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SYNOPSIS

The influences of polymerization temperature, initiator and monomer concentrations, ionic
strength of the aqueous phase, as well as ethylene glycol dimethacrylate (EGDM) co-
monomer, on the kinetics of the emulsifier—free emulsion polymerization of methyl meth-
acrylate (MMA) and on the properties of the resulting poly(methyl methacrylate) (PMMA)
lattices were studied. The polymerizations were carried out using potassium persulfate
(KPS) as the initiator. Monodisperse PMMA lattices with particle diameters varying be-
tween 0.14-0.37 um and polymer molecular weights of the order 0.4 X 10% to 1.2 X 10° g/
mol were prepared. The initial rate of polymerization increases with increasing temperature,
KPS-MMA mole ratio, EGDM content, or with decreasing ionic strength of the aqueous
phase. It was shown that the bead size can be limited by reducing the monomer concentration
or by using the cross-linking agent EGDM. The ionic strength of the aqueous phase has a
dominant effect on final particle diameter and polymer molecular weight. The uniformity
of the latex particles increases as the temperature increases or as the initiator concentration
decreases. The experimental results can be reasonably interpreted by the homogeneous
nucleation mechanism of the emulsifier—free emulsion polymerization of MMA. © 1996 John

Wiley & Sons, Inc.

INTRODUCTION

In recent years, emulsion polymerization in the ab-
sence of added emulsifier has received considerable
attention as a method for producing monodisperse
and “clean” lattices.!”” In such a polymerization
system, polymer particles are stabilized by ionizable
initiators or by ionic comonomers. Several mecha-
nisms have been proposed for particle nucleation
and growth during polymerization without emulsi-
fier.8 '° It is generally agreed that the actual process
depends on the water solubility of the monomer.
For example, in the presence of the water-soluble
initiator, potassium persulfate (KPS), it has been
proposed that slightly water-soluble monomers, such
as styrene, polymerize in aqueous phase to oligo-
meric radicals with sulfate end groups, which are
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surface active and form micelles in an emulsion
polymerization.® However, for more water-soluble
monomers, such as (meth)acrylates, the particles are
formed by the precipitation of growing chains upon
achievement of a critical chain length, which is 60—
80 for the monomer methyl methacrylate.'’ In both
cases, subsequent polymerization would occur in
monomer swollen particles.

Although extensive work has been reported in the
literature for the emulsifier—free emulsion polymer-
ization of styrene, only a few were concerned for
methyl methacrylate (MMA) polymerization.®''
Here, we present new measurements for the emul-
sifier—free emulsion polymerization of MMA, which
will enable us to develop a deeper insight into the
phenomena occurring during the polymerization.
For this purpose, a series of experiments was carried
out at various reaction conditions. Monomer con-
versions, molecular weights, and particle sizes were
investigated as a function of the polymerization
temperature, monomer and initiator concentrations,
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and the ionic strength of the aqueous phase, as well
as the concentration of the cross-linking agent, eth-
ylene glycol dimethacrylate.

EXPERIMENTAL

Materials

The monomers methyl methacrylate (MMA) and
ethylene glycol dimethacrylate (EGDM) were freed
from the inhibitor by shaking with 5% aqueous
NaOH, washing with water, and drying over Na,SOj.
They were then distilled under reduced pressure.
Purity was checked by gas chromatography and
found to be about 98%. The initiator, potassium
persulfate, was a product of Fluka, Germany. The
deionized water used for polymerization was distilled
twice before use. Sodium chloride (NaCl) and po-
tassium chloride (KCl) (both analytical grades) were
used without further purification.

Polymerization Procedure

Polymerization was conducted in a 1-L round bot-
tom, four-neck flask fitted with a mechanical stirrer,
nitrogen inlet, condenser, and pipette outlet. The
reactor was immersed in a thermostated water bath
to maintain constant temperature. The appropriate
amounts of water (a volume between 700 and 900
mL) and MMA were first introduced into the reactor
and stirred under nitrogen atmosphere for 30 min.
A specified amount of KPS dissolved in 40 mL of
water was then added to the reactor, and the reaction
was allowed to proceed at the selected polymeriza-
tion temperature for 2 h. It was found that the rate
of polymerization and the bead size are almost un-
changed when the stirring speeds are in the range
of 200-400 rpm. During the present study, the stir-
ring speed was fixed at 300 rpm.

