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PROPERTIES OF (CH),-FISERS A N D  FILIiS P R E P A R E D  
F R 0 I.1 3 T F M - T C D T 

H . K A I I L E R T  and G .  L E  IS IllG 
I n s t i i u t  f u r  F e s t k o r p e r p h y s i  k ,  TU G r a z ,  
P e t e r s g a s s e  1 6 ,  A-8010 G r a z ,  A u s t r i a  

A b s t r a c t  The p r e p a r a t i o n  o f  ( C H ) x  s t a r t i n g  f rom 
b i  s - (  t r i f l  uo romethy l  ) - t r i  c y c l o - d e c a - t r i e n e  
( B T F I 1 - T C D T )  a l l o w s  t o  p r o d u c e  amorphous  f i l m s ,  
c r y s t a l l i n e  s i n g l e  f i b e r s ,  and f u l l y  o r i e n t e d  non-  
f i b r o u s  c r y s t a l l i n e  f i l m s ,  d e p e n d i n g  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 .  We d e s c r i b e  t h e  e x p e r i m e n t a l  
me thods  t o  p r o d u c e  t hese  t h r e e  t y p e s  o f  t r a n s - p o l y -  
a c e t y l e n e  s a m p l e s .  For  a c h a r a c t e r i z a t i o n  o f  t h e  
n a t e r i  a1 we present  X-ray  and  H E E D - p a t t e r n s ,  and  I R -  
s p e c t r o s c o p i c a l  d a t a .  In  p a r t i c u l a r ,  t h e  f u l l y  
o r i e n t e d  c r y s t a l l i n e  f i l m s  f o r  t h e  f i r s t  t i n e  p e r m i t  
a d e t a i l e d  s t u d y  of  t h e  p o l a r i z a t i o n  b e h a v i o r  o f  t h e  
I F - a c t i v e  n o d e s  o f  t r a n s - ( C H ) , .  Our t r a n s p o r t  s i u -  
d i e s  co rnpr i se  m e a s u r e m e n t s  of  t h e  a n i s o t r o p y  o f  t h e  
DC-conduc t iv i  t y  i n  doped  and  undoped sanipl e s  and 
t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  c o n d u c t i v i t y .  The 
t r a n s p o r t  b e h a v i o r  and t h e  o p t i c a l  d a t a  i n  o u r  o p i -  
n i o n  r e f l e c t  i n t r i n s i c  p r o p e r t i e s  o f  c r y s t a l l i n e  
p o l y a c e t y l e n c  n o t  o b s c u r e d  by t h e  f i b r o u s  m o r p h o l o -  
gy o f  p r e v i o u s  i n v e s t i g a t e d  n a t e r i  a1 . 

1 . P R E P A 4 A T I O N  A N D  f , I O R P H O L O G Y  

The mo n orie r 7 , 8- b i s - ( t r i f 1 u o r oille t hy 1 ) - t r i c y c  1 o - [4 , 2 , 2 ,ill- 
d e c a - 3 , 7 , 9 - t r i e n e  ( B T F M - T C D T )  i s  p r e p a r e d  by a Die1 s -  
Alder r e a c t i o n  of h e x a f l u o r o b u t - 2 - y n e  and c y c l o o c t o -  
t e t r a c n e .  T h i s  a o n o n e r  can  be p o l y m e r i z e d  t o  p o l y -  
(STFM-TCDT) ( p r e c u r s o r  p o l y m e r )  u s ing  c. n c t o t h e s i  s c a t a -  
l y s t  p r e p a r e d  f r o n  t e t r a a e t h y l  t i  n and t u n g s t e n  h e x a -  
c h l o r i d e .  I t  i s  f u r t h e r o n  c o n v e r t e d  t o  p o l y a c e t y l e n e  by 
a s i m p l e  t h e r n a l  t r e a t m e n t ’ .  This g e n e r a l  p r e p a r a t i o n  
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2 H. KAHLERT AND G. LEISING 

