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The isomerizat ion of undoped (CH), was 
inves t iga ted  i n  a combined Raman and ESR 
experiment. 
but  not the spin concentration, is cor re la ted  
w i th  the deqree o f  isomerizat ion as determined 
from the Raman i n t e n s i t i e s .  The spin 
concentrat ion does not change u n t i l  t he  
isomerizat ion i s  we l l  advanced. Hence the 
decrease i n  l i new id th  must be due t o  the 
increased m o b i l i t y  o f  the spins ( s o l i t o n s )  
ra ther  than exchange in te rac t i on .  
qeneration is suggested t o  be due t o  Diels-Alder 
c ross l ink ing .  The Raman i n t e n s i t i e s  i n d i c a t e  
t h a t  there are two isomerizat ion processes, w i th  
a c t i v a t i o n  energies o f  16 and 28 kcal/mole. 
Anomalous Raman sca t te r i ng  by c i s  (CH), 
exc i ted  w i th  deep red laser  l i g h t  provides 
add i t i ona l  evidence f o r  defect  structures.  

We f i n d  tha t  the €SR l inewid th ,  

The sp in  

CIS-TRANS ISOMERIZATION AND STRUCTURE OF (CH), 

Polyacetylene (CH), has a t t rac ted  very strong 
i n t e r e s t  i n  chemical and phys ica l  research work 
recent ly .  
enhancement o f  conduct iv i t y  upon doping , an 
unusually strong and narrow ESR l i n e  coupled w i t h  
w e l l  expressed Overhauser e f f e c t  i n  ENDOR 

*On leave from the Un ivers i ty  o f  Vienna and the 
Ludwig Boltzmann I n s t i t u t e  i n  Vienna. 

This is mainly due t o  the ve y strong f 
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I98 H. KUZMANY er al. 

experiments2 9 3  and a vety6strong and unusual 
resonance Raman e f f e c t  . - According t o  the 
current i n te rp re ta t i on  the maqnetic proper t ies are 
determined by h iqh ly  mobile spin-carrying domain 
wal ls separating the two degenerate ground states o f  
the tr ns 01 mer. According t o  Su, Schr ie f fer  and 
Heeqer these domain walls can be described i n  a 
so l i t on  model. The unusual resonance Raman e f f e c t  i n  
the t rans polymer is understood as being due t o  a 
d i s t r i b u t i o n  o f  undisturbed conjuqations o f  various 
length alonq the chains o f  the polymer. 

Though i t  is wel l  known that  the unusual 
propert ies i n  (CHI are induced by the 
isomerization o f  the polymer from c i s  t o  trans, 
l i t t l e  e f f o r t  has been put on a be t te r  understanding 
o f  t h i s  isowerization process. One reason f o r  i t  
might be that isomerization i n  a s o l i d  a t  
temperatures as low as 100 C is d i f f i c u l t  t o  
understand i n  general because o f  the strona s t e r i c  
hindrdnce o f  any large scale movements. On the other 
hand it was shown by several authors that  most o f  the 
spins showinq the unusual resonance behavi r are 

3 p y  

generated durina the isomerization process 8 9 8  . 
I n  t h i s  paper we discuss a model describing the 

process o f  isomerization and spin generation. 
Experimental resu l t s  from a combined ESR and Raman 
study are used t o  check on evidence f o r  t h i s  model. 

I n  a previous workg i t  was sugqested that  the 
isomerization process occurs by a r o t a t i o n  o f  two 
adjacent carbons around the chain ax is  as shown i n  
Figure la.  This process requires the generation o f  
rad ica ls  i n  order t o  al low a r o t a t i o n  o f  the double 
bond. Since t h i s  type o f  isomerization process is 
known from f i n i t e  unsaturdted hydr carbons l i k e  
cis-butene t o  require 63 kcaLlmolePU, defects alonq 
the chain must play an essent ia l  r o l e  a t  l eas t  f o r  
the i n i t i a t i o n  o f  the isomerization. Also 
isomerization can only occur between two defects 
since the mismatch between a c i s  and a t rans seqment 
on a chain impl ies an unstable s ta te  o f  increased 
energy. These defects do not necessari ly i n te rup t  
the conjugation and may thus appear trdnsparent t o  a 
so l i ton.  
discussed recent ly by Vanderbilt and Mele . Some defects o f  the relevant fo fT  have been 
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ISOMERIZATION AND SPIN GENERATION IN (CH). 199 

a 

b C 

Figure 1. Mechanism f o r  isomerization (a) and spin 
generation by Diels-Alder cross linking (b) and (c). 

