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ON STRUCTURE AND PROPERTIES OF POLYPYRROLE ALKYL- 
SULF ( O N )  ATES 

WOLFGANG WERNET, MICHAEL MONKENBUSCH, GERHARD 
WEGNER 
I n s t i t u t  f i i r  Makromolekulare Chemie, Hermann- 
Staudinger-Haus,  U n i v e r s i t a t  F r e i b u r g ,  
D-7800 F r e i b u r g ,  Germany 

A b s t r a c t  Tens ide  a n i o n  "doped",  h i g h l y  conduc t ing  
p o l y p y r r o l e s  (PPY) have been  grown e l e c t r o c h e m i c a l -  
l y  from aqueous e l e c t r o l y t e s .  The i n f l u e n c e  of  t h e  
e l e c t r o l y s i s  p a r a m e t e r s  on t h e  c o n d u c t i v i t y  have 
been i n v e s t i g a t e d .  The X-ray d i f f r a c t i o n  p a t t e r n s  
a l l o w  t o  d e r i v e  a s t r u c t u r a l  model. 

INTRODUCTION 

The u s e  of (sodium) a l k y l t e n s i d e s  as  "dopands" a l l o w  t o  
grow h igh  q u a l i t y  conduc t ing  PPY f i l m s  from non t o x i c  
aqueous e l e c t r o l y t e s .  The e l e c t r i c a l  and t h e  mechanica l  
p r o p e r t i e s  of t h e s e  f i l m s  a r e  comparable  t o  t h o s e  grown 
under  c o n v e n t i o n a l  c o n d i t i o n s .  1 r 2  

SYNTHESIS 

The e l e c t r o l y t e  c o n s i s t e d  of t r i p l e  d e s t i l l e d  deoxyge- 
n a t e d  wa te r  w i th  2 v o l . %  p y r r o l e  0.1 m o l / l  o f  one of t h e  
r e c r y s t a l l i z e d  t e n s i d e s  shown i n  t a b l e  1 and  a sodium 
phosphate  b u f f e r  t o  c o n t r o l  t h e  pH-value. 
Oxid ized  PPY f i l m s  were p r e p a r e d  by drawing an  a n o d i c  
c u r r e n t  a t  c o n s t a n t  c u r r e n t  d e n s i t y  th rough  a d i s k  
shaped P t - e l e c t r o d e .  S t o i c h i o m e t r i e s  from e l e m e n t a l  ana-  
l y s i s  and room t e m p e r a t u r e  c o n d u c t i v i t i e s  are shown i n  
t a b l e  1 .  
The room tempera tu re  c o n d u c t i v i t y 3  of t h e  r e s u l t i n g  
f i l m s  i s  r a t h e r  s e n s i t i v  on d i f f e r e n t  e l e c t r o l y s i s  pa- 
r ame te r s .  The most d r a s t i c  i n f l u e n c e  i s  e f f e c t e d  by t h e  
pH-value of  t h e  e l e c t r o l y t e .  The pH-value w a s  a d j u s t e d  
u s i n g  a phosphate  b u f f e r  i n  a t o t a l  c o n c e n t r a t i o n  of 
0 . 3  m o l / l .  F ig .  1 shows t h e  v a r i a t i o n  of the conduc t i -  
v i t y ,  u (300K),  of PPY-SDS f i l m s ,  due t o  v a r i a t i o n  of 
pH. A s  can  be seen  t h e r e  i s  a p l a t e a u  o f  optimal pH-va- 
l u e  i n  t h e  r a n g e  from 2<pH<5.5. 
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194 W. WERNET, M. MONKENBUSCH AND G.  WEGNER 

s t o l c h l o -  TABLE I tenside d*T,nal fS/cn  d(nl/nm metryca) 

H(CH2) 12-OSO; 80 3.54  3..4:1 

H(cH~),,-so; 5-10 1.94 3.5:l 
H ( CH2 )6-S0; 70 2 . 3 4  3.5:l 

H(CH2)16-0SO;  5 3 .8 : l  

H(CH218-S0; 160 2.69 3:1 
H ( c H ~ ) ~ ~ - s o ;  50 3 .22  3:1 
H(cH~)~~-sD; 4.1P 3 .9:1  

SO;-(CHZ)-SO; 2 5  1.96 8:i 
H ( C H ~ ) ~ O P O ~ H -  I 2  2.46  4:1 

H(CH2) 10-OP03H- 20 3.07 4:l 

anion neight 
f r a c t i o n ( % )  

51.5  

56 .5  

37 .5  

4 2 . 1  
49.7 

5 3 . 1  

54.6 
36.5 
4 3 . 1  

4 7 . 2  

(a) Per u n i t  t h e r e  Is up t o  one oxygen and up t o  two hyrogen i n  
e x c e s s  I n  the  sano les .  

