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SUNqARY 

p-Vinylbenzyl methacrylate was synthesized by the phase transfer 
catalyzed ester i f i ca t ion of potassium methacrylate with p-chloro- 
methylstyrene, p-Vinylbenzyl methacrylate was homopolymerized and 
copolymerized with methyl methacrylate by group transfer polymerization 
through the methacryloyl group, result ing in reactive polymethacrylates 
containing pendant styrene groups. 

INTRODUCTION 

Recently, a new addition polymerization technique known as group 
transfer polymerization (GTP) was developed ( I -7 ) .  I t  uses s i l y l  ketene 
acetals and other organosilicon compounds as in i t i a to rs ,  and either 
nucleophil ic (eg. HF2-, CN-, F-, N2-) (1,2) or e lectrophi l ic  (Lewis acids) 
(3) catalysts to polymerize polar monomers such as methacrylates, 
acrylates, acrylamides, etc. through a l iv ing mechanism. Therefore, i t  
has the important advantages associated with l iv ing polymers, including 
the capabi l i ty to give polymers with narrow molecular weight d is t r ibut ion,  
the a b i l i t y  to control the molecular weight by the rat io of monomer to 
i n i t i a t o r ,  and the a b i l i t y  to synthesize telechelics (4,5) and block 
copolymers (7). Also, i t  proceeds rapidly at room temperature and i t  can 
be used to polymerize acrylates through a l iv ing mechanism, both in 
contrast to anionic polymerization which can only be used to polymerize 
methacrylates at low temperature by a l iv ing mechanism (8,9). Despite the 
unique chemistry and advantages of GTP, l i t t l e  has been done to exploi t  
i t s  potential of polymerizing unusual monomers (2,7,10). One of the most 
important potential applications of GTP would be the polymerization of 
polar double bonds to the exclusion of nonpolar double bonds. Of 
par t icu lar  interest  is the e lect rophi l ic  catalyzed GTP of 
2-methacryloyloxyethyl acrylate, which gives a polymer containing pendant 
methacryloyl groups (7). We are interested in functional polymers 
containing pendant or terminal styrene groups, since they represent a 
novel class of thermally reactive oligomers (11-14). The goal of this 
paper is to present the synthesis and group transfer polymerization and 
copolymerization of the bifunctional monomer p-vinylbenzyl methacrylate. 
This is the f i r s t  example of a monomer polymerized select ively at a polar 
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v iny l  group in the presence of a styrenic substituent, resul t ing in a 
react ive polymethacrylate containing pendant styrene groups. This novel 
class of react ive pol~methacrylates is very useful for  the synthesis of 
novel polymer networks and interpenetrat ing polymer networks. 

EXPERIMENTAL 

A. Materials and Methods 

Methacrylic acid (Aldr ich) and dimethylketene methyl t r i m e t h y l s i l y l  
acetal (Polysciences, Inc.)  were used as received, p-Chloromethylstyrene 
was synthesized according to a l i t e ra tu re  procedure (15). Methyl 
methacrylate (MMA) (Aldr ich) was dried and pur i f ied by passage through a 
column of sodium sul fate sandwiched between basic activated alumina just 
pr ior  to each polymerization. Tris(dimethylamino)sulfonium b i f luor ide  
used as cata lyst  was generously donated by Dr. Hert ler of E. I .  du Pont de 
Nemours and Company. Tetrahydrofuran (THF) used as polymerization solvent 
was refluxed over l i th ium aluminum hydride and d i s t i l l e d  under argon just  
pr ior  to each polymerization. Al l  other reagents were used as received. 
Polymerizations were carried out under argon in polymerization v ia l s  
equipped with septums. Al l  glassware and syringes were dried at 120"C at 
least 12 hrs. before use. Polymerizations were performed by a batch 
process in which cata lyst  was added to a solution of monomer, i n i t i a t o r ,  
and solvent. Average molecular weights and polyd ispers i t ies (Mw/Mn) were 
determined by gel permeation chromatography (GPC) with a Perkin-Elmer 
series IOLC equipped with LC-IO0 column oven, LC-IO0 autosampler and Sigma 
15 data stat ion. The measurements were made using an ~V detegtor,~THF ~s 
solvent5( l  ml/min, 40"C), a set of PL-gel columns (106 , 5xlO ~, IO w , IO T , 
and I0 ~), and a ca l ib ra t ion plot  constructed with polystyrene 
standards. Glass t rans i t ion  temperatures (Tg) were determined with a 
Perkin-Elmer d i f f e r e n t i a l  scanning calorimeter (model DSC-4) at a heating 
rate of 20"C/min. Indium was used as the ca l ib ra t ion standard. Al l  glass 
t rans i t ion  temperatures reported were read during the second heating 
cycle. 200 MHz H-NMR spectra were recorded on a Varian XL-200 
spectrometer in CDCl 3 solutions with TMS as internal standard. 

