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©  Reversible  electrochemical  doping  of  conjugated  polymers. 
Reversible  electrochemical  doping  of  conjugated  poly- 

mers  is  carried  out  in  an  electrochemical  cell  wherein  the 
polymer  to  be  doped  is  employed  as  one  or  both  of the  elec- 
trodes,  and  the  electrolyte  is  a  compound  which  is  ionizable 
into  ionic  dopant  species.  Upon  operation  of  the  cell,  the 
conjugated  polymers  are  doped  with  the  ionic  dopant  species 
to  a  preselected  room  temperature  electrical  conductivity 
ranging  from  that  characteristic  of  semiconductor  behaviorto 
that  characteristic  of  metallic  behavior. 



This  i n v e n t i o n   r e l a t e s   to  e l e c t r o c h e m i c a l   doping  procedures   for  the  s e l e c -  

t ive   m o d i f i c a t i o n   of  the  room  t empera tu re   e l e c t r i c a l   c o n d u c t i v i t y   p r o p e r -  
t i e s   of  con juga ted   p o l y m e r s .  

For  use  in  a  wide  v a r i e t y   of  e l e c t r i c a l   and  e l e c t r o n i c   device  a p p l i c a -  

t i o n s ,   it  is  h igh ly   d e s i r a b l e   to  have  a v a i l a b l e   e l e c t r i c a l l y   c o n d u c t i n g  
m a t e r i a l s   having  a  p r e s e l e c t e d   room  t e m p e r a t u r e   e l e c t r i c a l   c o n d u c t i v i t y  

vary ing   over  a  broad  range  ex tending   from  s l i g h t l y   conduct ing   to  h i g h l y  
c o n d u c t i n g .   Fur thermore ,   p a r t i c u l a r l y   for  use  in  semiconductor   d e v i c e  

a p p l i c a t i o n s ,   r e q u i r i n g   one  or  more  p-n  j u n c t i o n s ,   such  m a t e r i a l s   s h o u l d  

a d v a n t a g e o u s l y   be  a v a i l a b l e   with  both  p- type   and  n- type   e l e c t r i c a l   c o n d u c -  

t i v i t i e s .  

It  has  r e c e n t l y   been  found  tha t   semiconduct ing   a c e t y l e n e   polymers ,   such  

as  p o l y a c e t y l e n e ,   can  be  chemica l ly   doped  in  a  c o n t r o l l e d   manner  w i t h  

e l e c t r o n   a c c e p t o r   and/or   e l e c t r o n   donor  dopants   to  produce  a  whole  f a m i l y  
of  p - type   and  n- type   e l e c t r i c a l l y   conduct ing   doped  a c e t y l e n e   p o l y m e r s  

whose  room  t empera tu re   e l e c t r i c a l   c o n d u c t i v i t y   may  be  p r e s e l e c t e d   o v e r  
the  e n t i r e   range  c h a r a c t e r i s t i c   of  semiconductor   behav ior   and  into  t h e  

range  c h a r a c t e r i s t i c   of  m e t a l l i c   behav io r .   Such  doping  p r o c e d u r e s ,   a s  
de sc r ibed   i . a .   in  J.  Amer.  Chem.  Soc.  (1978)  Vol.  100,  1013;  J.  Chem. 

Soc.,   Chem.  Comm.  (1978)  1066;  and  J.  Chem.  Phys.  (1978)  Vol.  69,  5098,  
involve   merely  con tac t ing   the  a c e t y l e n e   polymer  with  the  dopant ,   which  

may  be  e i t h e r   in  the  vapor  phase  or  in  s o l u t i o n ,   whereby  uptake  of  t h e  

dopant  into  the  a ce ty l ene   polymer  occurs  by  chemical  r e a c t i o n   a n d / o r  

charge  t r a n s f e r   to  a  degree  p r o p o r t i o n a l   with  both  the  dopant  c o n c e n t r a -  
t ion   and  the  c o n t a c t i n g   per iod ,   such  c o n c e n t r a t i o n   and  c o n t a c t i n g   p e r i o d  

being  coo rd ina t ed   and  c o n t r o l l e d   so  tha t   the  co r r e spond ing   degree  of  dop -  
ing  wi l l   be  such  as  to  provide  the  r e s u l t i n g   doped  a c e t y l e n e   polymer  w i t h  

the  p r e s e l e c t e d   room  t empera ture   e l e c t r i c a l   c o n d u c t i v i t y .   A  p- type  m a t e -  
r i a l   is  ob ta ined   with  e l e c t r o n   accep to r   dopants ,   and  an  n - type   m a t e r i a l  

is  ob ta ined   with  e l e c t r o n   donor  dopants .   The  r e s u l t i n g   room  t e m p e r a t u r e  
e l e c t r i c a l   c o n d u c t i v i t y   of  the  doped  a c e t y l e n e   polymer  i n c r e a s e s   w i t h  

i n c r e a s i n g   degree  of  doping  up  to  a  c e r t a i n   point   at  which  the  maximum 

c o n d u c t i v i t y   is  obtained  for  any  given  dopant,   such  maximum  c o n d u c t i v i t y  

g e n e r a l l y   being  obtained  at  a  degree  of  doping  not  g r e a t e r   than  a b o u t  
0.30  mol  of  dopant  per  -CH-  uni t   of  the  p o l y a c e t y l e n e .  

While  such  chemical  doping  procedures   are  g e n e r a l l y   e f f e c t i v e   for  a c h i e v -  

ing  the  de s i r ed   r e s u l t ,   they  are  sub jec t   to  c e r t a i n   l i m i t a t i o n s .   F i r s t   o f  
a l l ,   it  is  r a t he r   d i f f i c u l t   with  these  procedures   to  ob ta in   a  r e l i a b l y  



p r e c i s e   c o n t r o l   of  the  degree  and  u n i f o r m i t y   of  doping  so  as  to  e n s u r e  
commercia l   s ca l e   p r o d u c t i o n   of  a  doped  polymer  product   with  a  c o n s i s t e n t  
and  uniform  room  t e m p e r a t u r e   e l e c t r i c a l   c o n d u c t i v i t y .   Secondly,   the  f a c t  

t h a t   these   p rocedures   r e q u i r e   a  doping  m a t e r i a l   which  is  chemica l ly   r e a c -  
t i ve   with  the  a c e t y l e n e   polymer  and/or   capable   of  forming  a  charge  t r a n s -  
f e r   complex  t h e r e w i t h   is  a  l i m i t i n g   f a c t o r   in  the  s e l e c t i o n   of  s u i t a b l e  

doping  m a t e r i a l s   for  optimum  p r o p e r t i e s   and  economy.  T h i r d l y ,   these  p r o c e -  
dures  r e q u i r e   the  use  of  two  t o t a l l y   d i f f e r e n t   doping  m a t e r i a l s   and,  c o n -  
s e q u e n t l y ,   s e p a r a t e   doping  systems  for  ca r ry ing   out  p - type   and  n - t y p e  

doping .   Hence,  the  development  of  more  e f f i c i e n t   and  economical   dop ing  
p r o c e d u r e s   would  g r e a t l y   enhance  the  commercial  a t t r a c t i v e n e s s   of  doped 

a c e t y l e n e   polymers  as  s u b s t i t u t e s   for  the  more  c o n v e n t i o n a l   e l e c t r i c a l l y  
c o n d u c t i v e   m a t e r i a l s .  

I t   i s ,   a c c o r d i n g l y ,   an  ob jec t   of  the  p r e sen t   i n v e n t i o n   to  provide  a  more 
e f f i c i e n t   and  economical   p rocedure   for  the  doping  of  a c e t y l e n e   po lymers  
and  o the r   dopable  con juga ted   polymers ,   which  enables   a  more  p r e c i s e   c o n -  
t r o l   of  the  degree  and  u n i f o r m i t y   of  doping  than  the  p r i o r   a r t   p r o c e d u r e s  
so  as  to  ensure  p roduc t i on   of  a  doped  polymer  product   with  a  c o n s i s t e n t  

and  uniform  p r e s e l e c t e d   room  t empera tu re   e l e c t r i c a l   c o n d u c t i v i t y   and 
which  in  p a r t i c u l a r   enables   the  use  of  a  g r e a t e r   v a r i e t y   of  compounds  a s  
s u i t a b l e   doping  m a t e r i a l s   so  as  to  produce  new  and  advantageous   doped 
polymer  m a t e r i a l s .  

The  above  and  o ther   ob j ec t s   are  achieved  in  accordance   with  the  p r e s e n t  
i n v e n t i o n   by  means  of  e l e c t r o c h e m i c a l   doping  p rocedures   which  e n a b l e  
a c e t y l e n e   polymers  and  o ther   dopable  con juga ted   polymers  to  be  e l e c t r o -  

c h e m i c a l l y   doped  to  a  c o n t r o l l e d   degree  with  a  wide  s e l e c t i o n   of  i o n i c  
dopant  spec i e s   to  e i t h e r   a  p- type  or  n- type  m a t e r i a l   e x h i b i t i n g   a  p r e -  
s e l e c t e d   room  t empera tu re   e l e c t r i c a l   c o n d u c t i v i t y   ranging  from  t h a t  
c h a r a c t e r i s t i c   of  semiconduc tor   behav io r   to  tha t   c h a r a c t e r i s t i c   o f  

m e t a l l i c   b e h a v i o r .  

