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DOES DOPING METHOD INFLUENCE THE ELECTRICAL 
PROPERTIES OF POLYACETYLENE? 

M . A .  DRUY, M.F. RUBNER, E . K .  SICHEL, 
S .K.  TRIPATHY, T .  EMMA, and P.  CUKOR 
GTE L a b o r a t o r i e s ,  I n c o r p o r a t e d  
40 S y l v a n  Road 
Waltham, MA 0 2 2 5 4  

A b s t r a c t .  The i n f l u e n c e  o f  d o p i n g  method on t h e  
e l e c t r i c a l  p r o p e r t i e s  of p o l y a c e t y l e n e  a re  con- 
s i d e r e d .  - -polyace ty lene  was doped 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  w i t h  t h e  ( I r C 1 6 ) 2 -  s p e c i e s .  
The c o n d u c t i o n  mechanism was found t o  b e  i n d e -  
pendent  of doping  method.  E l e c t r o c h e m i c a l  d o p i n g ,  
however ,  r e s u l t s  i n  a more homogeneous d i s t r i b u t i o n  
of  d o p a n t  a t  t h e  15-200 angs t rom l e v e l  and a 
h i g h e r  c o n d u c t i n g  m a t e r i a l .  E l e c t r o c h e m i c a l  
doping  a l s o  r e s u l t s  in t h e  i n c o r p o r a t i o n  of a 
__ non-hydrolyzed dopant  s p e c i e s .  

I N T R O D U C T I O N  

When p o l y a c e t y l e n e  is exposed t o  s u i t a b l e  e l e c t r o n -  
d o n a t i n g  o r  e l e c t r o n  w i t h d r a w i n g  s p e c i e s ,  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  of t h e  polymer i n c r e a s e s  o v e r  t w e l v e  o r d e r s  
o f  magni tude . '  A l t e r n a t i v e l y ,  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  m a 3  b e  i n c r e a s e d  b y  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  reduc-  
t i o n .  Both of t h e s e  methods of i n c r e a s i n g  t h e  c o n d u c t i -  
v i t y  have  been  r e f e r r e d  tn a s  "doping" and  i t  i s  common t o  
r e f e r  t o  t h e  c h e m i c a l  s p e c i e s  i n v o l v e d  a s  "dopants ."  I n  t h e  
c a s e  of c h e m i c a l  "doping ,"  a n  e l e c t r o n  t r a n s f e r  o o c u r s  
be tween t h e  polymer and t h e  "dopant"  and t h e  c h e m i c a l  
s p e c i e s  i s  i n c o r p o r a t e d  i n t o  t h e  polymer .  An example of  
c h e m i c a l  d o p i n g  i s  e x p o s i n g  q o l y a c e t y l e n e  t o  i o d i n e ,  e i t h e r  
i n  s o l u t i o n  o r  t o  i t s  v a p o r .  Dur ing  e l e c t r o c h e m i c a l  "doe-- 
i n g , "  e l e c t r o n s  are  removed o r  added t o  t h e  p o l y a c e t y l e n e  p i  
e l e c t r o n  s y s t e m  v i a  a n  e x t e r n a l  s o u r c e  of  p o t e n t i a l .  An- 
i o n s  o r  c a t i o n s  from the  s u p p o r t i n q  e l e c t r o l y t e  are t h e n  i n -  
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c o r p o r a t e d  i n t o  t h e  polymer i n  o r d e r  t o  m a i n t a i n  c h a r g e  
n e u t r a l i t y .  The f u n d a m e n t a l  d i f f e r e n c e  be tween t h e  two 
methods of d o p i n g  i s  t h a t  i n  t h e  c a s e  of  c h e m i c a l  d o p i n g ,  
t h e  s p e c i e s  which i s  i n c o r p o r a t e d  i n t o  t h e  f i l m  i s  a r e s u l t  
of t h e  e l e c t r o n  t r a n s f e r  between t h e  polymer and t h e  
" d o p a n t .  'I While  i n  e l e c t r o c h e m i c a l  d o p i n g ,  t h e  species  
which i s  i n c o r p o r a t e d  i n t o  t h e  f i l m  is  a r e s u l t  of  e l e c t r o -  
c i iemica l  o x i d a t i o n  o r  r e d u c t i o n .  Thus ,  f o r  e l e c t r o c h e m i -  
c a l  d o p i n g ,  t h e  s p e c i e s  would n o t  have  b e e n  i n c o r p o r a t e d  
i n t o  t h e  polymer i f  no e x t e r n a l  b a t t e r y  w a s  a t t a c h e d  t o  
t h e  c e l l  and t h e  p o l y a c e t y l e n e  would n o t  have  become 
"doped. A well-known example of  e l e c t r o c h e m i c a l  doping  i s  
t h e  u s e  of  p o l y a c e t y l e n e  as  a n  anode i n  a c e l l  which con- 
t a i n s  te t rabuty lammonium p e r c h l o r a t e  as  t h e  s u p p o r t i n g  
e l e c t r o l y t e  d i s s o l v e d  i n  m e t h y l e n e  c h l ~ r i d e . ~  I n  t h i s  
case,  as t h e  polymer becomes o x i d i z e d ,  p e r c h l o r a t e  a n i o n s  
a r e  i n c o r p o r a t e d  i n t o  t h e  f i l m .  

