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NEW ROUTES TO CONDUCTING POLYMERS AND NEW INSIGHTS 
I N T O  STRUCTURE-PROPERTIES RELATIONS 

GERHARD WEGNER , MICHAEL MONKENBUSCB , GERHARD WIENERS , 
ROBERT WEIZENHGFER, GUNTER LIESER AND WOLFGANG 
WERNET 
I n s t i t u t  f u 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  The s t r u c t u r e  of  conduc t ing  polymers  i s  
d i s c u s s e d  i n  comparison t o  s i m p l e ,  s o - c a l l e d  orga-  
n i c  m e t a l s  d e r i v e d  from naph tha lene  and  s imilar  
a r e n e s .  I n  t h i s  c o n t e x t  t h e  conduc t ing  polymers  are 
viewed a s  i o n - r a d i c a l  s a l t s  o f  t h e  backbone-uni t s .  
T h i s  view i s  s u b s t a n t i a t e d  by r e c e n t  r e s u l t s  f rom 
X-ray i n v e s t i g a t i o n s  on 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-quaterphenyl  a s  a model f o r  po ly (p -pheny lene )  , 
po ly -pyr ro l  s a l t s  o f  d e t e r g e n t  i o n s  and  o x i d i z e d ,  
h i g h l y  o r i e n t e d  p o l y a c e t y l e n e .  

INTRODUCTION 

D e s p i t e  e x t e n s i v e  s t u d i e s  of t h e  s o - c a l l e d  c o n d u c t i n g  
polymers  w i t h  r e g a r d  t o  t h e  n a t u r e  of c h a r g e  t r a n s p o r t  
b o t h  by expe r imen ta l  and t h e o r e t i c a l  means s u r p r i s i n g l y  
few ha rd  f a c t s  a r e  known a b o u t  t h e  s o l i d - s t a t e  s t r u c -  
t u r e ,  packing  and packing  i n t e r a c t i o n s  of  t h e s e  m a t e -  
r i a l s .  
Even t h e  chemis t ry  n e c e s s a r y  t o  produce a conduc t ing  po- 
lymer from an  i n s u l a t i n g  p r e c u r s o r  polymer i s  s t i l l  un- 
d e r  deba te .  I t  i s  now g e n e r a l l y  a c c e p t e d  t h a t  c o n d u c t i -  
v i t y  arises by o x i d a t i o n  or  r e d u c t i o n  of  a s u i t a b l e  pre- 
c u r s o r  polymer wi th  c o n c o m i t t a n t  p r o d u c t i o n  of a s a l t  
i n  which c h a r g e  r e s i d e s  on t h e  polymer backbone c o u n t e r -  
ba l anced  by gegenions  d e r i v e d  from t h e  r edox  r e a c t i o n  
a p p l i e d .  N e v e r t h e l e s s  t h e  p r o p e r  s t o i c h i o m e t r y  of  t h e  
r e a c t i o n  i s  n o t  known f o r  a s i n g l e  c a s e  d e s p i t e  l e n g t h y  
d i s c u s s i o n s  on t h e  u s e  of  t h i s  redox c h e m i s t r y  f o r  elec- 
t r o c h e m i c a l  energy  s t o r a g e .  I n  t h e  l i g h t  of t h e s e  unce r -  
t a i n t i e s  w e  want t o  d i s c u s s  t h e  r e l a t i o n s  between t h e  
b e t t e r  known s t r u c t u r e s  of  low-molecular we igh t  o r g a n i c  
m e t a l s  ( i o n - r a d i c a l  s a l t s  of a r e n e s )  and  t h e  po lymer i c  
sa l t s .  The i n s i g h t s  g a i n e d  from t h i s  comparison can  b e  
used  t o  e i t h e r  c o n s t r u c t  new t y p e s  of s t r u c t u r e s  as  
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86 G. WEGNER et al. 

