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THE METALLIC STATE OF DOPED CONJUGATED POLYMERS : ESR STUDIES 

PATRICK BERNIER 
GDPC - USTL, 34060 MONTPELLIER CBdex, FRANCE 

Abst rac t  
polyacety 
magnetic 

We p r e s e n t  ESR r e s u l t s  o b t a i n e d  on h i g h l y  doped 
, lene  and polyphenylene which b r i n g  some l i g h t  on t h e  
and e l e c t r o n i c  p r o p e r t i e s  o f  t h e s e  sys tems,  which 

are commonly a s s i m i l a t e d  t o  metals. We analyze  t h e  e x i s t i n g  
exper imenta l  d a t a  i n  terms of coexis tence  of C u r i e  and P a u l i  
t y p e  behaviours ,  and we show t h a t  ESR i n  t h e  metallic s ta te  
can be  used t o  g a i n  informat ion  on t h e  dynamic p r o p e r t i e s  of 
t h e  e l e c t r o n i c  system. 

INTRODUCTION 

Classical materials with metall ic behaviour  are c h a r a c t e r i z e d  by 

a s ta te  of h igh  e lec t r ica l  c o n d u c t i v i t y  a s s o c i a t e d  w i t h  a tempera- 

t u r e  independant Paul i - type  magnet ic  s u s c e p t i b i l i t y ' .  Doped 

polyace ty lene  is a p e c u l i a r  material i n  t h e  s e n s e  t h a t  t h e r e  is a 

wide range  of dopant c o n c e n t r a t i o n  (0 .5  t o  5 % moll f o r  which a 
n e g l i g i b l e  magnet ic  s u s c e p t i b i l i t y  is p r e s e n t  wi th  a r a t h e r  h i g h  

conduct iv i ty* .  Then for  c o n c e n t r a t i o n s  above 5 % mol a s i g n i f i c a n t  

P a u l i  s u s c e p t i b i l i t y  appears  and t h e  system is g e n e r a l l y  assimila- 

t e d  t o  a metal though t h e  temperature  dependence of t h e  c o n d u c t i v i -  

t y  is not  meta l - l ike3 .  I t  is then i n t e r e s t i n g  t o  i n v e s t i g a t e  t h e  

magnet ic  p r o p e r t i e s  and p a r t i c u l a r l y  t h e i r  e v o l u t i o n  upon doping 

up  t o  t h e  metallic state t o  o b t a i n  some informat ion  about  t h e  

o r i g i n  and n a t u r e  of t h e  e l e c t r o n i c  magnetism i n  t h e s e  systems.  

For t h a t  purpose chemical doping of any conjugated polymer is n o t  

a very  convenient  technique .  It g e n e r a l l y  y i e l d s  inhomogeneous 

dopant d i s t r i b u t i o n ,  t h e  a c t u a l  n a t u r e  of t h e  doping s p e c i e s  is n o t  

always w e l l  e s t a b l i s h e d  and t h e  r e v e r s i b i l i t y  of t h e  p r o p e r t i e s  

upon doping and dedoping cannot  be  checked b u t  ESR is easy  t o  

perform. On the  c o n t r a r y  e l e c t r o c h e m i c a l  doping allows a cont imous  
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440 P. BERNIER 

s t u d y  of t h e  p r o p e r t i e s  of t h e  system. T r a n s i e n t  as w e l l  as 

equi l ibr ium states can b e  easi ly  a t t a i n e d ,  and r e v e r s i b i l i t y  can 

be t e s t e d 5 .  Nevertheless  magnet ic  measurements dur ing  t h e  electro- 

chemical doping of any material is a d e l i c a t e  experiment  t o  

perform. I n  t h i s  paper  w e  review some r e c e n t  r e s u l t s  o b t a i n e d  u s i n g  

ESR dur ing  t h e  chemical or e l e c t r o c h e m i c a l  doping of (CH) 

(C6H4lx. The ESR parameters which w i l l  b e  cons idered  are t h e  

g-value,  t h e  i n t e n s i t y  I, t h e  peak t o  peak l inewidth  OHpp of t h e  

absorp t ion  d e r i v a t i v e ,  and t h e  assymmetry r a t i o  A / B  of t h e  spec-  

t r u m ,  which have been s t u d i e d  v e r s u s  t h e  dopant c o n c e n t r a t i o n .  