B. Synthesis of p-Vinylbenzyl Methacrylate (VBM) 

The potassium sa l t  of methacrylic acid was made by t i t r a t i n g  a 
solution of methacrylic acid (25 ml, 0.29 mol) in methanol (400 ml) by 1.5 
M KOH in methanol (216 ml, 0.32 mol) using phenolpthalein as indicator.  
This was then poured into diethyl  ether and the prec ip i ta te  f i l t e r e d  and 
dried, p-Chloromethylstyrene (20 ml, app. 0.13 mol) was then added to an 
ice-cooled solution of potassium methacrylate (18g. 0.14 mol) and 
tetrabutylammonium hydrogen sul fate (TBAH) (4.2g, 12.4 mmol) in THF (300 
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Figure i. 200 
MHz IH-NMR 
spectrum of 
VBM (CHCI3, d I, 
TMS). 
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Figure 2. Aromatic and olefinic region of the 200 MHz 
IH-NMR spectra of (A) PVBM, and (B) MMA/VBM=2.5 copolymer 

(CHCI 3, dl, TMS). 
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ml) and DMSO (50 ml), and st i r red at 60"C 20 hrs. The result ing orange 
solution was poured into water and s t i r red unt i l  an orange l iquid 
separated, which was extracted with chloroform, washed several times with 
water, and dried over sodium sulfate overnight. After f i l t r a t i o n ,  
chloroform was removed on a rotovapor at room temperature, and the product 
was dissolved in anhydrous diethyl ether. This was then dried and 
pur i f ied pr ior to each polymerization by passage through a column of 
sodium sulfate sandwiched between b~sic activated alumina, and the solvent 
removed by rotary evaporation. H-NMR (CHCL3, dl, 6, ppm): 1.9 (s, 
-CH~), 5.1 (s, -OCH~), 5.15-5.2 (d, :~H trans to benzyl), 5.5 (s, ~CH 
tra~s to CH~), 5.65-~.75 (d, =CH cis to benzyl), 6.1 (s, =CH cis to CH~), 
6.55T6,75 (~, =FH ~ to benzyl) 7.2-7.4 (m, 4 aromatic pro{ons). The ~00 
MHz "H-NMR spectrum is presented in Figure I. 

C. Polymerization of VBM 

Tris(dimethylamino)sulfonium bi f luor ide (approximately 0. I mol% 
re lat ive to i n i t i a t o r )  was added to an ice-cooled solution of VBM (l.Og, 
4.9 mmol) and dimethylketene methyl t r imethy ls i l y l  acetal (0. I ml, 0,34 
mmol) in THF (5 ml) under argon. The reaction mixture was st i r red 1.5 
hrs., and then poured into methanol, The obtained polymer was puri f ied by 
precipi tat ion from THF solution into methanol, to give 0.55g PVBM 455%). 
GPC: Mw =30961, ~n = 3722, (theoretical ~n = 2979), ~w/Mn=8.3. "H-NMR 
(CHClR, d I ,  6, ppm): 0,5- I .5 (m, -CHR), 1.5-2,3 (d, methacryloyl -CHp), 
4.9 (~, -OCH2), 5.15-5.25 (d, =~H tran~ to benzyl), 5.65-5.75 (d, =~H ~is 
to benzyl), 6.5-6.8 Im, :CH ~ to benzyl), 7.2-7.4 (m, 4 aromatic 
protons). The 200 MHz H-NMR spectrum is presented in Figure 2a, 