A B 

FIGURE 1 The c r y s t a l  s t r u c t u r e  of  n e u t r a l  naph- 
t h a l e n e  ( A )  and of  5he c a t i o n - r a d i c a l  sa l t  (naph- 
tha lene) ; '  PF6 ( B ) .  

demonst ra ted  i n  t h e  c a s e  of  po ly  ( p y r r o l e )  - d e t e r g e n t  sa l t -  
l a y e r e d  s t r u c t u r e s  o r  f o r  i n t e r p r e t a t i o n  of s t r u c t u r a l  
data as  w i l l  be shown for o x i d i z e d  p o l y a c e t y l e n e .  

STRUCTURAL CHEMISTRY OF CONDUCTING ION-RADICAL SALTS 

The expe r imen ta l  and s t r u c t u r a l  r e q u i r e m e n t s  n e c e s s a r y  
t o  produce a s o - c a l l e d  o r g a n i c  m e t a l  are  w e l l  known.' 
I t  i s  impor t an t  t o  s t a r t  w i th  a compound which can  b e  
o x i d i z e d  or reduced  t o  an  i o n - r a d i c a l  s t a t e  o f  a l i f e -  
t i m e  l ong  enough t o  form a complex w i t h  t h e  n e u t r a l  p re -  
c u r s o r .  T h i s  complex must t h e n  c r y s t a l l i z e  i n t o  an  o r -  
g a n i c  s a l t  s t r u c t u r e  c h a r a c t e r i z e d  by o r d e r i n g  of t h e  
i o n - r a d i c a l  complex i n t o  s t a c k s  w i t h  a f ace - to - f ace -  
arrangement  of  a d j a c e n t  molecules .  
The s i m  l e s t  o r g a n i c  metals can  be produced from naph- 
t h a l e n e s  and s imilar  a r e n e s  such as  pyrene  , p e r y l e n e  , 
f l u o r a n t h e n e  or t r i ~ h e n y l e n e ~ - ~ .  C r y s t a l s  of t h e  gene- 
r a l  s t o i c h i o m e t r y  ( a r e n e )  +x- ( X = C 1 0 4 ,  BF r PF6, SbF6, 
AsF6 e t c .  ) are o b t a i n e d ,  ?€  t h e s e  compounis are elec- 
t r o c h e m i c a l l y  q x i d i z e d  i n  a n  i n e r t  s o l v e n t  c o n t a i n i n g  
e. g. ( C  H ) N-X as t h e  s u p p o r t i n g  e l e c t r o l y t e .  The 
c o u n t e r i d n g  4 X  s e r v e s  t o  p r o v i d e  e l e c t r o n e u t r a l i t y  t o  
t h e  s a l t  c r y s t a l s  growing from t h e  anode. They b a l a n c e  
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NEW ROUTES TO CONDUCTING POLYMERS 

0 
I 0 : x -  

: M y m u  
S.gr*nt 

F I G U R E  2 

a )  Packing scheme of ca- b )  Proposed pack ing  of po- 
t i o n - r a d i c a l  s a l t s  lymer c a t i o n - r a d i c a l  s a l t s  
A r  - X- [ ( segment )  2 + - ~  1, 

t h e  cha rge  l o c a t e d  on t h e  a r o m a t i c  c a t i o n - r a d i c a l  s t a c k  
(comp. f i g u r e  1 ) .  

