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Plasma polymerization and copolymerization 
of styrene and methylmethacrylate 

I. Plasma initiated polymerization studies 
Bilge Clzden (Orhan) and G(ineri Akovah* 

Department of Chemistry and Macromolecular Research Division, (Tumka) Middle East Technical 
University, TR-06531 Ankara, Turkey 

Plasma i n i t i a t e d  p o l y m e r i z a t i o n  and c o p o l y m e r i z a t i o n  i s  a p p l i e d  
to  two model compounds, 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 ,  in  a 
s e r i e s  o f  e x p e r i m e n t s .  For t h i s  p o l y m e r i z a t i o n  t ubes  w i t h  b reak  
s e a l s  in  t he  m idd le  hav ing  two d i f f e r e n t  compar tments  a re  used.  
For samples w i t h o u t  and w i t h  b reak  s e a l s - t h e  l a t t e r  i s  b roken  
r i g h t  a f t e r  d i s c h a r g e - a  random copo lymer  r i c h  p r o d u c t ;  w h i l e  f o r  
the  o t h e r s  w i t h  b reak  s e a l s  broken a f t e r  c e r t a i n  t i m e s ,  a b l o c k  
copo lymer  i s  o b t a i n e d ,  as t r a c e d  ou t  by NMR and IR s t u d i e s .  

z n c_ r o_d u_c_C_i on  

Plasma p o l y m e r i z a t i o n  i s  d raw ing  c o n s i d e r a b l e  i n t e r e s t  in  r e c e n t  
years  e s p e c i a l l y  a f t e r  hav ing  s e v e r a l  o f  i t ' s  h i g h l y  p r o m i s i n g  
a p p l i c a t i o n s .  Numerous papers  a re  a l r e a d y  p u b l i s h e d  on plasma 
p o l y m e r i z a t i o n  o f  d i f f e r e n t  c o n v e n t i o n a l  and u n c o n v e n t i o n a l  
monomers; by u s i n g  "p lasma i n i t i a t e d "  and "p lasma s t a t e "  
p o l y m e r i z a t i o n s ,  r e s p e c t i v e l y .  Our e x i s t i n g  knowledge on i t ' s  
mechanism i s  s t i l l  f a r  f rom comp le te ,  and a b e t t e r  u n d e r s t a n d i n g  
i s  needed.  

To ga in  more i n f o r m a t i o n  on plasma p o l y m e r i z a t i o n ,  two model 
compounds ( s t y r e n e  (S) and methy l  m e t h a c r y l a t e  (MMA) a re  t e s t e d  
in l i q u i d  (p lasma i n i t i a t e d )  and in  gas phase (p lasma s t a t e )  
p o l y m e r i z a t i o n s  in  a s e r i e s  o f  e x p e r i m e n t s .  F i r s t  p a r t  o f  t h i s  
s t udy  which i s  p r e s e n t e d  here  d e a l s  w i t h  some r e s u l t s  o b t a i n e d  
f rom plasma i n i t i a t e d  p o l y m e r i z a t i o n  and c o p o l y m e r i z a t i o n  o f  
t hese  model compounds. 

Plasma i n i t i a t e d  p o l y m e r i z a t i o n  o f  (S) in  b u l k  i s  r e p o r t e d  to  
y i e l d  t o  " t r a c e  amounts o f "  i n s o l u b l e  f i l m  in  one s t u d y  ( I )  
wh ich  no tes  "no p o s t - p o l y m e r i z a t i o n " ;  and t o  a h i gh  m o l e c u l a r  
w e i g h t  po lymer  w i t h  c o n s i d e r a b l y  h igh  y i e l d s  v i a  " l i v i n g  s t y r e n e  
m a c r o r a d i e a l s "  in  an a n o t h e r  s t u d y  ( 2 , 3 ) ;  where ,  be ing  q u i t e  
c o n t r a d i c t o r y  t o  t he  f i r s t ,  " c o n s i d e r a b l e  p o s t - p o l y m e r i z a t i o n  
a f t e r  plasma i n i t i a t i o n "  i s  a l s o  n o t e d .  

