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NEW DOPANTS C O N V E R T I N G  POLYACETYLENE, (CH)x  

Z I R C O N I U M  CHLORIDES 
I N T O  A METAL : FERRIC, A L U M I N I U M  A N D  

( 1 )  D e p a r t m e n t  of  C h e m i s t r y ,  T e c h n i c a l  
U n i v e r s i t y  o f  Warsaw, 00664 Warsaw 
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(2) L a b o r a t o i r e  d e  Ch imie  d u  S o l i d e  M i n S r a l ,  
A s s o c i 6  au CBRS W o  1 5 8 ,  S e r v i c e  de C h i m i e  
M i n i r a l e  A p p l i q u z e ,  U n i v e r s i t i  d e  Nancy I ,  
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( 3 )  Groupe  de Dynamique des  P h a s e s  C o n d e n s S e s ,  
A s s o c i e  a u  CNRS N o  2 3 3 ,  USTL, P l a c e  E u g s n e  
B a t o i l l o n  - 34060  M o n t p e l l i e r  - FRANCE 

R e c e i v e d  for p u b l i c a t i o n  S e p t e m b e r  4 ,  1 9 8 1  

The r e a c t i o n s  o f  FeC13,  A l C l  a n d  Z r C 1 4  d i s -  
s o l v e d  i n  n i t r o m e t h a n e  w i t h  ?CH), r e s u l t  i n  
t h e  f o r m a t  i o n  o f  p - t y p e  c o n d u c t  i n &  p o l y m e r s  . 
O f  a l l  t h r e e  new ma te r i a l s  FeC13 d o p e d  ( C H ) ,  
e x h i b i t s  t h e  h i g h e s t  c o n d u c t i v i t y  a n d  s t a b i -  
l i t y  i n  a i r .  EPR shows  a b r o a d  l i n e  w h i c h  i s  
c o n s i s t e n t  w i t h  h i g h  s p i n  F e z +  c o m p l e x  f o r m e d  
i n  t h e  r e a c t i o n .  A l C l 3  d o p e d  s a m p l e s  a r e  a l s o  
h i g h l y  c o n d u c t i n g  b u t  v e r y  u n s t a b l e  i n  a i r .  
The EPF. s p e c t r u m  i s  o n l y  s l i g h t l y  D y s o n i a n  
p r o b a b l y  due  t o  t h e  p a r t i a l  r e a c t i o n  o f  t h e  
d o p a n t  w i t h  t r a c e s  o f  m o i s t u r e .  Z r C l 4  d o p e s  
( C H ) ,  t o  s i e n i f i c a n t l y  l o w e r  c o n d u c t i v i t y  g i -  
v i n g  a weak t o t a l l y  s y m m e t r i c  EPR s i g n a l .  

I N T R O D U C T  I ON 

R e c e n t l y  w e  h a v e  f o u n d l S 2  t h a t  FeC13 c a n  c o n v e r t  
p o l y a c e t y l e n e  ( C H  1, a n d  p o l y p a r a p h e n y l e n e  ( C 6 H 4  l x  

[1191]/159 
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160/[ 11921 1. KULSZEWICZ ct al. 

i n t o  h i g h l y  c o n d u c t i n g  m a t e r i a l s .  P lEssbauer  s t u -  
d i e s  show t h a t  i n  t h e  c a s e  o f  p o l y a c e t y l e n e  a 
c o m p l e t e  r e d u c t i o n  o f  Fe3+ t o  F e 2 +  o c c u r s ,  a n d  
Fe2+ h i g h  s p i n  c o m p l e x  ( p r o b a b l y  FeCl4*') i s  f o r -  
med i n  t h i s  p r o c e s s .  E l e m e n t a l  a n a l y s i s  i s  con-  
s i s t e n t  w i t h  t h i s  f o r m u l a t i o n .  I n  t h i s  p a p e r  w e  
p r e s e n t  a d d i t i o n a l  meta l  c h l o r i d e s  (AlC13 ,  Z r C l q )  
c a p a b l e  t o  o x i d i z e  t h e  TL s y s t e m  o f  p o l y a c e t y l e n e  
l e a d i n g  t o  t h e  f o r m a t i o n  o f  h i g h l y  p - t y p e  conduc-  
t i n g  p o l y m e r s .  

