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POLYANILINE: PROTONIC ACID DOPING TO THE 

METALLIC REGIME 

ALAN G. MacDIARMID, J I N - C H I H  CHIANG,  WUSONG HUANG, 

BRIAN D. HUMPHREY AND N. L. D. SOMASIRI 

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 ,  19104, U.S.A. 

A b s t r a c t  

" P o l y a n i l i n e "  h a s  been s y n t h e s i z e d  i n  v a r i o u s  f o r m s  
b o t h  c h e m i c a l l y  and e l e c t r o c h e m i c a l l y  in a q u e o u s  media. 
The quinoid-benzenoid-diimine form,  a n  i n s u l a t o r ,  is 
doped by d i l u t e  aqueous  p r o t o n i c  a c i d s  t o  t h e  metallic 
reg ime (a - 5 ohm'lcm-1; compressed  p e l l e t )  t o  give 
t h e  c o r r e s p o n d i n g  iminium sa l t .  The polymer is n o t  ox- 
i d i z e d  d u r i n g  t h e  d o p i n g  p r o c e s s .  T h i s  r e p r e s e n t s  a 
new t y p e  of  p-doping phenomenon i n  a c o n d u c t i n g  polymer.  
Both t h e s e  forms of p o l y a n i l i n e  are s t a b l e  i n  t h e  p r e -  
s e n c e  of  a i r  and/  o r  water. The d o p i n g  p r o c e s s  i s  re- 
v e r s e d  by t r e a t m e n t  w i t h  aqueous  a l k a l i .  The mechanism 
by which doping  o c c u r s  is  d i s c u s s e d .  

INTRODUCTION 

" P o l y a n i l i n e "  h a s  been d e s c r i b e d  i n  many papers'-' d u r i n g  
t h e  p a s t  a p p r o x i m a t e l y  100 y e a r s .  I t  h a s  been r e p o r t e d  as 
e x i s t i n g  i n  v a r i o u s ,  u s u a l l y  i l l - d e f i n e d  forms s u c h  as "an- 
i l i n e  b l a c k " ,  " e m e r a l d i n e " ,  " n i g r a n i l i n e " ,  etc. s y n t h e s i z e d  
by t h e  o x i d a t i v e  c h e m i c a l  or 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 n i l i n e .  E x t e n s i v e  c h e m i c a l  and e l e c t r o c h e m i c a l  s t u d i e s  
by J o z e f o w i c z  e t  a1.2 '3 have d e m o n s t r a t e d  t h e  h i g h  conduc- 
t i v i t y  of c e r t a i n  of  t h e  o x i d i z e d  forms and t h e  dependence  
of t h e  c o n d u c t i v i t y  on t h e  pH of  t h e  s o l u t i o n s  w i t h  which 
t h e  p o l y a n i l i n e  is t r e a t e d  and t h e  s e n s i t i v i t y  of t h e  con- 
d u c t i v i t y  t o  t h e  h u m i d i t y  of  t h e  envi ronment  t o  which  t h e  
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310 A .  G. MacDIARMID er al. 

material is exposed.  Very r e c e n t  c h e m i c a l  and e l e c t r o c h e m i -  
ca l  s t u d i e s  by s e v e r a l  g r o u p s  have c o n f i r m e d  c e r t a i n  o f  
t h e s e  o b s e r v a t i o n s  and  have r e p o r t e d  new p r o p e r t i e s  o f  t h e  
 material^^-^. A b e t t e r  u n d e r s t a n d i n g  o f  t h e  c h e m i c a l  compo- 
s i t i o n  of t h e  v a r i o u s  forms  of  p o l y a n i l i n e  and t h e  p r o c e s s e s  
i n v o l v e d  i n  t h e i r  c h e m i c a l  and e l e c t r o c h e m i c a l  i n t e r c o n v e r -  
s i o n  h a s ,  however, o n l y  v e r y  r e c e n t l y  s t a r t e d  t o  u n f o l d .  