Resul t s  are analyzed a t  t h e  l i g h t  of models which have been deve- 

lopped t o  d e s c r i b e  t h e  ESR magnet ic  p r o p e r t i e s  of pure  and impure 

metals6 as well  as h i g h l y  doped semiconductors  . 

and 
X 

7 

EXPERIMENTAL TECHNIOUES 

The r e s u l t s  descr ibed  h e r e  are from v a r i o u s  a u t h o r s  who used 

s t a n d a r d  doping and exper imenta l  t echniques  . One of  o u r  

o r i g i n a l  c o n t r i b u t i o n  t o  t h e  f i e l d  concerns t h e  u s e  of e l e c t r o -  

chemical techniques  t o  cont inuous ly  s t u d y  t h e  e v o l u t i o n  of  t h e  

magnetic p r o p e r t i e s  of (CHI 
c o n d i t i o n s ,  i n  what concern t h e  doping as well  as t h e  ESR recor- 

d ing ,  have been d e s c r i b e d  elsewhere 

8,9,10 

films dur ing  doping. The exper imenta l  
X 

11 . 
RESULTS AND DISCUSSION 

g-value 

In most cases (undoped o r  doped conjugated sys tems)  t h e  g-value 

is observed t o  be close t o  t h e  free e l e c t r o n  v a l u e  g =2.0023, 

which confirm t h e  fact t h a t  t h e  resonance comes from e l e c t r o n s  

d e l o c a l i s e d  i n  t h e  lf -system12913. For  i n s t a n c e  g p r e s e n t s  no 

v a r i a t i o n  dur ing  t h e  e l e c t r o c h e m i c a l  L i  doping of (CHI 

close t o  2.0025". S i m i l a r l y  t h e r e  is an u n s i g n i f i c a n t  v a r i a t i o n  

of g when polyphenylene is doped w i t h  a l k a l i  metals, showing t h a t  

and s t a y s  
X D
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ESR OF METALLIC POLYMERS 441 

t h e r e  i s  a n e a r  z e r o  c o n t r i b u t i o n  of t h e  a l k a l i  metal s p i n - o r b i t  

coupl ing t o  t h e  measured va lues14 .  On t h e  c o n t r a r y  s i g n i f i c a n t  

changes o f  g apparent ly  occur  when polyace ty lene  is doped wi th  some 

t r a n s i t i o n  metal ha logenides  l i k e  FeC1; l4 o r  MoC1; 15. Never the less  

i n  t h e s e  cases only t h e  resonance of t h e  t r a n s i t i o n  metal i o n s  

Fe ( g r 2 . 0 0 4 )  and Mo ( g r 1 . 8 )  are observable  w h i l e  t h e *  -elec- 

t r o n s  resonance is u s u a l l y  a b s e n t .  Then i n  t h e s e  cases t h e  observed 

s i g n a l  is n o t  c h a r a c t e r i s t i c  o f  t h e  d e l o c a l i z e d  e l e c t r o n s  system. 