One q u e s t i o n  t h a t  ar ises  is  w h e t h e r  dopal i t  t y p e  o r  
doping  method i n f l u e n c e s  t h e  e l e c t r i c a l  p r o p e r t i e s  of  t h e  
doped polymer .  P r e v i o u s l y  i n  o u r  l a b o r a t o r y  w e  have  
examined t h e  t e m p e r a t u r e  dependence of  t h e  r e s i s t i v i t y ,  p ,  
of p o l y a c e t y  e n e  doped w i t h  h e x a c h l o r o i r i d a t e ,  i o d i n e ,  
and bromine .' W e  o b s e r v e d  i n  t h e  c a s e  of  h e x a c h l o r o i r i d a t e  
doping  t h a t  P=poexp(To/T)l'2 and i n  t h e  c a s e  of  bromine and 
i o d i n e  d o p i n g  p=poexp(To/T)g.  
of  t h e  c i s - t r a n s  c o n t e n t  o f  t h e  undoped polymer .  I n  
h e x a c h l o r o i r i d a t e  d o p i n g ,  t h i s  w a s  a t t r i b u t e d  t o  a c h a r g i n g  
e n e r g y  l i m i t e d  hopping  p r o c e s s  i n  which  a c h a r g e  c a r r i e r  
hops  from one c o n d u c t i n g  c l u s t e r  t o  a n o t h e r ,  c r e a t i n g  a 
p a i r  o f  n e g a t i v e l y  and p o s i t i v e l y  c h a r g e d  c l u s t e r s .  
Doping w i t h  i o d i n e  o r  bromine  r e s u l t e d  i n  a c o n d u c t i o n  
mechanism i n  which a c h a r g e  ca r r i e r  h o p s  be tween d i s p e r s e d  
a t o m i c  s i tes .  We a t t r i b u t e d  t h e s e  two d i f f e r e n t  mechanisms 
of c o n d u c t i o n  t o  t h e  n a t u r e  of t h e  dopant  and i t s  d i s t r i -  
b u t i o n .  The d i f f u s i o n  r a t e s  of t h e  d o p a n t  s p e c i e s  i n  t h e  
polymer m a t r i x  are  e x p e c t e d  t o  b e  d i f f e r e n t  and dependent  
on t h e i r  r e l a t i v e  s i z e s ,  and t h e r e f o r e  one e x p e c t s  t h e  
dopant  d i s t r i b u t i o n  t o  be  a f f e c t e d .  R e c e n t  r e s u l t s  a l s o  
i n d i c a t e  t h a t  t h e  d i e l e c t r i c  c o n s t a n t  of  doped p o l y a c e t y -  
l e n e  i s  dopant  s p e c i e s  d e p e n d e n t .  

T h i s  b e h a v i o r  was i n d e p e n d e n t  

I n  o r d e r  t o  d e t e r m i n e  whether  doping  method i n f l u e n c e d  
t h e  e l e c t r i c a l  p r o p e r t i e s  of  p o l y a c e t y l e n e ,  w e  doped cis- 
p o l y a c e t y l e n e  b o t h  e l e c t r o c h e m i c a l l y  and c h e m i c a l l y  w i t h  
t h e  h e x a c h l o r o i r i d a t e  s p e c i e s  and i n v e s t i g a t e d  t h e  temper-  
a t u r e  dependence of  t h e  r e s i s t i v i t y  arid t h e  d i s t r i b u t i o n  
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DOES DOPING INFLUENCE THE PROPERTIES OF (CH), 111 

o f  t h e  s p e c i e s  ( v i a  t r a n s m i s s i o n  e l e c t r o n  microscopy)  i n  
t h e  polymer .  I n  t h i s  p a p e r  w e  w i l l  summarize t h e  
r e s u l t s .  

EXPERIMENTAL 

Sample p r e p a r a t i o n :  P o l y a c e t y l e n e  w a s  p r e p a r e d  i n  
5 f i l m  form as d e s c r i b e d  i n  o u r  p r e v i o u s  p u b l i c a t i o n s .  

P o l y m e r i z a t i o n s  were c a r r i e d  o u t  a t  -78OC, which r e s u l t s  
i n  t h e  p r e d o m i n a n t l y  *-isomer (80-95%) o f  p o l y a c e t y l e n e .  
D e t a i l s  of  t h e  c h a r a c t e r i z a t i o n ,  morphology,  and micro-  
s t r u c t u r e  of  p o l y a c e t y l e n e  p r e p a r e d  u s i n q  t h e s e  p r o c e d u r e s  
h a v e  been  p u b l i s h e d  i n  o u r  e a r l i e r  work. 

Chemical  doping  of  p o l y a c e t y l e n e  w a s  accompl ished  by 
immersing t h e  p o l y a c e t y l e n e  f i l m  i n  a s o l u t i o n  c o n s i s t i n g  
of  dihydrogenhexachloroiridate ( I V ) ,  H 2 1 r C 1 6 . 6 H 2 0 ,  d i s s o l v e d  
i n  a 90 /10 -vo l .  % s o l u t i o n  of  n i t r o m e t h a n e f a c e t i c  a c i d .  
The a c e t i c  a c i d  w a s  added t o  p r e v e n t  i m p u r i t i e s  formed i n  
t h e  doping  s o l u t i o n  d u r i n g  s t a n d i n g  from p r e c i p i t a t i n g  o u t  
of t h e  s o l u t i o n  and o n t o  t h e  p o l y a c e t y l e n e  f i l m .  A l l  
m a n i p u l a t i o n s  of  t h e  polymer and dopant  were c a r r i e d  o u t  
u s i n g  vacuum l i n e  t e c h n i q u e s  o r  i n  a n  i n e r t  a t m o s p h e r e .  
A d e t a i l e d  d e s c r i p t i o n  of  t h e  doping  p r o c e s s  c a n  b e  found 
i n  a p r e v i o u s  p ~ b l i c a t i o n . ~  

