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ELECTRICAL CONDUCTIVITY OF MODIFIED POLY- 
ACETYLENES AND POLYPYRROLES 

H. MBNSTEDT, H. NAARMANN, G. K ~ H L E R  
K u n s t s t o f f l a b o r a t o r i u m ,  BASF A k t i e n g e s e l l s c h a f t ,  
6700 Ludwigshafen,  Germany 

Abstract  A p a r t i a l  s t a b i l i z a t i o n  o f  t h e  
c o n d u c t i v i t y  o f  undoped p o l y a c e t y l e n e  h a s  been  
r e a c h e d  by c h e m i c a l  m o d i f i c a t i o n s .  N o  s t a b i l i z i n g  
e f f e c t  was o b t a i n e d ,  however ,  i n  t h e  i o d i n e  doped 
s t a t e .  The i n f l u e n c e  o f  v a r i o u s  comonomers and 
c o u n t e r i o n s  on t h e  c o n d u c t i v i t y  o f  p o l y p y r r o l e  
and its s t a b i l i t y  to  a i r  is r e p o r t e d .  By a 
t r e a t m e n t  o f  p o l y p y r r o l e  w i t h  a l k a l i n e s  and a c i d s  
a c h e m i c a l  s h i f t i n g  of t h e  c o n d u c t i v i t y  and an  
improvement o f  t h e  s t a b i l i t y  h a s  been  a c h i e v e d .  

AGEING OF POLYACETYLENE 

I t  is w e l l  e s t a b l i s h e d  t h a t  p o l y a c e t y l e n e  i n  t h e  doped 
and undoped s t a t e  becomes v e r y  u n s t a b l e  i f  exposed  t o  
a i r .  One r e s u l t  o f  t h i s  i n s t a b i l i t y  is t h e  decrease of 
t h e  e lectr ical  c o n d u c t i v i t y .  An example o f  s u c h  a 
b e h a v i o u r  is r e p r e s e n t e d  i n  Fig.1.  The c o n d u c t i v i t y  of 
a n  e l e c t r o c h e m i c a l l y  o x i d i z e d  p o l y a c e t y l e n e  w i t h  BF4 
a s  c o u n t e r i o n  d r o p s  d r a m a t i c a l l y  on a i r .  A c o n d u c t i v i t y  
d e c r e a s e ,  a l t h o u g h  smaller t h a n  o n  a i r ,  is o b s e r v e d ,  
however ,  under  an  a r g o n  a t m o s p h e r e  o f  h i g h  p u r i t y ,  
too. T h i s  r e s u l t  makes it clear t h a t  n o t  o n l y  
r e a c t i o n s  w i t h  oxygen b u t  w i t h  t h e  d o p i n g  a g e n t  i tself  
a re  r e s p o n s i b l e  f o r  t h e  i n s t a b i l i t y  o f  p o l y a c e t y l e n e .  
These  f i n d i n g s  gave  rise to  trie i d e a  to  c h e m i c a l l y  
s a tu ra t e  t h o s e  s i tes  o f  t h e  p o l y a c e t y l e n e  c h a i n  which 
p r e f e r a b l y  react w i t h  oxygen or t h e  c o u n t e r i o n .  

MODIFIED POLYACETYLENES I N  THE NON-DOPED STATE 

N-bromosuccinimide (NBS) h a s  been  used as o n e  of t h e  
modi fy ing  a g e n t s .  The bromine rad ica l  and t h e  
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130 H. MUNSTEDT, H. NAARMANN AND G. KOHLER 

(cH)x dopd Ml BF; 
dqrollbphp ayO*IcH 
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CmdUaMlvU 

10' 7 

1 2 5 1 0 2 0  30lW200 

FIGURE 1 Ageing of ( C H ) x  w i t h  BF,, as  c o u n t e r i o n  

s u c c i n i m i d e  react w i t h  t h e  (CH),-chain ( F i q . 2 ) .  
B e s i d e s  t h a t ,  t h e  e x i s t e n c e  of Br; becomes e v i d e n t  
from t h e  IR-spectrum i n d i c a t i n q  a p a r t i a l  o x i d a t i o n  o f  
t h e  p o l y a c e t y l e n e .  The l a t t e r  reaction e x p l a i n s  t h e  
h i g h e r  c o n d u c t i v i t y  o f  S/cm compared to  lo-' S/cm 
as t h e  maximum v a l u e  of unmodif ied  (CH) ,  i f  exposed 
t o  a i r  ( F i q . 3 ) .  B e s i d e s  t h e  h i q h e r  c o n d u c t i v i t y  a 
b e t t e r  s t a b i l i t y  is r e a c h e d  by t h e  NBS-modif icat ion.  
The c o n d u c t i v i t y  of  t h e  NBS-modified ( C H I x  r e m a i n s  
unchanqed o v e r  n e a r l y  one  d a y  on a i r .  A f t e r  t h a t  t i m e  
t h e  c o n d u c t i v i t y  b e q i n s  to  d r o p  s i m i l a r i l y  to t h e  
unmodif ied p r o d u c t  b u t  it h a s  s t i l l  been  found 
s i g n i f i c a n t l y  h i q h e r  o v e r  t h e  measured p e r i o d .  An 

