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Abstract Micron-sized poly(methyl
methacrylate) particles were pro-
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Formation of monodisperse poly(methyl
methacrylate) particles by radiation-induced
dispersion polymerization. Il. Particle size
and size distribution

constant during the remainder of the
polymerization. The effects of vari-
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duced directly by radiation-induced
dispersion polymerization in aque-
ous alcohol media using poly(N-vi-
nylpyrrolidone) as a steric stabilizer
at room temperature(10-35 °C).
This method takes advantages of the
specialities of radiation induction,
and highly uniform polymer micro-
spheres were obtained with high
conversion. The gel effect was found
from the polymerization kinetics
curves. The number of nuclei pro-
duced in the early stage of the po-
lymerization was found to be

ous polymerization parameters, such
as irradiation dose rate, monomer
concentration, stabilizer content,
medium polarity, and polymeriza-
tion temperature, on the particle size
and the size distribution were inves-
tigated systematically.

Keywords Radiation-induced
dispersion polymerization -
Poly(methyl methacrylate) -
Monodisperse particles - Particle
size and its distribution

Introduction

There has been substantial interest in monodisperse
polymer particles since Vanderhoff and Bradford [I]
announced their preparation of polystyrene particles
with highly uniform particle size in 1955. Monodisperse
particles are finding a wide variety of applications, in-
cluding instrument calibration standards, column
packing material for chromatographic separation [2, 3],
support materials for biochemicals [4], clinical examin-
ation [5], catalyst carriers, coating and ink additives,
information storage materials, and so on. All these
successful applications are ultimately dependent upon
the particle size and its distribution, the morphology of
the particles, and the surface characteristics. Therefore,
the control of particle size and its uniformity has been
focused on.

Various types of preparation methods producing
monodispersed beads have been developed, such as
suspension polymerization, emulsion polymerization

and dispersion polymerization. Dispersion polymeriza-
tion is a very attractive method owing to the inherent
simplicity of the single-step process [6]. A typical ex-
ample of this method is the dispersion polymerization of
styrene in hydrocarbons, alcohols and various alcohol—
ether or alcohol-water mixtures. Oil-soluble initiators
such as 2,2’-azobis(isobutyronitrile) and benzoyl perox-
ide are extensively used in dispersion polymerization. In
this work, y-rays from °Co were used to initiate the
dispersion polymerization. Such work has scarcely been
reported before [7, 8]. Generally, radiation polymeriza-
tion is one of the most convenient methods because of its
nontemperature-dependent initiation and extremely
large yield of radiation chemistry. Also, the radiation
process can easily prepare a monodisperse polymer
without the pollution of chemical initiators. In the pre-
sent study, the dispersion polymerization of methyl
methacrylate (MMA) with y-ray from *°Co was studied,
and the influences of the dose rate, the monomer con-
centration, the stabilizer content, the medium polarity,
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the temperature, etc., on the particle size and its size
distribution were determined.

Experimental

Materials

MMA was purified at 10 mmHg to remove inhibitor and was
stored at —10 °C before polymerization. Poly(N-vinylpyrrolidone)
(PVP) (M,,=4x10* K-30) was supplied by Shanghai Chemical
Reagent Co. Deionized water was used throughout this work.
Other reagents were of general reagent grade and wereused as re-
ceived.

Preparation of poly(MMA) microspheres
by dispersion polymerization

The syntheses of polymer particles were performed by y-ray in-
duced dispersion polymerization in different methanol/water mix-
tures, in which the monomer is easily soluble. Purified nitrogen was
bubbled through the monomer solution at room temperature for
about 15 min to get rid of oxygen. After that, the solution was
directly fed into a special dilatometer [9] or a sealed glass ampoule,
and held in a bath whose temperature was accurately controlled by
a regulator. The polymerization was carried out at 19 °C at a fixed
dose rate with y-rays. The resulting polymers were centrifuged at
7,000 rpm and then washed with fresh methanol. This operation
was repeated several times.

Characterization of the particles

The molecular weight of the polymer was determined in chloroform
solution with a Ubbelode capillary viscometer at 20 °C. The av-
erage molecular weight can be calculated with the Mark—Houwink
relation [10]: [5]=9.6x10 3M,%7® ml/g.

