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ELECTRON SPIN ECHO STUDIES OF DONOR-DOPED POLY(p-PHENYLENE) 
AND ITS OLIGOMERS 

LOWELL D. KISPERT and J O Y  JOSEPH 
Department of  Chemistry,  The U n i v e r s i t y  of Alabama, 
Tusca loosa ,  Alabama 35486. 

MICHAEL K. BOWMAN, GERARD H. van  BRAKEL, J A U  TANG and JAMES 
R. NORRIS 
Chemistry D i v i s i o n ,  Argonne Na t iona l  Labora to ry ,  Argonne, 
I l l i n o i s  60439 

A b s t r a c t  E lec t ron  s p i n  echo  (ESE) measurements for T i  
and Tm were ob ta ined  from 4-300 K f o r  po tass ium and 
l i thium-doped poly(  p-phenylene) , (PPP) , and potassium- 
doped p-sexiphenyl (64 )  and p- te rphenyl  (341) .  A t  300 K ,  
T1=Tm f o r  K-PPP; T1=2Tm f o r  K-641 and T i =  
10Tm f o r  K-34 a t  t h e  h i g h e s t  p o s s i b l e  c o n c e n t r a t i o n  
of donor  dopant .  T1 and Tm a r e  t empera tu re  indepen- 
d e n t  between 4 and 50 K and va ry  by a f a c t o r  o f  less 
than  f o u r  between 4 and 300 K. The t empera tu re  
independence  of T1 and Tm, and T1=Tm i s  a t t r i -  
buted t o  exchange narrowing beotween an ions  l o c a t e d  on 
ne ighbor ing  c h a i n s  w i t h  r<10  A and n o t  t o  cha rge  car -  
r iers  of  c o n d u c t i v i t y .  

INTRODUCTION 

When potass ium n a p h t h a l i d e  i n  d r y  THF i s  r e a c t e d  w i t h  
poly(p-phenylene) ,  (PPP) , (-C6H4-)n, 11216, i n  an i n e r t  
a tmosphere ,  t h e  c o n d u c t i v i t y  of  t h e  normal ly  i n s u l a t i n g  
polymer i n c r e a s e s  12 o r d e r s  of  magni tude ,  g i v i n g  r i se  t o  a 
measured c o n d u c t i v i t y  of  7 S / ~ m . l - ~  
p-sexiphenyl ,  p-quateruhenyl  and n - t e rnhenv l  g i v e s  r i s e  t o  
a measured c o n d u c t i v i t y  of 0.5 S/cm, 2x10-5 S/cm and 
4x10-5 S/cm, t h e  c o n d u c t i v i t y  d e c r e a s i n g  wi th  d e c r e a s i n g  
c h a i n  l eng th .  Cont inuous wave (cw) EPR measurements have 
shown t h a t  t h e  charge  c a r r i e r s  i n  doped po lyace ty l ene  have a 
s p i n l e s s  n a t u r e  and a r e  c o n s i s t e n t  w i t h  t h e  proposed s o l i t o n  
and polaron  conduct ion   mechanism^.^ 
i t  has  been c a l c u l a t e d 5  t h a t  po la ron  ( r a d i c a l  c a t i o n  o r  
a n i o n )  and b i p o l a r o n  ( d i a n i o n  o r  d i c a t i o n )  may be t h e  sp in -  

S i m i l a r  doping of 

In t h e  c a s e  o f  PPP, 
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a2 L. D. KISPERT er al. 

c a r r y i n g  and s p i n l e s s  cha rge  c a r r i e r s .  C u r r e n t l y ,  cons ider -  
a b l e  i n t e r e s t  e x i s t s  i n  p rov ing /d i sp rov ing  t h e s e  pos- 
s i b i l i t i e s .  

