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Synthesis of Graft Polymers by Copolymerization 
of Macromonomer. 1. Preparation of Macromonomers 

MASAZO NIWA, TADASHI HAYASHI, and TAKAHIRO MATSUMOTO 

Department of Applied Chemistry 
Doshisha University 
Karasuma-imadegawa, Kamikyo-ku, Kyoto, 602 Japan 

A B S T R A C T  

Ethenylbenzene-terminated poly ( 2-acetoxyethyl methacrylate) 
rnac romonomer, 2- methyl-2-propenoate- terminated poly ( 2- 
ace toxyethyl methac rylate ) rnac romonome r , and 2 -methyl- 2- 
propenoate-terminated poly (methyl methacrylate) macromono- 
mer  were synthesized. The number-average molecular weight 
of the macromonomers could be controlled by adjusting the feed 
composition. Comb-type polymers and graft copolymers were 
prepared by homopolymerization and copolymerization of macro- 
monomer with comonomer. Unreacted macromonomer in the re- 
sulting polymers could be determined by calculating the a reas  
of the macromonomer peaks on gel permeation chromatograms 
( GPC 1. 

I N  T R O D  UC T ION 

Macromonomers have recently become interesting from the view- 
point of molecular design of macromolecules [ 1-41. A macromonomer 
is constituted of a short polymer chain fitted at one end with a polymer- 
izable double bond, and graft polymers are obtained by copolymeriza- 
tion of a macromonomer with suitable comonomers. The length of 
graft chains can be controlled by adjusting the molecular weight of the 
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434 NIWA, HAYASHI, AND MATSUMOTO 

macromonomer. In the synthesis of a macromonomer, the transfor- 
mation of carboxyl-terminated prepolymer into macromonomer by 
the glycidyl methacrylate (GMA) method [5, 61 has been reported. W e  
have prepared carboxyl-terminated 2-acetoxyethyl methacrylate 
(AEMA) prepolymer and also synthesized the macromonomer by 
using oxiranyl functional monomers. AEMA units in graft chains 
can be easily converted into hydroxy grafting sites. 

The present paper describes the preparation and characterization 
of ethenylbenzene-terminated and 2-methyl-2-propenoate-terminated 
macromonomers of different molecular weights. 

E X P E R I M E N T A L  

M a t e r i a l s  - 

1-Ethenyl-4-oxiranylmethoxybenzene (EOMB) was prepared by the 
reaction af p-vinylphenol with epichlorohydrin and distillation a t  a 
pressure of 0.1 to r r  a t  88.0-89.0"C under purified nitrogen according 
to the method described by Tanimoto et al. [7]. p-Vinylphenol was 
synthesized by the method of Sovish [8]. AEMA was prepared in the 
manner described in a previous paper [9]. 

After reduction with zinc powder, thioglycolic acid (TGA) was 
distilled under purified nitrogen before use. 

GMA, methyl methacrylate ( MMA), 4,4' -azobis- ( 4-cyanovaleric 
acid) (AC'VA), a,a' -azobisisobutyronitrile (AIBN), and polymeriza- 
tion solvents were purified in the usual way. 

P r e p a r a t i o n  o f  P r e p o l y m e r s  

Equation ( 1) expresses the number-average degree of polymeriza- 
tion (m :} in terms of polymer composition (Y = ([MI 

([S] - [S] )) and polymer yield (x),  
- [MI )/ n 

where C is the chain transfer constant of TGA (S) for the monomer 

(MI, yo = ([MI o/[S] o), and Mm and Ms are the molecular weights of 
S 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



SYNTHESIS OF GRAFT POLYMERS. I 43 5 

monomer and TGA, respectively [lo]. In Eq. (l), x is expressed as 
the weight of polymer produced per  unit weight of the initial monomer. 
Equation (1) was utilized for design of the prepolymer. The required 
amounts of the monomer and TGA, calculated by Eq. (1) with C = 0.22 

(AEMA [ll]) o r  Cs = 0.39 (MMA [12]), were placed into a glass tube. 

The tube was sealed after degassing by repeated freezing and thawing 
cycles. 

Free-radical polymerizations of AEMA and MMA were carried out 
in the presence of TGA in dioxane by using ACVA as an initiator at 
50°C in the sealed tube. Polymerization was stopped at 40-60% con- 
version. The prepolymer was recovered by dropwise addition of the 
reaction mixture to a large amount of petroleum ether. The prepoly- 
mer  was purified by reprecipitatioh from acetone solution into petro- 
leum ether to remove unreacted monomer and into distilled water to 
remove unreacted TGA and ACVA. The prepolymer was dried in a 
vacuum oven a t  60°C to constant weight. 

