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SOLVED AND UNSOLVED PROBLEMS I N  THE SOLID-STATE 

POLYMERIZATION OF DIACETYLENES 

v. ENKELMANN, G .  W E N Z ,  M . A .  MULLER, M .  SCHMIDT, 

G . WEGNER 

I n s t i t u t  f u r  Makromolekulare  Chemie, U n i v e r s i t a t  

F r e i b u r g ,  S t e f a n - M e i e r - S t r .  31,  D-7800 F r e i b u r g  

A b s t r a c t  Knowledge o f  t h e  c o n v e r s i o n  dependence o f  t h e  

m o l e c u l a r  w e i g h t  and  m o l e c u l a r  w e i g h t  d i s t r i b u t i o n  i s  

n e c e s s a r y  i n  o r d e r  t o  u n d e r s t a n d  t h e  mechanism of p o l y -  

m e r i z a t i o n s .  U n t i l  r e c e n t l y  t h e  d e t e r m i n a t i o n  o f  mole- 

c u l a r  w e i g h t s  h a s  been  an u n s o l v e d  problem i n  t h e  area 

o f  t h e  s o l i d - s t a t e  p o l y m e r i z a t i o n  o f  d i a c e t y l e n e s .  I n  

t h i s  p a p e r  a s u r v e y  i s  g i v e n  of e x p e r i m e n t s  on t h e  

s o l u t i o n  p r o p e r t i e s  of two soluble p o l y d i a c e t y l e n e s .  

The p o l y d i a c e t y l e n e  c h a i n  b e h a v e s  i n  s o l u t i o n  l i k e  a 

random c o i l  of worm-like c h a i n s  w i t h  t y p i c a l  p e r s i s t e n c e  

l e n g t h  o f  150 R .  The y e l l o w - t o - b l u e  t r a n s i t i o n  i n  

P3BCMU was found t o  b e  c o n n e c t e d  t o  a n  a g g r e g a t i o n  

p r o c e s s .  

S i n c e  t h e  f i r s t  d e s c r i p t i o n  o f  t h e  s o l i d - s t a t e  r e a c t i v i t y  of 

some d i a c e t y l e n e  i n t e r m e d i a t e s  i n  t h e  i n d i g o  s y n t h e s i s  

t h e  t o p o c h e m i c a l  p o l y m e r i z a t i o n  of d i a c e t y l e n e s  has d e v e l o p e d  

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

However, many d e t a i l s  of  t h i s  un ique  r e a c t i o n  are n o t  f u l l y  

u n d e r s t o o d  t o  d a t e .  I n  t h i s  p a p e r  some r e c e n t  a p p r o a c h e s  t o  
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12 V. ENKELMANN et al. 

s o l v e  some of t h e  open q u e s t i o n s  w i l l  be reviewed. 

I n  many cases  t h e  s o l i d - s t a t e  po lymer iza t ion  of d i a c e t y l e n e s  

proceeds as an i d e a l  homogeneous topochemical r e a c t i o n .  The 

polymer cha in  i s  formed by a 1 , 4  a d d i t i o n  r e a c t i o n  of monomer 

u n i t s  which a r e  a r ranged  i n  a s t a c k .  The growing macromole- 

cu le s  form a s o l i d  s o l u t i o n  i n  t h e  monomer ma t r ix  and i n  

many cases t h e  monomer c r y s t a l  is g radua l ly  transformed i n t o  

t h e  d e f e c t - f r e e  macroscopic polymer c r y s t a l .  The packing of 

t h e  d i ace ty l ene  monomers can be c h a r a c t e r i z e d  by t h e  s t a c k i n g  

d i s t a n c e  d and by t h e  angle  Q between t h e  s t a c k i n g  a x i s  and 

t h e  r e a c t i v e  t r i p l e  bond system ( Fig .  1 ) .  

I 

R 

R 

R 

I 

4.91 a I 

F I G U R E  1 Schematic r e p r e s e n t a t i o n  of t h e  packing of 

d i  ace t y  l e  ne monome rs and t h e  topo  chemi c a 1 po 1 y m e  r i z a- 

t i o n  ( Rv : van d e r  Waals d i s t a n c e  ) .  

I n  a f i r s t  approximation i t  can be assumed t h a t  du r ing  t h e  

r e a c t i o n  t h e  s u b s t i t u e n t s  R r e t a i n  t h e i r  p o s i t i o n  whi le  t h e  
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SOLVED AND UNSOLVED PROBLEMS 13 

d i a c e t y l e n e  groups r o t a t e  i n  o rde r  to  b r i n g  t h e  r e a c t i n g  C 

atoms i n  c l o s e  con tac t .  Using simple geometr ica l  cons idera-  

t i o n s  i t  can be p r e d i c t e d  t h a t  maximum r e a c t i v i t y  w i l l  be 

observed f o r  t h e  packing parameters d 2 5 R and 4 2 45'. 

This  i s  shown i n  F ig .  2 where t h e  parameters  of d i a c e t y l e n e  

monomers ob ta ined  i n  c r y s t a l  s t r u c t u r e  ana lyses  are summa- 

r i z e d  . 2-6 

0 0 0 

0 
0 

\ \ ' \  
R = 3.5 4.0 1.5 5.0 b 

L 6 8 
d / A  

FIGURE 2 P l o t  of d vs 4 . The broken l i n e s  are l i n e s  of 

cons t an t  d i s t a n c e  R between t h e  r e a c t i n g  atoms. Open 

p o i n t s :  i n a c t i v e  s t r u c t u r e s ,  c lo sed  p o i n t s :  r e a c t i v e  

s t r u c t u r e s .  

