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ELECTRONIC STRUCTURE OF DOPED POLYPAMPHENYLENE 

J. FINK, B.  SCHEERER, M. STAMMJ;, and B.  TIEKE** 
Kern fo r schungszen t rum K a r l s r u h e ,  I n s t i t u t  f u r  Nuk lea re  F e s t -  
k t j rpe rphys ik ,  P o s t f a c h  3 6 4 0 ,  D-7500 K a r l s r u h e ,  FRG; 
"IFF, KFA J i i l i c h ,  D-5170 J u l i c h ,  FRG; J;J;Ciba-Geigy, Forschungs-  
zentrum KA, CH-1701 F r i b o u r g ,  S w i t z e r l a n d  

A b s t r a c t  E l e c t r o n  e n e r g y - l o s s  s p e c t r o s c o p y  h a s  been  used t o  
i n v e s t i g a t e  t h e  e l e c t r o n i c  s t r u c t u r e  of n-andp-doped po ly -  
pa rapheny lene .  Fo r  low dop ing  c o n c e n t r a t i o n  e v i d e n c e  i s  found 
f o r  t h e  f o r m a t i o n  o f  b i p o l a r o n  s ta tes  i n  t h e  gap.  Fo r  L i  
dop ing  a t  t h e  h i g h e s t  dop ing  l e v e l ,  t h e  gap between bond ing  
and an t i -bond ing  v e l e c t r o n s  i s  c l o s e d  and a m e t a l l i c  s t a t e  
i s  obse rved .  

INTRODUCTION 

S o  f a r ,  among t h e  c o n d u c t i n g  polymers  p o l y a c e t y l e n e  (PA) h a s  been  

t h e  f o c u s  of most e x p e r i m e n t a l  and t h e o r e t i c a l  work. T rans  PA is  

un ique  i n  p o s s e s s i n g  a d e g e n e r a t e  ground s t a t e  and t h i s  degene racy  

l e d  t o  t h e  p r e d i c t i o n  of s o l i t o n  e x c i t a t i o n s  and t h e  s o l i t o n - b a s e d  

model f o r  t h e  i n s u l a t o r - m e t a l  t r a n s i t i o n .  On t h e  o t h e r  hand ,  a l l  

o t h e r  c o n d u c t i n g  polymers  as po lypa rapheny lene  (PPP) , p o l y p y r r o l e  

o r  p o l y t h i o p h e n e d o n o t  p o s s e s s  a d e g e n e r a t e  g r o u n d s t a t e .  T h e r e f o r e ,  

s i n g l e  d e f e c t s  l i k e  s o l i t o n s  canno t  e x i s t  a n d o t h e r  d e f e c t s  s h o u l d  

be  r e l a t e d  w i t h  t h e  h i g h  c o n d u c t i v i t y  of  t h e s e  mater ia ls .  Recent  

t h e o r e t i c a l  c a l c u l a t i o n s '  on doped polymers  w i t h  n o n d e g e n e r a t e  

g r o u n d s t a t e  i n d i c a t e  t h e  f o r m a t i o n  of b i p o l a r o n s ,  i . e .  doub ly  

cha rged  d e f e c t s  h a v i n g  no s p i n .  A f i r s t  i n d i c a t i o n  o f  t h e  e x i s t e n c e  

of s p i n l e s s  c h a r g e  c a r r i e r s  i n  p-doped p o l y p a r a p h e n y l e n e  was o b t a i n -  

ed by ESR and s u s c e p t i b i l i t y  measurements. '  Evidence f o r  t h e  e x i s -  

t e n c e  of b i p o l a r o n  s t a t e s  in t h e  gap h a s  been o b s e r v e d  f o r  t h e  

f i r s t  time i n  a p r e v i o u s  e l e c t r o n  e n e r g y  l o s s  s t u d y  of  p-doped 

PPP. A s  t h e  c a l c u l a t i o n s  were performed f o r  n-doped po lymers ,  t h e  

e x p e r i m e n t a l  v e r i f i c a t i o n  o f  t h e  model on n-doped PPP i s  of p a r t i -  
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288 J. FINK el al. 

c u l a r  i n t e r e s t ,  I n  t h i s  c o n t r i b u t i o n  we p r e s e n t  t h e  i n v e s t i g a t i o n  

of t h e  e l e c t r o n i c  s t r u c t u r e  of Li-doped PPP a s  a f u n c t i o n  of dopant 

c o n c e n t r a t i o n  by e l e c t r o n  energy lo s s  spec t roscopy.  We a l s o  show 

f o r  comparison f i r s t  d a t a  on K-doped PPP and new r e s u l t s  on AsF5 

doped PPP. 