r o u t e  a l l o w s  a v a r i e t y  o f  p r o c e d u r e s  f o r  t h e  s y n t h e s i s  
o f  p o l y a c e t y l e n e .  The t h r e e  ways o f  p o l y a c e t y l e n e  s y n -  
t h e s i s  we c a r r i e d  o u t  a r e  o u t l i n e d  i n  F i g . 1 .  I f  t h e  p r e -  
c u r s o r  p o l y m e r  i s  c o n v e r t e d  t o  p o l y a c e t y l e n e  u n d e r  m i l d  
c o n d i t i o n s  ( p r o c e s s  i n  f i r s t  l i n e  o f  F i g . 1 )  o v e r  a l o n g  
p e r i o d  o f  t i m e  ( d a y s )  we o b t a i n  amorphous p o l y a c e t y l e n e  
powder o r  f i l m s  d e p e n d i n g  o n  t h e  s t a t e  o f  t h e  p r e c u r s o r  
p o l y m e r .  F i l m s  o f  t h i s  k i n d  have  been i n v e s t i g a t e d  b y  
X - r a y  d i f f r a c t i o n  and t h e  r e s u l t s  a r e  d i s c u s s e d  i n  
d e t a i l  b e l o w .  

SOLUBLE VOLATILE 
MONOMER +PREPOLYMER .* BTFM - BENZENE + POLYACETYLENE 

+ -+4--& 

+ n+wx 
amorphous owders 

and firms 

amorphous films 

+ nx+- 
cr stalline fibres and 
fdly oriented crystal- 

line films 

F i g . 1  P r o c e s s e s  f o r  t h e  s y n t h e s i s  o f  p o l y a c e t y l e n e  

Amorphous p o l y a c e t y l e n e  f i l m s  c a n  a l s o  be  p r e p a r e d  by a 
one s t e p  me thod  ( p r o c e s s  i n  second  l i n e  o f  F i g . 1 1 ,  w h i c h  
p r o c e e d s  b y  t h e  p o l y m e r i z a t i o n  o f  t h e  monomer and t h e  
e l  i m i  n a t  i on o f  h e x a f  1 u o r o x y l  ene i n  one s t e p 2 .  However,  
t h e  p u r i t y  o f  t h i s  one s t e p  p o l y a c e t y l e n e  i s  l o w e r  com- 
p a r e d  t o  t h e  o t h e r  t w o  me thods  ( p r o c e s s e s  i n  f i r s t  and 
t h i r d  l i n e  o f  F ig .11 ,  as f a r  as  r e s i d u e s  o f  t h e  c a t a l y s t  
a r e  c o n c e r n e d .  The r e a s o n  f o r  t h i s  i s  t h a t  p u r i f i c a t i o n  
t e c h n i q u e s  a p p l i c a b l e  i n  t h e  o t h e r  t w o  p r o c e d u r e s  c a n  
n o t  be  u s e d  i n  t h i s  case .  

The c o n v e r s i o n  o f  t h e  p r e c u r s o r  p o l y m e r  t o  p o l y a c e t y -  
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PREPARATION OF (CH), FROM BTFM-TCDT 

lene is accompanied by a large decrease in volume o f  t h e  
polymer.This results i n  strong deformations inside the 
sample, when the conversion is carried out at elevated 
temperatures. The resulting stress leads t o  the forma- 
tion of fibrillar structures i n  the previously homoge- 
neous precursor polymer film (Fig.2). 

