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ABSTRACT 

The similarities and differences in the polymerization of MMA 
(methyl methacrylate) and iBMA (isobutyl methacrylate) in a ternary- 
component system have been investigated from a turbid emulsion to a 
transparent microemulsion by increasing the surfactant concentration. 
In spite of the difference in the solubilities of these two monomers in the 
aqueous phase, the rate dependencies on the surfactant concentration of 
both monomers were found to be about 0.30 for the emulsion polymeri- 
zation and about 0.60 for the microemulsion polymerization with mono- 
mer concentrations higher than 5 wt%. However, at a low monomer 
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1682 LOH ET AL. 

concentration (3  wtVo ), different negative rate dependencies of - 0.93 
and - 1.20 were obtained for microemulsion polymerization of MMA 
and iBMA, respectively. The results are discussed in terms of particle 
nucleation mechanisms. 

INTRODUCTION 

Emulsion polymerization has been extensively studied for many decades, but 
the first microemulsion polymerization study was only reported in 1980 by Stoffer 
and Bone [ 1 1. Since then, the microemulsion polymerization of methyl methacrylate 
(MMA) or of styrene has been increasingly investigated in oil-in-water microemul- 
sions [ 2-1 1 ] which required a cosurfactant in conjunction with a surfactant. Only 
recently, ternary-component microemulsion systems [ 12-16] which do not need a 
cosurfactant have been successfully used for the polymerization of styrene and of 
MMA. 

With the use of a suitable ternary-component system, it is possible to investi- 
gate the polymerization of some monomers in both emulsions and microemulsions 
using three identical components, i.e., monomer, water, and surfactant. Such a 
ternary system can be continuously changed from turbid emulsions to transparent 
microemulsions by simply increasing the surfactant concentration. We recently re- 
ported [17] the polymerization of MMA in such a ternary system covering both 
emulsions and microemulsions. The ternary system consisted of MMA, water, and 
a cationic surfactant of cetyltrimethylammonium bromide (CTAB). Stable PMMA 
latexes (16-30 nm in hydrodynamic radius) were obtained from both emulsion and 
microemulsion polymerizations initiated by potassium persulfate (KPS). The low 
dependency of polymerization rate (R,) on [ CTAB] 0.31 and its strong dependency 
on [ KPS] O.'' were observed for the emulsion polymerization of MMA in contrast 
with those of [ CTAB] 0.58 and [ KPS] 0.33 for microemulsion polymerization. 

A more extensive study of MMA polymerization, including the effect of MMA 
concentration on R,, in the ternary emulsions and microemulsions is presented in 
this paper in conjunction with a comparative study on the less water-soluble isobutyl 
methacrylate (iBMA). 

EXPERIMENTAL 

Materials 

Methyl methacrylate (MMA) (Fluka) and isobutyl methacrylate (iBMA) 
(TCI) were vacuum-distilled before use. Cetyltrimethylammonium bromide (CTAB) 
from Fluka was recrystallized from a distilled ethanol-acetone mixture ( 1:3 by 
volume). Potassium persulfate (Fluka) was recrystallized from distilled water. 

Phase Diagram of Three-Component System 

The clear region (o/w microemulsion) was determined visually by titration of 
the monomer and CTAB mixture in a screw-capped tube at 3OOC. It was thoroughly 
mixed with a vortex mixer. The clear-turbid boundaries were established from 
systematic titrations. 
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Polymerization 

The polymerization of both MMA and iBMA with the compositions from 
both clear and turbid regions was carried out in a glass dilatometer immersed in a 
60 f 0.1 OC water bath. The emulsion/microemulsion contained in a ground-glass 
tube was first degassed at 10 torr for one freeze-thaw cycle. It was then transferred 
directly into a dilatometer which was attached to a vacuum line. The change of the 
liquid level in the capillary of the dilatometer was monitored by a cathetometer as a 
function of time. The fractional conversion of the monomer was determined from 
the volume change which was calculated from the height of the capillary. 

After polymerization, the polymer was precipitated in a large quantity of 
distilled methanol. It was then washed repeatedly with distilled methanol and water 
in order to remove the residual CTAB. The conductivity of the washing was mea- 
sured periodically in order to determine the cleanliness of the polymer obtained. 

Molecular Weight Determination 

Molecular weights of the polymers were determined by gel permeation chro- 
matography (GPC) using a Waters 410 liquid chromatography system equipped 
with a Waters 410 differential refractometer. The columns used were Varian micro- 
pak TSK 7000H and GMH6 in series, and the eluent was degassed tetrahydrofuran 
(THF) which contained 0.025% 2,6-di-tert-butyl-p-cresol as a stabilizer. The flow 
rate was maintained at 0.8 mL/min. Polystyrene standards (Polyscience) (0.2 mg/ 
mL in THF) were used for calibration. 