CONSTITUTION OF POLYANILINE 

We b e l i e v e  p o l y a n i l i n e  can  be  p r e p a r e d  in t h e  f o u r  i d e a l i z e d  
forms g i v e n  below, a t  least when i t s  s y n t h e s i s  and a n y  sub-  
s e q u e n t  t r e a t m e n t  are c a r r i e d  o u t  i n  aqueous  media. A l l  
forms are i n s o l u b l e  i n  water. The polymers  i n  t h e  l e f t -  
hand column a re  c o n s i d e r e d  as b e i n g  d e r i v e d  from t h e  a m i n e ,  
1A ( A  = Amine), and are hence  d e s i g n a t e d  ( i n  i n c r e a s i n g  de- 
g r e e  o f  o x i d a t i o n )  as 1 A  and 2 A .  

FREE WINE fORM AMMONIUM SALT FORM 

INSULATING INSULATING 

INSULATING METALLIC 

These forms may be i n t e r c o n v e r t e d  a t  w i l l  by c h e m i c a l  a n d l o r  
e l e c t r o c h e m i c a l  o x i d a t i o n  or r e d u c t i o n .  The materials i n  
t h e  r i g h t - h a n d  column are r e g a r d e d  as b e i n g  d e r i v e d  f r o m  t h e  
ammonium s a l t ,  1s (S - S a l t ) ,  and are hence  d e s i g n a t e d  ( i n  
i n c r e a s i n g  d e g r e e  of  o x i d a t i o n )  as 1s and 2s. These forms  
may a l s o  be  i n t e r c o n v e r t e d  a t  w i l l  by c h e m i c a l  a n d / o r  elec- 
t r o c h e m i c a l  o x i d a t i o n  o r  r e d u c t i o n .  

A g i v e n  "A" form,  e.g. l A ,  may be  c o n v e r t e d  t o  a g i v e n  
"S" form,  e.g. IS, by t r e a t m e n t  w i t h  a n  aqueous  p r o t o n i c  
a c i d ,  s u c h  as  HC1.  The a c i d  may b e  removed t o  r e g e n e r a t e  
t h e  "A" form by t r e a t i n g  t h e  "S" form w i t h  a n  aqueous  b a s e  
s u c h  a s  KOH or NH40H. E l e m e n t a l  a n a l y s i s  of form 2s shows 
t h a t  even when form 2 A  is t r e a t e d  w i t h  c o n c e n t r a t e d  (10 mo- 
l a r )  aqueous H C 1  t h a t  o n l y  one o f  t h e  t w o  N atoms i n  t h e  
monomer u n i t  is  p r o t o n a t e d .  T h i s  is n o t  s u r p r i s i n g  s i n c e  
i n  a weak b a s e  c o n t a i n i n g  two N atoms, p r o t o n a t i o n  of  t h e  
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POLYANILINE 31 I 

f i r s t  N atom is e x p e c t e d  t o  be  easier t h a n  p r o t o n a t i o n  o f  
t h e  second.  

a p p e a r s  t o  have a d e g e n e r a t e  ground s ta te  ( a )  and  ( b ) ,  v i z . ,  
Form 2A i s  of  p a r t i c u l a r  i n t e r e s t  s i n c e ,  l i k e  (CH),, i t  

hence  
(a 1 ( b )  

i t  might  e x h i b i t  d e f e c t  s ta tes  i n  t h e  f o r m  o f  s o l i t o n s .  

PROTONIC ACID DOPING 

The o x i d i z e d  forms of p o l y a n i l i n e ,  2A and  2S, may be  e q u i -  
l i b r a t e d  w i t h  aqueous  a c i d  s o l u t i o n .  T h i s  w i l l  r e s u l t  i n  
p a r t i a l  p r o t o n a t i o n  of  t h e  n i t r o g e n  atoms, t h e  e x t e n t  o f  
p r o t o n a t i o n  a t  e q u i l i b r i u m  b e i n g  a f u n c t i o n  o f  t h e  pH o f  t h e  
s o l u t i o n .  A t  a g i v e n  pH t h e  same d e g r e e  o f  p r o t o n a t i o n  i s  
o b t a i n e d  r e g a r d l e s s  of  w h e t h e r  one starts w i t h  t h e  2A or  2 s  
form. 
t h e  non-pro tona ted  2A form. A t  pH v a l u e s  < -  0, e.g. 1M 
a c i d  or s t r o n g e r ,  i t  e x i s t s  p r i m a r i l y  i n  t h e  2s form. T h i s  
c o r r e s p o n d s  t o  - 50% p r o t o n a t i o n  i.e. t o  - 50% doping .  