3 

1 
50 100 150 2 

T ICI 
10 

Fig.2 S E M  picture of stress Fig.3 DSC trace of t h e  
cracked fibers of polyacetylene precursor polymer; 

heating rate: 40 K/min 
High-energy electron-diffraction ( H E E D )  on these fibers 
document their high crystallinity a n d  a very good orien- 
tation of the polyacetylene chains. Based on this pbser- 
vation of stress induced crystallization we produced 
single fiber polyacetylene3 as well as fully ori6nted 
non fibrous crystalline polyacetylene4 by applying uni- 
axial stress onto the precursor polymer fibeis or films 
during the conversion reaction. The elimination of t h e  
hexafluoroxylene from the poly-(BTFM-TCDT) leaves t h e  
created carbon-carbon double bonds i n  the cis-form, 
which are consecutively isomerized to trans at the ele- 
vated temperature of t h e  conversion process. We have 
studied these two processes by Differential Scanning 
Calorimetry (DSCI. A DSC trace for a heating rate of 
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4 H. KAHLERT AND 0. LEISING 

40 K /m in  i s  shown i n  F i g . 3 ,  where  t h e  e x o t h e r m i c  peak  
f o r  t h e  e l i m i n a t i o n  o f  h e x a f l u o r o x y l e n e  ( a t  100°C 1 and 

t h e  peak o r i g i n a t i n g  f r o m  t h e  i s o m e r i z a t i o n  ( a t 1 4 0 " C  I 
a r e  c l e a r l y  v i s i b l e .  The peak  t e m p e r a t u r e s  o f  t h e s e  t w o  
r e a c t i o n s  e x h i b i t  a r a t h e r  s t r o n g  dependence on t h e  
h e a t i n g  r a t e ;  b o t h  peak  t e m p e r a t u r e s  d e c r e a s e  w i t h  d e -  

c r e a s i n g  h e a t i n g  r a t e .  T h i s  v a r i a t i o n  o f  t h e  peak l o c a -  
t i o n  can be used  t o  c a l c u l a t e  t h e  r e s p e c t i v e  k i n e t i c  
p a r a m e t e r s  o f  t h e  t w o  r e a c t i o n s .  A s  we know f r o m  SEM 
s t u d i e s ,  p o l y a c e t y l e n e  samp les  s y n t h e s i z e d  b y  t h e  p r e p a -  
r a t i o n  r o u t e s  d e s c r i b e d  above, h a v e  o f  a homogeneous 
and compact  m o r p h o l o g y  2,3,4,9,10 

2.STRUCTURE 

I n v e s t i g a t i o n s  on t h e  s t r u c t u r e  o f  f u l l y  o r i e n t e d  c r y s -  
t a l l i n e  and amorphous t r a n s - ( C H ) ,  f i l m s  were  c a r r i e d  o u t  
b y  X - r a y  and e l e c t r o n  d i f f r a c t i o n  e x p e r i m e n t s .  F i l m s  ob-  
t a i n e d  b y  t h e  p r o c e d u r e  d e s c r i b e d  i n  F i g . 1  ( p r o c e s s  i n  
t h i r d  l i n e  o f  F i g . 1 )  e x h i b i t  a f u l l y  o r i e n t e d  h i g h l y  
c r y s t a l l i n e  a r r a n g e m e n t  o f  t h e  p o l y a c e t y l e n e  c h a i n s .  

F i a . 4  X - r a y  scan  o f  o r i e n t e d  F i g . 5  X - r a y  scan  o f  t h e  
c r y s t a l l i n e  t r a n s - ( C H ) ,  i n  a amorphous t r a n s - ( C H I x  
p l  ane p e r p e n d i  c u l  a r  t o  
t h e  s t r e t c h i n g  d i r e c t i o n  
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PREPARATION OF (CH). FROM BTFM-TCDT 

F i g . 4  e x h i b i t s  an  X - r a y  s c a n  i n  a p l a n e  p e r p e n d i c u l a r  t o  

t h e  d i r e c t i o n  o f  o r i e n t a t i o n  p e r f o r m e d  w i t h  c o p p e r  K O C  

r a d i a t i o n  ( X = 1 . 5 4 1 7 8  8 ) .  T h e r e  i s  n e g l i g i b l c  a m o r p h o u s  

b a c k g r o u n d  s c a t t e r i n g  i n d i c a t i n g  t h e  v e r y  h i g h  d e g r e e  o f  
c r y s t a l l i n i t y .  C o m p a r e d  t o  p r e v i o u s  r e s u l t s  o b t a i n e d  b y  

