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REDUCTION POTENTIALS : KEY TO DOPING PHENOMENA 

I N  POLYACETYLENE, (CH) x 

A. G .  MacDIARMID,  R. J .  MAMMONE, 
J .  R. KRAWCZYK and S. J .  PORTER 

Department  of  Chemis t ry  
U n i v e r s i t y  of P e n n s y l v a n i a  

P h i l a d e l p h i a ,  P e n n s y l v a n i a  1 9  104 

A b s t r a c t  

When (CH), i s  p-doped ( o x i d i z e d )  o r  n-doped ( r e d u c e d )  
c h e m i c a l l y  o r  e l e c t r o c h e m i c a l l y  t h e  "dopant"  i o n  may 
o r  may n o t  be d e r i v e d  f rom t h e  o x i d i z i n g  o r  r e d u c i n g  
a g e n t  as d i c t a t e d  by t h e  n a t u r e  of t h e  s p e c i f i c  doping 
r e a c t i o n  i n v o l v e d .  The r e d u c t i o n  p o t e n t i a l s  of neu- 
t r a l  (CH), and i t s  v a r i o u s  o x i d i z e d  or  reduced  s ta tes  
have  been  de termined  e l e c t r o c h e m i c a l l y  and have  been  
u s e d ,  t o g e t h e r  w i t h  known s t a n d a r d  r e d u c t i o n  p o t e n t i a l s  
of a v a r i e t y  of redox c o u p l e s ,  t o  r a t i o n a l i z e  t h e  
doping  of (CH), t o  t h e  meta l l ic  reg ime by a number of 
d o p a n t  s p e c i e s ,  i n c l u d i n g  g a s e o u s  02 o r  benzoquinone 
( b o t h  i n  aqueous  HBF4 s o l u t i o n ) ,  aqueous  HClO4 and  
aqueous  H2SO4. R e d u c t i o n  p o t e n t i a l s  can  be u s e d  t o  
p r e d i c t  new p- o r  n-dopants  which a re  thermodynamica l ly  
c a p a b l e  of d o p i n g  (CH), t o  t h e  metal l ic  regime. The 
p-doped p o l y a c e t y l e n e  is remarkably  s t a b l e  i n  t h e  aque- 
ous s o l u t i o n s  i n  which i t  i s  s y n t h e s i z e d .  

P o l y a c e t y l e n e ,  s y n t h e s i z e d  by t h e  c a t a l y t i c  po lymer iz -  
a t i o n  of a c e t y l e n e ,  HCSCH, i s  t h e  s i m p l e s t  c o n j u g a t e d  
o r g a n i c  po1ymer.l 
a r  *- o r  t r a n s -  c h a i n s  as shown i n  F i g u r e  1. 

I t  c a n  be p r e p a r e d  i n  t h e  form of plan-  

CIS TRANS 
FIGURE 1 :  cis and t r a n s  i s o m e r s  of (CH), 
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90 A. G .  MacDIARMID et al. 

Both cis- and trans-(CH), c a n  be "p-doped", ( p a r t l y  o x i d i z e d )  
o r  "n-doped" ( p a r t l y  r e d u c e d )  t h r o u g h  t h e  semiconduct ing  t o  
t h e  meta l l ic  r e g i m e  w i t h  c e r t a i n  c h e m i c a l  " d o p a n t s "  ( o x i d i z -  
i n g  o r  r e d u c i n g  a g e n t s )  o r  by e l e c t r o c h e m i c a l  o x i d a t i o n  o r  
 reduction.'^^ p-Doped (CH), c o n s i s t s  of a d e l o c a l i z e d  poly-  
carbonium i o n ,  (CH y ) x  i n  Combinat ion w i t h  a s t a b l e  c o u n t e r  
a n i o n ,  A- ,  which makes t h e  material (CH'YA-) 
l y  n e u t r a l .  A n a l o g o u s l y ,  n-doped (CH), c o n s i s t s  of a d e l o -  
c a l i z e d  p o l y c a r b a n i o n ,  ( CH-Y)x i n  c o m b i n a t i o n  w i t h  a s t a b l e  
c o u n t e r  c a t i o n ,  M+,  which i m p a r t s  e l e c t r i c a l  n e u t r a l i t y  t o  
t h e  mater ia l ,  [M:(CH-Y))x. 

e l ec t r i ca l -  
Y x '  

T h i s  p a p e r  w i l l  be devoted  t o  a d i s c u s s i o n  of t h e  con- 
c e p t  of doping  i n  p o l y a c e t y l e n e ,  t h e  p r o t o t y p e  c o n d u c t i n g  
polymer s i n c e  t h i s  polymer h a s  been  f a r  more e x t e n s i v e l y  
i n v e s t i g a t e d  t h a n  a n y  o t h e r  c o n d u c t i n g  polymer. However, 
i t  seems l i k e l y  t h a t  t h e  p r i n c i p l e s  l a i d  f o r t h  w i l l  be ap- 
p l i c a b l e  t o  most ,  i f  n o t  a l l  o t h e r  c o n d u c t i n g  polymer sys-  
t e m s  w i t h  a p p r o p r i a t e  m o d i f i c a t i o n  as d i c t a t e d  by funda- 
menta l  d i f f e r e n c e s  i n  chemica l  c o m p o s i t i o n ,  m o l e c u l a r  s t r u c -  
t u r e  and morphology. I t  w i l l  be shown t h a t  t h e  doping be- 
h a v i o r  of known p- and n-dopants  f o r  (CH), c a n  be r a t i o n a l -  
i z e d  on t h e  b a s i s  of t h e i r  s t a n d a r d  r e d u c t i o n  p o t e n t i a l s  
and t h a t  i n  a d d i t i o n ,  r e d u c t i o n  p o t e n t i a l s  c a n  be used t o  
p r e d i c t  new p o t e n t i a l  d o p a n t s .  

I .  THE CONCEPT OF DOPING 

When i t  was f i r s t  d i s c o v e r e d  t h a t  t h e  c o n d u c t i v i t y  of 
(CH), c o u l d  be i n c r e a s e d  by up t o  1 2  o r d e r s  of  magni tude  
by r e a c t i o n  w i t h  small  q u a n t i t i e s  of e l e c t r o n - a c c e p t i n g  o r  
e l e c t r o n - d o n a t i n g  s p e c i e s ,  t h e  phenomenon was termed "p- 
doping"  and 'On-doping" r e s p e c t i v e l y  by a n a l o g y  w i t h  t h e  
doping  of a c l a s s i ca l  s e m i c o n d u c t o r  s u c h  as s i l i c o n  which 
r e s u l t s  i n  a l a r g e  i n c r e a s e  i n  c o n d u c t i v i t y .  Phenomenolog- 
i c a l l y  t h i s  d e s i g n a t i o n  i s  c o r r e c t  bu t  as a b e t t e r  under- 
s t a n d i n g  of t h e  n a t u r e  of t h e  doping  p r o c e s s  i n  (CH), h a s  
d e v e l o p e d ,  it h a s  become a p p a r e n t  t h a t  t h e  d e s i g n a t i o n  is 
m e c h a n i s t i c a l l y  m i s l e a d i n g .  