*To whom offprint requests should be sent 
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Plasma i n i t i a t e d  polymerizat ion of (MMA) is found to y i e l d  to 
u l t rah igh  (Ca, 3xI07) molecular weight polymers wi th qui te 
high y ie lds  ( I ; 4 - 6 ) .  Reaction was shown to be free r a d i c a l i c  
(7-9) and the main precursor was claimed to be a "b i rad ica l  
which is assumed to be produced in vapor" (9). There are also 
studies to speci fy the main act ive specie (10-12). 

Plasma i n i t i a t e d  bulk copolymerization of (S) and (MMA) are 
invest igated f i r s t  by Osada ( I )  where the i n h i b i t i n g  e f fec t  of 
(S) monomer on copolymerization react ion is noted. Increasing 
(S)concentrations in the feed up to 40% decrease y ie lds  s tead i l y ;  
and at t h i s  value, "d i sco lo ra t ion  and inso lub le  f i l m  formation" 
were again noted. Reaction was shown to proceed with a free 
radical  mechanism and a random copolymer was obtained. In the 
study of Simionescu et. a l . ,  (13), f ree radical  mechanism for  
the react ion was again approved and the copolymer obtained had 
very high molecular weights. In an another study of the same 
group, the concentrat ion of l i v i n g  macroradicals in 
copolymerization medium were calculated as 105-107 times 
higher than in a c lass ica l  bulk copolymerization system (14). 
There were no ind ica t ion  of separation of homopolymers from 
copolymeric products in these pub l ica t ions  (13,14). 

E~9_E_imen_t_al 

The monomers used ,  (S)  and (MMA) were  p r o d u c t s  o f  BASF and 
A l d r i c h  Chem. Co . ,  r e s p e c t i v e l y .  B o t h  were  p u r i f i e d  f i r s t  by 
remova l  o f  i n h i b i t o r  by s t a n d a r d  p r o c e d u r e  f o l l o w e d  by 
d i s t i l l a t i o n .  D u r i n g  p lasma  s t u d i e s ,  an r . f .  g e n e r a t o r  o p e r a t i n g  
a t  13 .56  MHz c o u p l e d  t o  a m a t c h i n g  n e t w o r k  and a w a t t m e t e r  was 
used .  The O s a d a - B e l l  and S h e n ' s  p r o c e d u r e  ( 1 )  was a p p l i e d  d u r i n g  
c o p o l y m e r i z a t i o n  s t u d i e s ,  e x c e p t  t h e  p y r e x  p o l y m e r i z a t i o n  t u b e s  
(10  cm. i n  l e n g t h  and 2 cm. i n  d i a . )  had a b r e a k - s e a l  i n  t h e  
m i d d l e ;  hence  i t  had two  c o m p a r t m e n t s  f o r  two  d i f f e r e n t  monomers 
used .  By t h i s  me thod ,  we were  a b l e  t o  i n i t i a t e  p lasma e i t h e r  i n  
" b o t h "  o r  i n  " a n y "  o f  t h e  c o m p a r t m e n t s  on w i s h ,  s i m p l y  by 
a d j u s t i n g  t h e  l o c a t i o n  o f  o u t e r  e l e c t r o d e s .  Hence c o n t r o l  o f  t h e  
p l a s m a - i n i t i a t i o n  and p o s t - p o l y m e r i z a t i o n  r e a c t i o n s  were  
p o s s i b l e  f o r  any  p e r i o d  o f  t i m e  b e f o r e  o r  a f t e r  m i x i n g  t h e  
monomers.  For  t h i s ,  f i r s t ;  e q u a l  v o l u m e  o f  monomers were  vacuum 
d i s t i l l e d  i n t o  s e p a r a t e  c o m p a r t m e n t s , d e g a s s e d  s e a l e d  and k e p t  
f r o z e n  a t  l i q u i d  n i t r o g e n  t e m p e r a t u r e .  The ampou le  t h e n  i n s e r t e d  
be tween  a p a i r  o f  p a r a l l e l  p l a t e  e l e c t r o d e s  c o n n e c t e d  
c a p a c i t i v e l y  t o  ( r . f . )  and d i s c h a r g e  power  was p u t  on u n t i l  
d r o p l e t s  o f  l i q u i d  a p p e a r e d ,  a f t e r  w h i c h  g l o w  was g e n e r a t e d  i n  
t h e  t u b e  and c o n t i n u e d  f o r  a b o u t  3 m i n .  o r  more.  The ampou le  was 
t h e n  l e f t  t o  s t a n d  i n  a c o n s t a n t  t e m p e r a t u r e  b a t h  ( 3 0 " C ,  u n l e s s  
s p e c i f i e d  o t h e r w i s e )  f o r  168 h r s .  o f  t o t a l  p o s t - p o l y m e r i z a t i o n  
t i m e ;  m e a n w h i l e  s e a l - b r e a k  was b r o k e n  f o r  c e r t a i n  s a m p l e s  a t  
c e r t a i n  t i m e s .  A f t e r  c o m p l e t i o n  o f  p o s t - p o l y m e r i z a t i o n ,  t h e  
ampou le  was b r o k e n ,  i t s  c o n t e n t s  were  p r e c i p i t a t e d  w i t h  
m e t h a n o l ;  f i l t e r e d  and d r i e d  i n  vacuum o v e n .  