A s  a t y p i c a l  example f i g u r e  1 shows a comparison of t h e  
c r y s t a l  s t r u c t u r e s  of n e u t r a l  naph tha lene  and  t h e  cor- 
responding  o r g a n i c  mesa1 25 t h e  compos i t ion  (naph tha le -  
neI2 'PF6 ( 0 2 9 8  1500Q c m  i n  s t a c k  d i r e c t i o n ) .  The 
t y p i c a l  f e a t u r e s  of t h e  i o n - r a d i c a l  s a l t  a r e  t h e  columns 
of naph tha lene  molecules  which are c l o s e  packed a s  t o  
l e a v e  c h a n n e l s  i n  which t h e  c o u n t e r i o n s  X are l o c a t e d .  
Within t h e  columns i n d i v i d u a l  naph tha lene  u n i t s  are 
spaced  a t  a distanoce of ca. 320 pm 
a re  r o t a t e d  by 9 0  w i t h  r e g a r d  t o  each  o t h e r .  I n  a f o r -  
m a l  s ense  e v e r y  second molecule  carries a p o s i t i v e  
c h a r g e  and a s p i n .  I n  r e a l i t y  c h a r g e  and s p i n  are 
smeared o u t  th rough t h e  whole s t a c k  and a l l  mo lecu le s  
a r e  c r y s t a l l o g r a p h i c a l l y  i d e n t i c a l .  The c o u n t e r i o n s  
s e r v e  t o  keep e l e c t r o n e u t r a l i t y  and  are " s p e c t a t o r s "  
w i t h  r e g a r d  t o  t h e  e l e c t r o n i c  p r o p e r t i e s  which i n  t u r n  
are a pro e r t y  of t h e  s u b l a t t i c e  formed by t h e  o r g a n i c  

I n  t h e  language  used  i n  t h e  f i e l d  of  conduc t ing  poly-  
mers8 go ing  from n e u t r a l  naph tha lene  ( f i g u r e  1 A )  t o  t h e  
c a t i o n - r a d i c a l  complex ( f i g u r e  1 B )  may b e  c a l l e d  "do- 
p ing"  of naph tha lene .  I n  f a c t ,  t h e  same t y p e  of  comple- 
xes  are o b t a i n e d ,  i f  s o l i d  a r e n e s  a r e  t r e a t e d  by AsF , 
SbF5 and s imi la r  o x i d i z i n g  r e a g e n t s .  C o n s i d e r a t i o n  05 
t h e  f a c t s  i n d i c a t e s  however t h a t  t h e  t e r m  "doping"  i s  
t o t a l l y  inadequa te  i n  t h i s  case. W e  r a t h e r  deal w i t h  

and a d j a c e n t  u n i t s  

r e s i d u e s .  7 
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88 G. WEGNEK et al. 

o x i d a t i o n  of t h e  a r e n e  and w i t h  t h e  fo rma t ion  of a to -  
t a l l y  new s t r u c t u r e  which h a s  no th ing  i n  common w i t h  
t h e  i n i t i a l  naph tha lene  s t r u c t u r e .  I n  a d d i t i o n ,  t h e  elec- 
t r o n i c  p r o p e r t i e s  of  t h e  o r g a n i c  metal ar ise  from i n t e r -  
molecular  i n t e r a c t i o n  between t h e  u n i t s  w i t h i n  t h e  s t a c k ;  
t h u s  t h e  packing of  t h e  molecules i s  a t  t h e  o r i g i n  of 
a l l  c o n s i d e r a t i o n s  r e l a t i n g  t o  t h e  e l e c t r o n i c  p r o p e r t i e s .  
The s t r u c t u r e  o f  t h e  ( a r e n e ) 2  X complexes may be gene- 
r a l i z e g  wi th  r e g a r d  t o  t h e  d e s i g n  of polymer ic  o r g a n i c  
m e t a l s  as it i s  shown by f i g u r e  2. S e v e r a l  u n i t  ce l l s  
are d e p i c t e d  i n  f i g u r e  2a showing i n  g e n e r a l  terms how 
t h e  s t a c k s  of t h e  i o n - r a d i c a l s  a r e  d e n s e l y  pasked  to- 
g e t h e r  l e a v i n g  channe l s  f o r  t h e  c o u n t e r i o n s  X . I f  w e  - 
i n  a Gedankenexperiment - connec t  t h e  o r g a n i c  i o n s  
w i t h i n  t h e  same l a t t i c e  p l a n e  and a l o n g  a l a t t i c e  d i -  
r e c t i o n  by chemica l  bonds,  as  shown i n  t h e  o t h e r  p a r t  
of f i g u r e  2 ,  w e  create t h e  model of  t h e  packing  of a 
po lymer ic  o r g a n i c  metal. The c i rc les  now d e p i c t  t h e  
segment of  t h e  polymer c h a i n  which s u p p o r t s  t h e  c a t i o n -  
r a d i c a l  s i t e  and t h e  b l ack  b a r s  are t h e  bonds connec- 
t i n g  t h e s e  segments. 
An immediate p r e d i c t i o n  from t h i s  model i s  t h a t  t h e  con- 
d u c t i v i t y  i n  polymer ic  sys tems shou ld  be r a t h e r  inde-  
pendent  from c h a i n  l e n g t h ,  s i n c e  t h e  e l e c t r o n i c  p rope r -  
t i e s  should  ar ise  because  o f  t h e  same p r i n c i p l e s  a s  i n  
t h e  low-molecular weight  ana logues .  Themissing l i n k  be t -  
ween t h e  low-molecular weight  o r g a n i c  metals and t h e  
polymers h a s  i n  f a c t  been found i n  t h e  case of t h e  ca- 
t i o n - r a d i c a l  s a l t s  of  ter- and q u a t e r p h e n y l . l O , l l  
These are p repa red  a s  d e s c r i b e d  fo r  t h e  o t h e r  
( a r e n e )  m a t e r i a l s  by anod ic  o x i d a t i o n  and e x h i b i t  
t h e  s t r u c t u r e  p r e d i c t e d  from t h e  model shown i n  f i -  
gu re  2b.11 They are models f o r  t h e  o r g a n i c  metal ob- 
t a i n e d  by o x i d a t i o n  of po ly  ( p-phenylene)  . I 2  