X - r a y  d i f f r a c t i o n  e x p e r i m e n t s  o n  s t r e t c h  o r i e n t e d  S h i r a -  

kawa t y p e  p ~ l y a c e t y l e n e ~ ,  t h e  a m o u n t  o f  t h e  c r y s t a l  1 i n e  
p o r t i o n  i n  o u r  s a m p l e s  i s  e v i d e n t l y  much  h i g h e r .  The  d o -  
m i n a n t  r e f l e c t i o n  w i t h  i t s  p o s i t i o n  a t  29 = 2 4 . 4 "  i s  com- 

p o s e d  o f  t h e  0 2 0  a n d  1 1 0  i n t e n s i t i e s .  I t  shows  a f u l l  

w i d t h  a t  h a l f  maximum (FWHM) o f  1 . 6 5 " ,  w h i c h  i n d i c a t e s  
a n  a v e r a g e  c r y s t a l l i t e  d i a m e t e r  o f  m o r e  t h a n  60 8 .  T h i s  

c r y s t a l l i t e  s i z e  i s  o b t a i n e d  f r o m  t h e  S c h e r r e r  e q u a t i o n  

n e g l e c t i n g  t h e  f a c t  o f  a c o m p o s e d  p e a k .  T h e  i n d i v i d u a l  
c r y s t a l l i t e s  a r e  p r e c i s e l y  a l i g n e d  w i t h  t h e i r  c - a x i s  

p a r a l l e l  t o  t h e  d i r e c t i o n  o f  s t r e t c h i n g .  I n  c o n t r a s t  t h e  
a a n d  b a x i s  a r e  r a n d o m l y  d i s t r i b u t e d  i n  t h e  a - b  p l a n e .  

6 C o m b i n e d  e v a l u a t i o n  o f  t h e  H E E D  a n d  X - r a y  m e a s u r e m e n t s  
g i v e s  t h e  f o l l o w i ' n g  s t r u c t u r a l  p a r a m e t e r s  a s s u m i n g  a 

m o n o c l i n i c  u n i t  c e l l :  a = 4 . 1 8 ( 1 )  8 ,  b = 7 . 3 4 ( 0 ) A ,  

c = 2 . 4 2 ( 9 )  A and  I3 = 9 0 . 5 "  . A  d e f i n i t e  d e c i s i o n  a b o u t  t h e  
s p a c e  g r o u p  c a n  o n l y  b e  made b y  r e l i a b l e  m e a s u r e m e n t s  o f  

t h e  X - r a y  i n t e n s i t i e s ,  e s p e c i a l l y  o f  t h e  0 0 1  r e f l e c t i o n s .  

T h e s e  k i n d  o f  s t u d i e s  a r e  c u r r e n t l y  i n  p r o g r e s s .  

The  r e s u l t  o f  an  X - r a y  s c a n  o n  an  a m o r p h o u s  t r a n s -  
( C H I ,  f i l m  p r o d u c e d  b y  t h e  u p p e r  m o s t  r o u t e  i n  F i g . 1  e x -  

h i b i t  j u s t  o n e  b r o a d  maximum (FWHM= 6 . 5 " )  i n  t h e  v i c i n i t y  
o f  t h e  s t r o n g e s t  r e f  1 e c t i o n  o f  t h e  c r y s t a l  1 i n e  n a t e r i  a1  

( s e e  F i g . 5 ) .  The p o s i t i o n  o f  t h e  a m o r p h o u s  h a l o  a t  28  = 

