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ABSTRACT: Monodisperse poly(methyl methacrylate) beads were prepared in a single stage
emulsion polymerization in the absence of emulsifier. The size of poly(methyl methacrylate)
beads was almost independent of the polymerization temperature between 60 C and 90 C . Differen-
ce in the molecular weight and molecular weight distribution between polystyrene and poly(methyl
methacrylate) suggests that the reaction takes place via a different polymerization mechanism.
In order to use poly(methyl methacrylate) beads as filler particles in polymer composites, they
were copolymerized with a crosslinking agent, such as allyl methacrylate or ethylene glycol dime-
thacrylate. Bead size remained unchanged with the variation of crosslinking density, while glass
transition temperature increased with increasing concentration of crosslinking agent. A higher glass
transition temperature maninfests that ethylene glycol dimethacrylate is a better crosslinking agent
than allyl methacrylate. 5 mol% crosslinking resulted in a 20 C increase in glass transition tempe-

rature.

Introduction

For more than two decades there has been inte-
rest in the potential applicaticn of polymer latices
as model colloids. The word “latex,” originally coi-
ned to describe the milky sap from the Hevea bra-
siliensis tree in the tropical regions of South Ame-
rica, has been extended to connote stable colloidal
dispersions of a polymeric substance in an aqueous
medium.! The polymer particles are spherical and
of colloidal dimensions, with particle diameters ran-
ging from 1 nm to 1 um.* The preparation of poly-
mer latices by emulsion polymerization is now a
well-known procedure?® M.

Emulsion polymerization has several distinct ad-
vantages. Temperature control is more convenient
than in bulk polymerization because the viscosity
changes very little with conversion. By isolating the
sites of polymerization, we control the degree of
polymerization more easily and conduct reactions
to a higher conversion. In addition, the end product
is a stable latex. However, for many purposes, there
are certain disadvantages to conventional emulsion
polymerization. Removal of the emulsifiers is hard
to accomplish, and causes instability leading to coa-
gulation or flocculation of the destabilized latex as
well. Also, it 1s extremely difficult to get monodis-
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perse sized beads in a single stage reaction.

In 1965, Matsumoto and Ochi discovered that
emulsion polymerization could be carried out in the
absence of emulsifier.” They showed that polysty-
rene (PS), poly(methyl methacrylate) (PMMA) lati-
ces could be prepared in emulsifier-free emulsion
polymerization. Since then, this polymerization te-
chnique has been widely studied and procedures
have been perfected for preparing spherical parti-
cles of uniform size. The kinetics and mechanism
of the reaction have been reviewed.'® *.

Unlike polydisperse sized particles from typical
emulsion polymerization, emulsion polymerization
in the absence of emulsifier often produces a mo-
nodisperse latex containing particles with diameters
ranging up to 1 um, in a single stage process. These
latices are particulary clean and do not contain ad-
sorbed surfactant, which obviates a cleanup process
and reduces the number of controllable variables.
Since no emulsifier is used, the proper selection
of an initiator, which imparts surface-active proper-
ties to the polymer particles, is crucial. Persulfate
is a useful mitiator for this purpose since organic
peroxides are vulnerable to chain transfer reaction.”
With persulfate initiator, latex particles are stabili-
zed by strongly acidic sulfate end groups bound
to the surface. For water insoluble monomers, such
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as styrene, surface-active oligomeric free radicals,
formed during the early stages of polymerization,
form micelles, in which the hydrocarbon ends clus-
ter together, while negatively charged sulfate ion
ends point outward toward the aqueous phase. Poly-
merization occurs inside these micelles, formed
by a micellization mechanism.’*#~% Compared to
beads synthesized in the presence of emulsifier,
however, the number of particles is reduced and
individual particle size is increased.'® For more so-
luble monomers, such as methacrylates, it has been
proposed®® that initial particle nucleation occurs
through precipitation of growing oligomeric free ra-
dicals from the aqueous medium, upon achievement
of a critical chain length. Subsequent polymerization
occurs in monomer swollen polymer particles.