F o r  example,  i n  t h e  p-doping of a c r y s t a l  of s i l i c o n ,  
i n  which e a c h  s i l i c o n  a tom h a s  f o u r  v a l e n c e  e l e c t r o n s ,  a 
s i l i c o n  s i t e  i n  t h e  c r y s t a l  l a t t i c e  is r e p l a c e d  by a boron 
atom which p o s s e s s e s  o n l y  th ree  v a l e n c e  e lectrons.  Hence,  
e v e n  i f  t h e r e  s h o u l d  be no c h a r g e  t r a n s f e r  between neigh- 
b o r i n g  s i l i c o n  atoms and t h e  boron a tom,  i . e .  t h e  s i l i c o n  
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DOPING PHENOMENA IN (CH), 91 

and boron atoms are  e l e c t r i c a l l y  n e u t r a l ,  t h e  boron  s i t e  
i s  e l e c t r o n  d e f i c i e n t  i n s o f a r  as t h e  c r y s t a l  l a t t i c e  i s  
c o n c e r n e d .  I t ,  t h e r e f o r e ,  r e p r e s e n t s  a p o s i t i v e  " h o l e "  i n  
t h e  c r y s t a l  l a t t i c e .  C o n v e r s e l y ,  if a c r y s t a l  of s i l i c o n  
i s  doped by r e p l a c i n g  a s i l i c o n  s i t e  i n  t h e  l a t t i c e  by a 
phosphorus  atom, which h a s  f i v e  v a l e n c e  e l e c t r o n s ,  t h i s  
c o n s t i t u t e s  a n e g a t i v e  s i t e  i n s o f a r  as  t h e  c r y s t a l  l a t t i c e  
i s  c o n c e r n e d ,  i .e. t h e r e  are f i v e  v a l e n c e  e l e c t r o n s  i n  a s i t e  
n o r m a l l y  o c c u p i e d  by a s i l i c o n  atom which h a s  o n l y  f o u r  va- 
lence e l e c t r o n s .  These p o s i t i v e  and n e g a t i v e  s i tes  i n  t h e  
c r y s t a l  l a t t i c e  e x i s t  r e g a r d l e s s  of whether  t h e r e  i s  o r  i s  
n o t  s i g n i f i c a n t  charge  t r a n s f e r  between t h e  s i l i c o n  and t h e  
d o p a n t  atom c a u s e d  by d i f f e r e n c e s  i n  e l e c t r o n e g a t i v i t y  be- 
tween  t h e  s i l i c o n  and t h e  dopant  atoms. 

The d o p i n g  of c o n d u c t i n g  polymers  i s  c o n c e p t u a l l y  com- 
p l e t e l y  d i f f e r e n t  from t h e  doping of a c lass ica l  semiconduc-  
t o r  s u c h  as s i l i c o n .  p-Doping of a c o n d u c t i n g  polymer r e f e r s  
t o  t h e  p a r t i a l  o x i d a t i o n  of t h e  c o n d u c t i n g  polymer ,  e . g . ,  

T h i s  may be  accompl ished  e i t h e r  c h e m i c a l l y  o r  e lec t rochem-  
i c a l l y .  I n  o r d e r  t o  p r e s e r v e  e l e c t r i c a l  n e u t r a l i t y  i n  
t h e  sys tem a c o u n t e r  a n i o n ,  A-, must  a l s o  be p r o v i d e d :  

To d a t e ,  a l l  c o u n t e r  a n i o n s  used  have been monovalent .  
A n a l o g o u s l y ,  n-doping r e f e r s  t o  t h e  p a r t i a l  r e d u c t i o n  of 
t h e  c o n d u c t i n g  polymer ,  e .g . ,  

Again ,  i n  o r d e r  t o  p r e s e r v e  e l e c t r i c a l  n e u t r a l i t y ,  a c o u n t e r  
c a t i o n ,  Me, must  be p r o v i d e d :  

To d a t e ,  a l l  c o u n t e r  c a t i o n s  have  been monovalent  s p e c i e s .  

The c o u n t e r  i o n s  may b e  c o m p l e t e l y  d i f f e r e n t  c h e m i c a l l y  
f r o m  the o x i d i z i n g  r e d u c i n g  s p e c i e s  o r  t h e y  may be -- 
d e r i v e d  from them. F o r  example,  i n  t h e  n-doping of (CH), 
by sodium n a p h t h a l i d e ,  t h e  s t r o n g l y  r e d u c i n g  n a p h t h a l i d e  - .  
r a d i c a l  a n i o n  made by d i s s o l v i n g - & t a l l i c  sodium i n  a solu- 
t i o n  of n a p h t h a l e n e  i n  t e t r a h y d r ~ f u r a n ~  i s  u s e d .  An 
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92 A. G. MacDIARMID ef al. 

e l e c t r o n  i s  t r a n s f e r r e d  t o  t h e  lowest energy  an t ibond ing  
IT* molecular  o r b i t a l  i n  t h e  naph tha lene  and t h e  Na+ 
ion  s o  formed acts as t h e  c o u n t e r  c a t i o n .  The lowes t  
energy  an t ibond ing  IT* molecu la r  o r b i t a l  i n  (CH), i s  ap- 
p a r e n t l y  of lower  energy  t h a n  t h e  IT* o r b i t a l  of t h e  naph- 
t h a l e n e  c o n t a i n i n g  t h e  unpa i r ed  e l e c t r o n ,  s i n c e  t h e  e l e c t r o n  
i s  spontaneous ly  t r a n s f e r r e d  from t h e  IT* o r b i t a l  of t h e  
naph tha lene  t o  t h e  IT* o r b i t a l  of t h e  (CH), when (CH), i s  
p laced  i n  t h e  s o l u t i o n  of sodium n a p h t h a l i d e .  The naphtha-  
l i d e  r a d i c a l  an ion  acts as t h e  reducing  a g e n t :  

(CH), + (xy)Nphth- --t (CH-Y)x + (xy)Nphth  (5 )  

whi le  t h e  Na+ i o n  a c t s  a s  t h e  c o u n t e r  "dopant"  c a t i o n :  

The r educ ing  agen t  i s  n o t  r e l a t e d  chemica l ly  t o  t h e  dopant  
c a t i o n .  I f ,  however, m e t a l l i c  sodium i s  used i n ,  f o r  ex- 
ample, t h e  form of a l i q u i d  amalgam, t h e  r e a c t i o n  may be 
regarded  as c o n s i s t i n g  of two h y p o t h e t i c a l  p a r t s .  The 
sodium f i r s t  a c t s  a s  a r educ ing  a g e n t :  

and t h e  Na+ s o  formed,  t h e n  ac t s  a s  t h e  dopant  c a t i o n :  

I n  t h i s  ca se  t h e  dopant  i o n ,  Na', i s  chemica l ly  d e r i v e d  
d i r e c t l y  from t h e  r educ ing  agen t .  I f ,  however, (CH), i s  
n-doped e l e c t r o c h e m i c a l l y ,  t h e  r e d u c t i o n  i s  c a r r i e d  out  
e l e c t r o c h e m i c a l l y  and any conven ien t  c o u n t e r  c a t i o n  may be  
used a s  t h e  dopant  i on .  For  example,  i f  (CH), i s  p laced  i n  
a s o l u t i o n  of (n-Bu4N)+(C104-) i n  t e t r a h y d r o f u r a n  and i s  
h e l d  a t  a p o t e n t i a l  less p o s i t i v e  t h a n  +1.8V (vs .  L i ) *  i t  
w i l l  become reduced:  

*The convent ion  used i n  t h i s  d i s c u s s i o n  is  t h a t  t h e  s t a n d a r d  
r e d u c t i o n  p o t e n t i a l ,  E ied ,  f o r  t h e  e l e c t r o d e  r e a c t i o n :  
L i +  + e- 
Hydrogen E l e c t r o d e  ( s e e  a l s o  Table  I ) .  

L i  i s  -3.05 v o l t s  w i t h  r e s p e c t  t o  t h e  S tanda rd  
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DOPING PHENOMENA IN (CH), 93 

and t h e  (n-Bu4N)+ i o n  w i l l  t hen  a c t  a s  t h e  dopant coun te r  
an ion:  

When (CH), i s  p-doped wi th  i o d i n e ,  t h e  i o d i n e  acts as 
t h e  ox id iz ing  agent  and t h e  dopant coun te r  an ion ,  1; is 
d e r i v e d  from t h e  o x i d i z i n g  agen t :  

Examples of p-doping where t h e  o x i d i z i n g  agent i s  d i f f e r e n t  
from t h e  dopant an ion  a r e  g iven  i n  S e c t i o n  111. 