Particle Size Determination 

Particle sizes of the polymerized microemulsion and emulsion latexes were 
measured by quasi-elastic light scattering (QLS) using a Malvern 4700 light- 
scattering spectrophotometer. Intensity correlation data were analyzed by the 
method of cumulants to provide the average decay rate. Prior to measurements, the 
latexes were diluted with distilled water until the volume fractions of particles were 
in the 0.01 to 0.1 range. The hydrodynamic radius of latex particles (I?,,) was 
calculated from the intrinsic diffusion coefficient (Do) using the well-known Stokes- 
Einstein equation. 

RESULTS 

Partial Phase Diagrams of Ternary o/w Microemulsions 

Figure 1 shows the partial phase diagrams of two ternary systems, MMA/ 
CTAB/H20 and iBMA/CTAB/H,O. The shaded area “E” represents the turbid 
emulsion region. The enclosed clear regions labeled “M” are transparent microemul- 
sions. At higher CTAB concentrations, the shaded area “L” is the viscous crystalline 
region. A certain composition line can be drawn from a fixed weight ratio of water/ 
monomer to the apex of CTAB such as “Line A” in Fig. 1. Similarly, other suitable 
composition lines can also be drawn from other fixed weight ratios of water/mono- 
mer. By doing so, the effect of the surfactant concentration on the polymerization 
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Water CTAB 

FIG. 1. Partial phase diagrams (at 3OOC) of ternary systems consisting of water/ 
CTAB/different monomers: (---) MMA; ( -) iBMA. 

of a monomer from emulsions (E) to microemulsions (M) at different water/ 
monomer weight ratios can be studied. Compositions from the transparent region 
spontaneously form microemulsions upon mixing. It is noted that the microemul- 
sion region for the MMA system is larger than that of iBMA. This may be related 
to the polarity of the monomer and its solubility in water. The solubilities of MMA 
[18] and iBMA [ 191 in water are 1.5, and 0.023 (v/v qo), respectively. The rela- 
tively polar MMA molecules may also function as cosurfactant molecules [ 161 
which interdisperse in the palisade layers of surfactant/water interfaces. The elec- 
trostatic repulsion between positively charged head groups of CTAB molecules is 
thus reduced, which favors the formation of small microemulsion droplets of 
MMA. Since iBMA is relatively less polar than MMA, it may reside closer to the 
hydrophobic cores of the microemulsion droplets. 

Polymerization of MMA 

As shown in Table 1, the compositions used for the polymerization study were 
based on four weight ratios of water/MMA of 32.4, 18.8, and 13.3, and 9.0, 
designated as Series A, B, C, and D, respectively. This means that the MMA 
concentration increased from about 3 to 10 wt% as the CTAB concentration for 
each series increased from 1 to about 12 wt%, and the system changed progressively 
from turbid emulsions to transparent microemulsions. The boundary between emul- 
sion and microemulsion for each series shifted to a higher surfactant concentration 
when the MMA concentration was increased from Series A to D. For example, only 
about 4 wt% CTAB was needed to form a transparent microemulsion containing 
about 3 wt% MMA for Series A, while the formation of a microemulsion containing 
approximate 9 wt% MMA (Series D) required about 8 wt% CTAB. However, all 
samples including turbid emulsions (Table 1 ) became translucent and stable after 
polymerization. 
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TABLE 1. Compositions for MMA Polymerization in Ternary Systems" 