2 2 . 3 " ,  a b o u t  t w o  d e g r e e s  b e l o w  t h e  c r y s t a l l i n e  020 -110  
p e a k ,  i s  p r e d o m i n a n t l y  d e t e r m i n e d  b y  i n t e r m o l e c u l a r  d i s -  

t a n c e s .  U s i n g  t h e  B r a g g - e q u a t i o n  f o r  t h e  a n g l e  a t  t h e  
s c a t t e r i n g  maximum we c a l c u l a t e d  an  a v e r a g e  i n t e r m o l e c u -  
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6 H. KAHLERT AND 0. LEISING 

l a r  s p a c i n g  o f  4 A .  N e v e r t h e l e s s , t h e  v a l u e s  o f  i n t e r m o -  
l e c u l a r  d i s t a n c e s  and p a c k i n g  d e n s i t i e s  d e r i v e d  t h i s  way 
s h o u l d  be  c o n s i d e r e d  w i t h  e x t r e m e  c a r e ,  s i n c e  i n t r a m o l e -  

c u l a r  d i s t a n c e s  w i l l  a l s o  c o n t r i b u t e  t o  t h e  h a l o .  

1.0- 

i 
B 
'I 

3. OPTICAL A N D  TRANSPORT PROPERTIES 

1 I I 

T 

E l c  ?""r 

The i n f r a r e d  s p e c t r u m  o f  p u r e  t r a n s - ( C H ) ,  i s  d o m i n a t e d  b y  
t w o  a b s o r p t i o n  bands, one a t  3011 c m - l  w h i c h  a r i s e s  f r o m  
t h e  C - H  s t r e t c h i n g  v i b r a t i o n  and t h e  o t h e r  a t  1010  cm'l 
w h i c h  i s  due t o  t h e  o u t - o f  p l a n e  C - H  d e f o r m a t i o n  v i b r a -  
t i o n .  P o l a r i z e d  i n f r a r e d  r e f l e c t i o n  and t r a n s m i s s i o n  
s p e c t r a  o f  a f u l l y  o r i e n t e d  c r y s t a l l i n e  t r a n s - ( C H ) ,  f i l m  
a r e  shown i n  F i g . 6  and 7,  f o r  p a r a l l e l  and p e r p e n d i c u l a r  
p o l a r i z a t i o n  o f  t h e  e l e c t r i c  v e c t o r  w i t h  r e s p e c t  t o  t h e  
s t r e t c h i n g  d i r e c t i o n .  

F i g . 6  I n f r a r e d  s p e c t r a  f o r  F i g . 7  I n f r a r e d  s p e c t r a  f o r  
p o l a r i z a t i o n  p a r a l l e l  t o  p o l a r i z a t i o n  p e r p e n d i c u l a r  
t h e  c - a x i s  t o  t h e  c - a x i s  

The C - H  d e f o r m a t i o n  v i b r a t i o n  i s  p o l a r i z e d  p e r p e n d i c u l a r  
t o  t h e  c h a i n  a x i s ;  o u r  b e s t  samp les  showed n o  a b s o r p t i o n  
i n  t h e  p a r a l l e l  d i r e c t i o n  i n d i c a t i n g  a g a i n  t h e  p r e c i s e  
a l i g n m e n t  o f  t h e  (CH),-chains. F o r  t h e  C - H  s t r e t c h i n g  
v i b r a t i o n  one w o u l d  a l s o  e x p e c t  t h e  a b s o r p t i o n  o n l y  a t  
p e r p e n d i c u l a r  p o l a r i z a t i o n ,  whereas  t h e  i n f r a r e d  t r a n s -  
m i s s i o n  d a t a  show a s l i g h t l y  h i g h e r  a b s o r p t i o n  a t  p a r a l -  
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PREPARATION OF (CH), FROM BTFM-TCDT I 

l e l  p o l a r i z a t i o n .  S t u d i e s  t o  e x p l a i n  t h i s  behav io r  a r e  
i n  p r o g r e s s .  The ave rage  i n f r a r e d  a b s o r p t i o n  i s  h i g h e r  
f o r  p o l a r i z a t i o n  p a r a l l e l  t o  t h e  o r i e n t a t i o n  d i r e c t i o n .  
From t h e  Fabry-Pero t  i n t e r f e r e n c e s  we deduced t h e  re- 
f r a c t i v e  i n d i c e s  n,, = 2.66 and n l  = 1 . 3 3 .  The weak i n -  
f r a r e d  bands above and below 1000 cm-’ a r i s e  from hexa-  
f l u o r o x y l e n e  r e s i d u e s ,  which can be removed by f u r t h e r  
h e a t i n g  t h e  sample i n  high vacuum. 