E l e c t r o c h e m i c a l   doping  of  con juga ted   polymer  in  accordance   with  t h e  
p r e s e n t   i n v e n t i o n   is  c a r r i e d   out  in  an  e l e c t r o c h e m i c a l   c e l l   wherein  a t  
l e a s t   one  of  the  two  e l e c t r o d e s   t he reo f   i nc ludes   the  con juga ted   po lymer  
to  be  doped  as  i ts   e l e c t r o d e - a c t i v e   m a t e r i a l ,   and  the  e l e c t r o l y t e   com- 
p r i s e s   a  compound  which  is  i o n i z a b l e   into  one  or  more  ion ic   d o p a n t  
s p e c i e s .   When  p-type  doping  is  d e s i r e d ,   the  polymer  is  used  as  the  a n o d e -  

- a c t i v e   m a t e r i a l   of  the  e l e c t r o c h e m i c a l   c e l l ,   and  the  dopant  spec ies   i s  
an  a n i o n i c   s p e c i e s .   The  p- type   doping  proceeds  by  a  mechanism  in  which  

o p e r a t i o n   of  the  e l e c t r o c h e m i c a l   ce l l   e f f e c t s   an  i n c r e a s e   in  the  o x i d a -  
t ion   s t a t e   of  the  polymer  by  e l e c t r o n   t r a n s f e r   from  the  carbon  atoms  on 



the  c o n j u g a t e d l y   u n s a t u r a t e d   polymer  backbone  chain,   impar t ing   a  p o s i t i v e  

charge  t h e r e t o   and  c o n s e q u e n t l y   a t t r a c t i n g   the  dopant  anions  as  c o u n t e r  
ions  to  main ta in   e l e c t r i c a l   n e u t r a l i t y   in  the  p o l y m e r .  

When  n-type  doping  is  d e s i r e d ,   the  polymer  is  used  as  the  c a t h o d e - a c t i v e  

m a t e r i a l   of  the  e l e c t r o c h e m i c a l   c e l l   and  the  dopant  spec i e s   is  a  c a t i o n i c  
s p e c i e s .   The  n-type  doping  proceeds   by  a  mechanism  in  Which  o p e r a t i o n   o f  

the  e l e c t r o c h e m i c a l   ce l l   e f f e c t s   a  decrease   in  the  o x i d a t i o n   s t a t e   of  t h e  
polymer  by  e l e c t r o n   t r a n s f e r   to  the  carbon  atoms  on  the  c o n j u g a t e d l y   u n -  
s a t u r a t e d   polymer  backbone  cha in ,   impar t ing   a  nega t i ve   charge  t h e r e t o   and 

c o n s e q u e n t l y   a t t r a c t i n g   the  dopant  ca t ions   as  counter   ions  to  m a i n t a i n  

e l e c t r i c a l   n e u t r a l i t y   in  the  p o l y m e r .  

In  each  case,   the  polymer  thereby   becomes  doped  with  the  ion ic   d o p a n t  
spec i e s   to  a  degree  dependent   upon  the  degree  of  change  e f f e c t e d   in  t h e  

o x i d a t i o n   s t a t e   of  the  polymer  and  the  dopant  spec ies   c o n c e n t r a t i o n   i n  
the  e l e c t r o l y t e ,   which  are  c o o r d i n a t e d   and  c o n t r o l l e d   so  tha t   the  c o r r e s -  

ponding  degree  of  doping  w i l l   be  such  as  to  provide  the  r e s u l t i n g   doped 
polymer  with  the  p r e s e l e c t e d   room  t empera tu re   e l e c t r i c a l   c o n d u c t i v i t y .  
The  charge  imparted  to  the  carbon  atoms  of  the  polymer  by  means  of  t h e i 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   is  h igh ly   s t a b l e ,   thereby  e n a b l i n g  
the  polymer  to  form  s tab le   ion ic   compounds  of  charge  t r a n s f e r   complexes  
with  a  wide  s e l e c t i o n   of  p o s s i b l e   dopant  counter   i o n s .  

In  comparison  with  known  chemical  doping  procedure  for  con juga ted   p o l y -  

mers,  the  e l e c t r o c h e m i c a l   doping  procedures   of  the  p r e s e n t   i n v e n t i o n   e n -  
able  a  more  r e l i a b l y   p r ec i s e   con t ro l   of  the  degree  and  u n i f o r m i t y   of  dop -  

ing  so  as  to  ensure  p r o d u c t i o n   of  a  doped  polymer  product   with  a  c o n -  
s i s t e n t   and  uniform  room  t e m p e r a t u r e   e l e c t r i c a l   c o n d u c t i v i t y .   F u r t h e r -  

more,  since  e l e c t r o c h e m i c a l   doping  is  not  dependent  on  the  chemical  r e a c -  
t i v i t y   of  the  doping  m a t e r i a l   with  the  polymer  nor  i t s   a b i l i t y   to  fo rm 

charge  t r a n s f e r   complexes  t h e r e w i t h ,   it  enables  g r e a t e r   v e r s a t i l i t y   i n  
the  s e l e c t i o n   of  s u i t a b l e   doping  m a t e r i a l s   for  optimum  p r o p e r t i e s   and 

economy.  Moreover,  i t   is  p o s s i b l e   with  e l e c t r o c h e m i c a l   doping  to  s e l e c -  
t i v e l y   or  s imu l t aneous ly   e f f e c t   p- type  or  n- type  doping  employing  t h e  

same  e l e c t r o l y t e   as  the  doping  m a t e r i a l ,   depending  upon  the  type  of  e l e c -  
t rochemica l   ce l l   employed  and  whether  the  polymer  is  used  as  the  a n o d e -  

- a c t i v e   m a t e r i a l ,   the  c a t h o d e - a c t i v e   m a t e r i a l ,   or  both,   of  the  e l e c t r o -  
chemical  c e l l .  

In  a  p a r t i c u l a r   embodiment,  which  is  of  f u r t h e r   advantage   over  the  p r i o r  
ar t   doping  p rocedures ,   the  p r e s e n t  i n v e n t i o n   r e l a t e s   to  e l e c t r o c h e m i c a l  
doping  procedures   for  the  p r e p a r a t i o n   of  novel  n- type  doped  c o n j u g a t e d  



polymers  having  a  p r e s e l e c t e d   room  t e m p e r a t u r e   e l e c t r i c a l   c o n d u c t i v i t y  

ranging  from  tha t   c h a r a c t e r i s t i c   of  s emiconduc to r   behav ior   to  tha t   c h a r a c -  
t e r i s t i c   of  m e t a l l i c   b e h a v i o r ,   and  where in   the  c a t i o n i c   dopant  spec i e s   i s  
n o n - m e t a l l i c .   Such  novel  n- type  e l e c t r i c a l l y   conduct ing   polymeric   m a t e -  
r i a l s   provided  by  the  p re sen t   i n v e n t i o n   are  con juga ted   polymers  doped  t o  

a  c o n t r o l l e d   degree  with  organic   dopant  c a t i o n s   s e l e c t e d   from  the  g roup  
c o n s i s t i n g   of  R4-xMHx+  and  R3E+,  wherein  R  is  a lkyl   or  a r y l ,   M  is  N,  P  o r  
As,  E  is  0  or  S,  and  x  is  0  or  an  i n t e g e r   ranging   from  1  to  4 .  

The  polymer  which  is  used  as  the  base  m a t e r i a l   in  the  e l e c t r o c h e m i c a l  
doping  p rocedu re s   of  the  p resen t   i n v e n t i o n   may  be  any  con juga ted   po lymer  
which  is  dopable   with  an  ionic  dopant  s p e c i e s   to  a  more  h igh ly   e l e c t r i -  
c a l l y   conduc t ing   s t a t e .   For  the  purposes   of  t h i s   i n v e n t i o n ,   the  term  " c o n -  

juga ted   polymers"   is  in tended  to  encompass,   as  mentioned  above,  o r g a n i c  
polymers  having  con juga ted   u n s a t u r a t i o n   along  t h e i r   main  back  bone  c h a i n .  
A  number  of  c o n j u g a t e d   organic   polymers  which  are  s u i t a b l e   for  the  p u r -  
pose  of  t h i s   i n v e n t i o n   are  known  in  the  a r t   and  i n c l u d e ,   for  example ,  

a c e t y l e n e   polymers ,   poly  ( p - p h e n y l e n e ) ,   poly  (m-phenylene) ,   poly  ( p h e n y -  
lene  s u l f i d e ) ,   (C6H4CH=CH)x,  p o l y p y r r o l e ,   and  the  l i k e .   Such  c o n j u g a t e d  
polymers  may  be  employed  in  the  p r e s e n t   i n v e n t i o n   in  any  s u i t a b l e   f o rm,  
such  as,  for  example,   in  the  form  of  f i l m s ,   foams,  compressed  f i l m s ,   com- 
pacted  powders,   or  powders  d i s p e r s e d   in  a  s u i t a b l e   c a r r i e r   ma t r ix ,   e . g . ,  
ano ther   o rgan i c   polymeric   m a t e r i a l .   Ace ty lene   polymers  have  been  found  t o  
be  p a r t i c u l a r l y   s u i t a b l e .  