The e x t r e m e  s e n s i t i v i t y  o f  t h e  c o n d u c t i v i t y  of  f o r m  2A 
t o  t h e  pH of t h e  aqueous  H C 1  s o l u t i o n  w i t h  which  i t  i s  e q u i -  
l i b r a t e d  is  i l l u s t r a t e d  i n  F i g u r e  l4 . 

A t  pH v a l u e s  > - 4 t h e  material e x i s t s  i n  e s s e n t i a l l y  
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EOUILIBRIUM pH OF AOUEOUS HCI 
FIGURE 1 R e l a t i o n s h i p  between t h e  f i n a l  ( e q u i l i b r i u m )  
pH of  t h e  aqueous  HC1 w i t h  which  p o l y a n i l i n e  ( f o r m  2A) 
is washed and (1 )  t h e  c o n d u c t i v i t y  of t h e  r e s u l t i n g  
d r i e d  powder, (A); ( 2 )  t h e  f r e q u e n c y  of  t h e  r i n g  
b r e a t h i n g  a b s o r b a n c e ,  (01, o f  t h e  d r i e d  powder. 
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312 A. G .  MacDIARMID ef al. 

Each d a t a  p o i n t  g i v e s  t h e  c o n d u c t i v i t y  of  a ,., 250 mg sample 
of form 2A a f t e r  i t  had been s t i r r e d  w i t h  500 m l  of aqueous 
HC1 of v a r i o u s  s e l e c t e d  c o n c e n t r a t i o n s .  A f t e r  55 hours  t h e  
pH of t h e  s o l u t i o n ,  which had a t t a i n e d  a c o n s t a n t  v a l u e ,  was 
measured, t h e  r e s u l t i n g  p o l y a n i l i n e  powder was d r i e d  under 
dynamic vacuum f o r  24-72 hours  and i t s  c o n d u c t i v i t y ,  i n f r a -  
red  s p e c t r a  and e l emen ta l  composi t ion  were determined. 

samples and t h e  p e r c e n t  doping is given  i n  F igu re  2 . Since  
each  HC1 molecule which reacts w i t h  form 2A is a s s o c i a t e d  
w i t h  a C1- ion ,  t h e  ( C 1 : N  r a t i o ) - 1 0 0  w i l l  r e p r e s e n t  t h e  per- 
cen t  of t h e  N atoms which are p ro tona ted ,  i.e. w i l l  r e p r e -  
s e n t  t h e  p e r c e n t  doping. The cu rve  g iven  i n  F igu re  2 is 
c h a r a c t e r i s t i c  of conven t iona l  doping of a conduct ing  poly- 
mer, i.e., t h e  c o n d u c t i v i t y  rises r a p i d l y  a t  t h e  beginning  
of t h e  doping p rocess  and then  shows l i t t l e  change even 
though t h e  polymer becomes more h i g h l y  doped. 

The r e l a t i o n s h i p  between t h e  c o n d u c t i v i t y  of s e l e c t e d  
4 

b 

c u 
3 
z 
0 
0 

n 

0 10 20 30 40 5 0  60 
DOPING PERCENTAGE (70) 

FIGURE 2 R e l a t i o n s h i p  between t h e  c o n d u c t i v i t y  of 
p o l y a n i l i n e  ( i n i t i a l l y  form 2A) and pe rcen tage  pro- 
t o n a t i o n ,  i . e . ,  percen tage  doping. 

