
A more impor tan t  consequence of  t h e  n e c e s s a r y  s t r u c t u r a l  change is 
t h a t  once i o n s  a r e  i n s e r t e d  t h e y  w i l l  t end  n o t  t o  be homogeneously 
d i s t r i b u t e d .  The o c c u r r a n c e  of  d i s t i n c t  phases  is  a  l i k e l y  p o s s i b i -  
l i t y .  I n  f a c t ,  t h e  o b s e r v a t i o h  of s h a r p  p l a t e a u s  i n  Figs .  3  and 4 ,  is  
i n d i c a t i v e  of m u l t i p h a s e  behav ior  as s e e n  i n  t h e  e l e c t r o c h e m i c a l  
i n t e r c a l a t i o n  o f  g r a p h i t e 5 r  6, T ~ s ~ ,  3  and ~ 0 2 . 4  Recent x-ray measure- 
ments on iodine-doped p o l y a c e t y l e n e  have demonstra ted t h e  p o s s i b i l i t  
of  t h e  fo rmat ion  of  d i s t i n c t  d i l u t e  phases  i n  t h i s  m a t e r i a l  a s  we l l .  
The s h a r p e r  p l a t e a u s  observed wi th  sodium doping may stem from t h e  

Y 
f a c t  t h a t  t h i s  complex is c r y s t a l l i n e  w h i l e  t h e  L i  complex is 
amorphous. S t r u c t u r a l  measurements on t h e  a l k a l i - m e t a l  complexes of 
PA have shown t h a t  o n l y  L i  (among L i ,  Na, K, Rb, C s )  f a i l s  t o  form a  
t e t r a g o n a l  channe l  complex.8 The d i f f e r e n c e  i n  h y s t e r e s i s  may a l s o  
r e l a t e  t o  t h e  d i f f e r e n c e  i n  s t r u c t u r e  which w i l l  a f f e c t  d i f f u s i o n  
rates w i t h i n  t h e  polymer. I n  a d d i t i o n ,  it h a s  been r e p o r t e d 9  t h a t  
l i thium-doped p o l y a c e t y l e n e  c o - i n t e r c a l a t e s  THF t o  a  h i g h e r  degree  
t h a n  does  sodium-doped PA. The i n c l u s i o n  of s o l v e n t  w i l l  undoubtedly  
f u r t h e r  a f f e c t  c r y s t a l l i n i t y ,  d i f f u s i o n  r a t e s ,  and h y s t e r e s i s .  



CONCLUSION 

P o l y a c e t y l e n e  and p o l y ( p - p h e n y l e n e )  can  b o t h  be r e v e r s i b l y  o x i d i z e d  
and r educed .  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  t h e s e  m a t e r i a l s  a t  
l o w  dop ing  l e v e l s  c a n  be s u c c e s s f u l l y  r e l a t e d  t o  t h e  one -d imens iona l  
band s t r u c t u r e  which c h a r a c t e r i z e s  t h e  p r i s t i n e  po lymers .  At h i g h e r  
d o p i n g  l e v e l s  more complex b e h a v i o r  is o b s e r v e d  which is i n d i c a t i v e  
(mos t  c l e a r l y  i n  t h e  c a s e  of  sodium d o p i n g )  o f  s e p a r a t i o n  i n t o  
d i s t i n c t  d i l u t e  and c o n c e n t r a t e d  p h a s e s .  
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