The  term  " a c e t y l e n e   polymer",  as  used  h e r e i n   th roughout   the  S p e c i f i c a t i o n  
and  in  the  appended  Claims,  is  in tended   to  encompass  p o l y a c e t y l e n e ,   i . e . ,  

(CH),,  as  well   as  s u b s t i t u t e d   p o l y a c e t y l e n e s   in  which  at  l e a s t   some  o f  
the  hydrogen  atoms  on  the  polymer  chain  have  been  rep laced   by  h a l o g e n ,  

a lky l   ( e . g . ,   up  to  about  20  carbon  a toms) ,   a ryl   ( e . g . ,   phenyl,   h a l o -  
phenyl ,   or  a l k y l p h e n y l ) ,   or  combina t ions   t h e r e o f .   Such  a c e t y l e n e   po lymers  

may  s u i t a b l y   be  p repared   for  use  in  the  p r e s e n t   i nven t ion   in  the  form  o f  
f i lms ,   foams,  compressed  f i lms ,   or  powders ,   by  methods  known  in  the  a r t .  

For  example,  the  s y n t h e s i s   of  high  q u a l i t y ,   uni formly   th in ,   f l e x i b l e   p o l y -  
c r y s t a l l i n e   f i lms   of  p o l y a c e t y l e n e   and  t h e i r   c h a r a c t e r i z a t i o n   are  d e s -  

c r ibed   in  d e t a i l   in  a  s e r i e s   of  papers   by  Shirakawa,   et  a l . ,   [ P o l y m e r  
Jou rna l ,   Vol.  2,  No.  2 ,   pp.  231-244  (1971);   Polymer  Jou rna l ,   Vol.  4 ,  

No.  4,   pp.  460-462  (1973);  Journa l   of  Polymer  Science ,   Part   A-I,  Polymer  
Chemistry  E d i t i o n ,   Vol.  12,  pp.  11-20  (1974) ,   and  Journa l   of  Po lymer  

Science,   Par t   A-1,  Polymer  Chemistry  E d i t i o n ,   Vol.  13,  pp.  1943-1950 
(1975)]  a l l   of  which  are  i n c o r p o r a t e d   h e r e i n   by  r e f e r e n c e .   The  s y n t h e s i s  

p rocedures   d e s c r i b e d   by  Shirakawa,  et  a l . ,   invo lve   po lymer iz ing   a c e t y l e n e  
monomer  in  the  presence   of  a   Ti(OC4H9)4-Al(C2H5)3  c a t a l y s t   system,  employ-  



ing  a  c r i t i c a l   c a t a l y s t   c o n c e n t r a t i o n   to  avoid  the  fo rmat ion   of  p o l y -  

a c e t y l e n e   powder  to  o b t a i n ,   depending  on  the  p o l y m e r i z a t i o n   t e m p e r a t u r e ,  
p o l y c r y s t a l l i n e   p o l y a c e t y l e n e   f i lms  having  an  a l l   cis  s t r u c t u r e   ( p o l y -  

m e r i z a t i o n   t empera tu re s   lower  than  -78°C),   and  a l l   t rans   s t r u c t u r e   ( p o l y -  
m e r i z a t i o n   t empera tu re s   h ighe r   than  150°C),  or  a  mixed  c i s - t r a n s   s t r u c -  

ture  ( p o l y m e r i z a t i o n   t e m p e r a t u r e s   between  -78  and  150°C) .  

The  Shirakawa  et  a l .   p o l y m e r i z a t i o n   procedure   can  s i m i l a r l y   be  employed 
for  p r e p a r i n g   f i lms  of  the  above  de f ined   s u b s t i t u t e d   p o l y a c e t y l e n e s   by 

using  as  the  s t a r t i n g   monomer  a  s u b s t i t u t e d   a c e t y l e n e   monomer  having  t h e  
formula  RC=CH  or  RC=CR'  wherein  R and  R'  are  ha logen ,   a l k y l ,   or  a r y l .  
Such  s u b s t i t u t e d   a c e t y l e n e   monomers  may  be  used  e i t h e r   a lone  or  in  a p p r o -  
p r i a t e   mixture   with  each  o ther   and /or   with  a c e t y l e n e   monomer  in  c a r r y i n g  

out  the  p o l y m e r i z a t i o n   r e a c t i o n   to  ob ta in   the  des i red   s u b s t i t u t e d   p o l y -  
a c e t y l e n e .  

In  an  a l t e r n a t i v e   procedure   for  p r e p a r i n g   such  s u b s t i t u t e d   p o l y a c e t y l e n e ,  
the  s t a r t i n g   m a t e r i a l   is  a  bromine-doped  p o l y a c e t y l e n e   fi lm  p r e p a r e d ,   f o r  

example,  by  the  methods  de sc r i bed   in  the  U.S.  Patent   4 , 2 2 2 , 9 0 3 .   When  t h i s  

f i lm  is  hea ted   in  vacuo  to  a  t e m p e r a t u r e   wi th in   the  range  of  from  120°C- 
-150°C  in  a   sealed  c o n t a i n e r ,   HEr  and  Br2  are  f i r s t   evolved.   This  g a s e o u s  
mixture   is  then  pe rmi t t ed   to  r eac t   f u r t h e r   with  the  fi lm  at  r o o m  t e m p e r a -  
ture   and  is  then  rehea ted   to  w i th in   the  a forement ioned   t e m p e r a t u r e   r a n g e .  
After   th i s   procedure  has  been  r epea t ed   severa l   t imes,  a l l   the  BrZ  is  a b -  
sorbed  and  HBr  is  the  only  gaseous  m a t e r i a l   formed.  The  r e s u l t i n g   p r o d u c t  

is  a  s u b s t i t u t e d   p o l y a c e t y l e n e   in  which  some  of  the  hydrogen  atoms  on  t h e  
polymer  chain  have  been  r ep laced   by  bromine  atoms.  Subsequent  t r e a t m e n t  
of  th is   s u b s t i t u t e d   p o l y a c e t y l e n e   with  a lkyl   or  aryl   o r g a n o m e t a l l i c   r e a -  
gents ,   e . g . ,   methyl  l i t h ium,   phenylmagnesium  bromide,  or  F r i e d e l - C r a f t -  

- type  r e a g e n t s ,   wi l l   lead  to  r ep lacement   of  the  bromine  atoms  by  t h e  
organic   group  in  the  o r g a n o m e t a l l i c   r eagen t   employed.  In  the  s u b s t i t u t e d  

p o l y a c e t y l e n e s   prepared  in  th is   manner,  some  of  the  CH  bonds  in  the  o r i -  
g inal   p o l y a c e t y l e n e   polymer  may  be  conver ted   to  C-C  or  C=C. 

While  the  a c e t y l e n e   polymers  employed  in  car ry ing   out  the  p r e s e n t   i n v e n -  
t ion   are  p r e f e r a b l y   in  the  form  of  f i lms ,   prepared  as  d e s c r i b e d   a b o v e ,  
they  may  also  s u i t a b l y   be  in  the  form  of  compacted  or  m a t r i x - d i s p e r s e d  
powders  p repared ,   for  example,  as  de sc r ibed   by  Berets  et  a l . ,   T r a n s .  
Faraday  Soc.,  Vol.  64,  pp.  823-828  (1968),   i n c o r p o r a t e d   h e r e i n   by 
r e f e r e n c e ;   or  in  the  form  of  foams  or  compressed  films  p repared   f rom 
i n t e r m e d i a t e   ge l s ,   as  de sc r ibed   by  Wnek  et  a l . ,   Polymer  P r e p r i n t s ,  
Vol.  20,  No. 2,   pp.  447-451,  September  1979,  also  i n c o r p o r a t e d   h e r e i n   by 
r e f e r e n c e .  



In  acco rdance   with  the  e l e c t r o c h e m i c a l   doping  p rocedures   of  the  p r e s e n t  

i n v e n t i o n ,   p- type  doping  of  the  con juga ted   polymer  is  e f f e c t e d   w i t h  
a n i o n i c   dopant  s p e c i e s ,   while  n - type   doping  of  the  polymer  is  e f f e c t e d  

with  c a t i o n i c   dopant  s p e c i e s .   A  wide  v a r i e t y   of  a n i o n i c   and  c a t i o n i c  
dopant  spec i e s   may  s u i t a b l y   be  employed,  e i t h e r   i n d i v i d u a l l y   or  in  combi -  

n a t i o n ,   for  e f f e c t i v e l y   modifying  the  room  t e m p e r a t u r e   e l e c t r i c a l   c o n d u c -  
t i v i t y   of  the  c o n j u g a t e d   polymer  in  accordance   with  the  p r e sen t   i n v e n -  
t i o n .  

S u i t a b l e   a n i o n i c   dopant  spec ies   for  e f f e c t i n g   p - type   doping  i nc lude ,   f o r  
example,   I - ,   Br-,  Cl-,  F ,  ClO4-,  PF6-,  AsF6-,  AsF4-,  SO3CF3-,  BF4-, 

BCl4-,  NO3-,  POF4-,  CN-,  SiF5-,  CH3CO2-  ( a c e t a t e ) ,   C6H5CO2-  ( b e n z o a t e ) ,  

CH3C6H4SO3-  ( t o s y l a t e ) ,   S iF6-- ,   SO4--  or  the  l i k e .  

One  c l a s s   of  c a t i o n i c   dopant  spec ies   p a r t i c u l a r l y   s u i t a b l e   for  e f f e c t i n g  

n - type   doping  are  m e t a l l i c   c a t i ons   of  a  metal   whose  Pauling  e l e c t r o -  

n e g a t i v i t y   value  is  no  g r e a t e r   than  1.6.  A  comple te   l i s t   of  such  m e t a l s  

and  t h e i r   c o r r e s p o n d i n g   e l e c t r o n e g a t i v i t y   va lues   are  provided  in  Table  I  
b e l o w .  