Appearance of 
the system at 

CTAB, MMA, Water, Water/ 3OoC before 
System wt% wt 070 wt% MMA polymerization 

A1 
A2 
A3 
A4 
A5 
A6 
A7 
A8 
A9 

B1 
B2 
B3 
B4 
B5 
B6 
B7 
B8 

c 1  
c 2  
c 3  
c 4  
c 5  
C6 
c 7  
C8 

D1 
D2 
D3 
D4 
D5 
D6 
D7 

1 .OO 
2.00 
3 .OO 
4.00 
5 .OO 
6.00 
8.00 
9.18 

10.00 

1 .oo 
2.00 
3,OO 
5.00 
7.00 
8.00 
9.00 

11 .oo 

1 .oo 
2.00 
3 .OO 
6.00 
8.00 
8.77 

10.00 
11 .oo 
3.00 
4.00 
5 .OO 
7 .OO 

10.00 
11.00 
12.00 

2.96 
2.93 
2.90 
2.87 
2.84 
2.81 
2.75 
2.72 
2.69 

5 .OO 
4.95 
4.90 
4.80 
4.70 
4.65 
4.60 
4.50 

6.93 
6.86 
6.79 
6.58 
6.44 
6.38 
6.30 
6.23 

9.70 
9.60 
9.50 
9.30 
9.00 
8.90 
8.80 

96.04 
95.07 
94.10 
93.13 
92.16 
91.19 
89.25 
88.10 
87.31 

94.00 
93.05 
92.10 
90.20 
88.30 
87.35 
86.40 
84.50 

92.70 
91.14 
90.21 
87.42 
85.56 
84.85 
83.70 
82.77 

87.30 
86.40 
85.50 
83.70 
81.00 
80.10 
79.20 

32.4 
32.4 
32.4 
32.4 
32.4 
32.4 
32.4 
32.4 
32.4 

18.8 
18.8 
18.8 
18.8 
18.8 
18.8 
18.8 
18.8 

13.3 
13.3 
13.3 
13.3 
13.3 
13.3 
13.3 
13.3 

9.0 
9.0 
9.0 
9.0 
9.0 
9.0 
9.0 

T 
T 
T 
C 
C 
C 
C 
C 
C 

T 
T 
T 
C 
C 
C 
C 
C 

T 
T 
T 
C 
C 
C 
C 
C 

T 
T 
T 
T 
C 
C 
C 

"T = turbid (emulsion); C = clear fluid (microemulsion). All four series 
were polymerized at 6OoC using 0.6 mM KPS (based on water). After polymeriza- 
tion, all samples become translucent and stable latexes. 
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1686 LOH ET AL. 

As illustrated in Fig. 2, the polymerization rate-conversion curves show three 
distinct regions (Intervals I, 11, and 111) for the emulsion polymerization of MMA 
at relatively low CTAB concentrations (Samples B1 and 01). But the rate plateau 
region (Interval 11) disappeared in microemulsion polymerization of MMA at rela- 
tively high CTAB concentrations (Samples B6, C5, and D5). This is consistent with 
the general observations for other emulsion and microemulsion polymerizations 
studied previously. 

The effect of CTAB concentration on the initial rate of polymerization at 
about 5% conversion (R,)i  for Series A, C, and D is shown in Fig. 3. In order to 
normalize the small variation of MMA concentration used in each series, Fig. 3 is 
plotted as log (R, ) i  against log( [CTAB]/[MMA]) instead of log[CTAB]. In gen- 
eral, log(R,)i for each series increased linearly with the increase of log([CTAB]/ 
[ MMA] ) in the emulsion region up to the boundary region between emulsion and 
microemulsion. Log( R,)i then decreased significantly in the microemulsion region, 
especially for the system (Series A) containing a low MMA concentration ( 3  wt% 
MMA). However, it is interesting to note that (R, ) i  increased slightly again in the 
microemulsion regions for the systems (Series B, C, and D) with higher MMA 
concentrations ( > 5  wt% MMA). Although the values of were higher for 
those series with higher MMA contents as expected, the gradients of the linear log 
plots were about the same for the emulsion polymerizations. It is thus established 
that (I?,); generally varied with [ CTAB] 026-0.31 for the emulsion polymerization of 
MMA. But a strong negative dependency of ( on [ CTAB] -0.93 was obtained for 
the microemulsion polymerization of low MMA concentration ( 3  wt%) such as 
Series A. At higher MMA concentrations ( 5  < MMA < 10 wtyo), (R,);  in the 
microemulsion region first showed a negative and then a positive dependency on the 

I 6: Microemulsions A:Ernulsions -3 

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 10 

Polymer conversion (%) Polymer conversion (%) 

FIG. 2. MMA polymerization rate curves at 6OoC for emulsions (Samples B1 and 
D1) and microemulsions (Samples B6, C5, and D5) at different MMA concentrations. 
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-3.25 

6 -3.35 
Q) 
fn 

u) 
a, 

2 -3.45 

; -3*55 
- 
v 

2 -3.65 
t3) -3.75 
0 
..,I 

5 

-3.85 

/ Emulsion (E) .'., Microemulsion (ME) 
_ i - .  Series C 

-(-7% MMA) '".,,, '\ 
Series A 

I 
I I I I I I 

-1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0 

Log [CTAB]/ [M MA] 

FIG. 3.  Effect of CTAB concentration on the initial rate of polymerization of MMA 
at different monomer concentrations. The dotted line is a rough indication of the boundary 
between the emulsion and the microemulsion regions. 

CTAB concentration. The region for negative dependency became less obvious 
when the MMA concentration approached 10 wt%. The positive dependency of 

for the microemulsion polymerization of MMA was only obtained 
for the systems (Series B, C, and D) which contained 5 to 10 wt% MMA. 

The effect of CTAB concentration on Rh and other properties of PMMA 
latexes is summarized in Table 2. Those not measured are indicated by a dash. Rh of 
latexes for Series A to D decreased quite similarly as the CTAB concentration was 
increased from 1 to about 6 wt% in the emulsion regions. All Rh were at their 
minima in the CTAB concentration range of about 8-9 wt%, but they increased 
again with a further increase of CTAB concentration in the microemulsion region, 
an effect particularly pronounced for Series D. 