In this article, studies were made with uncross-
linked PMMA beads and compared with those of
uncrosslinked PS beads synthesized in emulsifier-
free emulsion polymerizaticn. In order to utilize
such beads as filler particles, allyl methacrylate
(AMA) or ethylene glycol dimethacrylate (EGDMA)
was used a crosslinking agent for PMMA beads.®
% The thermal behavior of these crosslinked beads
was then investigated. The rigidity of the polymer
particles was controlled, without affecting the mo-
nodispersity of the bead size, by varying the concen-
tration of crosslinking agent from 1 to 10%.

Experimental Details

Materials. The methyl methacrylate monomer
is a product of Fisher scientific Co. and specified
to have an assay of 98% and inhibited with 25+ 5
ppm hydroquinone. The ethyl methacrylate and n-
buthyl methacrylate monomers, both of 99% purity,
are inioited with 15 ppm and 10 ppm hydroquinone
monomethyl ether, respectively, and are produced
by Aldrich Chemical Co. The crosslinking agent,
AMA or EGDMA 98% purity, are inhibited with
50~185 ppm hydroquinone monoethyl ether, res-
pectively, and are purchased from Aldrich chemical
Co.

The initiator, potassium persulfate, is a Fisher
Scientific product; the water used for polymeriza-
tion is deionized water from Sparkletts; methanol
is analytical reagent grade from Mallinckrodt Co.
and nitrogen is obtained from MG Industries Gas
products.

Polymerization. Prior to polymerization, phe-
nolic inhibitors added to the methacrylate mono-
mers were removed by washing three times with
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10% sodium hydroxide solution and then three ti-
mes with water” or were deactivated by bubbling
nitrogen through the mixture® Since washing the
inhibitor out often led to coagulation during poly-
merization, we preferred to treat the inhibitor with
nitrogen for at least 15 minutes before polymeriza-
tion.

Polymerization was carried out in a 2 liter resin
reaction flask with internal stirring. The flask was
immersed in a thermostated water bath to maintain
a constant temperature. A water-cooled condenser,
which was connected to the atmosphers via a wash-
bottle containing water, was fixed to the reactor
to prevent back-diffusion of oxygen into the reac-
ting system. Nitrogen was bubbled through a thin
teflon tube into the reactor.

Usually, the ratio of monomer to water was 1
to 10 by weight, and the initiator concentration was
6.79X10 * mol/l. Typically, 650 mL of water and
70 g of monomer were placed into the reactor and
nitrogen was bubbled through to exclude oxygen
from the reacting system.” The stirring speed was
maintained at 350 rpm with a digital controller. The
system was allowed to sit for at least 15 minutes
to ensure deactivation of the inhibitor, temperature
equilibrium and saturation of the aqueous phase
with monomer. Then, a specified amount of initiator
dissolved in 30 mL of water was added and washed
in with 20 mL of water. The reaction was sustained
for several hours, depending on temperature, initia-
tor and monomer concentrations, and the amount
of crosslinking agent. At selected intervals, aliquots
were removed from the reactor and conversion and
bead size were determined. Solid beads were se-
parated from the latex by freezing® and washed
with water and methanol, repeatedly, to remove
unreacted initiator and monomer. Beads were then
dried in a vacuum oven at 50 T.

Characterization.

Scanning Electron Microscopy (SEM). A
Cambridge Stereoscan, Model 3600, Scanning Elec-
tron Microscope, was employed for particle size
studies using LaBs filament and voltage of 10 kV.
One drop of filtered latex sample was placed on
a microcover glass slide and dried at room tempe-
rature. The cover glass was attached to an alumi-
num sample holder with carbon glue and sputter-
coated with gold and palladium for 3 minutes. The
tchickness of the specimen was approximately 300
A. In general, the incident electron beam was nor-
mal to the surface.

Gel Permeation Chromatography (GPC).
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Figure 1. Uniform Growth of monodisperse uncrosslinked poly(methyl methacrylate) beads synthesized at 70 C .
(A) 30 minutes, (B) 1 hour, (C) 1 hour 30 minutes, (D) 2 hours. Scanning electron micrograph, magnification

10,000X.

The molecular weight of uncrosslinked PMMA
beads was determined by gel permeation chromato-
graphy (Waters, Model M-6000A) using calibration
curves determined with PMMA standards.
Differential Scanning Calorimetry (DSC).