The  above  l i s t   of  metals   inc ludes   a l l   of  the  a l k a l i   me ta l s ,   a l l   of  t h e  
a l k a l i n e   ear th   m e t a l s ,   and  c e r t a i n   of  the  me ta l s   from  Group  3  (Y,  Sc  and 

Al)  and  Group  4  (Zr  and  Ti)  of  the  P e r i o d i c   T a b l e .  



Another  c l a s s   of  c a t i o n i c   dopant  spec i e s   p a r t i c u l a r l y   s u i t a b l e   for  e f f e c t -  

ing  n - t ype   doping  are  n o n - m e t a l l i c   c a t i ons   s e l e c t e d   from  the  group  c o n -  
s i s t i n g   of  R4-xMHx+  and  R3E ,  wherein  R  is  alkyl   ( e . g . ,   up  to  a b o u t  

20  carbon  a toms) ,   aryl   ( e . g . ,   phenyl ,   h a l o p h e n y l ,   or  a l k y l p h e n y l ) ,   o r  
combina t ions   t he reo f ;   M  is  N,  P  or  As;  E  is  0  o r  S ;   and  x  is  0  or  an 

i n t e g e r   from  1  to  4.  In  such  o rgan ic   ca t ions   having  more  than  one  R 

group,  the  va r ious   R  groups  may  be  the  same  or  d i f f e r e n t .   Such  o r g a n i c  
c a t i o n s   which  are  p a r t i c u l a r l y   s u i t a b l e   are  those  wherein  R  is  a  C1  t o  

C10  a lky l   group,  and  X  is  0,  i . e . ,   t e t r a a l k y l   ammonium,  t e t r a a l k y l   p h o s -  

phonium,  t e t r a a l k y l   arsonium,  t r i a l k y l   oxonium,  and  t r i a l k y l   s u l f o n i u m  
c a t i o n s .  

Each  of  the  an ion ic   and  c a t i o n i c   dopant  species   set  f o r t h   above  w i l l  

e f f e c t   an  i n c r e a s e ,   to  varying  deg rees ,   in  the  room  t e m p e r a t u r e   e l e c t r i -  
cal  c o n d u c t i v i t y   of  the  s t a r t i n g   con juga ted   polymer.  For  the  widest   r a n g e  
in  s e l e c t i v i t y   as  to  a ch i evab l e   c o n d u c t i v i t i e s ,   the  p r e f e r r e d   c a t i o n i c  
dopant  spec ies   are  t e t r a a l k y l   ammonium  and  a l k a l i   metal   c a t i o n s ,   p a r t i c u -  
l a r l y   Li+;  and  the  p r e f e r r e d   an ion i c   dopant  spec ies   are  h a l i d e   i o n s ,  
ClO4-,  PF6-,  AsF6-,  AsF4-,  S03CF3-  and  BF4-.  

A  compound  which  is  i o n i z a b l e   in to   one  or  more  of  the  a b o v e - d e s c r i b e d  

ionic   dopant  spec ies   is  employed  as  the  ac t ive   m a t e r i a l   of  the  e l e c t r o -  
ly te   of  the  e l e c t r o c h e m i c a l   c e l l   in  ca r ry ing   out  the  e l e c t r o c h e m i c a l   dop-  

ing  p r o c e d u r e s   in  accordance  with  the  p resen t   i n v e n t i o n ,   and  t h e r e b y  
serves   as  the  dopant  ion  source .   Such  i o n i z a b l e   compound  may  s u i t a b l y   be 

a  simple  s a l t   of  one  of  the  c a t i o n i c   species   of  dopant  ions  with  one  o f  
the  a n i o n i c   spec ies   of  dopant  ions,   in  which  case  the  e l e c t r o l y t e   has  t h e  

v e r s a t i l i t y   of  being  usable   for  s e l e c t i v e l y   or  s i m u l t a n e o u s l y   e f f e c t i n g  
p- type  or  n- type  doping,  depending  upon  the  type  of  e l e c t r o c h e m i c a l   c e l l  

employed  and  whether  the  conjugated   polymer  is  used  as  the  a n o d e - a c t i v e  
m a t e r i a l ,   the  c a t h o d e - a c t i v e   m a t e r i a l ,   or  both,  of  the  e l e c t r o c h e m i c a l  

c e l l .   Hal ide ,   p e r c h l o r a t e ,   or  h e x a f l u o r o p h o s p h a t e   s a l t s   of  e i t h e r   an 
a l k a l i   metal   or  a  t e t r a a l k y l   ammonium  ca t ion   are  p a r t i c u l a r l y   use fu l   e x -  

amples  of  this   type  of  i o n i z a b l e   compound.  Other  types  of  i o n i z a b l e   com- 
pounds,  which  are  i on i zab l e   into  only  one  species   of  dopant  ions ,   a r e  
also  s u i t a b l e   for  use  in  ca r ry ing   out  the  e l e c t r o c h e m i c a l   doping  p r o c e -  
dures  in  accordance   with  the  p re sen t   i n v e n t i o n ,   in  those  i n s t a n c e s   w h e r e -  

in  only  one  type  of  doping,  i . e . ,   e i t h e r   p-type  or  n - t y p e ,   is  d e s i r e d .  

The  i o n i z a b l e   compound,  which  is  used  as  the  ac t ive   e l e c t r o l y t e   m a t e r i a l  
of  the  e l e c t r o c h e m i c a l   ce l l   in  c a r r y i n g   out  the  e l e c t r o c h e m i c a l   dop ing  
p rocedures   may  su i t ab ly   be  employed  in  the  form  of  a  s o l i d ,   fused  s o l i d  
( i . e . ,   molten  s a l t ,   e.g.  Na0 .5K0.5[AlCl4] ) ,   or  d i s s o l v e d   in  a  s u i t a b l e  



so lven t   for  the  i o n i z a b l e   compound  which  is  i n e r t   with  r e spec t   to  t h e  

e l e c t r o d e   m a t e r i a l s   and  which  wi l l   permit  the  m i g r a t i o n   of  the  d o p a n t  
ions  to  the  e l e c t r o d e - a c t i v e   m a t e r i a l s .   A lka l i   metal   h a l i d e s ,   such  a s  
l i t h i u m   i o d i d e ,   are  p a r t i c u l a r l y   s u i t a b l e   for  use  as  so l id   e l e c t r o l y t e s .  
S u i t a b l e   s o l v e n t s   for  use  in  p repa r ing   e l e c t r o l y t e   s o l u t i o n s   i n c l u d e  

water ,   methylene   c h l o r i d e ,   a c e t o n i t r i l e ,   a l c o h o l s   ( e . g . ,   e thyl   a l c o h o l ) ,  
e the r s   ( e . g . ,   monoglyme,  diglyme,  or  so l i d   p o l y e t h y l e n e   oxide) ,   c y c l i c  
e the r s   ( e . g . ,   t e t r a h y d r o f u r a n   or  d ioxane) ,   h e x a m e t h y l p h o s p h o r a m i d e ,  
propylene   c a r b o n a t e ,   methyl  a c e t a t e ,   d i o x o l a n e ,   or  the  l i k e .   When  u s i n g  
an  e l e c t r o l y t e   s o l u t i o n   for  ca r ry ing   out  n - t y p e   doping  with  L i  ,   Na+,  o r  
K ,  i t   is  g e n e r a l l y   p r e f e r r e d   to  employ  e the r s   or  c y c l i c   e thers   as  t h e  
so lven t   due  to  the  high  r e a c t i v i t y   of  the  r e s u l t i n g   doped  m a t e r i a l   w i t h  

many  of  the  o the r   s o l v e n t s .   The  c o n c e n t r a t i o n   of  the  i o n i z a b l e   compound 
when  employed  in  the  form  of  an  e l e c t r o l y t e   s o l u t i o n   may  s u i t a b l y   b e  
w i th in   the  range  of  from  about  0.01  to  about  2.0  molar .   The  s o l u t i o n s   o f  

lower  m o l a r i t y   are  p r e f e r a b l y   employed  when  the  doped  polymer  b e i n g  
prepared   is  to  have  a  r e l a t i v e l y   low  room  t e m p e r a t u r e   e l e c t r i c a l   c o n d u c -  

t i v i t y ,   while  the  s o l u t i o n s   of  h igher   m o l a r i t y   are  p r e f e r a b l y   employed 
when  such  doped  polymer  is  to  have  a  r e l a t i v e l y   high  c o n d u c t i v i t y .  

Depending  upon  Whether  p- type  or  n- type   doping  is  to  be  e f f e c t e d ,   t h e  

e l e c t r o c h e m i c a l   c e l l   employed  for  c a r ry ing   out  the  e l e c t r o c h e m i c a l   dop ing  
procedures   of  the  p r e s e n t   i nven t ion   may  be  e i t h e r   an  e l e c t r o l y t i c   c e l l  

( i . e . ,   wherein  the  anode  and  cathode  are  e l e c t r i c a l l y   connected  to  t h e  
p o s i t i v e   and  n e g a t i v e   t e r m i n a l s ,   r e s p e c t i v e l y ,   of  an  e x t e r n a l   dc  power 
source ) ,   or  a  v o l t a i c   c e l l   ( i . e . ,   wherein  the  e x t e r n a l   c i r c u i t   e l e c t r i -  
ca l ly   connec t ing   the  anode  and  cathode  does  not  inc lude   any  e x t e r n a l  

power  sou rce ) .   E i t h e r   p- type  or  n- type  e l e c t r o c h e m i c a l   doping  may  s u i t -  
ably  be  c a r r i e d   out  in  an  e l e c t r o l y t i c   c e l l ,   while  n- type  e l e c t r o c h e m i c a l  

doping  may  a l t e r n a t i v e l y   be  c a r r i e d   out  in  a  v o l t a i c   c e l l .  

