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Summary 

The cha in  t r a n s f e r  c o n s t a n t s  o f  v a r i o u s  a l i p h a t i c  c o m p o u n d s  in t h e  f r e e  

r a d i c a l  p o l y m e r i z a t i o n  o f  s t y r e n e  and m e t h y l  m e t h a c r y l a t e  have b e e n  d e t e r -  

m i n e d  a t  60~ I t  has been  f o u n d  t h a t  s o m e  c y c l o a l i p h a t i c  c o m p o u n d s  s h o w  

a r e m a r k a b l e  cha in  t r a n s f e r  a c t i v i t y ,  wh ich  can a l s o  be o f  p r a c t i c a l  i n t e r e s t .  

Introduction 

In p o l y m e r  c h e m i s t r y  cha in  t r a n s f e r  is a p r o c e s s  w h e r e  a p o l y m e r i z i n g  f r e e  

r a d i c a l  r e m o v e s  an a t o m  f r o m  a n o t h e r  m o l e c u l e ,  f o r m i n g  an i n a c t i v e  p o l y m e r  

and a new r a d i c a l .  The r a t i o  o f  t h e  r a t e  c o n s t a n t s  o f  a t r a n s f e r  r e a c t i o n  and 

the normal addition of the monomer is called the transfer constant (I) and 

measures the relative reactivity of the growing radical toward the transfer 

substance. 

The p r i n c i p l e  o f  cha in  t r a n s f e r  was  i n t r o d u c e d  in to  t he  k i n e t i c s  o f  p o l y m e r i -  

z a t i o n  by F l o r y  (2) in 1937. F i r s t  r e p o r t s  on the  e f f e c t  o f  cha in  t r a n s f e r  w e r e  

g iven  by B r e i t e n b a c h  (3) (1938) and S c h u l z  e t  at. (4) (1939). K i n e t i c  i n v e s t i g a -  

t i o n s  o f  t r a n s f e r  r e a c t i o n s  have  b e e n  c a r r i e d  o u t  in 1942 by S c h u l z  and 

B l a s c h k e  (5). In I947 Gregg  and Mayo (6) s t u d i e d  the  e f f e c t  o f  s o l v e n t s  in 

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

In p r e l i m i n a r y  i n v e s t i g a t i o n s  (7) i t  was f o u n d ,  t h a t  s o m e  c y c l o h e x a n  d e r i v a -  

t i v e s  and s i m i l a r  a l i p h a t i c  c o m p o u n d s  s h o w  a r e m a r k a b l e  cha in  t r a n s f e r  

a c t i v i t y ,  w h i c h  can be u s e d  in g r a f t  c o p o l y m e r i z a t i o n s  wi th  r e s p e c t i v e  m o n o -  

mer  u n i t s .  T h e r e f o r e ,  in t he  p r e s e n t  s t udy ,  we wi l l  r e p o r t  on t h e  e f f e c t  o f  

v a r i o u s  a l i p h a t i c  c o m p o u n d s  on the  f r ee  r ad i ca l  p o l y m e r i z a t i o n  o f  s t y r e n e  
and m e t h y l  m e t h a c r y l a t e .  

Compounds 

The f o l l o w i n g  s u b s t a n c e s  w e r e  u s e d  fo r  t he  i n v e s t i g a t i o n s  o f  t h e i r  c h a i n  
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c i s / t r a n s - l , 4 - c y c l o h e x a n d i c a r b o x y l i c  

a c i d  d i m e t h y l e s t e r  

t r a n s - l , 4 - c y c l o h e x a n d i a c e t a t e  

1 ,4 :3 ,6 -  d i a n h y d r o s  o r b i t -  

2 , 5 - d i a c e t a t e  

c i s - 3 , 4 - d i a c e t o x y o x o l a n e  
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T h e  t r a n s f e r  c o n s t a n t  f o r  an  u n c a t a l y s e d  p o l y m e r i z a t i o n ,  C T, is g i v e n  by  

E q u a t i o n  1 

= + C T [ T ] / [ M ]  E q u a t i o n  1 1 / P  n 1 / P n ,  o 

w h e r e  Pn is t h e  n u m b e r  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  f o r m e d  in t h e  

p r e s e n c e  o f  a t r a n s f e r  s u b s t a n c e  [ T ]  a t  a m o n o m e r  c o n c e n t r a t i o n  [ M ] ;  P 
n , o  

is t h e  n u m b e r  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  in a b s e n c e  o f  t h e  t r a n s f e r  

s u b s t a n c e .  

