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KINETICS OF THE R A D I A T I O N  I N D U C E D  POLYMERIZA- 
T I O N  O F  A DIACETYLENE STUDIED BY ANALYSIS OF 
THE MOLECULAR WEIGHT DISTRIBUTION 

G.  W E N Z ,  G .  WEGNER 
I n s t i t u t  f u r  Makromolekulare  Chemie, Univer- 
s i tat  F r e i b u r g ,  Stefan-Meier-StraBe 3 1 ,  
D-7800 F r e i b u r g ,  W. Germany 

A b s t r a c t  The molecular  weight  d i s t r i b u t i o n  as 
aependent  on conve r s ion ,  has been i n v e s t i g a t e d  
f o r  t h e  r a d i a t i o n  induced topochemica l  polyme- 
r i z a t i o n  of t h e  d i a c e t y l e n e  monomer Dodeca- 
5 ,7-d iyne- l ,  12 -y lene -b i s (p - to luene  s u l f o n a t e )  
(‘ITS-1 2 ” ) .  The k i n e t i c  c h a i n  l e n g t h  i n c r e a s e s  
w i t h  conve r s ion  from a b o u t  6 0  i n  t h e  e a r l y  
s t a g e s  t o  2000 a t  10 p e r c e n t  conve r s ion  and 
t h e n  s t a y s  c o n s t a n t  t o  h igh  ( 7 0  p e r c e n t )  con- 
v e r s i o n .  The r a t e  of c h a i n  i n i t i a t i o n  i s  con- 
s t a n t  up t o  h igh  conve r s ions .  A G-value of 
1 . 2  was de te rmined .  The c h a i n e n d s p r o d u c e d  i n  
t h e  cour se  of t h e  r e a c t i o n  a r e  i n a c t i v e  f o r  
f u r t h e r  po lymer i za t ion  r e a c t i o n s .  

INTRODUCTION 

The s o l i d  s t a t e  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  h a s  

grown i n t o  an i n t e r e s t i n g  r e s e a r c h  s u b j e c t  because  

it prov ides  t h e  means t o  produce macroscopic  and 

n e a r l y  d e f e c t  f r e e  s i n g l e  c r y s t a l s  of polymers  

wi th  a polyconjugated  backbone. In fo rma t ion  on 

t h e  cha in  l e n g t h  of t h e s e  polymers w a s  l a c k i n g ,  

however, f o r  a long  t i m e  due t o  t h e  i n s o l u b i l i t y  

of most of t h e  poly(d iace ty1enes) :  I t  was o n l y  

through t h e  a n a l y s i s  of t h e  e l a s t i c  behaviour  t h a t  

l i m i t e d  in fo rma t ion  on t h e  c h a i n  l e n g t h  i n  p a r t i a l -  

l y  polymerized c r y s t a l s  cou ld  be o b t a i n e d ,  e .  g.  

99 
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100 G .  WENZ and G .  WEGNER 

through Brillouin-spectroscopy. 6'7 In the recent 
years poly(diacety1enes) became available which 
dissolve readily in the usual organic solvents; 
thus molecular weight determinations were possible 
by the usual methods such as light scattering (LS), 
osmometry, gelpermeation chromatography (GPC) 
etc. 8-10 

Dodeca-5 , 7-diyne-l , 12-ylene-bis (p-toluene 
sulfonate) ( 1 )  - ('ITS-12") is an example of a di- 
acetylene which shows a similar polymerization be- 
haviour as the much investigated hexadyne-1,6- 
diol bis (p-toluene sulfonate) (PTS) but unlike 
this compound gives rise to a polymer soluble  in 
many different solvents. 

H3C-(I ?-S02-O- (CH 2 4  ) -C=C-CX!- (CH2) 4-O-S02T)-CH 3 -  1 

In a previous publication we have demonstrated 
that the polymers derived from - 1 exist in the 
form of a random coil when dissolved." In the 
following we want to report on the molecular 
weight distribution as dependent on the parameters 
of the reaction,such as the extent of conversion, 
radiation dose and temperature. 