For  c a r ry ing   out  the  e l e c t r o c h e m i c a l   doping  p rocedures   in  accordance   w i t h  
the  p r e sen t   i n v e n t i o n   in  an  e l e c t r o l y t i c   c e l l ,   the  conjugated   polymer  t o  

be  doped  is  employed  as  the  e l e c t r o d e - a c t i v e   m a t e r i a l   of  one  or  both  o f  
the  e l e c t r o d e s ,   depending  upon  the  type  of  doping  d e s i r e d .   If  only  p - t y p e  
doping  is  to  be  e f f e c t e d ,   the  polymer  wi l l   be  used  as  the  a n o d e - a c t i v e  
m a t e r i a l ,   and  a  s u i t a b l e   e l e c t r o l y t e   wi l l   be  chosen  so  as  to  comprise  a  

compound  which  is  i o n i z a b l e   at  l e a s t   into  an  an ion i c   dopant  s p e c i e s .   I f  

only  n- type   doping  is  to  be  e f f e c t e d ,   the  polymer  w i l l   be  used  as  t h e  

c a t h o d e - a c t i v e   m a t e r i a l ,   and  a  s u i t a b l e   e l e c t r o l y t e   wi l l   be  chosen  so  a s  
to  comprise  a  compound  which  is  i o n i z a b l e   at  l e a s t   in to   a  c a t i o n i c   d o p a n t  

s p e c i e s .   In  each  of  these  two  cases,   the  o the r   e l e c t r o d e   may  s u i t a b l y  
comprise  any  metal   which  is  i n e r t   to  the  e l e c t r o l y t e   employed,  such  a s ,  



for  example,  p la t inum,   pa l lad ium,   ru then ium,   rhodium,  gold,   i r i d i u m ,   a l u -  

minum,  or  the  l i k e .   If  i t   is  des i red   to  e f f e c t   both  p-type  and  n - t y p e  
doping  s i m u l t a n e o u s l y   in  the  same  e l e c t r o l y t i c   c e l l ,   a  con juga ted   po lymer  

can  be  employed  both  as  the  a n o d e - a c t i v e   m a t e r i a l   and  as  the  c a t h o d e -  
- a c t i v e   m a t e r i a l   of  the  c e l l ,   and  a  s u i t a b l e   e l e c t r o l y t e   chosen  so  as  to 

comprise  a  compound  which  is  i o n i z a b l e   into  both  an  an ionic   d o p a n t  
spec ies   and  a  c a t i o n i c   dopant  s p e c i e s .  

The  e l e c t r i c a l   energy  source  for  powering  the  e l e c t r o l y t i c   ce l l   in  c a r r y -  
ing  out  the  e l e c t r o c h e m i c a l   doping  p rocedures   in  accordance  with  t h e  

p resen t   i n v e n t i o n ,   may  su i t ab ly   be  any  dc  power  supply,   such  as,  f o r  

example,  a  b a t t e r y ,   which  is  capable  of  d e l i v e r i n g   an  e l e c t r i c a l   p o t e n -  
t i a l   s u f f i c i e n t l y   high  to  i n i t i a t e   e l e c t r o c h e m i c a l   o x i d a t i o n   and/or   r e d u c -  

t ion  of  the  con juga ted   polymer,  or  e l e c t r o n   t r a n s f e r   from  and/or  to  t h e  
polymer,  but  s u f f i c i e n t l y   low  so  as  not  to  produce  e l e c t r o c h e m i c a l   d e g -  
r a d a t i o n   of  the  polymer  or  of  the  s o l v e n t .   S u c h  e l e c t r i c a l   p o t e n t i a l   may 
s u i t a b l y   be,  for  example,  within  the  range  of  from  about  2  to  25  v o l t s ,  
with  about  9  vo l t s   being  found  to  be  p a r t i c u l a r l y   s u i t a b l e .  

For  producing  a  doped  conjugated  polymer  e x h i b i t i n g   a  p r e s e l e c t e d   p - t y p e  
or  n- type  room  t empera tu re   e l e c t r i c a l   c o n d u c t i v i t y   by  means  of  the  e l e c -  

t rochemica l   doping  p rocedures ,   the  e l e c t r o l y t i c   c e l l   is  f i r s t   assembled  i n  
the  a p p r o p r i a t e   manner  for  ob ta in ing   the  des i r ed   type  of  doping  as  d e s -  
cribed  above,  i . e . ,   with  the  polymer  or  polymers  at  the  a p p r o p r i a t e   e l e c -  
trode  p o s i t i o n   and  with  the  a p p r o p r i a t e   e l e c t r o l y t e   and  dc  power  s u p p l y .  
The  cel l   is  then  opera ted   by  applying  an  e l e c t r i c a l   p o t e n t i a l   t h e r e t o  
s u f f i c i e n t   to  e f f e c t   a  change  in  the  o x i d a t i o n   s t a t e   of  the  polymer.  Dop- 

ing  of  the  polymer  with  the  dopant  ions  consequen t ly   occurs  by  m i g r a t i o n  
of  the  an ionic   dopant  ions  into  the  a n o d e - a c t i v e   polymer  to  produce  a  

p-type  m a t e r i a l   and/or   by  migra t ion   of  the  c a t i o n i c   dopant  ions  into  t h e  
c a t h o d e - a c t i v e   polymer  to  produce  an  n- type  m a t e r i a l ,   by  means  of  t h e  

doping  mechanisms  descr ibed  more  f u l l y   above.  The  degree  of  such  dop ing  
will   be  dependent  upon  the  degree  of  change  e f f e c t e d   in  the  o x i d a t i o n  

s t a t e   of  the  polymer  (which  will   be  a  f u n c t i o n   of  the  vo l t age   and  t ime  
period  of  the  appl ied   p o t e n t i a l )   and  the  dopant  ion  c o n c e n t r a t i o n   in  t h e  

e l e c t r o l y t e ,   a l l   of  which  v a r i a b l e s   are  p roper ly   coord ina ted   and  c o n -  
t r o l l e d   so  that  the  corresponding  degree  of  doping  wi l l   be  such  as  t o  

provide  the  r e s u l t i n g   doped  polymer  or  polymers  with  the  p r e s e l e c t e d   room 
tempera ture   e l e c t r i c a l   c o n d u c t i v i t y .   In  g e n e r a l ,   the  r equ i red   degree  of  

doping  can  s u i t a b l y   be  obtained  with  appl ied   p o t e n t i a l s   ranging  from 
about  2  to  25  vo l t s   for  a  time  period  ranging  from  about  a  few  minutes  t o  
about  a  few  hours  and  with  dopant  ion  c o n c e n t r a t i o n s   equ iva l en t   to  an 
e l e c t r o l y t e   s o l u t i o n   having  an  i o n i z a b l e   compound  c o n c e n t r a t i o n   w i t h i n  



the  range  of  from  about  0.01  to  about  2.0  molar .   Within  these  broad  o p e -  
r a t i n g   r anges ,   the  proper   combina t ion   of  the  v o l t a g e ' a n d   time  per iod   o f  
the  a p p l i e d   p o t e n t i a l   and  the  dopant  ion  c o n c e n t r a t i o n   in  the  e l e c t r o l y t e  
to  ob t a in   the  d e s i r e d   degree   of  doping  can  g e n e r a l l y   be  p rede te rmined   by 
t r i a l   and  e r r o r   p r o c e d u r e s .   For  example,  employing  as  the  e l e c t r o l y t e   a 
0.5  molar  s o l u t i o n   of  e i t h e r   potass ium  iodide  or  t e t r a - n - b u t y l   ammonium 
p e r c h l o r a t e ,   and  an  a p p l i e d   p o t e n t i a l   of  about  9  v o l t s ,   p o l y a c e t y l e n e   can  
be  e l e c t r o c h e m i c a l l y   doped  with  13-  or  ClO4-,  r e s p e c t i v e l y ,   to  a  h i g h l y  
conduc t ive   m e t a l l i c   s t a t e   in  a  time  per iod   ranging  from  about  0.5  t o  
about  1.0  h o u r .  

For  c a r ry ing   out  n - type   e l e c t r o c h e m i c a l   doping  in  accordance   with  t h e  

p r e s e n t   i n v e n t i o n   in  a  v o l t a i c   c e l l ,   the  conjuga ted   polymer  to  be  doped 
is  employed  as  the  c a t h o d e - a c t i v e   m a t e r i a l ,   and  the  a n o d e - a c t i v e   m a t e r i a l  
is  a  metal   Whose  Pau l ing   e l e c t r o n e g a t i v i t y   value  is  no  g r e a t e r   than  1 . 0 .  