After given reaction times, the lattices were re-
moved from the reactor in order to determine the
monomer conversion, bead size, and average molec-
ular weights. Solid polymers were separated from
the lattices by cooling to —7°C for at least 24 h and
by precipitation using methanol as a nonsolvent.
The fractional monomer conversion x was calculated
as the amount of polymer formed per gram of the
monomer present initially.

Characterization

Scanning electron micrographs were obtained using
a JEOL JSM-T330 electron microscope (SEM). Di-

lute samples (1-10 ppm) were prepared by placing
a drop of the latex dispersion onto a brass surface
and evaporating to dryness in a dust-free box at
room temperature. The samples were then coated
with gold, and scans were taken between 0° and 45°
to the vertical. JEM-100 CX electron microscope
was employed for transmission electron microscopy
(TEM). The latex samples were diluted down to
about 10 ppm, and one drop was placed onto a 20
um Formvar film-coated grid and allowed to air-dry
at room temperature in a dust-free box. Measure-
ment of the average particle diameters were per-
formed using electron micrographs by sizing of at
least 40 particles. Measurements were taken from
different regions of all the electron micrographs. A
standard deviation of 6% was found for the method
of measurement. The z-average particle diameter
and the particle size distribution were determined
by a Malvern submicron particle size analyzer. Av-
erage particle diameters obtained from electron mi-
crographs were found to be larger than those found
by the particle size analyzer (see Table I).
Weight-average molecular weight and molecular
weight distribution of polymers were obtained by
size exclusion chromatography (Waters, Model M-
6000A), equipped with refractive index detector, us-
ing two polystyrene gel columns (500 and 10,000 A)
at a flow rate of 1.0 mL/min in THF at 40°C and
using polystyrene standards. The viscosity-average
molecular weights were obtained from viscosity
measurements in chloroform at 20°C with an Ub-
belohde viscosimeter and using the Mark-Houwink
constants'? K = 0.0055 mL/g and a = 0.79.

RESULTS AND DISCUSSION

Homologous series of polymethyl methacrylate
(PMMA ) lattices were obtained allowing systematic
variation of the temperature, monomer, initiator,
and cross-linker concentrations, as well as the ionic
strength of the aqueous phase. Synthesis conditions
of the lattices are collected in Table I, together with
their properties. Figure 1 illustrates the monodis-
persity in bead size from a typical polymerization
of MMA. In the following sections, the effect of var-
ious reaction parameters on the kinetics of the
emulsifier-free emulsion polymerization of MMA,
as well as on the latex properties, is given.

Polymerization Temperature

In Figure 2, fractional monomer conversion x versus
time data are shown for different temperatures. The
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Table I Synthesis Conditions and Properties of PMMA Latices*®

Series Run No. Variable D® (um) D3 (um) 10® M, ¢ 1078 M,° M, /M,*
Temperature (°C)
I 26 60 0.28 0.26 1.1 1.1 60
25 65 0.27 0.21 1.2 1.1 3.5
24 70 0.24 0.19 0.85 0.97 1.52
18 75 0.22 0.19 0.81 0.76 1.42
[KPS] (X10°/M)
I1a 17 0.25 — 0.14 1.2 1.4 1.2
16 0.50 0.23 0.17 1.1 1:1 1.2
15 1.00 0.23 — 0.83 0.78 1.44
14 1.50 0.24 0.15 0.7 0.61 1.66
IIb 4 0.4 0.25 - — 0.88 —
6 0.7 0.21 — - 0.66 —
11 0.9 0.25 - — 0.61 —
2 1.4 0.26 — — 0.46 —
[MMA] (M)
111 20 0.1 0.14 0.16 0.35 0.27 1.5
19 0.2 — 0.20 0.68 0.67 1.6
18 0.3 0.22 0.19 0.81 0.76 1.42
15 0.4 0.23 — 0.83 0.78 1.44
Tonic Strength
KCl (mM)
IVa 18 0 0.22 0.19 0.81 0.76 1.42
30 5 0.25 0.25 — 0.64 —
29 10 0.30 0.30 — 0.61 -
31 20 0.37 0.37 — 0.59 —
NaCl (mM)
IVb 18 0 0.22 0.19 0.81 0.76 1.42
33 5 0.26 — — 0.64 —
32 10 0.32 - — 0.58 —
34 20 0.35 — — 0.54 -
EGDM (Wt %)
\" 18 0 0.22 0.19 0.81 0.76 1.42
23 5 0.22 0.14 — — —_—
22 10 0.21 0.14 — —_ —
21 15 0.18 0.13 — — —