The number of polymer particles per milliliter of the final latex ( N d )  was 
calculated from the volume fraction of the latex. Figure 4 shows the effect of CTAB 
concentration on Nd. Nd varied with the - 1.20 power of CTAB concentration up to 
about 9 wt% CTAB, and then it decreased in the higher ( > 9  wt%) CTAB concen- 
tration region. For a very low MMA concentration, ca. 3 wt% of Series A, M, 
decreased from the emulsion to the microemulsion regions as seen in Table 2. To 
avoid confusion, only Mws of Series A in the microemulsion region are plotted in 
Fig. 5 .  The effect of CTAB concentration on M,,, obtained from both emulsion and 
microemulsion polymerization was only marginal for Series B (ca. 5 wt% MMA), 
i.e., M, oc [CTAB]0.03, as can be in Fig. 5 ,  but it was almost unaffected by the 
surfactant concentration for the system with higher MMA concentrations, such as 
for Series C (ca. 7 wt% MMA). 

[ CTAB 1 0.58-0.60 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
2
2
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1688 LOH ET AL. 

TABLE 2. Effect of CTAB Concentration on Some Properties 
of PMMA Latexes 

CTAB, N d  9 

System wt% Rh, nm 10’’ mL-’ M,, lo6 MJM, 

A1 
A2 
A3 
A4 
A5 
A6 
A7 
A8 
A9 

B1 
B2 
B3 
B4 
B5 
B7 
B8 

c 1  
c 2  
c 3  
c 5  
C6 
c 7  

D1 
D2 
D3 
D5 
D6 
D7 

1 .OO 
2.00 
3.00 
4.00 
5.00 
6.00 
8.00 
9.18 

10.00 

1 .oo 
2.00 
3 .OO 
5.00 
7.00 
9.00 

11 .oo 

1 .00 
2.00 
3.00 
8.00 
8.77 

10.00 

3.00 
4.00 
5.00 

10.00 
11.00 
12.00 

20.0 
18.5 
17.1 
19.7 
14.6 
12.9 
12.6 
12.6 
14.8 

25.4 
24.1 
22.9 
19.6 
17.0 
15.8 
24.8 

36.0 
26.6 
27.9 
25.0 
23.0 
23.5 

31.8 
30.5 
26.7 
25.4 
30.4 
38.2 

1 .OO 
1.60 
2.50 
1.90 
5.20 
8.50 

11 .oo 
13.00 
8.20 

0.89 
1.08 
1.41 
2.76 
5.10 
7.39 
2.21 

0.33 
1 .oo 
0.95 
1.90 
2.60 
2.60 

0.91 
1.01 
1.62 
2.36 
1.48 
0.84 

6.4 
6.3 
- 
- 

5.3 
4.9 
4.2 
- 
- 

- 
- 

5.0 
5.8 
6.1 
6.2 
- 

6.7 
7.1 
- 
- 

7.3 
7 -4 

- 
- 
- 
- 
- 
- 

4.4 
4.6 
- 
- 
5.3 
6.7 
7.1 
- 
- 

- 
- 

4.9 
4.0 
3.6 
3.6 
- 

4.6 
4.3 
- 
- 

5.2 
5.6 

- 
- 
- 
- 
- 
- 

Polymerization of iBMA 

In conjunction with the polymerization of MMA, a much less polar monomer 
isobutyl methacrylate (iBMA) was chosen for comparison. The propagation rate 
coefficient for iBMA is comparable to that of MMA, but its water solubility (0.023 
v/v Yo) is much smaller than that of MMA (1.5 v/v Yo). 

Table 3 lists the two series of compositions, covering both emulsions and 
microemulsions, which have been studied. Since the microemulsion region for 
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Series C E ME 

Series A 
( ~ 3 %  MMA) 

~ ( ~ 7 %  MMA) 

E15.5 

p. 

6.85 

6'8 

3 
6.75 w 

0 

15 U z 

~ 

Q 

Series C E ME 

Series A 

~ ( ~ 7 %  MMA) 

v 

-I 

6.7 

6.65 

6.6- 

Series A 
( ~ 3 %  MMA) 

/ ( ~ 3 %  MMA) 

* ,  

Series B 
( ~ 5 %  MMA) cg - 

- 

I I I I I 

Series C 
( ~ 7 %  MMA) 

* Series D 
(40% MMA) 

14.5 ' I I I I I I I I I I I I 

-1.2 -1.1 -1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 

Log ([CTABl/[MMAI) 

FIG. 4. Effect of CTAB concentration on number of PMMA particles per mL latex 
(PId) at different monomer concentrations. 