As  i n d i c a t e d   by  the  va lues   l i s t e d   in  Table  1,  above,  the  a n o d e - a c t i v e  
meta l s   con templa ted   for  use  in  t h i s   embodiment  thus  inc lude   a l l   of  t h e  

a l k a l i   m e t a l s ,   Ba,  Ca  and  Sr.  All  of  these  metals   have  s t andard   o x i d a -  
t i on   e l e c t r o d e   p o t e n t i a l s   g r e a t e r   than  2.70.  The  p r e f e r r e d   a n o d e - a c t i v e  

meta l   is  l i t h i u m ,   which  has  the  h i g h e s t   s tandard   o x i d a t i o n   e l e c t r o d e   po -  
t e n t i a l .   The  e l e c t r o l y t e   comprises   a  compound  which  is  i o n i z a b l e   at  l e a s t  

in to   a  c a t i o n i c   dopant  s p e c i e s .   If  the  dopant  ca t ions   are  of  a  d i f f e r e n t  
s p e c i e s   than  the  a n o d e - a c t i v e   meta l ,   a  s u i t a b l e   s e p a r a t o r   means,  e . g . ,   a  

g l a s s   f r i t ,   is  p r e f e r a b l y   employed  for  p reven t ing   mixing  of  the  d o p a n t  
c a t i o n s   with  the  m e t a l l i c   c a t i o n s   r e l e a s e d   from  the  anode  as  a  r e s u l t   o f  

the  anode  r e a c t i o n   dur ing  c e l l   d i s c h a r g e .  

The  v o l t a i c   c e l l   is  o p e r a t e d   by  d i s c h a r g i n g   it   through  the  e x t e r n a l   c i r -  
cu i t   e l e c t r i c a l l y   c o n n e c t i n g   the  anode  and  cathode  so  as  to  e f f e c t   a  r e -  
duc t ion   in  the  o x i d a t i o n   s t a t e   of  the  polymer  by  e l e c t r o n   t r a n s f e r   t h e r e -  
to  from  the  a n o d e - a c t i v e   m e t a l .   Doping  of  the  polymer  with  the  d o p a n t  
c a t i o n s   to  an  n - type   m a t e r i a l   consequen t ly   spon t aneous ly   occurs  by  means 
of  the  n - type   doping  mechanism  de sc r i bed   more  f u l l y   a b o v e .  

The  degree  of  such  doping  w i l l   be  dependent  upon  the  degree  of  r e d u c t i o n  

e f f e c t e d   in  the  o x i d a t i o n   s t a t e   of  the  polymer  (which  wi l l   be  a  f u n c t i o n  
of  the  time  period  of  the  c e l l   d i s cha rge   and  the  s t anda rd   o x i d a t i o n   e l e c -  

t rode  p o t e n t i a l   of  the  a n o d e - a c t i v e   metal)   and  the  dopant  ion  c o n c e n t r a -  
t ion   in  the  e l e c t r o l y t e ,   a l l   of  which  v a r i a b l e s   are  p rope r ly   c o o r d i n a t e d  
and  c o n t r o l l e d   so  tha t   the  co r r e spond ing   degree  of  doping  wi l l   be  such  a s  
to  p rov ide   the  r e s u l t i n g   doped  polymer  with  the  p r e s e l e c t e d   room  t e m p e r a -  
ture   e l e c t r i c a l   c o n d u c t i v i t y .   S i m i l a r l y   as  w i t h  t h e   e l e c t r o l y t i c   c e l l  
embodiment  de sc r i bed   above,  and  wi th in   s i m i l a t   broad  o p e r a t i n g   ranges  o f  



time  pe r iods   and  c o n c e n t r a t i o n s ,   the  proper  combina t ion   of  the  t ime  

pe r iod   of  the  ce l l   d i s c h a r g e ,   the  s t andard   o x i d a t i o n   e l e c t r o d e   p o t e n t i a l  
of  the  a n o d e - a c t i v e   me ta l ,   and  the  dopant  ion  c o n c e n t r a t i o n   in  the  e l e c -  

t r o l y t e ,   to  obta in   the  des i r ed   degree  of  doping,   can  g e n e r a l l y   be  p r e d e -  
termined  by  t r i a l   and  e r ro r   p r o c e d u r e s .   For  example,  employing  l i t h ium  a s  

the  anode -ac t i ve   m e t a l ,   and  a  0.3  molar  s o l u t i o n   of  l i t h ium  p e r c h l o r a t e  
in  t e t r a h y d r o f u r a n   as  the  e l e c t r o l y t e   of  the  v o l t a i c   c e l l ,   p o l y a c e t y l e n e  

can  be  e l e c t r o c h e m i c a l l y   doped  w i th  L i+   to  a  h i g h l y   conduct ive   m e t a l l i c  
s t a t e   in  a  time  per iod   ranging  from  about  0.5  to  about  1.0  h o u r .  

S i m p l i f i c a t i o n   of  the  c o o r d i n a t i o n   and  c o n t r o l   of  the  opera t ing   c o n d i t i o n  

v a r i a b l e s   of  the  e l e c t r o c h e m i c a l   doping  p rocedu re s   so  a s  t o   e n a b l e  

p r e c i s e   achievement  of  the  des i r ed   degree  o f  d o p i n g ,   is  made  p o s s i b l e   by 
the  fact   that   the  p r o g r e s s i v e   convers ion   of  the  conjuga ted   polymer  to  a 

more  h igh ly   conduct ive   s t a t e   with  i n c r e a s i n g   degree  of  doping  is  accom- 

panied  by  a  c o r r e s p o n d i n g l y   p r o g r e s s i v e   change  i n  t h e   cu r ren t   f l o w  

through  the  e l e c t r o c h e m i c a l   c e l l .   Thus,  once  the  c o r r e l a t i o n   between  such 

cu r r en t   flow  and  the  degree  of  doping  has  been  e s t a b l i s h e d   for  any  g i v e n  
e l e c t r o c h e m i c a l   doping  system,  mon i to r ing   of  such  cu r r en t   flow,  for  e x -  
ample,  by  means  of  an  ammeter  connected  into  t h e  e x t e r n a l   c i r c u i t r y   o f  
the  e l e c t r o c h e m i c a l   c e l l ,   provides   a  d i r e c t   mon i to r ing   of  the  degree  o f  

doping  in  t h a t  s y s t e m .   Fur thermore ,   provided  tha t   the  e l e c t r o l y t e  
employed  is  one  which  is  n o r m a l l y  c h e m i c a l l y   u n r e a c t i v e   with  the  po lymer  

so  tha t   the  doping  r e a c t i o n   is  e n t i r e l y   e l e c t r o c h e m i c a l   in  na tu re ,   such 
r e a c t i o n   is  t e rminab le   with  a  sharp  cu tof f   poin t   p rec lud ing   any  o v e r - d o p -  

ing  of  the  polymer,  merely  by  swi tch ing   off  the  o p e r a t i o n   of  the  e l e c t r o -  
chemical   c e l l .   These  two  f e a t u r e s   combine  to  provide   the  e l e c t r o c h e m i c a l  

doping  procedures   of  the  p re sen t   i n v e n t i o n   with  a  r e l i a b l y   p rec i se   c o n -  
t r o l   of  the  degree  and  u n i f o r m i t y   of  doping  so  as  to  ensure  p roduc t ion   o f  

a  doped  polymer  product   with  a  c o n s i s t e n t   and  un i fo rm  room  t e m p e r a t u r e  
e l e c t r i c a l   c o n d u c t i v i t y .  

The  maximum  degree  of  doping  and  the  co r r e spond ing   maximum  leve l   of  room 

tempera tu re   e l e c t r i c a l   c o n d u c t i v i t y   of  the  r e s u l t i n g   doped  polymer,  which  
are  ach ievab le   by  means  of  the  e l e c t r o c h e m i c a l   doping  procedures   of  t h e  

p resen t   i nven t ion ,   wi l l   vary  with  the  p a r t i c u l a r   type  and  form  of  c o n -  
jugated  polymer  and  the  p a r t i c u l a r   spec ies   of  dopant  ions  employed.  Up  t o  
such  maximum  l e v e l ,   the  r e s u l t i n g   c o n d u c t i v i t y   wi l l   i n c r e a s e   w i t h  i n -  
c reas ing   degrees  of  dop ing .  Wi th   a c e t y l e n e   polymers,   for  example,  a 

degree  of  doping  ranging  from  less   than  about  0.001  to  about  0.1  mol  o f  
dopant  ion  per  carbon  atom  of  the  a c e t y l e n e   polymer  main  chain  wil l   i n -  
crease  the  room  t empera tu re   e l e c t r i c a l  c o n d u c t i v i t y   of  the  s t a r t i n g  
a c e t y l e n e   polymer  to  a  value  r ang ing  f rom  s l i g h t l y   in  excess  of  that   o f  



the  undoped  a c e t y l e n e   polymer  up  to  on  the  order  of  103  obm-1cm-1.  S i n c e  

the  c o n d u c t i v i t y   of  the  undoped  a c e t y l e n e   polymer  wi l l   t y p i c a l l y   be  on  
the  order   of  about  10-9  to  10-5  ohm-1cm-1  depending  upon  i t s   c o m p o s i t i o n  
and  method  of  p r e p a r a t i o n ,   and  s ince   the  s e m i c o n d u c t o r - m e t a l   t r a n s i t i o n  
of  the  doped  polymer  w i l l   g e n e r a l l y   be  reached  at  a  c o n d u c t i v i t y   o f  

a p p r o x i m a t e l y   1  ohm-1cm-1,  the  e l e c t r o c h e m i c a l   doping  procedures   of  t h e  

p r e s e n t   i n v e n t i o n   p rov ide   a  broad  range  of  s e l e c t i v i t y   in  the  r e s u l t i n g  

room  t e m p e r a t u r e   e l e c t r i c a l   c o n d u c t i v i t y   of  the  doped  polymer,  e x t e n d i n g  
over  the  e n t i r e   s e m i c o n d u c t o r   regime  and  into  the  m e t a l l i c   r e g i m e .  

