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SYNOPSIS

Polymethylmethacrylate particles with narrow size distributions with different sizes in the
range of 1.25-4.58 um were produced by dispersion polymerization of methylmethacrylate
(MMA) in ethanol/water media, by using 2,2'-azobisisobutyronitrile (AIBN) (as an initiator),
(PVP) poly(vinyl pyrrolidone) (as a stabilizer), and ceric ammonium nitrate (CAN) (as a
coinitiator and also as a costabilizer). Particle size was increased by increasing the initiator
concentration and the ethanol : water ratio, and by decreasing the monomer : dispersion
medium ratio and the PVP and CAN concentrations. The addition of CAN in the recipe
of the MMA polymerization improved the monodispersity, and also increased the monomer

conversion rate. © 1996 John Wiley & Sons, Inc.

INTRODUCTION

Dispersion polymerization of methylmethacrylate
(MMA), in organic media, was first introduced by
Barret, who has extensively reviewed the general
features of this process.” A number of other inves-
tigators have also studied production of PMMA lat-
tices, containing monodisperse polymeric particles
usually in the submicron size range, by dispersion
polymerization in nonpolar media.>”” Polymerization
mechanisms and the effects of polymerization pa-
rameters both on the size and monodispersity of the
PMMA particles have been investigated, in which
different stabilizers, usually block or graft copoly-
mers, such as polystyrene-block-poly (ethylene-co-
propylene) or polymethylmethacrylate grafted-
poly (12-hydroxy stearic acid) have been used.
Preparation of micron-size monodisperse PMMA
particles (1-6 um), in polar media, was first dem-
onstrated by Almog et al.2 They polymerized MMA
1n a series of alcohols (i.e., methanol, ethanol, iso-
propanol, and butanol) in the presence of poly (vinyl
pyrrolidone) (PVP) and 2,2’-azobis(isobutyroni-
trile) (AIBN) as a steric stabilizer, and the initiator,
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respectively. By using a cosurfactant, i.e., a quater-
nary ammonium salt (Aliquat 336, Henkel) they
were able to increase the size of the particles without
loosing the monodispersity.

Recently, dispersion polymerization of MMA in
aqueous media (i.e., methanol /water mixtures) have
extensively studied by Shen et al.>!! They used PVP
with different molecular weights and Aliquat 336 as
the steric stabilizer and costabilizer, respectively,
with a series of initiators (AIBN, ABMN, and
ADVN). Different crosslinkers (EGDMA, TMPTA,
and DVB) were included in their polymerization
recipe. They produced PMMA particles ranging in
diameter from 2 to 10 um, and discussed the effect
of various polymerization parameters on the size and
monodispersity.

In our previous reports we presented preparation
of monosize polystyrene ( PS) particles by dispersion
polymerization, ®'* and demonstrated incorporation
of various functional groups (i.e., hydroxyl, carboxyl,
dimethylamino) on these seed particles by coaxial
polymerization,%1® and utilized these particles in
diverse biomedical applications.!”2! In our recent
studies, we have aimed to prepare MMA and hy-
droxyethylmethacrylate (HEMA ) -based homo- and
copolymeric particles with narrow size distributions
as support matrices for immobilization of various
ligands (e.g., affinity-dyes, Protein A). This article
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reports the results of homopolymerization of MMA
by dispersion process similar to that of Almog et
al.,® and of Shen et al.,!! with the difference that
monosize particles were prepared by including ceric
ammonium nitrate (CAN) in the polymerization
recipe. This article presents the effects of polymer-
1zation parameters on the size, monodispersity, and
yield of the PMMA particles, and also the role of
CAN in the polymerization.

EXPERIMENTAL

Materials

The monomer, i.e., methylmethacrylate (MMA)
(Rohm and Haas Ltd, Germany) was washed with
10 wt % aqueous sodium hydroxide solution NaOH
to remove the inhibitor, and stored in a refrigerator
until used. The initiator was 2,2’-azobis(iso-
butyronitrile) (AIBN) (BDH Chemicals Ltd., UK).
The dispersion medium was prepared by mixing
proper amounts of ethanol (Merck A.G., Germany)
and distilled water. Poly (vinyl pyrrolidone) (PVP)
(K-30, MW: 40,000) was obtained from Fluka
Chemika (Switzerland) and was used as a steric
stabilizer. Ceric ammonium nitrate (CAN) (BDH
Chemicals, UK ) was also included in the recipe.