® Polymerizations were carried out at 300 rpm for 2 h. The following conditions were fixed in each of the series. Series I: [MMA] =
0.3M; [KPS] = 1 X 107°M. Series Ila: [MMA] = 0.4M; temperature = 75°C. Series IIb: [MMA] = 0.27M; temperature = 75°C. Series
III: [KPS] = 1 X 10~*M; temperature = 75°C. Series [Va and IVb: [MMA] = 0.3M; [KPS] = 1 X 10°M; temperature = 75°C. Series

V: [MMA] = 0.3M; [KPS] = 1 X 10"°M; temperature = 75°C.

b Average particle diameters obtained from electron micrographs.

© z-Average particle diameters obtained from particle size analyzer.
4 Weight-average molecular weight, M,,, and polydispersity index, M, /M,, obtained by SEC using polystyrene standards.

¢ Viscosity-average molecular weight.

monomer and the initiator concentrations were 0.3
and 1 X 107 M, respectively. As expected, the initial
rate of polymerization increases with increasing
temperature. Moreover, the limiting monomer con-
versions reached at low temperatures are much lower
than 100%. This is due mainly to the formation of
macroscopic agglomerates on the reactor wall and
on the surface of the stirrer bar at temperatures be-
low 70°C, which reduce the latex yield. Table I sum-
marizes the average particle diameters and average

molecular weights of the polymers formed at differ-
ent temperatures (series I). Increasing temperature
decreases the size of the particles. This inverse de-
pendence between the particle size and the poly-
merization temperature is due to the increasing de-
composition rate of the initiator and increasing
monomer solubility in the aqueous phase on raising
temperature, which increase the concentration of
growing chains and, thus, reduce the bead size. It
must be noted, however, that an opposite effect of
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Figure 1 PMMA beads prepared by emulsifier-free
emulsion polymerization of MMA in the presence of po-
tassium persulfate. Initial monomer concentration = 0.3M.
K,S,05 concentration = 1 X 107*M, Polymerization tem-
perature = 75°C. Scanning electron micrograph; magni-
fication 20,000X.

the polymerization temperature on the bead size may
also be expected in MMA polymerization®; namely,
since increasing temperature increases the water
solubility of MMA and, so, increases the critical
chain length for polymer precipitation, increasing
temperature may lead larger particles. According to
the experimental results, we can conclude that the
second effect of temperature is insignificant com-
pared to the predominant role of the initiated chain
concentration in determining the particle size.

Particle size distribution of lattices formed at dif-
ferent temperatures is shown in Figure 3. It can be
seen that the reduction of the average bead size on
raising temperature is accompanied with the for-
mation of particles with narrower size distribution.
Thus, at low temperatures, the number of sulfate
ions seems to be insufficient to stabilize the particles
formed. Temperatures as high as 70°C are necessary
to obtain stable and, thus, monodisperse PMMA
lattices.

The weight-average molecular weights and mo-
lecular weight distributions were determined by size
exclusion chromatography (SEC) based on polysty-
rene standards. The average molecular weights and
the polydispersities shown in Table I (Series I) in-
dicate that polymerization at temperatures higher
than 70°C gives polymers having relatively narrow
molecular weight distributions. Polydispersity index
approaches 1.4 with increasing temperature. How-
ever, as the temperature decreases, molecular weight
distribution of polymers becomes broader. The SEC
chromatogram of the polymers prepared below 70°C

08 |

06 |

0.0

Time / min

Figure 2 Variation of the fractional monomer conver-
sion x versus time histories in emulsifier—free emulsion
polymerization of MMA with the polymerization temper-
ature. Initial monomer concentration = 0.3M. K,S,04
concentration = 1 X 1073M, Polymerization temperature

= 60 (@), 65 (O), 70 (a), and 75°C (A).

shows a pronounced low molecular weight tail, as
seen in Figure 4. Since the probability of the radical
entry into the particles and, thus, the lifetime of a
growing chain depend on the particle size, broad
particle size distribution would necessarily lead to
the formation of polymers having broad molecular
weight distribution, as was found experimentally at
low temperatures. Thus, the experimental data in-
dicate a direct correlation between the distributions
of particle size and polymer molecular weight. It
must be pointed out that the kinetic conclusions
made above base on the experimental data obtained
at temperatures above 60°C. This is due to the for-
mation of significant amounts of coagulum at low
temperatures.