In order to explain spin generation during 
isomerization recall that in finite polyenes 
Diels-Aldfh,fSoss linking is frequently 
observed. This process is shown in Figure 
I b .  It can only happen if a segment with a diene and 
a dienophile structure (a cis-transoid and a 
trans-cisoid structure) are facing each other. Since 
as-polymerize 
cis-transoid, p3 !“):he required trans-cisoid 
confiauration needs to be induced thermally or by 
isomerization-induced strains. The created section 
o f  trans-cisoid is then terminated by two radicals as 
shown in Figure Ic. A subsequent Diels-Alder 
crosslink breaks the conjugation and thus prevents a 
recombination of the two radicals, even after they 
become mobile solitons upon isomerization. 
Crosslinking in all cis-transoid (CH), is thus 
directly related to spin generation. 

is generally assumed to be all 
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200 H. KUZMANY el (11. 

EXPERIMENTAL TECHNIQUES 

A few mi l l igrams o f  c i s  (CH), as prepared by the 
Shirakawa method were sealed i n t o  an ESR quartz tube 
and the Raman and ESR spectra were taken from the 
same sample at  various stages o f  the isomerization 
process. A l l  Raman experiments were performed a t  
l i q u i d  ni t rogen temperature i n  an immersion cryostat  
whereas the ESR spectra were measured a t  room 
temperdture. The microwave power used i n  the ESR 
experiment was less than 4pW f o r  the invest igat ion o f  
the a l l - c i s  mater ia l  i n  order t o  avoid s ignal  
saturation. The isomerization temperature was kept 
low (between 45°C and 130°C) since the ESR l i n e  width 
and the Raman signal  appeared t o  be very sensi t ive t o  
the i n i t i a l  stages o f  the isomerization process. 
Raman spectra were exci ted i n  the v i s i b l e  spect ra l  
range between 45798, and 67098,. 
Raman spectra for the t rans polymer was performed i n  
terms o f  long and short conjugations. A deta i led 
discussion o f  the Raman data w i l l  be given elsewhere. 

The analysis o f  the 

EXPERIMENTAL RESULTS 

Taking Raman spectra a t  various stages o f  the 
isomerization a continous change o f  the char- 
a c t e r i s t i c  l i n e s  for the c i s  isomer t o  those o f  the 
trans isomer was observed. I n  p a r t i c u l a r  the pdr ts  
o f  the resonance-enhanced trans l i n e s  which o r ig ina te  
from the long and the short segments, respect ively,  
were observed t o  develop as two separate bands. For 
a quant i ta t ive measure fo r  the degree o f  
is0 er izat ion,  the strong iso la ted c i s  l i n e  a t  1252 
cm- was used. Figure 2 shows the r e l a t i v e  change 
o f  scatter ing i n t e n s i t y  on a logar i thmic scale 
as a funct ion o f  isomerization time a t  130 C f o r  
e x i t a t i o n  wi th  4579A laser  l i g h t .  The i n i t i a l  
isomerization r a t e  R i  appears much higher than the 
r a t e  R f o r  the l a t e r  isomerization as indicated i n  
the f igure.  
temperatures revealed an ac t i va t i on  energy o f  16 
kcal/mol and 28 kcal/mol for R i  and R, respect- 
i ve l y .  This i s  i n  good agreement wi th r e s u l t s  

T 

Performing t h i s  analysis for various 
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ISOMERIZATION AND SPIN GENERATION IN (CH)= 20 1 

1.0 0 

13OoC, 4579A 

I I I I I I 1 
20 40 60 80 100 

time (min) - 0.1 
0 

F i g u r e  2. R e l a t i v e  h a n q e  o f  s c a t t e r i n g  i n t e n s i t y  o f  
t h e  l i n e  a t  1252 cm-' i n ' c i s  CHx for  i s o m e r i z a t i o n  
a t  130 C. 