I n  o r d e r  t o  have a p- o r  n-doped conduct ing  polymer 
which is  s t a b l e  i t  i s  e s s e n t i a l  t h a t  t h e  dopant c a t i o n  o r  
an ion  does no t  r e a c t  chemica l ly  i n  an i r r e v e r s i b l e  manner 
w i t h  t h e  carbonium i o n  o r  w i t h  t h e  carbanion. For  example, 
iodine-doped (CH),, i .e . ,  [CH+Y( I-) ] l o s e s  i t s  conduct- 
i v i t y 6  slowly when s t and ing  i n  a vacuum f o r  s e v e r a l  weeks 
because  t h e  I- i on  r e a c t s  i r r e v e r s i b l y  and d e s t r u c t i v e l y  
w i t h  t h e  (CH'?) i o n  t o  form H I  and a complex mixture  of 
unknown i n s u l a t i n g  p roduc t s :  

3 Y X  

?( 

1; + (CH+Y)x+ H I  + C x H p I  9 

I f  a doped conduct ing  polymer is t o  be s t a b l e  i n  a i r ,  (02  
and H20), t h e n ,  i n  a d d i t i o n  t o  t h e  n e c e s s i t y  of i t s  be ing  
chemica l ly  s t a b l e  t o  i t s  own dopant coun te r  i on ,  i t  i s  
a b s o l u t e l y  necessa ry  t h a t  t h e  coun te r  i o n  be u n r e a c t i v e  
towards oxygen and wa te r .  The more d i f f i c u l t  problem i s ,  
however, t o  o b t a i n  a polycarbonium ion  o r  ca rban ion  which 
i s  a l s o  s t a b l e  t o  oxygen and wa te r .  However, as i s  shown 
i n  S e c t i o n  111, each  of t h e s e  t h r e e  c r i t i c a l  s t a b i l i t y  cri-  
t e r i a  have been a t t a i n e d  f o r  p-doping of (CH), a t  l e a s t  
under c e r t a i n  expe r imen ta l  cond i t ions .  

I n  summary, t h e  use of t h e  term "doping" when r e f e r -  
r i n g  t o  t h e  i n c r e a s e  i n  c o n d u c t i v i t y  of polymers by many 
o r d e r s  of magnitude by t h e  i n c o r p o r a t i o n  of a few pe rcen t  
of a d i f f e r e n t  chemical s p e c i e s  i s  phenomenologically 
c o r r e c t .  However, i t  is concep tua l ly  very  d i f f e r e n t  from 
t h e  doping of a c l a s s i c a l  semiconductor.  A s  w i l l  be shown 
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94 A. G .  MacDIARMID et al. 

i n  S e c t i o n s  11 and 111 i t  is  necessa ry  t o  remember t h a t  
t h e  doping of conduc t ing  polymers i s  a s imple  chemical  
ox ida t ion - reduc t ion  ( r edox)  r e a c t i o n  and t h a t  t h e  r o l e  of 
t h e  "dopant"  s p e c i e s  d i f f e r s  f rom t h a t  i n  c l a s s i c a l  semi- 
conductors .  With t h i s  i n  mind, i t  is  t h e n  p o s s i b l e  t o  
r a t i o n a l i z e  why c e r t a i n  s p e c i e s  can a c t  as p- o r  n-dopants  
and t o  p r e d i c t  new p- and n-dopants f o r  p o t e n t i a l l y  conduc- 
t i n g  o r g a n i c  polymer sys tems.  

I I. REDUCTION POTENTIAL OF POLYACETYLENE 

The s t a n d a r d  r e d u c t i o n  p o t e n t i a l  of a redox coup le  i s  
measured w i t h  r e s p e c t  t o  t h e  p o t e n t i a l  of t h e  s t a n d a r d  hy- 
drogen e l e c t r o d e ,  which i s  d e f i n e d  as z e r o  a t  25°C. A l l  
s u b s t a n c e s  must be a t  u n i t  a c t i v i t y .  A conven t iona l  s t a n -  
dard  r e d u c t i o n  p o t e n t i a l  cannot  be measured f o r  a polyace-  
t y l e n e  couple  s i n c e  two s e p a r a t e  s t a t e s ,  t h e  ox id ized  s t a t e  
and t h e  reduced s t a t e ,  each  a t  u n i t  a c t i v i t y ,  cannot  be ob- 
t a i n e d  i n  t h e  same p i e c e  of ( s o l i d )  po lyace ty l ene .  A l so ,  
p o l y a c e t y l e n e  i s  i n s o l u b l e  i n  a l l  s o l v e n t s  r e g a r d l e s s  of 
i t s  o x i d a t i o n  s t a t e .  I n  a d d i t i o n ,  i t s  polymer ic  n a t u r e  d ic -  
t a t e s  t h a t  i t s  o x i d a t i o n  s t a t e  w i l l  change i n  a con t inuous  
manner, n o t  i n  i n t e g r a l  s t e p s  as i s  t h e  case when d i s c r e e t  
i o n s  o r  molecules  a r e  ox id i zed  o r  reduced .  The r e d u c t i o n  
p o t e n t i a l s  f o r  t h e  p o l y a c e t y l e n e  coup les  a r e ,  t h e r e f o r e ,  
h e r e  de f ined  as t h e  p o t e n t i a l s  f o r  a g iven  l e v e l  of oxida-  
t i o n  o r  r e d u c t i o n  of t h e  p o l y a c e t y l e n e  such t h a t  t h e  a p p l i -  
c a t i o n  of an i n f i n i t e s i m a l l y  s m a l l  p o t e n t i a l  g r e a t e r  o r  
smaller than  t h a t  of t h e  couple  w i l l  r e s u l t  i n  t h e  removal 
o r  a d d i t i o n ,  r e s p e c t i v e l y ,  of an  i n f i n i t e s i m a l l y  sma l l  
amount of n e g a t i v e  cha rge ,  ( ax )e - ,  from o r  t o  t h e  couple .  

The open c i r c u i t  v o l t a g e ,  V o c ,  measured between a 
p i e c e  of pure  trans-(CH), f i l m  and a p i e c e  of l i t h i u m  
meta l  bo th  immersed i n  a 1.0 molar  s o l u t i o n  of L i C 1 0 4  
i n  propylene  c a r b o n a t e  w i l l  l i e  somewhere i n  t h e  range  
between +2 t o  +3 v o l t s 7  depending on t h e  s l i g h t l y  d i f -  
f e r e n t  ways i n  which t h e  f i l m  h a s  been p r e v i o u s l y  s t o r e d  
o r  handled.  T h i s  i s  unusual  s i n c e  a pure  o x i d i z a b l e  o r  
r educab le  m a t e r i a l  w i l l  u s u a l l y  e x h i b i t  a g i v e n  f i x e d  
p o t e n t i a l  under  t h e s e  c o n d i t i o n s .  E lec t rochemica l  ox ida-  
t i o n  (p-doping)  of  t h e  (CH), c a n  be accomplished by a t t a c h -  
i n g  t h e  p o s i t i v e  t e r m i n a l  of a d .c .  power supp ly  t o  t h e  
(CH),, t h e  n e g a t i v e  t e r m i n a l  being a t t a c h e d  t o  any con- 
v e n i e n t  coun te r  e l e c t r o d e ,  e .g .  a p i e c e  of p l a t inum w i r e .  
A s  t h e  a p p l i e d  p o t e n t i a l  i s  i n c r e a s e d  i t  i s  found t h a t  
s i g n i f i c a n t  c u r r e n t  on ly  beg ins  t o  f l o w ,  i .e .  s i g n i f i c a n t  
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DOPING PHENOMENA IN (CH), 95 