EXPERIMENTAL 

P a r t i a l l y  o r i e n t e d  undoped PPP f i l m s  w i t h  a t h i c k n e s s  2 1000 2 
were prepared by t h e  method of Kovacic4 us ing  a s t i r r i n g  system 

f o r  shear  flow polymer iza t ion  i n  a t h i n  s l i t  zone.s  A l l  f i l m s  were 

h e a t  t r e a t e d  a t  420°C f o r  2 4 h i n a  vacuum of 10 Torr  t o  increa-  

se t h e  c r y s t a l l i n i t y .  Li-doping was achieved by evapora t ing  v a r i o u s  

amounts of L i  on to  t h e  PPP-film under UHV-conditions. Within 

s e v e r a l  hours  t h e  L i  had d i f f u s e d  i n t o  t h e  polymer f i l m s .  The con- 

c e n t r a t i o n s  were es t imated  from t h e  r e l a t i v e  i n t e n s i t i e s  of t h e  L i  

and C K-absorption edges measured by ELS. K-doped f i l m s  were obta in-  

ed by t rea tment  of t h e  f i l m s  i n  a s o l u t i o n  of K-naphtali.de i n  THF. 

AsF -doping was achieved by exposing t h e  f i l m s  t o  AsF5 gas  (1200 

mbar). E lec t ron  energy loss experiments  were performed us ing  anUHV 

spectrometer  with a primary e l e c t r o n  energy of 170 KeV and a n  ener-  

gy and momentum r e s o l u t i o n  chosen t o  b e  0.15 e V  and 0.04-0.1 2 
r e s p e c t i v e l y .  

-9 

5 

- 1  , 

I n  Figure 1 we show e l e c t r o n  energy l o s s  s p e c t r a  i n  t h e  energy 

range 0 t o  10 eV f o r  p r i s t i n e  and f o r  Li-doped PPP f i l m s .  The 

s p e c t r a  were taken wi th  a momentum t r a n s f e r  q = 0.1 2 i n  o r d e r  t o  

avoid c o n t r i b u t i o n s  from s u r f a c e  e x c i t a t i o n s .  The cha in  a x i s  o f t h e  

polymerwas o r i e n t e d  p a r a l l e l  t o t h e  momentum t r a n s f e r .  Forundoped 

PPP two l o s s e s a t 4 e V a n d  a t 7  eVhave been observed above t h e  gap of 

2.8 eV corresponding t o  e x c i t a t i o n s  from occupied n-bands t o  un- 

occupied n*-bands. For t h e  lowest  Li -concent ra t ion  (0.5 a t .  % L i  

-1  
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ELECTRONIC STRUCTURE OF DOPED POLYPARAPHENYLENE 289 

0 2 L 6 8 1 0 1 2  
ENERGY I eV1 

ENERGY (eV 1 

FIGURE 1 ELS s p e c t r a  of p r i s t i n e  F I G U R E  2 E L S  s p e c t r a  i n  t h e  gap 
and Li-doped PPP. Li-concentra- 
t i o n s  a s  i n d i c a t e d  i n  u n i t s  of PPP . 
a t . %  per  monomer. 

r e g i o n  f o r  low n- and p-doped 

p e r  monomer) two small loss  s t r u c t u r e s  n e a r  1 eV and near  2 . 2  eV 

appear  i n  t h e  gap. In F igure  2 t h e s e  l o s s  s t r u c t u r e s  a r e  shown i n  

more d e t a i l .  From a Kramers-Kronig a n a l y s i s  of t h e  Loss f u n c t i o n  

the imaginary p a r t  o f  t h e  d i e l e c t r i c  f u n c t i o n  c 2  can  b e  d e r i v e d ,  

g i v i n g  maxima a t  about  1 .0  and 2 .0  e V .  We suggest  t o  i d e n t i f y  t h e s e  

maxima wi th  t r a n s i t i o n s  from t h e  occupied b ipolaron  s t a t e s  t o  t h e  

conduct ion band (CB) a s  p r e d i c t e d  by Br&das e t  a l . ’  According t o  