Preparation and Characterization

To prepare the polymerization medium, PVP and
CAN were dissolved in the dispersion medium con-
taining ethanol and water in a proper ratio, then
the monomer phase, prepared by dissolving AIBN
in MMA monomer, was mixed with the dispersion
medium. The polymerization media were placed in
glass bottles (200 mL ), which were purged with ni-
trogen, capped, and sealed. The bottles were then
placed in a temperature-controlied water bath at
65°C and shaken horizontally at 100 cycles /min for
24 h. The AIBN, PVP, and CAN concentrations,
the ethanol : water ratio, and the MMA : dispersion
medium ratio were changed to obtain the effects of
these parameters on the size, size distribution, and
yield of the PMMA particles. The experimental
conditions are given in Table I.

The PMMA latex was cleaned first using a serum
replacement technique. The latex from the poly-
merization bottle was centrifuged and the super-
natant was removed. Distilled water (100 mL) was
added and a new dispersion was stirred for 24 h at
room temperature to remove any stabilizer remain-
ing on the surface of the polymeric particles. This

procedure was repeated three times. The PMMA
latex solution was treated with a mixed bed of anion-
and cation-exchange resins (H™ and OH ™ type,
Amberlite, BDH) at the last step.

The dried microspheres were first sieved and the
polymer aggregates were removed, and then the
spherical polymeric particles were weighed in an
electronic balance, and the particle yield was cal-
culated by the following expression.

% Particle Yield
= (wt of the dry polymeric particles/

wt of the monomer) X 100

The average size and size distributions of the
PMMA particles were evaluated using a scanning
electron microscope (SEM, Model Leitz-AMR 1000
Raster Electronen Microscope, Frankfurt, Ger-
many ). The latex solution containing the particles
was spread onto a metal disk and the solvent evap-
orated at room temperature. The dried particles
were coated with a thin layer of (about 100 &) of
gold in vacuum. Three separate photographs (each
containing 50-300 particles) were taken for each
latex sample with 2000-4000 magnification. The
size of the particles was measured on the photo-
graphs.

In order to study the kinetics of MMA dispersion
polymerization and the effects of CAN on the
monomer conversion, we conducted two sets of the
experiments (Experiments 14 and 15, see Table I).
In a typical experiment, polymerizations in a series
of polymerization reactors containing the same
amount of ingredients were started at the same time,
and reactions were conducted at the same condi-
tions. At selected time values, one of the reactors
was processed to stop the reaction by adding excess
amounts of ferrous sulfate solution (for quenching
ceric ions) and hidroquinone (for inhibition of
AIBN). The polymer phase (containing the polymer
aggregates, not only the spherical particles) formed
was removed, and was washed repeatedly with water,
and then was dried to constant weight. The per-
centage conversion were calculated by using the fol-
lowing formula:

% Conversion
= (wt of the dry polymer phase/

wt of the monomer) X 100
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Table I Polymerization Conditions

AIBN PVP CAN MMA /Dispersion
Experiment Conc.? Conec. Conc. Ethanol/Water Medium Ratio
No. (mol %) (g/dL)  (g/dL) (mL/mL) (mL/mL)
1 0.65 1.00 0.10 50/50 1.0/20.0
2 1.30 1.00 0.10 50/50 1.0/20.0
3 5.20 1.00 0.10 50/50 1.0/20.0
4 0.65 0.10 0.10 50/50 1.0/20.0
5 0.65 0.25 0.10 50/50 1.0/20.0
6 0.65 3.00 0.10 50/50 1.0/20.0
7 0.65 1.00 0.10 40/60 1.0/20.0
8 0.65 1.00 0.10 60/40 1.0/20.0
9 0.65 1.00 0.10 50/50 2.0/20.0
10 0.65 1.00 0.10 50/50 2.5/20.0
11 0.65 1.00 0.05 50/50 1.0/20.0
12 0.65 1.00 0.20 50/50 1.0/20.0
13 0.65 1.00 0.40 50/50 1.0/20.0
14 2.60 1.00 0.10 50/50 1.0/20.0
15 2.60 1.00 0.00 50/50 1.0/20.0