i n t e n s e  Loren tz i an  l i n e  w i t h  a peak-to-peak f i r s t  d e r i v a t i v e  
l i n e w i d t h  of 1.9 G a t  300 K occur s  due t o  an unpai red  s p i n  
c o n c e n t r a t i o n  equa l  t o  approximate ly  5% of t h e  potassium 
concen t r a t ion .6  
d u c t i n g  m a t e r i a l  w i t h  d imens ions  exceeding s k i n  dep th  i s  n o t  
observed u n l e s s  t h e  f i n e l y  d i v i d e d  powder of t h e  K-PPP com- 
p l e x  i s  compressed i n t o  p e l l e t s .  The powder i s  produced by 
t h e  p r e p a r a t i o n  i n  THF. However, EPR s t u d i e s  have now sug- 
ges t ed6  t h a t  t h e  measured unpai red  s p i n s  a r e  n o t  t h e  car -  
r iers  of t h e  c o n d u c t i v i t y .  In  an e f f o r t  t o  measure t h e  
dynamics of t h e  s p i n  system g i v i n g  r ise t o  t h e  narrow l i n e ,  
e l e c t r o n  s p i n  echo  measurements were c a r r i e d  out from 3.7 t o  
300 K f o r  potassium- and lithium-doped poly(p-phenylene) 
(K-PPP and Li-PPP), K-doped p-sexiphenyl (K-W) and K-doped 
p-terphenyl (K-34)  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 .  
Both phase memory t i m e  (T,) and s p i n  l a t t i c e  r e l a x a t i o n  
t i m e  (TI) were measured. Phase memory time i s  s i m i l a r  t o  

Recent EPR measurements of K-doped PPP shows t h a t  a n  

A Dysonian l i n e s h a p e  t y p i c a l  f o r  con- 

T2. 

EXPERIMENTAL 

Poly( p-phenylene) was prepared  accord ing  t o  t h e  method 
of Kovacic e t  a l . 7  and e l emen ta l  a n a l y s i s  showed t h e  
sample t o  c o n t a i n  1.8% C 1 .  Potassium and l i t h i u m  were ob- 
t a i n e d  from Alfa  and had a p u r i t y  of 99.9%. p-Terphenyl was 
Kodak s c i n t i l l a t i o n  g r a d e  and p-sexiphenyl was from A l l i e d  
Corp. Doping of PPP w a s  c a r r i e d  out  u s ing  t h e  same ap- 
p a r a t u s  and method employed p rev ious ly8  f o r  sodium-doped 
polyace ty lene .  Because of t h e  s o l u b i l i t y  of t e rpheny l  i n  
THF, a weighed q u a n t i t y  of  t h e  o l igomer  and potassium (0.3 
K/phenyl) were s t i r r e d  t o g e t h e r  v igo rous ly  f o r  2 4  hours f o l -  
lowing c l o s e l y  t h e  procedure  i n  Ref. 3. A l l  m a t e r i a l s  were 
handled i n  an i n e r t  atmosphere d r y  box. 

spec t romete r  d e s c r i b e d  previous ly .6  
coup le  was a t t a c h e d  t o  each  samDle above t h e  EPR c a v i t v .  
An NBS Ruby s t anda rd  w a s  used t o  c a l i b r a t e  t h e  a b s o l u t e  un- 
p a i r e d  s p i n  c o n c e n t r a t i o n .  Low microwave power (1-5 micro- 
w a t t s )  and 270  Hz f i e l d  modulation were used. The ESE 
s p e c t r a  were ob ta ined  on t h e  ESE spec t romete r  d e s c r i b e d  
previous ly .9  

EPR measurements were c a r r i e d  ou t  us ing  an X-band EPR 
A c a l i b r a t e d  thermo- 
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ELECTRON SPIN ECHO STUDIES OF DONOR-DOPED PPP 83 

RESULTS 

In  T a b l e  I a re  g i v e n  t h e  u n p a i r e d  s p i n  c o n c e n t r a t i o n  p e r  
phenyl  as  a f u n c t i o n  o f  d o p a n t  c o n c e n t r a t i o n  d e t e r m i n e d  by 
C, H and a l k a l i  metal a n a l y s i s . 6  T y p i c a l l y  f o r  h e a v i l y  

T a b l e  I. ESR Measurements of Ti and Tm 

K-PPP 
C6H4.20K0. 388 0.020 0.13 0.6 

K-6$ 
C6H4. 35K0. 135 0.023 0.14 0.7 

K-34 
C6H4 .64K0.273 0.020 0.11 1.1 

K-34 
C6H4 .67K0.057 0.002 0.14 0.5 

K-34 
C6H4 .67K0.02 0.008 0.14 1.6 

Li-PPP 
C6H4.03Li0.122 Ooo35 0.14 5.0-1.0 

( a )  Data f rom R e f e r e n c e  6 ( inhomogeneous ly  doped 
s a m p l e s ) .  

