
This article was downloaded by: [Tomsk State University of Control Systems and Radio]
On: 20 February 2013, At: 13:30
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office:
Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals
Publication details, including instructions for authors and subscription
information:
http://www.tandfonline.com/loi/gmcl16

Electronic Conduction Mechanism in
Polycarbazole Iodine Complexes
Stephen T. Wellinchoff a , Zhi Deng a , Thohas J. Kedrowski a , Susan A.
Dick a , Samson A. Jenekhe b & Hatsuo Ishida c
a Department of Chemical Engineering and Materials Science, University
of Minnesota, Minneapolis, MN, 55455
b Corporate Technology Center, Honeywell Inc., Bloomington, MN, 55420
c Department of Macromolecular Science, Case Western Reserve
University, Cleveland, OH, 44136
Version of record first published: 20 Apr 2011.

To cite this article: Stephen T. Wellinchoff , Zhi Deng , Thohas J. Kedrowski , Susan A. Dick , Samson A.
Jenekhe & Hatsuo Ishida (1984): Electronic Conduction Mechanism in Polycarbazole Iodine Complexes,
Molecular Crystals and Liquid Crystals, 106:3-4, 289-304

To link to this article:  http://dx.doi.org/10.1080/00268948408071448

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any substantial
or systematic reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that
the contents will be complete or accurate or up to date. The accuracy of any instructions,
formulae, and drug doses should be independently verified with primary sources. The
publisher shall not be liable for any loss, actions, claims, proceedings, demand, or costs or
damages whatsoever or howsoever caused arising directly or indirectly in connection with or
arising out of the use of this material.

http://www.tandfonline.com/loi/gmcl16
http://dx.doi.org/10.1080/00268948408071448
http://www.tandfonline.com/page/terms-and-conditions


MoZ. C y ~ t .  Liq. Cys t .  a 1984. Vol. 106, pp. 289-304 
0026-8941/84/1064-0289/$18.50/0 
0 1984 Gordon and Breach, Science Publishers, Inc. 
Printed in the United States of America 

ELECTRONIC CONDUCTION PIECHANISM I N  POLYCARBAZOLE 
I O D I N E  COMPLEXES 

STEPHEN T. WELLINCHOFF, Z H I  DENG, THOHAS J .  KEDROWSKI, 
SUSAN A .  D I C K  
Depar tment  o f  Chemical  E n g i n e e r i n ?  and Materials S c i e n c e  
U n i v e r s i t y  of  M i n n e s o t a ,  M i n n e a p o l i s ,  MN 55455 
SAMSON A .  JENEKHE 
C o r p o r a t e  Technology C e n t e r ,  Honeywell  I n c . ,  Blooming- 
t o n ,  MN 55420 
HATSUO ISHIDA 
Depar tment  of Macromolecular  S c i e n c e  
Case Western  Reserve U n i v e r s i t y ,  C l e v e l a n d ,  OH 44136 

ABSTRACT 

R e c e n t l y  we have made i o d i n e  complexes  o f  n i t r o b e n z e n e  
s o l u b l e  p o l y c a r b a z o l e s  which are  i n d e f i n i t e l v  s t a b l e  
i n  a i r  a t  room t e m p e r a t u r e  and have  c o n d u c t i v i t i e s  as  
h i g h  as 6 ohm-lcm-1. GPC a n a l y s i s  reveals  t h a t  more 
t h a n  a t h r e e  f o l d  i n c r e a s e  i n  m o l e c u l a r  w e i g h t  o c c u r s  
upon complexing  t h e  s o l v e n t  cast  f i l m  w i t h  i o d i n e  g a s .  
However, some c r o s s l i n k i n g  i s  s u s p e c t e d  a t  t h e  h i g h e s t  
l e v e l s  of i o d i n e .  The most r a p i d  r ise i n  t h e  conduc-  
t i v i t y  i s  c o i n c i d e n t  w i t h  t h e  deve lopment  o f  s i g n i f i -  
c a n t  1 R  a b s o r p t i o n .  The i n c r e a s e d  p o s i t i v e  c h a r c e  t h a t  
X P S  shows d e v e l o p i n g  on t h e  c a r b a z o l e  n i t r o g e n  w i t h  i o -  
d i n e  c o m p l e x a t i o n  i s  c o n s i s t e n t  w i t h  t h e  p r e s e n c e  of  
t h e  t y p e  c a t i o n s  which  are known t o  e x i s t _  i n  model 
d i c a r b a z o l y l  complexes .  The mechanism of p o s t p o l v m e r i -  
z a t i o n  and  c o n d u c t i v i t y  w i l l  be d i s c u s s e d  i n  t h e  con- 
t e x t  of t h e s e  c a t i o n s .  

INTRODUCTION 

Many o r g a n i c  h i g h  p o l y m e r s  w i t h  c o n d u c t i v i t i e s  i n  t h e  
s e m i c o n d u c t i n g - t o - m e t a l l i c  r a n g e  (10-6 t o  104Q-lcm-1) have 
been  s y n t h e s i z e d  and  s t u d i e d  e x t e n s i v e l y  A l l  t h e s e  
Dolymers  i n  t h e i r  n a t i v e  o r  n e u t r a l  s t a t e  are s t i l l  i n s u l a -  
t o r s .  e x c e p t  (SN),, b u t  cnev become h i K h l v  c o n d u c t i n q  a f t e r  
n o d i f i c a t i o n  o f  t h e i r  e l e c t r o n i c  s t r u c t u r e  by 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  o x i d a t i o n  o r  reduction@-9). The e l e c t r i c a l  
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290 S. T. WELLINGHOFF et al. 

c o n d u c t i v i t y  enhancement o r o c e s s  i s  commonly r e f e r r e d  t o  a s  
m o l e c u l a r  d o p i n g .  The r e s u l t i n g  o x i d i z e d  o r  reduced  polymer 
i s  e s s e n t i a l l y  a c h a r g e - t r a n s f e r  complex formed between t h e  
n a t i v e  polymer and a c c e p t o r  o r  donor  d o p a n t s .  N o t a b l e  
c lasses  of  p o l y m e r s  known t o  be h i g h l y  condu t i n g  aEter dop- 
i n g  are  p o l y a c e t y l e n e ( l ) ,  p o l y  p - p h e n y l e n e ( 2 F ,  p o l y p y r r o l e  ( 3 ) ,  
and po 1 yme r i  c b r i d g e  - s  t a c  ke  d p h t h a l o c  y a n i n e  s ( 4  ) . 