E l e c t r o c h e m i c a l  o x i d a t i o n  ( d o p i n g )  of (CH), p r e s s e d  
f i l m  w a s  c a r r i e d  o u t  under  c o n s t a n t  v o l t a g e  ( p o t e n t i o s t a t i c )  
c o n d i t i o n s .  A l l  p r o c e d u r e s ,  i n c l u d i n g  washing  t h e  f i l m  
a f t e r  d o p i n g ,  were c a r r i e d  o u t  i n  a n  i n e r t  a tmosphere  
g l o v e  box. A two-compartment t h r e e - e l e c t r o d e  c e l l  w a s  
u s e d .  O x i d a t i o n  of  t h e  (CH), w a s  per formed a t  a v o l t a g e  
of  +0.75 V vs .  t h e  Ag/Ag+ e l e c t r o d e .  The e l e c t r o l y t i c  
s o l u t i o n  was 0 .01  M te t ra-n-butylammonium h e x a c h l o r o i r i -  
d a t e  ( I V )  i n  n i t r o m e t h a n e .  A d e t a i l e d  d e s c r i p t i o n  of t h e  

7 d o p i n g  p r o c e d u r e  c a n  be  found i n  a p r e v i o u s  p u b l i c a t i o n .  

RESULTS AND DISCUSSION 

Doping o f  P o l y a c e  t y l e n e  

A. Chemical  Doping 

I n  o r d e r  t o  g a i n  a n  u n d e r s t a n d i n g  of  t h e  e l e c t r i c a l  
p r o p e r t i e s  o f  p o l y a c e t y l e n e  doped w i t h  t h e  i r i d i u m  s a l t ,  
i t  i s  f i r s t  n e c e s s a r y  t o  d e t e r m i n e  t h e  n a t u r e  of  the ac-  
t u a l  s p e c i e s  i n c o r p o r a t e d  i n  t h e  polymer and t h e  mechanism 
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112 M. A. DRUY et al. 

of  i t s  i n s e r t i o n .  E l e m e n t a l  a n a l y s i s  r e v e a l e d  t h a t  t h e  
c o m p o s i t i o n  o f  t h e  doped polymer v a r i e d ;  w i t h  t h e  
c h l o r i n e / i r i d i u r n  r a t i o ' r a n g i n g  from t h e  e x p e c t e d  6 / 1  r a t i o  
t o  as low as  4 / 1  ( s e e  T a b l e  1 ) .  S i n c e  t h e  i r i d i u m  s a l t  
c o n t a i n s  c o o r d i n a t e d  wa te r ,  i t  i s  r e a s o n a b l e  t o  assume t h a t  
h y d r o l y s i s  o r  a q u a t i o n  of t h e  ( I r C 1 6 ) 2 -  h a s  t a k e n  p l a c e .  
MacDiarmid and Heeger '  have  r e p o r t e d  on a number o f  d o p a n t s  
t h a t  c o n t a i n  h y d r o l y z a b l e  h a l o g e n  a n d ,  depending  on t h e  
h a n d l i n g  and s t o r a g e  p r o c e d u r e s ,  a r e  i n c o r p o r a t e d  i n  p o l y -  
a c e t y l e n e  w i t h  o r  w i t h o u t  c o o r d i n a t e d  H 2 0 .  

TABLE 1 E l e m e n t a l  A n a l y s e s  f o r  (CH), Doped With ( I r C 1  )2- 6 
 SAMPLE^ w c  W H  w lr w u  WO' EMPIRICAL FORMULA 

1 57.20 5.55 17.57 12.32 7.36 ~ , ~ o ( l r C 1 3 . s ( O H ) ~ ) o . r o . ( H 2 0 ) . ~ ~ ~  

1 45.17 4.94 24.00 20.34 5.51 C H ~ ~ 1 4 ( l r C l ~ , ~ O H l , ~ ~ ~ ( M ~ O l , ~ ~ ~  

3 5132 4.95 21.01 16.34 6.1 CH,,~~FrCl~~~(OHI~l,o~~(H~O),~~g 

4 03.79 (1.37 11.53 11.73 6.50 c ~ 1 , 0 5 ~ i ~ i 5 ~ ~ o ~ i , 0 1 1 . ~ n 2 0 i ~ ~ ~ ~  