D. Copolymerization of VBM and MMA 

In a typical procedure, tris(dimethylamino)sulfonium bi f luor ide 
(approximately 0.I mol% re lat ive to i n i t i a t o r )  was added to an ice-cooled 
solution of VBM (0.53g, 2.2 mmol), MMA (0.58g, 5.8 mmol), and 
dimethylketene methyl t r imethy ls i l y l  acetal (0.15 ml, 0,50 mmol) in THF 
(3.7 ml) under argon. The reaction mixture was st i r red 1.5 hrs., and then 
poured into methanol, The obtained polymer was pur i f ied by precipi tat ion 
from THF solution into methanol, to igive 0.36g copolymer (46%). 
GPC: Bw = 21320, Nl~ = 8331, ~w/~n=2.6, H-NMR (CHCI~, d I, 6 , ppm): 
0.75-0.95 (m, -CH~), 1.75-I.9 (d, methacryloyl -CH~), ~5  (4, -OCH3), 4.9 
(s, -OCH~), 5.15-~,25 (d, =FH trans to benzyl), 5.'-65-5.75 (d, =ICH cis to 
benzyl) , :6.5-6r 8 (m, :~H ~ to benzyl), 7.2-7.4 (m, 4 aromatic protons). 
The 200 MHz --H-NMR s#ectrum is presented in Figure 2b. The copolymer 
composition was determined by calculating the rat io of the area of the 
signal at 3.5 ppm (-OCH3) and the area of the signal at 4.9 ppm (-OCH2). 
In this case, the rat io was calculated to be 3.3, indicating a d i f ferent  
copolymer composition from the i n i t i a l  monomer composition. The extent of 
unreacted styrenic double bonds can be determined by calculating the rat io 
of the area of the peaks from 5.15 to 5.65 ppm (=CH 2) and the area of the 



T
a
b
l
e
 

i
.
 

S
y
n
t
h
e
s
i
s
 

a
n
d
 

C
h
a
r
a
c
t
e
r
i
z
a
t
i
o
n
 

o
f
 
P
V
B
M
 

a
n
d
 
V
B
M
/
M
M
A
 

C
o
p
o
l
y
m
e
r
s
.
 

N
o
.
 

V
B
M
 

~
n
 

N
n
 

N
w
 

Y
i
e
l
d
 

M
M
A
 

I
n
i
t
i
a
t
o
r
 

%
 

(
x
l
0
3
)
 

(
x
l
O
 3
)
 

(
x
l
0
3
 

(
m
o
l
/
l
)
 

t
h
e
o
r
.
 

I
 a
'
e
 
0
.
9
8
7
 

0
 

0
.
0
6
7
 

5
5
 

2
 a
'
e
 

0
.
7
0
5
 

0
.
6
9
2
 

0
.
1
3
5
 

4
6
 

3
 c
'
d
 
0
.
5
4
0
 

1
.
4
3
9
 

0
.
0
7
6
 

6
1
 

4
 b
'
f
 

0
.
2
7
4
 

1
.
3
8
7
 

0
.
0
8
5
 

3
8
 

5
 b
'
e
 
0
.
3
7
6
 

2
.
5
1
0
 

0
.
0
6
8
 

8
1
 

6
 b
'
f
 

0
.
2
0
3
 

2
.
4
0
6
 

0
.
0
6
8
 

8
0
 

7
 a
'
d
 
0
.
1
9
6
 

2
.
6
8
3
 

0
.
0
7
6
 

4
0
 

2
.
9
8
 

1
 
5
5
 

3
 
3
4
 

2
 
2
7
 

4
 
8
1
 

4
 
1
6
 

4
 
0
9
 

M
w
/
H
n
 

3
.
7
2
 

6
1
.
1
1
 

8
.
3
3
 

5
.
0
8
 

1
6
.
9
9
 

i
i
.
 7

2
 

8
.
0
4
 

G
P
C
 

3
0
 

9
 

1
7
2
 

3
 

2
1
 

3
 

6
2
 

1
8
 
0
 

1
3
 
0
 

1
2
 
4
 

8
 
3
 

2
 
8
 

2
 
6
 

1
 
2
 

i
 
i
 

1
 
1
 

1
.
6
 

M
M
A
/
V
B
M
 

(
m
o
l
/
m
o
l
)
 

c
h
a
r
g
e
 

c
o
p
o
l
y
m
e
r
 

0
 

0
 

0
.
9
8
 

1
 
1
 

2
.
7
 

3
3
 

5
.
1
 

3
6
 

6
.
7
 

4
3
 

1
1
.
8
 

8
 
7
 

1
3
.
7
 

I
i
 

6
 

T
g
 

(
~
 

i
s
t
 

2
n
d
 

s
c
a
n
 

~
a
n
 

5
6
 

-
-
-
 

7
4
 

-
-
-
 

7
5
 

-
-
-
 

8
8
 

-
-
-
 

1
1
4
 

1
3
4
 

1
1
3
 

1
3
2
 

1
1
2
 

1
3
1
 

d
i
m
e
t
h
y
l
k
e
t
e
n
e
 

m
e
t
h
y
l
 

t
r
i
m
e
t
h
y
l
s
i
l
y
l
 

a
c
e
t
a
l
 

a
 
=
 
p
o
l
y
m
e
r
i
z
a
t
i
o
n
 

t
i
m
e
 

1
.
5
 
h
r
;
 