+. - 

POLYPYRROLE-SALTS WITH DETERGENTIONS: LAYERED STRUCTURES 

F igu re  2b can be c o n s i d e r e d  i n  t e r m s  o f  a l a y e r e d  s t r u c -  
t u r e  as w e l l ;  t h i s  a s p e c t  i s  s t r e n g t h e n e d ,  i f  t h e  h i g h l y  
symmetr ical  gegenions  d i s c u s s e d  so f a r ,  are r e p l a c e d  by 
a n i s o m e t r i c  i o n s  such as  t h e  i o n s  of d e t e r g e n t  molecules  
w i t h o u t ,  however, changing t h e  s t a c k i n g  of  t h e  segments 
of t h e  polymer. 
W e  have r e a l i z e d  t h i s  i d e a  i n  t h e  case o f  p o l y ( p y r r o 1 e )  
sa l ts  p repa red  by e l e c t r o c h e m i c a l  o x i d a t i o n  of p y r r o l  
i n  t h e  p re sence  of a s u p p o r t i n g  e l e c t r o l y t e  which con- 
t a i n s  s imple  d e t e r g e n t  ion.13-15 S u i t a b l e  d e t e r g e n t s  
a r e  n -a lky l  s u l f a t e s ,  - s u l f o n a t e s , -  phospha te s  and 
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NEW ROUTES TO CONDUCTING POLYMERS 89 

FIGURE 3 I d e a l i z e d  s t r u c t u r e 1 3 - l  
( s h o r t  r ange  order) i n  p o l y f p y r r o l e )  
d e t e r g e n t  s a l t s ,  seen  a l o n g  t h e  po- 
lymer c h a i n  a x i s .  The s h o r t  b l a c k  
bars r e p r e s e n t  PPY-chains, t h e  z i g -  
zag l i n e s  t h e  a l k y l c h a i n s  of  t h e  de- 
t e r g e n t s  and t h e  b l a c k  d o t s  s t a n d  
f o r  t h e  i o n i c  head groups .  Note t h e  
s t a c k i n g  of  t h e  polymer c h a i n s  a s  
i n  f i g u r e  2b. 