+ o+-( Br I 

FIGURE 2 R e a c t i o n  scheme of  ( C H ) ,  w i t h  NBS 
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ELECTRICAL CONDUCTIVITY OF MODIFIED POLYACETYLENES 131 

o b v i o u s  r e a s o n  f o r  t h e  b e t t e r  s t a b i l i t y  lies i n  t h e  
smaller oxygen u p t a k e  of t h e  m o d i f i e d  sample ( Fig .  3 ) .  

An e f f e c t  s imi l a r  t o  t h e  r e a c t i o n  w i t h  NBS h a s  been  
found f o r  o t h e r  modi fy ing  a g e n t s .  D e t a i l e d  results are 
g i v e n  e l s e w h e r e . '  

NBS-MODIFIED POLYACETYLENE DOPED WITH I O D I N E  

The s t a b i l i z i n g  e f f e c t  o f  t h e  above  m o d i f i c a t i o n  i n  
t h e  undoped s t a t e  is n o t  r e f l e c t e d ,  however ,  i n  t h e  
a g e i n g  b e h a v i o u r  o f  t h e  NBS-modified sample doped w i t h  
i o d i n e  ( F i g . 4 ) .  The time dependence  o f  t h e  
c o n d u c t i v i t y  d e c r e a s e  is n e a r l y  t h e  same f o r  t h e  
unmodif ied  and m o d i f i e d  sample.  The c o n d u c t i v i t y  o f  
t h e  NBS-modified ( C H ) ,  exposed  to a i r  f o r  o n e  d a y  
and doped a f t e r w a r d s  w i t h  i o d i n e  is smaller by a 
f a c t o r  o f  t w o  i n  compar ison  to  t h e  unmodif ied  sample  
h a v i n q  undergone t h e  same t r e a t m e n t .  A f t e r  an  a i r  
e x p o s u r e  o f  s i x  d a y s  b e f o r e  i o d i n e  dopinq  t h e  r e s u l t  
is r e v e r s e :  The NRS-modified ( C H ) ,  can  be doped to  a 
h i q h e r  c o n d u c t i v i t y  t h a n  t h e  unmodif ied  p r o d u c t .  The 
t i m e  dependence  o f  t h e  a q e i n q ,  however ,  is v e r y  much 
t h e  same. An i n t e r p r e t a t i o n  o f  t h i s  b e h a v i o u r  and 
s imilar  r e s u l t s  on  o t h e r  m o d i f i e d  samples are s i v e n  
e l s e w h e r e .  

mnaravrtvd . icw, 
-0  [CH), *Ilh N-bmna- 

ulcdnh(d. 

lo-' 
t b 5  .?.ion &05 ioa 2.io' urn [a] 

I 2 5 10 20 30 limo [dl 

F I G U R E  3 C o n d u c t i v i t y  FIGURE 4 Aqeinq of 
and oxygen i o d i n e  d o p e d  
u p t a k e  under  a i r  samples 

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:
45

 2
0 

Fe
br

ua
ry

 2
01

3 



I32 H. MUNSTEDT, H. NAARMANN AND G. KOHLER 

CONCLUSIONS 

The m o d i f i c a t i o n  r e s u l t s  i n  two improvements:  
1. The i n i t i a l  c o n d u c t i v i t y  and t h e  s t a b i l i t y  a g a i n s t  

oxygen i n  t h e  non-doped s t a t e  i n c r e a s e .  
2. The c o n d u c t i v i t y  i n  t h e  iod ine-doped  s ta te  a f t e r  a n  

e x t e n s i v e  p r e v i o u s  a i r  e x p o s u r e  i n c r e a s e s .  

The two improvements are n o t  e f f e c t i v e  enough , 
however , f o r  opening  up p r o m i s i n q  a p p l i c a t i o n s  t o  
p o l y a c e t y l e n e .  

