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THEORETICAL PREDICTION OF POTENTIALLY NEW HIGHLY CONDUCTING 
POLYMER COMPLEXES : VEH STUDY OF NITROGEN AND OXYGEN CON- 
T A I N I N G  CONJUGATED POLYMERS 

BERENGERE THEMANS, JEAN-MARIE ANDRE,and JEAN-LUC BREDAS 
L a b o r a t o i r e  de Chimie ThGorique AppliquGe, 
F a c u l t e s  Notre-Dame de  l a  P a i x ,  B-5000 Namur (Belgium). 

A b s t r a c t  
t a i n i n g  con juga ted  polymers i s  i n v e s t i g a t e d  by means o f  t h e  
Valence E f f e c t i v e  Hamil tonian (VEH) t echn ique .  Pa rame te r s  re- 
l a t e d  t o  t h e  c o n d u c t i v i t y  p r o p e r t i e s  upon dop ing  s u c h a s i o n i -  
z a t i o n  p o t e n t i a l s ,  bandgaps,and bandwidths  a r e  d i s c u s s e d  i n  
d e t a i l  f o r  p o l y a n i l i n e ,  p o l y q u i n o l i n e ,  polyfuran,poly(p-phe-  
“Ylene o x i d e ) ,  and po lybenzofu ran .  

The e l e c t r o n i c  s t r u c t u r e  of n i t r o g e n  and oxygen con- 

S i n c e  t h e  d i scove ry  of  h i g h  c o n d u c t i v i t y  i n  doped p o l y a c e t y l e n e ,  che- 

mists and p h y s i c i s t s  have devoted much e f f o r t  t o  dope o t h e r  conjuga-  

t e d  polymers.  l Oxygen c o n t a i n i n g  sys t ems  have been l e s s  t h o r o u g h l y  

i n v e s t i g a t e d .  U n t i l  now, c o n d u c t i v i t i e s  upon dop ing  have been r epor -  

t e d  f o r  p o l y f u r a n  (100 R cm ) and AsF -doped poly(p-phenylene 

o x i d e )  (10 R cm ). I n  t h i s  p a p e r ,  some n i t r o g e n  and oxygen con- 

t a i n i n g  con juga ted  polymers are t h e o r e t i c a l l y  s t u d i e d b y m e a n s  of t h e  

Valence E f f e c t i v e  Hamil tonian t e c h n i q u e .  Th i s  method has  been demon- 

s t r a t e d  t o  a f f o r d  e x c e l l e n t  e s t i m a t e s  o f  e l e c t r o n i c  p r o p e r t i e s  such  

a s  i o n i z a t i o n  p o t e n t i a l s  ( I P ) ,  bandwidths(BW), bandgaps (Eg) ,  and  

e l e c t r o n  a f f i n i t i e s  (EA) .4 These p r o p e r t i e s  a r e  i m p o r t a n t  i n  t h e  

s e a r c h  f o r  new h i g h l y  conduc t ing  polymers .  I P  and EA (EA=IP-Eg) va- 

l u e s  i n d i c a t e  t h e  e a s e  of  i o n i z i n g  t h e  polymers upon p-type and n- 

t y p e  doping,  r e s p e c t i v e l y ;  BW v a l u e s  f o r  t h e  h i g h e s t  occup ied  o r  

l owes t  unoccupied bands a r e  a measure of  t h e  d e l o c a l i z a t i o n  i n  t h e  

system and can be roughly c o r r e l a t e d  w i t h  t h e  m o b i l i t i e s  o f  t h e  

cha rge  c a r r i e r s  i n  t h e s e  bands.  P r e v i o u s l y ,  w e  have i n v e s t i g a t e d  t h e  

p r o p e r t i e s  of  hydrocarbon,  s u l f u r ,  and n i t r o g e n  c o n t a i n i n g  con juga ted  

 polymer^.^ I n  o r d e r  t o  ex tend  t h e  VEH t echn ique  t o  o t h e r  polymers ,  

w e  have r e c e n t l y  pa rame te r i zed  t h e  oxygen atom. 