ESR i n t e n s i t y  

The main d i f f i c u l t y  i f  one wants t o  i n t e r p r e t  t h e  v a r i a t i o n s  of t h e  

ESR i n t e n s i t y  I comes from inhomogeneous doping.  As I s t r o n g l y  

depends on t h e  dopant c o n c e n t r a t i o n ,  any inhomogeneity w i l l  d i s t o r t  

t h e  a c t u a l  dependence. F o r  i n s t a n c e  it h a s  been shown r e c e n t l y  on 

e l e c t r o c h e m i c a l l y  L i  doped ( C H )  

3t 5+ 

t h a t  t h e r e  e x i s t s  a wide range  of 
X 

y v a l u e s  (y<--4 %) for which I is almost  zero  and t h a t  I suddenly 

i n c r e a s e s  f o r  y)o 5 %*. This r e s u l t  was made p o s s i b l e  by a c a r e f u l  

slow doping o f  a very  t h i n  film. On t h e  o t h e r  hand t h e  same elec- 

t rochemica l  Li-doping performed r a p i d l y  on a t h i c k  (CH) film 

showed a cont inuous and monotoneous i n c r e a s e  of I w i t h o u t  any s h a r p  

i n c r e a s e  f o r  y>-5 % . 
The preceeding problem is connected w i t h  t h e  q u e s t i o n  of t h e  c o e x i s  

t e n c e  of Curie-type and Paul i - type  s p i n s  i n  t h e  system. If t h e  

X 

17 

dopant d i s t r i b u t i o n  is very  inhomogeneous t h e  undoped p a r t s  of t h e  

sample remain of t h e  Curie- type w h i l e  h i g h l y  doped p a r t s  c o n t r i b u t e  

t o  t h e  t o t a l  magnet iza t ion  upon a P a u l i  form. On t h e  c o n t r a r y  i n  t h e  

homogeneous case t h e  Cur ie  s p i n s  have d isappeared  d u r i n g  t h e  first 

s t a g e s  of t h e  doping process  and only  remain t h e  P a u l i  c o n t r i b u t i o n  

which appears  f o r  y>05 %. It is then  concluded t h a t  t h e  a p p a r e n t  

magnet ic  p r o p e r t i e s  which appear  for  h i g h  doping l e v e l s  s t r o n g l y  

depend on t h e  h i s t o r y  of t h e  system and on t h e  k i n e t i c s  of t h e  

doping process .  D
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442 P. BERNlER 

LINEWIDTH AHpp 

T h e  same d i f f i c u l t y  e x i s t s  i n  what concern t h e  dependence with y 

of  t h e  l inewidth  AHpp. Inhomogeneous doping y i e l d s  inhomogeneous 

broadening of  t h e  ESR spectrum which does not  a l low a q u a n t i t a t i v e  

a n a l y s i s .  When homogeneous doping can be  achieved ,  t h e  o r i g i n  o f  

t h e  l inewidth  can be i d e n t i f i e d .  If unresolved h y p e r f i n e  coupl ing  

with t h e  pro tons  o f  t h e  c h a i n s  i s  t h e  major c o n t r i b u t i o n  i n  undo- 

ped conjugated polymers, two o t h e r  c o n t r i b u t i o n s  have been i d e n t i -  

f i e d  i n  h i g h l y  doped systems : 

-spin o r b i t  coupl ing  on t h e  dopant s i te .  Recent experiments  show 

t h a t  i n  a l k a l i  doped polyphenylene t h e  l i n e w i d t h  AHpp i n c r e a s e s  

with t h e  atomic number of t h e  dopant 

t o  be observed i n  doped polyace ty lene  

-exchange between s p i n s  y i e l d i n g  a s t r o n g  narrowing o f  t h e  ESR 

spectrum. t h i s  e f f e c t  a p p l i e s  mainly when t h e  dopant concent ra -  

t i o n  is high enough t o  favour  an e f f i c i e n t  exchange i n t e r a c t i o n  

between e l e c t r o n  s p i n s .  

- 

l b  . The same behaviour  seems 
18 . 

AH3p G 
I I 

1 -  

0 3 4  7Y% 
FIGURE 1 Var ia t ion  of  t h e  ESR l i n e w i d t h 4 H p p  o f  (CHIx d u r i n g  

t h e  e l e c t r o c h e m i c a l  L i  doping, versus  t h e  dopant 

Concentrat ion Y ( 0 doping, m dedoping) .  