The above r e s u l t s  show t h a t  when form 2A is washed w i t h  an 
aqueous p r o t o n i c  a c i d  such  as HC1 i t  undergoes an i n s u l a t o r -  
metal t r a n s i t i o n  invo lv ing  an i n c r e a s e  i n  c o n d u c t i v i t y  of - 1010: 

This  t r a n s i t i o n  is r e a d i l y  r e v e r s e d  by t r e a t m e n t  w i t h  aque- 
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POLYANILINE 313 

o u s  base.  The c o n d u c t i v i t y  o f  a compressed p e l l e t  (~-5S/cm)  
r e m a i n s  c o n s t a n t  i n d e f i n i t e l y  when exposed  t o  l a b o r a t o r y  
a i r .  

I t  s h o u l d  be  n o t e d  t h a t  t h e  u s e  o f  n o n - v o l a t i l e  a c i d s  
s u c h  as H2SO4, e i t h e r  i n  t h e  s y n t h e s i s  of  p o l y a n i l i n e  or i n  
i t s  e q u i l i b r a t i o n  w i t h  a c i d  s o l u t i o n s  may l e a d  t o  problems 
s i n c e  when p o l y a n i l i n e  w e t t e d  w i t h  d i l u t e  H2SO4 i s  p l a c e d  
i n  vacuum f o r  d r y i n g  p u r p o s e s ,  t h e  water w i l l  e v a p o r a t e  
l e a v i n g  b e h i n d  a f i l m  of  c o n c e n t r a t e d  H2SO4 on t h e  s u r f a c e  
o f  t h e  p o l y a n i l i n e .  The s t r o n g  H2SO4 r e s i d u e  may react a t  
l eas t  i n  p a r t  w i t h  t h e  p o l y a n i l i n e  b u t  a t  t h e  p r e s e n t  time 
i t  i s  n o t  clear how i t  a f f e c t s  t h e  p r o p e r t i e s  o f  t h e  mater- 
i a l .  

The c o n v e n t i o n a l  method o f  p-doping ( o x i d i z i n g )  a n  or- 
g a n i c  polymer i n v o l v e s  removal  of  e l e c t r o n s  f rom t h e  p i  s y s -  
tem o f  t h e  polymer by c h e m i c a l  or e l e c t r o c h e m i c a l  o x i d a t i o n :  

(po lymer)  + (polymer)+Y + ye- ( 2 )  

I n  p r i n c i p l e  i t  s h o u l d  b e  p o s s i b l e  t o  p-dope a c o n d u c t i n g  
polymer by a d d i n g  a p r o t o n ,  which may i n t e r a c t  e i t h e r  d i -  
r e c t l y  or i n d i r e c t l y  w i t h ,  and hence  p a r t l y  d e p o p u l a t e  t h e  
p i  s y s t e m  w i t h  c o n c o m i t a n t  i n c r e a s e  i n  c o n d u c t i v i t y  o f  t h e  
polymer : 

(polymer)  + yH+ (polymerH )+y ( 4 )  
( b a s e )  ( a c i d )  ( s a l t ?  

T h i s  is  a s i m p l e  a c i d l b a s e  i n t e r a c t i o n ,  i n  which  n o  f o r m a l  
o x i d a t i o n  or r e d u c t i o n  o c c u r s .  T h i s  h y p o t h e s i s  i s  q u a l i t a -  
t i v e l y  c o n s i s t e n t  w i t h  t h e  change  i n  f r e q u e n c y  o f  t h e  i n f r a -  
r e d  (C6H4) r i n g  b r e a t h i n g  a b s o r b a n c e  shown i n  F i g u r e  1. As 
c a n  be  s e e n ,  t h e  f r e q u e n c y  of  t h i s  a b s o r b a n c e  d e c r e a s e s  as 
t h e  c o n d u c t i v i t y  i n c r e a s e s .  I f  t h e  p r o t o n  s h o u l d  i n t e r a c t  
and  p a r t l y  d e p o p u l a t e  t h e  p i  s y s t e m  o f  t h e  polymer t h e  fre- 
quency of  t h i s  mode s h o u l d  d e c r e a s e  w i t h  i n c r e a s i n g  p r o t o n a -  
t i o n  s i n c e  t h e  C-C bond o r d e r  (and hence  f o r c e  c o n s t a n t )  i n  
t h e  (CbH4) r i n g  d e c r e a s e s  w i t h  d e c r e a s i n g  p o p u l a t i o n  of  
t h e  bonding p i  o r b i t a l s .  As can be s e e n  f rom t h e  classical  
r e s o n a n c e  forms of  form 2 s  g i v e n  below i t  i s  t o  b e  e x p e c t e d  
t h a t  p o s i t i v e  c h a r g e  w i l l  be t r a n s f e r r e d  i n  p a r t  f rom t h e  N 
t o  t h e  p i  s y s t e m  of t h e  (C6H4) r i n g s .  
a p a r t i a l  d e l o c a l i z a t i o n  of p o s i t i v e  c h a r g e  a l o n g  t h e  poly-  
mer c h a i n .  The c h a r g e  w i l l  n a t u r a l l y  be  p i n n e d  close t o  