o x i d a t i o n  ( w i t h d r a w a l  of e l e c t r o n s  f rom t h e  (CH),) o n l y  
b e g i n s  t o  o c c u r  when t h e  p o t e n t i a l  of t h e  (CH), v e r s u s  a 
l i t h i u m  metal r e f e r e n c e  e l e c t r o d e  i s  more p o s i t i v e  t h a n  
+3.1 v o l t s . 8  The l i t h i u m  r e f e r e n c e  e l e c t r o d e  is a l s o  
immersed i n  t h e  e l e c t r o l y t e  and i s  a t t a c h e d  t o  t h e  (CH), 
e l e c t r o d e  v i a  a v o l t m e t e r .  C o n v e r s e l y ,  e l e c t r o c h e m i c a l  
r e d u c t i o n  (n-doping)  of  t h e  (CH), c a n  be accompl ished  
by a t t a c h i n g  t h e  (CH), t o  t h e  n e g a t i v e  t e r m i n a l  of a 
d . c .  power s u p p l y  and t h e  c o u n t e r  e l e c t r o d e  t o  t h e  posi- 
t i v e  t e r m i n a l .  A s  t h e  a p p l i e d  p o t e n t i a l  i s  d e c r e a s e d  i t  
i s  found t h a t  a s i g n i f i c a n t  c u r r e n t  o n l y  b e g i n s  t o  f l o w  
i .e .  s i g n i f i c a n t  r e d u c t i o n  ( a d d i t i o n  of e l e c t r o n s  t o  t h e  
(CH),) o n l y  b e g i n s  t o  o c c u r  when t h e  p o t e n t i a l  of t h e  
(CH), v e r s u s  a l i t h i u m  metal r e f e r e n c e  e l e c t r o d e  i s  l e s s  
p o s i t i v e  t h a n  +1.8 v o l t s .  

The above o b s e r v a t i o n s  may b e  u n d e r s t o o d  by r e f e r r i n g  
t o  t h e  d e n s i t y  of s ta tes  d iagram g i v e n  f o r  t rans-(CH),  i n  
F i g u r e  2. 

2 - 
x > 
W 
Z 
Lu 

I* MOLECULAR 

BAND GAP (1.4 eV)  

[FROM THE NEAR.IR 

SPECTRUM1 

I MOLECULAR 

VALENCE 

DENSITY OF STATES 

FIGURE 2:9 The l e f t - h a n d  d iagram i s  t h e  c o n v e n t i o n a l  
d e n s i t y  of s t a t e s  d iagram f o r  trans-(CH),. The r i g h t -  
hand d iagram d e p i c t s  t h i s  i n  terms of TI and n* m o l e c u l a r  
o r  b i  t a1 s . 
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96 A. G .  MacDIARMID et al. 

The d e n s i t y  of s t a t e s  i . e .  t h e  number of p i  mo lecu la r  orb i -  
t a l s  i n  undoped trans-(CH), between t h e  t o p  of t h e  p i  
bonding o r b i t a l s  ( v a l e n c e  band) and bottom of t h e  p i  a n t i -  
bonding o r b i t a l s  ( conduc t ion  band) is ext remely  smal l .  
Hence, when e l e c t r o n s  a r e  f i r s t  removed from (CH), they  
w i l l  be removed i n  any s i g n i f i c a n t  amount on ly  from t h e  
top  of t h e  va l ence  band. Expe r imen ta l ly  t h i s  occurs  only 
when t h e  p o t e n t i a l  of t h e  (CH), i s  more p o s i t i v e  than  
+3.1 v o l t s  ve r sus  a l i t h i u m  metal r e f e r e n c e  e l e c t r o d e .  
Th i s  v a l u e ,  t h e r e f o r e ,  d e f i n e s  t h e  energy of t h e  top  of 
t h e  va lence  band wi th  r e s p e c t  t o  l i t h i u m .  Analogously,  
e l e c t r o n s  can only be added t o  t h e  (CH), i n  any s i g n i f i -  
can t  amount by i n j e c t i n g  them i n t o  t h e  empty an t ibond ing  
n* molecu la r  o r b i t a l s  a t  t h e  bottom of t h e  conduct ion  
band. Th i s  on ly  beg ins  t o  o c c u r  when t h e  p o t e n t i a l  of t h e  
(CH), i s  l e s s  p o s i t i v e  t h a n  +1.8 v o l t s  v e r s u s  a l i t h i u m  
meta l  r e f e r e n c e  e l e c t r o d e .  T h i s  v a l u e ,  t h e r e f o r e ,  d e f i n e s  
t h e  energy  of t h e  bottom of t h e  conduct ion  band wi th  
r e s p e c t  t o  l i t h i u m .  Hence n e u t r a l  (CH), h a s  a " f l o a t i n g "  
p o t e n t i a l  ve r sus  t h e  L i + / L i  couple .  The midpoint between 
+3.1 v o l t s  and +1.8 v o l t s  i.e. +2.4 t o  +2.5 v o l t s ,  t he re -  
f o r e ,  d e f i n e s  a p o t e n t i a l  which can be regarded  a s  charac- 
t e r i s t i c  of p r i s t i n e ,  undoped (CH),, ( s e e  Table  I).  

The r e l a t i o n s h i p  between t h e  c e l l  p o t e n t i a l  (open cir- 
c u i t  v o l t a g e )  of trans(CH), and t h e  pe rcen t  o x i d a t i o n  of 
t h e  p-doped (CH), i s  g i v e n  by t h e  upper  curve i n  F i g u r e  
3 .8 Oxida t ion  was c a r r i e d  O u t  e l e c t r o c h e m i c a l l y  us ing  
t h e  ( C104)- dopant anion. The ana logous  r e l a t i o n s h i p  
between t h e  open c i r c u i t  v o l t a g e  and t h e  pe rcen t  r e d u c t i o n  
i s  g iven  by t h e  lower curve .  Th i s  was ob ta ined  by e l e c t r o -  
chemical r e d u c t i o n  us ing  t h e  L i +  dopant c a t i o n .  Subsequent 
s t u d i e s  showed t h a t  more e x a c t  v a l u e s  of t h e  onse t  of 
o x i d a t i o n  and r e d u c t i o n  could  be ob ta ined  i n  a computer- 
c o n t r o l l e d  s t u d y  i n  which t h e  a p p l i e d  p o t e n t i a l  w a s  in -  
c r eased  i n  a s e r i e s  of ve ry  small increments ,  dV, t h e  
number of coulombs passed  a t  each  inc remen t ,  dQ, be ing  
recorded  when t h e  c u r r e n t  which flowed a f t e r  each increment 
had decreased  t o  a very  sma l l  va lue .  The r e s u l t s  of t h i s  
s tudy  a r e  g iven  i n  t h e  i n s e t  t o  F i g u r e  3.7 
c l e a r l y  seen  t h a t  e s s e n t i a l l y  no coulombs are passed on 
changing t h e  app l i ed  p o t e n t i a l  i n  t h e  range +3.1 t o  +1.75 
v o l t s .  Th i s  i s  c o n s i s t e n t  w i th  t h e  very  small d e n s i t y  of 
s t a t e s  w i t h i n  t h e  band gap and m r e o v e r ,  t h e  d i f f e r e n c e  
between t h e s e  v a l u e s  (1.35 v o l t s )  g i v e s  t h e  va lue  of t h e  
band gap of trans-(CH), as de termined  e l e c t r o c h e m i c a l l y .  

I t  can be 
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DOPING PHENOMENA IN (CH), 91 

I t  is i n  c l o s e  agreement  w i t h  t h e  v a l u e  of  - 1.4eV d e t e r -  
mined f o r  t h e  band gap  of trans-(CH), by measurement of 
i t s  v i s i b l e - n e a r  I / R  a b s o r p t i o n  spec t rum.  lo  

4 

z 
I- 
W 

8 
- 1 2  
-1 
W u 

I 

0 1 2 3 4 5 6  7 8 
PERCENT OXIDATION OR REDUCTION 

FIGURE 3: R e l a t i o n s h i p  between t h e  c e l l  p o t e n t i a l  (open  
c i r c u i t  v o l t a g e )  ( v e r s u s  t h e  L i + / L i  c o u p l e )  and t h e  p e r c e n t  
o x i d a t i o n  and r e d u c t i o n  of trans-(CH),. The i n s e t  shows 
t h e  o n s e t  p o t e n t i a l s  of o x i d a t i o n  and r e d u c t i o n  u s i n g  
dQ /dV me as ur  erne n t  s. 