2 Given on the basis of monomer content.

Temperature: 65°C; Shaking rate: 100 cpm; Total reaction volume: 105 mL; Dispersion medium:

ethanol + water

RESULTS AND DISCUSSION

Dispersion polymerization process is usually used
for the production of monosize polymeric particles
in the micron-size range. Both the size and mono-
dispersity can be controlled by changing the poly-
merization parameters. In dispersion polymerization
the system is homogeneous prior to the polymeriza-
tion. As it was proposed, when the polymerization
is initiated by decomposition of the initiator mole-
cules, oligomer chains grow in the continuous phase
until they reach their critical size, at which time
they were phase separated to form nuclei.?!*'? These
nuclei are unstable and aggregate to form the poly-
meric particles, which absorb stabilizer molecules
and oligomers from the dispersion medium and be-
come mature (stable).!? After this particle formation
step, particles grow until they reach their final size
by capturing nuclei or oligomers from the medium.
This mechanism has not been fully established yet,
but it is believed that the chain length of the pre-
cipitating oligomers and their number in each ma-
ture particle determines the final size while the ki-
netics (e.g., nucleation, aggregation, and adsorption
rates) determine the monodispersity (uniformity in
size) of the particles, which are affected by the var-
ious polymerization parameters as discussed in the

following sections and also in the related litera-
ture.1,2,10—12,22—26

AIBN Concentration

In this group of experiments, effects of the initiator
(i.e., AIBN) concentration on the dispersion poly-
merization of methylmethacrylate was investigated.
Polymerizations were performed with three different
AIBN concentrations (i.e., 0.65, 1.30, 5.20 mol %);
within an ethanol : water (50 : 50) mixture; and at
a constant MMA : dispersion medium ratio of 1 : 20
(Experiments 1-3, see Table I). The PVP and CAN
concentrations were 1.0 g/dL and 0.1 g/dL, re-
spectively. The polymerization temperature was
65°C. Figure 1 gives a representative photograph of
PMMA particles obtained in this study.

Narrow particle size distributions were obtained
for the PMMA particles prepared with AIBN ini-
tiator concentrations ranging 0.65-5.20 mol %. The
increase in the initiator concentration led to larger
particles with wider size distributions (Fig. 2). The
average diameter increased from 2.5 to 3.12 um as
the initiator concentration was increased over this
range.

Similar results were reported in the related lit-
erature, 11+?227 which may be explained as follows:
an increase in the initiator concentration causes an
increase in the number of free radicals and, thus,
the concentration of growing oligomer chains.
Therefore, the time to reach the critical chain length
at which the oligomers nucleate, by self or aggre-
gative nucleations, is extended, which leads to a
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Figure 1 A representative SEM photograph of PMMA
particles.

lower number of particles but with larger size.
Moreover, the larger particles are less likely to cap-
ture nuclei or oligo-radicals from the continuous
phase (due to lower surface area), which also results
in retardation of the particle formation stage leading
broaden particle size distribution.

The particle yield values were in the range of 64.2—
79.0% (Fig. 2). Note that these values are not equal
to the monomer conversion values, which were usu-
ally higher than 90%.2® As mentioned before, a part
of the polymer phase was as polymer aggregates (not
as spherical particles) that were removed by sieving;
therefore, particle yields were lower than monomer
conversions.

PVP Concentration

In this study, the stabilizer was poly (vinyl pyrrol-
idone) (molecular weight: 40,000), which was also
utilized by other groups.®'?>2® Polymerizations were
performed with four different PVP concentrations
(i.e., 0.10,0.25, 1.0, and 3.0 g/dL); within an ethanol
: water (50 : 50) mixture; and at a constant MMA :
dispersion medium ratio of 1 : 20 (Experiments 1,
4-6, see Table I). The AIBN and CAN concentra-
tions were 0.65 mol % and 0.1 g/dL, respectively.
The polymerization temperature was 65°C.

