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EPR STUDY OF POLARONS I N  A CONDUCTING POLYMER WITH NONDEGEN- 
ERATE GROUND STATES: ASF5 COMPLEXES OF POLY(p-PHENYLENE). - 

L. D.  KISPERT and J. JOSEPH 
Department o f  Chemistry, The U n i v e r s i t y  o f  Alabama 
Tuscaloosa, A1 abama 35486 USA 

G. G. MILLER and R. H. BAUGHMAN 
Polymer Labora to ry  
A1 1 i e d  Corporat ion,  Mor r i s town ,  New Je rsey  07960 USA 

ABSTRACT EPR measurements o f  temperature-dependent suscep t i -  
b i l i t y  and l i n e w i d t h  a r e  r e p o r t e d  f o r  poly(p-phenylene) as  a 
f u n c t i o n  o f  exposure t i m e  t o  dopant. Most  o f t h e  charge i s  i n  
b i p o l  a r o n s ,  r a t h e r  t h a n  i n t h e  s p i  n - a s s o c i  a t e d  p o l  a r o n s .  
Observed decreases i n  h i g h  t e m p e r a t u r e  s p i n  c o n c e n t r a t i o n  as  a 
f u n c t i o n  o f  d o p i n g  t i m e  and  p o s t - d o p i n g  annea l  l i k e l y  a r i s e  
f r o m  b o t h  polaron-pol  a r o n  r e a c t i o n  and po l  a r o n  i o n i z a t i o n  t o  
f o r m  b ipo larons.  The s u s c e p t i b i l i t y  o f  a l l  t h e  i n v e s t i g a t e d  
AsF -doped samples s t r o n g l y  d e v i a t e  f r o m  Cur ie-Weiss b e h a v i o r  
a t  j o w  temperatures. The observed tempera tu re  dependence can  
b e  expl a i  ned by  t h e  1 ow-temperature condensat ion o f  i s 0 1  a t e d  
p o l  a r o n s  t o  f o r m  i n t e r m o l  e c u l  a r  p o l  a r o n  p a i r s  i n  s i n g l  e t  
g r o u n d  s t a t e s .  The i n t e r a c t i o n  b e t w e e n  s p i n s  i s  a n t i f e r r o -  

r e l a t i v e  t o  t w o  i s o l a t e d  p o l a r o n s  (-2.4 t o  -4.8 meV 
s i m i l a r  t o  t h a t  f o r  t h e  n-doped po lymer  (-2.4 t o  -2.7 meV). 

m a g n e t i c  and  t h e  e n e r g y  o f  t h e  s i n g l  e t - s t a t e  p o l a r o n  pa;; 

INTRODUCTION 

EPR measurements have been used t o  c h a r a c t e r i z e  e l e c t r o n i c  s t a t e s  
r e 1  e v a n t  f o r  c a r r i e r  t r a n s p o r t  i n  a1 k a l  i - m e t a l - d o p e d  p o l y ( p -  
phenyl ene), (PPP), fyl jy4 d e u t e r a t e d  PPP, and phenyj y e  01 igomer? 
P rev ious  t h e o r e t i c a l  3 3 and exper imen ta l  s t u d i e s  - o f  AsF5- and 
SbF5-doped PPP have suggested t h e  f o r m a t i o n  o f  b i p o l  arons (doubly-  
c h a r g  s p i n l e s s  c a t i o n s )  a t  h i g h  dop ing  l e v e l s .  From EPR measure- 
m e n t y ’ o n  a1 k a l  i - m e t a l  doped  PPP we o b s e r v e d  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  t o  b e  much l e s s  t h a n  t h e  amoun t  o f  a l k a l i  m e t a l  
dopant, f u r t h e r  suggest ing t h a t  much o f  t h e  charge on  t h e  po lymer  
c h a i n s  i s  i n  b i p o l  a rons .  A1 t h o u g h  g Val  u e s  and  1 i n e w i d t h s  w e r e  
s t u d i e d  as a f u n c t i o n  o f  temperature,  t h e  mos t  i n t e r e s t i n g  r e s u l t  
i s  t h a t  t h e  measured  s p i n  s u s c e p t i b i l i t i e s  h a v e  a t e m p e r a t u r e  
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314 L. D. KISPERT er al. 

