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ELECTRON SPIN RESONANCE OF SOME CONJUGATED POLYMERS 

P . BERNIER 
Groupe de Dynamique d e s  Phases  Condensses 
USTL P l a c e  E u g h e  B a t a i l l o n  
34060 MONTPELLIER FRANCE. 

Received for p u b l i c a t i o n  September 3, 1981 

I n  t h i s  pape r  we p r e s e n t  s imple  and q u a l i t a t i v e  i d e a s  
conce rn ing  t h e  o r i g i n  and n a t u r e  of u n p a i r e d  e l e c t r o n s  
which are c u r r e n t l y  observed on a g r e a t  v a r i e t y  of 
con juga ted  polymers. It  is sugges t ed  t h a t  i n  a lmos t  
a l l  c a s e s  t h e s e  unpa i r ed  e l e c t r o n s  are a s s o c i a t e d  
w i t h  t h e  p re sence  of s t r u c t u r a l  d e f e c t s  such  as  c r o s s -  
l i n k s  o r  macrocycles .  T h i s  s t a t e m e n t  is f a v o u r a b l y  
compared w i t h  expe r imen ta l  r e s u l t s  o b t a i n e d  on 
poly ( a c e t y l e n e )  and poly(pheny1ene) systems.  The case 
of doped m a t e r i a l s  i s  a l s o  i n v e s t i g a t e d  and t h e  
p a r t i c u l a r l y  impor t an t  problem o f  dopant d i s t r i b u t i o n  
homogeneity through t h e  sample is d i s c u s s e d .  

INTRODUCTION 

Conjugated polymers have l o n g  been  t h e  s u b j e c t  of i n t e n s e  
expe r imen ta l  1 and t h e o r e t i c a l 2  s t u d i e s .  I n  t h e  l a s t  few 
y e a r s  t h e r e  h a s  been  a new i n t e r e s t  i n  t h e s e  sys t ems ,  due 
t o  t h e  a b i l i t y  of some of them t o  be  b rough t  t o  m e t a l l i c  
l e v e l  by doping w i t h  v a r i o u s  chemica l  s p e c i e s 3 .  Because of 
t h e i r  mo lecu la r  confo rma t ion ,  con juga ted  systems c a n  b e  
t h e  s u b j e c t  of chemical  r e a c t i o n s  which c a n  i n d u c e  u n p a i r e d  
e l e c t r o n s  whose magnetic p r o p e r t i e s  are  e a s i l y  s t u d i e d  
u s i n g  EPR. A t  t h i s  time magnet ic  measurements have  been 
performed on a c o n s i d e r a b l e  number of con juga ted  o r g a n i c  
materials and a l a r g e  review of t h e  observed b e h a v i o u r s  
h a s  been reported’ .  Most of t h e s e  systems p r e s e n t  a n  EPR 
spectrum whose c h a r a c t e r i s t i c s  are v e r y  similar: a g-value 

* Laboratory a s s o c i a t e d  w i t h  CNRS. 

[ 1089]/57 
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20 close to 2, a spin concentration between 10l8 and 10 
spins/gr, a symmetric shape, without structure generally, 
with a width between 1 and 10 Gauss 4-21. 

In table 1 we present some general features of the 
electronic resonance observed on the most currently studied 
conjugated polymeric systems: 

1. the existence o r  absence of an EPR signal close to 

2. the peak to peak linewidth6Hpp of the absorption 

It is observed that many of the pristine materials 

gu2. 

derivative. 

- not present a significative absorption, On the contrary, 
after doping with AsF5, which has been chosen as the most 
common dopant, almost all the systems show an EPR signal. 
We also note that. the range of linewidth values measured 
after doping is not fundamentaly changed if compared with 
the undoped case. 

Table 1 Some characteristics of the EPR of selected 
conjugated polymers. 

cis-polyacetylene 
trans-polyacetylene 
polyphenylace tylene 
poly ( 1,6hep tadyine ) 
polyphenylene A a 

b polyphenylene B 
poly to luene a 

xis tine 

polyphenylene vinylene no 
polyphenylene sulphide no 

polyvinyl chloride 
* I no 

1 - I 

AH (G: 
PP 
- 

2 to 1 
12 
4 

5 
- 
5 

- 
- 
17 

doped - 
AHPI - 
2 

1 
? 

4 

1 
4 

4 
.5 
? 

? 

- 

ref. 

4,7,9 

c,5,7, ,9  
10,ll. 
15 
16 
17 
18 
21 

19 
18 
20 

a polymerized using the Kovacic method22. 
bpolymerized using the Yamamoto method23. 

