
Polymer Bulletin 23, 27-33 (1990) Polymer Bulletin 
�9 Springer-Verlag 1990 

Mechanochemical block copolymerization of poly(vinyl chloride) 
with methyl methacrylate by ultrasonic irradiation 
Hideki Fujiwara and Kunio Goto 

Department of Applied Chemistry, Faculty of Engineering, Osaka institute of Technology, 
16-1, Omiya 5-chome, Asahi-ku, Osaka, 535 Japan 

~UMMARY 

M e c h a n i c a l  d e g r a d a t i o n  s n d  m e c h a n o e h e m i c a l  b l o c k  c o p o l y -  
m e r i z a t i o n  i n  s y s t e m s  o f  p o l y ( v i n y l  c h l o r i d e ) - m e t h y l  m e t h a -  
c r y l a t e - s o l v e n t s  h a v e  b e e n  s t u d i e d  b y  u l t r a s o n i c  i r r a d i a t i o n  
a t  60 ~ .  T h e  e f f e c t  o f  t h e  c o n c e n t r a t i o n s  o f  p o l y ( v i n y l  
c h l o r i d e )  o n  m e c h a n i c a l  d e g r a d a t i o n  was  i n v e s t i g a t e d .  I n  a d -  
d i t i o n ,  t h e  e f f e c t s  o f  p o i y ( v i n y l  c h l o r i d e )  a n d  m e t h y l  m e t h -  
a c r y l a t e  c o n c e n t r a t i o n s  o n  m e e h a n o e h e m i c a l  b l o c k  o o p o l y m e r i z a -  
t i o n  w e r e  i n v e s t i g a t e d .  T h e  r a t e  e q u a t i o n  f o r  m e c h a n o c h e m i c a l  
b l o c k  c o p o l y m e r i z a t i o n  h a s  b e e n  d e d u c e d ,  a n d  t h e  e x p e r i m e n t a l  
r e s u l t s  w e r e  i n  f a i r l y  g o o d  a g r e e m e n t  w i t h  t l~e  e q u a t i o n .  The  
c h a n g e s  i n  t h e  c o m p o s i t i o n  o f  t h e  b l o c k  e o p o l y m e r  a n d  h o m o p o l -  
y m e r s  i n  t h e  r e a c t i o n  p r o d u c t s  w e r e  f o l l o w e d  b y  t u r b i d i m e t r i a  
t i t r a t i o n .  

~NTRODUCTION 

Many studies of mechanical degradation of polymer chains 
in solution by ultrasonic irradiation have been reported (1-10 
). 

On the other hand, the polymeric free radicals produced 
by the degradation of ehains should be able to initiate vinyl 
copolymerizations. However, mechanochemiaal block copolymeri- 
zation by ultrasonic irradiation has not been fully studied. 

In earlier papers, the study was made of meehanochemical 
block eopolymerizations of polystyrene-methyl methacrylate ( 
II), polybutadiene-styrene (12), poly(vinyl chloride)-styrene 
(13), and poly(vinyl aleoho])-methy] methaarylate (14) by ul- 
trasonic irradiation. 

The present paper is concerned with mechanical degrada- 
tion and mechanoahemical block eopolymerization in systems of 
poly(vinyl chloride)-methyl methacrylate-solvents effeeted by 
ultrasonic irradiation. In particular, we report on the ki- 
netics of the bloek copolymerization and the composition of 
the block eopolymer and homopolymers in the reaction products. 

EXPERIMENTAL 

M a t e r i a l s  
P o l y ( v i n y l  c h l o r i d e )  PVC ( 2 B - 7 1 9 ,  T e i j i n  Co. L t d . )  was  

p u r i f i e d  b y  e x t r a c t i o n  w i t h  h o t  p u r e  m e t h a n o l  f o r  80 h r .  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  was  1 , 5 3 0 .  
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The methyl methaerylate monomer MMA was washed succes- 
sively with sodium bisulfite solution, sodium hydroxide so- 
lution, and sodium chloride solution. After drying over anhy- 
drous sodium sulfate, the monomer was filtered and purified by 
distillation under redueed pressure in a stream of nitrogen. 

Pur i f i ed  te t rahydrofuran  THF and eyclohexanone CHAd were 
used as polymerizat ion solvents .  

P u r i f i e d  methanol was used as the p r e c i p i t a t i n g  agent. 