As  d e s c r i b e d   more  f u l l y   above,  the  e l e c t r o c h e m i c a l   doping  p r o c e d u r e s  

proceed  by  mechanisms  which  impart  a  p o s i t i v e   or  n e g a t i v e   charge  to  t h e  
carbon  atoms  on  the  c o n j u g a t e d l y   u n s a t u r a t e d   polymer  backbone  c h a i n ,  
which  charge  a t t r a c t s   the  dopant  anions  or  c a t i o n s   as  counter   ions  t o  
m a i n t a i n   e l e c t r i c a l   n e u t r a l i t y   in  the  polymer.   Due  to  the  p resence   of  t h e  

c o n j u g a t e d   u n s a t u r a t i o n   along  the  main  backbone  chain  of  the  p o l y m e r ,  
making  a  l a rge   number  of  r e sonance   forms  a v a i l a b l e ,   the  charge  i m p a r t e d  
to  the  carbon  atoms  becomes  d e l o c a l i z e d   along  the  carbon  atom  chain  o v e r  
a  very  l a r g e   number  of  carbon  atoms.  Such  d e l o c a l i z a t i o n   of  the  c h a r g e  
r e n d e r s   the  charge  h i g h l y   s t a b l e ,   thereby   enabl ing   the  polymer  to  form 
s t a b l e   i o n i c   compounds  o r  c h a r g e   t r a n s f e r   complexes  with  a  wide  s e l e c t i o n  

of  p o s s i b l e   dopant  coun te r   ions ,   which  s e l e c t i o n   is  s u b s t a n t i a l l y   b r o a d e r  
in  scope  than  t h a t   p e r m i t t e d   with  the  p r i o r   a r t   chemical   doping  p r o c e -  
d u r e s .  

The  b roader   s e l e c t i o n   of  s u i t a b l e   dopant  spec ies   made  poss ib le   by  t h e  
e l e c t r o c h e m i c a l   doping  p rocedures   of  the  p re sen t   i n v e n t i o n ,   enables   t h e  

p r e p a r a t i o n   of  novel  n - type   doped  con juga ted   polymers  of  varying  l e v e l s  
of  room  t e m p e r a t u r e   e l e c t r i c a l   c o n d u c t i v i t y   ranging  up  into  the  m e t a l l i c  

regime,   and  where in   the  c a t i o n i c   dopant  spec i e s   is  n o n - m e t a l l i c   i n  
n a t u r e .   Such  novel   n - type   e l e c t r i c a l l y   conduct ing   polymeric  m a t e r i a l s  

provided  by  the  p r e s e n t   i n v e n t i o n   are  con juga ted   polymers  doped  to  a  c o n -  
t r o l l e d   degree  with  o rgan ic   dopant  c a t i o n s   s e l e c t e d   from  the  group  c o n -  
s i s t i n g   of  R4-xMHx+  and  R3E+ ,  wherein  R  is  a lkyl   or  a ry l ,   M  is  N,  F  o r  
As,  E  is  0  or  S,  and  x  is  0  or  an  i n t e g e r   ranging  from  1  to  4.  These  o r -  
ganic  dopant  c a t i o n s   are  more  f u l l y   d e s c r i b e d   above.  The  molecu la r   s i z e  
of  these  o r g a n i c   dopant  c a t i o n s   and  t h e i r   s o l u b i l i t y   p r o p e r t i e s   i n  

va r ious   o rgan i c   s o l v e n t s   may  be  va r i ed   over  a  r a t h e r   broad  range  m e r e l y  
by  varying  the  s ize   and  number  of  t h e i r   R  g roups .   Since  the  m o l e c u l a r  
s ize   of  the  dopant  spec i e s   may  be  an  impor t an t   f a c t o r   in  de te rmin ing   t h e  
e l e c t r i c a l   c o n d u c t i v i t y   and  va r ious   o the r   p r o p e r t i e s   imparted  to  t h e  
doped  polymer,  the  novel  o rganic   c a t i o n - d o p e d   n- type  conjugated   po lymers  
provided  by  the  p r e s e n t   i n v e n t i o n   o f f e r   a  wider  range  of  f l e x i b i l i t y   i n  



t h i s   regard  than  the  m e t a l l i c   c a t i o n - d o p e d   n - type   conjuga ted   po lymer s  

p r e v i o u s l y   d e s c r i b e d .  

The  e l e c t r o c h e m i c a l   doping  procedures   of  the  p r e sen t   i nven t ion   may  t h u s  
s u i t a b l y   be  employed  as  an  e f f i c i e n t   and  economical   means  for  the  p r o d u c -  

t ion  of  var ious   p- type   or  n- type  doped  polymer  stock  m a t e r i a l s   of  v a r y i n g  
l eve l s   of  room  t e m p e r a t u r e   e l e c t r i c a l   c o n d u c t i v i t y   for  use  in  a  wide 

v a r i e t y   of  e l e c t r i c a l   and  e l e c t r o n i c   device  a p p l i c a t i o n s .  

The  i nven t ion   is  f u r t h e r   i l l u s t r a t e d   by  way  of  the  fo l lowing  e x a m p l e s .  

Example  1 

A  1  cm  x  3  cm  x  0.01  cm  s t r i p   of  p o l y a c e t y l e n e   f i lm  composed  of  a p p r o x i -  
mately   82%  c i s - i s o m e r   and  having  a  room  t e m p e r a t u r e   e l e c t r i c a l   c o n d u c t i -  

v i t y   of  about  1  x  10-8  ohm-1cm-1,  was  employed  as  the  anode  of  an  e l e c t r o -  
l y t i c   ce l l   having  a  p la t inum  cathode  and  a  0.3  M  s o l u t i o n   o f  

[Prn3NH]+[AsF6]-  in  methylene   c h l o r i d e .   The  e l e c t r o l y t i c   ce l l   was  powered  
by  a  9 -vol t   b a t t e r y ,   and  an  ammeter  was  connected   into  the  e x t e r n a l   c i r -  

cu i t   of  the  c e l l .   The  9 - v o l t   p o t e n t i a l   was  app l i ed   for  a  per iod  o f  
0.75  hour,  during  which  time  the  cu r ren t   as  measured  by  the  ammeter  i n -  

creased  from  0.4  to  1.02  mA.  The  r e s u l t i n g   p- type   doped  p o l y a c e t y l e n e  
film  was  found  by  e l emen ta l   a n a l y s i s   to  have  a  composi t ion   c o r r e s p o n d i n g  

to  [CH(AsF4)  .077]x,  and a   room  t empera tu re   e l e c t r i c a l   c o n d u c t i v i t y   o f  
553  ohm-1cm-1.  It  is  b e l i e v e d   that  the  AsF4  ion  is  formed  by  a  r e a c t i o n  

sequence  involv ing   proton  a b s t r a c t i o n   from  [Prn3NH]+  by  f l u o r i n e   a toms 
from  AsF6  during  the  e l e c t r o l y s i s   p r o c e s s .  

Example  2 

The  procedure  of  Example  1  was  r epea t ed ,   but  th i s   time  employing  as  t h e  

e l e c t r o l y t e   a  0.3  M  s o l u t i o n   of  [Bun4N]+[SO3CF3]-  in  methylene  c h l o r i d e .  
The  9-vol t   p o t e n t i a l   was  app l ied   for  a  per iod   of  0.5  hour,   during  which  

time  the  cu r ren t   as  measured  by  the  ammeter  i n c r e a s e d  f r o m   1.6  to  2.35  mA. 
The  r e s u l t i n g   p- type  doped  p o l y a c e t y l e n e   f i lm  was  found  to  have  the  compo- 
s i t i o n   [CH(SO3CF3)0.06]x,  and  a  room  t e m p e r a t u r e   e l e c t r i c a l   c o n d u c t i v i t y  
of  255  ohm-1cm-1. 

Example  3 

The  procedure  of  Example  1  was  r epea ted ,   but  t h i s   time  employing  t h e  

poace ty lene   f i lm  as  the  ca thode ,   and  the  p la t inum  e l e c t r o d e   as  the  anode  
of  the  e l e c t r o l y t i c   c e l l   and  employing  as  the  e l e c t r o l y t e   a  1.0  M  s o l u -  



t i o n   of  [Bun4N]+(ClO4]-   in  t e t r a h y d r o f u r a n ,   and  an  app l i ed   p o t e n t i a l   o f  

4  vo l t s   for  a  pe r iod   of  about  0.25  hour .   This  procedure   r e s u l t e d   in  t h e  

p o l y a c e t y l e n e   f i lm  becoming  doped  with  (Bun4N]+  to  an  n - type   m a t e r i a l  

having  the  c o m p o s i t i o n   ( (Bun4N)0 .003CH]x .  