Glass transition temperatures (7,) were determined
with a differential scanning calorimeter (DSC-4, Per-
kin Elmer) which was repeatedly calibrated with
indium standards for maximum accuracy. Samples
were heated to 200 C for 2.5 minutes and quen-
ched to 50 C . After 3 minutes, samples were slowly
heated to 200 € at 10 C/min. 7, was identified
as the midpoint of the endothermic displacement
between linear baselines.

Results

The monodispersity in size of beads during emul-
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sifier-free emulsion polymerization is illustrated in
Figure 1, for uncrosslinked PMMA beads. The four
pictures show uniform growth of beads at each
stage, polymerized at 70 C.

The effect of polymerization temperature on con-
version and bead size was studied for uncrosslinked
PMMA beads and results are tabulated in Table
[. The bead sizes at 100% conversion are calculated
from the observed sizes of highest conversion
beads, assuming that bead mass increases with the
cube of the bead radius. Here, the ratio between
monomer and water was 1 to 10 by weight. There
was no change in either bead size or conversion
after 3 hours of polymerization at any of the poly-
merization temperatures. For PMMA, conversions
were not complete. Furthermore, when polymeriza-
tion was conducted at 90 C, conversion reached
barely 40%. Therefore, observed bead sizes were
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Table 1. Effect of Polymerization Temperature on Conversion and Particle Size of Uncrosslinked
PMMA Beads Synthesized in Emulsion Polymerization in the Absence of Emulsifier.

Polymerization Temperature

60 T 70 T 80 C 90 C
Time conv. size* conv. size? conv, size* conv. size"
30 min 12.2% 110 31.3% 187 33.3% 181 41.0% 228
1 hr 26.5% 176 74.1% 314 72.7% 345 40.0% 252
1.5 hr 52.7% 212 77.0% 330 68.4% 332 42.5% 236
2 hr 68.7% 283 76.2% 347 74.9% 344 41.3% 244
25 hr 72.6% 315
3 hr 74.0% 331
100%" 364 100%* 380 100%" 379 100%* 328
“Size represents the diameter of beads in nm. “Extrapalated to 100% Conversion.
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Figure 2. Conversion of uncrosslinked poly(methyl
methacrylate) beads in emulsifier-free emulsion poly-
merization at various reaction temperatures. 60 C,
70 C, X 80 C, + 90 C.

corrected to 100% conversion and completed (Table
D. All data shown for PMMA are averages of re-
peated runs.

Conversion of uncrosslinked PMMA beads at va-
rious reaction temperatures was plotted against
reaction time (Figure 2). Although the initial rate
of reaction was faster at 90 C than at lower tempe-
ratures, conversion reached only about 40%. Con-
version at the other reaction temperatures were
found to be almost the same.

The effect of polymerization temperature on un-
crosslinked bead size is illustrated in Figure 3 for
the synthesis of uncrosslinked polymeric beads.
The sizes of uncrosslinked PS beads are also inclu-
ded for comparison. For corresponding crosslinked
systems, bead sizes were very close to those shown
in Figure 3. Crosslinking of methyl methacrylate
monomer with EGDMA appeared to be slightly fas-
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Temperature

Figure 3. Effect of polymerization temperature on the
size of uncrosslinked beads. ~.: polystyrene (PS), ~:

poly(methyl methacrylate) (PMMA).

Figure 4. Monodisperse poly(methyl methacrylate)
beads crosslinked with 2 mole% AMA prepared by
emulsifier-free emulsion polymerization at 70 C. Scan-
ning electron micrograph, magnification 10,000x.
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Table II. Molecular Weight during Polymerization of Beads Polymerized at 60 °C

Reaction Polystyrene Poly(methyl methacrylate)
Time
M, M, M,
15 min 67,700 30,000
45 min 74,700 32.900 538,000 274,000
1 h 30 min 86,600 37,400 865,000 656,000
4 h 105,000 44,100 855,000 674,000
6 h 116,000 47,400 928,000 628,000
8 h 142,000 57,400 1,000,000 714,000

ter than that of the monomer with AMA. However
the sizes of polymeric beads were not affected by
the nature of crosslinking agents. Figure 4 shows
monodisperse  PMMA beads crosslinked with 2
mole% AMA.