I n  more a c i d  s o l u t i o n s  pro- 
,,,3,, t ona t ion  of p y r r o l e  and subse- 
1 quent o l igomer i za t ion  l e a d s  t o  

p roduc t s  w i th  s a t u r a t e d  r i n g s ?  
W e  b e l i e v e  t h a t  t h e  copoly- 
m e  r i z a  t ion  of  t h e  se o 1 igome r s 
with p y r r o l e  y i e l d s  less con- 
duc t ing  f i lms .  
Whereas i n  more b a s i c  envi-  
ronment t h e  d e t e r i o a t i o n  of 
u may be a r e s u l t  of t h e  re- 
duced overvol tage f o r  oxygen 
formation. Fig. 1 e x p l a i n s  
t h e  l a r g e  s c a t t e r  of U-values 
of f i l m s  grown from e l e c t r o -  
l y t e s  with a s t a r t i n g  pH 
around 7 .  
Pig. 2 i l l u s t r a t e s  t h e  in -  
f l uence  of t h e  e l e c t r o l y s i s  
c u r r e n t  d e n s i t y ,  j ,  on u ,  it 
i n c r e a s e s  by more than a f ac -  
tor of 2 i f  t h e  c u r r e n t  den- 
s i t y  i s  raise9 from v a l u e s  
below 1 mA/cm- t o  v a l u e s  

FIGURE I 

Y S d  

0. td. I 
h p n .  J 

above 2 m A / c m L .  The s a t u r a -  
' i . t  3 b i r l t  ' ' v CU~-'' t i o n  e f f e c t  which s tar ts  

above 2 m A / c m z  i s  probably 
due t o  s e l f  l i m i t a t i o n  of t h e  F I G U R E  2 

e f f e c t i v e  c u r r e n t  d e n s i t y  by t h e  o n s e t  of d e n t r i t i c  
growth on the  top  of t h e  f i l m ,  t h u s  i n c r e a s i n g  the  sur-  
f a c e .  The y i e l d  of polymer i s  completely independent of 
j i n  t h e  range up t o  10  m A / c m 2 .  
F i g  3 shows t h e  dependence of CJ (300K) on t h e  e l e c t r o -  
l y s i s  temperature.  A t  low temperatures  the  dec reas ing  
s o l u b i l i t y  of t h e  t e n s i d e  d e t e r i o a t e s  t h e  r e s u l t .  
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ON STRUCTURE AND PROPERTIES OF POLYPYRROLE ALKYL-SULF(0N)ATES 195 

a/sd 
m 

0 

# 

A t  h i g h  t e m p e r a t u r e s  t h e  in-  
k=3n crease of s i d e  r e a c t i o n s  nay , .Zrn",d 

probably  c a u s e s  t h e  conduc- 
t i v i t y  drop. "7\ 

FIGURE 3 

ELECTRICAL AND ELECTROCHEMICAL PROPERTIES 

F ig .  4 ( p o s i t i v  p o t e n t i a l )  shows a c y c l i c  voltammogramm 
of  t h e  beginning  of t h e  s y n t h e s i s .  The anodic c u r r e n t  
co r re sponds  t o  polymer fo rma t ion .  The absence  of a re- 
d u c t i o n  peak even a t  h i g h  scan  rates i n d i c a t e s  t h e  q u i c k  
i r r e v e r s i b l e  fo rma t ion  of t h e  polymer. The l e f t  s i d e  of  
F ig .  4 shows e l e c t r o c h e m i c a l  c y c l e s  on t h e  o x i d i z e d  PPY 
f i l m  ( t e n s i d e  = o k t a n e s u l f o n a t e )  immersed i n  a n  aqueous 
s o l u t i o n  c o n t a i n i n g  o n l y  t h e  t e n s i d e  as  s u p p o r t i n g  elec- 
t r o l y t e .  S t a r t i n g  from t h e  o x i d i z e d  PPY one o b s e r v e s  t h e  
r e d u c t i o n  peak a t  -0.75V. The back sweep t o  t h e  o x i d i z e d  
s ta te  r e v e a l s  on ly  a ve ry  b road  bump. The c h a r g e  f lown 
dur ing  r e d u c t i o n  i s  abou t  8 . 4 %  of t h e  c h a r g e  used  t o  
s y n t h e s i z e  t h e  f i l m .  57  % of t h e  r e d u c t i o n  cha rge  i s  re- 
t r a n s f e r e d  du r ing  subsequent  o x i d a t i o n .  F u r t h e r  c y c l e s  
are i n d i c a t e d  by t h e i r  c y c l e  numbers ( 2 , 1 1 9 , 1 2 0 ) .  Cycle  