High r e a c t i v i t y  i s  only  observed i f  t h e  s e p a r a t i o n  R between 

t h e  r e a c t i n g  atoms i s  l e s s  than 4 8. A s i m i l a r  requirement 

i s  a l s o  observed i n  o t h c r  s o l i d - s t a t e  r e a c t i o n s ,  e . q .  t h e  
I 2 + 2 cyc loadd i t ion  of o l e f i n s  . 

However, i t  should  be noted  t h a t  t h e r e  i s  no obvious co r re -  

l a t i o n  between t h e  a b s o l u t e  r e a c t i v i t y  o r  t h e  r e a c t i o n  

k i n e t i c s  and t h e  packing parameters .  I n  some cases  t h e  

r e a c t i v i t y  of  monomers w i t h  i d e n t i c a l  packing and isomorphous 
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14 V. ENKELMANN er at. 

c r y s t a l  s t r u c t u r e s ,  e . g .  PTS, R = -CH 0-SO - I \  CH and 

P F B S ,  R = -CH O - S 0 2 a - F ,  d i f f e r s  by a f a c t o r  o f  10 o r  

more . 
Although much is known a b o u t  t h e  r e a c t i o n  k i n e t i c s  and t h e  

r e a c t i v e  i n t e r m e d i a t e s  i n v o l v e d  i n  t h e  r e a c t i o n  t h e r e  

i s  n o  t h e o r y  which is able  t o  p r e d i c t  t h e  r e a c t i o n  r a t e  w i t h -  

o u t  a d j u s t a b l e  p a r a m e t e r s  2 2 .  One o f  t h e  r e a s o n s  f o r  t h i s  

f a i l u r e  are  r a t h e r  complex s i d e  g r o u p  mot ions  and e n e r g y  

t r a n s p o r t  p r o c e s s e s  d u r i n g  t h e  r e a c t i c i n g  which c a n n o t  b e  t a k e n  

i n t o  a c c o u n t  by t h e  e x i s t i n g  t h e o r i e s  

F a r  more i n s i g h t  i n t o  t h e  p o l y m e r i z a t i o n  mechanism t h a n  t h e  

o v e r a l l  r e a c t i o n  ra te  g i v e s  t h e  c o n v e r s i o n  dependence o f  t h e  

m o l e c u l a r  w e i g h t  and i t s  d i s t r i b u t i o n .  Owing t o  t h e  e x t r e m e  

i n s o l u b i l i t y  o f  m o s t  of t h e  b e t t e r  i n v e s t i g a t e d  PDAs, however ,  

o n l y  v e r y  l i m i t e d  e x p e r i m e n t a l  d a t a  have  been  a v a i l a b l e  u n t i l  

r e c e n t l y  . S i n c e  P a t e l  d e t e c t e d  j.n 1978 t h a t  poly(4,6- 

d e c a d i i n -  1 , l O - d i o l - b i s  (n-butoxycarbonylmethylurethane) ) , 

P3BCMU i s  a r e a d i l y  s o l u b l e  polymer  t h e  s t u d y  o f  t h e  

s o l u t i o n  p r o p e r t i e s  of PDA c h a i n s  a t t r a c t e d  i n c r e a s i n g  i n t e r -  

e s t .  More r e c e n t l y  a f a i r  amount of s o l u b l e  PDAs have  been  

s y n t h e s i z e d  i n  several l a b o r a t o r i e s  . In t h e  f o l l o w i n g  

t h e  p o l y m e r i z a t i o n  and t h e  s o l u t i o n  p r o p e r t i e s  of t w o  b e t t e r  

i n v e s t i g a t e d  examples ,  PTS-12 ( R = - ( C H  ) -0SO - 0 - C H  ) 

and 3BCMU ( R = - ( C H  ) -0CONH-CH COO-(CH ) -CH ) w i l l  b e  

rev iewed.  

2 2 0 3  

2 8 

9-2 1 

5,6,23 

24-27 

2 8- 30 

32-33 

2 4  2 -  3 

2 3  2 2 3  3 

THE MONOMERS 

The d o s a g e  c o n v e r s i o n  c u r v e  f o r  t h e  p o l y m e r i z a t i o n  o f  PTS-12 

w i t h  C o  y - r a d i a t i o n  i s  shown i n  F i g .  3. The p o l y m e r i z a t i o n  

i s  c h a r a c t e r i z e d  by an i n d u c t i o n  p e r i o d  which i s  f o l l o w e d  by 

a r a p i d  r e a c t i o n .  F o r  comple te  c o n v e r s i o n  a dosage  of 15 Mrad 

i s  r e q u i r e d .  The o n s e t  of t h e  r a p i d  r e a c t i o n  i s  c o n n e c t e d  

60 
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SOLVED AND UNSOLVED PROBLEMS 15 

XI % 

40 

30 

20 

10 

0 
0 0.5 1 1.5 

FIGURE 3 Dosage c o n v e r s i o n  c u r v e s  f o r  t h e  polymerization 

of PTS-12 a t  O°C and 3 0  C. 
0 

wj.th a p h a s e  t r a n s i t i o n  34.  I n  t h e  monomer s t r u c t u r e  t h e  b 

a x i s  i s  d o u b l e d .  The t r a n s i t i o n  can  be f o l l o w e d  by  a c o n t i -  

nuous d e c r e a s e  of t h e  i n t e n s i t i e s  of all r e f l e c t i o n s  h a v i n g  

odd k i n d i c e s .  The dependrnce  of t h e  l a t t i c e  parameters de- 

t e r m i n e d  a t  110 K on t h e  c o n v e r s i o n  i s  shown i n  F i g  4 .  The 

d o u b l i n g  of t h e  u n i t  c e l l  i n  t h e  monomer p h a s e  i s  e x p l a i n e d  

by t h e  f a c t  t h a t  c o n t r a r y  t o  t h e  polymer  c h a i n  t h e  monomer 

u n i t  i s  n o t  c e n t r o s y m m e t r i c .  A p r o j e c t i o n  of t h e  monomer and  

polymer crys ta l  s t r u c t u r ~ s  on a common p l a n e  i s  shown i n  F i g .  