I / / / /  

phosphonates .  These sa l t s  g i v e  r ise t o  a sma l l - ang le  X- 
r a y  peak which scales wi th  t h e  number n of ca rbon  atoms 
per a l k y l  c h a i n  as  d ( n ) = 0 . 1 9 . n + 1 . 2  (nm). The s t r u c t u r e  
of  t h e s e  s a l t s  i s  s c h e m a t i c a l l y  d e p i c t e d  by f i g u r e  3 ;  
t h e y  e x h i b i t  c o n d u c t i v i t i e s  10<a1150 somewhat depending  
on t h e  l e n g t h  of t h e  a l k y l  c h a i n s  i n t r o d u c e d .  A su r -  
p r i s i n g  f a c t  i s  t h e  v e r y  small t e m p e r a t u r e  dependence 
of  o i n  t h e s e  m a t e r i a l s . 1 4  

STRUCTURE OF POLY(ACETYLENE) AND ITS CATION-RADICAL SALTS 

Po lyace ty l ene  can  be  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  e . g .  i n  
t h e  p re sence  of tetrabutylammoniumhexafluoroantimonate 
as  t h e  s u p p o r t i n g  e l e c t r o l y t e  to  g i v e  an  i o n i c  s o l i d  of 
m e t a l - l i k e  c o n d u c t i v i t y .  The o x i d a t i o n  may be d e s c r i b e d  
a s a n h a l f - c e l l  react ion 
. .fCH=CH);. .+R4N+(SbF6);. . f ( C H = C H ) ; + ' X - ] + R 4 N + + e -  ( 1 )  

(R=nC H ) i n  which segments  of t h e  polymer c h a i n  w i t h  n 
doubl2 %onds are o x i d i z e d  t o  f o r m  a c a t i o n  r a d i c a l  lo- 
c a t e d  on t h e  c h a i n  and  c o u n t e r b a l a n c e d  by a gegenion  
p rov ided  by t h e  s u p p o r t i n g  e l e c t r o l y t e .  S i m i l a r l y ,  io- 
d i n e ,  AsF or o t h e r  r e a g e n t s  may s e r v e  as  o x i d a n t s  t o  
produce tl?e i o n - r a d i c a l  s a l t  w i t h  a p p r o p r i a t e  c o u n t e r -  
i o n s  i n  e a c h  c a s e .  T h i s  f o r m u l a t i o n  does  n o t  i n t e n d  t o  
n e g l e c t  t h e  p o s s i b l e  d i s p r o p o r t i o n a t i o n  o r  f u r t h e r  oxi-  
d a t i o n  of t h e  i o n - r a d i c a l  t o  a s p i n - l e s s  two-va len t  
s t a t e  ( " b i p o l a r o n " ) .  
The s t r u c t u r e  of  t h e s e  h i g h l y  conduc t ing  salts  c o u l d ,  
so  f a r ,  o n l y  be guessed  by i n t e r p r e t a t i o n  o f  l i m i t e d  
d a t a  a v a i l a b l e  from powder p a t t e r n s  o r  p o o r l y  o r i e n t e d  
samples of t h e  s o - c a l l e d  Shirakawa-poly ( a c e t y l e n e )  ?813,16 

T h i s  s i t u a t i o n  h a s  changed wi th  t h e  a d v e n t  of a new 
r o u t e  t o  p o l y a c e t y l e n e  v i a  a s o l u b l e  p r e c u r s o r  polymer 
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G. WEGNER ef al. 

FIGURE 4 a ( 1 e f t ) .  F i b r e  d i f f r a c t i o n  p a t t e r n  (EM) of  
s t r e t c h e d  t r ans -po lyace ty l ene  o b t a i n e d  by t h e  r o u t e  of  
Edwards and Feast. b ( r i q h t ) .  F i b r e  d i f f r a c t i o n  p a t t e r n  
of t h e  same polymer a f t e r  t r e a t m e n t  w i t h  i o d i n e -  
(‘298- ~ l o ~ - l c m - l ) .  