dependence wh ich  i s  n o t  C u r i e -  Wei ss o v e r  t h e  e n t i  r e  t e m p e r a t u r e  
range 7 t o  300 K. This can be explained by an e q u i l i b r i u m  between 
separa ted  p o l a r o n  d e f e c t s  ( r a d i c a l  an ions ,  d o u b l e t  s t a t e )  and 
s i  ng l  e t  and tri p l  e t  s t a t e s  fo rmed  i n t e r m o l  ecu l  a r l  y v i a  p o l  a ron  
p a i r i n g .  The energy s e p a r a t i o n  ( E l  between t h e  g round-s ta te  
s i n g l e t  and the  doublet  s t a t e  ca l cu la ted  from the  data f o r  L i ,  Na, 
K, and Rb doped PPP v a r i e s  s u r p r i s i n g l y  1 i ttl e, f r o m  -2.4 t o  -2.7 
meV. Larger va r ia t i ons  i n  E f o r  s i m i l a r i l y  doped, deuterated PPP 
(-2.2 t o  -3.3 meV) migh t  r e f l e c t  t h e  l o w e r  molecular we igh t  o f  t h e  
d e u t e r a t e d  PPP and t h e  n e g l e c t  o f  c h a i n  l e n g t h  e f f e c t s  i n  t h e  
theory. Fo r  simp1 i c i t y  i n  these ca lcu la t ions ,  t h e  t r i p l e t  s t a t e  was 
assumed t o  l i e  -E above the  doub le t  state.  However, t h i s  assump- 
t i o n  i s  unimportant because r e l a t i v e l y  few spins a re  invo lved i n  
t h e  t r i p l e t  s t a t e  a t  any temperature. A t  l o w  temperatures, a n t i -  
f e r r o m a g n e t i c  s p i n - s p i n  i n t e r a c t i o n s  f a v o r  s p i n  p a i r i n g  i n  t h e  
s i n g l e t  s t a t e  r a t h e r  than the  t r i p l e t  state,  and a t  h igh  tempera- 
tu res  entropy e f f e c t s  favor  predominance o f  i s o l a t e d  spins. Hence, 
an equal ly good f i t  t o  t h e  experimental data r e s u l t s  i f  the  energy 
o f  two  coup1 ed p o l  a rons  i n  t h e  t r i p 1  e t  s t a t e  i s  h i g h e r  i n  energy 
t h a n  two i s o l a t e d  p o l a r o n s  b y  any energy  g r e a t e r  t han  -E. No 
t r i p l e t  s t a t e  is detected by EPR even a t  l o w  temperature 15-10 K1. 
The absence o f  measurable t r i p l e t  s ta tes  can be  due e i t h e r  o t h e i r  

We have extended o u r  EPR s t u d y  t o  i n c l u d e  AsF5-doping o f  
PPP. O f  s p e c i a l  i n t e r e s t  i s  whe the r  o r  n o t  t h i s  p-doped po lymer  
shows a s i m i l a r  temperature dependence o f  s u s c e p t i b i l i t y  as we have 
found f o r  t he  n-doped polymer. 

l o w  concentrat ions o r  t h e  presence o f  s t rong s p i n  exchange. Q 

EXPERIENTAL 

PPP as a powder was t a k e n  f r o m  t h e  samp e p r e p a r a t i o n  used 
prev ious ly  f o r  t he  a1 ka l  i -meta l  doped samples) Four d i f f e ren t  PPP 
samples were doped w i t h  AsF5 f o r  v a r y i n g  t i m e  pe r iods .  The 
exposure t i m e  t o  AsF5 was f i v e  minutes f o r  sample A, 24 hours f o r  
sample B, 24 hours  f o r  sample C ( f o l l o w e d  b y  room t e m p e r a t u r e  
storage under argon f o r  s i x  weeks), and f o u r  days f o r  sample D. A l l  
sampl es were  exposed t o  excess AsF d u r i n g  t h e  dop ing  p e r i o d  and 
t h e n  evacuated. Except  f o r  samp lee ,  a l l  samples were  s t o r e d  i n  
vacuo. The measured dc conduc t i v i t y  ( four-probe method) o f  sample 
C a t  t h e  end o f  t h e  6-week s t o r a g e  p e r i o d  was 30 S/cm, and t h e  
e lemen ta l  a n a l y s i s  was 19.1% As, 29.31% F, 47.10% C, and 3.92% H, 
wh ich  cor responded t o  C H ( A S F ~ ) ~ . ~ ~ .  The l o c a t i o n  o f  t h e  
excess hydrogen compare$ w??# t h a t  f o r  he p a r e n t  po l ymer  ( c ~ H ~  
theo re t i ca l  f o r  t h e  i n f i n i t e  polymer and C H 7 C l  ,o 9 observed) i s  
unknown, b u t  p r o b a b l y  i s  a s s o c i a t e d  w i t t  &pan?-c?erived species. 
Since t h e  inves t iga ted  ASFs-dOped samples d i d  n o t  evidence Curie- 
Weiss behavior a t  1 ow temperatures, measurements on another doped 
PPP sample were used t o  e s t a b l i s h  b o t h  t h a t  t h e  d e v i a t i o n s  f r o m  
Cur ie -Weiss  i s  n o t  an a r t i f a c t  and t h a t  Cur ie -We iss  b e h a v i o r  i s  
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EPR STUDY OF POLARONS: AsF, COMPLEXES OF POLY@-PHENYLENE) 315 