In this group of experiments, PMMA particles
with narrow size distribution were obtained, and the
particle size was found to increase with decreasing
concentration of PVP, over the studied range, as
illustrated in Figure 3. Similar results were reported
for dispersion polymerization of both styrene and
MMA 11142226 Tt js agsumed that an important role
of the stabilizer is in the particle formation step,
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Figure2 Effect of AIBN concentration on PMMA par-
ticle size, size distribution, and particle yield (Experiments
1-3, see Table I).

when its concentration is increased in the viscosity
of the medium, ' the rate of adsorption of stabilizer
molecules, and the number of nuclei increase, which
reduce the extent of aggregation and, thus, result
smaller particles.

As seen in Figure 3, particle yield values were in
the range of 66.4-79.0%, except in the experiment
(Experiment 4) in which the PVP concentration
was 0.1 g/dL. Note that in this case the largest par-
ticles with the broadest size distribution, but with
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Figure 3 Effect of PVP concentration on PMMA par-
ticle size, size distribution, and particle yield (Experiments
1, 4-6, see Table I).



DISPERSON POLYMERIZATION OF POLYMETHYLMETHACRYLATE PARTICLES 701

very low particle yield, were obtained. Most prob-
ably, there were not enough stabilizer molecules to
stabilize the forming polymeric spheres; therefore,
they have aggregated, which were removed and then
the particle yield was determined.

Ethanol : Water Ratio

One of the important parameters in dispersion po-
lymerization is the nature of the solvent used in the
polymerization medium.3*14?2-27 A series of alcohols
was studied by Almog et al., showing a constant in-
crease in the diameter of the resulting PMMA par-
ticles (from 1.8 to 5.2 um) when changing from
methanol to ethanol, isopropanol, and ¢-butanol.?
Shen et al. have used water : methanol mixtures to
demonstrate the effect of the solvency of the medium
on particle size. They have reported that the PMMA
particle size decreased (from 3.2 to about 0.5 um)
with increasing water content, and the size distri-
bution remained narrow until a water content of 40
wt % was reached.

We have used ethanol : water mixtures in our
studies. Polymerizations were performed with three
different ethanol : water ratios (i.e., 40 : 60, 50 : 50,
60 : 40), at a constant MMA : dispersion medium
ratio of 1 : 20 (Experiments 1, 7, and 8, see Table
I). The AIBN, PVP, and CAN concentrations were
0.65 mol %, 1.0 g/dL, and 0.1 g/dL, respectively.
The polymerization temperature was 65°C.

Figure 4 shows that ethanol : water ratio signif-
icantly affected both size and size distribution of the
PMMA particles produced, as also reported by oth-
ers.®11 The particle size increased from 1.67 to 4.58
um, with the increase in the ethanol : water ratio
from 40 : 60 to 60 : 40.

The initial solubility parameters of the polymer-
ization media prepared with different ethanol : water
ratios were calculated according to the following
expression, and given in Table 11.2°

6MED = (xe5§ + xwatzu + xmagn)l/2 (1)

where, x., x,, and x,, are the volume fractions of
ethanol, water, and methylmethacrylate; émgp, 6.
(=12.7 (cal/cm®)/?), 6, (= 23.4 (cal/cm?®)/?), and
6., (= 8.8 (cal/cm?®)*/?) are the solubility parameters
of the medium, ethanol, water, and methylmethac-
rylate, respectively.?

Note that polarity of the medium decreases with
an increase in the ethanol content, as shown in Table
II. Because the oligomer chains formed during po-
lymerization are relatively apolar, these chains can
reach higher molecular weights by remaining in the
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Figure 4 Effect of ethanol/water on PMMA particle
size, size distribution, and particle yield (Experiments 1,
7, and 8, see Table I).

dissolved form. Then nucleation occurs at a rela-
tively higher molecular weight due to the higher sol-
ubility of polymer chains in relatively apolar me-
dium. The narrowest size distribution was observed
at an ethanol : water ratio of 50 : 50. The distribution
curves were broader, especially at higher ratios,
which may be due to the high adsorption rate of
stabilizer, which would extend the particle formation
stage, resulting in a broad distribution.