E X PE R I PIE N T A L 

F i l m s  o f  p o l y a c e t y l e n e  were s y n t h e s i z e d  b y  t h e  
m o d i f i c a t i o n  o f  t h e  me thod  o f  I t o  e t  a l m 3  u s i n g  
A1(C2Hg)3/Ti (OC4Hg)4  Z i e g l e r - N a t t a  s y s t e m .  All 
t h r e e  c h l o r i d e s  were h e a t e d  u n d e r  dynamic  vacuum 
a t  100°C f o r  o n e  h o u r  b e f o r e  u s e  t o  remove  v o l a -  
t i l e  h y d r o l y s i s  p r o d u c t s .  C i s - r i c h  ( 6 0  % )  f i l m s  
o f  ( C H I ,  were d o p e d  u s i n g  s a t u r a t e d  s o l u t i o n s  o f  

a n d  Z r C 1 4  i n  d r y  n i t r o m e t h a n e .  A f -  
t e r  FeC13B t h e  AIC1? r e a c  i o n  was c o m p l e t e d  t h e  e x c e s s  o f  s a l t  
was w a s h e d  o u t  u s i n g  p u r e  n i t r o m e t h a n e  a n d  t h e  
s o l v e n t  w a s  r emoved  by e x t e n d e d  z. 1 2  h o u r s  pum- 
p i n g .  Doped s a m p l e s  were t r a n s f e r r e d  i n t o  EPR t u -  
b i n g  u n d e r  i n e r t  a t m o s p h e r e .  The EPR s p e c t r a  were 
r e c o r d e d  a t  room t e m p e r a t u r e  u s i n g  a home made 
s p e c t r o m e t e r  w o r k i n g  a t  9 .4  GHz w i t h  a low h y p e r -  
f r e q u e n c y  power  ( < 2 mw). C o n d u c t i v i t y  m e a s u r e -  
m e n t s  were p e r f o r m e d  a t  room t e m p e r a t u r e  u s i n g  a 
s t a n d a r d  f o u r  p r o b e  p r e s s u r e  c o n t a c t  me thod .  

RESULTS 

The r e s u l t s  o f  c o n d u c t i v i t y  m e a s u r e m e n t s  a r e  l i s -  
t e d  i n  T a b l e  1. Upon e x p o s u r e  t o  a i r  t h e  conduc-  
t i v i t y  o f  F e C l  
b e i n g  s t i l l  m e z a l l i c  e v e n  a f t e r  1 2 0  h o u r s  
(r- 200  ( f i c m ) ' l ) .  The  w e i g h t  c h a n g e s  m e a s u r e -  
m e n t s  d u r i n g  t h e  f i r s t  f e w  m i n u t e s  e x p o s u r e  t o  
a i r  show an  u n s i g n i f i c a n t  i n c r e a s e  o f  t h e  mass o f  
t h e  s a m p l e  a t  t h e  l e v e l  of m i c r o g r a m s .  On t h e  
c o n t r a r y  a i r  s t a b i l i t y  o f  t h e  A l C l 3  d o p e d  mate- 
r i a l  i s  s t r i k i n g l y  s m a l l e r .  The  s a m p l e  c o n d u c t i -  
v i t y  a n d  i t s  mass c h a n g e  d r a s t i c a l l y  d u r i n g  t h e  

d o p e d  ( C H I x  d e c r e a s e s  s l o w l y  
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NEW DOPANTS CONVERTING POLYACETYLENE . . . [1193]/161 

TABLE 1 Room T e m p e r a t u r e  C o n d u c t i v i t i e s  o f  
!?eta1 C h l o r i d e s  Doped ( C H ) ,  
- ~ ~ ~ -~~~ 

Compound C o n d u c t i v i t y  (n c m 1 - l  

7 8 0  

250 

5 

a 

b C o m p o s i t i o n  d e t e r m i n e d  b y  c o m b u s t i o n  a n a l y s i s  