70
60

50

Intensity Distribution

230 290 350 410

50 110 170
Particle size / nm

Figure 3 Dependence of the particle size distribution

of the lattices on the polymerization temperature. See

Figure 2 caption for the reaction conditions. Polymeriza-

tion temperature = 60 (@), 65 (O), 70 (A), and 75°C (A).



Initiator and Monomer Concentrations

In this section, the polymerization temperature was
held constant at 75°C, and the concentrations of
the initiator potassium persulfate (KPS) and the
monomer MMA were varied. In Figures 5 and 6,
conversion versus time plots are shown for different
KPS and MMA concentrations, respectively. The
rate of polymerization increases as the concentration
of KPS increases or that of MMA decreases. Since
increasing initiator or decreasing monomer concen-
tration increases the radical to monomer mole ratio,
this trend is expected. Moreover, the polymerization
carried out at 0.1 M MMA concentration shows an
acceleration in polymerization rate starting right
down to zero conversion,; i.e., the interval I was not
detected for this monomer concentration. This could
be due to lack of data for x < 0.2, as seen in Figure
6, or, due to the complete solubility of the monomer
in the aqueous phase and start of the polymerization
in a homogeneous manner. Indeed, the aqueous sol-
ubility of MMA, which is reported to be® 0.16 mol/
L, is close to the initial MMA concentration of this
polymerization system.

The average particle sizes of the lattices and
polymer molecular weights for different concentra-
tions of KPS and MMA are collected in Table I
(Series II and III, respectively). The particle size
does not change much with the initiator concentra-
tion and increases slightly with increasing monomer
concentration. The polydispersities of the resulting
polymers range from 1.2 to 1.7 and relatively narrow
molecular weight distributions were obtained at low
initiator concentrations. In order to explain the ex-
perimental findings, it should be borne in mind that
the initiator concentration has two opposite effects
on the bead size in emulsion polymerization. First,

a)
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Figure 5 Variation of the conversion x versus time
histories with the initiator concentration. Initial mono-
mer concentration = 0.4M. Polymerization temperature
= 75°C. [K,S,05] X 10° = 0.25 (@), 0.50 (O), 1.00 (A), and
1.50M (A).

increasing KPS concentration increases the number
of sulfate ions involved in stabilization of the par-
ticles leading to smaller particles. Second, increase
in KPS concentration also increases the ionic
strength of the aqueous phase, which results larger
particles. Thus, it seems that the two opposite effects
of the initiator KPS compensate each other under
the experimental conditions. Furthermore, reduced
particle diameter with decreasing monomer concen-
tration is due to the limitation of the growth of par-
ticles during polymerization.

According to the experimental results, the dis-
tribution of the molecular weights broadens as the
initiator concentration increases (Table I). This is
also an indication of the increased instability of the
particles due to the increased ionic strength of the
aqueous phase on raising KPS concentration, which
accelerates the agglomeration processes. Thus, par-

b)

11 14

ELUTION VOLUME / mL
Figure 4 SEC chromatograms of PMMA prepared at 75 (a) and 60°C (b). See Figure 2

caption for the reaction conditions.
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Figure 6 Variation of the conversion x versus time histories with the monomer concen-
tration. K,S,05 concentration = 1 X 10"*M. Polymerization temperature = 75°C. [MMA]

=0.1 (@), 0.2 (O), 0.3 (A), and 0.4M (A).

ticle coagulation is more pronounced at high initiator
concentrations yielding broader distributions of
particle size and polymer molecular weight.

The particle diameters collected in series I-III in
Table I indicate that they change only slightly de-
pending on the reaction conditions. This may reflect
particle formation by the agglomeration of primary
particles. Thus, following primary nucleation by
precipitation of growing chains, agglomeration and
particle coalescence occur and fix the number of
beads nucleated.

lonic Strength

The ionic strength was generated by contributions
from a constant initiator concentration (1 X 10~°
M) and added strong electrolytes KCIl or NaCl. Time
conversion curves at different ionic strengths gen-
erated using KCI are shown in Figure 7. Increasing
KCl concentration increases the duration of interval
I of the polymerization by reducing the initial rates.
This is due to the salting out effect of KCI, which
reduces the water solubility of MMA and, thus, de-
creases the rate of polymerization in the aqueous
phase. Figure 8 is a plot of the average particle di-
ameter against the ionic strength. The error bars
represent the standard deviations of the measure-
ments. The size of the particles increases linearly
with increasing ionic strength of the aqueous phase.
As seen in Table I (Series IV), final particle di-
ameter varies between 0.22 and 0.37 um, depending

on the salt concentration. Thus, the ionic strength
of the aqueous phase has a dominant effect on par-
ticle diameter and can easily be controlled by varying
the salt concentration of the aqueous phase.

