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I .  INTRODUCTION

The i n t e n t  o f  t h i s  work was to  d e te rm in e  th e  e f f e c t  o f  a 

v a r ie ty  o f  compounds on th e  p e r o x id e - in i t i a t e d  f r e e  r a d ic a l  po ly ­

m e riz a tio n  o f  C X -m ethylstyrene. A ll  o f  th e  compounds te s te d  a re  

known to  a c t  as  in h ib i to r s  o r  r e t a r d e r s  in  th e  f r e e  r a d ic a l  po ly­

m e riz a tio n  o f  o th e r  monomers, h u t  t h e i r  e f f e c t  on th e  po lym eriza­

t io n  o f  c < -® e th y ls ty ren e  had n o t  y e t  been determ ined*

The te rm  in h i b i to r  i s  used h e re  to  d e s c r ib e  a  compound th a t  

w i l l  com ple te ly  su pp ress p o ly m e riz a tio n , p roducing  an in d u c tio n  

p e r io d . F ig u re  1 i s  a  % p o ly m e riz a tio n  v e rsu s  tim e  p lo t  f o r  th e  

f r e e  r a d ic a l  p o ly m eriza tio n  o f  s ty re n e  i n i t i a t e d  w ith  azo -iso m ity -  

r o n i t r i l e  and in h ib i te d  by £-benzoquinone<r I t  can  be seen  from 

F ig u re  1 t h a t  £ -benzoquinone i s  n o t  an id e a l  i n h i b i to r  f o r  th e  

p o ly m e riz a tio n  o f  s ty re n e . A f te r  a  s h o r t  in d u c tio n  p e r io d ,  th e re  

i s  a  slow p o ly m e riz a tio n  which changes a b ru p tly  to  a f a s t  r e a c t io n  

w ith  a l l  th e  c h a r a c te r i s t i c s  o f  a  norm al p o ly m e riz a tio n .

1
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2

•H

I

Time ( h r . )

F ig u re  1 : C o nversion -tim e p lo t s  f o r  experim en ts in v o lv in g  s ty re n e ,
a z o - i s o b n ty r o n i t r i l e  and benzoqninone. The mmibers 
correspond  to  henzoqtdnone c o n c e n tra tio n s  o f :  (1 )  0;
(2 )  0 .075 ; (3 )  0 .123 g / l .  I n i t i a t o r  c o n c e n tra tio n  0 .5  
*/l.
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R e ta rd e rs  a re  l e s s  e f f i c i e n t  th an  in h ib i to r s  and on ly  slow ,

r a th e r  than  s to p , th e  polym eri z a t io n  p ro c e s s ,  F ig o re  2 shoos th e

r e ta r d in g  e f f e c t  o f  n itro b en zen e  on th e  p o ly m eriza tio n  o f  v in y l
2

a c e ta te  i n i t i a t e d  -with benzoyl perox ide*

5

or-l

e
1-4

0 100 200 300

Time in  m in.

F ig n re  2 : C onversion -tim e p lo t s  f o r  experim en ts in v o lv in g  v in y l  
a c e ta te ,  benzoyl p e ro x id e , and n itro b en zen e*  The 
ntaabers co rrespond  to  n itro b e n z e n e  c o n c e n tra tio n s  o f :  
(1 )  0; (2 )  4*5 x 10“% .  I n i t i a t o r  c o n c e n tra tio n  o f
1 .7  x 10“2M.
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C la s s ify in g  compounds as in h ib i to r s  o r  r e t a r d e r s  i s  an a ttem p t 

t o  d is t in g u is h  them acco rd ing  to  t h e i r  e f f e c t iv e n e s s  as  ch a in  

te rm in a to rs*  T h e ir  c l a s s i f i c a t i o n ,  how ever, does n o t n e c e s s a r i ly  

im ply a  d if f e re n c e  in  r e a c t io n  mechanism*

The e f f e c t  o f  a  known ch a in  te rm in a to r  on f r e e  r a d ic a l  polym er­

iz a t io n  i s  dependent n o t  on ly  on th e  n a tu re  o f  th e  te rm in a to r ,  b n t  

a ls o  upon t h a t  o f  th e  monomer* As can be  seen  from F ig o re  1 , f o r

th e  p o ly m eriza tio n  o f  s ty re n e  benzoqoinone i s  an i n h i b i to r ;  in
3

m ethyl m e th a c ry la te , however, benzoqoinone i s  a  r e ta rd e r*  (F ig o re  

3)

a«
N

1

ofU

3

2

1

0

0 1 43 5

Time ( h r . )

F ig u re  3 : C onversion -tim e p lo t s  f o r  experim ents in v o lv in g  m ethyl 
m e th a c ry la te , a z o - i s o b u ty r o n i t r i le  and benzoqoinone* 
The numbers co rrespond  to  benzoqoinone c o n c e n tra tio n s
o f  (1 ) 
o f  0*5

0: (2 )  0*2: (3 )  0*352* I n i t i a t o r  c o n c e n tra tio n
11 .
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5

In  t h i s  w ork, two g e n e ra l ty p e s  o f  te rm in a to rs  w ere u sed :

A. N onrad ica l T erm inato rs

These a re  compounds t h a t  a re  n o t  them selves r a d i c a l s ,  
h o t  can  r e a c t  w ith  f r e e  r a d ic a l s  to  f o r a  more s ta b le  
compounds th a t  do  n o t c o n tin u e  th e  p o ly m eriza tio n  
p rocess*

8* A S ta b le  F ree  R ad ica l

2 ,2 -D ip h e n y l- l-p ic ry lh y d ra z y l (DPPH) because o f  i t s  
s t a b i l i t y  does n o t  i n i t i a t e  p o ly m e riz a tio n ,  b u t  i t  
can scavenge o th e r  r a d ic a l s  i n  th e  system .

A. N onrad ica l T erm inato rs

A nonrad l e a l  te rm in a to r  i s  a su b stan ce  t h a t  r e a c t s  w ith  

r a d ic a l s  in  a  manner to  produce an o th e r r a d ic a l  t h a t  i s  to o  s ta b le  

to  co n tin u e  th e  p o ly m eriza tio n  p ro c e s s .  Quinones and n i t r o  com­

pounds have long been known to  be e f f e c t iv e  n o n ra d ic a l te rm in a to rs  

f o r  v a r io u s  p o ly m eriza tio n  system s. The s p e c i f ic  e f f e c t  o f  th e s e  

te rm in a to r s ,  however, i s  v e ry  dependent on th e  n a tu re  o f  th e  

monomer.

Benzoquinone and duroquinone g iv e  sharp  in d u c tio n  p e r io d s , 

in  th e  benzoyl p e ro x id e  i n i t i a t e d  p o ly m e riz a tio n  o f  v in y l  a c e ta t e ,  

a f t e r  which th e  r e a c t io n  p ro ceed s a t  an u n in h ib ite d  r a t e .  The 

le n g th  o f  th e  In d u c tio n  p e r io d ,  in  b o th  c a s e s ,  co rresponds t o  a 

s to ich io m et r y in  w hich one quinone m o lecu le  s to p s  one k i n e t i c  c h a in .

The e f f e c t s  o f  benzoquinone upon th e  s e n s i t iz e d  p o ly m e riz a tio n s

1 3  14o f  s ty re n e  and m ethyl m e th a c ry la te  have been s tu d ie d  u s in g  C

a z o - i s o b u ty r o n i t r i le  a s  a  s e n s i t i z e r .

In  th e  p o ly m eriza tio n  o f  m ethyl m e th a c ry la te , F ig .  3 , benzo-
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quinone I s  shown to  h e  a  r e t a r d e r  and th e  d eg ree  o f  r e ta r d a t io n

i s  d i r e c t l y  p ro p o r tio n a l  to  th e  c o n c e n tra tio n  o f  benzoquinone.
3

By u s in g  la b e le d  I n i t i a t o r ,  3 erring to n  e t  a l . , w ere a b le  to  show 

th a t  th e  growing polym er r a d ic a l s  r e a c t  w ith  benzoquinone to  g iv e  

f a i r l y  u n re a c tiv e  r a d i c a l s ,  m ost o f  w hich te rm in a te  by com bination  

r e a c t io n s  w ith  o rd in a ry  polym er r a d i c a l s .  I n  th e  fo llo w in g  mechan­

ism  R° i s  any r a d ic a l  c ap a b le  o f  p ro p a g a tio n , Q I s  benzoquinone,

M i s  monomer, I  i s  i n i t i a t o r ,  and P i s  a  polym er c h a in .