5' 52.47 4.76 16.13 17.93 8.69 CH(lrCl@2O),,o,g 

ad - - 37.10 41.32 - IrCI6.02 

m - OXYGEN DETERMINED BY DIFFERENCE 

b - ANALYSIS BY SCHWAMKOPF MICROANALYlICAL LABORATORY. WOODSIDE. NV 113TI 

c - ELECTROO(EM1CALLY WPED (CH), 

d - ANALYSIS OF AS REeElVED DlHYDRffiENHUUCHLOROlRIO*TE 

S p e c t r o p h o t o m e t r i c  a n a l y s i s  o f  t h e  d o p i n g  s o l u t i o n  
c o n t a i n i n g  H I r C l  -6H 0 ( i n  n i t r o m e t h a n e )  r e v e a l e d  t h a t  
t h e  dopant  w a s  n o t  h y g r o l y t i c a l l y  s t a b l e  on  s t a n d i n g ,  and 
t h a t  t h e  d o p i n g  s o l u t i o n  c o n t a i n s  a m i x t u r e  of h e x a c h l o r o -  
i r i d a t e  and i t s  h y d r o l y s i s  p r o d u c t s . '  
s p e c i e s  a re  i n  t u r n  i n c o r p o r a t e d  i n  p o l y a c e t y l e n e  d u r i n g  
t h e  doping  p r o c e s s ,  a l o n g  w i t h  v a r i o u s  amounts  of  c o o r d i -  
n a t e d  w a t e r  ( v i d e  e l e m e n t a l  a n a l y s i s ) .  The v a r i o u s  C l / I r  
r a t i o s  o b t a i n e d  f o r  t h e  doped f i l m s  by e l e m e n t a l  a n a l y s i s ,  
t h e r e f o r e ,  r e f l e c t  t h e  d i s t r i b u t i o n  o f  t h e s e  h y d r o l y s i s  
p r o d u c t s  i n  t h e  d o p i n g  s o l u t i o n .  It was a l s o  found t h a t  
t h e  ra te  of  r e a c t i o n  of  p o l y a c e t y l e n e  w i t h  t h e  i r i d i u m  
sa l t  and i t s  h y d r o l y s i s  p r o d u c t s  w a s  t h e  same under  e q u i -  
v a l e n t  c o n d i t i o n s .  In o t h e r  words ,  d o p i n g  s o l u t i o n s  t h a t  
c o n t a i n e d  t h e  c h l o r o h y d r o x y  s p e c i e s  were  e q u a l l y  e f f e c -  
t i v e  as d o p a n t s  f o r  p o l y a c e t y l e n e  a s  s o l u t i o n s  t h a t  o n l y  
c o n t a i n e d  t h e  h e x a c h l o r o  s p e c i e s .  

2 6  

Both of  t h e s e  

T h e r e  a re  two mechanisms t h a t  one  must c o n s i d e r  f o r  
s p o n t a n e o u s  d o p i n g  w i t h  H I rC16.6H20.  
t h e  t r a n s f e r  o f  a n  e l e c t r o n  from p o l y a c e t y l e n e  t o  
( I rC16)2- .  

The f i r s t  i n v o l v e s  
2 

In t h i s  case,  t h e  i r i d i u m  ( I V )  s p e c i e s  i s  
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DOES DOPING INFLUENCE THE PROPERTIES OF (CH), 113 

reduced  t o  an  i r i d i u m  (111)  s p e c i e s  which i s  i n c o r p o r a t e d  
i n t o  t h e  polymer t o  m a i n t a i n  c h a r g e  b a l a n c e .  Hexachloro-  
i r i d a t e  (IV) is well-known f o r  i t s  o x i d i z i n g  a b i l i t y 8  and 
t h e r e f o r e  c o u l d  b e  e x p e c t e d  t o  e n t e r  i n t o  a formal  
o x i d a t i o n - r e d u c t i o n  mechanism. An a l t e r n a t i v e  mechanism 
i s  r e f e r r e d  t o  as “ p r o t o n i c  a c i d ”  doping .  I n  t h i s  mecha- 
nism,  t h e  polymer i s  o x i d i z e d  by t h e  H+ i o n s  and t h e  i r i-  
dium (IV) s p e c i e s  i s  concommitant ly  i n t r o d u c e d  as  a n  a n i o n  
t o  m a i n t a i n  c h a r g e  b a l a n c e .  The e x a c t  mechanism of  pro-  
t o n i c  acid doping  i s  b e l i e v e d  t o  i n v o l v e  t h e  a d d i t i o n  of  
a p r o t o n  t o  a c a r b o n  atom of t h e  polymer c h a i n  which re- 
s u l t s  i n  t h e  f o r m a t i o n  of a C-H c o v a l e n t  bond.’ The pro- 
t o n a t e d  carbon is sp3  h y b r i d i z e d  and t h e  r e s u l t a n t  p o s i -  
t i v e  c h a r g e  i s  d e l o c a l i z e d  a l o n g  t h e  polymer c h a i n .  T h i s  
mechanism, however ,  i m p l i e s  an  i n t e r r u p t i o n  i n  t h e  back- 
bone c o n j u g a t i o n  f o r  e v e r y  c h a r g e  c a r r i e r  t h a t  i s  c r e a t e d  
and would u l t i m a t e l y  l i m i t  t h e  l e v e l s  of c o n d u c t i v i t y  t h a t  
c o u l d  b e  r e a c h e d .  Another  i n t e r p r e t a t i o n  of t h e  p r o t o n i c  
a c i d  doping  of  p o l y a c e t y l e n e  u s i n g  a s p e c i e s  such  a s  d i -  
hydrogen h e x a c h l o r o i r i d a t e  i n v o l v e s  o x i d a t i o n  of t h i s  
polymer by a n  a c t i v e  p r o t o n i c  s p e c i e s  such  as  (H+),(IrC16)2- 
as shown i n  Equat ion  1 f o r  a doping  l e v e l  of  10 mole 
p e r c e n t .  