- 1  -1  2 
5 - 3  - 1  -1  3 
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I22 B. THEMANS d al. 

I Polyquinoliae 
Poly(4-phcnyl)quinoline 
Poly(2.6-nrphch~lane) 
Polyrnil in. 
Polyfurrn 

Polybcnrofurm 
Poly(p-phcnyl8ne oxide) 

H e r e a f t e r ,  w e  d i s c u s s  t h e  e l e c t r o n i c  p r o p e r t i e s  of  n i t r o g e n  con- 

t a i n i n g  systems such  as p o l y q u i n o l i n e s  and d e r i v a t i v e s ,  Dolyani- 

l i n e , a n d  oxygen c o n t a i n i n g  systems such a s  p o l y f u r a n ,  poly(p-pheny- 

l e n e  ox ide )  and polybenzofuran;  comparison w i t h  s u l f u r  ana logs  i s  

made ( t a b l e  1 ) .  

TABLE 1. VEH r e s u l t s  f o r  I P ,  HOMO BW, Eg(n-a ) , EA of c o n j u  a t e d  poly- * 
mers. A l l  e n e r g i e s  i n  eV; c o n d u c t i v i t i e s  (a) i n  Q-fcm-14 

IP BW El EA one*‘ 
6.0 0.8 3.2 2.8 
6.0 0.5 3.2 2.8 

5.3 1.1 2.8 2.5 0.1 

5.1 2.3 

4.9 3.7 3.1 1.8 

(7)  

6.6 0.9 10-3(3: 

4 . 9  2.2 2.7 2.2 

NITROGEN CONTAINING CONJUGATED POLYMERS 

Recen t ly ,  f i l m s  of p o l y q u i n o l i n e  (PQ) have been r e p o r t e d  t o  showcon- 

d u c t i v i t i e s  of t h e  o r d e r  of lOR-lcm-’ upon dop ing  w i t h  sodium. P res -  

s ed  p e l l e t s  of  poly(2,6-naphthylene)  (PN): an i s o e l e c t r o n i c  compound, 

y i e l d  a c o n d u c t i v i t y  o f  abou t  0.1.G cm upon SbF5 doping.  The band 

s t r u c t u r e  of PQ i s  v e r y  s i m i l a r  t o  t h a t  of PN8 PQ, a s  w e l l  a s  i t s  

phenyl  d e r i v a t i v e ,  poly(4-phenyl)quinoline, h a s  a l a r g e  I P  v a l u e  

( ~ 6 . 0  e V )  and a large EA v a l u e  ( ~ 2 . 8  eV). Th i s  i n d i c a t e s  t h a t  t h e s e  

systems could be p-doped o n l y  by v e r y  s t r o n g  a c c e p t o r s  and can be  

e a s i l y  n-doped. However, bandwidth v a l u e s  a r e  small and s u g g e s t  t h a t  

c o n d u c t i v i t i e s  upon doping a s  h i g h  a s  i n  p o l y a c e t y l e n e  o r  po ly (p -  

phenylene) cannot be ach ieved .  

-1 -1 

P o l y a n i l i n e  (PAn) can be s y n t h e s i z e d  by chemical  o r  e l e c t r o c h e -  
-2 

mica1 method. PAn p r e s e n t s  c o n d u c t i v i t i e s  r a n g i n g  b e t e e e n  10 and 

1R-’cm-’ depending on t h e  redox l e v e l  a n d / o r  p repa ra t ion . ’  We d i s -  

cuss  h e r e  t h e  PAn form c o n s i s t i n g  of  phenyl  r i n g s  connected by NH 

u n i t s ,  i .e .  t h e  ana log  o f  poly(p-phenylene o x i d e )  (PPO) and po ly (p -  

phenylene s u l f i d e )  (PPS). We have cons ide red  a nonp lana r  conforma- 
t i o n ,  w i t h  a d j a c e n t  r i n g s  t w i s t e d  by 90’ w i t h  r e s p e c t  t o o n e  a n o t h e r .  
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VEH STUDY OF NITROGEN AND OXYGEN CONTAINING CONJUGATED POLYMERS 123 