5 .  P o l y m e r i z a t i o n  p r o c e e d s  i n  t h r  c d i r e c t i o n .  N e i g h b o r i n g  

monomer u n i t s  a r e  s e p a r a t e d  by 5 .19  8 making a n  a n g l e  of 
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16 V. ENKELMANN et al. 

Dosage J Mrod 

0.5 1 3 

Conversion in 

FIGURE 4 Dependence of t h e  l a t t i c e  parameters  of PTS-12 

on t h e  convers ion .  

47.9O with  c. These packing parameters  a r e  we l l  w i th in  t h e  

range where h igh  r e a c t i v i t y  i s  expec ted .  I t  can be seen i n  

F ig .  5 t h a t  t h e  monomer has two d i f f e r e n t l y  o r i e n t e d  s i d e  

groups.  The c e n t e r s  of t h e  t r i p l e  bond systems a r e  s e p a r a t e d  

from t h e  symmetry c e n t e r s  of t h e  polymer cha in  by about 1 8,  
i . e .  t h e  polymer iza t ion  i s  accompanied by unusual ly  l a r g e  

t r a n s l a t i o n a l  and r o t a t i o n a l  motions wi thou t  any d e s t r u c t i o n  

of t h e  c r y s t a l .  The r a t h e r  complex mctions i n  PTS-12 can be 

regarded as a s p e c i a l  case  of t h o s e  cbserved  i n  o t h e r  d i -  

ace ty l enes .  Here t h e  whole methylene s p a c e r  group i s  i n -  
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SOLVED AND UNSOLVED PROBLEMS 17 

FIGURE 5 P r o ~ r c t i o n  o f  t h e  monomer and polymer c r y s t a l  

structures of PTS-12 o n  a common p l a n e .  

c l u d e d  i n  t h e  c o n f o r m a t i o n a l  changes  n e c e s s a r y  t o  b r i n g  t h e  

r e a c t i n g  C a toms i n  c l o s e  c o n t a c t .  The t e r m i n a l  p - t o l u e n e -  

s u l f o n a t e  g r o u p s  are  a l r e a d y  i n  t h e  monomer pseudo-cent ro-  

s y m m e t r i c a l l y  r e l a t e d  ( c f .  F i g .  5 ) and r e t a i n  t h e i r  

p o s i t i o n .  

3BCMU c a n n o t  b e  q u a n t i t a t i v e l y  p o l y m e r i z e d  by y - i r r a d i a t i o n .  

A f t e r  a h i g h  i n i t i a l  p o l y m e r i z a t i o n  r a t e  t h e  r e a c t i o n  s l o w s  

down and a l i m i t i n g  c o n v e r s i o n  of a p p r o x i m a t e l y  65 p e r c e n t  

i s  r e a c h e d  a t  h i g h  d o s a g e s .  

The c r y s t a l  s t r u c t u r e  of t h e  monomer w a s  d e t e r m i n e d  a t  110 K 

u s i n g  s t a n d a r d  t e c h n i q u e s  6. P e r t i n e n t  c r y s t a l l o g r a p h i c  d a t a  

and  d e t a i l s  o f  t h e  s t r u c t u r e  a n a l y s i s  a re  g i v e n  i n  T a b l e  1 .  

F i n a l  atomic p a r a m e t e r s  a r e  summarized i n  T a b l e  2 . t 

'Tables  o f  p a r a m e t e r s  of t h e  H a toms,  o b s e r v e d  bond l e n g t h s  
and  a n g l e s  and  o f  o b s e r v e d  and c a l c u l a t e d  s t r u c t u r e  f a c t o r s  
a re  a v a i l a b l e  upon r e q u e s t  f rom V .  Enkelrnann. 
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18 V. ENKELMANN er al. 

TABLE 1 C r y s t a l l o g r a p h i c  d a t a  and d e t a i l s  of t h e  c r y s t a l  

s t r u c t u r e  d e t e r m i n a t i o n  f o r  3BCML' monomer. E.s.d.'s a r e  

g i v e n  i n  p a r e n t h e s e s .  

a / 8  58.80 ( 2 ) 

b / a  4 . 9 0 ( 1 )  

( . / a  8.69(1) 

B / O  99.0( 3) 

spa re  qroiip C2/c 

D / ycm-3 1 . 2 8  

9 4 2  
mpas 11 r e d  i i r i  i q u p  
r e f l e c t i o n s  

o b s e r v e d  r e f l e c t i o n s  832 

f i n a l  R i n d e x  0.065 

X 

F I G U R E  6 P r o j e c t i o n  of t h e  c r y s t a l  s t r u c t u r e  of 3BCMU 

monomer on  t h e  p l a n e  of t h e  d i a c e t y l e n e  stack. 
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SOLVED AND UNSOLVED PROBLEMS 19 

TABLE 2 F ina l  atomic parameters f o r  3BCMU monomer. 
4 

The vdlues g iven  are f r a c t i o n a l  coord ina te s  ( x 1 0  ) 

and i s o t r o p i c  tempera ture  f a c t o r s .  E . s . d . ’ s  a r e  given 

111 paren theses .  

atom X Y z B / a 2  

C l  4 9 3 2 ( 1 )  

c 2  4819 ( 1 )  

c 3  4684  ( 1 )  

c 4  4499  ( 1 )  

4074 (18) 

2 3 5 0 (  1 7 )  

4 2 3 ( 1 8 )  

l 8 2 7 ( 1 8 )  

c5 4322 ( 1  

01 4 1 9 9 ( 1  

C6 4029  ( 1 

0 2  3987  ( 1 

N1 

c 7  

C8 

0 3  

0 4  

c 9  

ClO 

c 1 1  

c 1 2  

3933  ( 1 ) 