C o m p o s i t i o n  d e t e r m i n e d  b y  mass u p t a k e  

C No c o m p o s i t i o n  known 

f i r s t  f e w  m i n u t e s  o f  e x p o s u r e  t o  a i r ,  

a r e  shown i n  F i g u r e  1. I n  t h e  c a s e  o f  Z r C l 4  w e  
o b s e r v e  a s i n g l e  s y m m e t r i c  l i n e  whose  g - v a l u e  
( - 2 . 0 0 2 6 )  a n d  w i d t h  (N 5.6 G a u s s  a r e  s imi l a r  t o  
t h o s e  o f  t h e  p a r e n t  p o l y a c e t y l e n e ' .  I n  t h e  c a s e  
o f  A l C l  d o p i n g  t h e  o b s e r v e d  s i n g l e  l i n e  e x h i b i t s  
t h e  f e a z u r e s  t y p i c a l  o f  t h e  p a r e n t  ( C H ) ,  b u t  i s  
s l i g h t l y  a s y m m e t r i c  w i t h  an a s y m m e t r y  r a t i o  
( h i g h  f i e l d  p e a k  a m p l i t u d e  / l ow f i e l d  p e a k  am- 
p l i t u d e )  c l o s e  t o  1 . 2 .  A c o m p l e t e l y  d i f f b r e n t  ma- 
g n e t i c  r e s o n a n c e  b e h a v i o u r  i s  o b s e r v e d  i n  FeC13 
doped  ( C H I , .  The EPR a s y m m e t r i c  s i g n a l  i s  e x t e n -  
d e d  o v e r  more t h a n  2000 G a u s s  a n d  i t s  g - v a l u e  
c a n n o t  be c l e a r l y  d e f i n e d .  

The  EPR s p e c t r a  f o r  t h e  t h r e e  d o p e d  s y s t e m s  

DISCUSSION 

A v e r y  b r o a d  EPR s i g n a l  o b s e r v e d  f o r  FeC12 d o p e d  
( C H ) ,  i s  c h a r a c t e r i s t i c  o f  a l l  p a r a m a g n e t l c  i r o n  
c o m p l e x e s 5 .  The  a b s e n c e  o f  a n y  s i g n a l  c o r r e s p o n -  
d i n g  t o  p a r e n t  ( C H ) ,  i n d i c a t e s  homogeneous i n t e r -  
f i b r i l l a r  d i s t r i b u t i o n  of t h e  d o p a n t ,  b u t  it d o e s  
n o t  p r o v e  t h e  h o m o g e n e i t y  o f  t h e  dopant  d i s t r i b u -  
t i o n  w j t h i n  t h e  f i b e r  s i n c e  t h e  r e s o n a n c e  o f  a n y  
r e m a i n i n g  n e u t r a l  m a g n e t i c  d e f e c t  s h o u l d  be remo- 
ved  b y  t h e  i n t e r a c t i o n  w i t h  p a r a m a g n e t i c  e n v i r o n -  
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162/[1194] I. KULSZEWICZ et a/. 

g=2.0023 

1G 
H 

1G 
H 

\ 100G 

F I G U R E  1 Room temperature EPR s p e c t r a  of 
( C H ( Z r C 1 4 ) y ) x  ( a ) ,  (CH(A1C13)0.06)x ( b )  and 
(CH(FeC13)0.1),  ( c ) .  V e r t i c a l  u n i t s  are a r b i t r a r y  
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ment . 
The EPR r e s u l t s  a r e  c o n s i s t e n t  w i t h  o u r  p r e -  

v i o u s  I G s s b a u e r  a n d  e l e m e n t a l  a n a l y s i s  s t u d i e s 1 r 2  
i n  w h i c h  w e  p o s t u l a t e d  t h a t  FeC1h2' i s  t h e  d o p a n t  
s p e c i e s  i n  F e C l 3  d o p e d  (CH),. 

T e t r a h e d r a l  FeC142' i s  a v e r y  w e l l  known 
Fe2+ h i g h  s p i n  c o m p l e x .  I t  i s  s t a b l e  i n  a i r  when 
s t a b i l i z e d  by  l a r g e  c a t i o n s  ( f o r  examp e i n  qua -  
t e r n a r y  s a l t s  o f  t h e  t y p e  (R4N)2FeC14 '. T h e r e f o -  
r e  w e  c a n  c o n c l u d e  t h a t  s l o w  d e g r a d a t i o n  o f  FeC13 
d o p e d  ( C H I ,  i n  a i r  i s  a s s o c i a t e d  r a t h e r  w i t h  t h e  
i n s t a b i l i t y  of t h e  p o l y m e r i c  c a t i o n  t o w a r d s  t h e  
a t t a c k  o f  oxygen  a n d  wa te r  t h a n  t h e  i n s t a b i l i t y  
o f  t h e  a n i o n ,  