F ig .0  P o l a r i z e d  o p t i c a l  abso rp -  
t i o n  s p e c t r a  of pu re  t r a n s - ( C H ) ,  
i n  t h e  v i s i b l e  range  

Op t i ca l  t ransmissSon s p e c t r a  of 
t h e  f u l l y  o r i e n t e d  t r a n s - ( C H ) ,  
i n  t h e  v i s i b l e  range  show ext rem-  
l y  a n i s o t r o p i c  b e h a v i o r .  The 
t r a n s m i s s i o n  m i n i m u m  due t o  lT-P 
t r a n s i t i o n s  appea r s  a t  2 . 1  eV f o r  

t h e  amorphous t r a n s - ( C H ) ,  t h e  

1 1 ,  1 
/ 

O1 2 p a r a l l e l  p o l a r i z a t i o n  7 y 8 .  For 

minimum o c c u r s  a t  2 . 3  eV a n d  i n d i c a t e s  a somewhat s m a l l e r  
l e n g t h  o f  u n i n t e r r u p t e d  con juga ted  sequences  compared t o  
t h e  o r i e n t e d  m a t e r i a l .  However, f o r  t h e  c a l c u l a t i o n  of 
t h e  t r u e  a b s o r p t i o n  s p e c t r a  i t  i s  n e c e s s a r y  t o  t a k e  t h e  
r e f l e c t i v i t y  i n t o  accoun t .  From o p t i c a l  t r a n s m i s s i o n  a n d  
r e f l e c t i v i t y  measurements of ve ry  t h i n  f i l m s  ( a  f ewhun-  
dred  nanomete r s ) ,  i n  t h e  range  from 200 t o  1000 n m ,  we 
have c a l c u l a t e d  t h e  a b s o r p t i o n  s p e c t r a  f o r  both p o l a r i -  
z a t i o n  d i r e c t i o n s  ( s e e  F i g . 8 ) .  The maximum of a b s o r p t i o n  
i s  now l o c a t e d  a t  about  1 . 5  eV. 

The a n i s o t r o p i c  behav io r  of t h e  f u l l y  o r i e n t e d  t r a n s -  
( C H I ,  i s  a l s o  r e v e a l e d  by t h e  D C - c o n d u c t i v i t y 7 y 8 .  The 
c o n d u c t i v i t y  measurements were performed o n  samples  c u t  

Photw\ awrgy (eVl 
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8 H. KAHLERT AND 0. LEISING 

either para1 1 el or perpendi cul ar, t o  t h e  orientation di - 
rection using the four probe technique. For the electric 
field oriented parallel to the chains we observe an ac- 
tivated conductivity with an activation energy of 0.26 eV 
and a value of G =  6.10-5 (ficm)-’ at room temperature. I n  
the perpendicular direction the conductivity at room tem- 
perature is about two orders of magnitude lower and e x -  
hibits an activation energy o f  0.17 eV. The ratio of the 
anisotropy decreases with decreasing temperature. Doping 
of polyacetylene samples prepared by the methods des- 
cribed above appears to be very difficult, since t h e  dif- 
fusion o f  the dopant is determined by t h e  compact morpho- 
logy. Oriented trans-(CH), films doped with iodine 
(9 mol X I  showed a room temperature conductivity of 
G =  33 ( n c m )-’. The anisotropy ratio, however, is again 
of the order of 100 at room temperature and remains ap- 
proximately constant down t o  10 K. The temperature depen- 
dence of the doped samples cannot be explained by an ac- 
tivated behavior. 
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