U n f o r t u n a t e l y ,  t h e  r o a d  t o  u s e f u l  c o n d u c t i n g  polymers  
t h a t  c o u l d  f i n d  p r a c t i c a l  a p p l i c a t i o n s  and f u l f i l l  t h e i r  
p r o m i s e  i s  p l a g u e d  by s e v e r a l  s e v e r e  p r o b l e m s ,  and none of 
t h e  above p o l y m e r i c  mater ia l s  i s  immune from a l l  of t h e  
problems(5-9) .  N o t a b l e  a re  t h e  l a c k  of long- te rm s t a b i l i t y  
i n  ambient  a i r ,  n o n p r o c e s s i b i l i t y  by s o l v e n t  and melt t e c h -  
n i q u e s ,  and  l o s s  of  d e s i r e d  m e c h a n i c a l  p r o p e r t i e s ,  such  a s  
f l e x i b i l i t y ,  a f t e r  d o p i n g .  A f u r t h e r  i m p o r t a n t  consequence  
of i n t r a c t a b i l i t y  i s  t h a t  p r o g r e s s  i n  c h a r a c t e r i z a t i o n  and 
u n d e r s t a n d i n g  of  s t r u c t u r a l ,  m o l e c u l a r ,  and p h y s i c a l  prop-  
e r t i e s  of  t h e  mater ia l s  i s  t h e r e b y  hampered. 

b i l i t y ,  and d e g r a d a t i o n  of  m e c h a n i c a l  p r o p e r t i e s  upon d o p i n g ,  
j u s t  a s  t h e  a c h i e v a b l e  e l e c t r o n i c  p r o p e r t i e s ,  a p p e a r  t o  be 
r o o t e d  i n  t h e  s t r u c t u r e s  ( m o l e c u l a r  and s u p r a - m o l e c u l a r )  of 
t h e  undoped polymers  and  t h e  doped c o n d u c t i n g  complexes.  
Thus ,  f u n d a m e n t a l  s o l u t i o n  o f  t h e s e  problems i s  t o  be s o u g h t  
i n  new polymer backbone s t r u c t u r e s  which c a n  c i r c u m v e n t  t h e  
problems and t h e r e b y  pave t h e  way toward  p r a c t i c a l  a p p l i c a -  
t i o n s  of  t h e  p r o m i s i n g  new c l a s s  of e l e c t r o n i c  mater ia l s .  
R e c e n t l y ,  we have u n d e r t a k e n  a s e a r c h  f o r  new polymer back- 
bone s t r u c t u r e s  which c o u l d  l e a d  t o  a c o m b i n a t i o n  of  a l l  
t h e  d e s i r e d  p r o p e r t i e s :  ( 1 )  p r o c e s s i b i l i t y  by s o l u t i o n  a n d /  
o r  m e l t  t e c h n i q u e s :  ( 2 )  e n v i r o n m e n t a l  s t a b i l i t y  of  b o t h  
doped and undoped polymer ;  (3)  h i g h  c o n d u c t i v i t v  
(>O. 1R-lcm-1) : ( 4 )  good m e c h a n i c a l  p r o p e r t i e s ;  and ( 5 )  mole- 
c u l a r  d e s i g n  f l e x i b i l i t y .  H e t e r o c y c l i c  backbone o r g a n i c  
polymers  seem i d e a l  f o r  a c h i e v i n g  t h i s  c o m b i n a t i o n  of prop-  
e r t i e s .  I n d e e d ,  we have a c h i e v e d  s u c h  a c o m b i n a t i o n  of  
p r o p e r t i e s  i n  c a r b a z o l e ( l 0 ) .  
c o n d u c t i n g  p o l y m e r s  i n c l u d e  p o l y p y r r o l e ,  p o l y t h i o p h e n e ,  and 
t h e  r e c e n t l y  r e p o r t e d  polymer based  on q u i n o l i n e  s t r u c t u r d l l )  
which i s  h i g h l y  c o n d u c t i n g ,  and s o l u b l e  i n  c o n c e n t r a t e d  a c i d s .  
However among t h e s e  o n l y  p o l y p y r r o l e  i s  a i r  s t a b l e .  F e a t u r e s  
o f  t h e s e  new c lasses  o f  c o n d u c t i n g  polymers  based  on c a r b a z o l e  
t o  be i n v e s t i g a t e d  a re  o u t l i n e d  below.  

We have t r i e d  t o  surmount  t h e  t w i n  d i f f i c u l t i e s  of  l a c k  
of  p r o c e s s i b i l i t y  and e n v i r o n m e n t a l  s t a b i l i t y  of c u r r e n t l y  
known c o n d u c t i n g  polymers  by s y n t h e s i z i n g  p o l y  3 , 3 '  N-methvl 
c a r b a z o l y l  (PC) .  The b a s i c  s y n t h e t i c  o u t l i n e  i n v o l v e s  
G r i g n a r d  a r y l a t i o n  of a n i c k e l  ~ a t a l v s t c ~ ~  *I3) and s u b s e q u e n t  
c r o s s c o u p l i n g  t o  an  a t t a c k i n g  brominated  monomer ( F i g u r e  1 ) .  