S e l e c t e d  c h a r a c t e r i s t i c  p o t e n t i a l s  of n e u t r a l ,  o x i -  
d i z e d  and r e d u c e d  p o l y a c e t y l e n e  c o u p l e s  o b t a i n e d  from t h e  
c u r v e s  g i v e n  i n  F i g u r e  3 are g i v e n  i n  T a b l e  I t o g e t h e r  
w i t h  t h e  s t a n d a r d  r e d u c t i o n  p o t e n t i a l s  of c e r t a i n  o t h e r  
c o u p l e s  o b t a i n e d  from t h e  1 i t e r a t u r e . l l  
g i v e  s t a n d a r d  r e d u c t i o n  p o t e n t i a l s  w i t h  r e s p e c t  t o  t h e  
s t a n d a r d  hydrogen  e l e c t r o d e ,  H + / H z ,  i .e. S.H.E., i n  
aqueous s o l u t i o n  whose p o t e n t i a l  is d e f i n e d  as z e r o .  The 
p o t e n t i a l  of t h e  L i + / L i  c o u p l e  d i f f e r s  from t h a t  of t h e  
H+/H2 c o u p l e  by 3.05 v o l t s .  
q u e n t l y  d e t e r m i n e d  i n  non-aqueous s o l u t i o n s  by r e f e r e n c e  
t o  t h e  L i + / L i  c o u p l e ,  v a l u e s  are  l i s t e d  f o r  c o n v e n i e n c e  
i n  T a b l e  I v e r s u s  t h e  H+/H2 c o u p l e  and a l s o  v e r s u s  t h e  
L i + / L i  couple .  

R e f e r e n c e  works 

S i n c e  p o t e n t i a l s  are f r e -  

These v a l u e s  can  be i n t e r c o n v e r t e d  by 
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98 A. G. MacDIARMID et at. 

a d d i t i o n  o r  s u b t r a c t i o n  of 3.05 v o l t s .  S ince  r e d u c t i o n  
p o t e n t i a l  v a l u e s  w i l l  va ry  somewhat a c c o r d i n g  t o  t h e  so l -  
ven t  i n  which they  a r e  measured t h e  v a l u e s  ob ta ined  by 
t h e  s imple  a d d i t i o n  o r  s u b t r a c t i o n  of 3.05 v o l t s  on 
going  from one s o l v e n t  system t o  a n o t h e r  must be used w i t h  
c a u t i o n .  However, i n  t h e  nonaqueous s o l v e n t s  commonly 
used t o  d a t e  i n  s t u d i e s  on conduct ing  polymers ,  i t  appears  
t h a t  t h e  va lue  o b t a i n e d  by s u b t r a c t i n g  3.05 v o l t s  from a 
va lue  ob ta ined  e x p e r i m e n t a l l y  i n  aqueous s o l u t i o n  w i l l  not  
d i f f e r  by more than  - 0.1 v o l t  from t h e  va lue  ob ta ined  
e x p e r i m e n t a l l y  i n  t h e  non-aqueous s o l v e n t  systems.  Hence, 
t h e  s t a n d a r d  r e d u c t i o n  p o t e n t i a l s  of c o u p l e s  de te rmined  i n  
aqueous s o l u t i o n  (when a l l  components are a t  u n i t  a c t i v i t y )  
can be a p p l i e d  q u a l i t a t i v e l y  t o  r a t i o n a l i z a t i o n s  and 
p r e d i c t  i ons  i n  non-aqueous s o l u t i o n ,  as d e s c r i b e d  below, 
so long  as t h e  d i f f e r e n c e  i n  r e d u c t i o n  p o t e n t i a l s  be ing  
compared i s  more t h a n  a few t e n t h s  of a v o l t .  S i m i l a r  
arguments  app ly  t o  aqueous and non-aqueous s o l u t i o n s  when 
a c t i v i t i e s  d i f f e r  from u n i t y .  

111. THE ROLE OF REDUCTION POTENTIALS I N  RATIONALIZING AND 

PREDICTING p- AND n-DOPANTS 

The e l e c t r o n s  i n  t h e  redox c o u p l e s  i n  Tab le  I may be  
l o o s e l y  r ega rded  as a "chemica l  s p e c i e s "  i n  t h e  g i v e n  equi-  
l i b r i u m  r e a c t i o n s .  S i m i l a r l y ,  t h e  r e d u c t i o n  p o t e n t i a l s  a r e  
a f u n c t i o n  of t h e  e q u i l i b r i u m  c o n s t a n t  f o r  t h e  r e a c t i o n s .  
The less p o s i t i v e  t h e  r e d u c t i o n  p o t e n t i a l  t h e  more t h e  
e q u i l i b r i u m  t e n d s  t o  l i e  t o  t h e  l e f t .  Hence, when t h e  can- 
ponents  of two coup les  a r e  mixed, t h e  coup le  wi th  t h e  l ess  
p o s i t i v e  r e d u c t i o n  p o t e n t i a l  t e n d s  t o  move from r i g h t  t o  
l e f t ,  r e l e a s i n g  e l e c t r o n s ,  wh i l e  t h e  c o u p l e  wi th  t h e  more 
p o s i t i v e  p o t e n t i a l  t e n d s  t o  move from l e f t  t o  r i g h t ,  
t a k i n g  i n  t h e  e l e c t r o n s  r e l e a s e d  by t h e  less  p o s i t i v e  
couple .  For  example, when t h e  components of coup les  6 and 
7 i .e. 
thermodynamical ly  p r e d i c t e d  r e a c t i o n  i s :  

t h e  C r + 2 ,  C r + 3 ,  Pb+2 i o n s  and Pb a r e  mixed, t h e  

C r + 2  + Pb+2 -+ Cr+3  + Pb (15) 

Whether o r  no t  a g i v e n  r e a c t i o n  p r e d i c t e d  from r e d u c t i o n  po- 
t e n t i a l  v a l u e s  w i l l  o r  w i l l  n o t  o c c u r ,  depends on whether  
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DOPING PHENOMENA IN (CH), 99 

o r  no t  t h e  a c t i v a t i o n  energy  f o r  t h e  r e a c t i o n  i s  s m a l l  o r  
l a r g e .  However, i f  r e d u c t i o n  p o t e n t i a l s  p r e d i c t  t h a t  a 
r e a c t i o n  cannot occur  thermodynamically,  t hen  such  a reac-  
t i o n  need not  be i n v e s t i g a t e d  expe r imen ta l ly .  

I n  t h e  p a s t  t h e  s e l e c t i o n  of p- o r  n-dopants f o r  con- 
duc t ing  polymers has been c a r r i e d  cut on a haphazard trial 
and e r r o r  b a s i s .  I t  now appea r s  t h a t  s e l e c t i o n  of dopants  
can  be made i n  a s c i e n t i f i c ,  l o g i c a l  manner by use  of re- 
d u c t i o n  p o t e n t i a l s  of l i k e l y  dopant systems. S e v e r a l  exam- 
p l e s  w i l l  be g iven  below i l l u s t r a t i n g  t h e  use  of t h i s  ap- 
proach. Many more can be c i t e d  t o  r a t i o n a l i z e  known 
dopan t s  f o r  (CH), and new dopant  systems can be p r e d i c t e d ,  
assuming f a v o r a b l e  k i n e t i c s .  