3736 ( 1 )  

3 5 3 5 ( 1 )  

3489 ( 1  ) 

3 4 1 0 (  1 )  

32 1 8 ( 1 ) 

3076  ( 1 )  

2 8 6 9 ( 1 )  

2716 ( 1 )  

3400  ( 19 

1441  ( 1 2  

2 5 4 3 ( 2 1  

4987  ( 1 4  

599 ( 1 4 )  

1445  ( 1 8 )  

2 4 1 4 ( 1 8 )  

1 5 3 5  ( 1 2 )  

4 2 8 1 ( 1 1 )  

541  3 (18) 

7241 ( 1 8 )  

8 3 5 4  ( 1 9 )  

10285  ( 19) 

5287  ( 7 )  

5824  ( 7 )  

6 5 2 5  ( 7 )  

7309 ( 7 )  

6 2 2 5 ( 7 )  

5 1 6 2 ( 5 )  

4094 ( 8 )  

4 0 3 7 ( 6 )  

3 1 5 7 ( 6 )  

1997 ( 7 )  

2732 ( 7 )  

3 9 2 0 ( 5 )  

1 8 9 4 ( 5 )  

2 5 6 4 ( 7 )  

1411  (8)  

2091  ( 7 )  

l O l O ( 8 )  

1 . 5 4  ( 1 2 )  

1 . 2 0  ( 1 2 )  

1 . 8 1  ( 1 3 )  

1 - 7 0  ( 1 3 )  

2 . 0 7 ( 1 4 )  

1 . 6 6 (  9 )  

1 . 9 3 ( 1 5 )  

2 . 3 0 (  1 1 )  

1 . 4 8 ( 1 0 )  

1 .SO ( 1  3 )  

1 . 5 8 ( 1 3 )  

2 . 3 1 ( 1 0 )  

1 . 6 5 (  9) 

1 . 8 9  ( 1 4 )  

2 .OO ( 1 4 )  

1 . 7 4 ( 1 3 )  

2 . 5 3  (15)  

A p r o j e c t i o n  of t h e  c r y s t a l  s t r u c t u r e  on t h e  p l a n e  of t h e  

d i a c e t y l e n e  s t a c k  i s  shown i n  F ig .  6 .  The packing parameters 

d = 4 . 9 0  and I$ = 4 7 . 3  ag ree  w e l l  w i th  t h e  observed h igh  

i n i t i a l  r e a c t i v i t y .  The hydrogen bonds of t h e  ure thane  

groups a r e  o r i e n t e d  a long  rhe s t a c k i n g  d i r e c t i o n .  N o  unusual 

0 
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20 V. ENKELMANN er al. 

F I G U R E  7 S t e reoscop ic  view of t h e  packing  i n  3BCMU. 

a i s  v e r t i c a l  and c h o r i z o n t a l .  

bond l eng ths  and ang le s  a r e  observed. A s t e r e o s c o p i c  view of 

t h e  packing i s  shown i n  F i g .  7. The monomer s t a c k s  a r e  

a r ranged  i n  a way t h a t  neighboring s h e e t s  r o t a t e  i n  oppos i t e  

d i r e c t i o n s  dur ing  t h e  r e a c t i o n .  This  i s  probably t h e  reason  

f o r  t h e  l i m i t e d  r e a c t i v i t y  d e s p i t e  of t h e  favourable  packing 

parameters .  S i m i l a r  obse rva t ions  have been made p rev ious ly  

wi th  t h e  d i a c e t y l e n e  monomer TCDU Here two modifica- 

t i o n s  wi th  v i r t u a l l y  i d e n t i c a l  packing parameters  can be 
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SOLVED AND UNSOLVED PROBLEMS 21 

2.10-2 

o b t a i n e d  one o f  which (TCDU-2) shows a s i m i l a r  l i m i t e d  

r e a c t i v i t y .  Here a g a i n  n e i g h b o r i n g  s t a c k s  p e r f o r m  r o t a t i o n s  

i n  o p p o s i t e  d i r e c t i o n s  d u r i n g  t h e  p o l y m e r i z a t i o n .  

.. 

THE GROWTH OF THE POLYMER I N  THE MONOMER MATRIX 

A s  ment ioned  b e f o r e  t h e  d e t a i l s  o f  a s p e c i f i c  p o l y m e r i z a t i o n  

r e a c t i o n  c a n n o t  b e  u n d e r s t o o d  w i t h o u t  knowledge of t h e  mole- 

c u l a r  w e i g h t  and m o l e c u l a r  w e i g h t  d i s t r i b u t i o n  and  t h e i r  re- 

l a t i o n s h i p  w i t h  t h e  c o n v e r s i o n  and o ther  e x p e r i m e n t a l  de- 

t a i l s .  The developement  of t h e  m o l e c u l a r  w e i g h t  of PTS-12 

as d e t e r m i n e d  by  g e l  p e r m e a t i o n  chromatography w i t h  i n -  

c r e a s i n g  c o n v e r s i o n  i s  shown i n  F i g .  8. I n  t h e  i n d u c t i o n  

p e r i o d  s h o r t  c h a i n s  w i t h  a n  a v e r a g e  d e g r e e  o f  p o l y m e r i z a t i o n  

Pn = 60 are  formed.  A t  h i g h e r  c o n v e r s i o n s  t h e  maximum s h i f t s  

r a p i d l y  t o  h i g h e r  v a l u e s .  Three  c u r v e s  w i t h  maxima a t  P = 

60, 2 0 0  a n d  800 can  b e  f i t t e d  t o  t h e  e x p e r i m e n t a l  chromato-  

grams.  T h i s  i s  e v i d e n t  f o r  t h e  i n t e r m e d i a t e  c o n v e r s i o n  

r a n g e  ( F i g .  8 b ) .  Above a p p r o x i m a t e l y  20 p e r c e n t  c o n v e r s i o n  

o n l y  t h e  h i g h  m o l e c u l a r  w e i g h t  p r o d u c t  i s  formed.  

n 

T5- 12 
Molrcular Weight Dtstribution 

F'oramrtcr Convctsion 

Initil product 

Molecular Weight 

FIGURE 8a  
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22 V. ENKELMANN er al. 