These p r o b l e m s  of  e n v i r o n m e n t a l  i n s t a b i l i t y ,  i n t r a c t a -  

Some o t h e r  known h e t e r o c y c l i c  
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POLYCARBAZOLE COMPLEXES-ELECTRONIC CONDUCTION 291 

,The a d d i t i o n a l  r a t i o n a l e  f o r  c h o o s i n g  t h i s  po lymer  was 
f i r s t  t h a t  N-methyl c a r b a z o l e  forms  c h a r g e  t r a n s f e r  complexes  
w i t h  a wide v a r i e t y  of a c c e p t o r s .  The e l e c t r o c h e m i c a l  
o x i d a t i o n  of  d i s u b s t i t u t e d  3 , 3 '  N-dimethyl b i c a r b a  o 

o f  c o u r s e ,  would be t h e  s o u r c e  of  c h a r g e  t r a n s p o r t  i n  a n y  
s o l i d  complex.  The most l i k e l y  e x p l a n a t i o n  f o r  t h e  s t a b i l i t y  
of t h e  c h a r g e d  s p e c i e s  i s  t h a t  u n p a i r e d  e l e c t r o n s  w i l l  l o c a l i z e  
on t h e  n i t r o g e n  and on p o s i t i o n s  o r t h o  (1,l') and p a r a  ( 3 , 3 ' )  
t o  t h e  n i t r o g e n ( 1 6 ) .  These p o s i t i o n s  are a l l  b l o c k e d  from 
r e a c t i o n  w i t h  0 2 ,  H20, o r  o t h e r  c a r b a z o l e  m o l e c u l e s  by 
r e p l a c e m e n t  o f  t h e  hydrogen  by h a l o g e n  o r  a l k y l  group o r  by 
s t e r i c  h i n d r a n c e  by t h e  N-CH3 group a s ,  f o r  example ,  on t h e  
1 , 1 '  p o s i t i o n s .  

t h e  s o l u b i l i t y  and melt p r o c e s s i b i l i t y  promoted by t h e  
c o n f o r m a t i o n a l  f l e x i b i l i t y  c h a r a c t e r i s t i c  of  t h e  3 , 3 '  
l i n k a g e s .  However, p r o c e s s i b i l i t y  most o f t e n  w i l l  be a t  o d d s  
w i t h  h i g h  i n t r a c h a i n  carr ier  m o b i l i t i e s  which r e q u i r e  l o n g  
u n - i n t e r r u p t e d  l e n g t h s  o f  rl o r b i t a l  which  r e q u i r e  r i g i d  rod  
m o l e c u l e s ;  c l e a r l y  p o l v m e r s  w i t h  s i g n i f i c a n t  i n t r a c h a i n  
c o n f o r m a t i o n a l  d i s o r d e r  must  e x h i b i t  h i g h  c o n d u c t i v i t i e s  
t h r o u g h  i n t e r c h a i n  h o p p i n g .  Al though t h e  randomness of t h e  
amorphous s t a t e  p r e c l u d e s  t h e  h i g h  hopping  m o b i l i t i e s  
a c h i e v e d  i n  a p a r t i a l l y  o x i d i z e d  donor  stacic(17) ( e . g .  as  i n  
TTF-Br), t h e  s t r i n g e n t  r e q u i r e m e n t s  f o r  t h e  c o r r e c t  TT o r b i t a l  
o v e r l a p  symmetry between n e u t r a l  m o l e c u l e  and r a d i c a l  c a t i o n @ %  

p r o d u c e s  a i r  s t a b l e  r a d i c a l  c a t i o n s  and  d i c a t i o n s  ~ ' ~ d ~ l ~ h i  h , 

An a d d i t i o n a l  f e a t u r e  of  t h e  polymer would a l s o  be 
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292 S.  T. WELLINGHOFF et al. 

which might  n o t  be m e t  i n  t h e  thermodynamica l ly  most s t a b l e  
c r y s t a l  form,  can  be s a t i s f i e d ,  a t  least  some of t h e  t i m e ,  
i n  t h e  amorphous s t a t e .  Some p r e l i m i n a r y  e v i d e n c e  s u g g e s t i n g  
t h i s  as a p o s s i b l i l i t y  h a s  been r e c e n t l y  o b t a i n e d ( 1 9 ) .  

PROPERTIES OF POLY N-METHYL 3 , 3 '  CARBAZOLYL 

R e c e n t l y  we  have d e m o n s t r a t e d  t h a t  p o l y  N-methyl 3 , 3 '  
c a r b a z o l y l  (PC) w i l l  form c h a r g e  t r a n s f e r  complexes w i t h  
i o d i n e  i n  t h e  r a t i o  of  one i o d i n e  p e r  c a r b a z o l e  monomer 
unit(1Q. Both 13-  and  15- s p e c i e s  have been found by 
Resonance Raman. PC f i l m s  c a n  be c a s t  f rom n i t r o b e n z e n e  
s o l u t i o n  and  s u b s e q u e n t l y  e x p o s e d  t o  i o d i n e  v a p o r  t o  p r o d u c e  
b l a c k  s h i n y  f i l m s  of  c o n d u c t i v i t y  1-1OR-lcm-1.  T h i s  p- type 
e l e c t r i c a l  c o n d u c t i v i t y  i s  s t a b l e  i n  a i r  f o r  many months 
and shows an  E y r i n g  t y p e  s e m i c o n d u c t i n g  t e m p e r a t u r e  
dependence w i t h  an  a c t i v a t i o n  e n e r g y  of 0 .17  eV. ( F i g u r e s  2 , 3 )  
The v e r y  low a c t i v a t i o n  e n e r g y  f o r  c o n d u c t i o n  i s  c o n s i s t e n t  
b o t h  w i t h  a f i x e d  r a n g e  hopping  mechanism ( a t  l e a s t  i n  t h e  
t e m p e r a t u r e  r a n g e  -78OC t o  100OC)and t h e  s t r o n g  e l e c t r o n i c  
a b s o r b a n c e  t h a t  e x t e n d s  w e l l  i n t o  t h e  mid i n f r a r e d .  