The molecular weight of PS and PMMA were
measured by GPC at various reaction times during
the polymerization of the respective monomers at
60 C. Data are tabulated for PS and PMMA in
Table IL.

Discussion

Uncrosslinked PMMA beads, polymerized at 60,
70, 80 and 90 C, showed a monotonic increase in
bead size with time (Table I), indicating that the
number of particles formed at an early stage of
polymerization was fixed and grew uniformly.
Beads at any stage in the process of polymerization
showed monodisperse latex particles (Figure 1).
However, unlike the polymerization of styrene,” the
conversion of PMMA did not reach 100% at any
polymerization temperature. A lower boiling tempe-
rature (100 C for MMA monomer) may have cau-
sed a low conversion into polymer during polymeri-
zation. At 90 C, the initial rate of reaction was
faster than at lower temperature. However, proba-
bly, due to excessive loss of monomer and rapid
decomposition of initiator, the conversion leveled
off at 40% (Figure 2).

To account for low conversion, bead sizes were
calculated at 100% conversion and compared. For
PMMA beads, there was virtually no effect of poly-
merization temperature on bead size. Compared to
PS beads, PMMA particle size is smaller. This re-
duction in size may be due to the fact that the
solubility of MMA is nearly 50 times higher than
that of styrene”** Therefore, more monomer was
dissolved in water and more particle nucleated,
which resulted in smaller size. PMMA bead sizes
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Table III. Solubility of Styrene in Water at Var-
ious Temperatures®®+!

Temperature in C Solubility in mol/L

25 0.0026
40 0.0031
50 0.0037
60 0.0048

have been reported to be smaller than PS beads
in surfactant free emulsion polymerization.” The
relatively high aqueous solubility of monomer in
these processes may lead to a higher saturation
concentration on increasing the amount of mono-
mer, and so little change occurs in bead size for
an increased ratio of MMA monomer to water from
1:10 to 1: 4. For monomers less soluble in water,
such as styrene., bead size was found to be more
sensifive to the amount of monomer and polymeriza-
tion temperature (Figure 3). Accordingly, styrene
(whose solubility is tabulated at various temperatu-
res in Table III*") showed higher dependence of
size on polymerization temperature. In addition,
there was almost no coagulation during the polyme-
rization of PMMA beads, even in the polymerization
where the ratio of monomer to water was 1: 4,
unlike the polymerization of PS. This may also be
attributed to the high solubility of MMA monomer.

For emulsion polymerization in the absence of
emulsifier in aqueous media, alternative nucleation
mechanisms have been proposed.”* * The specific
mechanism applicable depends on the solubility of
the monomer in water. Monomers, such as styrene,
which are poorly soluble in water, polymerize via
bead nucleation in micelles, formed by the alignment
of surface active oligomers produced during the im-
tial stages of polymerization. Relatively water solu-
ble monomers, such as MMA, undergo homoge-
neous nucleation to form primary particles by the
precipitation of growing polymer chains from

Korea Polym. J., Vol. 2, No. 1, 1994
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Table IV. Comparison of the Glass Transition Tem-
perature for PMMA Beads Crosslinked with ei-
ther AMA or EGDMA

crosslink density AMA EGDMA
2 mole% 1240 T 1392 C
5 mole% 1245 C 143.7 C
10 mole% 1255 C 1325 C

aqueous solution upon the attainment of a critical
chain length. It has been suggested® that, with inc-
reasing monomer solubility in water, the number
of growing particles in the carly stages of polymeri-
zation is increased, leading to a smaller particle
size. Apparently the solulility of styrene is more
sensitive to increasing temperature resulting in a
large decrease in bead size with increasing reaction
temperature. Computer simulation®?* also indicates
that the number of growing particles increases with
increasing solubility of the monomer in water.

