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Résumé- Nous présentons des résultats par spectroscopie infrarouge et 
Raman sur du poly(paraphénylène) (PPP) non dopé et dopé avec ASF5. Les 
résultats sont interprétés à la lumière des calculs de modes normaux de 
Rakovic et al. et du modèle par défauts de type bipolaron du polymère 
dopé proposé par Brédas et al. 

Abstract- Infrared and Raman spectroscopic data on undoped 
and AsFc-doped polyparaphenylene (PPP), are presented. The 
results are discussed in terms of the normal mode calculation 
of Rakovic et al and the bipolaron defect model of the doped 
polymer proposed by Bredas et al. 

Introduction- In recent years a number of conjugated organic polymers 
have been discovered which undergo a transition toaconductive state on 
doping with electron acceptors or donors. The most recently discovered 
member of this group is polyparaphenylene (PPP) 11,21, which shows a 
conductivity increase as high as 18 orders of magnitude/3/ on doping. 
The demonstration that rechargeable batteries based on doped polyacet-
ylene (PA) and PPP are feasible /4-,5/, have further stimulated both 
fundamental and applicative interest in these polymers. 

Doped PPP and related polymers show behaviour reminiscent of convent
ional semiconductors like silicon. However, the presence of highly 
anisotropic interactions would lead to low dimensionality of electron 
motion and collective instabilities such as the Peierls transition 
would occur. In addition disorder initiated during the doping process 
would give rise to localized electronic states which would affect tran-
port phenomena in these materials.Structurally, topological kinks or 
so-called solitons are created on doping, and strong evidence has been 
put forward that in doped all-trans-PA transport occurs via spinless 
charged solitons 16,71. In PPP, contrary to trans-PA, the ground state 
consists of the non-degenerate benzoid and quinoid forms. PPP is, 
therefore, not expected to accomodate solitons; nevertheless, the 
transport properties of doped trans-PA and PPP are very similar. A 
theoretical study of the problem by Bredas, Chance and Silbey/8/has 
rationalized this situation by showing that polaron defect formation 
occurs at low doping levels both in trans-PA and PPP, but at higher 
doping levels the defects interact to give uncorrelated charged solit
ons in PA and spinless bipolarons in PPP. 

In this paper we present data obtained via infrared and Raman spectros-
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c o p y ,  o n  d o p e d  a n d  u n d o p e d  P P P ,  a n d  s u g g e s t  a n  interpretation w h i c h  
w o u l d  b e  r e l e v a n t  t o  t h e  s t r u c t u r a l  n a t u r e  o f  d o p i n g  i n  PPP.  I n  w h a t  
f o l l o w s ,  we p r e s e n t  f i r s t  a  s t r u c t u r a l  s u m m a r y  a n d  s o m e  d e t a i l s  
r e g a r d i n g  t h e  v i b r a t i o n a l  m o d e l  o f  R a k o v i c  e t  a 1  / 9 /  f o r  P P P ;  w e  t h e n  
p r o c e e d  t o  o u r  e x p e r i m e n t a l  r e s u l t s  a n d  a  d i s c u s s i o n  a n d  i n t e r p r e t a t -  
i o n  o f  t h e  d a t a .  

T h e o r e t i c a l  a n d  S t r u c t u r a l  C o n s i d e r a t i o n s  - PPP c o n s i s t s  o f  b e n z e n e  
r i n g s  l i n k e d  i n  t h e  p a r a - p o s i t i o n .  B a s e d  o n  c r y s t a l l o g r a p h i c  d a t a  o n  
o l i g o m e r s  , t h e  C-C b o n d  l e n g t h s  w i t h i n  t h e  r i n g s  a r e  1 . 4  X a n d  
b e t w e e n  t h e  r i n g s  1 . 5 0  8 .  I n  t h e  s g l i d  t w o  s u c c e s s i v e  r i n g s  a r e  t i l t -  
e d  w i t h  r e s p e c t  t o  e a c h  o t h e r  b y  2 3  - t h e  r e s u l t  o f  a  c o m p r o m i s e  am- 
o n g  e f f e c t s  a s s o c i a t e d  w i t h  c o n j u g a t i o n ,  c r y s t a l  p a c k i n g  a n d  s t e r i c  
r e p u l s i o n  o f  o r t h o h y d r o g e n  a t o m s .  T o  a  f i r s t  a p p r o x i m a t i o n  t h e n ,  t h e  
C - a t o m  n e t w o r k  o f  P P P  i s  i s o s t r u c t u r a l  t o  t h a t  o f  g r a p h i t e .  On d o p i n g ,  
i t  h a s  b e e n  s h o w n  b y  B r e d a s  e t  a 1  / 8 /  v i a  a n  a d i a b a t i c  H u c k e l  c a l c -  
u l a t i o n  t h a t  a  ( s p i n l e s s )  q u i n o i d - b i e l a r o n  

@Q=Q=O=0=B-Q 
w i t h  a  d e f e c t  e x t e n s i o n  o f  5  r i n g s ,  c a n  r e s u l t .  T h e  s t r o n g  d e f o r m -  
a t i o n  o f  t h e  r i n g s  i n  t h e  b i p o l a r o n  p u s h e s  t h e  b o n d i n g  s t a t e  i n t o  t h e  
g a p  a n d  c o n d u c t i v i t y  c o u l d  a r i s e  f r o m  t h e  m o t i o n  o f  t h e s e  s p i n l e s s  
b i p o l a r o n s .  