In f ig i i re  1 is presented  t h e  v a r i a t i o n  of AHpp v e r s u s  dopant con- 

concent ra t ion  y f o r  ( L i  C H I x  e l e c t r o c h e m i c a l l y  dopedl’l. While t h e  
Y 
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ESR OF METALLIC POLYMERS 443 

l i n e w i d t h  s t a y s  cons tan t  up t o w 4 . 5  % a sudden decrease  ( b y - 2 )  

of AHpp is experienced a t  t h i s  c o n c e n t r a t i o n .  T h i s  effect is 

roughly r e v e r s i b l e  and h a s  t o  be r e l a t e d  wi th  t h e  sudden i n c r e a s e  

of t h e  ESR i n t e n s i t y  I occur ing  a t  t h e  same c o n c e n t r a t i o n  and 

a t t r i b u t e d  t o  t h e  appearance of  a s i g n i f i c a n t  P a u l i  s u s c e p t i b i l i -  

ty8,. In  o r d e r  t o  understand o u r  l i n e w i d t h  d a t a ,  w e  propose t h e  

fo l lowing  model : 

When t h e  dopant concent ra t ion  y is v a r i e d ,  t h e r e  is a compet i t ion  

between t h e  number Nc of Cur ie  s p i n s  (which d e c r e a s e s  when y i n -  

c r e a s e s )  and t h e  number Np o f  P a u l i  s p i n s  (which i n c r e a s e s  when 

y  increase^)'^. The t r a n s i t i o n  occurs  when Np suddenly increases 

(y-4-5 %). The ESR c h a r a c t e r i s t i c s  reflect a C u r i e  behaviour  for 

y < 4 - 5  %) and a P a u l i  behaviour  f o r  y > 4-5 %. The l i n e w i d t h  

A ~ p p  fo l lows  t h e  same r u l e  with a dominant Cur ie  c h a r a c t e r  for  

t h e  lowest  c o n c e n t r a t i o n s ,  bu t  becomes s t r o n g l y  exchange narrowed 

when Np i n c r e a s e s  s i g n i f i c a n t l y .  For i n s t a n c e ,  a l i n e w i d t h  as small 

as 0 . 1  Gauss have been observed on a h i g h l y  Li-doped (-- 10 % mol 

by e lec t rochemica l  doping) (CH) f i l m 2 ' ,  which i s  probably t h e  

smallest va lue  obta ined  up t o  now on doped conjugated  polymers. 

The temperature  dependence of AHpp on h i g h l y  Li-doped p o l y a c e t y l e -  

ne  a l s o  sugges t  a metallic behaviour  : t h e  l i n e w i d t h  is roughly 

p r o p o r t i o n n a l  t o  T ,  a t  least between 80 K and 370 K2'. A s imilar  

X 

behaviour  h a s  been obta ined  wi th  K doped (CH)x22 and AsF5 doped 
9 

( C 6 H 4 I x  - 
ASSYMETRY R A T I O  A / B  

Resonance o f  conduct ion e l e c t r o n s  i n  metals23 or  doped semiconduc- 

t o r s  u s u a l l y  p r e s e n t  an assymetry c a r a c t e r i z e d  by t h e  r a t i o  A/B 
of t h e  l o w  f i e l d  peak t o  t h e  high f i e l d  peak ampl i tudes .  T h i s  

e f f e c t  is due t o  t h e  e x i s t e n c e  o f  a s k i n  depth  caused by t h e  h igh  

c o n d u c t i v i t y  of t h e  material (Dyson theory24) .  Simple geometries 

for  t h e  sample a l low t h e  use of a n a l y t i c a l  t r e a t m e n t  and even wi th  