I n i t i a t i o n  I  > 2R*

P ro p ag a tio n  R* + II ----- > R*

R» + Q ■ 1 — PQ.

T erm ination  PQ» + S* ----------- > PQR

When la b e le d  i n i t i a t o r  and in h i b i t o r  w ere used in  th e  p o lym eriza­

t io n  o f  s ty re n e ,  th e  slow  p o ly m e riz a tio n  (F ig .  1) was shown to  

p roduce a  polym er o f  low m o lecu la r  w e ig h t w ith  combined benzo­

qu inone. T here i s ,  th e r e f o r e ,  a  co p o ly m eriza tio n  o f  s ty re n e  

w ith  benzoquinone d u rin g  th e  slow  p ro c e s s .

R* + Q -------» PQ»

PO. + M  ^  PQR.

When a l l  o f  th e  benzoquinone i s  consumed, th e  r a t e  o f po lym eriza­

t io n  r i s e s  to  i t s  norm al u n in h ib i te d  v a lu e .
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Mechanisms by w hich p-benzoqtdnone m igh t r e a c t  w ith  polym er
4

r a d ic a l s  have been sunsaarised by W alling*

» - P H  +  ' 0

6

R eac tio n  (1 )  i s  hydrogen a b s t r a c t io n  from th e  qtdnone by th e

polym er r a d i c a l ,  P * . I n  r e a c t io n  (2 )  th e  hydrogen atom i s

a b s tra c te d  f rom th e  polym er r a d ic a l  by th e  qtdnone* R eac tio n

(3 ) i s  a d d i t io n  o f  th e  polym er r a d ic a l  to  th e  carbon-carbon

doub le  bond. R eac tio n  ( 4 ) ,  w here th e  polym er r a d ic a l  i s  added

to  th e  quinone oxygen, i s  suggested  by m ost r e c e n t  w orkers as

th e  m ost cession p a th  o f  r a d ic a l  a t ta c k  on quinones* The work o f  
5

B ic k e l and W aters shows t h a t  th e  r a d ic a l  produced by th e
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8

decom position  o f  a z o - i s o b u t r o n i t r i1e :

CN

(C K g^O

r e a c t s  w ith  p-benzoquinone to  fossa th e  r a d ic a l :

(CHj^CCCJO-O-^ ^-0*

o r ,  more g e n e ra lly

They found no ev idence o f  n u c le a r  s u b s t i tu t io n  in  th e  quinone.

In  th e  benzoyl p e ro x id e  i n i t i a t e d  p o ly m eriza tio n  o f  v in y l  

a c e ta t e ,  n itro b e n z e n e  h as  been shown to  be  a  weak r e t a r d e r .  

D in itro b en zen es  a re  c h a r a c t e r i s t i c  o f  weak in h i b i to r s  w ith  an 

im p o rtan t ex c e p tio n . The f i n a l  c o n s ta n t s lo p e  a t  th e  end o f  th e  

in d u c tio n  p e r io d  i s  n o t  th e  s lo p e  o f  an u n in h ib ite d  p o ly m e riz a tio n , 

b u t  co rresp o n d s to  th e  p resen ce  o f  a  weak r e t a r d e r .  The d i n i t r o  

compound, th e r e f o r e ,  i n  th e  co u rse  o f  s to p p in g  c h a in s ,  y ie ld s  a  

p ro d u c t w hich h as  a  r e ta rd in g  pow er. T r in itro b e n z e n e  i s  a  s tro n g  

in h i b i t o r  f o r  th e  p o ly m eriza tio n  o f  v in y l  a c e ta t e ,  b u t  th e  k in e t ic s  

o f  th e  in h ib i te d  p o ly m eriza tio n  does n o t  appear to  app ly  to  m oderate 

o r  s tro n g  in h i b i t i o n .  T h is  was found to  be  due to  th e  f a c t  th a t
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t r in i t r o b e n z e n e ,  in  th e  cm rrse o f s to p p in g  two polym er c h a in s , 

i s  converted  in to  an o th e r  in h ib i to r y  su b s tan ce . I n  t h i s  second 

s ta g e  o f  ch a in  te rm in a tin g  a b i l i t y ,  two more ch a in s  a re  s to p p ed , 

and th e  n i t r o  compound i s  converted  in to  a  weak r e ta r d  e r .

N itro  compounds have a  s im i la r  e f f e c t  on th e  s e n s i t iz e d  

p o ly m eriza tio n  o f  s ty re n e . A gain , th e  r e a c t i v i t y  o f  th e  n i t r o  

compound a s  a  r e ta r d e r  in c re a s e s  sh a rp ly  w ith  th e  number o f  n i t r o  

g roups. N itrobenzene i s  a  r e ta r d e r  and tr in i t ro b e n z e n e  i s  a  weak 

in h i b i to r .  D uring th e  p e rio d  o f  weak in h ib i t i o n ,  th e  p ro d u c t o f 

th e  r a d ic a l - t r in i t r o b e n z e n e  r e a c t io n  i s  converted  in to  a r e t a r d e r .  

N itro  compounds have l i t t l e  e f f e c t  in  r e ta rd in g  th e  p o ly m eriza tio n  

o f m ethyl m e th a c ry la te .

O pinions on th e  mechanism by w hich n i t r o  compounds i n h i b i t  

v in y l  p o ly m eriza tio n  can  b e  d iv id ed  in to  two g ro u p s. Gome w orkers 

such a s  P r ic e  have co n sid ered  t h a t  th e  f i r s t  s te p  i n  th e  r e ta r d a ­

t io n  in v o lv es  m ac ro rad ica l a t ta c k  on th e  a rom atic  n u c leu s  o f  th e  

n i t r o  compound, w ith  a d d i t io n  o f th e  r a d ic a l  to  th e  a rom atic  

n u c le u s .

H

T h e ir  co n c lu sio n  was s uppor te d  by th e  f a c t  t h a t  n itro b e n z e n e  i s  a  

r e ta r d  e r  i n  th e  p o ly m eriza tio n  o f  s ty re n e  and n itrcaae  th a n e  i s  an

e f f e c t  o f  n i t r o  compounds on th e  p o ly m e riz a tio n  o f  v in y l  a c e ta te

i n e r t  s o lv e n t .  B a r t l e t t  and K vart*  in  t h e i r  in v e s t ig a t io n  o f  th e
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supposed t h a t  th e  p rim ary  a t ta c k  ta k e s  p la c e  on th e  oxygen atom o f  

th e  n i t r o  group .

•+ 0-*
ArNO + R- -- ^  A r ---

OR

0 -
• VAr --- Nr + R* ---> AtNO + ROR

OR

They based t h e i r  h y p o th e s is  on th e  o b se rv a tio n  t h a t  th e  r e ta rd in g  

powers o f  th e  n i t r o  compounds in c re a s e  m arkedly w ith  th e  number o f  

n i t r o  g ro u p s . Such a marked in c re a s e  can n o t be  exp la ined  by a  

s im ple  s u b s t i tu t io n  r e a c t io n  ta k in g  p la c e  a t  th e  arom atic  n u c le u s . 

They supposed t h a t  th e  f r e e  r a d ic a l s  a t t a c k  th e  oxygen atom o f 

th e  n i t r o  g roup , th u s  d e p riv in g  one o f  th e  n i t r o  groups o f  i t s  

c h a ra c te r  i n  th e  c o u rse  o f  th e  i n h ib i t i o n .