obta inab le  f o r  other samples o f  PPP. Spec i f i ca l l y ,  x was measured 
f o r  a sample o f  K-doped PPP wh ich  had been hea ted  t o  4OO0C a t  
5°C/min i n  an argon atmosphere. Such thermal t rea tment  degrades 
t h e  complex, r e s u l t i n g  i n  a d r a m a t i c  decrease i n  e l e c t r i c a l  
c o n d u c t i v i t y .  T h i s  m a t e r i a l  e x h i b i t s  an EPR spec t rum wh ich  i s  
s t a b l e  i n  a i r  f o r  a t  l e a s t  seve ra l  weeks and i s  q u i t e  d i f f e r e n t  
f rom t h a t  f o r  t h e  unannealed complex. The measured sp in  concentra- 
t i o n  f o r  sample E i s  0.009 spins/per phenyl (about equa t o  t h a t  o f  
t h e  AsF PPP sample D), t h e  c o n d u c t i v i t y  i s  7 x lo-' S/cm, t h e  
e l  emerita- anal y s i  s provides C ~ H  and t h e  EPR l i n e w i d t h  i s  
4.9 G a t  300 K, b roaden ing  t o  6.!d4:0i?8%:l K. W h i l e  t h i s  m a t e r i a l  
i s  no t  h i g h l y  conducting, i n  c o n t r a s t  w i t h  the  AsF5-doped PPP and 
t h e  unannealed K-PPP, i t  does have a s i m i l a r  sp in  concent ra t ion  t o  
t h a t  f o r  t h e  h i g h l y  c o n d u c t i n g  complexes. D e t a i l s  o f  t h e  EPR 
measurements a re  given e l  sewhere. 1 

RESULTS AND DISCUSSION -- 
I n  Table 1 a re  l i s t e d  the  exper imenta l l y  observed number o f  Cur ie  
spins a t  room temperature f o r  samples A, B, C, D and E, a long w i t h  

T a b l e  I .  EPR D a t a  f o r  Samples A ,  B, C ,  D and E. 

Cur ie  L inewid th  (Gauss) A I B  
Spins Per 

Sample Phenyl (50 K) 300 K 50 K 8K (300 K) 

A ---- 0.90 -__- ---- 3.5(a) 
B 0.041 2.46 2.46 2.3 2.0(a1 
C 0.020 7.37 6.56 6.50 1.2(b) 
0 0.004 3.60 3.60 3.60 2.0(a) 
E 0.009 ---- 5.32 6.65 ---- 

l a 1  Sample c o n s i s t e d  o f  a m i x t u r e  o f  p a r t i c l e  s i z e s  (200-600 P I .  
( b )  u =  30 S/cm. P a r t i c l e  s i z e  ( 5 0 - 1 0 0 ~ 1  1 was s m a l l e r  t h a n  t h a t  
f o r  t he  o ther  samples. 

t h e  Oysonian peak-to-peak l i n e w i d t h  a t  300 K, t he  A/B r a t i o  a t  300 
K, and t h e  L o r e n t z i a n  l i n e w i d t h s  a t  50 and 8 K. A l l  AsF5-doped 
samples exh ib i t ed  a Dysonian l i n e  shape a t  300 K which changed t o  
Lorentz ian  and s l i g h t l y  narrowed o r  was l i n e w i d t h  i n v a r i a n t  as the  
temp era t u  r e decreased. 