Apparatus and Procedures 
An u l t r a s o n i c  generator  (Model USV-150V, Cho-Onpa Kogyo 

Co. Ltd.) equipped with an e l e c t r o s t r i c t i v e  barium t i t a n a t e  
v i b r a t o r  of diameter 6.0 cm and th ickness  1.2 cm was used. 
The output of the v i b r a t o r  had an i n t e n s i t y  of 7.4 watts/em 2 
a t  a constant  frequency of 200 kHz. 

In the  procedure fo r  mechanical degradation, PVC was d i s -  
solved in  THF conta in ing  p-benzoquinone i n h i b i t o r  a t  40 ~ ,  
and then MMA was added slowly to  the so lu t i on  with s t i r r i n g  a t  
-10 ~ .  Ten m i l i l i t e r s  of the so lu t i on  were poured in to  a 25 
ml spec ia l  g lass  r e a c t i o n  vesse l ,  whieh was then degassed and 
sealed under one atmospheric pressure  of dry nitrogen.  U l t r a -  
sonic i r r a d i a t i o n  of the polymer so lu t i on  was c a r r i e d  out fo r  
I0, 20, 30, 40, 50, and 70 min a t  60 ~ .  The d is tance  be- 
tween the surface  of the v i b r a t o r  and the cen te r  of the bottom 
of the sealed r e a c t i o n  vesse l  was 9.2 mm. Af ter  reac t ion ,  the 
so lu t i on  was poured in to  a l a rge  amount of methanol conta in ing 
p-benzoquinone. The p r e c i p i t a t e d  polymer was f i l t e r e d ,  washed 
�9 and dr ied  in vacuo a t  45 ~ ,  and then the weight of the po l -  
ymer was measured. The number-average degree of polymeriza- 
t i o n  a t  var ious  s tages  of mechanical degradation was d e t e r -  
mined by osmometry. 

Mechanoahemieal block copolymerization os PVC-MMA-sol- 
vents systems was carried out by the irradiation in the ab- 
sence of p-benzoquinone. The conversion was calculated from 
the weight of the polymer produced by the eopolymerization. 
The composition of the eopoiymer andhomopolymers in the reac- 
tion products was determined by turbidimetry. 

Measurement of Osmotic Pressures 
The osmotic pressures of the polymers were measured in 

THF with an electronic membrane osmometer (K. G. Dr.-Ing. 
Herbert Knauer GmbH) at 20 ~ . 

~etermination of Turbidities 
The solution turbidities of the samples were determined 

with a turbidimetric titrator (Model NT-3, Kotaki Works Co. 
Ltd.) at 30 ~. The solvent and precipitating agent were THF 
and distilled water, respectively. The polymer concentration 
was 0. I0 g/l. 

~ESULTS AND DISCUSSION 

Mechanical Degradation and Mechanochemical Block Copol~meriza- 
t i o n  

Mechanica l~egradat ion  curve, number-average degree of 
polymerizat ion P. os PVC versus i r r a d i a t i o n  time, obtained by 
u l t r a s o n i c  i r r a d i a t i o n  i s  shown in Figure 1. The values of 
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P~ decrease with irradiation 
time, and the curve represents 
fitting by the rate equation 
for mechanical degradation was 
derived previously (15, 16). 

1 
k .  t + (i) 

P0 -P~  

where P0, Pt, and P~ are, re- 
spectively, the degree of pol- 
ymerization of the polymer at 
time t = 0, at any time t, and 
at the final stage of the deg- 
radation process; k~ is a rate 
constant. 

The theoretical curve is 
in agreement with the experi- 
mental values. In addition, 
the rate of decrease in P. of 
the degraded polymer is not 
dependent on PVC concentration 
within the 0.120 to 0.200 mo]/] 
range. However, the number of 
chain seissions N should be 
greater at the higher concen- 
tration. 

Two r a d i c a l s  of PVC re- 
sulted from u l t r a s o n i c  deg- 
rada t ion  as fo l lows:  

i 
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Figure I. Meehanieal degrada- 
t i o n  of PVC by u l t r a s o n i c  i r -  
r a d i a t i o n :  points  determined 
by experiment, a eurve calcu- 
lated from eq. (i). [PVC]: 
(O),0.200 mol/l; (A),0.120 
mol/1. [MMA]: 2.67 mol/1. 
[THF]: 7.93 mol/l. [CHAO]: 0 
mol/l. [p-Benzoquinone]: 
0.242 mol/l. 
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Mechanochemical eopolymerization of MMA is initiated by 
these polymeric radicals. However, this eopolymerization was 
found to be completely inhibited in the presence of p-benzo- 
quinone. 