For  a l l  s a m p l e s  e x c e p t  t h e  ones  w i t h  t r a c e  amoun ts  o f  p r o d u c t s ,  
" s e l e c t i v e  p r e c i p i t a t i o n "  was a p p l i e d  ( 1 5 )  t o  s e p a r a t e  homo-and 
c o - p o l y m e r s .  For  t h i s ,  known amoun ts  o f  p r o d u c t  was d i s s o l v e d  i n  
benzene  t o  f o r m  a (2%) s o l u t i o n  w h i c h  was d i l u t e d  w i t h  e q u a l  
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vo lume  o f  a c e t o n e  a f t e r w a r d s .  Equa l  vo l ume  o f  p e t r o l e u m  e t h e r  
(PE) was added s l o w l y  o v e r  i t  w i t h  s t i r r i n g ,  d u r i n g  w h i c h  PMMA 
p r e c i p i t a t e s .  A f t e r  f i l t r a t i o n ,  t h e  s u p e r n a t a n t  was r e c o v e r e d  by 
e v a p o r a t i n g  t h e  s o l v e n t ,  s o l i d  was d i s s o l v e d  i n  e q u a l  v o l u m e s  o f  
benzene  and c h l o r o b e n z e n e  and t h a n  m e t h a n o l  was added s l o w l y  
u n t i l  no f u r t h e r  p r e c i p i t a t i o n  ( o f  PS) .  The p r o d u c t s  were  
a n a l y z e d  by use o f  B r u k e r  (200 M Hz)  1H .N .M .R .  and I . R .  
s p e c t r o m e t e r s .  