As seen in Figure 4, high particle yields (more
than 70%) were observed over the experimental
range, and did not change with the ethanol /water
ratio.

MMA : Dispersion Medium Ratio

In this group of experiments, polymerizations were
performed with three different monomer : dispersion
medium ratios (i.e., 1.0 : 20, 2.0 : 20, and 2.5 : 20);
within an ethanol : water (50 : 50) mixture ( Exper-
iments 1, 9, and 10, see Table I). The AIBN, PVP,
and CAN concentrations were 0.65 mol %, 1.0 g/
dL, and 0.1 g/dL, respectively. The polymerization
temperature was 65°C.

It should be noted that concentration of the
monomer should be lower than a certain limit, which
depends on the medium, in order to prevent for-
mation of a two-phase system prior to the polymer-
ization. It is not possible to obtain uniform particles
in heterogeneous media.!*?® Therefore, the maxi-
mum MMA : dispersion medium ratio studied in
this group of experiments was 2.5 : 20 mL /mL. As
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Table IT Initial Solubility Parameters of the
Polymerization Media Prepared with Different
Ethanol/Water Ratios Including

Metylmethacrylate
Ethanol/Water Solubility Parameter, dpep
(mL/mL) (cal/cm®)'/?
40/60 19.44
50/50 18.47
60/40 17.46

seen in Figure 5, the increase in the monomer con-
tent resulted smaller particles. However, further in-
crease in this ratio gave larger particles (4.17 um)
with broader size distribution. Shen et al. reported
similar behavior in their studies.!* Note that there
was a slight decrease in the initial solubility param-
eter (therefore, in the initial polarity) of the poly-
merization medium with the increase in the mono-
mer content. Therefore, the change in the polarity
cannot be the main reason for the change in the
particle size. This behavior may be explained by
competitive effects of the changes of the polymer-
ization rate and stabilizer adsorption rate, as also
mentioned by them.

As seen in Figure 5, high particle yields (about
80% ) were achieved when the MMA : dispersion
ratio was low. However, a very low particle yield was
observed in the experiment ( Experiment 4) at which
the MMA : dispersion ratio was 2.5 : 20 mL/mL.
Note also that the largest particles with the broadest
size distribution were obtained in this case.

CAN Concentration

Almog et al. have included a cationic costabilizer,
1.e., Aliquat 336 (methyl tricaprlyl ammonium chlo-
ride) in their recipe for MMA dispersion polymer-
ization, and have found a significant improvement
in the monodispersity.® They have attributed this
improvement to the increase in electrostatic repul-
sion between the particles, which stabilizes the sys-
tem, and the decrease in surface tension of the me-
dium, which results a decrease in the free energy
needed for particle formation, and probably shortens
the nucleation time.

Recently, Shen et al. utilized Aliquat 336, and
also an anionic surfactant Aerosol OT-100 (di-
2ethylexyl ester of sodium sulfosuccinic acid) and
a nonionic cethyl alcohol, and have reported that
only Aliquat 336 is an effective costabilizer in the
MMA dispersion polymerization.!' They have found
that the addition of Aliquat 336 not only decreased

the particle size but also improved the monodis-
persity, especially when the stabilizer (i.e., PVP)
concentration is less than 4 wt %.

In this study, instead of Aliquat 336, we have in-
cluded ceric ammonium nitrate (CAN), Ce!
(NH,)3(NO3)g, in our MMA dispersion polymer-
ization recipe, in order to shorten the nucleation
time, thus improving the monodispersity of the re-
sultant particles. Note that CAN is a versatile re-
agent for oxidation of numerous functional groups
in organic synthesis at mild reaction conditions and
fast conversions.*® Radical polymerizations with re-
dox systems containing ceric salts, and recently
ceric-induced grafting of acrylates on to natural
polymers, have attracted much interest.3-33

In this group of studies we first investigated the
effect of CAN concentration on the PMMA par-
ticle size and size distribution. Polymerizations
were performed with four different CAN concen-
trations (i.e., 0.05, 0.10, 0.20, and 0.40 g/dL);
within an ethanol : water (50 : 50) mixture; and
at a constant MMA : dispersion medium ratio of
1 : 20 (Experiments 1, 11-13, see Table I). The
AIBN and PVP concentrations were 0.65 mol %
and 1.0 g/dL, respectively. The polymerization
temperature was 65°C.