T h e  v i b r a t i o n a l  m o d e l  o f  R a k o v i c  e t  a 1  / 9 /  f o r  p r i s t i n e  PPP o n  w h i c h  
we b a s e  s o m a  o f  o u r  f o l l o w i n g  i n t e r p r e t a t i o n s  a s s u m e s  a  p l a n a r  PPP 
p e r i o d i c  s t r u c t u r e  a n d  a  v a l e n c e  f o r c e  f i e l d  t r a n s f e r r e d  f r o m  t h e  
t o l u e n e  m o l e c u l e .  I n  t e r m s  o f  l i n e  g r o u p s ,  t h e  s y m m e t r y  o f  t h e  P P P  
m o d e l  i s  L2/mmm a n d  m o d e s  c a n  b e  a s s i g n e d  t o  i r r e d u c i b l e  o n e  d i m e n s -  
i o n a l  r e p r e s e n t a t i o n s  A o ,  B  , A a n d  B1. E a c h  r e p r e s e n t a t i o n  d e c o m p -  
o s e s  i n t o  a  + a n d  a  - c o m p 8 n e n 4 ,  distinguishing t h o s e  w h i c h  a r e  e v e n  
a n d  o d d  w i t h - r e s g e c t  t o + t h e  p l a n e  o r t h o g o n a l  t o  t h e  b e n z o i d  r i n g .  A t  
k  = 0 ,  t h e  A , A1 a n d  B1 c o m p o n e n t s  a r e  i n f r a r e d  a c t i v e  w i t h  e i g e n -  
v e c t o r s  para$!lel t o  t h e  y  ( c h a i n  d i r e c t i o n ) ,  x  a n d  z  ( p e f p e n c j i c u l a r  
t o  t h e  b e n z o i d  p l a n e )  a x e s  r e s p e c t i v e l y ,  w h i l e  t h e  A:, B , A1 a n d  
B- c o m p o n e n t s  a r e  Raman a c t i v e .  T h u s  t h e  Raman a n d  i n f r a g e d  a c t i v e  1 m o d e s  i n  p r i s t i n e  PPP a r e  e x p e c t e d  b y  s y m m e t r y  t o  b e  m u t u a l l y  e x c l -  
u s i v e .  

E x p e r i m e n t a l  d e t a i l s ,  r e s u l t s  a n d  d i s c u s s i o n  - P P P  u s e d  i n  t h e  p r e s -  
e n t  s t u d y  w a s  p r e p a r e d  a t  A l l i e d  C h e m i c a l  b y  t h e  o x i d a t i v e  c a t i o n i c  
p o l y m e r i z a t i o n  o f  b e n z e n e .  A c c e p t o r  d o p i n g  w a s  a c c o m p l i s h e d  b y  e x p o s -  
i n g  PPP p e l l e t s  t o  4 5 0  t o r r  A s F 5 ,  w h i l e  d o n o r  d o p i n g  w a s  a c h i e v e d  v i a  
r e a c t i o n  o f  PPP w i t h  a l k a l i  m e t a l  n a p t h a l i d e  i n  t e t r a h y d r o f u r a n .  F u r -  
d e t a i l s  a r e  t o  b e  f o u n d  i n  r e f s  / 1 , 2 / .  T h e  i n f r a r e d  s p e c t r a  w e r e  m e a s -  
u r e d  w i t h  a  P e r k i n  E l m e r  9 8 3  s p e c t r o m e t e r  w h i c h  w a s  p u r g e d  f o r  a  m i n -  
imum o f  2 4  h r s  w i t h  d r y  a i r  b e f o r e  e a c h  m e a s u r e m e n t .  T h e  s a m p l e  c h a m -  
b e r  w a s  i n  a d d i t i o n  f l u s h e d  w i t h  p u r e  N Z  d u r i n g  e a c h  m e a s u r e m e n t .  T h e  
Raman m e a s u r e m e n t s  w e r e  m a d e  u s i n g  a  S p e x  d o u b l e  m o n o c h r o m a t o r  a n d  p h -  
o t o n  c o u n t i n g  d e t e c t i o n .  T h e  i n f r a r e d  s p e c t r a  o f  p u r e  P P P  w e r e  m e a s u r -  
e d  i n  t h e  s p e c u l a r  r e f l e c t i o n  g e o m e t r y  u s i n g  p r e s s e d  p e l l e t s  o f  t h e  
p o l y m e r .  Raman m e a s u r e m e n t s  w e r e  m a d e  o n  t h e  s a m e  s a m p l e s .  M e a s u r e m e n t  
s o n  t h e  d o p e d  p o l y m e r  w e r e  m a d e  o n  s a m p l e s  s e a l e d  i n  a n  i n e r t  a t m o s -  
p h e r e  i n  g l a s s  c a p i l l a r i e s .  F o r  i n f r a r e d  m e a s u r e m e n t s ,  t h e  s e a l e d  c a p -  
i l l a r i e s  w e r e  o p e n e d  i n  a g l o v e  b o x ,  q u i c k l y  m i x e d  w i t h  d r i e d  KBr a n d  
p e l l e t e d  i n  a  v a c u u m  o f  c a .  0 . 1  t o r r ,  a n d  t h e n  r a p i d l y  t r a n s f e r r e d  t o  
t h e  s p e c t r o m e t e r  s a m p l i n g  c h a m b e r .  