o b t a i n e d  by S h i r a k a w a 1 6  from i n f r d r e d  s t u d i e s .  
s h o u l d  b e  n o t i c e d  t h a t ,  i n  t h e  cdse o f  F i g u r e  2, 
i s o m e r i z a t i o n  was n o t  y e t  c o m p l e t e d  a f t e r  65 m i n u t e s  
a t  130 C. 

t r d n s  l i n e  f o r  t h e  
g e t  i s o m e r i z a t i o n  rates, 1 - I ( t ) /  I (0) 
was p l o t t e d  and  r e s u l t s  i d e n t i c a l  t o  t h o s e  w i t h  t h e  
cis l i n e  were o b t a i n e d .  However, t h i s  t r a n s  l i n e  c a n  
b e  s p l i t  i n t o  c o n t r i b u t i o n s  from s h o r t  and l o n g  
s e g m e n t s ,  r e s p e c t i v e l y .  It t u r n e d  o u t  t h a t  o n l y  t h e  
p a r t  d u e  t o  s h o r t  s e g m e n t s  e x h i b i t s  t h e  v e r y  h i g h  
i n i t i a l  i s o m e r i z a t i o n  ra te .  A f t e r  some i s o m e r i z a t i o n  
t h e  ra tes  for  s h o r t  and l o n a  s e g m e n t s  become a p p r o x -  
i m a t e l y  e q u a l .  The d i a q r a m  is c h a r a c t e r i s t i c  o f  what  
we h a v e  o b s e r v e d  fo r  i s o m e r i z a t i o n  a t  o t h e r  
t e m p e r a t u r e s .  The l i n e  n a r r o w i n g  ( x )  is v e r y  f a s t  
and  o c c u r s  a l r e a d y  i n  t h e  i n i t i a l  stages o f  t h e  
i s o m e r i z a t i o n  w h e r e a s  s p i n  g e n e r a t i o n  ( 1 is slower 
i n i t i a l l y .  W i t h  i n c r e a s i n g  i s o m e r i z a t i o n  t h e  ra te  o f  
l i n e  n a r r o w i n g  slows down. T h e r e  is c l e a r l y  n o  
r e l a t i o n s h i p  b e t w e e n  a c t u a l  s p i n  c o n c e n t r a t i o n  a n d  
l i n e  w i d t h .  ( F i n a l  l i n e  w i d t h s  f o r  t h e  a l l  t r a n s  

It 

A similar a n a l y s i s  c a n  b e  p e r f o r m e d  w i t h  t h e  
C = C s t r e k g h  modetr I n  o r d e r  t o  
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202 H. KUZMANY er al. 

Figure 3 shows the  change o f  the ESR l i n e  width 
and spin concentrat ion on a l oga r i t hm ic  t ime scale 

I 1 I I 

I6 10' to' I 0' 
time (rnin1-c 

Figure 3. Re la t i ve  change o f  ESR l i n e  width ( x )  and 
spin concentrat ion ( ) f o r  c i s - t rans  isomer iza t ion  a t  
102 (1 as compared t o  the disappearance o f  Raman l i n e s  
from the c i s  component ( 0 ) .  

mate r ia l  were observed t o  be between 1.0 and 0.6 
gauss depending on the isomerizat ion temperature). 
The c i r c l e s  ( 0 )  represent the normalized c i s  f r a c t i o n  
i n  the mater ia l ,  as obtained from Raman sca t te r ing .  
Apparently t h i s  quan t i t y  is d i r e c t l y  r e l a t e d  only t o  
the ESR l i n e  width and no t  t o  the  sp in  concentrat ion. 