f i r s t  d e s c r i b e d  by Edwards and F e a s t .  l 7  Adopting t h i s  
method w e  r e a l i z e d 1 3  t h a t  h i g h l y  o r i e n t e d  t r ans -po ly  
( a c e t y l e n e )  can be  o b t a i n e d  through s t r e t c h  a l ignemen t  
wi th  c o n c u r r e n t  p y r r o l y s i s  o f  t h e  p r e c u r s o r  polymer. 
F igu re  4a shows t h e  f i b r e  p a t t e r n  o b t a i n e d  from such 
material. I t  c a n  be indexed  n an  or thorhombic  u n i t  ce l l  
(Pnamlwith a=7.20 8,  b=4.15 k ,  c = 2 . 4 4  8,  p=1.18 g ~ m - ~ ,  
Z = 2 .  The r a t i o  of t h e  a x e s  a / b  e q u a l s  e x a c t l y  $ i n d i -  
c a t i n g  t h e  p o s s i b i l i t y  of a pseur3ohexagonal a r rangement  
(wi th  d i s o r d e r )  of t h e  polymer c h a i n s .  N o t e  a l s o ,  t h a t  
t h e  space group Pnam i s  i ncompa t ib l e  w i t h  t h e  bond a l -  
t e r n a t i o n  a long  t h e  zig-zag-chain;  it o n l y  ar ises  be- 
cause  of p o s i t i o n a l  d i s o r d e r  a l o n g  t h e  f i b r e  a x i s .  F i -  
gu re  4b shows t h e  f i b r e  p a t t e r n  o f  t h i s  m a t e r i a l  a f t e r  
exposure t o  i o d i n e ,  i .e .  of  t h e  conduc t ing  phase.  N o t e  
t h e  pronounced occurence  of s t r e a k s  a l o n g  t h e  l i n e s  i n -  
d i c a t i n g  t h e  p o s i t i o n a l  d i s o r d e r  of  nemat ic  t y p e  i n  t h i s  
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NEW ROUTES TO CONDUCTING POLYMERS 91 

m a t e r i a l .  T h e i r  p o s i t i o n s  a t  t h e  mer id i an  co r re spond  t o  
-va lues  of  3.13, 1 .86 ,  1 .55,  1 .35 ,  0 .92 ,  0.80 and  0.70  8 a l l  incommensurate w i t h  r e g a r d  t o  t h e  p e r i o d i c i t i y  o f  