E q u a t i o n  1 
A s  i n  t h e  o r i g i n a l  mechanism of p r o t o n i c  a c i d  d o p i n g ,  

t h e  h e x a c h l o r o i r i d a t e  s p e c i e s  i s  i n t r o d u c e d  i n t o  p o l y a c e t y l -  
e n e  as  t h e  unchanged i r i d i u m  (IV) s p e c i e s .  O x i d i a t i o n  of 
t h e  polymer backbone,  however ,  i s  n o t  accompl ished  by a d d i -  
t i o n  of a p r o t o n  t o  t h e  p i  sys tem b u t  i n v o l v e s  o x i d a t i o n  
of t h e  p i  s y s t e m  by t r a n s f e r  of an  e l e c t r o n  t o  t h e  a c t i v e  
p r o t o n i c  s p e c i e s  which,  i n  t u r n ,  combines i n  i t s  reduced  
form w i t h  a molecule  B ,  presumably p r e s e n t  i n  t h e  s o l v e n t .  
P o s s i b l e  by-products  (HB) of  t h i s  r e a c t i o n  a re  H H C l ,  
and  H20. The e x a c t  f a t e  of  t h e  reduced  p r o t o n i c  s p e c i e s ,  
however ,  i s  s t i l l  o n l y  s p e c u l a t i v e .  The a c t i v e  p r o t o n i c  
s p e c i e s  p l a y s  a s i m i l a r  r o l e  as  i n  t h e  s o l u t i o n  doping  of 
p o l y a c e t y l e n e  w i t h  n i t r o s y l  s a l t s  i n  which t h e  n i t r o s y l  
c a t i o n  o x i d i z e s  t h e  polymer and i s  r e l e a s e d  i n t o  t h e  s o l -  
v e n t  w i t h  t h e  concommitant i n t r o d u c t i o n  of t h e  a n i o n  i n t o  
t h e  o x i d i z e d  p o l y a c e t y l e n e .  10 

2’ 

We b e l i e v e  t h a t  t h e  dominant  a c t i v e  dopant  
s p e c i e s ,  i n  t h i s  case, i s  a p r o t o n i c  a c i d  such  a s  
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114 M. A. DRUY et al. 

(H30) *+( I rC16)  2-*6H20 o r  a h y d r o l y z e d  s p e c i e s  t h e r e o f  and 
t h a t  o x i d a t i o n  o f  p o l y a c e t y l e n e  o c c u r s  p r e d o m i n a n t l y  v i a  
t h e  l a t t e r  p r o t o n i c  a c i d  mechanism. 

T h i s  mechanism i s  s u p p o r t e d  by t h e  f o l l o w i n g  r e s u l t s .  
F i r s t ,  i f  t h e  h e x a c h l o r o i r i d a t e  ( T V )  a n i o n  w e r e  t h e  
o x i d i z i n g  s p e c i e s  (mechanism l ) ,  t h e n  o t h e r  s a l t s  of 
( I r C I 6 ) * - ,  such  as t h e  Na, K ,  Bu N s a l t s ,  would a l s o  b e  
e f f e c t i v e  as d o p a n t s  f o r  p o l y a c e t y l e n e .  However, s o l u t i o n s  
of  t h e s e  sa l t s  do n o t  s p o n t a n e o u s l y  dope p o l y a c e t y l e n e .  
Thus,  i t  i s  o n l y  t h e  a c i d  form o f  h e x a c h l o r o i r i d a t e  ( I V )  
t h a t  w i l l  r e n d e r  p o l y a c e t y l e n e  c o n d u c t i v e .  Second,  EPR 
s p e c t r a  o f  p o l y a c e t y l e n e  doped w i t h  t h e  i r i d i u m  s a l t  i n -  
d i c a t e  t h e  p r e s e n c e  of  t h e  Ir  ( I V )  s p e c i e s  which  i s  a d5 
o c t a h e d r a l  complex w i t h  one u n p a i r e d  e l e c t r o n .  T h i s  
t e c h n i q u e ,  however ,  i s  o n l y  s e n s i t i v e  t o  Ir  ( I V )  and n o t  
to t h e  I r  (111) s p e c i e s  (which h a s  no u n p a i r e d  e l e c t r o n s )  
and t h e r e f o r e  d o e s  n o t  r u l e  o u t  t h e  p r e s e n c e  of  t h e  reduced  
h e x a c h l o r o i r i d a t e  (111)  a n i o n .  The o b s e r v a t i o n  of  I r  ( I V )  
i n  t h e  doped polymer d o e s ,  however ,  s u p p o r t  t h e  p r o t o n i c  
a c i d  mechanism. 

4 

B .  E l e c t r o c h e m i c a l  Doping 

I n  compar ison  t o  t h e  c h e m i c a l  method of  doping  poly-  
a c e t y l e n e  w i t h  H IrCl *6H 0 ,  t h e  h e x a c h l o r o i r i d a t e  a n i o n  
c a n  also be  i n t r o d u c e 9  i n  a much " c l e a n e r "  f a s h i o n  u s i n g  
e l e c t r o c h e m i c a l  t e c h n i q u e s .  A s  ment ioned  e a r l i e r ,  a n a l y s i s  
o f  c h e m i c a l l y  doped (CH) f i l m s  r e v e a l e d  a v a r y i n g  C l / I r  
r a t i o .  Vhen p o l y a c e t y l e n e  i s  doped e l e c t r o c h e m i c a l l y  
w i t h  t e t r a - n - b u t y l  ammonium h e x a c h l o r o i r i d a t e  ( I V ) ,  t h e  
n a t u r e  of  t h e  dopant  i s  much less  ambiguous.  F o r  example ,  
as i n d i c a t e d  i n  T a b l e  1 ,  t h e  a n i o n  t h a t  i s  i n c o r p o r a t e d  
i n t o  p o l y a c e t y l e n e  f i l m s  d u r i n g  e l e c t r o c h e m i c a l  o x i d a t i o n  
i s  t h e  ( IrC16' 6H20) *- a n i o n .  