I -  
2.10-2 

1.10-2 

0 

10' 106 10' 

Molecular Wight 

0 2  

0 

Mdeculor Wight 

FIGURE 8 Molecular weight d i s t r i b u t i o n  of PTS-12 a t  

t h r e e  d i f f e r e n t  s t a g e s  of t h e  po lymer i za t ion .  
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SOLVED AND UNSOLVED PROBLEMS 23 

A n a l y s i s  o f  t h e  d a t a  3 1  ' 35-37 shows t h a t  t h e  c h a i n  i n i t i a t i o n  

r a t e  i s  c o n s t a n t  o v e r  t h e  e n t i r e  c o n v e r s i o n  r a n g e  w i t h  a 
-4 -1 -1 r a t e  c o n s t a n t  k .  = 6 . 2 5  1 0  Mrad ( G = 1 . 2  (100eV) ) .  

T h e r e f o r e  t h e  sudden i n c r e a s e  of t h e  o v e r a l l  r e a c t i o n  r a t e  

a n d  t h e  m o l e c u l a r  w e i g h t  must  b e  a t t r i b u t e d  t o  an i n c r e a s e  

o f  t h e  k i n e t i c  c h a i n  l e n g t h .  I t  i.s i n t e r e s t i n g  t o  n o t e  t h a t  

o v e r  t h e  whole c o n v e r s i o n  ranqe  t h e  s h o r t  c h a i n s  formed 

i n i t i a l l y  remain  i n t a c t .  T h i s  means t h a t  t h e r e  i s  no re- 

i n i t i a l i z a t i o n  of "dead" c h a i n  e n d s  and  no c o m b i n a t i o n  o f  

a c t i v e  and d e a d  c h a i n  e n d s .  A s  a consequence  t w o  d i f f e r e n t  

t e r m i n a t i o n  r e a c t i o n s  must b e  c o n s i d e r e d .  I n  t h e  " f r e e "  

t e r m i n a t i o n  a n  a c t i v e  c h a i n  end  i s  d e s a c t i v a t e d  by an  u n t i l  

now unknown r e a c t i o n .  A t  h i g h e r  c o n v e r s i o n s  t h e  " e n f o r c e d "  

t e r m i n a t i o n  becomes more and  more i m p o r t a n t .  Here a growing 

c h a i n  i s  b l o c k e d  by an a l r e a d y  e x i s t i n g  dead  polymer i n  t h e  

same s t a c k .  I n  t h i s  k i n e t i c  model t h e  k i n e t i c  c h a i n  l e n g t h  L 

i s  g i v e n  by  t h e  r a t i o  o f  t h e  p r o p a g a t i o n  and i n i t i a t i o n  

ra tes .  In F i g .  9 L i s  compared w i t h  t h e  momentaneous d e g r e e  

of p o l y m e r i z a t i o n  which c a n  b e  i n d e p e n d e n t l y  d e t e r m i n e d  

from d i f f e r e n c e  d i s t r i b u t i o n s .  W i t h i n  t h e  e x p e r i m e n t a l  

e r ro r  b o t h  L and  P show t h e  same c o n v e r s i o n  dependence .  

The p r o p a g a t i o n  ra te  i s  s t r o n g l y  t e m p e r a t u r e  d e p e n d e n t .  

I n  F i g .  10  m o l e c u l a r  weight. d i s t r i b u t i o n  c u r v e s  a f t e r  

i r r a d i a t i o n  w i t h  0 . 0 5  Mrad a t  t h r e e  d i f f e r e n t  t e m p e r a t u r e s  

a re  shown. A l l  d i s t r i b u t i o n s  are  b imodal  w i t h  maxima a t  

Pn = 60 and  4 0 0 .  A t  l o w e r  t e m p e r a t u r e s  l o n g e r  c h a i n s  are 

formed.  S i n c e  t h e r e  i s  no g r a d u a l  s h i f t  of t h e  maximum i t  

must b e  assumed t h a t  t h e  c h a i n  g r o w s  b y  t w o  d i f f e r e n t  

a c t i v e  c h a i n  e n d s  t h e  r e l a t i v e  c o n c e n t r a t i o n  of which i s  

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

r e a c t i v e  c h a i n  e n d s  c a n n o t  b e  deduced from o u r  d a t a .  
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24 V.  ENKELMANN et al, 

However, spec t roscop ic  s t u d i e s  of t h e  r e a c t i o n  in t e rmed ia t e s  

involved i n  t h e  d i a c e t y l e n e  polymer iza t ion  have l e d  t o  a 

s i m i l a r  r e a c t i o n  scheme a s  given below 15,16,19. 

M2 M3 M4 

I .  

0 LO a 80 100 
x I Yo 

F I G U R E  9 Comparison of t h e  convers ion  dependence of t h e  

k i n e t i c  cha in  l eng th  L ( 0 ) and t h e  momentaneous degree 

of polymer iza t ion  P ( ) . 
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SOLVED AND UNSOLVED PROBLEMS 25 

FIGURE 10 Tempera ture  dependence o f  t h e  m o l e c u l a r  

w e i g h t  d i s t r i b u t i o n  o f  PTS-12 a f t e r  i r r a d i a t i o n  w i t h  

0 .05  Mrad. 