Yes, after a strong 1 rays irradiation20. * 
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I n  order  t o  understand these  behaviours ,  w e  must answer 
the  ques t ion  of t he  o r i g i n  of t he  unpaired e l e c t r o n s  i n  
conjugated polymers. The s i t u a t i o n  is almost c l e a r  concer- 
n ing  the  na ture  of t he  s p i n s  e x i s t i n g  i n  undoped poly(ace- 
t y l e n e ) .  But t he  process  by which unpaired e l e c t r o n s  are  
c rea t ed  and s t a b i l i z e d  i n  t h i s  material is s t i l l  a problem. 
The case  i s  even more d i f f i c u l t  f o r  poly(pheny1ene) f o r  
which no hypothes is  e x i s t s  about t he  obsErved EPR s i g n a l .  
The case of doped systems has  been only  s l i g h t l y  i n v e s t i -  
ga ted  and i s  a c t u a l l y  complicated as  even the  i n f l u e n c e  of 
t he  dopant on the  s t r u c t u r e ,  t he  exac t  chemical n a t u r e  of 
t he  doping spec ie s ,  i t s  d i s t r i b u t i o n  uni formi ty  through t h e  
sample are s t i l l  not  w e l l  known. 

concerning the  o r i g i n  of t h e  unpaired e l e c t r o n s  which are 
observedin ,undoped and doped, poly(acety1ene and poly(phe- 
nylene) .  We show t h a t  t hese  concepts  are supported by 
c u r r e n t l y  obtained experimental  r e s u l t s .  

I n  t h i s  paper w e  p re sen t  simple and q u a l i t a t i v e  i d e a s  

THE CASE OF UNDOPED POLY (ACETYLENE) . 
The polymerizat ion of ace ty l ene  (C2H2) a t  low temperature  
(-78OC) is known 3 t o  lead t o  a cha in  wi th  the  c i s  conf i -  

' x' gura t ion  I \ I  \ f  

/c=c\ F=% ,c==C, c=c, x F=C F=C, 
where X and X '  are s a t u r a t e d  terminal groups whose n a t u r e  
w i l l  no t  be d iscussed  he re .  The main f e a t u r e  of t h e  i d e a l  
cha in  is  i t s  even number of Carbon atoms wi th  a consequent 
absence of unpaired e l e c t r o n s .  I n  such a case w e  do no t  
expect  any EPR s i g n a l ,  as  i s  observed e ~ p e r i m e n t a l l y ~ , ~ ~ .  
As thermal i somer iza t ion  proceeds,  t h e  number of unpaired 
e l e c t r o n s  inc reases  wi th  i n c r e a s i n g  temperature .  I n  o rde r  
t o  exp la in  such a f a c t ,  w e  suggest  t h a t  c ros s - l i nks  appear  
dur ing  the  thermal  t reatment  wi th  the  consequent c r e a t i o n  
of t r a n s  sequences wi th  an odd number of C atoms (Fig la)  
and unpaired e l e c t r o n s  c l o s e  t o  the  c ros s - l inks .  Neverthe- 
less, according t o  Salem 
s t a b l e  and the  e l e c t r o n  must be de loca l i zed  towards t h e  
c e n t e r  of t he  t r a n s  sequence (Fig lb ) .  This  p i c t u r e  is i n  
t o t a l  agreement wi th  t h e  s o l i t o n  model of trans-(CHI,, t he  
e l e c t r o n  mob i l i t y  be ing  thermal ly  a c t i v a t e d  as  evidenced 
by t h e  s t r o n g  temperature  dependence of t h e  EPR l i n e -  
width3. 

by t h e  fo l lowing  experimental  f a c t s :  

and Su25 such a s i t rua t ion  is  not  

The ex i s t ence  of c r o s s l i n k s  i n  trans-(CH), is  supported 
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1 crosslink 

FIGURE 1 Schematic representation of the creation of one 
unpaired electron related with the existence of a cross- 
link in an arbitrary position. 

1. the activation energy for the degradation of the 
trans-(CH), is rather small ( w  30 kcal/mole)g compared with 
the values observed for saturated polymers26. Then cross- 
links which take place during the degradation process are 
very likely in polyacetylene even at room temperature. 

2 .  the ability to be stretched is lost during a ther- 
mal treatment of cis- (CH)x3 indicating an increasing amount 
of crosslinked chains in the sample. These crosslinks could 
occur in amorphous regions (interconnexion between crystal- 
line fibers for instance) where separations between chains 
can have favourable values. 

characterized by long polymeric chains, the trans isomer 
presents a broad distribution of trans sequence lengths, 
consistent with a random distribution of crosslinks along 
the chains. 

4 .  finally we note that our simple model predicts an 
average of one unpaired electron per chain. If we take for 
the molecular weight a value on the order of 7000 as deter- 
mined by Shirakawa et a1.28, we obtain 2000 ppm for the 
concentration of spins in trans-(CH),, a value in good 
agreement with experimental determinations from the EPR 
data which are generally of the order of 1000 ppm4-9. 