7 
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444 P. BERNIER 

very inhomogeneous systems l i k e  doped polyace ty lene  o r  polypheny- 

l e n e ,  t y p i c a l  Dysonian ESR s p e c t r a  are commonly observed13. A s  i n  

t h e s e  systems t h e  e l e c t r o n i c  m o b i l i t y  is expec ted  t o  be very small, 

a comparison with t h e  case o f  h i g h l y  doped semiconductors  i s  rea- 

sonable .  S t a r t i n g  from t h e  Dyson t h e o r y  it is s t r a i g h t f o r w a r d  t o  

p r e d i c t  t h e  dependence of A/B v e r s u s  d /b  where d is t h e  t h i c k n e s s  

of t h e  sample and s t h e  s k i n  depth  : A/B r a p i d l y  i n c r e a s e s  w i t h  
d / s  , goes through a maximum for d /6  - 2.5 and t e n d s  towards t h e  

l i m i t  value A / B &  2.7 . A very good f i t  ( F i g .  2 )  between theo-  

r y  and experiment has  been obta ined  i n  case o f  [ ( InCl- )  

(Chemical doping) . 

9,23 

CHty] 
9 Y  

26 

theory  

exper imenta l  
p o i n t s  

FIGURE 2 Var ia t ion  of t h e  assymetry r a t i o  A/B o f  t h e  ESR 
s p e c t r a  on [ (InC1i)O.l C H I x ,  v e m u s  d / s  where 

d i s  t h e  sample t h i c k n e s s  and s t h e  s k i n  depth.  

From t h e  comparison with t h e  model developped by P i f e r 7 ,  va lues  

f o r  t h e  d i f f u s i o n  c o e f f i c i e n t  for t h e  s p i n s  - 0.25 c m  /s are 

deduced and are i n  agreement wi th  t h e  s t a r t i n g  hypothes is  of 

poorly mobile s p i n s .  A similar  r e s u l t  was r e c e n t l y  o b t a i n e d  by 

Maurice e t  a1 on AsF5 doped p ~ l y a c e t y l e n e ~ .  Never the less  two 

remarks must be made : 

- The above behaviour  does n o t  seem t o  be u n i v e r s a l  as A/B v a l u e s  

as high as  16 could  be observed which cannot  b e  a t t a i n e d  i n  t h e  

2 
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ESR OF METAUIC POLYMERS 445 

P i f e r  model. Is is not clear a t  t h e  moment whether t h i s  is due t o  

t h e  ex is tence  of  t r a n s i t o r y  conducting states with high mobi l i ty  

or t o  some anomalous d i e l e c t r i c  behaviour of  t h e  material. 

- During t h e  electrochemical doping and dedoping of (CHIx t h e  

A/B var i a t ion  is remarkably r e v e r s i b l e  and can be  used t o  study 

t h e  va r i a t ion  of  t h e  conductivity.  O f  course t h i s  h a s  been alrea- 

dy used t o  deduce t h e  conduct iv i ty  value o f  very r e a c t i v e  systems 

l i k e  (L i  C H I x  and is not r e s t r i c t e d  t o  e lec t rochemica l  doping. 
Y 

CONCLUSION 

The l a s t  few years  have seen a cons iderable  improvement o f  our  

understanding of t h e  magnetic p rope r t i e s  of  doped conjugated poly- 

mers, and ESR has been t h e  main technique f o r  t h a t  purpose. 

Combined with e lec t rochemis t ry  ESR rep resen t s  a powerful way t o  

inves t iga t e  t h e  p rope r t i e s  of conducting polymers a t  t h e  micros- 

copic sca l e .  Nevertheless many problems remain unsolved which are 
of ten  related with t h e  c h a r a c t e r i s t i c s  of t h e  material itself : 

inhomogeneity, s emy-c r i s t a l l i n i ty ,  u n s t a b i l i t y ,  etc... More d a t a  

and a d i v e r s i f i c a t i o n  o f  t h e  materials t o  be inves t iga t ed  are 
necessary f o r  f u r t h e r  progress.  
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