( b )  Average v a l u e s  between 3 K - 100 K. 
K-doped PPP, 64 and 3@, t h e  s p i n  c o n c e n t r a t i o n  e q u a l s  ap- 
p r o x i m a t e l y  5-15% of  t h e  p o t a s s i u m  c o n c e n t r a t i o n .  However, 
a s  t h e  c o n c e n t r a t i o n  of  d o p a n t  d e c r e a s e s  i n  3@ t h e  w i n  
c o n c e n t r a t i o n  d o e s  n o t  f o l l o w  t h e  d o p a n t  c o n c e n t r a t i o n  pro- 
p o r t i o n a t e l y ,  a l t h o u g h  t h e  s p i n  c o n c e n t r a t i o n  d o e s  d e c r e a s e .  
I n  a r e c e n t  s t u d y  of a lka l i -meta l -doped  PPP i t  w a s  n o t e d 6  
t h a t  t h e  u n p a i r e d  s p i n  c o n c e n t r a t i o n s  were d e p e n d e n t  on  t h e  
a l k a l i  metal ( L i  - 30%; N a  - 2.5%; K - 5%; Cs - 5%; Rb - 5%) 
w h i l e  t h e  s p i n  c o n c e n t r a t i o n  was found t o  be  t y p i c a l l y  10% 
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84 L. D. KISPERT et al. 

f o r  a l l  alkali-me tal-doped d e u t e r a t e d  PPP6 ( a l l  h e a v i l y  
doped).  S u r p r i s i n g l y ,  t h e  T, and T 1  v a l u e s  f o r  K-PPP, 
K-3@, and K-64 are n e a r l y  t empera tu re  independent over  t h e  
range from 2 K t o  100 K ( F i g s  1-4). T, i s  t y p i c a l l y  140 
n s  and TI t y p i c a l l y  500 t o  1100 n s  below 100 K. 
K-PPP, T=5Tm from 2 K t o  100 K and T1=Tm a t  300 K. 
For K-6@, T1’5Tm from 4 K t o  100 K w h i l e  a t  300 K ,  T1= 
ZT,. On t h e  o t h e r  hand f o r  h e a v i l y  doped K-3@, T1=lOTm 
ove r  t h e  e n t i r e  t empera tu re  range  20 t o  300 K. A s  t h e  con- 
c e n t r a t i o n  of K i s  dec reased ,  T1=3Tm over t h e  e n t i r e  
t empera tu re  range  f o r  0.057 moles of K p e r  phenyl (F igs .  
2,3), while f o r  0.02 moles of potassium per phenyl,  T i ”  
10Tm from 2 0  K t o  300 K. 

Li-doped PPP has  a somewhat similar t empera tu re  de- 
pendence below 100 K f o r  T i  and T, (F igs .  2 ,3 )  t o  t h a t  
observed f o r  K-doped PPP. However, below 50 K, T1”36Tm: and 
T l i s  n e a r l y  an  o r d e r  of magnitude l a r g e r  t han  t h a t  f o r  K-PPP 
a l though  t h e  unpai red  s p i n  c o n c e n t r a t i o n  i s  twice  a s  l a r g e .  
A t  room tempera ture  T1”5Tm. 

