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STUDY ON THE ELECTROCHEMICAL DOPING OF POLYACETYLENE WITH 
SELECTED METAL HALIDES 

M. Z A G ~ R S K A ,  A .  P R D ~ ,  J .  PRZYLUSKI 
S o l i d  S t a t e  Chemistry Department Techn ica l  U n i v e r s i t y  o f  
Warsaw 00664 Warsrawa, Noakowskieeo 3 (Po land) .  

8.  KRISCHE, G. AHLGREN 
Department o f  Organic Chemistry Royal  I n s t i t u t e  of  Techno- 
l ogy  5-10044 Stockholm (Sweden]. 

A b s t r a c t  E lec t rochemica l  o x i d a t i o n  has been found  t o  be a 
convenient  method f o r  i n t r o d u c t i o n  of  t e t r a c h l o r i d e  anions 
o f  Fe, A l ,  I n ,  T 1  i n t o  po l yace ty lene .  EPR, MGssbauer spec- 
t r o s c o p i e s  and e lemen ta l  analyses show t h a t  o x i d a t i o n  (do-  
p ing1 and r e d u c t i o n  (undoping1 c y c l e  i n  [CHI, - LiCl/MC13 
systems i s  n o t  t o t a l l y  r e v e r s i b l e  - and i s  accompanied by 
i r r e v e r s i b l e  s i d e  r e a c t i o n s  which l i m i t  p o s s i b l e  a p p l i c a -  
t i o n  of (CHI, - me ta l  c h l o r i d e  systems i n  energy s to rage  
dev ices.  

INTRODUCTION 

I n  o u r  p r e v i o u s  papers we have shown t h a t  i t  i s  p o s s i b l e  t o  o x i -  

d i z e  po lyace ty lene  e l e c t r o c h e m i c a l l y  i n  an e l e c t r o l y t e  c o n s i s t i n g  

o f  a m i x t u r e  o f  L i C l  and a p roper  me ta l  t r i h a l i d e  (11, ( 2 ) .  (31.  

Th is  d i scove ry  extends the  range o f  systems p o t e n t i a l l y  a p p l i c a b l e  

t o  po lyacety lene-based rechargeable b a t t e r i e s .  I n  t h i s  communica- 

t i o n  we concen t ra te  on t h e  s t u d i e s  o f  t h e  r e v e r s i b i l i t y  of  t h e  

desc r ibed  e l e c t r o c h e m i c a l  o x i d a t i o n .  I n  a d d i t i o n  t o  s tandard  e l e c -  

t rochemica l  t e s t s  we have c a r r i e d  ou t  spec t roscop ic  (EPR. MGss- 

bauer l  s t u d i e s  o f  po l yace ty lene  e l e c t r o d e  i n  o r d e r  t o  m o n i t o r  

i r r e v e r s i b l e  s i d e  r e a c t i o n s  occu r ing  upon each doping-undoping 

c y c l e .  
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226 M. ZAGORSKA al. 

EXPERIMENTAL 

E lec t rochemica l  vacuum c e l l  w i t h  two separated compartments was 

used f o r  a l l  e l e c t r o c h e m i c a l  experiments. F o r  t h e  o x i d a t i o n  [do- 

p i n g ]  e i t h e r  constant  c u r r e n t  of 0.1-0.2 mA/mg [CHI, o r  cons tan t  

p o t e n t i a l  o f  0.7-1.0 V vs Ag/AgCl r e f e r e n c e  were a p p l i e d .  Reduc- 

t i o n s  (undopings1 o f  t h e  o x i d i z e d  [CHI, were per formed f i r s t  a t  

constant  c u r r e n t  o f  0.1 mA/mg (CHI, t h e n  a t  cons tan t  p o t e n t i a l  

lowered s tepwise f rom 0.3 V t o  t h e  p o t e n t i a l  o f  p r i s t i n e  po lya -  

ce ty lene  i n  t h e  i n v e s t i g a t e d  s o l u t i o n s .  A f t e r  t h e  doping-undoping 

c y c l e  s e l e c t e d  samples were sub jec ted  t o  e lemen ta l  a n a l y s i s ,  EPR 

and, i n  t h e  case o f  i r o n  c h l o r i d e  system, Mijssbauer spect roscopy.  