E x c i t i n g  the  Raman spectrum o f  as-qrown c i s  
CHx w i th  deep red l ase r  l i g h t  shows a strong 
enhancement o f  the  sca t te r i ng  i n t e n s i t y  from the  
i n e v i t a b l e  small  t rans  content i n  the  sample. 
was f i r s t  observed exper imental ly by L. Lichtmann . 
We found tha t  both resonance enhanced l i n e s  o f  the  
t rdns  polymer develop a de ta i l ed  f i n e  s t ruc tu re .  A t  
l e a s t  four  peaks are present f o r  the band of the  

Thf? 
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ISOMERIZATION AND SPIN GENERATION IN (CH). 203 

C = C s t r e t c h  mode. After s l i g h t  i s o m e r i z a t i o n  t h i s  
band c h a n g e s  r a p i d l y  t o  t h e  wel l -known . t r i a n g u l a r  
f o r r , f q r  r e d  l i g h t  e x c i t a t i o n  i n  t r a n s  
CHX . F i g u r e  4 shows e x p e r i m e n t a l  results 
of Raman s p e c t r a  for  as -grown cis CH, a n d  s l i q h t l y  
i s o m e r i z e d  c i s  CH,. 
w i t h  4579A laser l i g h t  w h e r e a s  t h e  two lower s p e c t r a  
were e x c i t e d  w i t h  6709A laser l i g h t .  
n o r m a l i z e d  t o  5 m W  laser e x c i t a t i o n .  
r e s o n a n c e - e n h a n c e d  mode a r o u n d  1100 cm c h a n g e d  
i n  a s l i q h t l y  d i f f e r e n t  way d u r i n g  t h e  i s o m e r i z a t i o n  
as compared  t o  t h e  p u r e  C = C s t r e t c h  mode. 
d e t a i l e d  s t u d y  o f  t h e  c h a n q e  i n  t h e  band  p r o f i l e  a n d  
l i n e  i n t e n s i t y  w i t h  i s o m e r i z a t i o n  w i l l  h e  p u b l i s h e d  
e l s e w h e r e * .  The s t r u c t u r e  i n  t h e  C = C s t r e t c h  p e a k  
was f o u n d  t o  h e  d u e  t o  r e s o n a n c e  s c a t t e r i n a  from 
d e f e c t s  on t h e  c h a i n ,  The r e s o n a n c e  c o n d i t i o n ,  t h e  
f r e q u e n c y  and  t h e  c h a n q e  of s c a t t e r i n g  i n t e n s i t y  
d u r i n g  i s o m e r i z a t i o n  for  t h e  p e a k  a t  1462 cm-l i n  
t h e  s e c o n d  trace of f i q u r e  4 a p p e a r s  as o n e  would 
e x p e c t  f o r  a s p r e a d - o u t  r a d i c a l  i n  t h e  cis p o l y m e r  a s  
e.q. shown i n  f i g u r e  I b  a n d  I c .  

The t o p  s p e c t r u m  was e x c i t e d  

The s p e c t r a  are 

Thf 

A 

DISCUSSION AND CONCLUSION 

The v e r y  low v a l u e  o f  16 k c a l / m o l  f o r  t h e  a c t i v a t i o n  
e n e r g y  is a clear i n d i c a t i o n  t h a t  t h e r e  must  h e  
d e f e c t - i n d u c e d  i s o m e r i z a t i o n .  As i s o m e r i z a t i o n  
c o n t i n u e s  t h e  a c t i v a t i o n  e n e r g y  i n c r e a s e s  t o  28 
k c a l / m o l .  T h i s  is a l r e a d y  close to  t h e  v a l u e  of 31 
k c a l / m o l  o b s e r v e d  f o r  o t h e f 8 s o l i d  p o l y m e r s  w i t h  C = C 
b o n d s  l i k e  p o l y a l k e n a m e r s .  However ,  i n  t h e s e  

*We f o u n d  t h a t  t h e  u n u s u a l  b e h a v i o r  fo r  t h e  
e x c i t a t i o n  o f  c is  CHx w i t h  d e e p  r e d  laser l i g h t  is 
d u e  t o  t h e  d i f f e r e n t  b e h a v i o r  of t h e  o p t i c a l  
a b s o r p t i o n  c o e f f i c i e n t  f o r  c i s  a n d  t r a n s  CH,. 
S i n c e  67098 is beyond t h e  a b s o r p t i o n  r e q i m e  for cis 
CHx t h e  small f r a c t i o n  of t h e  l a t t e r  material is 
o b s e r v e d  i n  r e s o n a n c e  u n d e r  c o n d i t i o n s  u s u a l l y  
e n c o u n t e r e d  i n  m a t r i x  i s o l a t i o n  s p e c t r o s c o p y .  
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r 