For 

DISCUSSION 

T y p i c a l l y ,  t h e  s p i n - l a t t i c e  r e l a x a t i o n  i n  metals i s  
dominated by modulation of t h e  s p i n - o r b i t  coupl ing  by ther -  
mal l a t t i c e  v i b r a t i o n s .  This  g i v e s  r ise  t o  a temDerature- 
dependent phonon c o n t r i b u t i o n  s o  t h a t  T i  changes by 
s e v e r a l  o r d e r s  of magnitude between 2 and 100 K.lo, l l  
However, i t  has  a l s o  been shown by S l i c h t e r  and h i s  
c o - w o r k e r ~ ~ ~ - ~ ~  t h a t  i f  a s  much a s  1 p a r t  i n  l o 7  
i m p u r i t i e s  ( l a r g e  Z such  a s  Au) e x i s t  i n  t h e  metal under 
s t u d y ,  a tempera ture- independent  r e l a x a t i o n  mechanism can 
dominate whereby t h e  conduct ion  e l e c t r o n s  i n t e r a c t  wi th  
i m p u r i t i e s .  Re laxa t ion  by t h i s  mechanism comes mainly from 
t h e  i n t e r a c t i o n  of t h e  conduc t ion -e l ec t ron  s p i n  wi th  i t s  
o r b i t a l  motion i n  t h e  e l e c t r i c  f i e l d  of t h e  impur i ty  atom. 
This  i s  a tempera ture- independent  process  which can be 
c a l c u l a t e d  by de t e rmin ing  t h e  s p i n - f l i p  s c a t t e r i n g  c r o s s  
s e c t i o n  f o r  conduct ion  e l e c t r o n s  i n  t h e  e l e c t r i c  f i e l d  o f  
t h e  impur i ty .  

According t o  t h e  above mechanism, t h e  l i n e w i d t h  and 
1 / T 1  should  depend l i n e a r l y  on t h e  dopant concen t r a t ion .  
Although our expe r imen ta l  d a t a  show tempera ture  independence 
of  T i  and T,, they  a l s o  show no dopant c o n c e n t r a t i o n  de- 
pendence. As  a consequence, t h e  above mechanism can not ex- 
p l a i n  our r e s u l t s .  I n  a d d i t i o n ,  l a t e r  i n  t h i s  d i s c u s s i o n ,  
we s h a l l  show t h e  observed  unpai red  s p i n s  are not  c a r r i e r s  
of  c o n d u c t i v i t y ;  t h i s  a l s o  i s  incomDatible w i t h  t h e  above 
mechani s m .  
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-6 FIGURE 1. T1(10-6s) and T,(10 s )  versus recinrocal 
temuerature (1/K) for K- and Li-doned PPP(CgH4.20K0.388 
and CgH4.03Li0.122). Triangle, K-doaed TI; cross, 
K-doDed Tm: square, Li-doued 'f ; square with cross, 
Li-doped Tm. 
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-6 FIGURE 3. Tm(10 s) versus reciDrocal temnerature 
(1/K) for K-doped 3$:C(jH4.64Kg.273), 3(b<C6H4.(j7Komg57), 
and 3@(C6H4.67Ko.o2). Triangle, heavily-doued; cross, 
intermediately-doped; square, lightlv-doDed. 

-6 FIGURE 4 .  T1(10-6s) and Tm(10 s) versus recinrocal 
temperature (l/K) for K-doDed 6@(C6H4.35Ko.135). 
Triansle, TI; cross, T,. 
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ELECTRON SPIN ECHO STUDIES OF DONOR-DOPED PPP 87 

In  s i n g l e  c r y s t a l s  of g r a p h i t e , 1 5  i t  has  been observed  
t h a t  t h e  s i n g l e  EPR l i n e  e x h i b i t s  a Dysonian l i n e s h a p e  of a 
few Gauss’ l i n e w i d t h .  The s p i n  resonance  i s  due t o  mobi le  
cha rge  c a r r i e r s  and shows a remarkably  l a r g e  g a n i s o t r o p y ;  
g1(300 K) = 2.0026+ O.O002,g,, (300 K) = 2.0495+ 0.0002. 
g-value a n i s o t r o p y  i n c r e a s e s  wi th  d e c r e a s i n g  t empera tu re ;  
(77  K) = 2.127 and gL = 2.0029 5 0.0002. Fur thermore ,  t h e  
EPR i n t e n s i t y  i n c r e a s e s  wi th  t empera tu re ,  i n  d i s t i n c t  con- 
t r a s t  t o  t h e  expec ted  Curie-Law behavior .  Th i s  o b s e r v a t i o n  
can  be r a t i o n a l i z e d  bv t h e  f a c t  t h a t  t h e  numbers of  carriers 
a r e  p r o p o r t i o n a l  t o  T2. I n  combina t ion  wi th  a 1 / T  de- 
pendence from Boltzmann b e h a v i o r ,  t h i s  g i v e s  r ise  t o  a 
l i n e a r  dependence on  t empera tu re  f o r  t h e  i n t e n s i t y . 1 5  

