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IN AsF5-DOPED POLY PARA-PHENYLENE 
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Paramagnetic s u s c e p t i b i l i t i e s  of AsFg-doped poly(para-  
phenylene) , { C ~ H ~ ( A S F ~ ) ~ ) ~  were observed by t h e  low 
f i e l d  Shumacher-Slichter and X-band methods. The 
r e s u l t s  were expressed by t h e  sum of  inverse-T (Curie) 
p a r t  and temperature-independent (Paul i )  p a r t .  The 
Paul i  p a r t  g radual ly  appeared from about ~ ~ 0 . 0 5  and 
f i n a l l y  a t t a i n e d  1 .5x10-6 emu/mole-carbon. This  is 
h a l f  of t h a t  of polyacetylene.  
increased  with y up t o  ~ ~ 0 . 1 0 .  
t h e  case o f  po lyace ty lene .  
sponding t o  t h e  s u s c e p t i b i l i t i e s  were searched by t h e  
13c CP/MAS high r e s o l u t i o n  NMR method. The s h i f t  was 
not observed wi th in  t h e  experimental  accuracy of +1 ppm. 

The Curie p a r t  l i n e a l l y  
This  i s  i n  contrast t o  

The Knight s h i f t s  co r re -  

INTRODUCTION 

AsFg-doped poly(para-phenylene) {C&4 ( A S F ~ ) ~ } ~  has  been 
known t o  be an organic  one-dimensional conductor,  o f  which 
e l e c t r i c a l  conduct iv i ty  reaches 500 Q-1 cm-1.1) The aim of 
t h i s  work is  t o  s tudy  i t s  e l e c t r o n i c  p r o p e r t i e s  through 
magnetic methods of  ESR and s o l i d  s t a t e  high r e s o l u t i o n  13C 
NMR . 
*This work i s  p a r t i a l l y  supported by Grant- in  Aid f o r  
S c i e n t i f i c  Research from t h e  Minis t ry  of Education. 
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The p r i s t i n e  polymers were synthesized with CuCl2 and 
The doping was made by exposing the  A l C 1 3  as ca t a lys t s .2 )  

powders of  the  p r i s t i n e  polymers t o  AsF5 atmosphere. 
Several  samples of  d i f f e r e n t  doping l e v e l s  were prepared by 
varying the  doping time f r o m  5 minutes t o  24 hours .  
same samples were used both i n  ESR and s o l i d  s t a t e  high 
r e so lu t ion  13c NMR. 

The 

ES R 

The ESR experiments were made with a low f i e l d  Shumacher- 
S l i c h t e r  methods) a s  well as a conventional X-band method. 
The paramagnetic s u s c e p t i b i l i t i e s  were obtained by in t eg ra -  
t i n g  the  observed ESR absorp t ion  l i n e s .  The s tandards  used 
were the  in t eg ra t ed  i n t e n s i t i e s  of  1 H  NMR i n  t h e  samples 
themselves f o r  t he  Shwnacher-Slichter method and those  of 
ESR i n  a ruby c r y s t a l  placed near  the  samples f o r  the  X-band. 
The Shumacher-Slichter method was c a r r i e d  o u t  with a Q-meter 
spectrometer working a t  a t yp ica l  frequency of  51.5 Miz. 

With the  above methods t h e  temperature v a r i a t i o n  of 
paramagnetic s u s c e p t i b i l i t y  was measured between 4.2 and 
300 K .  
temperature range. A l l  t h e  da t a  p o i n t s  were found t o  be 
expressed by the  sum of a inverse-T (Curie) p a r t  and a tem- 
perature-independent (Paul i )  p a r t .  

A t  least f i f t e e n  da ta  p o i n t s  were taken i n  t h i s  

x = xc + xp 

(emu/ carbon- a tom) , 

where S=1/2 was assumed and Nc is  t h e  number o f  sp ins  p e r  
carbon. The r e s u l t s  were summarized i n  Figures  l a  and l b .  
Figures la and l b  show t h e  temperature-independent and the  
inverse-T p a r t s ,  r e spec t ive ly .  The ho r i zon ta l  ax i s  y i s  t h e  
number o f  dopant AsF5 molecules pe r  benzene. These r a t i o s  
were d i r e c t l y  determined by measuring the  i n t e g r a t e d  in t en -  
s i t i e s  of  both 19F and 1H NMR i n  the  samples. 

Figure l a  shows t h a t  the  Pau l i - l i ke  s u s c e p t i b i l i t y  
appears a t  about AsFg/CgHq%O .05 and f i n a l l y  a t t a i n s  1 . S ~ 1 0 ' ~  
emu/mole-carbon. This behaviour is similar t o  t h a t  o f  trans 
polyacetylene repor ted  by Ikeha ta  e t  a1.4) which is  shown by 
a dashed l i n e  i n  t h e  f igu re .  
the  hor izonta l  ax i s  is  AsF5/CH. 
s u s c e p t i b i l i t y  of  1 . 5 ~ 1 0 - ~  emu/mole-carbon corresponds t o  a 
dens i ty  of s t a t e s  a t  the Fermi l eve l  o f  0.045 stateslev p e r  

For the  t rans-polyacetylene 
The observed Pau l i - l i ke  
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FIGURE 1 Paramagnetic s u s c e p t i b i l i t i e s  of AsF5-doped poly- 
(para-phenylene) as a function of AsF5 concentration. 