2 2 

X 

Although t h e  c h e m i c a l  a n a l y s i s  o f  t h e  e l e c t r o l y t e  
i n d i c a t e s  t h e  p r e s e n c e  o f  l o w e r  c h l o r i n e - i r i d i u m  r a t i o  
s p e c i e s  such  as (IrC16-.v(OH)yt '-, t h e r e  w a s  n o  e v i d e n c e  
f o r  t h e i r  p r e s e n c e  i n  t h e  v i s i b l e  a b s o r p t i o n  s p e c t r a  of  
t h i s  mater ia l .  Thus,  t h e i r  p r e s e n c e  i s  o n l y  i n  m i n u t e  
q u a n t i t i e s .  Moreover ,  as  e v i d e n c e d  by  t h e  c h e m i c a l  a n a l y -  
sis o f  t h e  e l e c t r o c h e m i c a l l y  doped (CH) t h e y  a r e  n o t  
i n c o r p o r a t e d  i n t o  t h e  f i l m  d u r i n g  t h e  d o p i n g  p r o c e s s .  
Thus,  one o b t a i n s  t h e  i d e a l  C l / I r  r a t i o  of  6 / 1 .  

X '  

Another  b e n e f i t  f rom t h e  e l e c t r o c h e m i c a l  i n s e r t i o n  
of  t h e  ( I r C 1 6 )  2- s p e c i e s  i s  t h a t  h i g h e r  c o n d u c t i v i t i e s  
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DOES DOPING INFLUENCE THE PROPERTIES OF (CH), 115 

a r e  o b t a i n e d  f o r  g i v e n  l e v e l s  of  d o p i n g .  F o r  examDle, a t  a 
dopant  l e v e l  o f  c a .  2 mole p e r c e n t ,  the  c o n d u c t i v i t y  of  
c h e m i c a l l y  doped(CH), w a s  1 (ohm-cm)-l w h i l e  f o r  t h e  
e l e c t r o c h e m i c a l l y  doped (CH),, t h e  c o n d u c t i v i t y  was 
100 (ohm-cm)-l. The d i f f e r e n c e  i n  c o n d u c t i v i t i e s  i s  l i k e l y  
due t o  t h e  d i f f e r e n t  mechanisms of  d o p i n g .  I n  t h e  c h e m i c a l  
d o p i n g  p r o c e d u r e  t h e  lower  c o n d u c t i v i t i e s  may be  due  t o  t h e  
i n t r o d u c t i o n  o f  some s p 3  h y b r i d i z e d  c a r b o n s  which i s  a n  
i n e v i t a b l e  consequence  o f  u s i n g  a n  e l e c t r o p h i l i c  a g e n t  s u c h  
as  t h e  a c i d  form of  t h e  h e x a c h l o r o i r i d a t e  ( I V ) .  Thus,  by 
u s i n g  t h e  e l e c t r o c h e m i c a l  doping  t e c h n i q u e ,  one c a n  i n s e r t  
t h e  h e x a c h l o r o i r i d a t e  s p e c i e s  and o b t a i n  h i g h e r  c o n d u c t i v i -  
t ies  t h a n  when t h e  chemica l  d o p i n g  method i s  u s e d .  

CONDUCTION HECHANISM 

The t e m n e r a t u r e  dependence of t h e  r e s i s t i v i t y  f o r  
- c i s - p o l y a c e t y l e n e  doped w i t h  d ihvdrogen  h e x a c h l o r o i r i d a t e  
( c h e m i c a l l v )  and h e x a c h l o r o i r i d a t e  ( e l e c t r o c h e m i c a l l y )  i s  
shown i n  F i g u r e s  1 and 2 ,  res e c t i v e l y .  The b e h a v i o r  of  
t h e  r e s i s t i v i t y  i s  log 7 i T - 7  w h e t h e r  t h e  o o l y a c e t y l e n e  
i s  doped v i a  a c h e m i c a l  o r  e l e c t r o c h e m i c a l  method. Thus,  
t h e  method o f  doping  d o e s  n o t  seem t o  b e  a f a c t o r  g o v e r n i n g  
t h e  b e h a v i o r  o f  t h e  r e s i s t i v i t y  i n  doped c i s - p o l y a c e t v l e n e .  
D r e v i o u s l y  w e  a t t r i b u t e d  t h e  T-S b e h a v i o r  t o  a c h a r g i n g  
e n e r q v  l i m i t e d  hopuing  ~ r o r e s s .  S i n c e  t h e  t e m p e r a t u r e  
deDendence of  t h e  r e s i s t i v i t y  o f  (CH), doued w i t h  I2  and 
B r 2  h a s  a d i f f e r e n t  f u n c t i o n a l  form,  o u r  b e l i e f  t h a t  t h e  
e l e c t r i c a l  p r o p e r t i e s  of  doped p o l y a c e t y l e n e  a re  s e n s i t i v e  
t o  t h e  t y p e  o f  donant  i n t r o d u c e d  i n t o  t h e  uolymer d u r i n g  
o x i d a t i o n  i s  r e i n f o r c e d .  In t h e  p a s t ,  w e  have  examined 
t h e  i n f l u e n c e  o f  doning  s p e e d  on t h e  e l e c t r i c a l  p r o p e r t i e s  
of  p o l y a c e t y l e n e  doped w i t h  i o d i n e  from s o l u t i o n  o r  by 
e x p o s u r e  t o  v a p o r  and found no s i g n i f i c a n t  d i f f e r e n c e s  i n  
t h e  t e m p e r a t u r e  dependence o f  t h e  r e ~ i s t i v i t y . ~  
c a s e ,  w e  have  shown t h a t  t h e  method o f  d o p i n g  i s  also n o t  
a n  i m p o r t a n t  f a c t o r  i n  d e t e r m i n i n g  t h e  u l t i m a t e  e l e c t r i c a l  
p r o p e r t i e s  o f  p o l y a c e t y l e n e .  Thus,  i t  is t h e  d o p a n t  t y p e ,  
i t s  r e s u l t a n t  d i s t r i b u t i o n ,  and t h e  n a t u r e  o f  i t s  i n t e r -  
a c t i o n  w i t h  p o l y a c e t y l e n e  which d e t e r m i n e s  t h e  c o n d u c t i o n  
mechanism i n  t h i s  po lymer .  