pounds e x h i b i t 1 6  a much s m a l l e r  g a n i s o t r o p y  than  observed  
f o r  g r a p h i t e .  N e v e r t h e l e s s ,  t h e  EPR l i n e w i d t h  f o r  s t a g e  I 
g r a p h i t e  shows a s t r o n g  dependence on t h e  i n t e r c a l a t e :  L i  
( ~ 2 . 5  G); K (11.4 Gauss) and Rb (190 Gauss) a t  295 K. The 
observed  g-value e x h i b i t s  s p i n - o r b i t  coup l ing  t o  t h e  metal: 

The 

gl I 

On t h e  o t h e r  hand,  donor-doped g r a p h i t e  lamellar com- 

K- s t a g e  I (2.0016) and Rb-stage I (2.009). 
I n  c o n t r a s t ,  r e c e n t  EPR s t u d i e s  of a lkal i -metal-doped 

PPP and d e u t e r a t e d  PPP6 i n d i c a t e  t h a t  t h e  g-value i s  es- 
s e n t i a l l y  independent  of s p i n  o r b i t  coup l ing ;  g = 2.0027, 
2.0030 and 2.0028 2 0.0001 f o r  L i - ,  Rb- and Cs-doped PPP. 
Fur thermore ,  t h e  l i n e w i d t h  a t  300 K and a t  10 K f o r  donor- 
doped PPP does  no t  i n c r e a s e  wi th  t h e  s p i n  o r b i t  coup l ing  o f  
t h e  a l k a l i  metal. I n s t e a d  a t  300 K ,  t h e  l i n e w i d t h  i n c r e a s e s  
i n  t h e  o r d e r  Li<Na<K<Cs<Rb, w h i l e  a t  10 K t h e  l i n e w i d t h  
i n c r e a s e s  i n  t h e  o r d e r  K<Li<Na<Cs<Rb. Fur thermore ,  t h e  
l i n e w i d t h  d e c r e a s e s  monotonica l ly  wi th  d e c r e a s i n g  tempera- 
t u r e  f o r  Rb-, Cs- and K-doped PPP, and i n c r e a s e s  w i t h  de- 
c r e a s i n g  t empera tu re  f o r  L i -  and Na-doped PPP. Th i s  absence  
o f  s p i n - o r b i t  coup l ing  s t r o n g l y  s u g g e s t s  t h a t  t h e  observed  
s p i n  resonance  i n  donor-doped PPP i s  no t  t h a t  of cha rge  ca r -  
r iers.  

The i d e n t i t y  of t h e  r a d i c a l  sys tem t h a t  g i v e s  r ise  t o  
t h e  narrow EPR l i n e s  i n  donor-doped PPP can  be  deduced by 
comparing t h e  p r e s e n t  r e s u l t s  t o  a n  EPR s t u d y  of s i n g l e  
c r y s t a l s  of donor-doped b i  henyl  (Bp) grown from t r ig lyme  
(Tg)  o r  t e t r a g l y m e  (Ttg).1S-20 An exchange ave rage  g- 
v a l u e  was observed  f o r  each  donor-doped b ipheny l :  f o r  
KBp.2Ttg ( g  = 2.00276);17 f o r  NaBp.2Tg ( g  = 2.00276);18 
f o r  RbBp.2Ttg ( g  = 2.00275) ,19 
t o  t h e  Bp an ion  observed  i n  s o l u t i o n .  The l i n e w i d t h  f o r  
e a c h  system was angle-deoendent  and due t o  t h e  e l e c t r o n  
d i p o l e  - e l e c t r o n  d i p o l e  i n t e r a c t i o n  between b ipheny l  an ions  
s e p a r a t e d  from 9.65 t o  7.6 1 a p a r t .  No e l e c t r o n  d e n s i t y  w a s  
observed  on t h e  me ta l s .  The c a l c u l a t e d  average  l i n e w i d t h  