T h e  d o p i n g  o f  p o ' l y a c e t y l e n e  w i t h  A l C 1 3  re -  
q u i r e s  a t  l e a s t  p a r t i a l  c h a r g e  t r a n s f e r  f r o m  t h e  
p o l y m e r  t o  t h e  d o p a n t  i n  o r d e r  t o  c r e a t e  f r e e  
c a r r i e r s .  It i s  w e l l  known t h a t  a l u m i n i u m  com- 
p o u n d s  i n  t h e  o x i d a t i o n  s t a t e  l o w e r  t h a n  I11 a r e  
u n s t a b l e .  U n d e r  s u c h  c o n d i t i o n s  o n e  s h o u l d  e x p e c t  
t h a t  a n y  c h a r g e  t r a n s f e r  f r o m  t h e  p o l y m e r  c h a i n  
t o  t h e  d o p a n t  m o l e c u l e s  w i l l  l e a d  t o  t h e  u n s t a b l e  
p r o d u c t  w i t h  r e s p e c t  t o  t h e  a n i o n  as w e l l  as t h e  
c a t i o n .  

o f  t h e  p a r t i a l  c h a r g e  t r a n s f e r  s i n c e  t h e  p r o d u c t  
i s  d i a m a g n e t i c  a n d  o n l y  a weak s i g n a l  a s s o c i a t e d  
w i t h  p a r e n t  ( C H ) ,  c a n  be s e e n  a8 it i s  u s u a l l y  
o b s e r v e d  f o r  o t h e r  d i a m a g n e t i c  d o p a n t s  7 v 8 .  The  
e x a c t  n a t u r e  o f  t h e  d o p a n t  a f t e r  t h e  d o p i n g  reac- 
t i o n  i s  n o t  known a t  t h e  p r e s e n t  t i m e .  

I t  i s  s u r p r i s i n g  t h a t  t h e  EPR s i g n a l  o f  h e a -  
v i l y  ( 6  % )  A 1 C 2  d o p e d  (CH), i s  o n l y  s l i g h t l y  un- 
s y m m e t r i c  d e s p i z e  t h e  h i g h  c o n d u c t i v i t y  o b s e r v e d  
i n  f r e s h l y  d o p e d  s a m p l e s .  The  p o s s i b l e  e x p l a n a -  
t i o n  i s  t h a t  m i n u t e  amount  o f  m o i s t u r e  a d s o r b e d  
on t h e  w a l l s  o f  EPR t u b i n g  c o u l d  r e a c t  w i t h  t h e  
f i l m  l o w e r i n g  i t s  c o n d u c t i v i t y ,  It i s  h i g h l y  li- 
k e l y  i n  v i e w  o f  t h e  f a c t  t h a t  t h e  mass o f  s a m p l e s  
t a k e n  f o r  EPR i s  v e r y  s m a l l  ( ~ 8 .  2 mg). 

T h e  EPR s i g n a l  f o r  Z r C l 4  d o p e d  ( C H ) ,  i s  t o -  
t a l l y  s y m m e t r i c ,  i n  a g r e e m e n t  w i t h  c o n s i d e r a b l y  
l o w e r  c o n d u c t i v i t y  o f  t h e  s a m p l e .  T h e  r ea  t i o n  
p r o d u c t  i s  d i a m a g n e t i c  c o n s i s t e n t  w i t h  Z r E +  o x i -  
d a t i o n  s t a t e .  T h e  weak EPR s i g n a l  c a n  b e  a t t r i b u -  
t e d  t o  p a r e n t  ( C H I , ,  

The EPR r e s u l t s  are  c o n s i s t e n t  w i t h  t h e  i d e a  
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A CKN OW LE D GMEN T S 

The a u t h o r s  w i s h  t o  t h a n k  t h e  C e n t r e  N a t i o n a l  de 
l a  R e c h e r c h e  S c i e n t i f i q u e  f o r  p a r t i a l  f i n a n c i a l  
s u p p o r t  ( A T  P g r a n t  1 . 
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