The dotted l i n e s  express the  r e s u l t  f o r  polyacetylene .4) 
(a) Pauli p a r t .  (b) Number of  Curie-type spins .  

y=AsFg/CgHq OT /a. 
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carbon. This value i s  compared with 0 .3  f o r  Copper. This 
f a c t  mani fes t s  t h a t  AsFg-doped poly(para-phenylene) t oge the r  
with AsFg-doped t rans-polyace ty lene  i s  much l i k e  ord inary  
metals .  

o f  t he  paramagnetic s u s c e p t i b i l i t y  i s  d i f f e r e n t  between t h e  
two polymers. Although t h e  inverse-T p a r t  o f  t rans-poly-  
ace ty lene  r a p i d l y  d isappears  by add i t ion  of dopant AsFg 
molecules, t h a t  o f  poly(para-phenylene) slowly inc reases .  
The e f f e c t i v e  number of  sp ins  which appear  by add i t ion  of 
one AsFg molecule is ~ 0 . 0 3 .  The presence of s p i n s  may be 
connected with t h e  benzene r i n g s  i n  poly(para-phenylene) . 
any d i f fe rence  was not observed between the  Shumacher- 
S l i c h t e r  and X-band methods. This  f a c t  shows t h a t  both t h e  
temperature-independent and inverse-T p a r t s  of  t h e  paramag- 
n e t i c  s u s c e p t i b i l i t y  

t y  da t a  on SbFg-doped poly(para-phenylene) with t h e  method 
o f  X-band ESR and magnetic balance.  Thei r  temperature in -  
dependent (Pau l i - l i ke )  p a r t  was more than two o r d e r s  of 
magnitude smal le r  than ours ,  and inverse-T (Cur ie - l ike)  p a r t  
more than one order  o f  magnitude sma l l e r .  
w i l l  be requi red  t o  f i n d  t h e  cause of t h e  d i f f e r e n c e .  

On the  o t h e r  hand, t h e  behavior  of t he  inverse-T p a r t  

I n  t h e  experimental  r e s u l t s  shown i n  Figures  l a  and l b ,  

a r e  independent o f  frequency. 
Recently,  Peo e t  a1 .5) published magnetic s u s c e p t i b i l i -  

Fur ther  s t u d i e s  

HIGH RESOLUTION 1 3 C  NMR 

The high r e so lu t ion  13C NMR experiments were made with a 
CP/MAS method.6) 
opera t ing  a t  13.3 H I z  f o r  1% NMR. 
spinning head was o f  a B u l l e t  type.7) 
spinning frequency was around 2 kHz. 

l a r g e r  peak corresponds t o  s i t e  C 2  i n  Figure 3 and t h e  
smal le r  one s i t e  C 1 .  
from TMS were summarized i n  Table 1. 
sample i s  cons i s t en t  with those  r e c e n t l y  repor ted  by Brown 
e t  al.!) I n  t h e  las t  column of t h e  t a b l e ,  t h e  Pau l i  suscep- 
t i b i l i t i e s  of doped samples are l i s t e d .  These s u s c e p t i b i l i -  
t i e s  were a l ready  descr ibed  i n  t h e  s e c t i o n  o f  ESR. 

Some Knight s h i f t  i s  expected t o  be observed when a 
Paul i  s u s c e p t i b i l i t y  is induced by t h e  add i t ion  of dopant 
AsFg molecules.  
polyacetylene,  a Knight s h i f t  o f  30 ppm was observed,g) 
accompanied with t h e  appearance of  Pau l i  s u s c e p t i b i l i t y .  
For poly(para-phenylene) , however, any change i n  t h e  s h i f t  

The apparatus  used was a home-built one 
The magic angle  sample 

The usua l ly  used 

Figure 2 shows an example o f  ob ta ined  s p e c t r a .  The 

The obta ined  s h i f t  va lues  of t h e  peaks 
The d a t a  o f  a pure 

Actual ly  i n  t h e  case o f  AsFg-doped 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
03

 2
1 

Fe
br

ua
ry

 2
01

3 



ESR AND "C NMR I_N POLYPARAPHENYLENE [1321]/289 

I 

Fig. 2 C2 Fig. 3 

I 1 1 I I I 

180 160 140 120 100 80 

ppm from TMS 

FIGURE 2 
spec t r a  of poly(para-phenylene) . 
FIGURE 3 

An example o f  s o l i d  state high r e s o l u t i o n  I 3 C  NMR 

S t ruc tua l  formula o f  poly(para-phenylene) . 

Table 1 l3C NMR l i n e  pos i t i ons  of C 1  and C2 s i t e s  i n  poly- 
(para-phenylene) . Resul ts  on pure (undoped) and AsFg-doped 
samples are l i s t e d .  I n  t h e  las t  column, t h e  Paul i - suscept i -  
b i l i t i e s  xp are a l s o  shown. 

XP AsF5/ C6H4 13C NMR 

S i t e  C 1  S i t e  C 2  

ppm from TMS 
emu 

mole-carbon 

undoped 137.4 127.6 

0.05 138.4 127.2 0.2 

0.08 137.7 127.2 0.6 

0.17 137.0 127.0 1.5 
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value was not  observed wi th in  t h e  experimental accuracy. 

become smal le r  than t h e  experimental accuracy. 
was shown t o  a c t u a l l y  e x i s t  when it i s  assumed t h a t  t he  K- 
e l e c t r o n  dens i ty  at  s i te  C 1  is  l a r g e r  than  t h a t  of C 2 .  I n  
t h i s  es t imat ion  of  Kni h t  s h i f t s  a t h e o r e t i c a l  formula o f  
Karplus and Fraenkel lof  was used. The chemical s h i f t s  were 
a l s o  found t o  be small when est imated through an empir ica l  
formula!l) 
o t h e r  p o s s i b i l i t i e s .  

K. KUME cr ul. 

There is  a p o s s i b i l i t y  t h a t  the  Knight s h i f t s  have 
This  case 

Fur ther  s t u d i e s  w i l l  be necessary t o  look f o r  
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