t h e i r  c a l c u l a t i o n s  on Li-doped PPP,  t h e s e  s t a t e s  are l o c a t e d  0.5 e V  

above t h e  HOMO and 0 .62  e V  below t h e  LUMO. Thus t h e  t r a n s i t i o n  

e n e r g i e s  should be observed a t  0 .6  eV and 2.3 eV. Our measurements 

r e v e a l  t h a t  t h e  b ipolaron  s t a t e s  a r e  pushed more towards t h e  c e n t r e  

of t h e  gap as compared t o  t h e  c a l c u l a t e d  energy p o s i t i o n  i n d i c a t i n g  

a l a r g e r  charge t r a n s f e r  from t h e  Li-atoms t o  t h e  C-atoms. For com- 

p a r i s o n ,  w e  show i n  F igure  2 similar t r a n s i t i o n s  f o r  K-doped and 

f o r  AsF5-doped PPP. The s m a l l e r  energy of t h e  lower t r a n s i t i o n  i n  
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290 I. FINK er al. 

t h e  gap i n  K-doped PPP i n d i c a t e s  a s m a l l e r  s e p a r a t i o n  of the  b ipola-  

ron s t a t e s  from t h e  band edges and thus  a smaller charge t r a n s f e r  

compared t o  Li-doping. I n  t h e  AsF -doped PPP t h e  h i g h e r  b ipolaron  

t r a n s i t i o n  i s  h a r d l y  d e t e c t a b l e ,  as a l r e a d y  observed i n  prev ious  

measurements. I n  a d d i t i o n  o t h e r  experimental  f a c t s  suppor t  our  

assignment of t h e  t r a n s i t i o n s  i n  t h e  gap. The two maxima i n  t h e  gap 

show no momentum dependence i n d i c a t i n g  l o c a l i z e d  t r a n s i t i o n s  a s  i s  

expected f o r  t r a n s i t i o n s  r e l a t e d  t o  b ipolarons .  Furthermore, w e  

p o i n t  out  t h a t  t h e  i n t e n s i t y  of t h e  lower t r a n s i t i o n  i s  much l a r g e r  

than t h a t  of t h e  upper t r a n s i t i o n  and t h a t  t h e  t r a n s i t i o n s  show an 

asymmetric l i n e  shape. Both f a c t s  a r e  c o n s i s t e n t  with c a l c u l a t i o n s  

of t h e  o s c i l l a t o r  s t r e n g t h  f o r  b i p o l a r o n  r e l a t e d  t r a n s i t i o n s  by 

Fesser  e t  a1.7 Moreover, i n  t h e  c a s e  of Li-doped PPP,  we have ob- 

served t h a t  t h e  two e x c i t a t i o n s  d i s a p p e a r  upon o x i d a t i o n  of t h e  

f i l m  i n  a i r .  

5 

Increas ing  t h e  doping c o n c e n t r a t i o n  l e a d s  t o  an i n c r e a s i n g  

i n t e n s i t y  and an upward s h i f t  of t h e  low energy t r a n s i t i o n  i n  the  

gap while  t h e  f i r s t  T-T* t r a n s i t i o n  i s  decreas ing  i n  i n t e n s i t y .  A t  

t h e  h i g h e s t  doping c o n c e n t r a t i o n ,  t h e  gap has  c l o s e d  and a plasmon 

near  2 . 2  eV i s  observed,  e x p l a i n i n g  t h e  golden c o l o u r  of t h i s  con- 

duc t ing  polymer. The f i r s t  n-n* t r a n s i t i o n  has  d isappeared  and t h e  

second TIT* t r a n s i t i o n  has  s u f f e r e d  a c o n s i d e r a b l e  broadening.  A 

l a r g e  p a r t  of t h e  2.2 eV plasmon shows a s t r o n g  p o s i t i v e  d i s p e r s i o n  

i n  momentum t r a n s f e r  which i s  c h a r a c t e r i s t i c  f o r  a f r e e  c a r r i e r  

plasmon. I n  F igure  3a we show t h e  o p t i c a l  j o i n t  d e n s i t y  of s t a t e s  

(propor t iona l  t o  t h e  o p t i c a l  c o n d u c t i v i t y )  f o r  undoped and f o r  

h ighly  doped PPP a s  der ived  from a Kramers-Kronig a n a l y s i s  of t h e  

l o s s  func t ions .  I n  t h e  undoped c a s e ,  a g a i n  two n-n* t r a n s i t i o n s  a t  