and w a s  found t o  be  equa l  D
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was s i m i l a r  t o  t h a t  observed  f o r  t h e  donor-doped PPP 
samples .  T y p i c a l l y ,  t h i s  i s  approx ima te ly  1.6 Gauss f o r  
KBp.2Ttg, 1.2 Gauss f o r  NaBp.2Tg and 2.4 Gauss f o r  
RbBp.2Ttg. The EPR spec t rum f o r  each  of  t h e s e  c r y s t a l s  was 
due t o  e l e c t r o n  exchange narrowing of  t h e  b iphenyl  an ion  EPR 
s i g n a l  by e l e c t r o n - e l e c t r o n  exchange i n t e r a c t i o n s  between 
a l l  ne ighbor ing  b iphenyl  a n i o n s ,  w i t h  t h e  main c o n t r i b u t i o n  
from t h e  b ipheny l  u n i t  which occur red  a t  l e s s  t h a n  1 0  8. 
The d i f f e r e n c e  i n  l i n e w i d t h  was a d i r e c t  f u n c t i o n  of t h e  
c r y s t a l  packing arrangement  wi th  t h e  b ipheny l  a n i o n s  l y i n g  
c l o s e s t  t o g e t h e r  ( 7 . 6  1) i n  RbBp.2Ttg. 

The s i m i l a r i t y  of t h e  cw EPR spec t rum f o r  t h e  donor-  
doped PPP samples  w i t h  t h a t  of  t h e  K-, Na- and Rb- doped Bp 
s u g g e s t s  t h e  EPR l i n e  i n  donor-doped PPP i s  due t o  e l e c t r o n -  
e l e c t r o n  d i p o l e  i n t e r a c t i o n  between ne ighbor ing  a n i o n s  o r  
nonmobile r a d i c a l s .  The v a r i a t i o n  i n  l i n e w i d t h  wi th  a l k a l i  
me ta l  s u g g e s t s  an  i n t e r -  mo lecu la r  d i p o l e - d i p o l e  i n t e r a c t i o n  
between an ions  on ne ighbor ing  c h a i n s  of  PPP. 

It i s  n e c e s s a r y  t o  j u s t i f y  t h e  t empera tu re  independence 
of  TI and Tm v a l u e s  i f  t h e  EPR l i n e  i s  t o  be a t t r i b u t e d  
t o  exchange nar rowing  between ne ighbor ing  a n i o n s  and n o t  t o  
charge  c a r r i e r s .  
change-narrowed EPR l i n e  i n  DPPH e x h i b i t s  a tempera ture-  
independent  T i  and T2 va lue  and t h a t  T i  = T2 = 
6 . 3 ~ 1 0 - ~ s .  It was e s t i m a t e d  t h a t  t h e  exchange f requency  
e q u a l s  10  t o  40 GHz. In  a d d i t i o n ,  a s  t h e  r a d i c a l  concen t r -  
a t i o n  d e c r e a s e s , T l  becomes l o n g e r  than  T2. Also ,  T 
became t empera tu re  dependent .  More r e c e n t  s t u d i e s 4 2  have 
shown t h a t  DPPH samples  r e c r y s t a l l i z e d  from d i f f f e r e n t  s o l -  
v e n t s  were found t o  have d i f f e r e n t  l i n e w i d t h s  because  t h e  
s o l v e n t  molecu le s  i n f l u e n c e  t h e  f r e e  r a d i c a l  spac ing  and,  
t h u s ,  t h e  exchange i n t e r a c t i o n .  For b roade r  l i n e s ,  (2 .8  G) 
T1=2T2 = 5 ~ 1 0 - ~ s  a t  t h e  h i g h e s t  r a d i c a l  c o n c e n t r a t i o n s  
r a t h e r  t h a n  T l = T 2 = 8 ~ 1 0 ' ~ s  f o r  t h e  na r rowes t  l i n e  (0.8 G ) .  