Serving to n  and Ghanem^ s tu d ie d  th e  e f f e c t  o f  n i t r o  compounds 

on th e  s e n s i t i z e d  p o ly m eriza tio n  o f  s ty re n e .  They e s ta b l is h e d  

t h a t  p i c r i c  a c id  does n o t  b u ild  in  a  carbon -carbon  bond in to  

th e  polym er.
g

Inomoto and Siraaaura in v e s t ig a te d  th e  r e a c t io n  o f  1-cyano- 

1-m e th y le th y l r a d i c a l  w ith  v a r io u s  n i t r o  compound s .  They found 

t h a t  th e  r a d ic a l  d id  indeed  r e a c t  w ith  th e  n i t r o  gro up.  The 

decom position  o f  a z o - i s o b u ty r o n i t r i le  i n  n itro b e n z e n e  gave a  

sm all amount o f  hydrogen c y a n id e , a c e to n e , and N -phenyl- 0 ,  N -b is  

( c y a n o - l-a e th y  1 e th y l)  hydroxylandne. The e x a c t method o f  a t ta c k  

by th e  r a d i c a l  i s  unknown. The r a d ic a l  may a b s t r a c t  th e  oxygen
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atom d i r e c t l y  (R eac tio n  5 ) ,  o r i t  may add to  th e  oxygen atom and 

l a t e r  decompose in to  a  n i t r o s o  compound and a  1 -c y a n o - l-a e th y l-  

ethoxy r a d ic a l  (R eac tio n  6 ) .

ArN02 + (CH3) 2C- 

CN

ArNO + (CH3)2<jX>

CN

( 5 )

ArNO, + (C H ,)00  
2 3 2 U

CN

ArN, /

O'

^O C C C E ^C N

ArNO + (CH,),CO* 3 2|
CN

( 6)

The n i t r o s o  compound r e a c t s  w ith  tvro 1 -c y a n o -l-m e th y le th y l r a d ic a l s  

to  y ie ld  a  s u b s t i tu te d  n yd roxy laa ine  (R eac tio n  7 ) .

ArNO + 2(CH3) 2C> -----^  Ar-IJ-0-C(CH3) ?CN

CN C(CH3) 2CN
(7)

The 1 -cy an o -l-m eth y le th o x y  r a d ic a l s  can g iv e  r i s e  to  ace to n e  and 

hydrogen cyan ide  e i t h e r  th rough  th e  fo rm atio n  o f ace to n e  cyan- 

h y d rin  (R eac tio n  8 ) ,  o r  th rough  decom position  (R eac tio n  9 ) .

( C H ,) ,C O -  ^ -r -OS- n >  (C H _),C O H  3 2 | donor '  3 2^
CN CN

(CH3 >2CO» — > (CH 3 ) 2CO +  .C N  

CN

•“  * *

(CR3>9CO -r ECN ( 8)

( 9 )
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S im ila r  r e s u l t s  w ere o b ta in ed  when 1 -ey an o -l-m e th y le th y l r a d ic a l s  

w ere re a c te d  w ith  m -d in itro b en zen e  and te tra n it ro m e th a n e . N itro -  

a e th a n e  d id  n o t  r e a c t  w ith  t h i s  r a d ic a l*
g

Inom oto1s and Simasrcra’ s in v e s t ig a t io n s  show t h a t  r a d ic a ls  

do indeed  r e a c t  w ith  th e  oxygen atom o f th e  n i t r o  group* In  th e  

ca se  o f  a rom atic  n i t r o  compounds w ith  a  r e p la c e a b le  hydrogen atom 

in  th e  n u c le u s ,  th e  m eehanisa p o s tu la te d  by P r ic e ^  canno t be 

excluded* I t  i s  l i k e ly  t h a t  no s in g le  mechanism i s  a p p l ic a b le  

to  a l l  n i t r o  compounds and a l l  r a d ic a ls *

A f r e e  r a d ic a l  can be used a s  an e f f e c t iv e  te rm in a to r  i f  i t  

i s  s ta b le  enough so as  n o t to  r e a c t  w ith  i n i t i a t o r  o r  monomer and 

i n i t i a t e  p o ly m e riz a tio n , y e t  i t  can  r e a e t  r e a d i ly  w ith  o th e r  

r a d ic a l s  produced in  th e  system* The s ta b le  f r e e  r a d i c a l ,  2 ,2 -  

D ip h e n y l- l-p ic ry lh y d ra z y l (DPPH) i s  o f te n  used as an in h i b i to r  

to  d e te rm in e  th e  r a t e  o f  i n i t i a t i o n  in  f r e e  r a d ic a l  ch a in  

p ro cesses*  I t  r e a c t s  w ith  o th e r  r a d ic a l s  to  form n o n ra d ic a l 

p roducts*  The m ost p ro b ab le  r e a c t io n s  a r e :

B* S ta b le  F re e  R ad ica l T erm inators

H
i . .

RCH2-C*+ ^ N -N —

X

—N02- ^  RCH *= CHX
/

NO,2 (10)

Nfe,2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



in  which a  hydrogen atom i s  t r a n s f e r r e d  from one r a d ic a l  to  

a n o th e r  o r  a  com bination r e a c t io n  such a s :

 NO,2
X NO,2

H ^°2 
I

( 1 1 )

N ------

ho2

NO.2

The l im i ta t io n s  o f  th e  u se  of DPPH to  de te rm in e  th e  r a t e  o f

9p ro d u c tio n  o f  f r e e  r a d ic a l s  have been p o in ted  ou t by Bengough.

I n  th e  p o ly m eriza tio n  o f  v in y l a c e ta t e ,  th e  p ro d u c t o f th e  

r e a c t io n  o f  DPPH w ith  o th e r  r a d ic a l s  in  th e  system  in h i b i t s  

th e  p o ly m eriza tio n  p ro c e s s .  Such p ro d u c t in h ib i t io n  i s  n o t 

u n re a so n a b le , s in c e  a  sim ple com bination  o r  d is p ro p o r tio n a tio n  

r e a c t io n  in v o lv in g  DPPH would g iv e  r i s e  to  a  p ic ry l  group , and 

i t  i s  known th a t  s s - tr in itro b e n z e n e  b o th  in h i b i t s  and r e ta r d s  

th e  s e n s i t iz e d  p o ly m eriza tio n  o f  v a r io u s  monomer system s.

I t  i s  expected th a t  a  s in g le  p ic r y l  group would r e a c t  

w ith  a  number o f  f r e e  r a d i c a l s .  T h is would produce an in d u c tio n  

p e r io d , o r  d ec re a se  th e  r a t e  o f  p o ly m e riz a tio n , much more than  

expected  on th e  assum ption  th a t  one f r e e  r a d ic a l  r e a c t s  w ith  one 

m o lecu le  o f DPPH. The p o ly m e riz a tio n  would then  proceed a t  i t s  

u n in h ib ite d  r a t e ,  on ly  a f t e r  a l l  o f th e  n i t r o  compound has been 

removed from th e  system .

When m ethyl m e th a c ry la te  i s  polym erized in  th e  p resen ce  o f
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DPPH, th e  in d u c tio n  p e rio d  and th e  r a t e  o f  p o ly m eriza tio n  a f t e r  

th e  in d u c tio n  p erio d  a re  v e ry  c lo s e  to  thrs v a lu e s  expected by 

as  arming one r a d ic a l  r e a c t s  w ith  one m olecu le  o f  DPPH. K ic e ^  

has shown t h a t  th e  m ethyl m e th a c ry la te  r a d ic a l s  do n o t  r e a c t  

ap p re c ia b ly  w ith  n i t r o  compounds. T h is cou ld  ex p la in  th e  

agreem ent between th e  expected  and observed v a lu e s  in  th e  DPPH 

in h ib i te d  m ethyl m e th a c ry la te  p o ly m eriza tio n .