RESULTS 

E lec t rochemica l  o x i d a t i o n  o f  p o l y a c e t y l e n e i n  MClg/L iCl /n i t rome- 

thane s o l u t i o n s  (where M = Fe, A l ,  I n ,  T11 leads  t o  t h e  f o r m a t i o n  

o f  h i g h l y  conduct ing (500-900 f2-I cm-l) polymers. The observed 

c u r r e n t  y i e l d s  were h i g h  (80-90 % I .  I n  most s o l u t i o n s  concomi tant  

chemical doping was n e g l i g i b l e  execpt  L i C U T l C 1 3  one b u t  even i n  

t h a t  case i t  never  exceeded y = 0.015 under t h e  c o n d i t i o n s  o f  t h e  

e l e c t r o l y s i s .  I n  accordance w i t h  o u r  p r e v i o u s  s t u d i e s  [I], [ZI, [31 

was i t  found t h a t  t h e  composi t ion o f  t h e  polymers can be expressed 

by t h e  f o l l o w i n g  genera l  f o rmu la  : {CH[MC141y)x i f  y 4 0.065 f o r  

FeC14- and InC l4 -  and y 4 0.045 f o r  TlC14. 

-~ 

The exper iments o f  undoping [ r e d u c t i o n l  were c a r r i e d  o u t  f o r  

{CH[FeC14Iy),, {CH[InC141y), and (CH[T1C141y), i n  t h e  same e l e c -  

t r o l y t e  s o l u t i o n s  as used f o r  t h e  o x i d a t i o n  (doping1 o f  p r i s t i n e  

[CHI,. 

I t  was found t h a t  i n  t h e  case o f  (CH(T1C141y), t h e  removal 

o f  t h e  dopant th rough  e l e c t r o c h e m i c a l  r e d u c t i o n  was n o t  p o s s i b l e .  

S i m i l a r  r e d u c t i o n  c a r r i e d  ou t  f o r  {CH(InCl4Iy), l e d  t o  t h e  removal 

o f  ca. 70 % o f  t h e  i n i t i a l  I n C l 4 -  con ten t .  The average c u r r e n t  

y i e l d  observed d u r i n g  undoping was 80-90 % however a t  f i r s t  s tages 
- 
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STUDY ON THE ELECTROCHEMICAL DOPING ... 221 

o f  t h e  r e d u c t i o n  i t  exceeded  100 % s u g g e s t i n g  t h a t  some c h e m i c a l  

p r o c e s s e s  t a k e  p l a c e  s i m u l t a n e o u s l y  w i t h  t h e  e l e c t r o c h e m i c a l  re- 

moval o f  I n C l q - .  The e l e m e n t a l  a n a l y s i s  o f  t h e  r e d u c t i o n  p r o d u c t  

gave  t h e  f o l l o w i n g  fo rmula  { C H I  . ~ ~ [ I n C 1 ~ . 3 3 1 0 , 0 1 4 } ~  

C % C ,  H, I n ,  C 1  = 98.48.  

I n  one e x p e r i m e n t ,  d e s i g n e d  t o  s t u d y  t h e  r e v e r s i b i l i t y  o f  t h e  

o x i d a t i o n - r e d u c t i o n  c y c l i n g ,  a f t e r  each  c y c l e  t h e  p o l y a c e t y l e n e  

e l e c t r o d e  was s u b j e c t e d  t o  t h e  mass change  measurements  and  t o  

EPR s p e c t r o s c o p y .  I t  was found  t h a t  a f t e r  each  ox-red c y c l e  t h e  

sample  r e c o v e r s  i t s  symmet r i c  s h a p e  b u t  t h e w i d t h  o f  t h e  s i g n a l  

i n c r e a s e s  [ F i g .  I A I .  The same t r e n d  c o u l d  be seen i n  t h e  p e r c e n -  

t a g e  o f  t h e  r e s i d u a l  dopan t  [ F i g .  161. 

F I G U R E  1 EPR and mass changes  s t u d i e s  o f  p o l y a c e t y l e n e  
e l e c t r o d e  a f t e r  doping-undoping  c y c l e s .  
A - Mpp o f  p o l y a c e t y l e n e  a f t e r  undoping .  
€3 - Maximum dopan t  c o n c e n t r a t i o n  a t  w h i c h  EPR 

l i ne  i s  s t i l l  symmet r i c  [A/B1 = 1.  