4 and 6 eV and t h e  0-u* t r a n s i t i o n s  around 1 2  e V  a r e  seen.  For  high- 

l y  doped PPP, t h e  f i r s t  TIT* t r a n s i t i o n  has  t ransformed i n t o  Drude- 

l i k e  e x c i t a t i o n s  a t  low energy.  The second n-n* t r a n s i t i o n s  as well 

a s  t h e  a-a* t r a n s i t i o n s  are s h i f t e d  and broadened probably due t o  a 

t ransformat ion  of t h e  non-planar PPP s t r u c t u r e  i n t o  a p l a n a r  s t r u c -  
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ELECTRONIC STRUCTURE OF DOPED POLYPARAPHENYLENE 29 1 

I 
/ 
/ / //’ - 
ENERGY IeVI 

FIGURE 3 O p t i c a l  j o i n t  d e n s i t y  
of s ta tes  ( a )  and neff  per  C-atom 
(b) f o r  p r i s t i n e  (broken l i n e )  
and f u l l y  Li-doped ( f u l l  l i n e )  
PPP.  

c 1s I 1  c 1s 

0 
v, 
W , I ,  
-I 

d 2.5 
m 
[L 

- I  

Li 1s 

ENERGY (eV1 

F I G U R E  4 Core-level  e x c i t a -  
t i o n s  of Li-doped PPP. The 
curves  a r e  l a b e l l e d  accord ing  
t o  t h e  Li -concent ra t ion .  

t u r e  of doped PPP. This change of s t r u c t u r e  upon doping was a l s o  

p r e d i c t e d  by  Brhdas e t  a 1 . l  In F igure  3b we show t h e  e f f e c t i v e  

number n e f f  of valence e l e c t r o n s  t a k i n g  p a r t  i n  t r a n s i t i o n s  up t o  

a c e r t a i n  energy. In  t h e  undoped c a s e ,  t h e  a - e l e c t r o n s  g i v e  r ise 

t o  two s t e p s ,  corresponding t o  t h e  two h i g h e s t  occupied a-bands. 

Above 10 e v a t h i r d s t e p  appears  mostly due t o  e x c i t a t i o n s  of u- 

e l e c t r o n s .  I n  h i g h l y  doped PPP the  lowest  s t e p  has  moved t o  zero  

energy.  A gap of 1 .7  eV between t h e  remaining VB and t h e  CB a s  pre-  

d i c t e d  by t h e  theory’ would lead  t o  a small n Q 0.05 f o r  E < ef f - 
1 . 7  eV due t o  e x c i t a t i o n s  of e l e c t r o n s  i n  a p a r t i a l l y  f i l l e d  CB. 

Above 1 . 7  e V  a s t e p - l i k e  i n c r e a s e  t o  n Q 0 .6  should appear  due 

t o  e x c i t a t i o n s  of a -e lec t rons  from t h e  VB. This  i s  c l e a r l y  not  ob- 

se rved ,  i n d i c a t i n g  t h a t  t h e  gap between VB and CB i s  almost  c l o s e d .  

e f  f 

In Figure 4 w e  show t h e  core- leve l  e x c i t a t i o n s  of carbon Is 
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292 J. FINK ef d. 

and L i  1s e l e c t r o n s .  In  undoped PPP, t h e  lowest  energy peak a t  

285 e V  i s  i d e n t i f i e d  a s  e x c i t a t i o n s  from t h e  carbon 1s s t a t e s  i n t o  

ant ibonding n*-bands. The peak does n o t  r e f l e c t  t h e  d e n s i t y  of 

s t a t e s  of t h e  unoccupied .rr*-states. Due t o  t h e  s t r o n g  i n t e r a c t i o n  

of t h e  CB s t a t e s  wi th  t h e  c o r e  h o l e  a resonance-l ike a b s o r p t i o n  

i n t o  t h e  bottom of t h e  CB i s  observed.8 A t  h i g h e r  e n e r g i e s  s a t e l l i -  

t e s  a s  w e l l  a s  1s-o* t r a n s i t i o n s  a r e  observed.  A t  a L i  concentra-  

t i o n  of 2.5 Z a shoulder  a t  284 e V  appears .  We sugges t  t o  i d e n t i f y  

t h i s  shoulder  w i t h  e x c i t a t i o n s  of carbon atoms i n  t h o s e  benzene 

r i n g s  having an a d j a c e n t  L i  atom. Due t o  t h e  charge t r a n s f e r  from 

t h e  dopant t o  t h e  polymer t h e s e  carbon atoms have a lower b inding  

energy of t h e  1s l e v e l .  Using an approximate r e l a t i o n  between 

change i n  binding energy (chemical s h i f t )  and charge on carbon 

atoms AE = 6 eV/e9, t h e  a d d i t i o n a l  charge on t h e  carbon atoms i s  

about  0.15e. Assuming t h a t  most of t h e  charge  t r a n s f e r r e d  from t h e  