In  g e n e r a l  c a s e  t h e  m o n o m e r  (M), t h e  i n i t i a t o r  (I), an  a d d e d  t r a n s f e r  s u b -  

s t a n c e  (T) o r  t h e  g r o w i n g  p o l y m e r  (P) c a n  o p e r a t e  as  a c h a i n  t r a n s f e r  a g e n t  

(6): 

1 / P  n = 1 / P n ,  ~ +C M + C I [ I ] / [ M ]  + C T [ T ] / [ M ]  + C p [ P ] / [ M ]  E q u a t i o n  2 

C M = t r a n s f e r  c o n s t a n t  o f  t h e  m o n o m e r  M 

C I = t r a n s f e r  c o n s t a n t  o f  t h e  i n i t i a t o r  [ 

C T = t r a n s f e r  c o n s t a n t  o f  t h e  t r a n s f e r  a g e n t  

Cp = t r a n s f e r  c o n s t a n t  o f  t h e  p o l y m e r  P 

T h e  t r a n s f e r  c o n s t a n t  o f  m o s t  p o l y m e r s  Cp  a n d  C I f o r  b e n z o y l  p e r o x i d e  

i n i t i a t e d  p o l y m e r i z a t i o n s  is v e r y  s m a l l .  H e n c e  i f  [ I ] / [ M ]  is k e p t  c o n s t a n t  

E q u a t i o n  2 c a n  be  w r i t t e n  as (8-10):  
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w i t h  

K = C  M 

= + K + C T [ T ] / E M ]  E q u a t i o n  3 1/P n 1/Pn,  o 

+ C I [ I ] / [ M ]  + C F [ P ] / [ M ]  = c o n s t a n t  

Results 

The t r a n s f e r  c o n s t a n t s  w e r e  d e t e r m i n e d  by v a r i a t i o n  o f  t h e  r a t i o  o f  the  

i n v e s t i g a t e d  c o m p o u n d s  t o  m o n o m e r s  at  60~ in p o l y m e r i z a t i o n  e x p e r i m e n t s  

at  l o w  c o n v e r s i o n s .  The m o l e c u l a r  w e i g h t s  o f  t he  p o l y m e r s  w e r e  o b t a i n e d  by 

gel  p e r m e a t i o n  c h r o m a t o g r a p h y  (GPC) and t h e  r e s u l t s  are  s h o w n  in T a b l e  I. 

The t r a n s f e r  c o n s t a n t s  are  c a l c u l a t e d  f r o m  t h e  s l o p e s  o f  t he  s t r a i g h t  l i nes  

o b t a i n e d  by p l o t t i n g  t h e  r e c i p r o c a l  n u m b e r  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  

a g a i n s t  the  r a t i o  o f  t r a n s f e r  s u b s t a n c e  t o  m o n o m e r  c o n c e n t r a t i o n .  

An e x a m p l e  fo r  t he  d e t e r m i n a t i o n  o f  t r a n s f e r  c o n s t a n t s  is s h o w n  in F i g u r e  1. 

The  t r a n s f e r  c o n s t a n t s  (C T} o f  t he  o t h e r  s u b s t a n c e s  w e r e  o b t a i n e d  in a 

s i m i l a r  way and are l i s t e d  in T a b l e  1. 
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F i g u r e  1. D e t e r m i n a t i o n  o f  t r a n s f e r  c o n s t a n t s  o f  c i s / t r a n s - l , 4 - c y c l o h e x a n -  

d i c a r b o x y l i c  acid  d i m e t h y l e s t e r  in s t y r e n e  and m e t h y l  m e t h a c r y l a t e  

p o l y m e r i z a t i o n  a t  6 0 ~  
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Table  1. T rans f e r  c o n s t a n t s  in s ty rene  (a) and methyl  m e t h a c r y l a t e  p o l y m e r i -  
za t ion  at 60~ with  6,0610 -2 mol-% (to monomer)  benzoyI  peroxide ;  
[M] = 0,05 tool. 