The effects of PVC and MMA concentrations on meehanoehem- 
ical block copolymerization are shown in Figures 2 and 3. The 
rates of copolymerization clearly increase with increasing PVC 
and MMA concentrations. When the solution, in the absence of 
PVC, was Subjected to ultrasonic irradiation, the polymeriza- 
tion of MMA did not occur. 

Since the active two types of PVC are responsible for the 
initiation of eopolymerization, the rate of meehanochemieal 
block copolymerization in systems of PVC-MMA-solvents is de- 
rived from the following sequence of elementary reactions: 
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F i g u r e  2. E f f e c t  o f  PVC c o n -  
e e n t r a t i o n s  o n  m e c h a n o e h e m i -  
c a l  c o p o l y m e r i z a t i o n .  [PVC]:  
( O ) , 0 . 2 0 5  m o l / 1 ;  ( O ) , 0 . 1 7 2  
m o l / 1 ;  ( A ) , 0 . 1 5 3  m o ] / 1 ;  ( A )  
, 0 . 1 2 1  m o l / 1 .  [MMA]: 2 . 7 3  
m o l / 1 .  [THF] :  8 . 0 8  m o l / 1 .  
[CHAO]: 0 m o l / 1 .  

4.0 
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Figure 3. Effect of MMA con- 
centrations on mechanochemi- 
cal aopolymerization. [MMA]: 
(O),I-38 mol/l; (~),0.931 
moi/l; (A),0.434 mol/1; (A) 
,0.229 mol/1. [PVC]: 0.190 
mol/l. [CHAO]/[THF]= 0.735. 

ka 
p v c  > PA " + PB �9 mechanical d e g r a d a t i o n  

ki,A 
PA �9 + M > P A - - M "  

k i ,  B 
PB �9 + m > P B ~ M "  

) initiation 

k p  

P A - - M "  + M ) P .  

k~ 
P n ~ M  �9 + M '>  P " 

p r o p a g a t i o n  

k~r ,  M 
P '  + M > P  + M" c h a i n  t r a n s f e r  t o  MMA 

k • r ,  P 
p .  + p;  > P  + p~ �9 chain transfer to polymer 

ktr, T 

P "  + T H F  > P + T H F "  c h a i n  t r a n s f e r  t o  THF 
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~rl C 
P" + CHAO > P + CHAO �9 chain transfer to CHAO 

P~ �9 + Py �9 > P~+y , P~ + P~ termination 

w h e r e  kd, k i , A ,  k i , B ,  R~, k t r , ~ ,  k , r , p ,  k t r ,  r, k ~ , c ,  a n d  Re 
a r e  r a t e  c o n s t a n t s  f o r  t h e  r e s p e c t i v e  r e a c t i o n s .  When c h a i n  
t r a n s f e r  r e a c t i o n s  t o  THF a n d  / o r  CHA0 a r e  much f a s t e r  t h a n  
t h e  t e r m i n a t i o n  r e a c t i o n ,  t h e  i n i t i a l  r a t e  o f  m e c h a n o e h e m i a a l  
b l o c k  c o p o l y m e r i z a t i o n  Rp i s  g i v e n  b y :  

1 1 ke~ ,  T k t ~ , c  [CHAO] l = ( - - +  ~ (2) 
Rp [THF] k d f  [PVC][MMA] k~ kp [THF] 

w h e r e  [PVC] a n d  [MMA] a r e  t h e  i n i t i a l  c o n c e n t r a t i o n s  o f  PVC 
a n d  MMA. [THF] ,  [CHAO], a n d  f a r e  t h e  c o n c e n t r a t i o n s  o f  THF 
a n d  CHAO a n d  t h e  i n i t i a t i o n  e f f i c i e n c y  o f  t h e  a c t i v e  e n d  r a d -  
i c a l s  o f  PVC. T h e  r e s u l t s  f r o m  e q u a t i o n  (2) a r e  s h o w n  i n  
F i g u r e s  4 a n d  5, w h e r e  t h e  r e l a t i o n s h i p s  b e t w e e n  - { I n  Rp + 
I n  [THF]} a n d  - l n  [PVC] i n  F i g u r e  4 a n d  b e t w e e n  - ( I n  Rp + 
i n  [THF]} a n d  - l n  [MMA] i n  F i g u r e  5 a r e  r e s p e c t i v e l y  i l l u s -  
t r a t e d .  As i s  o b v i o u s  f r o m  t h e s e  f i g u r e s ,  t h e  l i n e a r  f u n c -  
t i o n s  a r e  f o u n d  i n  c o n f o r m i t y  w i t h  m e o h a n o c h e m i o a l  b l o c k  c o -  
p o l y m e r i z a t i o n .  I n  a d d i t i o n ,  e a c h  v a l u e  o f  t h e  s l o p e s  o f  t h e  
straight line in Figures 4 and 5 was 1.0. 
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F i g u r e  4. R e l a t i o n s h i p  b e -  
t w e e n  - ( l n  R,  + i n  [THF])  
a n d  - l n  [PVC] f o r  m e o h a n o -  
c h e m i c a l  b l o c k  c o p o l y m e r i -  
z a t i o n  o f  MMA w i t h  PVC. 
[MMA]: 2 . 7 3  m o l / 1 .  [THF] :  
8 . 0 8  m o l / 1 .  [CHAO]: 0 m o l / 1 .  
(R~ : m o l / 1  s ) .  