0 - a f t e r  e a c h  o x i d a t i o n  and  r e d u c t i o n  t h e  sample  
was washed w i t h  p u r e  s o l v e n t  and vacuum d r i e d  
b e f o r e t h e  mass changes  and EPR measurements .  

- t h e  s ample  was n o t  washed and removed f rom t h e  
e l e c t r o c h e m i c a l  c e l l  between t h e  c y c l e s .  
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228 M. ZAG~RSKA er ~ l .  

S i m i l a r  phenomena can be observed upon e l e c t r o c h e m i c a l  doping 

and undoping o f  po l yace ty lene  i n  LiCl/FeC13/nitromethane systems. 

However s i n c e  F e C l i  i s  

assoc ia ted  w i t h  i t s  unpa i red  e l e c t r o n s  i s  observed. The r e s u l t s  

o f  EPR and Massbauer s t u d i e s  are  summarized i n  Table 1. I n  t h e  

o x i d a t i o n  p a r t  o f  t h e  ox - red  c y c l e  t h e  i n t e n s i t y  o f  t h e  narrow 

s i g n a l  c h a r a c t e r i s t i c  o f  u n p a i r e d  e l e c t r o n s  i n  p o l y e n i c  cha ins  

decreases. A t  FeC1: c o n c e n t r a t i o n  o f  4 .3  % t h e  (CHI, s i g n a l  beco- 

mes i n v i s i b l e .  On t h e  undoping ( r e d u c t i o n  p a r t  o f  t h e  cycle] t h e  

reve rsed  t r e n d  i s  observed but t h e  b road  s i g n a l  r e t u r n s  t o  i t s  

symmetric shape a t  t h e  r e s i d u a l  dopant c o n c e n t r a t i o n  o f  2.0 % i e .  

h i g h e r  than  t h e  onset o f  t h e  s i g n a l  assymetry i n  t h e  o x i d a t i o n  

p a r t  (0.5 % I .  I n  a d d i t i o n  a f t e r  t h e  ox - red  c y c l e  t h e  i n t e n s i t y  o f  

t h e  narrow l i n e  is much sma l le r .  S i m i l a r l y  as i n  t h e  case o f  (CHI,- 

InC13/L iCl /n i t romethane system t h e  e lemen ta l  a n a l y s i s  g i ves  ch lo -  

r i n e  t o  me ta l  r a t i o  h i g h e r  t h a n  4. The e m p i r i c a l  f o r m u l a  o f  t h e  

p roduc t  i s  {CH, ,03(FeC14,3010m034)x C % C,H,Fe,Cl = 100.95. 

paramagnetic an a d d i t i o n a l  broad s i g n a l  

The Mijssbauer spectrum o f  t h e  sample doped t o  ca. 5.0 % re- 

vea ls  o n l y  t h e  f e a t u r e s  c h a r a c t e r i s t i c  o f  FeC14-. The r e d u c t i o n  

o f  t h i s  sample t o  t h e  maximum undoping l e v e l  o b t a i n a b l e  l eads  t o  

t h e  appearance o f  Fez+ i n  a d d i t i o n  t o  t h e  a l r e a d y  p resen t  Fe3+ 

l i n e s  [ s e e  Table 1 ) .  
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STUDY ON THE ELECTROCHEMICAL DOPING ... 229 

4.5 649 

TABLE 1 EPR and MGssbauer parameters of polyacetylene doped 
(oxidation partl and undoped [reduction partl in 
LiCl/FeC13/nitromethane solution. 

Doping with FeC14- 

,nvisible 

Dopant 
concentration 
from mass 
uptake [ % I  

2.60 

0.00 

0.04 

0.20 

0.50 

0.90 

2.60 

4.30 

1.2 467 3.41 not measured 

Phase I ca. 70 % 

FeC14- 
iPR signal 

A t r p  
A/8 [GI 

tnvisible 

invisible 

1.0 431 

1.0 357 

1.3 530 

3 .7  635 

(CHI, 
.PR signal 

A trp 
(GI 

0.85  

1.33 

1.31 

1 . 5 3  

1 .57  

3.30 

Mossbauer parameters 
at 4.2K 

I.S. 0,s. 
[mm/Sl [mm/SI 

not measured 

0.30 0 .26  

DISCUSSION AN0 CONCLUSIONS 

The ohtained results clearly show that doping-undoping cycles in 

LiC1/WCl3/nitromethane/(CH)~ systems are not totally reversible. 