6.9 I-- 

FIG. 5 .  Effect of CTAB concentration on molecular weights of PMMA at different 
monomer concentrations. 
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TABLE 3. 
Systems a 

Compositions for Polymerization of iBMA in Ternary 

Appearance of 
the system at 

CTAB, iBMA, Water, Water/ 3OoC before 
System wt% wt 070 wt 070 iBMA polymerization 

El  
E2 
E3 
E4 
E5 
E6 
E7 
E8 

F1 
F2 
F3 
F4 
F5 
F6 
F7 
F8 

1 .oo 2.97 
2.00 2.94 
3 .OO 2.91 
4.00 2.88 
6.00 2.82 
8 .OO 2.76 
9.00 2.73 

10.00 2.70 

2.00 4.90 
4.00 4.80 
6.00 4.70 
8 .OO 4.60 

10.00 4.50 
11 .oo 4.45 
12.00 4.40 
13 .OO 4.35 

96.03 
95.06 
94.09 
93.12 
91.18 
89.24 
88.27 
87.30 

93.10 
91.20 
89.30 
87.40 
85.50 
84.55 
83.60 
82.65 

32.3 
32.3 
32.3 
32.3 
32.3 
32.3 
32.3 
32.3 

19.0 
Iq.0 
19.0 
19.0 
19.0 
19.0 
19.0 
19.0 

T 
T 
T 

"T = turbid (emulsion); C = clear fluid (microemulsion). Both series were 
polymerized at 6OoC using 0.6 mM KPS (based on water). After polymerization, 
all samples become translucent and stable latexes, except Samples El  and F1. 

iBMA was much smaller than that of MMA, only four different wt% iBMAs for 
Series E and five for Series F were formulated with a CTAB concentration of less 
than 13 wt%. After polymerization, some emulsion latexes with a lower surfactant 
concentration (Samples El  and F1) were very unstable. However, the other poly- 
merized emulsions and microemulsions became translucent but were stable. Some 
physical properties of latex particles of PiBMA are summarized in Table 4. Those 
not measured are indicated by a dash. 

for iBMA polymerization in emulsions 
for both Series E and F increased with the CTAB concentrations as shown in Fig. 6. 
The logarithm relationship between (R,), and CTAB concentration is about 0.30. In 
contrast to the emulsion polymerization, an increase in the surfactant concentration 
for Series E and F in the microemulsion region showed an inverse effect on (R,) i  
such as that observed for the MMA system. But for the system with a higher 
monomer concentration ( -5 wt% for Series F), increased again with the 
relationship of R, oc [ CTAB]0.60. 

R, for emulsion latexes decreased drastically from about 79 to 23 nm as the 
CTAB concentration was increased from 1 to about 6 wt%. It then decreased slowly 
in the microemulsion regions (6 < CTAB < 13 wtVo). This is in sharp contrast 

As for the MMA polymerization, 
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TABLE 4. Effect of CTAB Concentration on Some Properties 
of PiBMA Latexes 

CTAB, N d  9 

System wt% R,,nm 10'5mL-' M,, lo6 M,/M, 

El 
E2 
E3 
E4 
E5 
E6 
E7 

F1 
F2 
F3 
F4 
F5 
F6 
F7 
F8 

1 .o 78.9 
2.0 66.2 
3 .O 57.1 
4.0 28.8 
6.0 23.1 
8.0 19.6 
9.0 14.0 

2.0 63.6 
4.0 38.8 
6.0 28.5 
8.0 21.7 

10.0 20.4 
11.0 19.1 
12.0 18.0 
13.0 16.2 

0.02 
0.04 
0.07 
0.63 
1 S O  
3.10 
9.10 

0.06 
0.33 
1 .oo 
2.70 
3.70 
4.70 
6.10 
8.70 

5.1 
4.7 
3.4 
2.7 
- 
- 

2.1 

5.1 
6.2 
5.5 
5.0 
6.0 
4.5 
5.1 
5.5 

19.3 
15.0 
13.4 
9.2 
- 
- 
7.3 

14.9 
11.7 
12.9 
12.4 
10.5 
12.1 
11.7 
11.0 

-0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 

Log [ CTA B]/ [ i B M A] 

FIG. 6 .  Effect of CTAB on the initial rate of polymerization of iBMA at two differ- 
ent monomer concentrations. The dotted line is a rough indication of the boundary between 
the emulsion and the microemulsion regions. 
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1692 LOH ET AL. 

with what was observed for the MMA system where Rh increased again in micro- 
emulsions with a higher CTAB concentration. The dependency of Nd cc [ CTAB] 2.4 

was obtained for emulsion and microemulsion polymerizations for Series E and 
F as shown in Fig. 7.  The pronounced difference between the iBMA and MMA 
microemulsion polymerizations is that the former showed a strong positive depen- 
dency of Nd on the CTAB concentration while the latter exhibited a negative depen- 
dency (Fig. 4, Series D). 

The effect of CTAB concentration on M, is represented in Fig. 8. A negative 
relationship between log M, and log[CTAB] was found for Series E ( - 3  wt% 
iBMA) throughout the emulsion and microemulsion regions, i.e., M, 0: 

[ CTAB] -0.45. Again, this negative dependency is similar to that of the MMA system 
for Series A (Fig. 5 and Table 2). However, there was no significant effect of CTAB 
concentration onM, at a higher concentration (ca. 5 % )  of iBMA (Series F), similar 
to that observed for a higher MMA concentration system (Fig. 5 ,  Series B and C). 