T h i s  w i l l  r e s u l t  i n  D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
53

 2
0 

Fe
br

ua
ry

 2
01

3 



3 14 A. G. MacDlARMlD ef al. 

t h e  a n i o n ,  A' and d e l o c a l i z a t i o n  w i l l  become less e x t e n s i v e  
as t h e  d i s t a n c e  from t h e  N+ atom i n c r e a s e s .  

I n  v a l e n c e  bond t e r m i n o l o g y  t h e  p lacement  o f  a p o s i t i v e  
c h a r g e  on a n  N atom of a r e p e a t  u n i t  of f o r m  2A ( to  c o n v e r t  
i t  t o  form 2 s )  by i ts  r e a c t i o n  w i t h  e.g. HC1 may be r e g a r d e d  
as p r o c e e d i n g  v i a  t h e  f o l l o w i n g  h y p o t h e t i c a l  s t e p s :  

1) H-C1 + €I* + C 1 -  (5 1 

2 )  =K- + c1* + mi- + c1- 

SP 2 SP2 
+ 

The non-bonding e l e c t r o n ( s )  on t h e  N occupy one of  t h r e e  SP2 
h y b r i d  o r b i t a l s .  The p z  o r b i t a l  of t h e  N ,  which  may b e  re- 
g a r d e d  as p e r p e n d i c u l a r  t o  t h e  p l a n e  of t h e  p a p e r ,  c o n t a i n -  
i n g  one N e l e c t r o n ,  o v e r l a p s  s i d e w a y s  w i t h  t h e  p z  o r b i t a l  of 
t h e  a d j a c e n t  c a r b o n  atom on t h e  C6H4 r i n g ,  which  a l so  con- 
t a i n s  one  C e l e c t r o n ,  t o  form t h e  p i  bond between t h e  CgH4 

r i n g  and t h e  -N(H)-, v i z . , e u -  . I f ,  due t o  t h e  pos- 
+ 

i t i v e  c h a r g e  on t h e  N, t h e  e l e c t r o n  i n  t h e  C 2pz o r b i t a l  
were  c o m p l e t e l y  t r a n s f e r r e d  t o  t h e  N p z  o r b i t a l ,  t h e  p i  s y s -  
tem of  t h e  C6H4 r i n g  would be d e p o p u l a t e d  and would assume 

a p o s i t i v e  c h a r g e ,  i . e . = o N - .  H I n  s u c h  a s i t u a t i o n  - 
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POLYANILINE 315 