b
 
=
 
p
o
l
y
m
e
r
i
z
a
t
i
o
n
 

t
i
m
e
 

2
.
0
 
h
r
;
 

c
 
=
 
p
o
l
y
m
e
r
i
z
a
t
i
o
n
 

t
i
m
e
 

2
.
5
 
h
r
;
 

d
 
=
 
a
m
b
i
e
n
t
 

r
e
a
c
t
i
o
n
 

t
e
m
p
e
r
a
t
u
r
e
;
 

e
 
=
 
r
e
a
c
t
i
o
n
 

f
l
a
s
k
 

i
m
m
e
r
s
e
d
 

i
n
 
i
c
e
-
w
a
t
e
r
;
 

f
 
=
 
r
e
a
c
t
i
o
n
 

f
l
a
s
k
 

i
m
m
e
r
s
e
d
 

i
n
 
d
r
y
-
i
c
e
/
a
c
e
t
o
n
e
.
 



114 

0 

Z 

0 

2(A) 

2(B) 

7(A) 

131/-- 
7(B) 

50 I00 150 200 

Fisure 3. DSC traces of 
entries 2 and 7 from 
Table i: 

(A) first heating 
(B) second heating 

Figure 4. GPC traces of 
PVBM and some typical 
copolymers of VBM and 
MMA. (Numbers corres- 
pond to those in Table i.) 

o 

o 

=m 

Temperature (~ 

20 30 40 

Elution Volume (ml) 



115 

peak at 4.9 ppm (-OCH2). This r a t i o  must be 1.0 or less in a l l  cases. 

RESULTS AND DISCUSSION 

VBM was homopolymerized or copolymerized with MMA in ra t i os  of MMA to 
VBM of 0.98 to 13.7. The resu l ts  of the synthesis and charac ter iza t ion  of 
PVBM and i t s  copolymers with MMA are shown in Table I .  Some of the y ie lds  
are low, probably due to the low molecular weights involved, which may be 
p a r t i a l l y  soluble in methanol used to i so la te  these polymers. The 
copolymer compositions (as determined by comparison of Tab~--OCHoet~ andTh~re 
i n i t i a l  monomer concentrat ion can also be found in I ,  is  
s l i g h t l y  less MMA in the copolymer than in the i n i t i a l  monomer composition 
as determined by NMR in a l l  cases. 

Although comparison of Figure 2 with Figure 1 demonstrates that  GTP 
of VBM polymerizes the methacrylate double bond to the exclusion of the 
s ty ren ic  double bond, the wide molecular weight d i s t r i b u t i o n s  seen in 
Table 1 ind ica te  that  t h i s  is  not necessar i ly  t rue.  This is  fu r the r  
elucidated by the t yp i ca l  gel permeation chromatographs presented in 
Figure 4, in which there is a small peak at high molecular weight in 
addi t ion to the large, very narrow peak at low molecular weight. 
Apparently, a minor amount of s ty ren ic  double bonds polymerize due to the 
heat of po lymer izat ion.  The best ind ica t ion  of unreacted s ty ren ic  double 
bonds seem to be a very narrow molecular weight d i s t r i b u t i o n ,  and the 
absence of a second peak at higher molecular weight, both of which are 
t rue fo r  ent r ies  4-6 in Table I .  These ent r ies  show that  i t  is necessary 
to copolymerize with another monomer ( in  order to decrease the prox imi ty  
of s ty ren ic  double bonds), and to use subambient temperatures in order to 
completely prevent any thermal react ion of the s ty ren ic  double bonds of 
VBM by GTP. However, comparison of en t r ies  4-6 in Table 1 demonstrate 
that  only ice-cooled condi t ions (approximately O'C) are required. 

Further evidence of unreacted s tyren ic  double bonds in a l l  polymers 
presented in Table 1 is t h e i r  thermal behavior. In the f i r s t  DSC heating 
scan, we see both a glass t r a n s i t i o n  and an exotherm due to react ion of 
the v iny lbenzy l  groups. Heating a f t e r  t h i s  curing process shows e i the r  no 
glass t r a n s i t i o n  temperature nor exotherm, or only a glass t r a n s i t i o n  
temperature at a higher temperature i f  enough MMA is used to al low 
segmental motions between cross l inks .  Examples of both behaviors are 
presented in Figure 3. I t  is  also important to note that  a l l  the polymers 
of t h i s  study are completely soluble in THF, chloroform, e tc . ,  even i f  
some branching has taken place. Therefore, they can be fu r the r  processed, 
polymerized, and copolymerized through the unreacted v iny lbenzy l  groups as 
desired. 
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