3 .  Raman spectroscopy shows2' that if cis-(CH), is 

5. very recently it has been shown 29 that isomeriza- 
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t i o n  of cis-(CH), induced by e lec t rochemica l  doping, process  
which i s  not  expected t o  in t roduce  c r o s s l i n k s ,  g ives  a t r a n s  
-(CH), with  a ve ry  small number of unpaired e l e c t r o n s  i f  
compared with t h e  trans-(CH), ob ta ined  by a thermal  t reat-  
ment. Th i s  i s  aga in  c o n s i s t e n t  wi th  t h e  assumption of un 
pa i red  e l e c t r o n s  c o r r e l a t e d  with the  c r e a t i o n  of c ross -  
l i n k s  upon a thermal t rea tment .  

THE CASE OF LINDOPED POLY (PHENYLENE) . 
The two systems presented i n  t h e  t a b l e  1 d i f f e r  by t h e  
polymerizat ion procedure.  For system (A) the  polymerizat ion 
impl i e s  t he  formation of r a d i c a l s  randomly d i s t r i b u t e d  on 
the  benzene r i n g  22. On t h e  con t r a ry ,  t he  polymerizat ion of 
system (B) occurs  through t h e  formation of bromine di-subs- 
t i t u t e d  benzene and the re fo re  l i n k s  i n  para p o s i t i o n  are 
thus  favoured 18. I n  case  (A), d e f e c t s  of t he  fo l lowing  
type can be formed 

l ead ing  t o  de loca l i zed  unpaired e l e c t r o n s  30, whose reso-  
nance c o n s i s t s  i n  a s t r u c t u r e l e s s  s i n g l e  l i n e .  The mob i l i t y  
of such e l e c t r o n s  i s  very  l i m i t e d ,  c o n s i s t e n t  wi th  the  
almost temperature  independent EPR l inewidth  17. On t h e  
con t r a ry  no d e f e c t s  of t h e  above type are expected i n  case  
(B) as a r e s u l t  of p r e f e r e n t i a l  polymerizat ion i n  t h e  para  
p o s i t i o n .  The consequent absence of unpaired e l e c t r o n s  is 
confirmed by the  experiment 18. 

We f i n a l l y  note  t h a t  systems l i k e  poly(pheny1ene) l9  
and polyphenylenesqlphidg 18 which are obtained wi th  a 
method similar t o  case  (B), are a l s o  cha rac t e r i zed  by the  
absence of a s i g n i f i c a t i v e  EPR s i g n a l .  

THE CASE OF DOPED POLYACETYLENE. 

We cons ider  here  only the  case  o f  t h e  t r a n s  isomer. A l l  t h e  
doped samples show important  v a r i a t i o n s  of t h e i r  EPR in ten-  
s i t y  and l inewidth .  Af t e r  doping t o  t h e  metall ic l e v e l  they 
a l s o  show a t y p i c a l  Dysonian EPR spectrum cha rac t e r i zed  by 
the  assymetry r a t i o  A/B.  This  da t a  is repor ted  i n  Table  2 
f o r  va r ious  doping spec ie s .  It is  observed t h a t  t h e r e  i s  
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no un ive r sa l  behaviour.  Nevertheless  a l l  the  doping proces- 
ses a r e  accompanied by a continuous v a r i a t i o n  o f t h e  EPR 
parameters,  number of s p i n s  (N,), and l inewidth  (AHpp). 
This sugges ts  t h a t  t he  spec t r a  observed a f t e r  doping arise 
from unpaired e l e c t r o n s  i n  undoped p a r t s  of the  sample, 
whose resonance is only per turbed  by t h e  semiconducting o r  
me ta l l i c  s t a t e  of t h e  surrounding system. For in s t ance  i n  
the  case of a r ap id  iod ine  doping process ,  which is known 
t o  g ive  a very  inhomogeneous d i s t r i b u t i o n  of t h e  dopant i n  
the  system 31, y i e l d s  a r ap id  decrease  of Ns which s t a b i l i -  
zes a t  a given va lue  Ni a f t e r  a few hours .  On the  o the r  
hand a slow doping procedure,  which improves the  homogenei- 
t y  of t he  sample, is followed by a slow decrease of Ns down 
t o  va lues  2 t o  10 times smal le r  than NA. Such r e s u l t s  po in t  
out t h e  importance of t h e  remaining unpaired e l e c t r o n s  i n  
undoped p a r t s  of the  sample a s  w e l l  a s  of t h e  k i n e t i c s  of 
t h e  doping process .  