The dopant recovery at 5 % doping level is g& 70-75 % after the 
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230 M. ZAGORSKA a al. 

. f i r s t  doping-undoping c y c l e  and s t i l l  d e c r e a s e s  a f t e r  each addi -  

t i o n a l  cyc le .  F o r  comparison, Kaneto a t  a l .  (41 r e p o r t e d  s i g n i f i -  

can ly  h igher  ( 8 6  % )  charge recovery i n  LiC104/propylene carbonate/  

[ C H I ,  sy s t em f o r  comparable l e v e l s  of doping. Such behaviour  i s  

i n d i c a t i v e  of i r r e v e r s i b l e  s i d e  r e a c t i o n s  occur ing  dur ing  t h e  

e lec t rochemica l  doping and undoping i n  polyacetylene-metal  h a l i d e s  

systems. T h i s  conclusion i s  f u r t h e r  cor robora ted  by t h e  EPR s t u -  

d i e s  s i n c e  t h e  EPR l i ne ,  becomes c o n s i s t e n t l y  broader  when i t  

r e t u r n s  t o  i t s  symmetric shape a f t e r  t h e  oxida t ion- reduct ion  cyc le .  

Since the  elemental  a n a l y s i s  f o r  both {CH[InC141 y ) x  and 

{CH(FeC141y}, systems show c h l o r i n e  t o  metal r a t i o  > 4 .  

probable t h a t  t h e  doping-undoping c y c l e  i s  accompanied by  t h e  

c h l o r i n a t i o n  r e a c t i o n .  

i t  seems 

- 
I n  t h e  case of InCl4 t h e  c h o r i n a t i o n  could be t h e  r e s u l t  of 

a nuc leophi l ic  a t t a c k  of t h e  polycarbonium c a t i o n  by C 1 -  according 

t o  t h e  fo l lowing  r e a c t i o n s  : 

1nc14- 2 I n C I 3  + ~ 1 -  (11 

[21 (CHl,Y+ + yC1- -+ [ C H C l y l x  

I n C 1 3  can be e a s i l y  removed from t h e  polymer by washing t h e  f i l m .  

I t  i s  c o n s i t e n t  w i t h  h igh c u r r e n t  y i e l d s  [ >  100 % I  observed a t  

t h e  beginning of t h e  undoping proces .  

I n  t h e  case of {CH[FeCl4Iy}, a n o t h e r  mechanism o f  c h l o r i n a -  

t i o n  i s  a l s o  p o s s i b l e .  S i n c e ,  a s  evidenced by MGssbauer spec-  

t roscopy,  i n  e l e c t r o c h e m i c a l l y  reduced samples FeC12nH20 i s  pre-  

s e n t  i n  a d d i t i o n  t o  FeC14 

p o s t u l a t e d  : 

ions  t h e  fo l lowing  r e a c t i o n  can be 

FeC14- + e + FeC14’- + FeC12 + 2C1- 

Massbauer spectroscopy a l s o  shows t h a t  t h e  m a j o r i t y  of  t h e  r e s i -  

dual  dopant [ c a .  70 % I  r e t a i n s  i t s  chemical form i e .  FeC14 and 

o n l y  a s m a l l e r  f r a c t i o n  i s  t ransformed i n t o  F e C l z . ~ Z O .  The lack 

of success  i n  t h e  e lec t rochemica l  removal o f  a l l  FeC14 s u g g e s t s  

t h a t  t h e  d i f f u s i o n  c o e f f i c i e n t  of  FeC14 s i g n i f i c a n t l y  decreased 

- 

- 

- 
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STUDY ON THE ELECTROCHEMICAL DOPING . . . 23 I 

i n  t h e  areas where come c h o r i n a t i o n  t o o k  p lace .  
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