t h e  p z  o r b i t a l  of  t h e  N, c o n t a i n i n g  two e l e c t r o n s ,  would hy- 
b r i d i z e  t o  form an SP3 h y b r i d ,  one l o b e  o f  which  would con- 
t a i n  a l o n e  p a i r  of  e l e c t r o n s .  Classical o r g a n i c  c h e m i s t r y  
d o e s  n o t ,  however, p r e d i c t  a c o m p l e t e  t r a n s f e r .  A p a r t i a l  
t r a n s f e r  of  c h a r g e  o n l y  from t h e  C t o  t h e  N i s  e x p e c t e d .  
Resonance forms  s u c h  as  t h o s e  d e p i c t e d  above are t h e r e f o r e  
e x p e c t e d ,  t h e  c o n t r i b u t i o n  of forms  i n v o l v i n g  a p o s i t i v e  
c h a r g e  on t h e  carbon d e c r e a s i n g  w i t h  i n c r e a s i n g  d i s t a n c e  
f rom t h e  N, close t o  which  t h e  d o p a n t  a n i o n ,  e.g. C1‘ w i l l  
r e s i d e .  From s i m p l e  e l e c t r o s t a t i c  c o n c e p t s  i t  i s  t o  be  ex-  
p e c t e d  t h a t  p o s i t i v e  c h a r g e  w i l l  be more e a s i l y  d e l o c a l i z e d  
away from t h e  N on t o  more d i s t a n t  C atoms i f  t h e  dopant  
a n i o n  is  l a r g e  or i f  i t  is  s o l v a t e d .  Both t h e s e  e f f e c t s  
w i l l  d e c r e a s e  t h e  e l ec t ros t a t i c  i n t e r a c t i o n  between t h e  pos- 
i t i v e  c h a r g e  and t h e  a n i o n .  Greater d e l o c a l i z a t i o n  o f  
c h a r g e  s h o u l d  promote an i n c r e a s e  i n  c o n d u c t i v i t y  o f  form 
2 s  f o r  a g i v e n  l e v e l  of  p r o t o n a t i o n  ( d o p i n g )  and d e c r e a s e  
t h e  e p r  l i n e  w i d t h  due t o  g r e a t e r  e l e c t r o n  m o b i l i t y  o f  a n y  
f r e e  e l e c t r o n s  which may be a s s o c i a t e d  w i t h  p i  s y s t e m  de- 
f e c t s .  P r e l i m i n a r y  s t u d i e s  s u g g e s t  t h a t  t h e s e  e f f e c t s  are 
o b s e r v e d  w i t h  form 2S11. S i m i l a r  e f f e c t s  have been 
r e p o r t e d  by Andre, e t  al.1° i n  t h e  n-doping of  (CH),. 

25) by t r e a t m e n t  w i t h  aqueous  H C 1  i n v o l v e s  a c o m p l e t e l y  new 
t y p e  of  p-doping; i t  d o e s  = i n v o l v e  f o r m a l  o x i d a t i o n ,  1.e. 
loss  of  e l e c t r o n s  from t h e  polymer as i s  t h e  case i n  t h e  p- 
d o p i n g  of a l l  o t h e r  c o n d u c t i n g  polymers .  The o b s e r v a t i o n  
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  i n c r e a s e s  s l i g h t l y  d u r i n g  t h i s  
c o n v e r s i o n  d o e s  = i m p l y  t h a t  form 2A has  been o x i d i z e d .  
When t h e  p o t e n t i a l  of  form 2A ( o r  form 2 s )  is measured v e r -  
s u s  a s t a n d a r d  r e f e r e n c e  e l e c t r o d e  s u c h  as t h e  s t a n d a r d  cal- 
omel e l e c t r o d e  a v e r y  small  c u r r e n t  f l o w s  t h r o u g h  t h e  ( h i g h  
impedence)  v o l t m e t e r .  The e l e c t r o n s  which p a s s  i n  t h i s  
manner r e d u c e  a minute  amount of  form 2A t o  1 A  (or form 2 s  
t o  IS). 
which t h i s  r e d u c t i o n  o c c u r s .  However, t h e  a c t u a l  c h e m i c a l  
s p e c i e s  i n v o l v e d  i n  t h e  a c t u a l  r e d u c t i o n  i s  a trace o f  t h e  
p r o t o n a t e d  s p e c i e s  which  i s  a l w a y s  p r e s e n t  even  a t  r e l a t i v e -  
l y  h i g h  pH v a l u e s  as shown by e q u a t i o n s  8 and  9 below: 

The d o p i n g  of  form 2A t o  t h e  metal l ic  reg ime ( t o  form 

The o b s e r v e d  p o t e n t i a l  i s  a measure of  t h e  ease a t  

[=(CgHq)=N-(C Hq)-N=], + ( 2 x ) e  2 
( form 2A$ 

[ = ( C6 H ) -N ( H ) - ( C6H4 ) -N ( H ) = ] 2x (8 ) 
(comp4e;ely p r o t o n a t e d  2 s )  
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316 A. G. MacDIARMID et (11. 