Figure 6 shows that there is a significant effect
of the CAN concentration on the size and size dis-
tribution of the PMMA particles. The PMMA par-
ticle size decreased from 2.92 to 1.25 um when the
CAN concentration was increased from 0.05 to 0.40
g/dL. The particle size distribution curves were
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Figure 5 Effect of MMA : dispersion medium ratio on
PMMA particle yield (Experiments 1, 9, and 10, see Ta-
ble I).
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narrow over the studied range. However, a further
increase in the CAN concentration led to unstability
in the polymerization system.? Note also that CAN
did not stabilized the system without PVP. The de-
crease in the average size and improvement in the
monodispersity may be attributed to the possible
increase in the initiation rate of the polymerization
(means shortened the particle formation step) due
to Ce!V ions (i.e., a coinitiator effect), and also due
to costabilization effect of CAN, which may be as a
result of interaction with PVP or adsorption of the
CAN on the forming particle (reducing aggregation
of nuclei), similar to Aliquat 336, as proposed by
others.®!! Note that it was possible to initiate MMA
dispersion polymerization by using only CAN
(without AIBN); however, both monomer conver-
sion and particle yield were very small in that case.?®
In addition, we proposed that CAN is an inorganic
salt, which may cause a salting out of the MMA
oligomers forming in the medium, and thus leading
a decrease in the nucleation time, which results in
a decrease in the average size and an improvement
in the monodispersity.

As seen in Figure 6, particle yield values were
satisfactory and when between 69.2-79.0% were
achieved in the experimental range.

In order to present the effects of CAN on the
kinetics of polymerization we conducted two sets of
experiments ( Experiments 14 and 15, see Table I),
which were performed with CAN (CAN concentra-
tion: 0.1 g/dL) and without CAN. Other conditions
were exactly the same, which were as follows: tem-

perature, 65°C; shaking rate, 100 cpm; total reaction
volume, 105 mL; dispersion medium, ethanol + wa-
ter; AIBN concentration: 2.60 mol %; ethanol : water
ratio, 50 : 50; MMA : dispersion medium ratio, 1 :
20; and PVP concentration, 1.0 g/dL.

Figure 7 gives the change of monomer conversion
with time in these experiments. Note that the “ar-
rows” on the graph indicate the time when the phase
separations occurred (a sudden change in turbidity
in the medium was observed). As seen here, the
presence of CAN significantly increased the rate of
polymerization, as expected from the discussions
above. In the literature related to dispersion poly-
merization of MMA there is no report on the po-
lymerization reaction rate, which is, of course, an
important consideration especially at industrial scale
production. Therefore, the addition of CAN in the
recipe of the MMA polymerization is not only im-
portant to improve the monodispersity, but also to
achieve high conversions in short periods of time.

CONCLUSIONS

PMMA particles with narrow size distributions with
different sizes in the range of 1.25-4.58 ym may be
produced by dispersion polymerization of MMA in
ethanol : water media, by using AIBN (as an initi-
ator), PVP (as a stabilizer), and CAN (as a coini-
tiator and also as a costabilizer). Particle size may
be increased by increasing the initiator concentra-
tion and the ethanol : water ratio, and by decreasing
the monomer : dispersion medium ratio and the PVP
and CAN concentrations. The addition of CAN in
the recipe of the MMA dispersion polymerization is
not only important to improve the monodispersity,
but also to achieve high monomer conversion rates.
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Figure 7 Effects of CAN concentration on kinetics of
MMA dispersion polymerization (Experiments 14 and 15,
see Table I).
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