L i  atoms t o  t h e  polymer goes t o  t h e  next  r i n g  having 6 carbon atoms 

g i v e s  t h e  resul t  t h a t  t h e  2s e l e c t r o n s  from t h e  Li-atoms a r e  a lmost  

completely t r a n s f e r r e d  t o  t h e  polymer. A t  50 Z Li-doping t h e  C 1s 

c o r e  l e v e l  spectrum shows two peaks a t  284 and 285 eV having n e a r l y  

t h e  same i n t e n s i t y .  Thus about  one h a l f  of t h e  carbon atoms have a 

lower 1s binding energy i n d i c a t i n g  t h a t  each second r i n g  has  an 

ad jacent  Li-atom. The broadening of t h e  peaks can be  expla ined  by 

a s t r o n g e r  s h i e l d i n g  of t h e  c o r e  h o l e  i n  t h e  m e t a l l i c  s t a t e .  Those 

C-atoms i n  r i n g s  having no a d j a c e n t  L i  atoms have s t i l l  t h e  same 

1s-binding energy and t h u s  t h e  same charge as i n  undoped PPP. Our 

r e s u l t s  a r e  q u a l i t a t i v e l y  i n  l i n e  wi th  t h e  c a l c u l a t i o n s  of Br idas  

e t  a l . *  Again t h e  assumption of a s t r o n g e r  charge t r a n s f e r  from 

t h e  Li-atoms t o  t h e  carbon atoms ( 1  i n s t e a d  of 0.6 e l e c t r o n s )  g i v e s  

a c l o s e r  agreement between theory  and experiment .  I n  t h e  lower p a r t  

of F igure  4 we show t h e  core- leve l  e x c i t a t i o n  of t h e  L i  1 s  s ta te  

i n  f u l l y  doped PPP. We t e n t a t i v e l y  a s c r i b e  t h e  two maxima a t  62 

and 65 e V  t o  t h e  c r y s t a l - f i e l d  s p l i t t e d  L i  2p s t a t e s .  The peak near  

58 eV might be a s s o c i a t e d  with t h e  unoccupied L i  2s s t a t e  mixed 
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w i t h  t h e  ca rbon  n-bands. The p o s i t i o n  o f  t h e  Fermi t h r e s h o l d  i s  n o t  

c l e a r  i n  t h e  ca rbon  Is a s  w e l l  a s  i n  t h e  L i  1s e x c i t a t i o n  spec t rum.  

SUMMARY 

Our r e s u l t s  g i v e  ev idence  f o r  b i p o l a r o n  s t a t e s  i n  t h e  gap f o r  p- 

and n-doped PPP. These d e f e c t s  have been obse rved  now a l s o  i n  po ly -  

p y r r o l  and i n  po ly th iophene .”  Thus t h e  b i p o l a r o n  model might  b e  a 

g e n e r a l  concep t  t o  e x p l a i n  t h e  h igh  c o n d u c t i v i t y  i n  a l l  c o n d u c t i n g  

polymers  hav ing  a nondegene ra t e  ground s t a t e .  I n  t h e  f u l l y  L i -  

doped PPP we have  observed a m e t a l l i c  s t a t e  and t h e  e l e c t r o n i c  

s t r u c t u r e  h a s  been i n v e s t i g a t e d  i n  d e t a i l .  Q u a l i t a t i v e  b u t  n o t  

q u a n t i t a t i v e  agreement  w i t h  t h e o r e t i c a l  c a l c u l a t i o n s  h a s  been ob- 

t a i n e d .  The d i s c r e p a n c i e s  c a n  b e  r educed  by assuming a h i g h e r  

c h a r g e  t r a n s f e r  between L i  and t h e  polymer compared t o  t h a t  used 

i n  t h e  c a l c u l a t i o n s .  
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