C. K in e tic s  in  In h ib i te d  and R etarded P o ly m eriza tio n s

The g e n e ra l k in e t i c  scheme f o r  an in h ib i te d  f r e e  r a d ic a l  

. . .  11

k d
I n i t i a t i o n  I  — } 2R»

k
P ropagation  R«+ K R«

A dd ition  o r  T ra n s fe r  R*+ X — Z.

k
C opolym erization  Z*+ M R*

T erm ination

g iven  a s :

R ate
2 k jf ( l* ) ( 1 2 )

k  ( rO ( k)
P

(13)

k  (R*)(X) (14)
X

k  (Z*)(K) o (15)

k  (Z -)(R .) (16)c

2k (Z *)2 z (17 )

2kt (R*)2 (18)

k
»- -c-) In a c tiv e  

P roduct
k

“— ) In a c tiv e  
P roduct

k t»— Ina c t i ve  
P roduct

•where X i s  th e  added te rm in a to r  and Z» i s  th e  r a d ic a l  formed by 

th e  r e a c t io n  o f  R* w ith  te rm in a to r . Z« may be formed e i t h e r  by 

a d d i tio n  o f  R* to  X o r  by t r a n s f e r  o f  as  atom o r  group to  R* 

from X.
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Any su b stan ee  t h a t  a r r e s t s  o r  r e t a r d s  th e  p o ly m eriza tio n  

o f  a  v in y l  monomer does so by r e a c t in g  e i t h e r  w ith  i n i t i a t o r  

o r  polym er f r e e  r a d ic a l  R», t o  y ie ld  a  new r a d ic a l  Z». In  a l l  

c a s e s ,  th e  r e a c t io n  between th e  te rm in a to r  and a  r a d ic a l  com petes 

w ith  one o f  th e  norm al s te p s  in  th e  p o ly m eriza tio n  p ro c e s s .  The 

v e lo c i ty  c o n s ta n t f o r  th e  te rm in a to r - r a d ic a l  r e a c t io n  i s  dependent 

on th e  r e a c t i v i t y  o f  b o th  su b s ta n c e s . The m agnitude o f  th e  e f f e c t  

o f  th e  te rm in a to r  on th e  p o ly m eriza tio n  depends n o t  o n ly  on th e  

r a t e  o f  th e  te rm in a to r  r e a c t io n ,  b u t  a ls o  upon th e  r a t e  o f  th e  

norm al r e a c t io n  w ith  w hich i t  com petes. The e f f e c t  o f  a  s p e c i f i c  

te rm in a to r ,  th e r e f o r e ,  v a r ie s  from one monomer system  to  a n o th e r .

The i n i t i a t i o n  r e a c t io n  (12) i s  e s s e n t i a l ly  a  decom position  

r e a c t io n  in  w hich th e  s e n s i t i z e r ,  u s u a lly  an a z o -iso b u ty r oai t r i l e  

compound o r  a  p e ro x id e , i s  exposed to  u l t r a v i o l e t  l i g h t  and 

decomposes in to  two f r e e  r a d i c a l s .

ch3 ch3 ch3
h ^

o r :

H-C-C-O-O-C-CTH, ------- -— =» 2C H --C -0*3 U | 3 3 |
CH3 CE3 CH3

(ch3) 2c- n = n- c ( ch3) 2 ■— 2(eH3) 2- j > + h2

CN CN CN

The r a t e  o f  decom position  i s  dependent on th e  r a t e  c o n s ta n t k j ,  

th e  in t e n s i ty  o f  absorbed l i g h t ,  ( I * )  and th e  e f f ic ie n c y  o f  

i n i t i a t i o n ,  f .
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The p ro p ag a tio n  r e a c t io n  (1 3 ) i s  in  d i r e c t  c o m p e titio n  w ith  

r e a c t io n s  in v o lv in g  te rm in a to r  m o le c u le s , ( 1 4 ) .  S in ce  th e  monomer 

c o n c e n tra tio n  i s  much g r e a te r  th a n  th e  i n h i b i to r  c o n c e n tra t io n , 

m ost be  so ranch la r g e r  th an  t h a t  n e a r ly  a l l  th e  r a d ic a l s  

r e a c t  acco rd in g  to  R eac tio n  (1 4 ) .  As th e  te rm in a to r  i s  consumed, 

th e  b a lan ce  between r e a c t io n  (13) and r e a c t io n  (14 ) s h i f t s ;  more 

p rim ary  r a d ic a l s  a re  now being  c ap tu red  by monomers and th e  

te rm in a to r  r e a c t s  w ith  polym er r a d ic a l s  c o n ta in in g  a  sm all number 

o f  monomer u n i t s .  T h is  i s  observed i n  th e  Z p o ly m e riz a tio n  v e rs u s  

tim e cu rv e  as  th e  g ra d u a l in c re a s e  to  a  r a t e  w hich i s  observed  in  

a  system  in  which th e  te rm in a tio n  i s  a b s e n t.

INHIBITEDUNINHIBITED

TIME
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D uring t h a t  tim e i n  which th e  te rm in a to r  i s  e f f e c t iv e ,  

r e a c t io n  (17 ) should  be  th e  predom inant te rm in a tio n  p ro c e s s .

I f  r e a c t io n  (1 7 ) r e p re s e n ts  c o u p lin g , each  occ u rr ence w i l l  

te rm in a te  two c h a in s  and in v o lv e  two te rm in a to r  r a d i c a l s .  I f  

i t  r e p re s e n ts  a  d i spr op o r t io n a t io n  r e a c t io n  w ith  re g e n e ra tio n  

o f  a  m olecu le  o f  te rm in a to r ,  two c h a in s  w i l l  be ended, b u t o n ly  

one i n h i b i to r  r e s id u e  w i l l  be consumed.

R eac tio n s  (16 ) and (18 ) may be  n e g le c te d  because  o f  th e  

c o n c e n tra tio n  sequence [r* ]^  LZtKCZ J ^ i c h  m ust app ly  in  a 

s tro n g ly  r e ta rd e d  system . As th e  te rm in a to r  i s  consumed, however, 

th e  c ro s s  te rm in a tio n  r e a c t io n  ( 1 6 ) ,  and th e  norm al te rm in a tio n  

r e a c t io n  ( 1 8 ) ,  become in c re a s in g ly  im p o rta n t.

The eo p o ly m eriz a tio n  r e a c t io n  (1 5 ) h as  been shown to  b e  o f

some im portance in  th e  r e a c t io n s  o f  v in y l  compounds w ith  qu inones.

The m agnitude o f  t h i s  e f f e c t ,  how ever, i s  dependent on th e  n a tu re

o f  th e  monomer and th e  quinone in v o lv e d . In  th e  p o ly m eriza tio n

o f  s ty re n e  in  th e  p re sen ce  o f  jj-benzoqu inene , B evington e t  a l .

have shown t h a t  o n ly  low m o lecu la r w eig h t polym er i s  produced in

th e  e a r ly  s ta g e s  o f  th e  p o ly m e riz a tio n , and t h a t  ^-benzoquinone

i s  combined in  q u a n t i t i e s  th a t  a r e  mere th an  one £-benzoquinone

u n i t  p e r  polym er m o lecu le , and t h a t  a  la rg e  p a r t  o f  th e  combined

quinone may b e  removed by a  su b s tan ce  w hich c le a v e s  e th e r  l in k a g e s .

The rem oval o f  quinone i s  accompanied by a  s u b s ta n t i a l  d e c re a se

in  th e  av erag e  m o lecu la r  w eigh t o f  th e  polym er. In  th e  s e n s i t iz e d

14p o ly m e riz a tio n  o f  m ethyl m e th a c ry la te  in  th e  p resen ce  o f  C -p a ra -
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3
benzoqoinone, B evington e t  a l * ,  have shown t h a t  th e  maaber o f

r e ta r d  e r  m o lecu les combined i n  each polym er m olecule in c re a s e s
14

s ig n i f i c a n t ly  w ith  th e  c o n c e n tra tio n  o f  C~ -p a ra -benzoquinoae 

in  th e  po lym eriz ing  system*

These copolym eri z a t io n  r e a c t io n s  a re  v e ry  l im ite d  i n  a  

gxmomer-p a ra -benzoqutnone system* F o r o th e r  q d n o n e s , e . g . , 

p - c h lo r a n i l ,  co p o ly m eriza tio n  has been shown to  be more pronounced 

in  b o th  a  s ty r e n e ^  and m ethyl m e th a c ry la te "^  system* I t  appears 

t h a t  th e  f i r s t  s ta g e  in  th e  co p o ly m eriza tio n  r e a c t io n  i s  th e  same 

f o r  b o th  s ty re n e  and m ethyl m e th acry la te*

P» + 0 = ( ) =0  >  P -0- L /> - 0 .  (1 9 )

The p ro d u c t o f  ( 1 9 ) ,  th e n ,  r e a c t s  w ith  a  monomer m olecu le  so  t h a t  

more th a n  one m olecu le  o f  c h lo r a n i l  i s  co n ta in ed  in  th e  polymer* 

The r e a c t io n  ta k e s  p la c e  th ro u g h  th e  ca rb o n y l groups to  g iv e  an 

a r o m a tic - a l ip h a t ic  p o ly e th e r*

P -0-  (\ A - 0* + M
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10K lee has shown t h a t  w ith  m ethyl m e th a c ry la te  802. o f  th e
19