Table 2 EPR behaviour of doped polyacetylene.  

upon doping 

with 

I 2  

Sb F5 
As F5 

NOHS04 

L i  

Na 

HPP 

If 

x* 

2 t o  3 

2.5 

6 

8 
3 

r e f .  

7 

5,7. 

12 

11,13. 

t he  observed evolu t ion  depends on t h e  doping t i m e  and 
consequently on t h e  dopant concent ra t ion .  
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The c a s e  of AsF5 o r  SbF5 dopants  is much more d e l i c a t e  
because ,  i n  a d d i t i o n  t o  t h e i r  doping c h a r a c t e r ,  t h e y  a l s o  
a c t  as  c a t a l y s t  f o r  t h e  polymer iza t ion  of a c e t y l e n e  32. 
The observed i n c r e a s e  of Ns a f t e r  doping w i t h  t h e s e  s p e c i e s  
could t h e n  b e  due t o  a m i c r o s t r u c t u r a l  m o d i f i c a t i o n  of t h e  
system l e a d i n g  t o  t h e  c r e a t i o n  of new unpai red  e l e c t r o n s .  

The n-type dopants  L i  and N a  do n o t  g i v e  s i g n i f i c a n t -  
l y  d i f f e r e n t  r e s u l t s .  On t h e  c o n t r a r y  v e r y  r e c e n t  r e s u l t s  
12,14 p o i n t  o u t  a g a i n  t h e  importance of t h e  doping k i n e t i c s  
f o r  t h e  dopant homogeneity i n  t h e  system. 

THE CASE OF DOPED POLY(PHENYLENE) . 
I n  c a s e  of system (A), doping w i t h  AsF5 induces  t h e  same 
q u a l i t a t i v e  behaviour  as f o r  AsF5 doped (CH), : a n  i n c r e a s e  
of Ns w i t h  a decrease of l inewidthAHpp.  F u r t h e r  comparison 
w i t h  poly(ace ty1ene)  is n o t  p o s s i b l e  becauee no o t h e r  
doping s p e c i e s  have been s t u d i e d  u s i n g  EPR on poly(pheny- 
l e n e ) .  We j u s t  n o t e  t h a t ,  i n  t h e  p r e s e n t  c a s e ,  AsF5 a l s o  
a c t s  as a c a t a l y s t  f o r  po lymer iza t ion  of benzene and t h a t  
m i c r o s t r u c t u r a l  changes d u r i n g  t h e  doping process  could 
o c c u r ,  l e a d i n g  t o  t h e  c r e a t i o n  of unpai red  e l e c t r o n s 3 3 .  
I n  case of system (B) a s t r o n g  EPR s i g n a l  a p p e a r s  a f t e r  
doping w i t h  AsF5 (Table 1) whose o r i g i n  is probably  a l s o  
r e l a t e d  t o  t h e  i n c r e a s e  i n  degree  of po lymer iza t ion  induced 
by t h e  dopant ,  l e a d i n g  t o  t h e  format ion  of macrocycles  
of t h e  type  d e s c r i b e d  above. F u r t h e r  experiments  are 
needed i n  o r d e r  t o  c l a r i f y  t h e s e  p o i n t s .  

CONCLUSION. 

I n  t h i s  q u a l i t a t i v e  a n a l y s i s  of some EPR d a t a ,  w e  have 
t r i e d  t o  i n t r o d u c e  some s imple  i d e a s  concern ing  t h e  o r i g i n  
of t h e  unpai red  e l e c t r o n s  e x i s t i n g  i n  conjugated  polymers.  
The main c o n c l u s i o n s  w e  have poin ted  o u t  are a l l  based 
on t h e  assumptioa t h a t  t h e r e  e x i s t s  some c o r r e l a t i o n  
between i n t r i n s i c  o r  in t roduced  s t r u c t u r a l  d e f e c t s  and 
t h e  e x i s t e n c e  of s p i n s  i n  t h e s e  systems: 

a s s o c i a t e d  w i t h  c r o s s l i n k s  c r e a t e d  d u r i n g  t h e  isomeriza-  
t i o n  process  o r  w i t h  s t r u c t u r a l  m o d i f i c a t i o n s  i n t r o d u c e d  
d u r i n g  t h e  doping process .  

2 .  i n  poly(pheny1ene) t h e s e  s p i n s  would b e  l o c a l i z e d  
on macrocycles which are a consequence of t h e  polymeriza- 
t i o n  procedure.  

1. i n  t r a n s  poly(ace ty1ene)  t h e s e  s p i n s  would b e  

We have a l s o  poin ted  o u t  t h e  extreme importance of t h e  
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homogeneity of the system in order to understand the EPR 
of doped samples and suggested that in the observed spectra 
a large part comes from unpaired electrons in undoped parts 
of the material. 
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