POLYPYRROLE WITH DIFFERENT COMONOMERS AND COUNTERIONS 

E l e c t r o c h e m i c a l l y  p r e p a r e d  p o l y p y r r o l e  is more s t a b l e  
t o  a i r  t h a n  doped p o l y a c e t y l e n e .  Whereas t h e  
c o n d u c t i v i t y  of p o l y a c e t y l e n e  doped w i t h  i o d i n e  
d e c r e a s e s  by a f a c t o r  of 1000 w i t h i n  30 d a y s  on a i r ,  
p o l y p y r r o l e  w i t h  b e n z e n e s u l f o n i c a c i d  as  c o u n t e r i o n  
looses o n l y  10% of its i n i t i a l  c o n d u c t i v i t y  under  t h e  
same ambient  c o n d i t i o n s  w i t h i n  200 d a y s .  For many 
a p p l i c a t i o n s ,  however,  t h i s  s t a b i l i t y  of p o l y p y r r o l e  
is n o t  s u f f i c i e n t .  T h e r e f o r e ,  f u r t h e r  improvements  o f  
t h e  s t a b i l i t y  of p o l y p y r r o l e  are d e s i r a b l e .  

Of i n t e r e s t  i n  t h i s  c o n n e c t i o n  is t h e  q u e s t i o n  whether  
t h e  s t a b i l i t y  of t h e  c o n d u c t i v i t y  c a n  be i n c r e a s e d  by 
c o p o l y m e r i z a t i o n  of p y r r o l e  w i t h  v a r i o u s  monomers. 
Fig.5 shows t h e  c o n d u c t i v i t y  as a f u n c t i o n  o f  t i m e  a t  

T- 140% 

--- PPy + 10% N-Methylpyrrole 
-0- PPy +. 10% Thiophene 
-0- PFy + 10% Furane 

0:5 i i 
time t [d] 

FIGURE 5 Ageing of p o l y p y r r o l e s  w i t h  v a r i o u s  
comonomers 
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ELECTMCAL CONDUCTIVITY OF MODIFIED POLYACETYLENES 133 

14OOC for polypyrroles of different composition. In 
order to accelerate the aqeing process to an extent 
that a few weeks instead of several months are 
sufficient for characterizing the stability of a 
product the conductivity measurements have to be 
carried out at elevated temperatures. For none of the 
copolymers a significantly higher stabillty is found 
than for the unmodified polypyrrole. Besides that, all 
the copolymers show a lower conductivity. 

Another way of trying to improve the stability of 
polypyrroles lies in the use of different counterions. 
In Fig.6 the conductivity as a function of time is 
plotted for polypyrroles with benzenesulfonicacid, 
benzenedisulfonicacid, ClOr, BFq', and PFZ as 
counterions. The measurements were carried out at 
140OC. The polypyrrole with benzenedisulfonicacid 
shows the highest stability. In 150 days the 
conductivity drops by 50% at 140OC. The correspondinq 
data are 1.4 days for the product with benzenesulfonic- 
acid, 1.4 days for polypyrrole with ClOc, 15 days for 
that with BFT, and 1.9 days for that with PFC. The 
aqeinq behavlour at other temperatures is not yet 
available. For the aqeinq of the polypyrroles with 
various comonomers an Arrhenius-type behaviour has 
been found between room temperature and 140OC. The 
activation enerqy governing the aqeinq process depends 
on the composition of the sample. Therefore, 
predictions of the ageing of the polypyrroles with 
different counterions at room temperature from the 
results at 140OC have to be made with precaution. With - PPylbenzenesulfonicacid 

........ PPyIbenzenedisulfonicacid 

conductivity a 
[S/cm] 

I- PPylCIq- 

-.-.- PPylBc- --- PPy/Pf,- 

-------------- lo2 ....... " .................... w-- -.-.-.-.-.-.- .-._._._._. - ........................ 
10' 

T - 140% 

i 5 Ib 30 100 time [d] 
FIGURE 6 Aqeinq of polypyrroles with different 

counter ions 
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t h e  e x c e p t i o n  of PF; o n l y  a small i n f l u e n c e  of t h e  
c o u n t e r i o n  on t h e  i n i t i a l  value o f  t h e  c o n d u c t i v i t y  
h a s  been found for t h e  samples i n v e s t i g a t e d .  An 
e x p l a n a t i o n  of  t h e  e f f e c t  of t h e  c o u n t e r i o n  on t h e  
a g e i n q  b e h a v i o u r  of p o l y p y r r o l e  c a n n o t  be g i v e n  a t  t h e  
moment. 