Z» r a d ic a l s  -were b e ing  construed by r e a c t io n  (1 5 ) .  B re iteh b ac h  “ 

has shown by chem ical d e g ra d a tio n  th a t  s ty re n e  po lym erizes w ith  

c h lo r a n i l ,  y ie ld in g  e s s e n t i a l ly  a  1 :1  copolymer o f  th e  two 

compound s .
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I I .  EXPERIMENTAL

A. C a l ib r a t io n  o f  D ila to m e te r

The d ila to m e te r  i s  shown in  F ig u re  4 .  Marks w ere p laced

a t  th e  to p s  o f  b o th  c a p i l l a r i e s .  The r e a c t io n  c e l l  was th en

f i l l e d  w ith  t r i p l e  d i s t i l l e d  C .P . m ercury to  a le v e l  below th e

marked l i n e s .  The d i l a t c o e t e r  was th e n  p laced  in  a  c o n s ta n t

tem p era tu re  w a te r b a th  and allow ed to  cease to  e q u ilib r iu m . The

tem p era tu re  was read  w ith  a  P a r r  c a lo r im e tr ic  therm om eter up to

30.100 + .001°C . Once a  c o n s ta n t m ercury le v e l  in  th e  c a p i l l a r i e s

was ach iev ed , th e  le v e l  and tem p era tu re  were re c o rd e d . The

tem p era tu re  was th en  advanced a t  approx im ately  1°C i n t e r v a l s ,

th e  system  was allow ed to  come to  e q u ilib r iu m , and th e  new le v e l

13and tem p era tu re  were re c o rd e d . The same p rocedu re  was used in  

c a l ib r a t in g  bo th  d i la te m e te r s .

The c a p i l l a r y  tu b e s  in  d i la to m e te rs  Number 1 and Number 2

-2  -2  w ere found to  have a  r a d i i  o f  2 .613 x  10 cm and 2 .644  x  10 cm,

r e s p e c t iv e ly .  The r e a c t io n  c e l l s  w ere found to  c o n ta in  volumes

o f  32.1703 ml and 31.9923 m l, r e s p e c t iv e ly ,  a t  25°C.

20
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F ig e re  4 : D i la to a e te r :  (a ) r e a c t io n  e e l l ;  (B) s to ra g e  re s e rv o ir?
(C) i n h i b i to r  r e s e r v o i r
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5 . Chem icals

1 . The -a e lh y ls ty T e n e  was o b ta in ed  from th e  Dew Chemical

Company. The monomer was p u r i f ie d  by p a ss in g  i t  th rough a column

o f  a c t iv a te d  a lum ina , fo llow ed  by d i s t i l l a t i o n  in  th e  p re sen ce  o f

sodium m e ta l and u nder a  n i t ro g e n  atm osphere. The p u r i f ie d

monomer was th e n  sparged  w ith  n i t ro g e n  f o r  te n  m inu tes and s to re d

under r e f r i g e r a t i o n .  The r e f r a c t iv e  index  o f th e  p u r if ie d  

25monomer was «= 1.5356 + 0 .0002 .

2 . D i- t e r t - b u ty l  p e ro x id e  (M atheson Coleman and B e l l)  was

used a s  th e  i n i t i a t o r .  I t s  p u r i ty  was found to  be 83 ,0  + 0.77.

14by th e  io d in e  l i b e r a t i o n  p ro cess  o f  H a ir  and G raupner.

3 . p a ra -Benzoquiaone and £ - c h lo r a n i l  were p u r if ie d  w ith  te n  

p a s se s  th rough a  zone r e f i n e r  w ith  30% r e j e c t i o n .  The zone re f in e d  

m a te r ia l  was th e n  r e c r y s ta l l i z e d  from e th a n o l. The m e ltin g  p o in ts  

o f  p a ra -benzoouinone and p - c h lo r a n i l  w ere 114.5 -  115 .0°C and

288 -  290°C,  r e s p e c t iv e ly .

4 .  Duroquinone was r e c r y s ta l l i z e d  from  e th an o l th re e  t im e s . 

The m e ltin g  p o in t  was 111 .0  -  111.5°C .

5 .  p a ra -N ltro to lu e n e  was p u r i f i e d  by te n  p a s se s  in  a  zone 

r e f i n e r  w ith  307. r e j e c t i o n .  The re f in e d  m a te r ia l  was th en  

r e c r y s t a l l i z e d  from  50% e th a n o l,  m e ltin g  p o in t  52.5  -  53 .0°C .

6.  N itrobenzene  was p u r i f ie d  by f r a c t io n a l  d i s t i l l a t i o n .

25R e f ra c tiv e  in d ex  was n^  * 1.5560 + 6 .0001 .

7 . o r th o - ,  m e ta - ,  and p a ra -D in ltro b en zen es  w ere r e c r y s t a l ­

l i z e d  th re e  tim es  from  95% e th a n o l .  The m e ltin g  p o in ts  w ere
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117 -  118°C, 89 .5  -  90.0°C and 172 -  173°C, r e s p e c t iv e ly .

8.  1 ,3 ,5 -T r in itro b e n z e n e  was r e c r y s ta l l i z e d  th re e  tim es 

from 95% e th a n o l.  The m e ltin g  p o in t  was 120 -  121°C.

9 . 2 ,2 -D ip h e a y l- l-p ie ry lh y d ra z y l was used a s  ob ta ined  

from th e  J .T .  B aker Chemical Company* I t  has a  s ta te d  m e ltin g  

p o in t  o f  136 -  138°C.

Co A pparatus

1 . Two d i l a t a o e t e r s ,  a s  shown in  F ig u re  4 ,  w ere u sed . The

c a p i l l a r y  tu b e s  in  d ila to m e te r s  Number 1 and Number 2 were found

-2  -2to  have average r a d i i  o f  2 .6  13 s  10 cm and 2 .644  x 10 cm,

r e s p e c t iv e ly .  The r e a c t io n  c e l l s  were found to  c o n ta in  volum es 

o f  32.1703 ml and 31.9923 m l, r e s p e c t iv e ly ,  a t  25°C when f i l l e d  to  

th e  m ark.

2 . The c a th e to m e te r  was m anufactured  by G r i f f in s  and G eorge, 

L td . (London). The b ra s s  s c a le  o f  t h i s  in s tru m e n t was c a l ib r a te d  

a t  20°C w ith  a  c o e f f i c ie n t  o f  the rm al expansion  ,  o f 0.000017 

d eg . ” *« The s c a le  can be re a d  to  0 .001 cm.

3 . The th e rm o s ta t ic  b a th  m anufactured  by th e  E.H. S a rg en t 

C o ., had a  h e a t e r ,  c i r c u l a t o r  and c o n t r o l l e r .  (T h e ra o n ito r  Hod e l  

ST ). The te m p era tu re  p r e c is io n  i n  th e  25°C re g io n  i s  + .01°C .

4 .  The u l t r a v i o l e t  l i g h t  sour c e was f i t t e d  w ith  a Pyrex 

f i l t e r  to  c u t  o u t  s h o r te r  w ave len g th s .
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B» D e te r s in a t io n  o f  th e  S a te  o f  P o lym eriza tio n

A weighed amount e f  Ok -a e th y ls ty re n e  and d i - t e r t - b u t y l  

p e ro x id e , enough to  make a  50 ml 100:1 m o n o m e r:in itia to r  taole 

r a t i o  s o lu t io n ,  was p laced  in to  th e  s to ra g e  r e s e r v o i r  B. (See 

F ig u re  4 ) A weighed a a x n t  o f  i n h ib i to r  was a ls o  p la ced  in  th e  

same s to ra g e  r e s e r v o i r .  Tubes E and F w ere sea le d  w ith  a  flam e 

and a  vacuum ptsnp was a tta c h e d  a t  D. The c o n te n ts  o f  B w ere th en  

fro z e n  w ith  l iq u id  n i t r o g e n ,  d eg assed , and thawed fo u r  t im e s , then  

sea le d  a t  S w h ile  under vacucm. The d ila to m e te r  was th en  allow ed 

to  warm trp to  room te m p era tu re . The c o n te n ts  were mixed by 

in v e r t in g  and v ig o ro u s ly  a g i ta t in g  th e  d i la to m e te r .  The r e a c t io n  

c e l l  A was th en  f i l l e d  by allow ing  th e  s o lu tio n  to  run  in to  H, 

down c a p i l l a r y  K, u n t i l  i t  overflow ed in to  G. By t i l t i n g  th e  

d i la to m e te r ,  a  m eniscus le v e l  below th e  marked l i n e s  could  be 

ach iev ed . The d ila to m e te r  was th en  p laced  in to  th e  c o n s ta n t 

tem p era tu re  b a th  a t  25°C and allow ed to  come to  e q u ilib r iu m .