DISCUSSION 

The following discussion focuses on the similarities and the differences in 
polymerization between MMA and iBMA in a given ternary-component system. 
The system was varied from a turbid emulsion to a transparent microemulsion by 
simply changing the CTAB concentration. The effect of the monomer concentration 
of a relatively polar MMA and a less polar iBMA on the kinetics of polymerization 
is examined. The important results are summarized in Table 5 for easy comparison 
and discussion. 

P) 13.5 
-I O t  

1 3 l  I I I i 1 I I 1 I 
I 

-0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 

Log ([CTAB]/[iBMA]) 

FIG. 7. Effect of CTAB concentration on number of PiBMA particles per mL latex 
( N d )  at different monomer concentrations. 
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6.9 

6.7 

3 z 
t3) 6.5 
0 
4 

6.3 

6.1 

E 
0 

ME 
: 0 

0 n 

0 :  .. ~ Series F 
(4% iBMA 

( ~ 3 %  IBMA) 

I I I I 1 I I I I I I 

-0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 

Log ( [ CTAB] / [ i B M A]) 

FIG. 8. Effect of CTAB concentration on molecular weights (M, )  of PiBMA at 
different monomer concentrations. 

TABLE 5. The Effect of CTAB Concentration on Some Parameters Derived 
from Emulsion/Microemulsion Polymerizations of MMA and iBMA 

MMA, 3-10 wt% iBMA, 3-5 wt% 

Parameters * E ME E ME 

0.58-0.60 
(R,) i  a [CTAB]" 0.26-0.31 ( > 5% MMA) 

- 0.93 

Nd a [CTABIb 1.20 -4.20 
(3% MMA) 

(10% MMA) 

+ 0.03 -+ 

( 5 %  MMA) 

t o +  
(10% MMA) 

M, a [CTAB]' 

0.60 
0.30 ( 5 %  iBMA) 

- 1.20 
( 3 %  iBMA) 

2.40 2.40 

+ -0.45 + 

(3 VO iBMA) 

G O - +  
( 5 %  iBMA) 

*The numbers in the columns correspond to the respective exponents of a, b, and 
c. Those only valid for particular monomer concentrations are specified in the parenthe- 
ses. The symbols +- -+ indicate that the relationship is valid for both emulsion (E) and 
microemulsion (ME) polymerizations. 
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1694 LOH ET AL. 

The general rate dependency for the microemulsion polymerization of both 
MMA and iBMA, with the monomer concentration not less than 5 wtYo, is OE 

[ CTAB] o.60. But negative rate dependency appears in the region between emulsion 
and microemulsion as shown in Figs. 3 and 6. When the monomer concentration 
is down to about 3 wt%, the negative dependencies of -0.93 and - 1.20 were 
unambiguously obtained for MMA and iBMA, respectively. As for the emulsion 
polymerization of both monomers, a rather good single rate dependency of ( Rp) i  oc 
[ CTAB] -0.30 was found for all the monomer concentrations investigated. This low 
rate dependency (0.30) is even smaller than that (0.47) of emulsion polymerization 
of butyl methacrylate [ 20-221 using an anionic surfactant. These results seem to 
indicate that the initiation mechanism in emulsion polymerization is quite different 
from that of microemulsion polymerization for both MMA and IBMA. 

The nucleation mechanism in MMA emulsion polymerization is discussed 
first. In view of the relatively high MMA solubility in comparison to that of iBMA, 
in the aqueous phase (1.5 v/v 070) free radicals generated by the water-soluble KPS 
were highly likely to react first with those of water-solubilized MMA to form soluble 
oligomeric radicals. These oligomeric radicals continued to grow by further addition 
of MMA units. It is estimated [23] that oligomeric radicals with 4 MMA units 
correspond to species with sufficient surface activity for the usual micellar entry 
(micellar nucleation). Alternatively, these radicals can also grow to more than 10 
MMA units [23] and precipitate in the aqueous phase due to its limiting solubility. 
The precipitated oligomeric radicals could then adsorb surfactant molecules as well 
as monomer to become micellar particles which served as sites for further polymeri- 
zation (homogeneous nucleation). On the other hand, particle nucleation may also 
occur through direct capture of radicals/oligomeric radicals by fine emulsified mo- 
nomer droplets (fine monomer droplets nucleation). 

For iBMA emulsion polymerization, homogeneous nucleation was less likely 
to occur due to its low solubility in the aqueous phase (0.023 v/v Yo). However, 
micellar and fine monomer droplets nucleation mechanisms were quite likely for the 
iBMA emulsion system which used a relatively high CTAB content (1  to 6 wtYo) to 
stabilize only 3 to 5 wt% iBMA. It is thus envisaged that a fraction of polymer 
particles would be produced via fine monomer-droplet nucleation for emulsion 
polymerization in addition to the micellar entry mechanism. This explains the low 
rate dependency on CTAB concentration (ca. 0.30) for emulsion polymerization 
for both monomers. It is well known that the rate dependency of 0.60 on the 
surfactant concentration should be observed for emulsion polymerization via micel- 
lar nucleation according to the Smith-Ewart theory (Case 11) [24]. Although the 
likelihood for homogeneous nucleation in MMA emulsion polymerization cannot 
be ruled out, its contribution to polymerization is expected to be less significant 
than those of micellar entry and fine monomer droplets nucleation, since the rate 
dependencies on the surfactant concentration for the emulsion polymerization of 
both MMA and iBMA are similar. 