H. MUNSTEDT, H. NAARMANN AND G. KOHLER 

POLYPYRROLE MODIFIED RY CHEMICAL AFTER-TREATMENTS 

The c o n d u c t i v i t y  of p o l y p y r r o l e  w i t h  b e n z e n e s u l f o n i c -  
acid as c o u n t e r i o n  c a n  be r e d u c e d  by e x p o s i n q  it to a 
NaOH-solution. F ip .7  shows t h e  d e c r e a s e  of 
c o n d u c t i v i t y  as  a f u n c t i o n  of c o n c e n t r a t i o n  af ter  a 
t r e a t m e n t  of 10 min. The c o n d u c t i v i t y  drops s t e e p l y  a t  
l o w  c o n c e n t r a t i o n s ,  r u n s  t h r o u q h  a b r o a d  minimum, and  
rises a g a i n .  For NaOH-concentrat ions h i g h e r  t h a n  35% 
o n e  g e t s  a g a i n  t h e  i n i t i a l  v a l u e  of  c o n d u c t i v i t y .  The 
d e c r e a s e  i n  c o n d u c t i v i t y  is c o n n e c t e d  w i t h  a loss of 
mass o f  t h e  sample ( F i g . 7 ) .  Accord ing  t o  measurements  
of t h e  s u l f u r  d i s t r i b u t i o n  by e n e r g y  d i s p e r s i v e  X-ray 
a n a l y s i s  t h e  loss i n  c o n d u c t i v i t y  and mass c a n  be 
r e l a t e d  to a d i s a p p e a r a n c e  of t h e  b e n z e n e s u l f o n i c a c i d  
c o u n t e r  ion.  

The  NaOH-treatment h a s  an  a s t o n i s h i n g  e f f e c t  on t h e  
long- te rm s t a b i l i t y  o f  t h e  c o n d u c t i v i t y .  F ig .8  shows 

conductivity u 
[Slcrnl 

*~* - * - * -  Fl.0 

. 
- 0.8 

- 0.6 

- 0.4 

Polypyrmle (2ylrn) 
lmld \rim NaOH lor (0  min 0.2 

10-1- 

lo-t , , , , , , , , , , , , 0 
012 5 10 15 20 25 30 35 40 45 50 

NaOH-txncentralion c [%] 

FIGURE 7 C o n d u c t i v i t y  and mass c h a n g e s  by 
NaOH-treatment 
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ELECTRICAL CONDUCTIVITY OF MODIFIED POLYACETYLENES 135 

10-1- 

conductivity a 
[S/cm] 

I 

T - 140% 

lo2 

10' 

100 

20% NaOH ( I h )  + 10% I4.Q (la) treated wlul NaOH 

5% . . . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ~ ~ ' - . - - 1 1 - - - 1 - 1 1 1 m -  

the conductivity as a function of time at an aseing 
temperature of 14OOC for the untreated polypyrrole 
film and the films exposed for 2 4 0  min to NaOH- 
solutions of various concentrations. The conductivity 
drop as a function of time of all the NaOH-treated 
samples is much smaller than that of the initial 
untreated film. Even an exposure to a solution of only 
0.2% NaOH which reduces the conductivity marginally 
effects a distinct improvement of the stability. 

The conductivity decrease by exposing polypyrrole to a 
NaOH-solution can be reversed if the sample is treated 
with sulfuric acid. In Fig.8 an example is given for 
the polypyrrole previously exposed to a 20% NaOH- 
solution. Treating such a sample for 14 h with 10% 
H2S04 leads to a conductivity increase from 1.6 S/cm 
to 110 S/cm which is very close to the conductivity of 
the initial sample. The stability of this twofold 
modified sample is still superior to that of the 
original film. 

The shifting of the conductivity by chemical 
modification can be repeated several times as 
demonstrated by Fiq.9. Connected with the conductivity 
loss by a treatment with a 10% NaOH-solution is a 
decrease of sample mass and thickness. The rise in 
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I36 H. MUNSTEDT, H. NAARMANN AND G. KOHLER 

irml 

- 26 

- 24 

- 22 

-20 

-18 

-16 

conductivity @ 

Polypyrrole 
10% NaOH for 240 min 
10% YSQ for 240 mb -20 

-18 

-16 

-14 

t l2 
FIGURE 9 C o n d u c t i v i t y  s h i f t i n g  and mass 

and t h i c k n e s s  changes  by a l k a l i n e  
and a c i d  t r e a t m e n t s  

c o n d u c t i v i t y  by a f o l l o w i n g  t rea tment  w i t h  10% HzSO, 
is accompanied by an i n c r e a s e  i n  mass and t h i c k n e s s .  
The i n i t i a l  v a l u e s  are n o t  r e a c h e d ,  however. More 
d e t a i l e d  r e s u l t s  on t h e s e  effects a r e  cliven 
e l s e w h e r e .  
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