From coup les  5 and 11 (Tab le  I )  i t  would be p r e d i c t e d  
t h a t  e x c e s s  I 2  shou ld  p-dope ( o x i d i z e )  (CH), acco rd ing  
t o  t h e  equa t ion :  

I n  t h e  presence  of e x c e s s  12,  t h e  I- i o n  is known t o  co- 
o r d i n a t e  wi th  an  I2 molecule t o  form t h e  1; ion.  T h i s  
r e a c t i o n  does not involve  o x i d a t i o n  o r  reduct ion .  The 
f i n a l  expec ted  product  would, t h e r e f o r e ,  be [CH+y(I;)y]x. 
Exper imenta l ly  i t  i s  found t h a t  i o d i n e  does  dope (CH), 
t o  t h e  metallic regime and t h a t  t h e  i o d i n e  e x i s t s  p r i -  
m a r i l y  a s  t h e  I- i o n  w i t h  s m a l l e r  q u a n t i t i e s  of t h e  

1; 
I3  ion. 
p o t e n t i a l  of t h e  oxid ized  p o l y a c e t y l e n e  should be i d e n t i -  
c a l  w i th  t h a t  of t h e  i o d i n e  a t  e q u i l i b r i u m  c o n d i t i o n s .  
T h i s  v a l u e  i s  +3.59 v o l t s  (vs.  L i + / L i )  (Table  I) when t h e  
a c t i v i t y  of t h e  I2 and I- a r e  both  un i ty .  
e m p i r i c a l  equa t ion :  8 

i o n  formed %y t h e  a d d i t i o n  of an I molecule t o  t h e  
I n  t h e  presence  of excess  io&ne t h e  r e d u c t i o n  

Using t h e  

Voc = 3.43 + 0.141ny (18) 

(where y i s  t h e  pe rcen t  o x i d a t i o n )  r e l a t i n g  t h e  e x t e n t  of 
o x i d a t i o n  of (CHI, t o  i t s  V o c  (open c i r c u i t  v o l t a g e  vs.  
L i + / L i ) ,  t h e  above va lue  would r e d i c t  an  o x i d a t i o n  l e v e l  

( 1 3 ~ o ~ 0 5 1 x  cor respond-  of 3.14%. Compositions of [CH *05 - 
i n g  t o  5% o x i d a t i o n  a r e  ob ta ined  expe r imen ta l ly2  when 
(CH), doped wi th  i o d i n e  vapor i s  pumped i n  vacuum t o  
remove excess  iod ine .  Hence remarkably good agreement i s  
ob ta ined  between t h e  p r e d i c t e d  and expe r imen ta l  l e v e l s  of 

+B 
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100 A. G .  MacDIARMID et al. 

doping cons ide r ing  t h a t  t h e  r e d u c t i o n  p o t e n t i a l  of t h e  
12/1- couple  measured i n  aqueous s o l u t i o n  is h e r e  a p p l i e d  
t o  t h e  doping of (CH), w i t h  i o d i n e  vapor.  

I t  has  been found t h a t  (CH), i s  p-doped t o  a conduc- 
t i v i t y  of - 3 ohm-lcm-1 when p laced  i n  a s o l u t i o n  of 
AgC104 i n  t o l u e n e ,  v i z . ,  

(CH), + 0.018xAgC104-+ [CH+o'018(C10 4 1- 0 . 0 1 8 1 ~  + 0*018xAg 

(19)  

M e t a l l i c  s i l v e r  p a r t i c l e s  were observed  by e l e c t r o n  micros- 
copy on t h e  (CH), f i b r i l s . 1 2  
w i t h  what i s  expec ted  from coup les  5 and 16 i n  Table  I. 
The Ag+ i o n  o x i d i z e s  t h e  (CH), t o  (CH'Y) and is i t s e l f  re- 
duced t o  m e t a l l i c  s i l v e r  whi le  t h e  (C10 ) -  i on  a c t s  as t h e  
necessa ry  dopant c o u n t e r  an ion .  The va lue  of t h e  Ag+/Ag 
couple  i n  aqueous s o l u t i o n  i s  +0.80 v o l t s  (v s .  H+/H2). 
Th i s  c o n v e r t s  t o  a va lue  of +3.85 v o l t s  v e r s u s  L i + / L i  on 
adding 3.05 t o  t h e  +0.80 v o l t  va lue .  The va lue  determined 
expe r imen ta l ly  i n  propylene  ca rbona te  (P.C.) s o l u t i o n  
( s e e  Table  I) is +3.74 v o l t s  (v s .  L i + / L i > . l 3  I n  t h e  pre- 
sence  of e x c e s s  AgC104 it  is expec ted  t h a t  t h e  p o t e n t i a l  
of t h e  doped p o l y a c e t y l e n e  w i l l  a l s o  be +3.74 v o l t s  when 
e q u i l i b r i u m  c o n d i t i o n s  a r e  reached .  Using equa t ion  18 
t h i s  v a l u e  would p r e d i c t  a doping l e v e l  of 9.25%. The 
a t t a inmen t  of e q u i l i b r i u m  c o n d i t i o n s  i n  2008 (CH), 
f i b r i l s  can t a k e  up t o  approximate ly  e i g h t  days  due t o  
t h e  slow d i f f u s i o n  of dopant  i ons  i n t o  t h e  (CH), du r ing  
doping. l 4  S ince  t h e  doping  p e r i o d  was undoubtedly l e s s  
t h a n  t h i s  i t  seems l i k e l y  t h a t  t h e  s m a l l e r  l e v e l  of doping 
ob ta ined  may have been due t o  t h e  f a c t  t h a t  t h e  experiment 
w a s  t e rmina ted  b e f o r e  e q u i l i b r i u m  c o n d i t i o n s  were reached. 

Again t h i s  i s  c o n s i s t e n t  

Th i s  doping sys tem has  been s t u d i e d  i n  a U-cell d i v i -  
ded by a s i n t e r e d  g l a s s  f r i t  c o n t a i n i n g  a (CH), e l e c t r o d e  
immersed i n  a 1.0 molar s o l u t i o n  of LiC104 i n  propylene car -  
bonate  i n  one compartment and a s i l v e r  meta l  e l e c t r o d e  i m -  
mersed i n  a 1.0 molar s o l u t i o n  of AgC104 i n  propylene  car- 
bonate  i n  t h e  o t h e r  compartment. A l i t h i u m  metal r e f e r e n c e  
e l e c t r o d e  w a s  used t o  measure t h e  r e d u c t i o n  p o t e n t i a l  of 

~ % ~ ~ ? '  The p o t e n t i a l  d i f f e r e n c e  between t h e  (CH), and 
Ag e l e c t r o d e s  i s  t h e r e f o r e  1.66 v o l t s .  When t h e  two e l e c -  
t r o d e s  were connected by a n  e x t e r n a l  w i r e ,  a c u r r e n t  flowed. 
The 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 c c u r i n g  were: 

(+2.08 v o l t s )  and t h e  s i l v e r  e l e c t r o d e  (+3.74 
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DOPING PHENOMENA IN (CH), 101 

A t  (CHI, (CH), + (xy)(C104)-- [CH+y(ClO )-] + (xy)e-  
4 Y X  

t o  g i v e  t h e  n e t  r e a c t i o n ,  i d e n t i c a l  w i t h  t h a t  g iven  by 
e q u a t i o n  19.  

( m ) ,  + (xy)AgC104 - [CH+y(C104);], + (xy)Ag ( 2 2 )  

A key d i f f e r e n c e  i n  t h i s  r e a c t i o n ,  however, i s  t h a t  t h e  
r e a c t i o n  g iven  by e q u a t i o n  19 has  been broken down i n t o  
two s e p a r a t e  h a l f  r e a c t i o n s  and t h a t  t h e  [ CH+y(C104)-]x 
ob ta ined  c o n t a i n s  "0 s i l v e r  me ta l  p a r t i c l e s .  The s i l v e r  
metal ,  i n  t h i s  experiment i s  d e p o s i t e d  on t h e  s i l v e r  m e t a l  
e l e c t r o d e .  T h i s  experiment i l l u s t r a t e s  how t h e  p-doping 
of (CH), by a n  appa ren t ly  " s t r a n g e "  dopant can be broken 
down i n t o  s imple  ox ida t ion - reduc t ion  s t e p s  which a r e  con- 
s i s t e n t  w i th  t h e  known r e d u c t i o n  p o t e n t i a l s  of t h e  s p e c i e s  
involved  . 