EXPERIMENTAL 

The preparation, purification and crystallization 
of the monomer - 1 was performed as described pre- 
viously. ' The polymerization was carried out ex- 
posing single crystals of the typical size of 
1xlxO.2 mm to the radiation of a 60Co-y-source 
( 0 . 3  Mrad h") . In two sets of experiments the 
samples were thermostated at 0 and 3OoC - 1 deg. + 
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RADIATION POLYMERIZATION OF A DIACETYLENE 
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FIGURE l 6  Conversion X vs. effective dose Deff 
at (I) 0 C and ( 0 )  3OoC. 

resp. during the irradiation. Once the crystals 
had been irradiated, they were usually dissolved 
in Il2-dichlorethane immediately,but not longer 
than 3 hours after the irradiation had been fi- 
nished. The polymer dissolved in less than one 
hour without leaving any insoluble residue. The 
concentration was adjusted to a value between 
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102 G. WENZ and G .  WEGNER 

5 and 50 mg m l - '  and t h e  a p p r o p r i a t e  amount of 

t h e  s o l u t i o n  w a s  i n j e c t e d  as  soon as p o s s i b l e  i n t o  
a gpc-apparatus .  The gpc se t -up  w a s  t h e  one des-  

c r i b e d  p r e v i o u s l y .  ' ' The conve r s ion  w a s  de te rmined  
s p e c t r o s c o p i c a l l y  measuring t h e  o p t i c a l  d e n s i t y  of 

a s o l u t i o n  i n  1 , 2 - d i c h l o r e t h a n e  w i t h  a known t o t a l  
c o n c e n t r a t i o n  of monomer plus polymer. From t h e  
e x t i n c t i o n  i n  t h e  a b s o r p t i o n  peak of t h e  polymer 
a t  4 7 0  nm ( E ~ ~ ~  = 16700 1 ( m o l  c m )  - I )  t h e  concen- 

t r a t i o n  of t h e  polymer and t h u s  t h e  e x t e n t  of 

conve r s ion  cou ld  be  de te rmined .  

k 

FIGURE 2 .  Molecular  we igh t  d i s t r i b u t i o n  of t h e  
polymer of TS-12 a t  v a r i o u s  conve r s ions .  The 
l e t t e r s  cor respond t o  t h e  conve r s ion  vs .  dose  
curve  i n  F ig .  1 .  
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RADIATION POLYMERIZATION OF A DIACETYLENE 103 

1500 

500 

F I G U R E  3. Number average deqree of polymeriza- 
tion and weight average P vs. conversion 
for poPymerization at 3 0 o C ;  vhe small letters 
correspond to data on Fig. 1. 

RESULTS 

Fig. 1 shows the conversion X (in percent) as de- 
pending on the effective radiation dose, Deff. 

Deff 
the total does D absorbed by the monomer in a 
polymerizing crystal. 

is defined by equat. 1;it is the fraction of 

Deff = 7 ( I - X )  dD 
0 

The radiation-dose (time)-conversion curve shows 
features well known from the polymerization be- 
haviour of PTS. A rapid conversion only takes 3-5 
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104 G. WENZ and G .  WEGNER 

p l a c e  when the w e l l  d e f i n e d ,  slow i n z u c t i o n  
p e r i o d  i s  ove r .  The l e n g t h  of  t h e  i n d u c t i o n  pe- 

r i o d  i n c r e a s e s  w i t h  t empera tu re  b u t , i n d e p e n d e n t l y  
of temperature,quantitative conver s ion  i s  always 
reached  . 

Fig .  2 shows t h e  molecu la r  we igh t  d i s t r i b u -  
t i o n  of samples o b t a i n e d  a t  v a r i o u s  c o n v e r s i o n s  
as  i n d i c a t e d  by t h e  small l e t te rs  a-k i n  F ig .  1 .  

These d i s t r i b u t i o n  c u r v e s  have been o b t a i n e d  d i -  
r e c t l y  from t h e  gpc-diagrams making u s e  of t h e  ca- 
l i b r a t i o n  d e s c r i b e d  i n  ou r  p r e v i o u s  p u b l i c a t i o n .  
The r e s u l t s  are reported i n  a semi loga r i thmic  
scale such t h a t  W-d(logP) i s  t h e  weight  f r a c t i o n  
of t h e  polymer t h e  deg ree  of po lymer i za t ion  of 
which i s  found between logP and log P + d ( l o g P ) .  
The areas under  t h e  c u r v e s  have been normal ized  
so t h a t  t h e  t o t a l  area i s  p r o p o r t i o n a l  t o  t h e  con- 
v e r s i o n  i n  each  case. 