.w 

LO 20 30 

DAYS IN A I R  (25OC) 

F i g u r e  2 The Envi ronmenta l  S t a b i l i t y  of Cast F i l m s  
and P r e s s e d  P e l l e t s  of Iodine-Doped 
P o l y c a r b a z o l e  a t  25°C.  11 = i n d u c t i v e ,  
x = 4-poin t  p r o b e .  
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POLYCARBAZOLE COMPLEXES-ELECTRONIC CONDUCTION 293 

1 Pressed pellet 

* AE=0.172 eV 

0.01 - 
2.75 3.00 3.25  

(ldf17%-1 

F i g u r e  3 C o n d u c t i v i t y  a s  a F u n c t i o n  of  T e m p e r a t u r e  
f o r  Iodine-Doped P o l y c a r b a z o l e .  Smal l  
t h e r m o e l e c t r i c  v o l t a g e  a t  25°C i n d i c a t e s  
p- type  c a r r i e r .  

POSSIBLE CHARGE TRANSPORT PlECHANISll 

X-ray d i f f r a c t i o n  reveals t h a t  t h e  complexes  are  q u i t e  
amorphous.  
l i m i t  TI o r b i t a l  d e l o c a l i z a t i o n  t o  o n l y  a few a d j a c e n t  
mmomer u n i t s .  With t h e s e  s t r u c t u r a l  c o n s t r a i n t s  t h e  
i n t e r m o l e c u l a r  hopping  c o n t r i b u t i o n  t o  t h e  c o n d u c t i v i t y  
s h o u l d  be q u i t e  l a r g e .  S p e c i e s  s i m i l a r  t o  t h e  r a d i c a l  c a t i o n s  
and  d i c a t i o n s  s e e n  i n  b i c a r b a z o l y l  complexes  s h o u l d  be 
r e s p o n s i b l e  f o r  t h e  c h a r g e  t r a n s p o r t .  E l e c t r o -  
chemical e x p e r i m e n t s  have  shown t h a t  t h e  d i  s u b s t i t u t e d  
3 , 3 '  N-methyl b i c a r b a z o l y l  i s  o x i d i z e d  t o  b o t h  r a d i c a l  c a t i o n  
a n d  d i c a t i o n  a t  less a n o d i c  p o t e n t i a l s  t h a n  N-methyl c a r b a z o l e  
i s  o x i d i z e d  t o  r a d i c a l  c a t i o n ( l 5 ) .  

Thus c o n f o r m a t i o n a l  d i s o r d e r  would p r o b a b l y  

CH3 
+ I  CH3 

+ I  

CH3 
I 

+ -3  L-A. 
I 

L ini AT SAME 

B + I  V 
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294 S.  T. WELLINGHOFF et al. 

The d i imine  d i c a t i o n ( B )  could  p ropaga te  down t h e  c h a i n  bv a 
hopping p r o c e s s  a c t i v a t e d  by t o r s i o n a l  v i b r a t i o n s  around 
b ipheny l  bonds. 

I +  I 

T h i s  p r o c e s s  i s  s i m i l a r  t o  t h e  b i p o l a r o n  t r a n s p o r t  mechanism 
e n v i s i o n e d  f o r  a number of polymers(20). 
would be f a c i l i t a t e d  by t h e  c l o s e  s t a c k i n g  expec ted  between 
a d j a c e n t  f l a t  a romat i c  c h a i n s .  The most l i k e l y  p o s s i b i l i t y  
he re  i s  t h a t  i n t e r m o l e c u l a r  hops would i n v o l v e  a n e u t r a l  
s e c t i o n  of t h e  c h a i n  molecule  and a c a t i o n i c  s e c t i o n  i n  o r d e r  
t o  avo id  e l e c t r o s t a t i c  r e p u l s i o n  between l i k e  c a t i o n i c  
s e c t i o n s .  I f  f a c t  even i n  s o l u t i o n  s t r o n g  bonding f o r c e s  
a r e  known t o  e x i s t  between, f o r  example,  TTF+ and n e u t r a l  
TTF where a d i s t i n c t  i n t e r m o l e c u l a r  cha rge  t r a n s f e r  band 
ar ises  in t h e  spec t rum below 1 eV( I7 ) .  

Hopping between c h a i n s  

XODEL COMPOUNDS - PREPARATION AND SPECTROSCOPY 

Cons ide r ing  t h e  e x t e n s i v e  e l e c t r o c h e m i c a l  d a t a  a l r e a d y  
a v a i l a b l e  f o r  b i c a r b a z o l y l  d e r i v a t i v e s  we dec ided  t o  
unde r t ake  a d e t a i l e d  s p e c t r o s c o p i c  a n a l y s i s  of t h e s e  model 
compounds i n  o r d e r  t o  unde r s t and  t h e  polymer complexes.  
Wishing t o  avoid  any s p e c t r o s c o p i c  c o n t r i b u t i o n s  due t o  1,- 
we p repa red  the  BFq- s a l t s  of  d i c a r b a ~ o l y l ( ~ ~ ) .  
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POLYCARBAZOLE COMPLEXES-ELECTRONIC CONDUCTION 295 

The b l u e  g r e e n  b i c a r b a z o l y l  c a t i o n  r a d i c a l  sa l t  w a s  e a s i l y  
r e d u c e d  t o  n e u t r a l  b i c a r b a z o l y l  by Na2S204 r e d u c t i o n  i n  
o x y d i e t h a n o l  t o  a y e l l o w  s o l i d  c o m p l e t e l y  s o l u b l e  i n  DPlF 
t h a t  showed o n l y  a s i n g l e  n a r r o w  GPC peak  a t  t h e  p o s i t i o n  
e x p e c t e d .  C l e a r l y  no p o l y m e r i z a t i o n  beyond d i m e r  had 
o c c u r r e d  e i t h e r  upon t h e  o r i g i n a l  o x i d a t i o n  of t h e  n e u t r a l  
mater ia l  o r  l a te r  i n  t h e  o x y d i e t h a n o l  s o l u t i o n .  