In the case of microemulsions, almost all MMA and iBMA were present in 
the microemulsion droplets. Thus the principal loci of particle formation were in 
microemulsion droplets. This is because an extremely large surface area (large num- 
ber of small microemulsion droplets) was available for capturing oligomeric radi- 
cals. The classical micellar nucleation mechanism is thus valid for the microemul- 
sion polymerization of MMA and iBMA, and their rate dependencies on the 
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surfactant concentrations are expected to be approximately 0.60. However, the 
situation is totally different for the microemulsion polymerization for a very low 
concentration of monomer. It was found that ( R p ) i  decreases with an increase of 
CTAB concentration (up to 10 wtVo) for Series A and E which contained only 3 
wt% of MMA and iBMA, respectively. The viscosities of these microemulsions 
at the polymerization temperature (6OOC) were similar to those containing lesser 
surfactant concentrations. This excludes the effect due to the change of the micellar 
structures at different surfactant concentrations under this study. A similar inverse 
effect of the rate of microemulsion polymerization has also been reported by Shah 
et al. [ 5 ]  and Donescu et al. [25], but no satisfactory explanation was given. 

For those microemulsions containing a very low monomer concentration ( 3  
wt% ) but with a high surfactant concentration, they generate an enormous number 
of micelles which are slightly swollen by a small amount of monomer. The decreas- 
ing rate of microemulsion polymerization of this type might be simply attributed to 
the monomer dilution effect due to the increasing number of micelles. When radi- 
cals/oligomeric radicals begin polymerizing in these monomer-deficient microemul- 
sion droplets, the limiting amount of monomer in the uninitiated microemulsion 
droplets is siphoned to the growing particles. As a result, many such microemulsion 
droplets become very deficient in monomer and are less likely to be active loci for 
polymerization. But these numerous monomer-deficient microemulsion droplets/ 
micelles can still capture radicals without leading to a successful polymerization. 
The consequence of this is a lower rate of polymerization. The molecular weight of 
the polymer is also expected to be lower for Series A (Fig. 5 )  and E (Fig. 8)  because 
of an insufficient supply of monomer to growing particles. However, the molecular 
weight of polymer was almost independent of CTAB concentration at a higher 
monomer concentration ( > 5 wt% ) as shown by Series B and C of Fig. 5 and Series 
F of Fig. 8. 

When the monomer concentration in a microemulsion was increased to a 
certain level, all microemulsion droplets became monomer-rich particles which were 
deemed to be potential loci for polymerization. The number of the potential loci 
for polymerization would be further increased with an increase of the surfactant 
concentration in a microemulsion polymerization system. Consequently, (R,); 
slightly increased again, as shown by Series C and D of Fig. 3 and Series F of Fig. 6. 

As for the rate of polymerization which decreased in crossing the region be- 
tween emulsion and microemulsion, it may be due to the gradual shift of particle- 
nucleation mechanisms. For MMA and iBMA, it is believed that besides micellar 
nucleation, fine monomer droplet nucleation might contribute significantly to the 
rate of emulsion polymerization because of weaker interfacial layers (less compact 
surfactant layer) of particles. On the other hand, the micellar mechanism prevails 
in microemulsion polymerization. However, the relatively rigid interfaces (more 
compact surfactant layers) at microemulsion droplets may slow down the rate of 
polymerization, Hence the decrease of (R,); in the boundary region between emul- 
sion and microemulsion may imply that the micellar nucleation mechanism is in- 
creasingly dominant. 

The exponential dependencies of Nd on CTAB concentration (Table 5)  are 
much higher than the theoretical value of 0.60 found by the Smith-Ewart theory for 
the emulsion polymerization of styrene [24]. The high dependency may be attrib- 
uted to radical desorption and continuous nucleation. Guo et al. 1261 showed that 
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the growing polymer radicals in microemulsion particles are readily terminated by 
chain transfer to monomer. The newly created monomeric radicals may then escape 
from the small particles to the aqueous phase and reenter particles needed for 
continuous nucleation. Owing to the easy escape of radicals from the smaller sized 
iBMA particles, their N d  dependency is much higher than that of the MMA system. 
Our present understanding of the high dependency of N d  on CTAB concentration is 
still very limited. The negative dependency of Nd for the MMA microemulsion 
system is believed to be due to the decrease of N d  arising from particle coalescence. 
This is because MMA also functions as a cosurfactant, but iBMA does not. The 
interfaces of PMMA particles in microemulsion would be rather fluid and sticky in 
collisions. At higher CTAB concentrations in microemulsions, more free counter- 
ions are available to screen the electrostatic repulsion among the positively charged 
head groups of CTAB. Such a reduction of surface potential of polymer particles 
favors particle coalescence. 