Accordingly, the 
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F i g u r e  5. R e l a t i o n s h i p  b e -  
t w e e n  - ( l n  Rp + I n  [THF])  
a n d  - l n  [MMA] f o r  m e t h a n e -  
c h e m i c a l  b l o c k  c o p o l y m e r i -  
zation of MMA with PVC. 
[PVC]: 0.190 mol/l, [CHAO]/ 
[THF]= 0.735. (Rp : mol/l s). 
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Figure 6. Turbidimetric titration curves a t  various stages 
during mechanoehemical block copolymerization. Samples ([PVC]: 
0. 172 mol/]. [MMA]: 2.73 mol/l. [THF]: 8.08 mol/l. [CHAO]: 0 
mol/1): (0), PVC sample; (20), 20 min treatment; (30), 30 min 
treatment; (40), 40 min treatment; (50), 50 min treatment; 
(70), 70 min treatment. (PMMA), PMMA produced by emulsion 
polymerization at 60 ~ 

initial rate of meehanoehem- 
ical block copolymerization 
Rp is given by 1 / Rp [THF] 

1 / [PVCI[MMA]. 

Changes in the Composition 
of the Block Copolymer and 
Homopol~mers in the Reaction 
products 

The turbidimetric ti- 
tration curves at various 
s t a g e s  of  t h e  b l o c k  c o p o l y -  
m e r i z a t i o n  a r e  shown i n  
F i g u r e  6. The cu rve  of  t h e  
o r i g i n a l  PVC has  a smooth 
S shape, bu t  t h o s e  of  t h e  
samples a f t e r  t h e  b l o c k  co -  
p o l y m e r i z a t i o n  a r e  i n s  
ed. In  p a r t i c u l a r ,  t h e  
curves of the samples after 
40 min or above have two in- 
flection points. This sug- 
gests that the samples con- 
sist of ternary systems of 
PVC, the block aopolymer of 
MMA with PVC, and poly(meth- 
y] methaerylate) PMMA. 

The changes in the eom- 
position of the block copol- 
ymer and homopolymers in the 
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Figure 7. Changes in the compo- 
sition of the block eopolymer 
and homopolymers in the reac- 
tion products. Samples ([PVC]: 
0.172 mol/1. [MMA]: 2.73 mol/l. 
[THF]: 8.08 mol/]. [CHAO]: 0 
mol/1): (O), PVC; (O), block 
copolymer; (A), PMMA. 
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r e a c t i o n  products  wi th  r e s p e c t  t o  t h e  i r r a d i a t i o n  t ime a r e  
shown in  Figure  7. The composi t ions  of t he  polymers were c a l -  
c u l a t e d  r e s p e c t i v e l y  from d i f f e r e n t i a l  t i t r a t i o n  curves  de-  
r i v e d  from Figure  6. The weight p r o p o r t i o n  of PVC deoi~eases 
wi th  t h e  p rogress  of the  block eopolymer iza t ion ,  but  t h a t  of 
t h e  block oopolymer i nc rea se s .  In a d d i t i o n ,  t h e  fo rmat ion  of 
PMMA a f t e r  40 min or  above i s  thought  t o  occur s i n c e  t h e  MMA 
segment in  t h e  block copolymer undergoes mechanical degrada-  
t i o n  dur ing  t h e  i r r a d i a t i o n  and t h e  cha in  t r a n s f e r  r e a c t i o n  to  
MMA occurs.  
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