P 

I n  t h i s  

DISTRIBUTION OF DOPANT SPECIES 

I n  a n  e a r l i e r  p u b l i c a t i o n  we f o c u s e d  on t h e  u s e  o f  
t h e  h e x a c h l o r o i r i d a t e  s D e c i e s  as  a " s t a i n i n g "  a g e n t  f o r  
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118 M. A. DRUY eral. 

e l u c i d a t i n g  t h e  morphology o f  p o l y a c e t y l e n e . '  S i n c e  t h e  
h e x a c h l o r o i r i d a t e  s p e c i e s  i s  l a r g e ,  i t s  d i s t r i b u t i o n  i n  
t h e  p o l y a c e t y l e n e  m a t r i x  w i l l  b e  s t r o n g l y  d i f f u s i o n  con- 
t r o l l e d  ( d u r i n g  c h e m i c a l  d o p i n g ) .  T r a n s m i s s i o n  e l e c t r o n  
m i c r o g r a p h s  showed t h e  dopant  p r e d o m i n a n t l y  d i f f u s e d  i n t o  
a r e a s  where a l a r g e r  d e g r e e  o f  d i s o r d e r  w a s  e x p e c t e d  t o  
be p r e s e n t .  T h i s  l e d  t o  a n  inhomogeneous d i s t r i b u t i o n  of  
dopant  on a few hundred  a n g s t r o m  s c a l e . ?  
a n  inhomogeneous d i s t r i b u t i o n  a l o n g  t h e  f i b e r s .  T h i s  
" f i n e - s c a l e ' '  inhomogenie ty  is shown i n  F i g u r e  3,  a t r a n s -  
m i s s i o n  e l e c t r o n  micrograph  of  g e l - l i k e  &-polyace ty lene  
doped w i t h  h e x a c h l o r o i r i d a t e  a t  a l e v e l  beyond t h e  semi- 
c o n d u c t o r  t o  metal t r a n s i t i o n .  

P r e s e n t  a l s o  w a s  

I n  e l e c t r o c h e m i c a l  d o p i n g ,  a n  e x t r e m e l y  h i g h  e l e c t r i c  
f i e l d  e x i s t s  a t  t h e  s u r f a c e  o f  t h e  p o l y a c e t y l e n e  owing t o  
t h e  complex f i b r i l l a r  morphology of  p o l y a c e t y l e n e .  l 1  
The f i e l d  i s  s o  l a r g e  t h a t  i o n s  ( i . e .  h e x a c h l o r o i r i d a t e )  
w i l l  b e  f o r c e d  i n t o  t h e  f i b r i l s  d u r i n g  e l e c t r o c h e m i c a l  
o x i d a t i o n .  The t r a n s m i s s i o n  e l e c t r o n  m i c r o g r a p h  o f  g e l - l i k e  
__ c i s - p o l y a c e t y l e n e  e l e c t r o c h e m i c a l l y  doped w i t h  h e x a c h l o r o -  
i r i d a t e  i s  shown i n  F i g u r e  4 .  The sample  w a s  doped t o  a 
l e v e l  beyond t h e  s e m i c o n d u c t o r  t o  metal  t r a n s i t i o n  and y e t  
t h e r e  a p p e a r s  t o  b e  a l m o s t  n o  e v i d e n c e  f o r  a " f i n e - s c a l e ' '  
inhomogenie ty .  T h i s  i s  i n  c o n t r a s t  t o  what i s  o b s e r v e d  
f o r  t h e  c h e m i c a l  d o p i n g  p r o c e d u r e .  A s  s t a t e d  a b o v e ,  how- 
e v e r ,  t h e  b e h a v i o r  of  t h e  t e m p e r a t u r e  dependence  o f  t h e  
r e s i s t i v i t y  w a s  t h e  same w h e t h e r  t he  p o l y a c e t y l e n e  w a s  
doped v i a  chemica l  o r  e l e c t r o c h e m i c a l  means. Due t o  t h e  
h i g h  e l e c t r i c  f i e l d  p r e s e n t  d u r i n g  t h e  e l e c t r o c h e m i c a l  
d o p i n g  p r o c e d u r e ,  i o n s  a re  a t  f i r s t  u n i f o r m l y  drawn i n t o  
the f i b r i l s .  A s  e a c h  i o n  makes i t s  way i n t o  t h e  f i b r i l ,  
a c h a n n e l  i s  c r e a t e d  s u c h  t h a t  a d d i t i o n a l  i o n s  may d i f f u s e  
i n t o  t h e  f i b r i l .  T h e r e f o r e ,  i t  i s  p o s s i b l e  f o r  i o n s  t o  
a g g r e g a t e  on a s c a l e  n o t  r e s o l v a b l e  i n  t h e  t r a n s m i s s i o n  
e l e c t r o n  m i c r o s c o p e .  Even though t h e  method of d i f f u s i o n  
o f  t h e  i o n s  i n t o  t h e  f i b r i l s  i s  d i f f e r e n t  i n  t h e  two 
methods o f  d o p i n g ,  i t  i s  t h e  n a t u r e  o f  t h e  i o n  and n o t  t h e  
method of  d o p i n g  which d e t e r m i n e s  t h e  c o n d u c t i o n  mechanism 
i n  ( I rC16)2-  doped p o l y a c e t y l e n e .  The u s e  o f  e l e c t r o c h e m -  
i c a l  d o p i n g ,  however ,  d o e s  p r o v i d e  f o r  a more homogeneous 
d i s t r i b u t i o n  o f  dopant  a t  t h e  15-200 a n g s t r o m  leve l  and 
a h i g h e r  c o n d u c t i n g  m a t e r i a l  i s  o b t a i n e d .  We a l s o  ob- 
s e r v e d  a semiconductor -meta l  t r a n s i t i o n  a t  a l o w e r  dopant  
c o n c e n t r a t i o n  f o r  e l e c t r o c h e m i c a l  d o p i n g  t h a n  i n  chemical  
d o p i n g .  T h i s  w a s  a l s o  o b s e r v e d  by I k e h a t a  e t  a l .  
v a r y i n g  t h e  d o p i n g  r a t e  o f  p o l y a c e t y l e n e  w i t h  AsF5. - - b r 2  
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FIGURE 3 T r a n s m i s s i o n  e l e c t r o n  m i c r o g r a p h  of  h e a v i l y  
doped ( c h e m i c a l l y ,  w i t h  H21rC16'6H20) 
__ c i s - p o l y a c e t y l e n e .  
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H 
1 cm = .0346 pm 