The N , N '  d i m e t h y l  3,3' d i c a r b a z o l y l  t e t r a f l u o r o b o r a t e  
w a s  i n i t i a l l y  t h o u g h t  t o  be t h e  r a d i c a l  c a t i o n  s a l t  s i n c e  
the l i t e r a t u r e  p r e p a r a t i o n  w a s  u s e d  w i t h  one NOBF4 per  two 
N-methyl c a r b a z o l e  m o l e c u l e s .  I n  agreement  w i t h  B .  B a n d l i s h  
e t  a 1 . ( 2 1 )  we  found a s i n g l e t  ESR s i g n a l .  
d o u b l e  i n t e g r a t i o n  of  t h e  d e r i v a t i v e  l i n e  and s u b s e q u e n t  
c o m p a r i s o n  w i t h  a 1 , 1  d i p h e n y l  2 - p i c r y l h y d r a z y l  s t a n d a r d  
d i l u t e d  w i t h  N-methylcarbazole  r e v e a l e d  t h a t  o n l y  1 .3% of  
t h e  b i c a r b a z o l y l  m o l e c u l e s  p o s s e s s e d  a n  u n p a i r e d  s p i n .  The 
o n l y  e x p l a n a t i o n  f o r  t h i s  o b s e r v a t i o n  i s  t h a t  t h e  s a l t  must 
be  a m i x t u r e  o f  n e u t r a l  m o l e c u l e s  and d i c a t i o n i c  s p e c i e s .  

I f  t h e  o x i d a t i o n  p o t e n t i a l  of  NO+ i s  s u f f i c i e n t  t o  
o x i d i z e  N-methylcarbazole  monomer, d imer  c a n  be e a s i l y  
o x i d i z e d  t o  t h e  d i c a t i o n  a s  d i s c u s s e d  above .  C o n c e i v a b l y  
t h e  s o l i d  c o n s i s t s  of s e p a r a t e  s t a c k s  of  mixed n e u t r a l  and 
d i c a t i o n i c  m o l e c u l e s  w i t h  columns of  BF4- a n i o n s .  
r e q u i r e m e n t  f o r  t h e  e x i s t e n c e  of s u c h  a sa l t  i s  t h a t  a 
s o l u t i o n  complex c a n  form between t h e  n e u t r a l  and  c h a r g e d  
m o l e c u l e s  . 

T h i s  h y p o t h e s i s  w a s  checked  by o b t a i n i n g  b o t h  t h e  s o l i d  
s t a t e  and  s o l u t i o n  s p e c t r a  of N , N  d i m e t h y l  3 , 3 '  b i c a r b a z o l y l  
on a Cary 1 7  s p e c t r o p h o t o m e t e r  i n  t h e  r a n g e  of  200nm t o  2500nm 
( F i g u r e  4 ) .  Both N u j o l  h y d r o c a r b o n  w i t h  which t h e  s o l i d  
complex w a s  mixed t o  form a m u l l  and  o x y d i e t h a n o l  s o l v e n t  d i d  
n o t  react  w i t h  t h e  complex and d i d  n o t  i n t e r f e r e  w i t h  t h e  
complex s p e c t r a .  The most n o t i c e a b l e  f e a t u r e s  o f  t h e  v i s i b l e  
and n e a r  IR s p e c t r a  of  b o t h  t h e  s o l i d  com-olex and  s o l u t i o n  
a r e  t h e  two a b s o r b a n c e s  a t  850nm and 1900nm. The n e u t r a l  
m o l e c u l e  d i s p l a y s  no a b s o r b a n c e  i n  t h i s  r e g i o n .  A s  s u s p e c t e d  
t h e  850nm c o r r e s p o n d s  t o  800nm a b s o r b a n c e  found by Ambrose 
e t  a L ( I 5 )  f o r  t h e  d i c a t i o n  e l e c t r o c h e m i c a l l y  g e n e r a t e d  i n  
a c e t o n i t r i l e  s o l u t i o n .  h b r o s e  a p p a r e n t l y  made no a t t e m p t  
t o  a n a l y z e  t h e  n e a r  I R  t r a n s i t i o n s  o f  h i s  com-oound. S i n c e  
i t s  i n t e n s i t y  i s  p r o p o r t i o n a l  t o  c o n c e n t r a t i o n  i n  t h e  f i x e d  
p a t h  l e n g t h  N a C l  s o l u t i o n  c e l l  we assume t h a t  t h e  t r a n s i t i o n  
i s  a s s o c i a t e d  w i t h  a n  i n t r a m o l e c u l a r  c h a r g e  t r a n s f e r  p r o c e s s .  

i n  t h a t  i t s  i n t e n s i t y  i n c r e a s e s  c o n t i n u o u s l y  r e l a t i v e  t o  t h e  
850nm a b s o r b a n c e  w i t h  i n c r e a s i n g  s o l u t i o n  c o n c e n t r a t i o n .  
C l e a r l y  t h e  c o n c e n t r a t i o n  b e h a v i o r  and t h e  long w a v e l e n g t h  
of  t h e  band a s s o c i a t e s  i t  w i t h  a n  i n t e r m o l e c u l a r  c h a r g e  

However q u a n t i t a t i v e  

The usua l  

The 1900nm t r a n s i t i o n  b e h a v e s  q u i t e  d i f f e r e n t l y  though D
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296 S. T. WELLINGHOFF er al. 