l l  

The maximum of  t h e  d i s t r i b u t i o n  f u n c t i o n  i s  

found a t  P=60 i f  t h e  conve r s ion  i s  n o t  l a r g e r  
t h a n  2 p e r c e n t ;  i n  o t h e r  words t h e  m o s t  p robab le  
c h a i n  i s  b u i l d  up from 6 0  monomer u n i t s .  A s  t h e  
conve r s ion  i n c r e a s e s  t h e  maximum of  t h e  d i s t r i b u -  
t i o n  f u n c t i o n  s h i f t s  r a p i d l y  t o  l a r g e r  v a l u e s .  
The polymer formed i n i t a l l y  remains  i n t a c t  howe- 
v e r .  Consequent ly ,  t h e  d i s t r i b u t i o n  becomes broa- 
d e r .  The peak p o s i t i o n  of  t h e  d i s t r i b u t i o n  c u r v e  
r eaches  a f i x e d  v a l u e ,  i f  a conve r s ion  of appro-  
x ima te ly  1 0  p e r c e n t  h a s  been reached  cor respon-  
d i n g  t o  a c h a i n  l e n g t h  of ca. 2 0 0 0  u n i t s .  I t  i s  
ve ry  i n t e r e s t i n g  t o  n o t e  t h a t  up t o  ca. 7 0  p e r c e n t  
conve r s ion  t h e  shape of t h e  d i s t r i b u t i o n  c u r v e s  
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RADIATION POLYMERIZATION OF A DIACETYLENE 105 
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F I G U R E  4 .  Number of cha ins ,g , fo rmed  v s .  ga- d i a t i o n  d o s e ,  Def f  a t  (1) 0 C and (@) 30 C.  

does  n o t  change b u t  on ly  t h e  t o t a l  amount of 

polymer increases. Even a t  a conve r s ion  of 7 0  

p e r c e n t ,  t h e  s h o r t  c h a i n s  formed i n  t h e  beg inn ing  

of  t h e  r e a c t i o n  d u r i n g  t h e  i n d u c t i o n  p e r i o d  may be  

r e a d i l y  i d e n t i f i e d  i n  t h e  gpc-chromatograms. The 

number average  Fn and t h e  weight  ave rage  Pw eva- 

l u a t e d  from t h e  d i s t r i b u t i o n  c u r v e s  are  p l o t t e d  

vs.  t h e  conve r s ion  X i n  F ig .  3 .  Q u a l i t a t i v e l y  t h e  

dependence of Fw on conve r s ion  a g r e e s  v e r y  w e l l  

w i th  t h e  d a t a  r e p o r t e d  by Leyre r  e t  a l .  f o r  t h e  

case of PTS where t h e  c h a i n  l e n g t h  dependent  
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106 G. WENZ and G. WEGNER 

Youngs-modulus of a p a r t i a l l y  conve r t ed  s i n g l e  
c r y s t a l  had been cons ide red .  6,7 

DISCUSSION 

The fo l lowing  impor t an t  f e a t u r e s  are deduced 

from t h e  shape and a q u a n t i t a t i v e  e v a l u a t i o n  of 
t h e  d i s t r i b u t i o n  cu rves :  

1 )  The s h o r t  c h a i n s  formed i n  t h e  i n i t i a l  s t a g e s  
of t h e  po lymer i za t ion  remain i n t a c t  up t o  t h e  

h i g h e s t  conve r s ion  i n v e s t i g a t e d .  Consequent ly ,  
c h a i n s  canno t  grow any f u r t h e r  once t h e y  have 

been formed o r ,  i n  o t h e r  words,  t h e  c h a i n  ends  
a r e  "dead" f o r  f u r t h e r  po lymer i za t ion .  
2 )  A t  h i g h  conve r s ion  (X> 70  p e r c e n t )  a sudden i n -  
crease i n  c h a i n  l e n g t h , a s  expec ted  f o r  cases 
where recombina t ion  between reactive c h a i n  ends  
i s  p o s s i b l e , d o e s  n o t  t a k e  p l a c e .  T h i s  i s  a l so  i n  

agreement w i t h  t h e  f i r s t  s t a t e m e n t .  
3 )  The a u t o c a t a l y t i c  behaviour  of t h e  r e a c t i o n  

ra te  i s  due t o  a conve r s ion  dependent  k i n e t i c  
c h a i n  l e n g t h  and n o t  t o  an i n c r e a s e  of i n i t i a t i o n  
e v e n t s  as t h e  conve r s ion  i n c r e a s e s .  