H. KUZMANY ef a/. 

Fiqure 4. Resonance Raman spectrum for cis CHx as 
exicted w i th  45798, and f o r  cis CHx and s l i g h t l y  
isomerized c i s  CH, (20 minutes a t  90 C) as exci ted 
w i th  67098,. A l l  spectra are normalized t o  5 mW 
exc i ta t ion .  

polymers the process o f  isomerizat ion i s  also not 
we l l  understood. A v i b r a t i o n  o f  the double bond 
around the d ihedra l  anpie might help t o  l i f t  i t s  
strong dien character. 
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ISOMERIZATION AND SPIN GENERATION IN (CH). 205 

The l a c k  of any  d i r e c t  r e l a t i o n  b e t w e e n  t h e  
q e n e r a t i o n  of s p i n s  and t h e  n a r r o w i n g  o f  t h e  ESR l i n e  
is clear e v i d e n c e  t h a t  e x c h a n g e  i n t e r a c t i o n  is n o t  
r e s p o n s i b l e  for  t h e  r e d u c t i o n  of t h e  l i n e  w i d t h .  The  
close r e l a t i o n  b e t w e e n  l i n e  n a r r o w i n q  and  
i s o m e r i z a t i o n  s u g q e s t s  r a t h e r  t h a t  t h e  m o t i o n  o f  t h e  
s p i n s  i n  t h e  i s o m e r i z e d  p a r t s  of t h e  p o l y m e r  a c c o u n t s  
f o r  t h e  n a r r o w i n g .  S o l i t o n - a n t i s o l i t o n  a n n i h i l a t i o n  
may b e  t h e  r e a s o n  f o r  t h e  r e d u c e d  n e t  s p i n  g e n e r a t i o n  
i n  t h e  i n i t i a l  s t e p s  of i s o m e r i z a t i o n .  A n n i h i l a t i o n  
w i l l  o c c u r  d u r i n g  i s o m e r i z a t i o n  whenever  two 
D i e l s - A l d e r  c r o s s l i n k s  h a p p e n  t o  b e  o n  t h e  same 
c h a i n .  The Raman band s h a p e s  i m p l y  t h e  e x i s t e n c e  of 
d e f e c t s  i n  t h e  as-grown cis p o l y m e r  i n  q e n e r a l  a n d  
are c o n s i s t e n t  w i t h  t h e  e x i s t e n c e  of s p r e a d  o u t  
r a d i c a l s  on t h e  cis p a r t s  of t h e  c h a i n s  i n  
p a r t i c u l a r .  The o b s e r v e d  d e f e c t s  may w e l l  b e  t h e  
r e a s o n  f o r  t h e  r e d u c e d  a c t i v a t i o n  e n e r g y  fo r  t h e  
i s o m e r i z a t i o n  p r o c e s s .  

f o r  i s o m e r i z a t i o n  and  s p i n  g e n e r a t i o n  is c a p a b l e  of 
e x p l a i n i n g  d e t a i l e d  r e s u l t s  o b t a i n e d  from Raman 
e x p e r i m e n t s  and from ESR e x p e r i m e n t s  p e r f o r m e d  d u r i n g  
i s o m e r i z a t i o n  of CH,. 
d i r e c t l y  r e l a t e d  t o  cross l i n k i n g * .  The  o b s e r v e d  
n a r r o w i n g  of t h e  ESR l i n e  is l i k e l y  t o  b e  d u e  t o  
s o l i t o n  m o t i o n .  Defects are o b s e r v e d  t o  p l a y  a major 
role a t  least  i n  t h e  i n i t i a l  s t e p s  of t h e  
i s o m e r i z a t i o n  p r o c e s s .  

I n  c o n c l u s i o n  we f o u n d  t h a t  t h e  model  s u g g e s t e d  

S p i n  q e n e r a t i o n  a p p e a r s  t h u s  
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