3 .? ' -aimethyl - 3 , 3  ' -dl  caroazdfi  l . g r  

350 nm ;ass wn 

' 360 ' 760 ' l l d o  ' 1500 ' i s t o  ' 2300 

FJAVELENGTH (nm) 

Figure 4 IIV-Visible-Near IR spectra of 9,9'-dimethyl- 
3,3'-dicarbazolyl tetrafloroborate,solution in 

oxydiethanol vith same pathlength (0.05 m m ) ,  

compare to that of 9,9'-dimethyl-3,3'-dicar- 

bazole. (1) 0.035 g/ml; ( 2 )  0 .023  g / m l ;  ( 3 )  

0.014 g/ml; ( 4 )  9,9' -dimethyl-dicarbazole, 

0.023 g/ml. 

t r a n s f e r  p r o c e s s ,  most  p r o b a b l y  be tween n e u t r a l  and d i c a t i o n i c  
m o l e c u l e s . .  The l o n g  w a v e l e n g t h  a b s o r b a n c e  i s  n o t  c o n n e c t e d  
w i t h  an i n t r a m o l e c u l a r  r a d i c a l  c a t i o n  t r a n s i t i o n  s i n c e  t h e r e  
i s  no r e a s o n  t o  e x p e c t  s u c h  an e n t i t y  t o  be p r e f e r r e d  i n  
c o n c e n t r a t e d  s o l u t i o n .  

t h a t  s h o r t  c h a r g e d  and n e u t r a l  s e c t i o n s  of t h e  p o l y c a r b a z o l e  
c h a i n  c a n  exchange  c h a r g e .  

Thus ,  as hoped f o r ,  we have by e x t r a p o l a t i o n ,  e v i d e n c e  

POLYIER SPECTROSCOPY 

The c o r e  l e v e l  e l e c t r o n i c  s t r u c t u r e  o f  Doly N-methyl 
3,3' c a r b a z o l y l  and i t s  s a t u r a t e d  i o d i n e  complex w e r e  
examined by x- ray  p h o t o e l e c t r o n  s p e c t r o s c o p y  ( X P S ) .  The 
n e u t r a l  polymer yas c a s t  o n t o  a g l a s s  s l i d e  i n  t h e  form o f  
a t h i n  2000-3000A t h i c k  f i l m  from n i t r o b e n z e n e  s o l u t i o n  and 
t h e n  d e c o r a t e d  w i t h  g o l d  l a y e r  t h i n  e n o u s h  t o  e x p o s e  a t  
l ea s t  some of  t h e  s u r f a c e .  The 4 € 7 / 2  peak  o f  Au w a s  used  
t o  c a l i b r a t e  t h e  b i n d i n g  e n e r g y  m e c t r u m  o f  t h e  p o l y m e r .  
The u n i f o r m i t y  of  s u r f a c e  c h a r g i n g  w a s  v e r i f i e d  by o b s e r v i n g  
a u n i f o r m  s h i f t  i n  t h e  Au 4 f 7 / 2  and C 1s upon f l o o d i n g  w i t h  
t h e r m a l  e l e c t r o n s .  The c o n d u c t i n g  complex w a s  made i n  t h e  
same t h i n  f i l m  form by complexing  t h e  t h i n  n e u t r a l  f i l m  w i t h  
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POLYCARBAZOLE COMPLEXES-ELECTRONIC CONDUCTION 291 

S u r f a c e  c h a r g i n g  w a s  n o t  a problem i n  t h i s  sample .  A 12. 
Perk in-Elmer  555 o p e r a t i n g  a t  a vacuum of 10-8 t o  t o r r  
and u s i n g  MgK2 e x c i t a t i o n  w a s  employed f o r  t h e  XPS a n a l y s i s .  
The s p e c t r u m  w a s  o b t a i n e d  w i t h  sample  a t  l i q u i d  N2 t e m p e r a t u r e s  

410 406 402 398 396 

, B I N D I N G  ENERGY, eV 
Figure  5 X P S  N Is m u l t i p l e x  of the  doped and t h e  

undoped poly(3,3'-N-rnethylcarbazole). 
The i n s e r t e d  f i g u r e  i s  the I 3d mutiplex  
of the doped polymer. 

A s  e x p e c t e d  f o r  c h a r g e  t r a n s f e r  f r o i  t h e  c a r b a z o l e  r i n g  
t h e  b i n d i n g  e n e r g y  of  t h e  N-Is i n c r e a s e d  from 398.6  e V  t o  
399 .4  e V  upon complexing w i t h  i o d i n e  ( F i g u r e  5 ) .  T h i s  
b i n d i n g  e n e r g y  d i f f e r e n c e  i s  r e p r o d u c i b l e  and more t h a n  t h e  
0 . 5  eV r e s o l u t i o n  of t h e  i n s t r u m e n t .  The shape  o f  t h e  s i n g l e  
component n i t r o g e n  peak  w a s  q u i t e  symmetr ic  s u g g e s t i n g  
c o n s i d e r a b l e  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  e v e n l y  among 
a l l  t h e  n i t r o g e n s  s i m i l a r  t o  what h a s  been  found i n  
p o l y p y r r o l e ( 2 2 ) .  