t r a n s f e r  subs t ance  [ T ] / [ M ]  M n 1/Pn'104 C T 

a) s ty rene  
c i s / t r a n s - l , 4 - c y c l o -  
hexand ica rboxy l i c  acid 
d i m e t h y l e s t e r  

t r a n s - l , 4 - c y c l o h e x a n -  
d iace ta te  

1,4:3,6- dianhydr  o- 
s o r b i t - 2 , S - d i a c e t a t e  

c i s - 3 , 4 - d i a c e t o x y -  
oxo lane  

b) methy l  m e t h a c r y I a t e  
c i s / t r a n s - l , 4 - c y c i o -  
hexand ica rboxy l i c  acid 
d i m e t h y l e s t e r  

t r a n s - l , 4 - c y c l o h e x a n -  
diacetate 

1,4 :3 ,6-d ianhydro-  
s o r b i t - 2 , 5 - d i a c e t a t e  

c i s - 3 , 4 - d i a c e t o x y -  
oxolane 

0,5 202000 5,15 
1,06 146000 7,12 
1,S 110000 9,45 
2,0 90500 11,49 
2,5 78000 13,33 
0,025 140000 7,43 
0,05 132000 7,88 
0,075 125000 8,32 
0,1 117000 8,89 
0,15 109500 9,5 
0,025 184000 5,65 
0,05 129000 8,06 
0,075 99000 10,S1 
0,1 81000 12,84 
0,15 69000 15,14 
O,S 138000 7,$4 
1,0 123000 8,46 
1,5 113000 9,2 
2,0 100000 10,4 
2,5 91000 11,4 

O,S 382000 2,62 
1,06 309000 3,24 
1,S 264000 3,79 
2,0 238000 4,2 
2,5 201000 4,96 
0,025 510000 1,96 
0,05 459000 2,18 
0,075 422000 2,37 
�9 0,1 380000 2,63 
0,15 332000 3,01 
0,025 595000 1,68 
0,05 403000 2,48 
0,075 321000 3,13 
0,1 231000 4,33 
0,15 192000 5,21 
0,5 538000 1,86 
1,0 348000 2,87 
1,S 338000 2,96 
2,0 250000 4,0 
2,5 210000 4,76 

4,2.10 -4 

1,69-10 -3 

7,7.10 -3 

1,89.10 -4 

1,16-10 -4 

8,46.10 -4 

2,9.10 -3 

1,39.10 -4 
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Discussion 

A c o m p a r i s o n  of  the cha in  t r a n s f e r  e f f e c t  o f  v a r i o u s  s u b s t a n c e s  l e ads  t o  

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

o f  t h e  t r a n s f e r  a t o m s  in the  t r a n s f e r  s u b s t a n c e s .  

T r a n s f e r  c o n s t a n t s  o f  s o l v e n t s  vary  f r o m  210  -6 fo r  b e n z e n e  (11) in t h e  p o l y -  

m e r i z a t i o n  o f  s t y r e n e  up to  5700 fo r  c a r b o n  t e t r a b r o m i d e  (11) in t h e  p o l y -  

m e r i z a t i o n  o f  v i n y l a c e t a t e .  R e g u l a t o r s  are  s u b s t a n c e s  w i t h  h igh  t r a n s f e r  

c o n s t a n t s ,  e .g.  m e r c a p t a n s ,  wh ich  are  very  s u i t a b l e  f o r  t he  r e g u l a t i o n  o f  

m o l e c u l a r  w e i g h t s ;  t h e i r  t r a n s f e r  c o n s t a n t s  (11) are  in t h e  r a n g e  o f  10 -1 to  
101" 

The transfer constants of cis/trans-l ,4-cyclohexandicarboxylic acid dimethyl- 
ester and cis-3,4-diacetoxyoxolane in the styrene polymerization are similar 
to those of acetone (4,1"I0-4), 1,2-dichlorethane (4,12"10 -4 } and diphenyl- 
methane (2,3"10 -4 ) and in the methyl methacrylate polymerization with those 
of benzaldehyde (2,5"i0-4), carbon tetrachloride (0,92S'10 -4) and chloroform 
(1,77"I0-4}. The transfer constant of trans-l,4-cyclohexandiacetate in the 
polymerization of styrene is similar to those of dibutylsulfide (2,2"I0-3), di- 
butyldisulfide (2,410 -3 ) and dibenzylsulfide (3,3S'I0-3). Those of 1,4:3,6-di- 
anhydrosorbit-2,S-diacetate in the styrene polymerization is comparable with 
diphenylsulfide (5,4810-3), diphenyldisulfide (8,7810 -3) and dimethyldisul- 
fide (9,4"10-3). The transfer constants of both model compounds in the poly- 
merization of methyl methacrylate can be arranged in the series of diphenyl- 
disulfide (7"I0-4), diphenylsulfide (I,$4I0 -3) and dibenzyldisulfide (6,27"10-3). 