THE SOLUTION PROPERTIES O F  POLYDIACETYLENE CHAINS 

The e f f e c t i v e  c o n j u g a t i o n  l e n g t h  

I n  F i g .  11 s p e c t r a  of as p o l y m e r i z e d  c r y s t a l l i n e  PTS-12, 

t h e  polymer d i s s o l v e d  i n  CHC13 and  o f  t h e  r e c r y s t a l l i z e d ,  

p a r t i a l l y  c r y s t a l l i n e  sample are  shown i n  compar ison .  The 

s t r o n g  b l u e  s h i f t  of t h e  a b s o r p t i o n  c a n  b e  d i s c u s s e d  i n  

t e r m s  o f  a s h o r t e n i n g  of t h e  e f f e c t i v e  c o n j u g a t i o n  l e n g t h  

o f  t h e  d i s s o l v e d  PDA c h a i n .  I n  t h e  r e c r y s t a l l i z e d  sample  

t w o  maxima are o b s e r v e d  which  can  b e  a s s i g n e d  t o  t h e  

amorphous ( A )  and c r y s t a l l i n e  ( K )  p a r t s .  P and P r e f e r  t o  

t h e  polymer formed i n  t h e  i n i t i a l  ( P = 60 ) a n d  l a t e r  

s t a g e s  ( P = 800 ) o f  t h e  p o l y m e r i z a t i o n .  

F i g .  12 shows an a s s e s s m e n t  o f  t h e  e f f e c t i v e  c o n j u g a t i o n  

l e n g t h  a c c o r d i n g  t o  t h e  t h e o r y  o f  Kuhn 3 8 .  Here t h e  o p t i c a l  

1 0 

n 

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

0:
20

 2
1 

Fe
br

ua
ry

 2
01

3 



26 V. ENKELMANN et al. 

- E / e V  

5 4  3 2 
I I 

1 I I I 

I 300 LOO 500 600 

FIGURE 11 T r a n s m i s s i o n  s p e c t r a  of PTS-12. 1 :  P a r t i a l l y  

p o l y m e r i z e d  s i n g l e  c r y s t a l  a t  5 p e r c e n t  c o n v e r s i o n ,  

t h i c k n e s s  0 . 1  mm; 2 :  S o l u t i o n  i n  CHC13; 3: R e c r y s t a l l i z e d  

f i l m ,  t h i c k n e s s  < 10 v m .  

bandgap E i s  p l o t t e d  as a f u n c t i o n  of t h e  number N of  con- 

j u g a t e d  m u l t i p l e  bonds f o r  PTS-12 and some model compounds. 

Using t h i s  e m p i r i c a l  c a l i b r a t i o n  c u r v e  a n  e f f e c t i v e  conju-  

g a t i o n  l e n g t h  N = 1 2 ,  i . e .  6 monomer u n i t s  c a n  b e  d e t e r m i n e d  

for  PTS-12 d i s s o l v e d  i n  CHCl S i m i l a r  v a l u e s  of t h e  e f f e c t i v e  

c o n j u g a t i o n  l e n g t h s  o f  d i s s o l v e d  PDAr; have  been  p r e v i o u s l y  

found by o t h e r  a u t h o r s  39 and a l so  i n  o u r  l a b o r a t o r y  by  

3' 
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SOLVED AND UNSOLVED PROBLEMS 21 

EIH 

5 

4 

3 

2 

1 
I 

50 20 141 10 8 6 5 4 -N : 
I 

0 0.l 0.2 lllN+l/2)- 

Jrm 

?SO 

300 

400 

500 

600 

700 
800 

FIGURE 1 2  Dependence of t h e  e n e r g y  of t h e  o p t i c a l  ab- 

s o r p t i o n  of v a r i o u s  p o l y c o n j u g a t e d  compounds on t h e  

number N of m u l t i p l e  bonds 37. 0 : P o l y - i n e s ,  

t r a n s  p o l y e n e s ,  4 : p o l y e n - i n e s ,  0 : o l i g o m e r i c  

: 

PTS-6.  

o t h e r  methods ,  e . g .  13C NMR and r e s o n a n t  rarnan s p e c t r o -  

SCOPY 
3 6 , 3 7  

THE SHAPE OF THE DJSSOLVED PDA CHAINS 

The Zimm d i a g r a m  o b t a i n e d  from l i g h t  s c a t t e r i n g  e x p e r i m e n t s  

for PTS-12 ( 59 % c o n v e r s i o n  ) d i s s o l v e d  i n  d i c h l o r o e t h a n e  
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28 V. ENKELMANN et al. 

FIGURE 1 3  Zimm d i a g r a m  o f  p r i s t i n e  PTS-12 ( 59 % con- 

t re rs ion  ) d i s s o l v e d  i n  1 , 2 - d i c h L o r o e t h a n e ,  1 = 546 nm. 

i s  shown i n  F i g .  13. 

The a n g u l a r  dependence o f  Kc/R g i v e s  i n f o r m a t i o n  a b o u t  t h e  

s h a p e  o f  t h e  macromolecules  i n  s o l u t ~ o n ~ ~ .  I n  F i g .  14 t h e  

reciprocal form f a c t o r  P = M Kc/R i s  p l o t t e d  as a f u n c t i o n  

o f  u2  = (S2) z h 2  . The t h e o r y  p r e d l c t s  f o r  random c o i l s  

a s t r a i g h t  l i n e  w i t h  s l o p e  1 /3  ( c u r v e  a ) . 

The t w o  o t h e r  downward b e n t  c u r v e s  i n  F i g .  14 ( b , c  ) 

d e s c r i b e  t h e  b e h a v i o u r  of monodisperse  and p o l y d i s p e r s e  

r o d - l i k e  m o l e c u l e s  

The e x p e r i m e n t a l  v a l u e s  a l so  shown i n  F i g .  14 f i t  t h e  

t h e o r e t i c a l  b e h a v i o u r  o f  random coi ls  e x c e l l e n t l y .  