Evidence of a markedly different mechanism for
styrene and MMA polymerization is shown by mo-
lecular weight and molecular weight distribution
measurement (Table II). Although PS forms th-
rough a micellar nucleation, large particle size per-
mits more than one polymer to grow at the same
time, which leads to a lower molecular weight than
PMMA. The ratio M../M, is determined by the me-
chanism of termination. For PS, this ratio “approxi-
mates,” but always exceeds two. For a most proba-
ble distribution, with termination by combination,
as ordinarily shown by styrene, the predicted ratio
is 1.5.2% However, for polvmerization in emulsion,
termination may not occur by the reactions of poly-
meric free radicals. Moreover, a change in the effi-
ciency of termination with conversion and with mo-
lecular weight may account for the deviation, which
increases with conversion.”® For PMMA, this ratio
approaches 1.5 with increasing conversion.

The effiency of crosslinking PS, by copolymeriza-
tion of styrene with DVB, or PMMA, by copolyme-
rization with divinyl monomers, EGDMA or AMA,
has been examined by swelling measurement.*” For
DVB and EGDMA, the mole% of crosslinked units
approximated, but always exceeded, the mole% of
divinyl monomer in copolymerization. However,
EGDMA was a more efficient crosslinking monomer
than AMA, which had produced only about 60%
crosslinking.” This is consistent with 7, measured
by DSC (Table IV). As shown. crosslinking up to
10 mole% AMA did not appreciably change the
glass transition temperatures (Table IV). Perhaps,
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Table V. Glass Transition Temperatures for Lin-

ear Polymers (0.45/um PS beads crosslinked

with 5 mole% DVB and PMA beads crosslinked
with 5 mole% EGDMA)

Polymer Linear Crosslinked (5 mole%)
PMMA 1070 ¢ 1437 C
PS 103.2 C 1215 T
PEMA 610 T 834 C
PBMA 174 T 405 ©

steric hindrance and inherent nature of inducing
degrative chain transfer reaction of the allyl group
in AMA hindered efficient crosslinking. The abrupt
drop in glass transition temperature of PMMA
beads crosslinked with 10 mol% EGDMA may be
an artifact and result from trapped solvent, which
was not removed in the drying process (Table IV).
Crosslinking PMMA, with up to 10 mole% AMA
or EGDMA, did not make any difference in bead
size (Figure 4), indicating that crosslinking may not
affect the mechanism of bead formation. The glass
transition temperature of uncrosslinked polymer
beads are listed in Table V. For comparison,
these beads were copolymerized with 5 mole%
EGDMA in emulsifier-free emulsion polymeri-
zation. These beads show about a 20 C inc-
rease in glass transition temperature due to chain
immobilization by crosslinking.

Conclusions

Monodisperse PMMA beads have been synthesi-
zed by emulsion polymerization in the absence of
emulsifier at temperatures from 60 T to 90 T.
Monodispersity in size of PMMA beads was achie-
ved at different polymerization temperatures. None
of the polymerizations reached 100% conversion.
This was probably caused by evaporation. At 90
C, the final conversion was only 41.3%, probably
due to excessive loss of monomer and rapid decom-
position of initiator.

The size of PMMA beads was found to be nearly
independent of synthesis temperature, comparing
sizes corrected to 100% conversion. When the mo-
nomer is highly soluble in water, such as MMA,
bead size is less sensitive to polymerization tempe-
rature. However, the bead size was found to depend
strongly on temperature as the solubility of the mo-
nomer in water decreases, as seen in the polymeri-
zation of styrene. The large difference in the mole-
cular weights of the polymer at several conversions
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of the PMMA and PS beads suggests that monomers
exhibit different particle nucleation mechanism.
Poor water-soluble monomer, such as styrene, poly-
merizes via a micelle nucleaticn while highly water-
soluble monomer, such as MMA, forms through a
homogeneous mechanism of MMA monomer during
polymerization.

Copolymerization MMA with either AMA or EG-
DMA was conducted to produce crosslinked beads
in emulsifier-free emulsion polymerization. Mono-
dispersity in size was maintained up to 10 mole%
crosslinking agent. However, the higher glass tran-
sition temperatures of PMMA beads crosslinked with
EGDMA indicate that the degree of crosslin-
king with EGDMA was higher than with AMA. Co-
polymerization of various methacrylate monomers
with 5 mole% EGDMA resulted in crosslinked poly-
meric beads, whose glass transition temperatures
were about 20 C higher than those for linear poly-
mers.
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