Another point shown in Table I is that the mo-
lecular weight of the polymers decreases as the ionic
strength of the aqueous phase increases. This feature
is better seen in Figure 9, which illustrates the de-
pendence of the viscosity-average molecular weight
M, on the salt concentration of the aqueous phase.
One may expect that the increased bead size with
increasing salt concentration increases the proba-
bility of radical entry into the growing particles and,
so, leads to shorter kinetic chains.

EGDM Concentration

Emulsion polymerization containing divinyl mono-
mers produces microgel particles having pendant
vinyl groups on their surfaces.'” It was shown that
in conventional emulsion polymerization of divinyl
monomers, more and smaller particles are produced
than in the case of monovinyl monomers under the
same conditions.!*'® Figure 10 shows the effect of
the EGDM concentration on the rate of polymer-
ization in MMA polymerization. Addition of EGDM
as a cross-link agent increases the polymerization
rate significantly. Since the reactivities of the vinyl
groups on MMA and EGDM monomers are almost
equal,'” the enhancement in the rate of polymeriza-
tion indicates diffusion controlled termination due
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Figure 7 Variation of the conversion x versus time histories with the ionic strength of
the aqueous phase generated by KCl addition. MMA concentration = 0.3M. K,S,05 con-
centration = 1 X 1073M. Polymerization temperature = 75°C. [KCI] = 0 (@),5(0), 10 (a),
and 20 mM (A).
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Figure 8 Variation of the average particle size with the ionic strength. The ionic strength
is generated using KCI (®) and NaCl addition (O). See Figure 7 caption for the reaction

conditions.
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Figure 9 Dependence of the viscosity—average molec-
ular weight of PMMA, M,, on the ionic strength of the
aqueous phase in terms of the concentrations of NaCl (@)
or KCI (O). See Figure 7 for the reaction conditions.

to the gel effect in the cross-linking system. Similar
behavior was also observed previously in homoge-
neous polymerization system.!®!® Furthermore, as
seen in Table I (series V), the particle size decreases
as the concentration of the cross-linker increases.
The effect of the cross-linker on particle size seems
to be similar to that of the decreased monomer con-
centration; in cross-linking polymerization, the bead
growth is limited due to the reduced swellability of
the cross-linked particles. Figure 11 shows the par-
ticle size distribution of lattices obtained at different
cross-linker concentrations. Addition of cross-linker
clearly increases the degree of uniformity of parti-

0.0

70

Intensity Distribution

170 230 290 350
Particle Size / nm
Figure 11 Dependence of the particle size distribution
of the lattices or the EGDM concentration. See Figure 9
caption for the reaction conditions. EGDM = 0 (@), 5 (O),
10 (A), and 15 wt % (A).

cles. However, at high EGDM contents, agglomer-
ation through the pendant vinyl groups on the sur-
face of the particles may lead to broadening of the
size distribution.

CONCLUSIONS

Emulsifier—free emulsion polymerization of MMA
was carried out using KPS as an initiator of the
polymerization and also as a stabilizer of the growing

20 25 30 35
Time / min

Figure 10 Variation of the conversion x versus time histories with the EGDM concen-
tration. MMA concentration = 0.3M. K,S,05 concentration = 1 X 10”°M. Polymerization
temperature = 75°C. EGDM = 0 (@), 5 (O), 10 (A), and 15 wt % with respect to MMA

monomer (A).



particles. Monodisperse PMMA lattices with par-
ticle diameters varying between 0.14-0.37 pm and
polymer molecular weights of the order 0.4 X 10° to
1.2 X 10° g/mol were prepared. The initial rate of
polymerization increases with increasing tempera-
ture, KPS-MMA mole ratio, EGDM content, or with
decreasing ionic strength of the aqueous phase. A
reasonably linear correlation is observed between
the particle diameter and the ionic strength of the
aqueous phase. Thus, the particle diameter, as well
as the polymer molecular weight, can be controlled
easily by the ionic strength of the aqueous phase. It
was also shown that the particle size can be limited
by reducing the monomer concentration or by using
the cross-linking agent EGDM. The uniformity of
the latex particles increases as the temperature in-
creases or the initiator concentration decreases.
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