S 

S y n t h e s i s  of  M a c r o m o n o m e r s  

The macromonomers were synthesized by the reactions of prepoly- 
mers  with oxiranyl vinyl monomers (50 mol% excess) a t  140°C in 
xylene with small  amounts of hydroquinone and N,N-dimethyllauryl- 
amine, according to the method reported previously [5, 61. The puri- 
fication of macromonomers was carried out by reprecipitation, pour- 
ing the acetone solution slowly into a large excess of petroleum ether. 

M e a s u r e m e n t s  

Potentiometric titrations were carried out with a Hiranuma report- 
ing titrator (Model COMTITE-7). Number-average molecular weights 
of macromonomers were measured with a Knauer vapor-pressure 
osmometer (for samples with < 20 000). Molecular weight distri- n 
butions of polymers were measured on samples in THF solutions a t  
40°C by using a Shimadzu high-speed liquid chromatograph (Model 
LC-3A) equipped with three columns (HSG-15, HSG-30, and HSG-50) 
and dual UV and RI detectors. The flow rate w a s  1 mL/min. The 
unsaturation contents of macromonomers were determined by the 
bromate-bromide method [ 131. The IR spectrum was recorded with 
a Shimadzu IR-435 infrared spectrophotometer using thin film samples. 
The UV spectrum was recorded with a Shimadzu UV-120 spectro- 
photometer using chloroform solutions. 
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436 NJWA, HAYASHI, AND MATSUMOTO 

R E S U L T S  AND DISCUSSION 

P r e p a r a t i o n  of P r e p o l y m e r s  

The procedure employed for designing AEMA prepolymer and MMA 
prepolymer was based on Eq. (1). The experimental conditions and 
polymer yield of the prepolymers obtained a re  summarized in Table 1. 
Several samples of prepolymers were prepared with polymer yields of 
40-60%. The polymerization activity of AEMA was slightly higher than 
that of MMA. The prepolymers from Runs 4, 3, and 1 were highly 
viscous liquids, soluble in methanol, acetone, chloroform, o r  benzene, 
but insoluble in distilled water or petroleum ether. Prepolymers of 
Runs 2, 5, and 6 were insoluble in methanol. 

prepolymer and MMA prepolymer are designated as CTA and CTM in 
this work. The number-amrage molecular weights of prepolymers 
were determined by VPO. The experimentally observed and calculated 
values a re  comparable with only a small  deviation (Table 2). Figure 1 
shows the IR spectra of CTM (A) and its potassium salt (B). In B, an 
absorption band was observed a t  1 595 cm” which originates from the 
antisymmetric vibration of the carboxylate anion. The carboxyl-group 
contents of the prepolymers were determined by potentiometric titra- 
tion. The number of the terminal carboxyl groups per  prepolymer 
molecule (RcooH) was estimated to be 1.02-1.05 from the molecular 

Table 2 lists the characteristics of the prepolymers obtained. AEMA 

TABLE 1. Synthesis of the AEMA Prepolymers and MMA 
Prepolymersa 

Polymer [Monomer] o, [TGA] o,  

Run Monomer mol/L mol/L y,b yield, % 

3 AE MA 5.00 1.67 3.00 58.5 

2 1.25 4.00 46.8 

4 MMA 5.00 2.50 2.00 41.3 

1 1.25 4.00 39.1 

5 0.417 12.0 50.3 

6 0.208 24.0 44.0 

aPolymerization in dioxane a t  50°C for 3 h; ACVA concentration, 

byo = ([Monomer] O/[TGA] o). 
0.01 mol/l,. 
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T- 
i 1 I I I 

30 20 15 10 5 

Wavenumber o(102/cm-1 1 
FIG. 1. IR spectra of CTM prepolymer (A) and its potassium salt 

(B). 

weight and the carboxyl content, indicating that the prepolymers have 
a carboxyl group at one end. The acetoxy-group contents of CTA, de- 
termined by alkaline hydrolysis as previously described [9], were in 
agreement with the calculated values. 

S y n t h e s i s  of M a c r o m o n o m e r s  - 

The ethenylbenzene-terminated poly ( AEMA) macromonomer (EBA) 
was synthesized by the reaction of CTA with EOMB. The 2-methyl-2- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



T
A

B
L

E
 3

. 
Sy

nt
he

si
s 

an
d 

C
ha

ra
ct

er
iz

at
io

n 
of

 M
ac

ro
m

on
om

er
s 

-
a

 
D

ou
bl

e 
bo

nd
s,

 
-
 

-C
O

O
H

, 
F'

un
c t

io
na

l 

N
U

 
P

re
po

ly
m

er
 

m
m

ol
/g

 
m

on
om

er
 

M
ac

ro
m

on
om

er
 

M
n 

X
 l

o-
' 

m
m

ol
/g

 

C
T

M
 l

b
 

0.
90

7 
E

O
M

B
 

E
B

M
 l

b
 

1.
32

 
0.