As p o i n t e d  o u t  by Bovey ( 1 6 ) ,  O v e r b e r g e r  ( 17 )  and o t h e r s  
( 1 8 - 1 9 ) ;  random and b l o c k  c o p o l y m e r s  o f  (MMA/S) c o u p l e  have  
common peaks  be tween  7 - 6 . 5  ppm ( p h e n y l  p r o t o n s ) .  I n  t h e  random 
c o p o l y m e r s  w i t h  h i g h  (S)  f e e d s ,  t h e  o r t h o  r i n g  p r o t o n s  a p p e a r  as 
a s m a l l e r  peak o r  even  as a s h o u l d e r  a t  h i g h e r  f i e l d  t h a n  t h a t  
o f  meta and p a r a ;  w h e r e a s  a t  l o w e r  (S)  f e e d  r a t i o s ,  o n l y  a 
s i n g l e  peak i s  seen ( 1 6 ) .  For  random c o p o l y m e r s ,  t h e  peaks f o r  
m e t h o x y l  p r o t o n s  (MMA) a r e  seen i n  3 . 6 - 2 . 1  ppm r e g i o n  and CHz 
(MHA) and CHCHz p r o t o n s  (S)  appea r  i n  1 . 9 - 1 . 5  ppm. r e g i o n .  A t  
h i g h e s t  f i e l d ,  1 . 2 - 0 . 5  ppm. peaks a r e  due t o  t h e  a - m e t h y l  g r o u p s  
(MMA). Whereas f o r  b l o c k  c o p o l y m e r s ,  t h e r e  i s  a 3 . 6  ppm. 
s i n g t e t  due t o  m e t h o x y  (MMA) and a d o u b l e t  a - m e t h y l  p r o t o n s  
be tween  1 . 2 - 0 . 5  ppm. ( 1 7 ) .  O v e r b e r g e r  a l s o  showed t h a t  t h e  
N.M.R.  s p e c t r a  o f  a n i o n i c a l l y  p r e p a r e d  b l o c k  c o p o l y m e r  i s  
e x a c t l y  t h e  same w i t h  t h a t  o f  a m i x t u r e  o f  two  h o m o p o l y m e r s  o f  
(MMA) and (S)  and t h e i r  b l o c k  c o p o l y m e r  can n o t  be c l e a r l y  
d i s t i n g u i s h a b l e  f r o m  each o t h e r  e a s i l y ,  e x c e p t  by a s l i g h t  
d i f f e r e n c e  i n  (C-O-C)  s t r e t c h i n g  bands a t  1280 -1150  cm-1 ; 
whe reas  f o r  a random c o p o l y m e r ,  a b road  band a p p e a r s  i n  t h e  same 
r e g i o n  w i t h o u t h  e f f e c t i n g  t h e  c h a r a c t e r i s t i c  bands o f  1740 cm -1 
(C=O; MMA) and 690 cm -1 ( S ) .  

C o m p o s i t i o n  of p r o d u c t s  were  o b t a i n e d  by I,R. by use o f  a 
p r e c a l i b r a t e d  c u r v e  ( p r e p a r e d  by u s i n g  t h e  c h a r a c t e r i s t i c  band 
i n t e n s i t y  r a t i o s  o f  1740 cm -1 (C=O) t o  690 cm -1 
( m o n o s u b s t i t u t e d  p h e n y l  i n  a s e r i e s  o f  b l e n d s )  w h i c h  were  a l s o  
checked  by N.M.R.  

R e s u l t s  and D i s c u s s i o n  

Two d i f f e r e n t  s e t  o f  r e s u l t s  were  o b t a i n e d  f r o m  two  d i f f e r e n t  
p r o c e d u r e s  used ,  d e p e n d i n g  on :  

a) w h e t h e r  d i s c h a r g e  was a p p l i e d  t o  one c o m p a r t m e n t  o r  t o  b o t h ,  
and,  

b) l e n g h t h  o f  t i m e  w a i t e d  t o  b reak  t h e  s e a l  a f t e r  t h e  d i s c h a r g e .  