The n-doping of (CH), can  be s i m i l a r l y  unders tood  by 
means of r e d u c t i o n  p o t e n t i a l s .  Thus from couples  1 and 5 
(Tab le  I) it  would be p r e d i c t e d  t h a t  m e t a l l i c  l i t h i u m  
shou ld  spontaneous ly  n-dope ( r e d u c e )  (CH),. Because (CH), 
and L i  a r e  bo th  s o l i d s  t h e  doping of s o l i d  (CH), u s i n g  
s o l i d  L i  by p h y s i c a l l y  p l a c i n g  them t o g e t h e r  cannot be  
conven ien t ly  s t u d i e d .  However, i f  a p i ece  of L i  me ta l  and 
a p i e c e  of (CH), a r e  p laced  i n  a s o l u t i o n  of LiC104 i n  
t e t r a h y d r o f u r a n  and an e x t e r n a l  wire i s  placed between 
them a n  open c i r c u i t  v o l t a g e  of - +2.4 v o l t s  i s  observed 
and a spontaneous  e l e c t r i c  c u r r e n t  w i l l  flow.' 
e l e c t r o c h e m i c a l  r e a c t i o n s  occur ing  a r e :  

A t  L i :  ( xy )L i  + (xy)(C104)-+ (xy)Li+(C104)- + (xy)e-  (23 )  

-0,: (CH), + (xy)e-  + (xy)Li+  + [Li;(CH-Y)], ( 2 4 )  

The n e t  r e a c t i o n  which occur s  is ,  t h e r e f o r e :  

The 

(CH), + (xy )L i  -+ [Li;(CH-Y)]x (25 )  

I n  t h e  presence  of excess  l i t h i u m  one would expec t  t h e  p l y  
a c e t y l e n e  t o  a t t a i n  t h e  p o t e n t i a l  of L i  (0.0 v o l t s )  when 
e q u i l i b r i u m  was reached. 
which is formed reaches  a p o t e n t i a l  of - +0.3 v o l t  i t  be- 

However, when t h e  [Li+CH-Y]x 
Y 
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102 A. G. MacDIARMID er al. 

Assuming t h a t  a c t i v a t i o n  e n e r g y  e f f e c t s  are  n o t  
s i g n i f i c a n t ,  t h e n ,  t h e r m o d y n a m i c a l l y ,  when (CH), w e t t e d  
w i t h  aqueous HBF4 is exposed  t o  g a s e o u s  oxygen,  i t  c a n  
b e  s e e n  from c o u p l e s  5 and 17 t h a t  t h e  r e a c t i o n  g i v e n  by 
e q u a t i o n  28: 

4(CH), + 4(xy)HBF4 + ( x y ) 0 2 +  4[CH+y(BF4);]x + 2(xy)H20 

s h o u l d  o c c u r  s p o n t a n e o u s l y .  The oxygen o x i d i z e s  t h e  (CH), 
t o  (CH+Y)x w h i l e  t h e  HBF4 s u p p l i e s  t h e  (BF4)- c o u n t e r  i o n  
which makes t h e  o x i d i z e d  polymer  e l e c t r i c a l l y  n e u t r a l .  
Moreover t h e  (BF4)- d o e s  n o t  a p p a r e n t l y  react c h e m i c a l l y  
w i t h  t h e  (CH'Y) c a t i o n  i n  a n  i r r e v e r s i b l e  chemica l  r e a c t i o n  
t o  d e s t r o y  t h e  c o n d u c t i v i t y  o f  t h e  f i l m  - a t  least  i n  t h e  
t i m e  p e r i o d  d u r i n g  which t h e  e x p e r i m e n t s  have  been c a r r i e d  
o u t  t o  d a t e .  

C e r t a i n  chemica l  s p e c i e s  c a n  a c t u a l l y  p l a y  a d u a l  role  
- a p o r t i o n  c a n  ac t  as t h e  o x i d i z i n g  a g e n t  and a p o r t i o n  
c a n  act as t h e  n e c e s s a r y  s t a b l e  c o u n t e r  an ion .  F o r  example,  
when (CH), f i l m  i s  p l a c e d  i n  aqueous s o l u t i o n s  of HCl04 i t  
becomes o x i d i z e d ,  "p-doped" , and a t  t h e  h i g h e r  c o n c e n t r a -  
t i o n s  i t  a c t u a l l y  undergoes  a s e m i c o n d u c t o r /  m t a l  t r a n s i -  
t i o n .  The n e t  r e a c t i o n  which o c c u r s  is:  

T h i s  r e a c t i o n  i s  c o n s i s t e n t  w i t h  t h e  r e d u c t i o n  p o t e n t i a l s  
of c o u p l e s  5 and 18 i n  T a b l e  I. One of t h e  HClO4 s p e c i e s  
o x i d i z e s  t h e  (CH), t o  (CH+Y)x and a c t s ,  i n  e f f e c t ,  i n  l i e u  
of  t h e  02 as  g i v e n  i n  e q u a t i o n  28. I t  i s  i t s e l f  reduced  t o  
H C 1  w h i l e  t h e  t h e  (C104)- i o n s  i n  t h e  o t h e r  e i g h t  HC104  
s p e c i e s  ac t  as t h e  n e c e s s a r y  s t a b l e  c o u n t e r  a n i o n  f o r  t h e  
( c H + Y ) ~  i o n .  

A s imi la r  doping  of (CH), t o  t h e  m e t a l l i c  regime is  
o b s e r v e d  w i t h  aqueous  H2SO4 s o l u t i o n s ,  a g a i n  c o n s i s t e n t  
w i t h  t h e  r e d u c t i o n  p o t e n t i a l  v a l u e s  ( c o u p l e s  5 and 1 0 )  
g i v e n  i n  T a b l e  I. However, t h i s  sys tem i s  more complex 
b e c a u s e  of t h e  p o s s i b l e  f o r m a t i o n  of a v a r i e t y  of d i f f e r e n t  
s p e c i e s  on r e d u c t  i o n  of H2SO4. 
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DOPING PHENOMENA IN (CH), 103 

g i n s  t o  react w i t h  t h e  t e t r a h y d r o f u r a n .  

S i n c e  metal i o n s  having  a n  a p p r o p r i a t e  r e d u c t i o n  po- 
t e n t i a l  c a n  be u s e d  t o  o x i d i z e  (CH), o r  r e d u c e  (CH+Y)x i t  
i s  n o t  s u r p r i s i n g  t o  f i n d  t h a t  non-metal i o n s  c a n  a l s o  be- 
have s i m i l a r l y .  F o r  example,  a l t h o u g h  t h e  r e d u c t i o n  poten-  
t i a l s  of t h e  n i t r o s y l  i o n ,  (NO)' and t h e  n i t r y l  i o n ,  (NO )+ 
are  n o t  known, s a l t s  of t h e s e  i o n s ,  (NO)+A- and (NO2) A 
act  as  good o x i d i z i n g  a g e n t s ,  and are  c o n v e r t e d  t o  g a s e o u s  
NO and NO2 r e s p e c t i v e l y  on removing a n  e l e c t r o n  from 
a n o t h e r  s p e c i e s .  Thus s o l u t i o n s  of (NO)+(SbF6)- and 
(N02)+(PF6)-  
a c c o r d i n g  t o  t h e  e q u a t i o n s  below t o  g i v e  p-doped materials 
c o n d u c t i n g  i n  t h e  meta l l ic  regirne.2y15 

i- -2 

i n  a C H 3 N 0 2 / C H 2 C 1 2  m i x t u r e  react  w i t h  (CH), 

0 .O 17xNO ( 2 6 )  