Once a constant liquid level was maintained, the ultraviolet 

light was turned on and the change in volume was observed with 

the cathetosneter. Readings were taken at ten minute intervals for 

six hours.

O ccasio n a lly  th e  in h i b i to r  was p laced  in  C and degassed  

s e p a ra te ly .  T h is was done p e r io d ic a l ly  to  check th e  u n in h ib ite d  

r a t e  o f  (X -m ethy lsty rene p o ly m e riz a tio n . I n  t h i s  p rocedu re  th e  

r e a c t io n  c e l l  was f i l l e d  to  a  le v e l  below  th e  marked l i n e s  w ith  th e  

degassed m o n o m e r-in itia to r  s o lu t io n  from B . The u n in h ib ite d  r a t e
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was observed  by th e  method p re v io u s ly  d escribed*  Once a  c o n s ta n t 

r a t e  was o b serv ed , th e  l iq u id  in  th e  r e a c t io n  c e l l  was d ra in e d  

back in to  th e  s to ra g e  r e s e r v o i r  B. The in h i b i to r  from  C was th en  

allow ed to  flow  in t o  B and th e  c o n te n ts  w ere mixed by v ig o ro u s  

a g i t a t i o n .  The r e a c t io n  c e l l  was th e n  f i l l e d  w ith  th e  monomer, 

i n i t i a t o r  and i n h i b i to r  s o lu t io n ,  and th e  in h ib i te d  r a t e  was 

observed  a s  b e fo re .

The i n i t i a l  volume o f  th e  r e a c t io n  s o lu t io n ,  V^, can  be 

c a lc u la te d  from th e  fo llo w in g  known q u a n t i t i e s :

h = h e ig h t  o f  th e  marked l i n e

h 8= maximum h e ig h t observed a f t e r  i r r a d i a t i o n
BBC

h^ = h e ig h t  a t  tim e , t^

V a  Volume to  marked l i n e s  m

A.V os D iffe re n c e  in  volume a t  h  and h
m  T3BZ

= 2^ y r2 (h  -  h ) m rax

V_ = V -  Z^VI  m

The f r a c t io n a l  volume change (FVC) i s  o b ta in ed  in  th e  

fo llo w in g  manner:

i= D iffe re n c e  in  volume a t  tim e , t^

= 2 3 -r  d .^  -  v  

FVC = 7 1 /VI  = 2 - |j t2 ( h ^  -  ht ) /
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The co n v ers io n  o f  raoncsaer t o  polym er i n  s o le s  p e r  l i t e r ,  

(CHL), i s  o b ta in e d  f rom th e  f r a c t io n a l  voltase change, th e  d e n s i ty  

and c o n c e n tra tio n  o f  p u re  - a e th y ls ty r e n e  and th e  d i l a to o e t r i c  

co n stan t*  V alues f o r  th e  d e n s i ty  and c o n c e n tra tio n  o f  O ^-rae thy l- 

s ty re n e  were o b ta in ed  by a  l e a s t  sq u a re s  f i t  (d o u b le  p re c is io n )  

on a  PDP-10 com puter:

t  in  d eg ree s  C e ls iu s

The co n v ers io n  o f  monomer to  polym er in  m oles p e r  l i t e r  can  

now be c a lc u la te d :

-  0.928303 -  8 .86486 r  10’ ^ t  -  1.61072 ac 10“ t

? 2 S  -  ° - 906141 gO

2 . C o n c e n tra tio n  o f  p u re  a lp h a -m e th y ls ty re n e

* 7.85568 -  7.50385 s  10 t  -  5.510158 

® 25 » 7.66808

3 . The d i la to m e tr ie  c o n s ta n t :

AV/,V.
CML I

'd
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H I ,  RESULTS AND DISCUSSION

A* L im ita t io n  o f  th e  D ila to eae te r Technique f o r  I n h ib i to r  S tu d ie s  
o fO C -M e th y ls ty ren e  P o ly m e riza tio n

The d i l a t o o e t r i c  te ch n iq u e  f o r  s tu d y in g  th e  s e n s i t iz e d  

p o ly m e riz a tio n  o f  Cx. - a e th y ls ty r e n e  a f fo rd s  c e r t a in  l im i ta t io n s  

t h a t  should  b e  n o te d . The s e n s i t i v i t y  o f  th e  d i la to m e te r  coupled 

■with th e  r e l a t i v e l y  slo t? f r e e - r a d i c a l  p o ly m eriza tio n  o f  -m eth y l- 

s ty x en e  makes i t  ex trem ely  d i f f i c u l t  to  o b ta in  a c c u ra te  d a ta  a t  

th e  b eg in n in g  o f  th e  p o lymer i z a t io n .

When th e  u l t r a v i o l e t  l i g h t  was sw itched  on , th e re  was a 

volume in c re a s e  observed  as an im m ediate r i s e  i n  c a p i l l a r y  h e ig h t .  

The m agnitude o f  t h i s  c a p i l l a r y  r i s e  v a r ie d  from le s s  th a n  0 .1  an 

f o r  p u re  monomer to  1 .9  cm when 2 ,2 -d ip h e n y l- l -p ic ry lh y d ra z y l  was 

p r e s e n t  i n  th e  system .

When th e  te m p e ra tu re  o f  th e  w a te r  b a th  was fo llo w ed , u s in g  

a P a r r  C o lo r im e tr ic  therm om eter, i t -w a s  found t h a t  th e  tem p era tu re  

d id  n o t  v a ry  more th a n  + .G04°C d u rin g  th e  e n t i r e  p o ly m eriza tio n  

o f  CX -a e th y 1s ty re n e  i n  th e  p re sen ce  o f  2 , 2- d ip h e n y l - l - p ic r y l -  

h y d ra z y l . I t  was a l s o  observed  th a t  th e re  was no n o ta b le  tem pera­

tu r e  change when th e  u l t r a v i o l e t  l i g h t  was sw itched on , a lthough  

th e re  was a  n arked  volum e in c re a s e .  When th e  u l t r a v i o l e t  l i g h t  

was tu rn ed  o f f  d u r in g  th e  p o ly m e riz a tio n , th e re  was a  co rrespond ing  

volum e d e c re a s e . The volume in c re a se d  a g a in , how ever, when th e

27
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u l t r a v i o l e t  l i g h t  was tu rn ed  cm. A gain, th e re  was no n o ta b le  

tem p era tu re  d i f f e r e n c e  when th e  u l t r a v i o l e t  l i g h t  was on o r  o f f  

Because o f  th e  r e l a t i v e l y  slow p o ly m e riz a tio n  o f  cX_ -m e th y l- 

s ty re n e ,  compared to  o th e r  monomers, any f a c to r  t h a t  in f lu e n c e s  

th e  m eniscus le v e ls  in  th e  c a p i l l a r i e s  i s  hard  to  overcome by 

po lym eriza tion*

The d i la to m e te r  te c h n iq u e , however, because  i t  a llo w s f o r  a  

p o in t  to  p o in t  fo llo w in g  o f  th e  p o ly m eriza tio n  cu rv e  a t  v e ry  low 

d eg ree s  o f  co n v ers io n  o f  monomer to  po lym er, i s  s t i l l  th e  b e s t  

method f o r  I n h ib i to r  s tu d ie s*

B. E f f e c t  o f  p-B ensoquinone on th e  S e n s it iz e d  P o ly m e riza tio n  o f 
OC. -M ethyls ty re n e

The e f f e c t  o f p-benzoquinone on th e  s e n s i t iz e d  p o ly m eriza tio n

o f o ^ -m e th y ls ty re n e  can be seen  in  F ig u re  5 . The co n v ers io n  o f

monomer to  polym er in  m oles p e r  l i t e r  (CML) i s  p lo t te d  v e rs u s