R e s u l t s  a r e  p r e s e n t e d  i n  ( T a b l e  I .  and I I ) .  R e s u l t s  o f  f i r s t  
g r o u p  o f  e x p e r i m e n t s  w i t h  d i s c h a r g e s  a p p l i e d  t o  b o t h  
c o m p a r t m e n t s  y i e l d e d  t o  t r a c e  amounts  o f  p r o d u c t s  i n  g e n e r a l  as 
a l s o  was n o t e d  by Osada e t .  a l  ( 1 3 ) .  A l t h o u g h  m a g n i t u d e  o f  
y i e l d s  seem t o  be u n a f f e c t e d  by t h e  p a r a m e t e r s  l i k e  d i s c h a r g e  
p e r i o d s ,  t e m p e r a t u r e  and even  by t h e  t i m e  t o  b r e a k  t h e  s e a l  
a f t e r  d i s c h a r g e s  ( T a b l e  I ) ,  b o t h  c o m p o s i t i o n s  and t h e  n a t u r e  o f  
p r o d u c t s  were  a p p a r e n t l y  i n f l u e n c e d  c o n s i d e r a b l y  by t h e s e  
p a r a m e t e r s .  F i r s t  t h r e e  e x p e r i m e n t s  f o r  samp les  w i t h o u t h  and 
w i t h  b reak  s e a l s - t h e  l a t t e r  i s  b r o k e n  r i g h t  a f t e r  
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d i s c h a r g e - y i e l d e d  to  "random copo lymer  r i c h "  p r o d u c t s  w i t h  
s i m i l a r  c o m p o s i t i o n  ( F i g .  I and 2a) ;  b e a r i n g  random copo lymer  
c h a r a c t e r i s t i c s ,  

I00 

80 

!4o 
i i i | i i i i ~ i a 

4000 3500 ~ 2500 2000 1800 1600 1 4 ~  1200 I000 8 ~  6 ~  
W,~I41~UMBER(CM ~ 

F i g u r e  1. IR Spect rum o f  random copo l ymer  (exp .  3) 
( f i l m  f rom CHCI3) 

~i0 "/o 61o si~ 4.3 3.5 ~o ~'.0 0.%- 
PPNI 

F i g u r e  2a,NHR spec t rum o f  random copo lymer  (exp ,  3) 
b. NMR spec t rum o f  a b l o c k  copo lymer  ( e x p , 7 )  
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Increase of temperature did not change (MMA) content in the 
random copolymer. On the other hand, i t  is  in terest ing to see 
that;  a l l  the samples with break seals broken a f te r  certa in 
times did not y ie ld  to random but most  probably to "block 
copolymers", (Fig.2b and 3). As the amount of products obtained 
in experiments I to 6 were too low, no se lec t ive  p rec ip i ta t i on  
was applicable to separate homopolymers from the system. In 
addit ion, although i t  would be possible to d i f f e r e n t i a t e  a 
random and a block copolymer (of S and MMA) spectrometr ical ly ;  
th i s  method was mentioned as not sui table to trace out block 
copolymers of t h i s  couple from the mixture of t h e i r  
homopolymers. Hence, products of I to 3 rd experiments were 
label led as "random copolymer-rich" and both "block copolymer- 
r ich or mixture of homopolymer" a l te rna t ives  were used for  the 
rest,  in (Table I . ) .  

F i g u r e . 3  p resen t s  IR o f  (sample 7) and NMR of  same sample i s  
g iven in ( F i g u r e . 2 b ) ;  which c l e a r l y  show b l o c k - c o p o l y m e r  
s t r u c t u r e .  As t r aced  ou t  f rom s e l e c t i v e  p r e c i p i t a t i o n  s t e p s ,  
du r i ng  c o p o l y m e r i z a t i o n ,  homopolymers and even one,component  
r i c h  copo lymers  were unav iodab l y  produced.  

I00 

2O 

| . !  I i i t , i a 

4000 3500 3000 2500 2000 1800 1600 1 4 0 0  1 2 0 0  I000 800 600 

~V~INtJk~,IBE]~ (CM "I) 

Figure 3.IR Spectrum of Block Copolymer (exp. 7) ( f i l m  from CHCI3) 

The resu l t  obtained in second group of experiments where 
discharge was applied to one compartment only yielded to 
s im i la r  resul ts and they are presented in(Table. I I ) .  Hence i t  is  
in terest ing to conclude that ,  i f  S and MMA monomers were 
isolated from each other for  certain periods of time a f te r  t h e i r  
ac t iva t ion  by plasma; a block copolymer is obtained being 
i r respect ive  of e i ther  both or one of the monomers were 
act ivated. 
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