1.  A  r e v e r s i b l e   e l e c t r o c h e m i c a l   method  for  modifying  the  e l e c t r i c a l   c o n -  
d u c t i v i t y   p r o p e r t i e s   of  a  conjugated   polymer  having  con juga ted   u n -  
s a t u r a t i o n   along  i t s   main  back  bone  chain  and  which  is  dopable  w i t h  

a  c a t i o n i c   dopant  to  a  more  h igh ly   e l e c t r i c a l l y   conduct ing  s t a t e ,  
comprising  the  s teps   o f :  

a)  p rov id ing   an  e l e c t r o c h e m i c a l   c e l l   compris ing  an  anode,  a 

cathode,   and  an  e l e c t r o l y t e ,   said  cathode  i n c l u d i n g   said  c o n j u -  
gated  polymer  as  i t s   c a t h o d e - a c t i v e   m a t e r i a l ,   said  e l e c t r o l y t e  

compris ing   a  compound  which  is  i o n i z a b l e   into  an  organic   c a t -  
ionic   dopant  of  R4-xMHx+ and  R3E+,  wherein  R  is  a lky l   or  a r y l ,   M 

is  N,  P  or  As,  E  is  0  or  S,  and  x  is  0  or  an  i n t e g e r   r a n g i n g  
from  1  to  4 ;  

b)  ope ra t ing   said  e l e c t r o c h e m i c a l   c e l l   so  as  to  e f f e c t   a  change  i n  

the  o x i d a t i o n   s t a t e   of  said  polymer  whereby  said  polymer  becomes  

doped  with  said  organic  c a t i o n i c   dopant;  and 

c)  c o o r d i n a t i n g   and  c o n t r o l l i n g   the  degree  of  change  e f f e c t e d   i n  
said  o x i d a t i o n   s t a t e   of  said  polymer  and  the  dopant  c o n c e n t r a -  
t ion  in  said  e l e c t r o l y t e   so  that   the  co r r e spond ing   degree  of  

doping  wi l l   be  such  as  to  provide  the  r e s u l t i n g   doped  p o l y m e r  
with  said  p r e s e l e c t e d   room  t empera tu re   n- type  e l e c t r i c a l   c o n d u c -  

t i v i t y .  

2.  A  r e v e r s i b l e   e l e c t r o c h e m i c a l   method  for  modifying  the  e l e c t r i c a l   c o n -  
d u c t i v i t y   p r o p e r t i e s   of  a  conjugated  polymer  having  con juga ted   u n -  
s a t u r a t i o n   along  i t s   main  back  bone  chain  and  which  is  dopable  w i t h  
a  c a t i o n i c   dopant  to  a  more  h ighly   e l e c t r i c a l l y   conduct ing  s t a t e ,  

comprising  the  s teps   o f :  

a)  p rovid ing   a  v o l t a i c   ce l l   compris ing  an  anode,  a  ca thode,   and  an  
e l e c t r o l y t e ,   said  cathode  i nc lud ing   said  conjugated  polymer  a s  
i t s   c a t h o d e - a c t i v e   m a t e r i a l ,   said  anode  i nc lud ing   as  i t s   a n o d e -  
- a c t i v e   m a t e r i a l   a  metal  whose  Paul ing  e l e c t r o n e g a t i v i t y   v a l u e  

is  no  g r e a t e r   than  1.0,  and  said  e l e c t r o l y t e   compris ing  a  com- 
pound  which  is  i on i zab le   into  said  c a t i o n i c   dopan t ;  

b)  ope ra t ing   said  v o l t a i c   ce l l   so  as  to  e f f e c t   a  change  in  the  o x i -  
dat ion  s t a t e   of  said  polymer,  whereby  said  polymer  becomes  doped 
with  said  c a t i o n i c   dopant  to  a  degree  dependent  upon  the  d e g r e e  



of  change  e f f e c t e d   in  said  o x i d a t i o n   s t a t e   of  said  polymer  and 
the  dopant  c o n c e n t r a t i o n   in  said  e l e c t r o l y t e ;   a n d  

c)  c o o r d i n a t i n g   and  c o n t r o l l i n g   the  degree  of  change  e f f e c t e d   i n  
sa id   o x i d a t i o n   s t a t e   of  said  polymer  and  the  dopant  c o n c e n t r a -  
t ion   in  said  e l e c t r o l y t e   so  that   the  c o r r e s p o n d i n g   degree  o f  

doping  w i l l   be  such  as  to  provide  the  r e s u l t i n g   doped  polymer  
with  said  p r e s e l e c t e d   room  t empera tu re   n - type   e l e c t r i c a l   c o n d u c -  
t i v i t y .  

3.  A  r e v e r s i b l e   e l e c t r o c h e m i c a l   method  for  s i m u l t a n e o u s l y   e f f e c t i n g   m o d i -  

f i c a t i o n   of  the  e l e c t r i c a l   c o n d u c t i v i t y   p r o p e r t i e s   of  a  c o n j u g a t e d  
polymer  having  con juga ted   u n s a t u r a t i o n   along  i t s   main  back  bone  

chain   and  which  is  dopable  with  ion ic   dopant  to  a  more  h igh ly   e l e c t r i -  
c a l l y   conduc t ing   s t a t e ,   compr i s ing   the  s teps   o f :  

a)  p r o v i d i n g   an  e l e c t r o l y t i c   c e l l   compris ing  an  anode,  a  c a t h o d e ,  
and  an  e l e c t r o l y t e ,   sa id   anode  i n c l u d i n g   said  polymer  as  i t s  
a n o d e - a c t i v e   m a t e r i a l ,   said  cathode  i n c l u d i n g   said  polymer  a s  
i t s   c a t h o d e - a c t i v e   m a t e r i a l ,   and  said  e l e c t r o l y t e   compris ing  a  
compound  which  is  i o n i z a b l e   into  an  a n i o n i c   dopant  and  a  c a t -  

i on i c   d o p a n t ,  

b)  o p e r a t i n g   said  e l e c t r o l y t i c   c e l l   so  as  to  e f f e c t   a  change  in  t h e  
o x i d a t i o n   s t a t e s   of  said  polymer,  whereby  said  a n o d e - a c t i v e   p o l y -  

mer  becomes  doped  with  said  an ionic   dopant  to  a  p- type  e l e c t r i -  
c a l l y   conduct ing   m a t e r i a l   and  said  c a t h o d e - a c t i v e   po lymer  
becomes  doped  with  said  c a t i o n i c   dopant  to  an  n - type   e l e c t r i -  
c a l l y   conduct ing  m a t e r i a l ;   and  

c)  c o o r d i n a t i n g   and  c o n t r o l l i n g   the  degree  of  change  e f f e c t e d   i n  

the  o x i d a t i o n   s t a t e s   of  said  e l e c t r o d e - a c t i v e   polymers  and  t h e  

dopant  c o n c e n t r a t i o n   in  said  e l e c t r o l y t e   so  t h a t   the  c o r r e s p o n d -  
ing  degree  of  doping  w i l l   be  such  as  to  p rov ide   the  r e s u l t i n g  
doped  polymers  with  said  p r e s e l e c t e d   room  t e m p e r a t u r e   e l e c t r i c a l  

c o n d u c t i v i t y .  

4.  The  method  of  any one  of  claims  1  to  3,  wherein  said  con juga ted   p o l y -  
mer  is  an  a c e t y l e n e   p o l y m e r .  

5.  The  method  of  any one  of  claims  2  to  4,  Wherein  said  c a t i o n i c   dopan t  
s p e c i e s   is  a  m e t a l l i c   c a t i on   of  a  metal  whose  Paul ing   e l e c t r o n e g a -  
t i v i t y   value  is  no  g r e a t e r   than  1 . 6 .  



6.  The  method  of  any one  of  c laims  2  to  4,  wherein  said  c a t i o n i c   d o p a n t  

spec ies   is  an  organic   c a t i on   s e l e c t e d   from  the  group  c o n s i s t i n g   o f  
R4-xMHx+  and  R3E+,  wherein  R  is  a lkyl   or  a r y l ,   M  is  N,  P  or  As,  E  i s  

0  or  S,  and  x  is  0  or  an  i n t e g e r   ranging  from  1  to  4 .  

7.  The  method  of  any one  of  claims  3  to  6,  wherein  said  an ion i c   d o p a n t  
spec ies   is  s e l e c t e d   from  the  group  c o n s i s t i n g   of  h a l i d e   ions ,   C lO4- ,  

PF6-,  AsF6-,  SO3CF3-,  and  BF4- .  

8.  The  method  of  any one  of  claims  3  to  7,  wherein  the  a n o d e - a c t i v e   c o n -  

juga ted   polymer  and  the  c a t h o d e - a c t i v e   con juga ted   polymer  a r e  

oppos i t e   s u r f a c e s   of  the  same  u n i t a r y   mass  of  con juga ted   polymer,   and 

said  e l e c t r o l y t e   is  impregnated  w i th in   said  con juga ted   p o l y m e r .  

9.  An  n- type  e l e c t r i c a l l y   conduct ing  polymeric   m a t e r i a l   compr is ing   a  

conjuga ted   polymer  doped  to  a  c o n t r o l l e d   degree  with  a  c a t i o n i c  

dopant  spec i e s   c h a r a c t e r i z e d   in  tha t   the  con juga ted   polymer  is  doped 

with  a  n o n - m e t a l l i c   dopant  c a t i o n   s e l e c t e d   from  the  group  c o n s i s t i n g  
of  R4-xMHx+  and  R3E+,  wherein  R  is  a lkyl   or  a r y l ,   M  is  N,  P  or  As,  E 

is  0  or  S,  and  x  is  0  or  an  i n t e g e r   ranging  from  1  to  4  a c c o r d i n g   t o  
the  method  of  claim  6 .  
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