The t r a n s f e r  c o n s t a n t s  of  the  c o m p a r e d  s u b s t a n c e s  are t a k e n  f r o m  the  

l i t e r a t u r e  (11). 

Experimental 

B e n z o y l  p e r o x i d e  was r e c r y s t a l l i z e d  and dr ied .  S t y r e n e  and m e t h y l  m e t h a c r y -  

l a t e  w e r e  f r e e d  f r o m  i n h i b i t o r ,  d r i ed  and d i s t i l l e d  unde r  r e d u c e d  p r e s s u r e  in 

dry n i t r o g e n  s h o r t l y  b e f o r e  use .  

Cis / t rans - l ,  4 -cycJohexandicarboxyl ic  acid d i m e t h y l e s t e r  

C i s / t r a n s - l , 4 - c y c l o h e x a n d i c a r b o x y l i c  acid  d i m e t h y l e s t e r  

was p u r i f i e d  by d i s t i l l a t i o n  (b.p.:  1 3 2 ~  mbar ) .  
(80:50) (Merck )  

Trans -I, 4 -cyclohexandiacetate 

A solution of 100 g (0,86 sol)  cis/trans-1,4-cyclohexandiole, 500 g 
(5,56 sol)  acetic anhydride and I g p-toluenesulfonic acid was refluxed for 
4 h. The excess of acetic acid and acetic anhydride was removed by vacuum 
distillation. The mixture ofcis andtrans diacetate was distil led under reduced 
pressure by116~ and 20 mbar. (Ref. (12)= m.p.: 101~ i16-I18~ mbar). 
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The t r a n s  i s o m e r  was s e p a r a t e d  by r e c r y s t a l l i z i n g  the  a c e t y l  d e r i v a t i v e  in 

a c e t o n e  a t  O~ 
P u r i f i c a t i o n  was done  by c r y s t a l l i z i n g  in ho t  a n h y d r o u s  m e t h a n o l .  
Yield:  60 g (3S %]; m.p. :  101~ (Ref. (12): 103~ 

i, 4:3, 6-Dianhydrosorbi t  -2, S-d iaceta te  

A s o l u t i o n  of 10 g (0,07 mol) 1 , 4 : 3 , 6 - d i a n h y d r o s o r b i t ,  10 g s o d i u m  a c e t a t e  

and  30 ml ace t i c  a n h y d r i d e  was r e f l u x e d  for  1,5 h. The c o o l e d  m i x t u r e  was 
p o u r e d  i n t o  ice wa te r  and the  t r e a c l e  c r y s t a l l i z e d  s l o w l y .  

The p r o d u c t  was f i l t e r e d  and r e c r y s t a l l i z e d  in e t h a n o l .  

Yield:  14,64 g (91%); m.p. :  61~ (Ref. (13): 60-61~ 

Cis-3, 4 -d iace to  xyo xolane 

10 g (0.096 mol) of 1 , 4 - a n h y d r o e r y t h r i t o l  were  d i s s o l v e d  in 50 g (0,48 mol) 
ace t i c  a n h y d r i d e  and r e f l u x e d  wi th  0,1 g p - t o l u e n e s u l f o n i c  ac id  for  4 h. The 

m i x t u r e  was d i s t i l l e d  u n d e r  r e d u c e d  p r e s s u r e .  
Yie ld :  15 g (83 %); b .P.o,S:  8 0 ~  (Ref. (14): 7 9 - 8 1 ~  mbar ) .  

Polym e r i z a  t ion 

M i x t u r e s  of  r e d i s t i l l e d  m o n o m e r s ,  mode l  c o m p o u n d  and  the  i n i t i a t o r ,  

b e n z o y l  pe rox ide ,  were t r a n s f e r r e d  in to  r e a c t i o n  t u b e s  w i th  the  d e s i r e d  r a t i o  
of  [ T ] / [ M ]  and d e g a s s e d .  Then  the  r e a c t i o n  t u b e s  were h e a t e d  in a t h e r m o -  

s t a t  a t  60~  u n t i l  a b o u t  10 % c o n v e r s i o n  was o b t a i n e d .  The p o l y m e r s  were  

i s o l a t e d  by p r e c i p i t a t i o n  in m e t h a n o l  ( p o l y s t y r e n e )  and  p e n t a n e  ( p o l y m e t h y l  

m e t h a c r y l a t e ) .  
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