CONCLUSION 

The polymerizations of a relatively polar MMA and a less polar iBMA have 
been studied in a ternary-component system varying from a turbid emulsion to a 
transparent microemulsion. The initiation mechanism in the emulsion polymeriza- 
tion is quite different from that of microemulsion polymerization for both mono- 
mers. The former polymerization system may involve micellar, homogeneous, and 
fine monomer-droplet nucleations, but the principal loci of particle formation for 
the latter are in the microemulsion droplets. The rates of polymerization for both 
monomers decrease in crossing the transition region between emulsion and micro- 
emulsion due to a gradual shift of particle-nucleation mechanisms. The monomer 
concentration also affects the rate dependency on the surfactant concentration. 

ACKNOWLEDGMENT 

This work is supported by the National University of Singapore under Grants 
RP 930630 and RP 890638. 

REFERENCES 

[ 1 1  J. 0. Stoffer and T. Bone, J. Dispersion Sci. Technol., 1 ,  37 (1980). 
[2] S. S. Atik and J. K. Thomas, J.  Am. Chem. SOC., Z03,4279 (1981). 
[3] H. I .  Tang, P. L. Johnson, and E. Gulari, Polymer, 25, 1357 (1984). 
[4] P .  L. Johnson and E. Gulari, J. Polym. Sci., Polym. Chem. Ed., 22, 3967 

(1984). 
[5 ]  A. Jayakrishnan and D. 0. Shah, J. Polym. Sci., Polym. Lett. Ed., 22, 1 

(1984). 
[6] L. M. Gan, C. H. Chew, and 1. Lye, Makromol. Chem., 193,1249 (1992). 
[7] L. P. Kuo, N. J. Turro, C .  M. Tseng, M. S. El-Aasser, and J. W. Vander- 

hoff, Macromolecules, 20, 1216 (1987). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
2
2
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



POLY MERlZATlON OF METHYL METHACRYLATE 1697 

191 

t 201 

~3 1 

J. S. Guo, M. S. El-Aasser, and J. W. Vanderhoff, J. Polym. Sci., Polym. 
Chem. Ed., 27,691 (1989). 
S .  Holdcroff and J. E. Gilbert, Zbid., 28, 1823 (1990). 
C. K. Gratzel, M. Jirousek, and M. Gratzel, Langmuir, 2,292 (1986). 
L. Feng and K. Y. Ng, Macromolecules, 23, 1048 (1990). 
M. Antonietti, W. Bremser, D. Muschenborn, C. Rosenauer, B. Schupp, and 
M. Schmidt, Ibid., 24,6636 (1991). 
M. Antonietti, S. Lohmann, and C. Van Niel, Zbid., 25, 1139 (1992). 
J. Texter, L. Oppenhemier, and J. R. Minter, Polym. Bull., 27, 487 (1992). 
A. P. Full, J. E. Puig, L. U. Gron, E. W. Kaler, J. R. Minter, T. H. Mourey, 
and J. Texter, Macromolecules, 25, 5157 (1992). 
L. M. Gan, C. H. Chew, K. C. Lee, and S. C. Ng, Polymer, 34,3064 (1993). 
L. M. Gan, C. H. Chew, S. C. Ng, and S. E. Loh, Langmuir, 9,2799 (1993). 
M. J. Ballard, D. H. Napper, and R. G. Gilbert, J. Polym. Sci., Polym, 
Chem. Ed., 22,3225 (1984). 
L. F. Halnan, D. H. Napper, and R. G. Gilbert, J. Chem. SOC., Faruday 
Trans., I ,  80,2851 (1984). 
J. Bartoii, I. Capek, and V. JuranicovB, Makromol. Chem., Rapid Com- 
mun., 7,521 (1986). 
J. Bartoii and A. KBrpBtyovB, Makromol. Chem., 188,693 (1987). 
I. Capek, J. Bartoii, and A. KBrpBtyovB, Zbid., 188,703 (1987). 
I. A. Maxwell, B. R. Morrison, D. H. Napper, and R. G. Gilbert, Mucromol- 
ecules, 24, 1629 ( 1991 ). 
W. V. Smith and R. H. Ewart, J. Chem. Phys., 16,592 (1948). 
D. Donescu, D. Anghel, K. Gosa, and M. Balson, Angew. Makromol. 
Chem., 181, 1 (1991). 
J. S. Guo, E. D. Sudol, J. W. Vanderhoff, and M. S .  El-Aasser, J. Polym. 
Sci., Polym. Chem., Ed., 30,703 (1992). 

Received December 1, 1994 
Revision received January 10, 1995 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
2
2
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1