77
3 

C
T

A
 2

a 
0.6

 5
9 

E
O

M
B

 
E

B
A

 2
a 

1.
65

 
0.

63
1 

C
TM

 l
b

 
0.

90
7 

G
M

A
 

M
PM

 l
b

 
1.

28
 

0.
80

5 

C
TM

 I
d 

0.
2 0

0 
G

M
A

 
M

P
M

 I
d 

5. 
56

 
0.

18
0 

C
T

A
 2
a 

0.
65

9 
G

M
A

 
M

PA
 2

a 
1.

74
 

0.
59

8 

C
T

A
 2

b 
0.

46
0 

G
M

A
 

M
PA

 2
b 

2.
49

 
0.

41
8 

1.
02

 

1.
04

 

1.
03

 
1.

00
 

1.
04

 

1.
04

 

%
um

be
r 

of
 t

er
m

in
al

 u
ni

ts
 p

er
 m

ac
ro

m
on

om
er

 m
ol

ec
ul

e.
 

A
 

W
 

W
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



NIWA, HAYASHI, AND MATSUMOTO 

I I I I j- 

20 24 20 32 2 0  24 28 32 
ELUTION VOLUME (ml) 

FIG. 2. GPC chromatograms of macromonomers (EBA 2a, M P M  
lb) and their raw prepolymers (CTA 2a, CTM lb). 

propenoate-terminated poly( AEMA) macromonomer (MPA) and the 2- 
methyl-2-propenoate-terminated poly (MMA) macromonomer (MPM) 
were synthesized by the reaction of CTA and CTM with GMA, respec- 
tively. Table 3 summarizes the synthesis and characterization of the 
macromonomers. The reaction was complete as confirmed by the ab- 
sence of titrable carbonyl groups. The completion of reaction was also 
confirmed by IR spectroscopy. The characteristic absorption bands at  
680 ( vCH) and 1630 ( vcZc) cm-l  appeared, 

The molecular weight distribution was measured by GPC chroma- 
tography of the macromonomer and the prepolymer. Figure 2 illus- 
trates the typical GPC chromatograms of macromonomer (EBA 2a, 
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441 
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1.5 

1 .o 

0.5 

FIG. 3. UV spectra of EOMB ( A ) ,  macromonomer (EBA 2a) (B) ,  
and prepolymer (CTA 2a) ( C )  in chloroform (0.025 g/L). 

MPM lb)  and prepolymer (CTA 2a, CTM lb). The GPC distribution 
curve of the macromonomer was s imilar  to that of the raw prepolymer. 
It is obvious from Fig. 2 that polymerization did not occur during syn- 
thesis of macromonomer. The number-average molecular weight of 
macromonomer was determined by VPO, and the result agreed with the 
sum of the molecular weights of prepolymer and oxiranyl monomer. A s  
shown in Table 3,  macromonomer has a double-bond content correspond- 
ing to the carboxyl-group content of prepolymer. The unsaturation per  
molecule (nu )  w a s  estimated to be 1.02-1.04. 

Figure 3 shows the UV spectra of EBA 2a, EOMB, and CTA 2a. CTA 
2a is the starting material for EBA 2a. This figure shows that the spec- 
trum of EBA macromonomer has an absorption peak a t  263 nm due to 
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1.0 - 

k- 
CT 
0 

I 
d 

0.5 - 

f 

2 4 6 8  
Concentrat ion ( rnol/l) 

FIG. 4. Relationship between -log T and molar concentration for  
macromonomer (EBA 2a) ( 0 )  and EOMB (0) (263 nm). 

the EOMB group. This absorption band is due to the resonance of the 
double bond and benzene ring. This absorption is negligible in CTA pre- 
polymer. 

The quantity -log T at 263 nm was plotted against molar coneentra- 
tion, which was calculated from c (g/L) and the molecular weight (for 
macromonomer, mn w a s  used). The plot of EBA and EOMB in Fig. 4 
gave the same straight line. There is good agreement in the number- 
average molecular weight determined by VPO and by endgroup deter- 
mination by U V  spectroscopy. 

cannot be used because there is a possibility of competitive attack by 
If the prepolymer consists of hydroxyl-pendant polymer, this method 
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SYNTHESIS OF GRAFT POLYMERS. I 443 

the hydroxyl group on the oxiranyl group. This side reaction was 
avoided by capping the hydroxyl groups with acetic acid. 