FIGURE 4 T r a n s m i s s i o n  e l e c t r o n  micrograph  of  h e a v i l y  
doped ( e l e c t r o c h e m i c a l l y ,  w i t h  ( IrC16) 2-) 
_- c i s - p o l y a c e t y l e n e  . 
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Slower doping  ra tes  r e s u l t e d  i n  semiconductor -meta l  
t r a n s i t i o n s  a t  lower l e v e l s  of  doping .  Due t o  t h e  obser -  
v a t i o n  t h a t  e l e c t r o c h e m i c a l  doping  d o e s  p r o v i d e  f o r  a more 
homogeneous d i s t r i b u t i o n  o f  d o p a n t ,  i t  would n o t  b e  unrea-  
s o n a b l e  t o  p o s t u l a t e  t h a t  a dopant  does  e x i s t  i n  which 
c h e m i c a l  doping  would r e s u l t  i n  a c h a r g i n g  energy  l i m i t e d  
hopping  p r o c e s s  and e l e c t r o c h e m i c a l  doping  would r e s u l t  i n  
c h a r g e  carriers hoDping between d i s p e r s e d  a tomic  s i t e s .  
T h i s  would,  of  c o u r s e ,  imoly t h a t  t h e  s i z e  of t h i s  dopant  
n o t  be s o  l a r g e  as  t o  f o r c e  i t  t o  a g g r e g a t e  upon d i f f u s i o n  
i n t o  t h e  f i b r i l .  In o t h e r  words ,  a smaller  dopant  t h a n  
( I rC16)2-  b u t  l a r g e r  t h a n  i o d i n e  might  m e e t  t h i s  
r e q u i r e m e n t .  

CONCLUSIONS 

Comparison of  t h e  e l e c t r i c a l  p r o p e r t i e s  of  c h e m i c a l l y  
dooed p o l y a c e t y l e n e  and e l e c t r o c h e m i c a l l y  doped D o l y a c e t y l -  
e n e  i n  which t h e  h e x a c h l o r o i r i d a t e  i o n  i s  i n c o r p o r a t e d  
i n t o  t h e  f i b r i l s  i n d i c a t e s  t h e  b e h a v i o r  of  t h e  t e m p e r a t u r e  
dependence of  t h e  r e s i s t i v i t y  does n o t  depend on t h e  method 
of doping .  I n  b o t h  c a s e s  t h e  l o g  p ci T-$ b e h a v i o r  was 
o b s e r v e d .  T r a n s m i s s i o n  e l e c t r o n  m i c r o g r a p h s  i n d i c a t e ,  
however ,  e l e c t r o c h e m i c a l l y  doped p o l y a c e t y l e n e  e x h i b i t s  
f a r  less f i n e  s c a l e  inhomogeniety i n  dopant  d i s t r i b u t i o n .  

The magni tude  o f  t h e  D . C .  e l e c t r i c a l  c o n d u c t i v i t y  
d u r i n g  e l e c t r o c h e m i c a l  doping  i s  h i g h e r  t h a n  t h e  same 
l e v e l  o f  doping  o b t a i n e d  v i a  chemica l  means. T h i s  i s  
most p r o b a b l  due t o  chemica l  doping  i n t r o d u c i n g  some 
amount of  sp3 h y b r i d i z e d  c a r b o n s  and t h u s  l i m i t i n g  elec- 
t r i c a l  c o n d u c t i o n  and a more homogeneous d i s t r i b u t i o n  of  
dopant  a t  t h e  15-200 angs t rom l e v e l .  
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