-3tim e f o r  th r e e  c o n c e n tra tio n s  o f  £-benzoquinone: 1*5 x 10 ,

•3  -33*0 x 10” ,  and 6*0 x 10” / I .  As can be  seen  from  th e  p l o t ,

th e re  i s  no  in d u c tio n  p e r io d  and £-benzoquinone ap p ea rs  to  be  a

re ta rd e r*

The c o lo r  o f  th e  m onom er-ini tia to r-p -b e n z o q u in o n e  s o lu tio n s  

w ere v a r io u s  d eg rees  o f  y e llo w , d a rk e r  ye llo w  a t  h ig h e rr^ -b e n z o - 

quinone c o n c e n tra tio n s*  The yellow  c o lo r  g ra d u a lly  d ec reased  d u rin g  

th e  p o ly m e riz a tio n  p rocess*  A t th e  end o f  th e  p o ly m e riz a tio n , th e  

s o lu tio n s  w ere c o l o r l e s s ,  ex ce p t when th e  i n i t i a l  c o n c e n tra tio n  

was 6*0 x 10” / I ,  th e n  a  s l i g h t  yellow  c o lo r  s t i l l  e x i s te d .
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F ig u re  5: C o n v e rs io n -tla e  p lo t s  f o r  experim en ts in v o lv in g
ex. - a e th y ls ty r e n e ;  d i - t e r t - b u ty l  p e ro x id e  and benzo- 
quinone. The ntanbers correspond  to  benzoqninone 
c o n c e n tra tio n s  o f :  ( 1) 0 ; ( 2 ) 1*5 x 10 -3 ; ( 3)  3 x
10~3 . ( 4)  6 x  10-3 m oles p e r  l i t e r .  M o n o m er:in itia to r  
mole r a t i o  100: 1.
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C. The E f f e c t  o f  g -C h lo ra n il  and Duroquinone on th e  S e n s itiz e d  
P o ly m e riza tio n  o f  ^ -M e th y ls ty re n e

Duroqulnorie and p -c h lo ra s i i l  and d iscu ssed  to g e th e r  in  t h i s  

s e c tio n  because  o f  t h e i r  s im i la r  e f f e c t  on th e  polymer i z a t io n  o f  

Cx - s e th y 1s ty r e n e .  N e ith e r  o f  th e  compounds in h ib i te d  o r  sup­

p re ssed  th e  r a t e  o f  po ly m eriza tio n *  (See F ig u re s  6 and 7)

12I t  has been r epo r te d  t h a t  p - c h lo r a n i l  copolym erized w ith  

b o th  m ethyl m e th a c ry la te  and s ty ren e*  I f  p - c h lo r a n i l  behaves 

s im i la r ly  w ith ^ X -a e th y ls ty r e n e ,  t h i s  could  e x p la in  p -c h lo ra n i l^ s  

la c k  o f  an in h ib i to r y  e f fe c t*

Dur oqu inone h as  been re p o r te d  to  be an i n h i b i t o r  f o r  th e
2

benzoyl p e ro x id e  i n i t i a t e d  p o ly m eriza tio n  o f  v in y l  a c e ta te .

F ig u re  6 ,  how ever, shows th a t  duroquinone h as  no te rm in a tin g  

e f f e c t s  on th e  p o ly m eriza tio n  o f  CX -m e th y ls ty re n e .

As w ith  g -benzoqu inone , th e  r a o n c a e r - in i t ia to r - in h ib i to r  

s o lu t io n s  o f  g - c h lo r a n i l  and duroquinone w ere v a r io u s  d eg rees  o f  

y e llo w , depending on th e  co n c e n tra tio n s*  The y e llo w  c o lo r  g ra d u a lly  

d ecreased  and e v e n tu a lly  d isap p ea red  d u rin g  th e  co u rse  o f  th e
o

re a c tio n *  Only a t  th e  h ig h e s t  i n i t i a l  c o n c e n tra tio n s  (6  x 10

M( 1) d id  a  f a i n t  ye llo w  c o lo r  e x i s t  a t  th e  end o f  th e  po lym eriza­

tio n s*

D* The E f f e c t  o f  N itrobenzene  and g -N itro to lu e n e  on th e  S e n s it iz e d  
P o ly m e riza tio n  o f  C \-M eth y ls ty ren e

F ig u re  8 shows th e  r e s u l t s  o f  th e  p o ly m e riz a tio n  o f  (X -m eth y l-  

s ty re n e  in  th e  p re se n c e  o f  n itro b e n z e n e  and g - n i t r o to lu e n e .  Both
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F ig u re  6 : C o nversion -tim e p lo t s  f o r  experim en ts in v o lv in g
o (.-m e th y l s ty re n e ;  d I - t e r t - b o ty l  p e ro x id e  and 
dn roqu inone. The numbers co rrespond  t o  d trroq tti- 
none c o n c e n tra tio n s  o f :  ( 1)  0 ;  ( 2)  1 .5  x  10-3- ( 3)
3 x  10 -3 ; (4 )  6 x 10-3 m oles p e r  l i t e r .  Monomer: 
i n i t i a t o r  m ole r a t i o  100: 1.
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F ig u re  7 : C onv ers io n -tim e  p lo t s  f o r  experim en ts  in v o lv in g
< X .-tae thy lsty rene; d i - t e r t - im ty l  p e ro x id e  and 

c h l o r a a i l .  The n ts tb e rs  co rrespond  t o  c h lo r a a i l  
c o n c e n tra t io n  o f :  ( 1 ) 0;  ( 2 )  1 .5  x  1 0 -3 ; ( 3 )  3  s  
1 0 -3 ; ( 4 ) 6 -  10-3 s o l e s  p e r  l i t e r .  Monomer: 
i n i t i a t o r  m ole r a t i o  100:1
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F ig u re  8 ; C o n v e rs io n -tin e  p lo t s  f o r  th e  p o ly m e riz a tio n  o f
C X -m ethy lsty rene  i n  th e  p re se n c e  o f  n itro b e n z e n e  
and p a r a - n i t r o to lu e n e .  The u m b e rs  co rrespond  to :  
(1 )  u n in h ib i te d ;  (2 )  3 .1  x  10“3 M[ \  n itro b e n z e n e ; 
(3 )  2 .8  x 10 “ 3 Mf i  p a ra -n i tro to lu e n e *  Monomer: 
i n i t i a t o r  mole r a t i o  100: 1.
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compounds can  be  c l a s s i f i e d  a s  r e t a r d e r s  f o r  t h i s  system .

The m o n o m e r- in it ia to r - in h ib i to r  s o lu tio n s  w ere c o lo r le s s  a t  

th e  beg in n in g  o f  th e  p o ly m e riz a tio n . The n itro b e n z e n e  s o lu tio n  

rem ained c o lo r le s s  th roughou t th e  p o ly m e riz a tio n . The o - n i t r o -  

to lu e n e  s o lu t io n ,  how ever, was a l i g h t  p in k  in  c o lo r  fo llo w in g  

th e  p o ly m eriza tio n  p e r io d .

E . The E f fe c t  o f  D in itro b en zen es  on th e  S e n s it iz e d  Polym eriza­
t io n  o f  C ^ -K e th y ls ty ren e

F ig u re  9 shows th e  e f f e c t  o f  o r th o ,  a e t a  and p a ra  d in i t r o ­

benzene on th e  s e n s i t iz e d  p o ly m eriza tio n  o f  CX^-methylstyrene.

a e t a  and p a ra -D in itro b en zen e  ap p ea r to  i n h i b i t  th e  polym er­

i z a t io n  f o r  a  s h o r t  tim e , a f t e r  w hich th e  p o ly m eriza tio n  p roceeds 

a t  a  r e ta rd e d  r a t e .

o r th o -D in itro b en zen e  com plete ly  su p p resse s  p o ly m eriza tio n  

f o r  th e  e n t i r e  le n g th  o f  th e  experim en t. W ith a l l  d in i tro b e n ­

z e n e s , th e  m o n o m e r- in it ia to r - in h ib i to r  s o lu tio n s  w ere c o lo r le s s  

b e fo re  th e  p o ly m e riz a tio n . D uring th e  p o ly m eriza tio n  p ro c e s s , 

th e  c o lo r  g ra d u a lly  changed to  a  l i g h t  ye llow  c o lo r .