T h e  i n f r a r e d  s p e c t r a  o f  PPP ( i n  r e f l e c t i o n )  a n d  AsF a n d  P F 5  d o p e d  
PPP ( i n  a b s o r p t i o n )  a r e  s h o w n  i n  F i q .  1 t o g e t h e r  w i z h  t h e  c a l c u l a t e d  
f r e q u e n c i e s / Y / .  T h e  Raman s p e c t r u m  o f  A s F 5  d o p e d  PPP i s  d i s p l a y e d  i n  
F i g .  2 .  S i z a b l e  f l o u r e s c e n c e  b a c k g r o u n d  w a s  o b s e r v e d  f r o m  p u r e  PPP 
s a m p l e s ,  p r e c l u d i n g  a  c a r e f u l  s t u d y  o f  i t s  Raman s p e c t r u m .  T h e  p e a k s  
w h i c h  c o u l d  b e  s e p a r a t e d  f r o m  t h e  b a c k q r o u n d  a r e  l i s t e d  i n  T a b l e  1 



t o a e t h e r  w i t h  T a b l e  1 
t h o s e  o b s e r v e d  p?? f r e q u e n c i e s  ( c m - ' )  P P P : A S F ~  (cm- ' I  
i n d e p e n d e n t l y  b y  
L e f r a n t  ( p r i v a t e  I' Raman I R Raman 
c o m m u n i c a t i o n ) .  T h i s  w o r k  L e f r a n t  

A l s o  l i s t e d  i n  1 6 4 3  1 6 3 5  
T a b l e  1 a r e  t h e  I R  1 6 0  6 1 6 0 8  
a n d  Raman f r e q -  1 5 7 0  1 5 8 0  1 5 9 5  
e n c i e s  i n  A s F  - 1 5 2 0  
d o p e d  P P P .  ~ t z -  1 4 8 0  
e m p t s  t o  o b t a i n  1 4 7 0  1 4 7 0  
t h e  Raman s p e c t r a $  1 4 0 0  1 4 0 0  
d o n o r  d o p e d  s a m p -  1 3 4 0  
l e s  h a v e  f a i l e d  1 2 7 0  1 2 7 8  
s o  f a r ,  w h i l e  I R  1 2 4 0  1 2 3 0  
m e a s u r e m e n t s  o n  1 1 5 0  
t h e s e  s a m p l e s  1085 
w e r e  n o t  a t t e m p t e d  1 0 0 0  1 0 0 0  
b e c a u s e  o f  t h e i r  9 9 0  
e x t r e m e  s e n s i t i v -  8 3 0  
i t y  t o  a i r .  8 0 0  8 0  5 
T h e  t h r e e  m a i n T R  7 2  5  7 4 2  

l i n e s  a t  1 4 1 0 , 1 0 0 0  7 0 0  
a n d  8 0 0  cm i n  6 6 0  
p u r e  P P P  c a n  b e  4 8 4  