[ p( c6H4 )PN( H)- (c6H4 )-N(H)=] i2' + (2X)e '  
( c o m p l e t e l y  p r o t o n a t e d  2 s )  

(The r e d u c t i o n  may a l t e r n a t i v e l y  b e  r e g a r d e d  as o c c u r i n g  i n  
c o n s e c u t i v e  s t e p s  i n v o l v i n g  monoprotonated  s p e c i e s . )  Hence, 
t h e  more a c i d i c  t h e  s o l u t i o n ,  t h e  greater w i l l  b e  t h e  amount 
o f  p r o t o n a t e d  s p e c i e s  p r e s e n t  and  t h e  easier i t  w i l l  b e  t o  
r e d u c e  t h e  o x i d i z e d  form of  t h e  polymer. T h i s  c o n c l u s i o n  is 
s u p p o r t e d  by t h e  o b s e r v a t i o n  t h a t  on d e c r e a s i n g  t h e  pH from 
5 t o  2 t h e  r e d u c t i o n  p o t e n t i a l  i n c r e a s e s  by 0.053V/pH u n i t .  
On d e c r e a s i n g  t h e  pH from 2 t o  1, t h e  p o t e n t i a l  i n c r e a s e s  by 
a n  a d d i t i o n a l  0.023V. In t h e  more a c i d i c  s o l u t i o n s  t h e  
f i n a l  p r o d u c t  is form l S ,  t h e  p r o t o n a t e d  f o r m  of 1A. 

The p r o c e s s e s  o c c u r i n g  can  be  r e a d i l y  u n d e r s t o o d  by ex- 
amining  t h e  a n a l o g o u s  more s i m p l e ,  qu inone/hydroquinone  sys-  
tem which has  been e x t e n s i v e l y  s t u d i e d .  The o v e r a l l  reduc-  
t i o n  r e a c t i o n  (Efl,d. - 0.70V vs. N.H.E.) 

is known t o  o c c u r  in t h e  f o l l o w i n g  s t e p s :  

1) AcidIBase  R e a c t i o n :  

This c o r r e s p o n d s  t o  p r o t o n i c  a c i d  d o p i n g  o f  2A (eqs. 1, 8) .  

2 )  Reduct ion  R e a c t i o n :  

( H O O O H ) + 2  + 2e- + Ho 0 OH ( 1 2 )  

The r e d u c t i o n  p o t e n t i a l  f o r  t h e  o v e r a l l  r e d u c t i o n  r e a c t i o n  
g i v e n  by e q u a t i o n  10 is e x p r e s s e d  by t h e  r e l a t i o n s h i p :  

where n is t h e  number o f  e l e c t r o n s  (n - 2 )  t r a n s f e r r e d .  S t e p  
1 i n v o l v e s  no e l e c t r o n  t r a n s f e r  a n d  hence is n o t  a r e d o x  re- 
a c t i o n .  The s p e c i e s  which is a c t u a l l y  r e d u c e d  i n  t h e  r e d u  

The r e d u c t i o n  p o t e n t i a l  is t h e r e f o r e  c o n t r o l l e d  by t h e  con- 
t i o n  r e a c t i o n  is n o t  O-(C6H4)'O b u t  r a t h e r  [HO=(CgHq)d)H) +F . D
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POLYANILINE 317 

c e n t r a t i o n  o f  t h e  [HO=(C6H4)=OH]+2 a n d  may be  e x p r e s s e d  
by t h e  r e l a t i o n s h i p  ( d e r i v e d  f r o m  e q u a t i o n  12): 

t h e  r e l a t i v e  c o n c e n t r a t i o n s  o f  t h e  s p e c i e s  in t h e  n u m e r a t o r  
and denominator  b e i n g  a f u n c t i o n  o f  t h e  pH as g i v e n  by equa-  
t i o n  11. The a n a l o g o u s  r e l a t i o n s h i p  in t h e  case o f  polyan-  
i l i n e  ( d e r i v e d  from e q u a t i o n  9) is: 