The VEH band s t r u c t u r e  i s  d i s p l a y e d  i n  f i g u r e  l a .  The wid th  of t h e  

h i g h e s t  occupied band ( 2 . 3  eV) i s  much l a r g e r  t han  i n  PPS ( 1 . 2  eV) 

and PPO (0.9 eV). Th i s  s u g g e s t s  h i g h e r  c o n d u c t i v i t y  upon doping.Ebr- 

thermore,  because  of  i ts  lower  IF, PAn c o u l d  be  p-doped w i t h  weaker 

a c c e p t o r s  t han  PPO and PPS. PAn appea r s  t h u s  more a t t r a c t i v e  f o r  

p-doping than  i t s  s u l f u r  and oxygen c o u n t e r p a r t s .  

F igu re  1 .  VEH b a n d s t r u c t u r e o f  t h e  h i g h e s t  occupied o r b i t a l s  o f  
a )  p o l y a n i l i n e a n d  b)  p o l y f u r a n  (* s t a n d s  f o r  an unoccupied o r b i t a l ) .  

OXYGEN C O N T A I N I N G  CONJUGATED POLYMERS 

The geometry used i n  t h e  VEH c a l c u l a t i o n s  f o r  p o l y f u r a n  (PF) i s  t aken  

from X-ray d i f f r a c t i o n  d a t a  on f u r a n  molecule.1° The band s t r u c t u r e  

( f i g u r e  Ib)  shows f e a t u r e s  s i m i l a r  t o  t h o s e  found i n  p o l y p y r r o l e  and 

po ly th iophene ;  e . g . ,  t h e  HOMO (Highes t  Occupied Molecu la r  O r b i t a l )  

TI o r b i t a l h a s  no c o n t r i b u t i o n  coming from oxygen, whereas t h e  LUMO 

(Lowest Unoccupied Molecu la r  O r b i t a l )  IT o r b i t a l d o e s .  The I P  v a l u e  

( 4 . 9  eV) i s  s l i g h t l y  lower t h a n  i n  po ly th iophene ,  b u t  i s  l a r g e r  by 

0 . 9  eV w i t h  r e s p e c t  t o  p o l y p y r r o l e .  The HOMO BW is l a r g e ( 3 . 7  e v ) ,  i n  
agreement w i t h  t h e  h i g h  c o n d u c t i v i t y  r e p o r t e d  upon doping.2 

I n  analogy t o  PPS, X-ray d i f f r a c t i o n  d a t a  on PPO show t h a t  
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124 B. THEMANS er al. 

a d j a c e n t  phenyl r i n g s  are p e r p e n d i c u l a r  t o  each o ther .  l 1  U n t i l  now, 
-3 - 1  - 1  

t h e  h i g h e s t  r e p o r t e d  c o n d u c t i v i t i e s  upon doping are about  10 R cm . 
Compared t o  PPS, t h e  I P  v a l u e  i s  l a r g e r  by 0 .3  eV. The HOMO BW i s  

about  0 .9  e V  which i s ,  a s  po in ted  o u t  b e f o r e ,  much lower than i n  PAn 

and of t h e  same o r d e r  as i n  PPS. T t  i s  known that upon h igh  doping,  

PPS undergoes chemistry l e a d i n g  t o  a coplanar  fused  s t r u c t u r e :  poly- 

benzothiophene.12 By analogy,  we have a l s o  cons idered  t h e  e q u i v a l e n t  

compound f o r  PF, i . e .  polybenzofuran (PBF). VEH c a l c u l a t i o n s  ind i -  

c a t e  t h a t  wi th  r e s p e c t  t o  polybenzothiophene,  P B F h a s a  much lower 

IP(4.9 eV) and a l a r g e r  HOMO bandwidth (2.2 eV). A s  a r e s u l t ,  PBF 

appears  very i n t e r e s t i n g ,  even more so than its s u l f u r  c o u n t e r p a r t s .  
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