( F i g u r e  5 ) ,  the lower  e n e r g y  component c o r r e s p o n d i n g  t o  1,- 
and t h e  h i g h e r  e n e r g y  peak  t o  a d s o r b e d  I,. U n f o r t u n a t e l y  
s e p a r a t i o n  of v a r i o u s  i o d i n e  o l i g o m e r  s p e c t r a l  components  
i s  n o t  p o s s i b l d 2 3 ) b u t  Resonance Raman c l e a r l y  shows 13- and 
I ~ - .  

The polymer  s p e c t r a  was o b t a i n e d  from a t h i n  f i l m  c a s t  
o n t o  a N a C l  s a l t  p l a t e  f rom 2 - c h l o r o n i t r o b e n z e n e  s o l u t i o n .  
A f t e r  e a c h  measurement  t h e  same f i l m  w a s  complexed w i t h  , 

more i o d i n e  by e x p o s u r e  t o  a d i l u t e  s o l u t i o n  of  i o d i n e  i n  
CCl4 a t  50°C. F i g u r e  6 shown t h e  e v o l u t i o n  of  t h e  f i l m  
s p e c t r u m  w i t h  i n c r e a s e d  i o d i n e  up t o  t h e  maximum l e v e l .  

Both t h e  i o d i n e  3d312 and 3d512 p e a k s  were two comnonent 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
30

 2
0 

Fe
br

ua
ry

 2
01

3 



298 S .  T. WELLINGHOFF et a1 

I .  1 ,  I , , , , ,  

0 2x1 jao ioaa m o  m c  
WAVELENGTH (nm) 

Figure 6 W-Vis ib le-Near  IR s p e c t r a  of p o l y ( 3 , 3 ' -  

N-methylcarbazole) from the same sample with  

d i f f e r e n t  doping l e v e l s .  

The polymer  complex s p e c t r a  are much l e s s  w e l l  d e f i n e d  
t h a n  t h e  d imer  s p e c t r a  b u t  s e v e r a l  f e a t u r e s  c a n  b e  i d e n t i f i e d  
i n  a d d i t i o n  t o  t h e  f e a t u r e l e s s  background a b s o r b a n c e .  
D i s t i n c t  p e a k s  d e v e l o p  a t  a b o u t  900nm and 550nrn and grow 
more i n t e n s e  w i t h  i n c r e a s e d  i o d i n e  c o n t e n t .  The 550 nm 
peak  i s  i n  a r a n g e  where t h e r e  c o u l d  be s i g n i f i c a n t  1,- 

t o  t h e  85Onn t r a n s i t i o n  found i n  t h e  dirner complex.  I f  
t h i s  were t r u e  i t  would be s u g g e s t i v e  of  t h e  p r e s e n c e  o f  
rat  h e r  l o c a l i z e d  d i c a t  i o n i  c s t r u c t u r e  s . 
d e n s i t y  of s t a t e s  i n  t h e  band g a p .  The e x a c t  n a t u r e  of  
t h e s e  s t a t e s  i s  u n c e r t a i n .  However, t h e  model compound 
work a l r e a d y  t e l l s  u s  t h a t  s t r o n g  i n t e r m o l e c u l a r  c h a r g e  
t r a n s f e r  be tween n e u t r a l  and c h a r z e d  segments  a l r e a d y  t a k e s  
p l a c e .  With o n l y  one a n i o n  p e r  t h r e e  c a r b a z o l e  u n i t s  i n  
t h e  i o d i n e  complex s u c h  n e u t r a l  - c h a r g e d  i n t e r a c t j o n s  are  
d e f i n i t e l y  p o s s i b l e ( i 0 ) .  
m o l e c u l a r  o v e r l a p s  and t h e  i n c r e a s e d  c h a i n  l e n g t h  o f  t h e  
amorphous uolymer  would c o n t r i b u t e  t o  a r a n g e  of  d i s c r e e t  
s t a t e s ,  some of  which  c o u l d  have  a n  e n e r g y  d i f f e r e n c e  of  o n l y  

however t h e  900nm peak  i s  l i k e l y  t o  be r e l a t e d  

The f e a t u r e l e s s  background must a r i s e  from a s i g n i f i c a n t  

The g r e a t e r  r a n g e  of ' p o s s i b l e  i n t e r -  
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POLYCARBAZOLE COMPLEXES-ELECTRONIC CONDUCTION 299 

a f e w h u n d r e d t h s o f  a n  eV which  i s  c o n s i s t e n t  w i t h  t h e  mid 
i n f  

1400 1700 lo00 8Qo 

WAVENUMBER, c m - l  

Figure 7 IR absorbtion spectra of lightly doped (iodine) 

and undoped poly(3.3'-N-rnethylcarbazole). 

The e l e c t r o n i c  a b s o r b a n c e  i n  t h e  mid I R  r a n g e  i s  so 
s t r o n g  t h a t  t h e  v i b r a t i o n a l  s t r u c t u r e  i s  o f t e n  o b s c u r e d .  
However w i t h  s u f f i c i e n t l y  t h i n  f i l m s  t h e  v i b r a t i o n a l  
s t r u c t u r e  i s  o b v i o u s .  Many of  t h e  same bands  p r e s e n t  i n  t h e  
undoped polymer are p r e s e n t  b u t  q u i t e  broadened(23) .  New 
b a n d s  a l s o  a r i s e  due t o  t h e  change  of f o r c e  c o n s t a n t s  and 
bond symmetry upon d o p i n g .  F o r  example a new band a s s o c i a t e d  
w i t h  t h e  a r o m a t i c  n i t r o g e n  c a r b o n  s t r e t c h i n g  ar ises  a t  
1550cm-I. 
t h i s  f r e q u e n c y  r a n g e  ( F i g u r e  8 ) .  The imine  d i c a t i o n  
s t r u c t u r e  c o u l d  r e d u c e  t h e  symmetry o f  t h e  n o r m a l l y  Raman 
ac t ive  and i n f r a r e d  i n a c t i v e  n e u t r a l  c a r b a z o l e  bands  enough 
t o  p r o v i d e  I R  a c t i v i t y  i n  t h e  complex.  