(15) . .  
E" I Eo" -- 0.059 log [ - ( C h H ~ ) - N ( H ) - ( C h H ~ ) - N ( H ) ]  

Red. Red. n 7 ( = ( C6 H4 ) EN ( H ) - ( C6 H4 ) -N ( H ) = ) y'c2x X 

where t h e  p a r t l y  r e d u c e d  polymer may be  c o n s i d e r e d  as a 
" s o l i d  s o l u t i o n "  of  c o m p o s i t i o n :  
[-( Cg H4 1-N ( 1- ( Cg H4 1-N ( H 1- 1 a [ (-N (H 

p r o t o n i c  a c i d  doping  o f  form 2A t o  form 2s. 

( c6H4 )=N ( H  C H4 +2 1 b. 
It is t h e r e f o r e  clear t h a t  no o x i d a t i o n  o c c u r s  d u r  P n g  t h e  

CONCLUSIONS 

The c o n v e n t i o n a l  ( o x i d a t i v e )  p-doping o f  a c o n d u c t i n g  poly-  
mer r e s u l t s  in t h e  removal o f  some o f  t h e  p i  e l e c t r o n s  f r o m  
t h e  polymer w i t h  t h e  f o r m a t i o n  o f  a polycarbonium ion. 
U n l e s s  t h e r e  is e x t e n s i v e  c h a r g e  d e l o c a l i z a t i o n  carbonlum 
ions are known t o  b e  v e r y  r e a c t i v e  c h e m i c a l l y .  The smaller 
t h e  p o s i t i v e  c h a r g e  on a g i v e n  C atom t h e  more s t a b l e  w i l l  
t h e  carbonium ion be. In t h e  h i g h l y  c o n d u c t i n g  f o r m  2s of  
p o l y a n i l i n e  most of  t h e  p o s i t i v e  c h a r g e  r e s i d e s  on t h e  N 
atoms. T h i s  f a v o r s  c h e m i c a l  s t a b i l i t y  s i n c e  ammonium-type 
compounds are known t o  b e  g e n e r a l l y  s t a b l e  t o  oxygen and 
water. As is well known, o n l y  a r e l a t i v e l y  small number o f  
e l e c t r o n s  need  be removed f rom t h e  p i  s y s t e m  o f  a polymer i n  
o r d e r  t o  i n c r e a s e  i t s  c o n d u c t i v i t y  by  many o r d e r s  o f  magni- 
t u d e .  F u r t h e r  removal  o f  e l e c t r o n s  r e s u l t s  in o n l y  a rela- 
t i v e l y  small a d d i t i o n a l  i n c r e a s e  in c o n d u c t i v i t y  a t  t h e  
e x p e n s e  o f  a l a r g e  i n c r e a s e  in c h e m i c a l  r e a c t i v i t y .  What 
s h o u l d  be  s o u g h t  in a c o n d u c t i n g  polymer ,  t h e r e f o r e ,  is t h e  
minimum d e l o c a l i z a t i o n  o f  p o s i t i v e  c h a r g e  on t o  t h e  p i  sys-  
tem n e c e s s a r y  f o r  t h e  d e s i r e d  d e g r e e  o f  c o n d u c t i v i t y .  It 
a p p e a r s  t h a t  p o l y a n i l i n e  and  r e l a t e d  compounds r e p r e s e n t  a n  
i d e a l  class of  polymer which  p e r m i t s  s u c h  c h e m i c a l  f i n e -  
t u n i n g  of  c o n d u c t i v i t y  and  c h e m i c a l  s t a b i l i t y .  D
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