F .  The E f f e c t  o f  1 ,3 ,5 -T r in itro b e n 2ene on th e  S e n s itiz e d  Polymer­
iz a t io n  o f  o < -M etby ls ty rene

As can be  seen  from F ig u re  10 , t r in i t r o b e n z e n e  i s  a  r e t a r d e r  

f o r  th e  s e n s i t iz e d  p o ly m eriza tio n  o f  C X -m ethy lsty rene. I t  i s  a  

s t r ong e r  r e t a r d  e r  th an  e i th e r  n itro b e n z e n e  o r  th e  a e t a  and p a ra -  

d ln i tro b e n z e n e s . I t  i s  n o t ,  how ever, a s  e f f e c t iv e  a  te rm in a to r  a s
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Figtnre 9 j C o n v e rs io n -tin e  p lo t s  f o r  th e  p o ly m e riz a tio n  o f
< X -m ethy lsty rene  i n  th e  p re sen ce  o f  3 x  10“^  m oles 

p e r  l i t e r  d in i tro b e n z  ernes. The n tssbers cor r e s pond 
to :  (1 )  rm lh h l'b ite d ; (2 )  m e ta -d ln itro b e n z e n e ; (3 )
p a ra -d in ltro b en ze n e}  (4 )  o r th o -d in t tro b e n z e n e . 
M o n o m er:in itia to r  mole r a t i o  1 0 0 :1 .
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F ig u re  10: C onversion -tim e p lo t s  f o r  experim en ts  in v o lv in g
C <-® etfeylst7re n e :  d l - t e r t - b u ty l  p e ro x id e  and

1 ,3 ,5 - tr in i tro b e n z e n e *  The numbers correspond  
to  t r in i t r o b e n z e n e  c o n c e n tra tio n s  o f :  ( 1 ) 0 ;
(3 )  2*7 x  10“^  m oles p e r  l i t e r *  Monomer: i n i t i a t o r  
mole r a t i o  100: 1.
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o r th o -d in itro b e n z e n e e

The monomer s o lu t io n  was c o lo r l e s s  a t  th e  b eg in n in g  o f  th e  

p o lym e riz a tio n  and became a  d a rk  ye llow  c o lo r  a f t e r  th e  s i s  hour 

pol y m e riza tio n  p rocess*

G, The E f f e c t  o f  2 ,2 -D ip h e n y l- l-P ic ry lh y d ra z y l on th e  S e n s itiz e d  
P o ly m e riza tio n  o f  C v -H e th y ls ty re n e

The e f f e c t  o f  2 ,2 -d ip h e n y l- l -p ie ry lh y d ra z y l  on th e  s e n s i t iz e d  

polymer i z a t io n  o f  ̂ K r-sse thy lsty rene can be  seen in  F ig u re  11. A 

d e f in i t e  in d u c tio n  p e r io d  could  n o t  be  ach ieved  w ith  t h i s  s ta b l e -  

f r e e  r a d ic a l*  There i s  a  r e t a r d a t i o n ,  c h a r a c t e r i s t i c  o f  th e  p o ly -  

n i t r o  compounds* Any a tte m p t to  in c re a s e  th e  c o n c e n tra tio n  o f  

DPPH, in  th e  hope o f  p rod u c in g  an in d u c tio n  p e r io d ,  r e s u l t e d  in  a 

s tro n g e r  r e t a r d a t i o n .

A s o lu t io n  o f  DPPH i n  < X -n e th y ls ty re n e  shows a deep p u rp le ,  

perm anganate l i k e  c o lo r .  D uring th e  co u rse  o f  th e  p o ly m e riz a tio n , 

th e  c o lo r  g ra d u a l ly  changed to  d a rk  y e llo w , c h a r a c t e r i s t i c  o f  a 

p o ly - n i t r e  compound*

N itro  compounds ap p ea r to  b e  such s tro n g  r e ta r d e r s  f o r  th e  

p o ly m e riz a tio n  o f  O ^ -m e th y ls ty re n e  t h a t  th e  u se  o f  DPPH as a  

r a d ic a l  c o u n te r  would be  p ro h ib ite d *

H, Complex Form ations

The p o s s i b i l i t y  o f  th e  te rm in a to r  form ing a  complex w ith  

e i t h e r  th e  monomer o r  i n i t i a t o r  was c o n s id e re d . I n  th e  ev en t t h a t  

th e re  was a  complex fo rm a tio n , th e  e f f e c t iv e  c o n c e n tra tio n  o f  th e
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F ig u re  11: C o n v e rs io n -tin e  p lo t s  f o r  experim en ts  in v o lv in g  
CX -m e th y ls ty re n e j d l - t e r t - b u ty l  p e ro x id e  and 
2 , 2- d ip h e n y l - l - p ic r 7lltyd ra2y l  c o n c e n tra tio n s  o f :  
C l) 0} (2 )  3 x  10“^ ;  (3 )  5 x  10 -^  m oles p e r  l i t e r .  
M o n o m er:in itia to r  mole r a t i o  1 0 0 :1 .
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te rm in a to r  would b e  changed, th e reb y  a l t e r in g  i t s  te rm in a tin g  

powers* U l t r a v io le t  s p e c tra  w ere ra n  on te rm in a to r -  ex. -m eth y l- 

s ty re n e  and t e r a in a t o r - d l - t e r t - b q ty l  p ero x id e  s o lu tio n s  to  t e s t  

f o r  th e  p resen ce  o f  complexes* No complex fo rm atio n s  were found 

in  th e  te rm in a to r  c o n c e n tra tio n  ran g es used in  t h i s  work*
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IV . SUKK&KY and conclusion

1 . The e f f e c t  o f  qu inones,  n i t r o - a ro m a t ic  compounds, and 

f r e e  r a d ic a l  te rm in a to rs  on th e  s e n s i t i z e d  p o ly m e riz a tio n  o f  

'X -a e th y ls ty r e n e  a t  25°G was s tu d ie d  d i la to m e tr ic a l ly *

20 p a ra -Benzogrdnone r e t a r d s  th e  f r e e  r a d ic a l  polym er­

i z a t i o n  o f  o C -m e th y ls ty re n e , w h ile  g - c h lo r a n i l  and d-nrocttinone 

show l i t t l e  o r  no r e ta r d in g  powers# Thus, th e  p o ly m eriza tio n  

o f  o ^ -m e th y ls ty re n e  in  th e  p re sen ce  o f  p-benzoqninone i s  more 

l i k e  t h a t  o f  m ethyl m e th a c ry la te  th a n  o f  s ty ren e#

3# N itrobenzene  and g - n i t r o to lu e n e  a r e  r e ta r d e r s  f o r  th e  

f r e e  r a d ic a l  pol ymer i z a t io n  o f  cX ^-m ethylstyrsxe,  j u s t  a s  th e y  

a re  f o r  s ty re n e  and v in y l  a c e ta t e  p o ly m eriza tio n s#

4# m e ta -B in itro b en ze n e , p a ra -d in itro b e n z e n e  and 1 ,3 ,5 -  

t r in i t r o b e n z e n e  show a  weak in h i b i t i o n ,  fo llow ed  by r e ta r d a t io n ,  

in  th e  f r e e - r a d i c a l  p o ly m e riz a tio n  o f  C X -aethy l sty rene#

5# ortho-Dtnitrobenzene completely suppressed the free- 
radical polymerization of CX-nethylstyrene for the entire length 
of the experiment, (six hours)

6,  The p o ly - n i t r o  group in  th e  s ta b l e  f r e e  r a d i c a l  2 ,2 -  

d ip h e n y l- l-p ic ry lh y d ra z y l  has such  a  r e ta r d in g  e f f e c t  on th e  

p o ly m e riz a tio n  o f  O ^ -m e th y ls ty re n e  t h a t  th e  u se  o f  t h i s  s ta b le  

f r e e - r a d i c a l  a s  a  r a d i c a l  c o u n te r  in  t h i s  system  would be  p ro h ib i te d .  

Mo in d u c tio n  p e r io d  was observed w ith  DPPH.

40
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7 . No te ra ir.a to r-B onom er o r  te i s r L n a to r - in i t i a to r  complexes 

could  be  determ ined  by u l t r a v i o l e t  sp ec tro sco p y .
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