P e r t i n e n t  d a t a  o f  t h e  l i g h t  s c a t t e r i n g  e x p e r i m e n t s  for 

PTS-12 and P3BCMU are  summarized i n  T a b l e  3 .  

0 

-1 
e w e  

40 

4 1 , 4 2  
w i t h  t h e  same c o n t o u r  l e n g t h .  
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SOLVED AND UNSOLVED PROBLEMS 29 

15 5 

-1  
e vs. FIGURE 14 Plot of the reciprocal formfactor P 

u2 . a) random coils, b )  monodisperse rigid rods, 

c) polydisperse rigid rods (Mw/Mn = 2 ) .  

TABLE 3 Results of the LS investigations of PTS-12 in 

1,2-dichloroethane and P3BCMU in C H C l  
37 

3 -  

- 3  
2- - Polymer conversion X/nm Mw 10 +2)z0.5 A 

3 -2 
% gmo1-l nm molcm g 

PTS- 12 59 546 6 30 70 .8  2 .9  
-4 

-4 
PTS- 12 59 5 78 715 76.2 4.1 l o  

PTS- 12 90 546 1430 118 2 . 0  lo 
P3BCMU 36 64 7 1360 94 5.4 
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30 V. ENKELMANN et a1 

Fur the r  i n s i g h t  i n t o  t h e  s t r u c t u r e  and p r o p e r t i e s  of d i s -  

so lved  macromolecules a r e  p o s s i b l e  i n v e s t i g a t i n g  t h e  depen- 

dence of t h e  r a d i u s  of g y r a t i o n  on t h e  molecular weight .  

Samples of  d i f f e r e n t  molecular weight. of PDAs  a r e a d i l y  ob- 

t a i n e d  by photodegrada t ion  of s o l u t i o n s  of t h e  p r i s t i n e  

polymers which a r e  usua l ly  of very h igh  molecular weight 

( c f .  Table 3 ) .  The photodegrada t ion  i s  c h a r a c t e r i z e d  by 

a random chain  s c i s s i o n  invo lv ing  f r e e  r a d i c a l s .  I t  can be 

enhanced by a d d i t i o n  of p h o t o l a b i l e  r a d i c a l  i n i t i a t o r s  and 

prevented  by r a d i c a l  scavengers  43 .  The dependence of t h e  

r ad ius  of g y r a t i o n  on M f o r  s e v e r a l  PTS-12 samples prepared  

by t h i s  technique  is p resen ted  i n  Flcj. 15. 
W 

140 

100 

80 

60 

40 

FIGIJRE 1 5  Dependence of t h e  r ad ius  of g y r a t i o n  (S3z O.’ 

on M f o r  PTS-12 d i s s o l v e d  i n  1 ,2-d ich loroe thane .  

0 : A = 546 nm, rn : A = 578 nm . 
W 
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SOLVED AND UNSOLVED PROBLEMS 31 

The exper imenta l  d a t a  shown i n  F ig .  15 can  be  expres sed  by 

ove r  a wide range of molecular  weights .  The exponent 0.55 

i s  t y p i c a l  f o r  c o i l e d  macromolecules i n  good s o l v e n t s .  

For  r i g i d  rods  an exponent of 1 . 0  i s  expec ted  . 40 

PTS-12, AN EXAMPLE FOR A WORM-LIKE CHAIN 

The data c o l l e c t e d  on t h e  s o l u t i o n  behaviour  o f  PDA c h a i n s  

can be r e a d i l y  d i scussed  i n  t e r m s  of t h e  worm-like cha in  

( Porod-Kratky cha in  ) 4 4 t 4 5 .  I n  c o n t r a s t  t o  a Kuhn cha in  

where p e r f e c t  conjugated  cha in  segments are s e p a r a t e d  by 

d e f e c t s  t h i s  concept  f o r  a cha in  molecule v i s u a l i z e s  a con- 

t i n u o u s  c u r v a t u r e  of t h e  cha in  s k e l e t o n ,  t h e  d i r e c t i o n  of 

c u r v a t u r e  a t  any p o i n t  of t h e  t r a j e c t o r y  be ing  random 

( F i g .  16 1 .  The s t i f f n e s s  of t h e  cha in  is  c h a r a c t e r i z e d  

by t h e  average  angle  CL between t h e  d i r e c t i o n s  of t w o  con- 

s e c u t i v e  segments.  The p e r s i s t e n c e  l e n g t h  L i s  then  

d e f i n e d  by 
p e r s  

- - 
‘pers 1 / (  1 - (cosa) ) 

The l i g h t  s c a t t e r i n g  d a t a  of PTS-12 s o l u t i o n s  can  be 

t r e a t e d  us ing  t h e  t h e o r i e s  developed f o r  worm-like cha ins  

I n  F ig .  17 t h e  c h a r a c t e r i s t i c  r a t i o  C of worm-like 

c h a i n s  w i t h  a Schulz-Flory d i s t r i b u t i o n  ( M /M = 2 ) i s  

p l o t t e d  as a f u n c t i o n  of t h e  contour  l e n g t h  f o r  d i f f e r e n t  

v a l u e s  of t h e  p e r s i s t e n c e  l eng th .  