1 2 0  w a s  t aken  2 4  h a f t e r  c y c l e  119 .  
Obviously t h e  redox b e h a v i o r  i s  
changed by c y c l i n g  i n  a manner t h a t  
p a r t l y  r e l a x e s  a f t e r  a rest  p e r i o d  
o f  s e v e r a l  hours .  
The t empera tu re  dependence of o i s  
s imilar  t o  t h a t  of o t h e r  conduc t ing  
polymers  and can be  d e s c r i b e d  by 
t h e  Mott5 model of v a r i a b l e  r a n g e  
hopping , t h e  s l o p e  of I n  u vs. 
T-1/4 depends- l ike  0 (300K)- on t h e  

p r e p a r a t i o n  c o n d i t i o n s .  Sam- 
p l e s  w i t h  a r a t i o  u (300K)/o(lOK) 
as  low as  1 .4  c o u l d  be ach ieved .  6 
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196 W. WERNET, M.  MONKENBUSCH AND G.  WEGNER 

STRUCTURE 

I n  c o n t r a s t  t o  X-ray d i f f r a c t i o n - f o r  o x i d i z e d  PPY com- 
p lexed  w i t h  s m a l l  a n i o n s  l i k e  BF4 t h e  d i f f r a c t i o n  p a t -  
t e r n s  of t e n s i d e  c o n t a i n i n g  PPY show a new i n t e n s e  s m a l l  
a n g l e  peak a t  2$= 2O t o  5O ( A =  1.542, CuKcl) depending on 
t h e  t e n s i d e  an ions .  T h i s  i s  i l l u s t r a t e d  i n  F ig .  5 by t h e  
p a t t e r n s  from PPY-14-sulfonate ( A )  and from PPY-8-sulfo- 
n a t e  ( B ) .  The l o n g  s p a c i n g s  (d -va lues )  of t h e s e  peaks  
have been de termined  by a f i t t i n g  p rocedure  t a k i n g  i n t o  
accoun t  t h e  l a r g e  d i s o r d e r  i n  o u r  samples .6  The i d e a l  
Bragg p o s i t i o n s  do n o t  co r re spond  e x a c t l y  t o  t h e  peak 
maxima. They are located a t  s l i g h t l y  lower s c a t t e r i n g  
a n g l e s  a s  shown by t h e  b l a c k  b a r s  i n  F i g .  5. The spa-  
c i n g s ,  d ,  are l i n e a r l y  c o r r e l a t e d  t o  t h e  l e n g h t  of t h e  
a l k y l  c h a i n s ,  n ,  by 

d ( n )  = (0.19 n + 1.2) /nm (1 1 
The-spacing o b t z i n e d  f o r  a ,w-decane-d i -su l fona te  
(S03-(CH ) 
formula 5 .  'qhese o b s e r v a t i o n s  i n d i c a t e  t h a t  
( i )  t e n s i d e  mono a n i o n s  are i n c o r p o r a t e d  i n  t h e  poly-  

mer i n  double  l a y e r e d  a r r angemen t s ,  because  o t h e r -  
w i s e  t h e  s l o p e  of d ( n )  vs.  n shou ld  be lower  t h a n  
O.l25/CH - u n i t ;  

( ii) t h e  r e s i i u a l  d i s t a n c e  f o r  t h e  i o n i c  group and  t h e  
PPY-chains i s  1.2 nm; 

(iii) d i f u n c t i o n a l  t e n s i d e s  a r e  i n c o r p o r a t e d  i n  form of 
s i n g l e  l a y e r  s t r u c t u r e  e l emen t s .  

-SO3) i s  o n l y  63 % of t h a t  c a l c u l a t e d  from 

These c o n c l u s i o n s  l e d  u s  
t o  t h e  s t r u c t u r e  model 
d e p i c t e d  i n  F i g .  5. The 
s h o r t  l i n e s  r e p r e s e n t  
p y r r o l e  c h a i n s  which are 
seen  a l o n g  t h e  c h a i n  a x i s .  
There  i s  l a r g e  d i s o r d e r  
which i s  e .  g .  i n d i c a t e d  
by t h e  f a c t  t h a t  t h e r e  are 
no h i g h e r  o r d e r s  of  t h e  
s m a l l  a n g l e  peak and by 
i t s  shape .  The o r d e r  as  
i d e a l i z e d  i n  F ig .  5 
r a n g e s  o n l y  a b o u t  3 
" l a t t i c e  p l a n e s "  i n  e a c h  

2*THETA 

F I G U R E  5 
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