t r a n s - p o l y a c e t y l e n e .  
F i g u r e  5 shows t h e  X-ray d i f f r a c t i o n  p a t t e r n s  of f i b r e s  
of  t r a n s - p o l y ( a c e t y 1 e n e )  a )  exposed  t o  i o d i n e  and b )  
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  a s  t o  o b t a i n  t h e  SbF - sa l t .  
The l a t t e r  w a s  ana lyzed  i n  more d e t a i l .  The p a t t e r n  a r i -  
ses b a s i c a l l y  from t h e  an ion  s u b l a t t i c e  , t h e  s t r u c t u r e  
f a c t o r  of t h e  polymer-segment -subla t t ice  b e i n g  compara- 
t i v e l y  s m a l l .  The s t r e a k  a t  t h e  f i r s t  l a y e r  l i n e  (d=5.4  
8)  i n d i c a t e s - t h e  p e r i o d i c i t y  of p o s i t i o n a l l y  d i s o r d e r e d  
r o w s  of SbF6 - i o n s  p a r a l l e l  t o  t h e  f i b r e  a x i s .  Toge the r  
w i t h  t h e  e q u a t o r i a l  r e f l e c t i o n s  which are d e s c r i b e d  i n  
a d e n s i t o m e t e r  t r a c e  by f i g  re  6 a u n i t  celk w i t h  
a=8 .45  8 ,  b=16.8 8, c=5.02  , a= 9 0  , B= 9 0  , y= 99.3 
can  b e  a s s i g n e d .  The c -va lue  i s  somewhat a r b i t r a r y  and  
was on ly  used  t o  s a t i s f y  t h e  c o n d i t i o n s  f o r  c a l c u l a t i o n s  
w i t h  r e g a r d  t o  t h e  packing  i n  t h e  a ,b -p lane .  The s t r u c -  
t u r e  d e r i v e d  from t h i s  p a t t e r n  and  op t imized  by pack ing  
c a l c u l a t i o n s  i s  shown i n  f i g u r e  7 .  T h i s  s t r u c t u r e  i s  
w e l l  e s t a b l i s h e d  wi th  r e g a r d  t o  t h e  an ion  p o s i t i o n s  and  
i s  open t o  f u r t h e r  improvement w i t h  r e g a r d  t o  t h e  set- 
t i n g  a n g l e  of  t h e  polymer c h a i n .  I t  i s ,  however,  cer- 
t a i n  t h a t  t h e  c h a i n s  are packed w i t h  t h e  z ig -zag -p lanes  
f a c i n g  each  o t h e r  a l o n g  a s t a c k  and  t h e y  c a n n o t  f a c e  
t h e  c o u n t e r i o n s  as  assumed by C.  W. Chien e t  a1.16 i n  
t h e  c a s e  of t h e  i o d i d e - s a l t .  
A good f i t  between obse rved  and c a l c u l a t e d  i n t e n s i t i e s  
of t h e  e q u a t o r i a l  r e f l e c t i o n s  i s  o b t a i n e d  f o r  t h i s  
s t r u c t u r e  a s  i n d i c a t e d  i n  f i g u r e  6 .  The s t r u c t u r e  h a s  
a f a i r l y  l a r g e  u n i t  c e l l  wi th  4 c h a i n s  p e r  3 rows of  
c o u n t e r i o n s ;  n o t e  a l s o  t h a t  t h e  zig-zag-geometry of  
t h e  c h a i n s  i s  incommensurate w i t h  t h e  c o u n t e r i o n  p e r i o -  
d i c i t y  of 5.4 8 e x c e p t  one would assume a v e r y  l a r g e  
u n i t  c e l l .  
F i g u r e  7 i s  o n l y  t o  b e  unde r s tood  a s  a schemat i c  p i c -  
t u r e  e s p e c i a l l y  s i n c e  t h e  d a t a  g i v e  t h e  b e s t  f i t ,  i f  
o n l y  85 p e r c e n t  of a l l  SbF6 -si tes are a c t u a l l y  occu- 
p i e d  (one r eason  f o r  t h e  appea rance  of  t h e  s t r e a k ) .  
These r e s u l t s ,  a l t h o u g h  of s t i l l  l i m i t e d  a c c u r a c y ,  
c l e a r l y  i n d i c a t e  t h a t  t h e  conduc t ing  s a l t s  of  poly-  
a c e t y l e n e  are f u l l y  w i t h i n  t h e  scope  of  o t h e r ,  less 
compl i ca t ed  c a t i o n  r a d i c a l  s a l t s ,  a t  l e a s t  as f a r  a s  
t h e  c r y s t a l  chemis t ry  i s  concerned .  

w 0 
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92 0. WEGNER ct al. 

F I G U R E  5 X-ray f i b r e  diagrams of t r a n s - p o l y ( a c e t y 1 e n e )  
a )  ( l e f t )  :I - t_rea ted ;  b )  ( r i g h t )  : 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 ,  S6F6 - coun te r ions .  
FIGURE 6 I n t e n s i t y  d i s t r i b ~ t i o n  a long  e q u a t o r  of  p a t -  
t e r n  shown i n  f i g u r e  5b; calc. i n t e n s i t y  based  on u n i t  
c e l l  shown i n  f i g u r e  7 marked by arrow. Sha rpsp ikes :  
expec ted  p o s i t i o n s  and  i n t e n s i t y  of  (001) , (030) , 
(130) ,  ( 2 0 0 ) ,  ( 1 3 0 ) ,  ( 1 4 0 )  r e f l e c t i o n s .  
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NEW ROUTES TO CONDUCTING POLYMERS 93 

FIGURE 7 P r o p o s e d  i dea l  s t r u c -  
t u r e  yf the_ t r a n s - p o l y  ( a c e t y -  
l e n e )  SbFs - s a l t ;  n o t e  t h a t  i n  
t h e  real  s t r u c t u r e  p a r t  of t h e  
a n i o n s i t e s  (215  p e r c e n t )  are 
p r o b a b l y  n o t  o c c u p i e d .  
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