For  s m a l l  deg rees  of po lymer i za t ion  t h e  theo ry  p r e d i c t s  a 

s t r o n g  i n i t i a l  i n c r e a s e  of C which r eaches  a l i m i t i n g  
P 

va lue  depending on (1 . This  means t h a t  even a s t i f f  

c h a i n  assumes t h e  p r o p e r t i e s  o f  a random c o i l  i f  it is  

P 

w n  

p e r s  
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32 V.  ENKELMANN et al. 

li 

FIGURE 16 Schematic r ep resen ta t ion  of t h e  shape of PDA 

chains .  Top: p l a n a r ,  f u l l y  conjugated cha in ;  middle : 

Kuhn model; bottom: worm-like chain.  

long enough. The experimental  d a t a  f o r  PTS-12 s o l u t i o n s  f i t  

t h e  curve c a l c u l a t e d  f o r  a worm-like chain with a p e r s i s -  

tence length of 4 0  u n i t s  ( 190 % ) very w e l l .  

A s i m i l a r  t reatment  of t h e  s o l u t i o n  p r o p e r t i e s  i s  shown i n  

Fig.  18. H e r e  t h e  dependence of t h e  Staudinger  index In.1 
on the  molecular weight is  p l o t t e d  f o r  d i f f e r e n t  values  of 

45’46. The experimental  values  f i t  t h e  curve c a l -  II 
cu la t ed  f o r  a p e r s i s t e n c e  1ength.of  150 8 ( 31 u n i t s  ) .  

The agreement between the  v i s c o s i m e t r i c a l l y  determined and 

ILS der ived p e r s i s t e n c e  l eng th  i s  reasonably good wi th in  

the  l i m i t s  of approximations made i n  t h e  c a l c u l a t i o n s .  

p e r s  
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SOLVED AND UNSOLVED PROBLEMS 33 

60 

. .  , - LO . -  

1-20 

0 1500 Loo0 
P" 

FIGURE 17 The dependence of t he  cha rac t e r i s t i c  r a t i o  

C on the  degree of polymerization P . The l i n e s  a re  

calculated f o r  worm-like chains with (1 i n  number 

of monomer un i t s  as parameter. 0 : data  from Fig.  15. 

P W 

pers  

FIGURE 18 Molecular weight dependence of the  Stau- 

dinger index [Q]. The curves a re  calculated f o r  the  

values of (1 given i n  A. pers  
0 
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34 V. ENKELMANN et 01. 

Using the  values found f o r  t he  pers i s tence  length i n  t h i s  

analysis  an  average angle a = 13 can be ca lcu la ted .  This 

means t h a t  an average deformation of 3 .3  per  bond i s  

necessary t o  produce the  experimentally observed behaviour. 

It should be emphasized a t  t h i s  point  t h a t  i n  t h i s  model 

the  f l e x i b i l i t y  of the  dissolved PDA chain i s  not brought 

& c u t  by defec ts ,  e .g .  cis-double bonds which have been 

postulated by o the r  authors 47 f48 .  A l l  attempts t o  del ibe-  

r a t e ly  produce c i s  bonds f a i l e d  and led  t o  the  chain 

sc i ss ion  described above. 

0 

0 

THE YELLOW-TO-BLUE TRANSITION I N  P3BCMU 

P3BCMU and o ther  polydiacetylenes with s imi l a r  s ide  groups 

have been noted t o  undergo dramatic colour changes when 

the solvent  t o  non-solvent r a t i o  o r  the  temperature i s  

changed 2 8 - 3 0 t 3 7 r 3 9 r 4 3 .  This t r a n s i t i o n  has been in t e r -  

preted as a s ing le  chain coil-to-rod t r a n s i t i o n  
2 8 , 3 0 , 4 7 , 4 a  

However, there  i s  experimental evidence t h a t  t h i s  i n t e r -  

e s t ing  phenomenon i s  connected t o  an aggregation process.  
6 

Contrary t o  the  yellow so lu t ion  of P3BCMU ( M = 1.36 10 

gmol-l) which can be f i l t e r e d  through a 0 . 5  pm mil l ipore 

f i l t e r  without any loss the  polymer i.s completely removed 

f i l t e r i n g  the  equivalent blue so lu t ion  through a 1 . 2  pm 

f i l t e r .  The yellow-to-blue t r a n s i t i o n  exhib i t s  a ra ther  

pecul ia r  time dependence. I t  i s  d i f f i c u l t  t o  reach a t rue  

equilibrium s t a t e  and the  r e l a t i v e  concentrations of the  

blue and yellow forms a r e  not only time and temperature 

dependent bu t  a l so  on the  h i s to ry  of t he  sample as  it i s  

commonly observed i n  nucleation control led c rys t a l l i za t ion  

or aggregation phenomena. 

The t r a n s i t i o n  i s  accompanied by a dramatic increase i n  

W 
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SOLVED AND UNSOLVED PROBLEMS 35 

l i g h t  s ca t t e r ing  in t ens i ty  which has been in te rpre ted  q u i t e  

controversal ly .  Heeger e t  a l .  47’48 explained t h i s  e f f e c t  by 

an anomalous la rge  r e f r ac t ive  index increment whereas i n  our 

group it is  a t t r i bu ted  t o  the  aggregation process already 

mentioned. More recent ly  we have determined the  r e f r ac t ive  

index increments of P3BCMU and P4BCMU i n  the yellow and 

blue s t a t e s  49. No anomaly i n  the r e f r ac t ive  index increment 

i n  the  blue so lu t ion  could be detected.  

T t  should be noted t h a t  t he  s t a t i c  and dynamic l i g h t  sca t -  

t e r i n g  r e s u l t s  were not reproducible quan t i t a t ive ly  due t o  

the  f a c t  t h a t  the proper t ies  of the  blue “solut ion“ a re  

time dependent even a f t e r  very long times. However, the  

analyses of t he  preliminary da ta  lead despi te  of a l l  ex- 

perimental  d i f f i c u l t i e s  t o  the  conclusion t h a t  i n  the  blue 

s t a t e  aggregates of 2 0 0  t o  lW0 chains a re  formed. 
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