Thus, t h e  small d e v i a t i o n  from T1=Tm f o r  K-doped PPP 
can  be exp la ined  a s  due t o  a dependence of t h e  spac ing  be- 
tween r a d i c a l  an ions .  T h i s  i s  f u r t h e r  s u b s t a n t i a t e d  by t h e  
f a c t  t h a t  T1=36Tm f o r  Li-PPP, a sys t em where t h e  d i s -  
t a n c e s  between a d j a c e n t  a n i o n s  would b e  d i f f e r e n t  due t o  
t h e  d i f f e r e n c e  i n  s i z e  of  L i  and K. Fur thermore ,  t h e  ESE 
r e s u l t s  s u p p o r t  t h e  ass ignment  of  t h e  exchange narrowed EPR 
l i n e  i n  h e a v i l y  donor-doped PPP as due t o  d ipo le -d ipo le  ex- 
change narrowing between ne ighbor ing  an ions .  C a p t a l i z i n g  on 
t h e  s i m i l a r i t y  of t h e  donor-doped PPP r e s u l t s  t o  t h e  
b ipheny l  a n i o n s ,  a d i p o l a r  d i s t a n c e  of  7.5 t o  10 1 would be 
r e q u i r e d  i n  t h e  PPP compounds. Such d i s t a n c e s  are q u i t e  
r e a s o n a b l e  f o r  donor-donor d i s t a n c e s  expec ted  i n  t h e  PPP 
series s t u d i e d  he re .  

It has  been found21 t h a t  t h e  h i g h l y  ex- 
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SUMMARY 

No s i g n i f i c a n t  dependence  of  T 1  and T2 on  t e m -  
p e r a t u r e  was o b s e r v e d .  The e f f e c t  of  t h e  metal on l i n e w i d t h  
i s  most l i k e l y  due t o  t h e  c o n c o m i t a n t  change i n  t h e  donor- 
donor  d i s t a n c e s .  It a p p e a r s  t h a t  t h e  s p i n s  o b s e r v e d  by EPR 
r e s i d e  l a r g e l y  i n  t h e  o r g a n i c  moities and n o t  i n  t h e  metals, 
as  ev idenced  by a l a c k  of  g-value a n i s o t r o p y .  T h i s  f a i l u r e  
t o  o b s e r v e  a s p i n - o r b i t  c o u p l i n g  dependence on t h e  g v a l u e s  
and on the l i n e w i d t h s  of the  EPR s i g n a l s  from donor-doned 
PPP and i t s  o l i g o m e r s  s u g g e s t s  t h a t  t h e  EPR-observed f r e e  
r a d i c a l s  are n o t  t h e  major  carriers of  c o n d u c t i v i t y .  The 
r e s u l t s  are more s imi la r  t o  t h o s e  o b s e r v e d  f o r  donor-doped 
b i p h e n y l s  where t h e  EPR s i g n a l s  a r i s e  from a n i o n s  f i r m l y  
f i x e d  i n  a c r y s t a l  l a t t i c e .  T h i s  s i m i l a r i t y  s u p p o r t s  t h e  
v iew t h a t  i n  PPP and i t s  o l i g o m e r s  t h e  EPR s i g n a l s  a r i s e  
from l o c a l i z e d  o r g a n i c - l i k e  r a d i c a l s .  The o b s e r v e d  l i n e w i d t h  
p r o b a b l y  arises by a d i p o l e - d i p o l e  exchange nar rowing  be- 
tween a n i o n s .  

I n  summary, t h e  ESE and EPR r e s u l t s  g i v e n  i n  t h i s  p a p e r  
a r e  c o n s i s t e n t  w i t h  t h e  n o t i o n  of  b i p o l a r o n s ,  i.e. p a i r s  o f  
c o r r e l a t e d  c h a r g e d  d e f e c t s  c a r r y i n g  no n e t  s p i n ,  b e i n g  t h e  
c a u s e  o f  t h e  c o n d u c t i v i t y  i n  doped PPP and i t s  o l i g o m e r s .  A 
major  p o i n t  i s  t h a t  o n l y  5% of  t h e  d o p a n t  a p p e a r s  t o  con- 
t r i b u t e  t o  t h e  EPR o b s e r v a b l e  r a d i c a l  a n i o n s .  O t h e r  pos- 
s i b l e  mechanisms t o  e x p l a i n  t h e  p r o p e r t i e s  of t h e s e  
mater ia l s  a re  b e i n g  pursued .  
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