0.033xN02 ( 2 7 )  

U n t i l  v e r y  r e c e n t l y  i t  h a s  been b e l i e v e d  t h a t  e x t e n d e d  
e x p o s u r e  of (CH), t o  02 o r  a i r  r e s u l t s  i n  t h e  d e s t r u c t i o n  
of i t s  c o n d u c t i v i t y  and i t s  c o n c o m i t a n t  c o n v e r s i o n  t o  a n  
unknown m i x t u r e  of compounds c o n t a i n i n g  many c a r b o n v l  and 
o t h e r  groups.16 However, v e r y  r e c e n t  s t u d i e s 1 7  have shown 
t h a t  i f  a f i l m  of cis-(CH), i s  f i r s t  d ipped  i n  a 48% (7.M) 
a q u e o u s  s o l u t i o n  o f h e  n o n - o x i d i z i n g  s t r o n g  a c i d ,  f l u o r o -  
b o r i c  a c i d ,  HBF4, and i s  t h e n  exposed  t o  one a tmosphere  
o f  g a s e o u s  oxygen i t s  r e s i s t a n c e  f a l l s  d u r i n g  a p e r i o d  of 
a p p r o x i m a t e l y  f o u r  days  t o  g i v e  a c o n d u c t i v i t y  of 5. 1 
ohm-lcm-l, j u s t  a t  t h e  b e g i n n i n g  of t h e  meta l l ic  c o n d u c t i n g  
reg ime.  A c o n t r o l  p i e c e  of (CH), s i m i l a r l y  t r e a t e d  w i t h  
HBF4 when exposed  t o  a n  a t m o s p h e r e  of gaseous  n i t r o g e n  
shows o n l y  t h e  e x p e c t e d  immedia te  d e c r e a s e  i n  c o n d u c t i v i t y ,  
due t o  t h e  i o n i c  c o n d u c t i v i t y  of t h e  HBF4 s o l u t i o n  
w e t t i n g  i t s  s u r f a c e .  More r e c e n t  s t u d i e s  have shown 
t h a t  somewhat h i g h e r  c o n d u c t i v i t i e s ,  (E. 5 ohm-l cm-l) , 
are  o b t a i n e d  i f  t h e  (CH), f i l m  i s  f i r s t  " a c t i v a t e d "  by 
e l e c t r o c h e m i c a l  p-doping f o l l o w e d  by e l e c t r o c h e m i c a l  un- 
d o p i n g  i n  Li+(BF4)- /propylene  c a r b o n a t e  s o l u t i o n .  l7 
Trans-(CH), a p p e a r s  t o  r e q u i r e  l i t t l e  o r  no p r e l i m i n a r y  
a c t i v a t i o n .  The f i l m  i s  s imply  suspended i n  t h e  7.4 M 
s o l u t i o n  of aqueous  HBF4 t h r o u g h  which  0 2  i s  bubbled 
f o r  24 h o u r s .  
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Even c e r t a i n  organic  corn ounds can act as t h e  oxidiz- 
i n g  agent i n  l i e u  of oxygen." They can ox id ize  (CH) 
t o  t h e  m e t a l l i c  regime i n  aqueous HBF4 and a r e  themselves 
reduced. For example, benzoquinone, o=(=Jo 
with (CH), according t o  t h e  equation: 

, r e a c t s  

and is  reduced t o  hydroquinone, "UoH . This  r e a c t i o n  
i s  cons i s t en t  w i th  the  reduct ion p o t e n t i a l  values  f o r  coup- 
les 5 and 14 given i n  Table I. 

I t  is  important t o  note  t h a t  tde r eac t ions  g iven  by 
equat ions 28, 29 and 30 were c a r r i e d  out i n  aqueous solu- 
t ion t o  produce highly conducting p-doped polyacetylene.  
The chemical s t a b i l i t y  of p-doped polyacetylene i n  these  
s o l u t i o n s  i s  a t  f irst  s i g h t  highly s u r p r i s i n g .  A o s s i b l e  
explanat ion of t h i s  s t a b i l i t y  i s  given elsewhere. lg The 
48% (7.4M) aqueous HBF4 employed i n  c e r t a i n  of t he  above 
s t u d i e s  has no e f f e c t  on n e u t r a l  (CH),; however, a conce- 
n t r a t e d  non-oxidizing p ro ton ic  a c i d  such a s  "BF3. 2H20", 
i.e. [H O]+[BF3(OH)]- r a p i d l y  dopes (CH), t o  t h e  m e t a l l i c  
regime.$g This  "p ro ton ic  ac id  doping", which is  a s  y e t  
very l i t t l e  understood, probably involves  the  formation 
of a p i  complex between the  carbon-carbon double bond and 
t h e  proton of t he  acid.  Although t h i s  would involve par- 
t i a l  removal of e l e c t r o n  dens i ty  from the  p i  system of t h e  
(CH), i t  i s  a type of ox ida t ion  which f a l l s  i n t o  a dif-  
f e r e n t  category from t h e  ox ida t ion  r eac t ions  descr ibed 
above where d e f i n i t e  products r e s u l t i n g  from reduct ion of 
t h e  oxidizing agent can be i d e n t i f i e d .  

The above s t u d i e s  show t h a t  i n  o rde r  t o  understand t h e  
phenomenon of p- and n-doping of (CH), i t  i s  necessary t o  
c l e a r l y  d i s t i n g u i s h  between t h e  ox id iz ing  o r  reducing agent  
and t h e  dopant anion o r  c a t i o n  involved i n  t h e  doping pro- 
cess. Also,  t he  s t u d i e s  show t h e  importance of determining 
t h e  reduct ion p o t e n t i a l s  of polyacetylene i n  va r ious  oxi- 
da t ion  s t a t e s  s i n c e  t h e  values  so obtained then permit t h e  
r a t i o n a l i z a t i o n  of h a m ,  and p r e d i c t i o n  of new dopants. 
Prel iminary s t u d i e s  i n d i c a t e  t h a t  t h i s  approach can r e a d i l y  
be appl ied t o  o t h e r  conducting polymer systems. D
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DOPING PHENOMENA IN (CH), 105 

TABLE I: Reduction P o t e n t i a l s  of Se lec t ed  P o l y a c e t y l e E  
Couples and Other Couples 

-0  - 0  

Couple 

1. L i +  + e- L i  0 .oo -3 -05 

+o .9 -2.2 

+1 .8 -1.3 

+1.89 -1.16 

+2.4 -0.7 

+2.65 -0.40 

+2.92 -0.13 

+3.05 0.00 

+3.1 0 .o 

+3.25 +0.20 

11. I2 + 2e- 21- +3.59 +0.54 

1 2 .  ( c H + O * O ~ + ~ )  X + ( ax le -  * ( c H + O * O ~ ) ~  +3.7 

13. O2 + 2H+ + 2e- * H202 +3.73 +0.68 

14. O=(C6H4)=0 + 2H' + 2e- * 
15. (CH**l+a)x + (ax)e-  (CH+o'l)x +3.8 +0.7 

16. Ag' + e- Ag +3.85a +0.80 

17 .  O2 + 4H+ + 4e- * 2H20 a . 2 8  +1.23 

+4.42 +1.37 

+O .6 

HO(CgH&)OH +3.75 +0.70 

18. ClO, + 8H' + 8e- * C1- + 4H20 

19. H202 + 2H+ + 2e- * 2H20 +4.82 +1.77 

( a )  Experimentally measured value ve r sus  L i  i n  a L i /  
LiC104 ( 1 M  i n  P.C.)//AgC104 (1M i n  P.C.)/Ag c e l l  was 
+3.74v.13 
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