The experimental r e s u l t s  obtained on sample A a r e  qua1 i t a t i v e -  
l y  s i m i l a r  t o  those repor ted  a t  t h i s  conference by Maurice e t  al.9 
Below 50 K, t h e  EPR spectrum cons is t s  o f  two components, a n a r r o w  
l i n e  ( A H  -0.5 G I  and a b road  r l i n e  (AH -1 GI. The presence o f  

The narrow-1 i n e  component was n o t  observed i n  sampl es B, C and D. 
two comfigents was a t t r i b u t e d  5 t o  diffus!ee and l e s s  mob i le  spins. D
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316 L. D. KISPERT er al. 

5 The observed spin concentrations (Table I )  are  a l l  much highe 
t h a n  those observed i n  the undoped polymer (about 2.5 x 10- 
spins/phenyl 1, a p d  t he  room temperature 1 inewidth of the undoped 
polymer ( 4  - 5 G) i s  i n  t h e  range o f  1 i newi d ths  observed f o r  t he  
polymer complexes (0.9 - 7.4 GI. W i t h  increas ing  doping t ime 
(sample A t o  sample B t o  sample D ) ,  t he  radical  concentrat ion 
decreases. This i s  expected s ince  pol arons ( r ad ica l  ca t ions )  
c rea ted  by the  i n i t i a l  doping process can a n n i h i l a t e  i n  p a i r s  t o  
form lower energy bipolarons ( s p i n l e s s ) ,  and these  polarons can 
a l s o  be ionized by addi t ional  dopant t o  form bipolarons.  In  the  
series,  sample A t o  sample B t o  sample D, the l i n e w i d t h  increases 
with decreasing radical concentration, as  i s  expected fo r  decreased 
spin exchange with decreasing spin concentration. An exception t o  
t h i s  correlation i s  that  of sample C, which d i f fe rs  from sample B 
i n  having been annealed a t  room temperatures  f o r  six weeks. The 
two-fol d decrease in radical concentration d u r i n g  the anneal might 
resul t  f om the known dopant-induced increase of chain conjugation 
1 ength," which permits recombination of isolated polarons t o  form 
bipolarons.  The dependence of A / B  r a t i o  upon d o p i n g  t ime a n d  
sample annealing i s  not  d i r e c t l y  i n t e r p r e t a b l e  i n  terms of 
conductivity changes of the samples since t h i s  ra t io  depends upon 
t he  r a t i o  of skin depth t o  p a r t i c l e  dimension. This aspec t  i s  
important, since doping i s  l ike ly  t o  be nonuniform a t  short  doping 
t imes and the  present  doping process  tends t o  aggregate  small 
p a r t i c l e s  t o  make 1 a rger  p a r t i c l  es. Larger p a r t i c l  e aggregates 
were physically removed i n  order t o  formulate sample C ,  which has a 
d.c. conductivity of 30 S/cm and the smallest  A/B ratio.  

As we have previously done for  the alkali-metal complexes of 
PPP ,  the temperature dependence o f  the  suscepti bil i ty was analyzed 
using equations we have derived assuming an equi l ibr ium between 
i s o l a t  d olarons and polaron p a i r s  i n  sing1 e t  o r  t r i p l  e t  ground 
s t a t e s ?  'If t he  enthalpy changes i n  combining t w o  i so l a t ed  
polarons t o  make a polaron p a i r  i n  s i n g l e t  s t a t e  i s  E a n d  the 
correspond: n g  enthal py change t o  make a pol aron p a i r  i n  t r i p l  e t  
s t a t e  i s  - E  , then 

2 2  
x = %[R t 2R2Zexp(E'/kT)1 , (1  1 

where R i s  t he  concentrat ion of unpaired polarons a n d  Z i s  t he  
number of energe t ica l ly  equiva len t  pos i t i ons  a pol aron can be 
located on any of the neighboring chains in  order t o  form a s ing le t  
o r  t r ipl  e t  two-polaron s t a t e .  The concentrat ion of unpaired 
polarons i n  Eqn  (1) i s  given by 

I1 t 2NZ[1 t 3 &p((E E')/kT)lexp ( -E /kT) ) ' -  1 9 ( 2 )  Z [ 1  t 3 exp((E t E')/kT)lexp (-E/kT) R =  

where N i s  t he  to t a l  concentrat ion of polarons. These equat ions 
d i f fe r  from those i n  reference 1 only i n  the generalizations t h a t  
E' i s  n o t  required to  equal E. The symbol E replaces the previous- 
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l y  used symbol J in order to  c la r i fy  tha t  E contains b o t h  magnetic 
and electrostat ic  contributions. 