The l a t t e r  s t a t e m e n t  can  be  proven q u a n t i t a -  
t i v e l y  from t h e  a v a i l a b l e  d a t a .  The number of 

independent  c h a i n s , N , a r e  c a l c u l a t e d  from t h e  ra- 
t i o  of t h e  conve r s ion  X t o  t h e  number ave rage  de- 

g r e e  of po lymer i za t ion :  N = x/Pn. 
The number of  c h a i n s  found i n  t h e  sample a t  

conve r s ion  X are t h u s  p l o t t e d  vs .  D e f f  i n  F ig .  4 

g i v i n g  a s t r a i g h t  l i n e  ove r  most of t h e  range  
i n v e s t i g a t e d .  Th i s  i s  t h e  proof  t h a t  t h e  c h a i n s  
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RADIATION POLYMERIZATION OF A DIACETYLENE I07 

are  i n i t i a t e d  a t  c o n s t a n t  r a t e  and,  s i n c e  t h e  da- 

t a  a t  t h e  t w o  t empera tu res  i n v e s t i g a t e d  f i t  

t h e  same l i n e ,  t h a t  t h e  i n i t i a t i o n  ra te  i s  prac-  

t i c a l l y  independent  of t h e  t empera tu re  w i t h i n  t h e  

l i m i t e d  range  s t u d i e d  h e r e .  From t h e  s l o p e  of t h e  

cu rve  t h e  i n i t i a t i o n  ra te  k i s  c a l c u l a t e d  t o  be  

6 . 2 5 -  chains/Mrad (ppm) . The l a t t e r  v a l u e  may 

b e  used  t o  de te rmine  t h e  G-value I 2 ' l 3  of t h e  
i n i t i a t i o n , w h i c h  i s  e q u i v a l e n t  t o  t h e  quantum 

y i e l d  i n  photochemical  r e a c t i o n s ,  acco rd ing  to '  : 

I 

5 9 .65 -  1 0  G =  - kI = 1 . 2  ( e v e n t s  p e r  100 ev) . 
Mmon 

i s  t h e  m o l e c u l a r  weight  of a monomer u n i t .  

Th i s  G-value compares w e l l  w i th  i n f o r m a t i o n  
Mmon 

a v a i l a b l e  from o t h e r  r a d i a t i o n  induced s o l i d - s t a t e  

r e a c t i o n s  ; I 2 ' l 3  a v a l u e  between 1 and 7 i s  u s u a l l y  

found. 

With t h e  exper iments  d e s c r i b e d  so f a r  it h a s  

been p o s s i b l e  t o  s e p a r a t e  f o r  t h e  f i r s t  t i m e  
e f f e c t s  of  t h e  k i n e t i c  c h a i n  l e n g t h  from e f f e c t s  

r e l a t e d  t o  t h e  c h a i n  i n i t i a t i o n  even t .  Although 

a d e t a i l e d  in fo rma t ion  on t h e  chemical  n a t u r e  of 

t h e  i n i t i a t i o n  r e a c t i o n  and of t h e  s t r u c t u r e  of 

t h e  c h a i n  ends  i s  s t i l l  l a c k i n g ,  t h e  k i n e t i c s  of 

t h e  s o l i d - s t a t e  po lymer i za t ion  can now be  deve- 
loped  on much s a f e r  grounds t h a n  j u s t  based  on t h e  

knowledge of  t h e  t i m e  conve r s ion  cu rve  and t h e  

change i n  l a t t i c e  pa rame te r s .  I t  i s  p robab ly  

r e a s o n a b l e  t o  e x p l a i n  t h e  conve r s ion  dependence 

of t h e  k i n e t i c  c h a i n  l e n g t h  by a s i d e  r e a c t i o n  

l e a d i n g  t o  "dead" c h a i n  ends  which i t s e l f  may 
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I08 G. WENZ and G .  WEGNER 

depend on t h e  small g e o m e t r i c a l  changes of t h e  

l a t t i c e  i n  t h e  c o u r s e  of  t h e  r e a c t i o n .  F u r t h e r  

work t o  e l u c i d a t e  t h i s  reac t ion  is  i n  p r o g r e s s .  
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