a s s i g ~ e d  t o  A - , A ;  3 2  8  
a n d  B1 m o d e s  ? n -  2  7 7  
v o l v i n g  l a r g e l y  2 1 8  
CCC a n t i s y m m e t r i c  
s t r e t c h i n g ,  CCC s t r e t c h i n g  + C H  b e n d  a n d  CCC d e f o r m a t i o n  m o t i o n s ,  a n d  
a r e  i n  g o o d  a g r e e m e n t  w i t h  t h f  c a l c u l a t e d  f r e q u e n c i e s .  I n  t h e  Raman 
s p e c t r a  l i n e s  i n  t h e  1 6 0 0  cm- r e g i o n ,  a n d  b e t y e e n  1 2 0 0  a n d  1 3 5 0  cmel 
c a n  b e  a s s i g n e d  t o  t h e  s y m m e t r i c  s t r e t c h i n g  (A a n d  A;) m o d e s  o f  t p e  
p o l y m e r  b a c k b o n e  w h i z ?  d i s t o r t  PPP t o w a r d s  t h e o b i r a d i c a l  ( 1 6 0 0  cm- ) 
a n d  q u i n o i d  ( 1 3 0 0  cm ) s t r u c t u r e s .  T h e  o b s e r v e d  f r e q u e n c i e s  a r e  a g a i n  
i n  g o o d  a g r e e m e n t  w i t h  t h e  c a l c u l a t e d  f r e q u e n c i e s .  T h i s  a g r e e m e n t  w i t h  
t h e  c a l c u l a t i o n  b a s e d  o n  a  f o r c e  f i e l d  t r a n s f e r r e d  f r o m  t h e  t o l u e n e  
m o l e c u l e  s u g g e s t s  t h a t  t h e  c h a r g e  d e n s i t y  i n  PPP i s  l a r g e l y  l o c a l i z e d  
w i t h i n  t h e  b e n z o i d  r i n g s .  

T h e  I R  s p e c t r a  o f  AsF a n $  P F 5  d o p e d  PPP s h o w  a  l a r g e  n u m b e r  o f  a b s o r -  
p t i o n s  i n  t h e  2 0 0 0 - 6 0 d c m  r e g l o n . T h e s e  a r e  b u r i e d  u n d e r  t h e  f r e e - c a r r -  
i e r  c o n t i n u u m  i n  l l o v e r - d o p e d " s a m p l e s , a s  h a s  b e e n  o b s e r v e d  p r e v i o u s l y / l /  
. T h e  d o m i n a n t  f e a t u r e  i s  t h f  a p p e a r a n c e  o f  t w o  b r o a d  a n d  s t r o n g  a b s o r -  
p t i o n s  a t  1 5 2 0  a r d  1 1 8 0  cm . I n  a d d i t i o n  m a x i m a  a r e  o b s e r v e d  n e a r  1 5 8 0 ,  
1 2 7 0  a n d  1 2 4 0 c m -  b o t h  i n  t h e  I R  a n d  Raman s p e c t r a  o f  P P P : A s F 5 , s u g g e s t -  
i n g  a  b r e a k d o w n  o f  t h e  m u t u a l  e x c l u s i v i t y  o f  t h e  I R  a n d  Raman m o d e s  a s  
a  r e s u l t  o f  t h e  s t a t i s t i c a l  n a t u r e  o f  d e f e c t  f o r m a t i o n . A t  t h e  d e f e c t  
s i t e  i t s e l f  l o c a l i z e d  c h a r g e  o s c i l l a t i o n  w o u l d  m a k e  t h e  d e f e c t  m o d e s  
s t r o n g l y  infrared-active,consistent w i t h  o u r  o b s e r v a t i o n s . A l s o , t h e  d o -  
w n w a r d  f r e q u e n c y  s h i f t s  o f  t h e  s t r e t c h i n g  R a m a n - a c t i v e  m o d e s  i n  t h e  
d o p e d  s a m p l e s , s u g g e s t s  i n c r e a s e d  d e l o c a l i z a t i o n  o f  t h e  c h a r g e - d e n s i t y  
p r o b a b l y  i n d u c e d  b y  a  q u i n o i d - l i k e  d e f o r m a t i o n  o f  t h e  c h a i n  a s  s u g g e s t -  
b y - $ h e  m o d e l  o f  B r e d a s  e t  a l l 8 l . T h e  n a r r o w  b a n d s  a t  1 4 8 0 , 1 0 0 0  a n d  8 0 0 - 1  
cm c o r r e s p o n d  t o  t h e  u n d o p e d  p o l v m e r  r e  i o n s  a n d  t h o s e  b e l o w  7 0 0  cm 
a r e  m o s t  l i k e l y  d u e  t o  AsF i o n s , I n  c o n c y u s i o n  t h e n ;  t h e  r e s u l t s  i n d -  
i c a t e  a  s i g n a t u r e  o f  t h e  d g f e c t  i n  d o p e d  PPP c o n s i s t e n t  w i t h  a  q u i n o i d  
- l i k e  d i s t o r t i o n  o f  t h e  c h a i n - t h e  d e t a i l e d  a s s i g n m e n t s  h a v e  h o w e v e r  t o  
a w a i t  a c a l c u l a t i o n  o f  t h e  d e f e c t  m o d e  f r e q u e n c i e s .  
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