For reasons mentioned in  t h e  discussion of t h e  r e s u l t s  f o r  
a1 kal i-metal complexes, the concentration o f  tr ip1 e t s  i s  re1 a t i  vely 
unimportant f o r  the  ana lys i s  of s u s c e p t i b i l i t y  a s  a funct ion of 
temperature. This i s  because b o t h  E and E'  are negative (ant i fer-  
romagnetic i n t e rac t ion )  and I E ' 1 1  I E J .  The l a t t e r  i s  t r u e  s ince  
we can approximate E = J + E c  a n d  E '  = J - E c ,  where J a r i s e s  from 
t h e  magnetic i n t e rac t ion  a n d  E c  ( p o s i t i v e )  corresponds t o  t h e  
Coul omb repul sion between pol arons. 

The comparison between observed and calculated spin suscepti- 
b i l i t i e s  f o r  samples B ,  C ,  D ,  and E a r e  shown i n  Figure 1. Sample 
E shows Curie-Weiss behavior. Calculated s u s c e p t i b i l i t i e s  f o r  
samples A ,  B y  C ,  and D ( s o l i d  l i n e s  i n  Fig. 1 )  were obtained from 
Eqns. 1 a n d  2 assuming E '  i s  i n f i n i t e .  Equally good f i t s  r e s u l t  
i f  E '  = E. Since Z corresponds t o  energe t ica l ly  equivalent  
positions of pol arons i n pai rs, thi  s parameter was constrained t o  
be a n  integer between 2 and 12. However, b o t h  the agreement with 
experiment and the calculated energy E i s  not very dependent upon 
Z. Best agreement was obtained f o r  Z values of 4 o r  6 f o r  sample 
A, 1 2  for  samples B and C ,  and 2 or 4 for  sample D. The calculated 
E values f o r  samples, A ,  B ,  C ,  and D were -2.4, -2 .Y ,  -3.6, and - 
4.8 meV. The number o f  spins ( b o t h  isolated and paired) per phenyl 
ca lcu la ted  from Eqns. 1 and 2 a r e  roughly cons i s t en t  w i t h  t he  
resul ts  i n  Table I that  a re  derived from the observed susceptibil i-  
t y  a t  50 K. The radical  concent ra t ions  are: Sample A (0.0821, 
sample 6 (0.0371, sample C (0.019), and sample D (0.003). 

Figure 1 X vs 1/T fo r  AsF - 
doped P P P  [sample B(&,  C(d, 
D(O)] and for  potassium-doped 
P P P  heated  t o  4 O O 0 C  i n  a n  
argon a tmosphere  [ sample  
E(AI1. The sol id  curved 1 i nes 
a r e  x ca lcu la ted  from Eqns. 
(1) a n d  ( 2 )  f o r  samples B ,  C 
a n d  D. 
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We conclude  from these results t h a t  t he  low- tempera tu re  
c o n d e n s a t i o n  o f  i s 0 1  a t e d  po l  a r o n s  t o  f o r m  pol  a r o n  p a i r s ,  
p redominant ly  i n  s i n g l e t  s ta tes ,  can e x p l a i n  the  temperature 
dependence of  s u s c e p t i b i l i t y  i n  t h e  AsF5-doped P P P  samples. The 
i nterchai n coup1 i ng  between pol a rons  i s  a n t i  f e r r o m a g n e t i c ,  a n d ,  
according t o  this analysis,  the energy d i f fe rence  between is01 a ted  
polarons and polarons coupled t o  form a s i n g l e t  s t a t e  i n  the AsF5- 
doped complexes i s  between -2.4 meV a n d  -4.8 meV. T h i s  energy 1 s  
abou t  t h e  same magnitude as we de r ived  f o r  the  a l k a l i - m e t a l  
complexes of P P P  (-2.4 t o  -2.7 meV). 
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ment of Energy ( O f f i c e  of Bas i c  Energy Sc iences ) .  T h i s  i s  DOE 
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