We a t t e m p t e d  t o  p r e p a r e  t h e  r a d i c a l  c a t i o n  o f  t h e  c a r -  
b a z o l e  by r e a c t i n g  a p o l v  N-methvl c a r b a z o l y l  3 ' 3  methvlene  
b i ~ ( ~ ~ ) ,  PCMb. i n  n i t r o b e n z e n e  s o l u t i o n  w i t h  NOBFI, i n  a 
r a t i o  of one o x i d a n t  m o l e c u l e  p e r  c a r b a z o l e  u n i t .  The methv-  
l e n e  w a s  used  t o  b l o c k  t h e  f o r m a t i o n  of  d i i m i n e  d i c a t i o n .  
The o x y d i e t h a n o l  s o l u t i o n  of  b o t h  t h e  n e u t r a l  and BFq- com- 
p l e x  i s  shown i n  F i g u r e  9 .  The t r a n s i t i o n  a t  680nm c e r t a i n l v  
i s  n o t  r e p r e s e n t a t i v e  of  t h e  d i c a t i o n .  However q u a n t i t a t i v e  
ESR reveals  t h a t  t h e r e  i s  a s p i n  on o n l y  one i n  t e n  t h o u s a n d  
c a r b a z o l e  u n i t s .  The s p o n t a n e o u s  decomDosi t ion  of  t h e  r a d i -  
c a l  i o n  by t h e  f o l l o w i n g  r e a c t i o n  might  e x p l a i n  t h e  s D e c t r o -  
s c o p y .  

Many more bands  a p p e a r  i n  t h e  Raman s p e c t r u m  i n  
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n - 
H 

The s p 2  h y b r i d i z e d  b r i d g e  c a r b o n  s t r u c t u r e  would have  a 
sna l l e r  c o n j u g a t i o n l e n g t h  t h a n  t h e  d i m i n e  d i c a t i o n  and t h u s  
t h e  7 - r  t r a n s i t i o n  would o c c u r  a t  a s h o r t e r  w a v e l e n g t h .  
C o n j u g a t i o n  t h r o u  h t h e  b r i d g e  c a r b o n  i s  a l s o  c o m p a t i b l e  
w i t h  t h e  lC-3-10-5 ohm-lcm-l c o n d u c t i v i t i e s  we have o b s e r v e d  
f o r  i o d i n e  complexes  of  PCMb E i l m s .  

00 1500 1300 

WAVENUMBER (cm-' 

The spectrum i s  feature- , l ess  from 1100 to 2300 nm. 

I I I 1 

300 700 1 

WAVELENGTH (nm) 
0 

Figure 8 Resonance Raman Spectra Figure 9 UV-Visible-Near :R 5.jeCt-a 

o f  Iodine-doped and Un- 
doped Poly 3.3'-N-nethyl- 
carbazole. mett-ylene. 

o f  ( a  ) Undoped ( b )  BFi-doped 
Pol  y N-methyl carbazol e-3,3 ' - 

RADICAL CATION I N D U C E D  POLYMERIZATION OF CARBAZOLES 

E l e m e n t a l  a n a l y s i s  r e v e a l s  t h a t  a l l  bromine end g r o u p s  
which  were p r e s e n t  i n  a polymer  made from N-methyl dibromo- 
c a r b a z o l e  a re  removed by complexing  t h e  polymer  f i l m  w i t h  
i o d i n e .  S u b s t a n t i a l  p o l y m e r i z a t i o n  c l e a r l y  o c c u r s  when o l i -  
gomer ic  c a r b a z o l e  f i l m  i s  e x p o s e d  t o  i o d i n e  v a p o r  a t  50°C 
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( F i g u r e  10 ) .  I n  f a c t ,  a s  w i l l  be r e p o r t e d  on i n  a n o t h e r  
p a p e r  i n  more d e t a i l ,  c a r b a z o l e  o l i g o m e r s  c a n  p o l y m e r i z e  i n  
l i q u i d  i o d i n e ( 2 6 ) .  
r e l e a s e d  when a m i x t u r e  of  u n s u b s t i t u t e d  and 3-bromosubs t i -  
t u t e d  c a r b a z o l e s  a r e  mixed .  R a d i c a l  c a t i o n s  of  3 , 6  d i s u b -  
s t i t u t e d  c a r b a z o l e s  a re  v e r y  r e a c t i v e  and r a p i d l y  c o u p l e  

S i g n i f i c a n t  q u a n t i t i e s  of H R r  g a s  are 

Figure 10 GPC elution curves for undoped and iodine-doped 
poly 3,3'-N-methylcarbazole, run in the solvent 
of nitrobenzene at 100 C. 
The inserted figure is the calibration curve for 
the polymer in nitrobenzene. 

t h r o u g h  t h e  3 , 3 '  p o s i t i o n s ( 1 5 )  when t h e  1,l' p o s i t i o n s  are  
b l o c k e d  by,  f o r  example ,  a n  N-methyl g r o u p .  O u r  polymer 
o r i g i n a l l y  c o n t a i n s  b o t h  u n s u b s t i t u t e d  end g r o u p s  d e r i v e d  
f rom h y d r o g e n a t i o n  of  u n r e a c t e d  -MgBr e n d s  by r e a c t i o n  w i t h  
d i l u t e  H C 1  a t  t h e  end of  t h e  r e a c t i o n .  These w i l l  t h e n  
reac t  w i t h  a n y  r e m a i n i n g  B r  e n d s  w i t h  t h e  re lease o f  H B r  
g a s .  
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