Table 4. 
The macromonomers synthesized in this work are summarized in 

P r e p a r a t i o n  of t h e  P o l y (  m a c r o m o n o m e r )  

Homopolymerizations of EBA and MPA macromonomer were car- 
ried out in benzene by using AIBN under various conditions in a sealed 
tube (Table 5). If the macromonomer has polymerizable vinyl groups 
a t  both chain ends, crosslinked polymers a re  formed during the polym- 
erization. In this work, gelation was not observed during the polymer- 
ization. The resulting polymer, which contained unreacted macro- 
monomer, was soluble in benzene, acetone, chloroform, THF, and DMF. 
The GPC chromatogram of the resulting polymer (Run 301) shows bi- 
modality, as shown in Fig. 5. The peak ( L )  a t  low molecular weights is 
due to the unreacted macromonomer and the peak (H)  a t  high molecular 
weights is due to the homopolymer. The macromonomer conversion 
(Xa) was calculated by using the RI area (RL) of the peak L. Defining 

and Wam a s  the weights of initial macromonomer and unreacted Wam,O 
macromonomer, respectively, W can be written as Wam = ( RL/Kam am 
(RI)) (Wam,o/c), where Kam(RI) is the instrument constant and c is 

the concentration of the GPC sample present in milligram per  gram. 
Xa is given by 1 - (Wam/Wam,o). Thus Xa can be expressed as 

RL 

Initially, the Kam( RI) values of the macromonomers were deter- 
mined. By injecting macromonomer solutions of known concentrations 
into GPC, integrated areas of the macromonomer peak detected by RI 
and UV were plotted against c, in Fig. 6. The plots a r e  linear. The 
values of Kam calculated from the slopes of these plots a r e  given in 
Table 6. 

(RI), shown also 
in Table 5. In the case of Run 301, unreacted macromonomer could be 
separated sufficiently from the resulting polymer by precipitation in 
methanol, and the conversion obtained gravimetrically was 62.39%, 
which agreed well with the value Xa (62.48%) in this GPC method. 
Molecular weights of the poly (macromonomer) were estimated from 

Values of Xa were calculated by Eq. ( 2 )  using K am 
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I I I I 
20 24 28 32 

ELUTION VOLUME (mi) 
FIG. 5. GPC chromatogram of the polymer (Run 301) prepared by 

homopolymerization of EBA 2a macromonomer. 

the areas of peak (H) of the GPC traces using the standard polystyrene 
calibration. Number-average molecular weight (Mn) of MPA homo- 
polymers was in the range of 4.6-4.9 X lo', that of EBA homopolymer 
was 1.4 X lo4, and that of MPM macromonomer was 8.1 X lo4. It is 
clear that an of the poly( macromonomer) was smaller than that of 
the homopolymer of the conventional vinyl monomer. 

EBA macromonomer showed a spectral change during polymeriza- 
tion: the appearance of a new absorption band at 278 nm with a de- 
crease in absorbance a t  263 nm. This spectral change was also util- 
ized to follow the polymerization of macromonomers. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



SYNTHESIS OF GRAFT POLYMERS. I 447 

FIG. 6. Plots of the integrated area detected by RI o r  UV and the 
concentration for EBA 2a macromonomer ( A ,  A), MPA 2b macro- 
monomer ( 0 ,  .), and MPM l b  macromonomer ( 0 ,  @). 

S y n t h e s i s  of G r a f t  C o p o l y m e r s  

Radical copolymerizations of macromonomers were carried out 
in benzene solution with AIBN as initiator. Initial concentration of 
total monomers was maintained 1.00 mol/L. All  of the graft copoly- 
mers  were soluble in solvent for the homopolymer. M w a s  esti- 

mated by GPC by use of the standard polystyrene calibration. Macro- 
monomer conversion (Xa) was determined a s  previously described. 
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TABLE 6. Evaluation of Constants (Kam) of the Macromonomers 

Instrument constant 
x 10-~  

- 
Macromonomer Mn X A, nm Kam(RI) Kam(UV) 

EBA 2a 1.65 263 14.68 272.7 

MPA 2b 2.49 2 54 12.17 12.29 

MPM lb  1.28 2 54 13.24 14.52 

M P M  Id 5. 56 2 54 13.20 14.51 

EBA macromonomer was copolymerized with MMA using feed 
compositions (fa,o) o r  0.152 and 0.234 mole fraction macromonomer. 
It was found that the total conversion (X ) af te r  8 h (Runs 303 and 

305) was 45 wt%, independent of fa,o ( see  Table 7). Cumulative com- 
position (Ta) of copolymer obtained with the same feed composition 
(Runs 304 and 305) decreased with increasing conversion. The num- 
bers  of poly(AEMA) branches in the graft copolymers, calculated on 
the basis of Fa a n d x n  of the graft copolymer, were 16.5 and 10.6, 
respectively. 

MPM macromonomer was copolymerized with styrene a t  the same 
feed composition of 0.200 (fa,o) at 50 and 70°C. It was found that the 

total conversion at 70°C was about 5.5 t imes that at 50"C, and both 
the copolymer composition and number-average molecular weight in- 
creased with increasing polymerization temperature. 
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