The size of the resulting polyMMA (PMMA) particles was
examined using a Nicolet SEM X-65 scanning electron microscope.
At least 300 individual particle diameters were measured from the
photographs and the average was taken. The number- and weight-
average particle diameters, d, and d,, were calculated from the
equations d,=2Xd;/N and dWZZd,-4/Zd,-3, N being the number of
particles. The particle size distribution was determined from d,,/d,.

Results and discussion

Variation of polymerization conversion and polymer
molecular weight with irradiation time

In the initial stage, the turbidity of the reaction mixtures
was near zero; however, after a certain irradiation time,
the turbidity started to increase. Typical conversion—
time curves, generally S-shaped, are shown in Fig. 1. In
general, the curve can be reproduced with a measure-
ment error below 3%. The influence of the gel effect is
observed in the conversion—time curve. The linear por-
tion of the curve extends to quite high conversion levels
(about 40-55%). It is pointed out that the polymeriza-
tion conversion easily reaches higher values than that of
the same system using chemical radical initiators at high
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Fig. 1 Conversion versus time curve and polymer molecular
weight versus time curve. Dose rate 40.6 Gy/min; methyl methac-
rylate (MMA) 15 wt%; MeOH/H,O 75/5; poly(N-vinylpyrroli-
done) (PVP) 5 wt%; 292 K

temperature. The reason may be the higher activity and
efficiency of free radicals which are produced by irradi-
ation with y-rays. The variation of the molecular weight
with irradiation time is also shown in Fig. 1. The in-
crease in the molecular weight with conversion is also an
indication of the existence of the gel effect. The gel effect
is more obvious [11] in this system when the molecular
weight increases from 6,000 to 15,000 (about 2.5 times),
i.e. the conversion increases from 8 to 50%.

Particle growth

The relationship between the polymer conversion and
the volume of the particles in the dispersion polymer-
ization in aqueous methanol solution is shown in Fig. 2.
The volume was found to increase linearly with the
particle conversion. These data indicate that the number
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Fig. 2 Relationship between conversion and the average volume
per particle, particle size and particle size distribution. Dose rate
73.1 Gy/min; MMA 15 wt%; MeOH/H,O 75/5; PVP 5 wt%;
292 K
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of particles is constant from an early stage of the poly-
merization, and therefore nucleation takes place in this
early stage, followed by growth of the nuclei without
formation of new particles. Figure 2 also shows that the
resulting particle size increases gradually, and the size
distribution tends to become more monodisperse during
the polymerization process. The reason is due to the
higher adsorption ability of smaller particles in the
particle growth stage.

Latex particles of the polymer at 14% conversion and
at almost 100% conversion photographed by scanning
electron microscopy are shown in Fig. 3a and b, re-
spectively. The particle diameters of the polymer latex
were estimated to be around 1.1+0.15 and 2.3+£0.1 pm,
respectively. The size distribution of these particles is
quite narrow. The monodispersity of a colloidal dis-
persion obtained from a synthetic process has been
discussed by Lamer and Dineager [12], and the authors
indicated that monodispersity is only obtained when the
initiation and nucleation stage is very short compared
with the overall time for condensation. The y-rays pro-
duce a higher rate of free-radical formation and initia-
tion in the radiation polymerization. The formation of
nuclei is finished in a short time after irradiation (about
107 s) [13]. Insoluble polymer particles are formed as
soon as the chain length has reached its solubility limit.
After the nuclei formation step, the number of particles
becomes constant at a polymerization conversion below
10% with an irradiation time of 5-30 min. The induc-
tion period and the nucleation period are both quite
short, and the radicals produced after the nucleation
period do not contribute to the formation of new nuclei
[13]; thus this can easily lead to monodispersity.

Influence of various polymerization parameters
on the particle size and its distribution

In this study, the influences of various polymerization
parameters, including polymerization temperature, sta-
bilizer concentration, irradiation dose rate, monomer
concentration and solvency of the medium, were inves-
tigated systematically. The standard recipes and syn-
thesis parameters used in this study are given in Table 1.
The amount of each ingredient was kept constant in all
the experiments except where indicated. Usually two sets
of experimental data were obtained for each parameter.

Effect of irradiation dose rate

The effect of the irradiation dose rate on the particle size
and the size distribution was studied in the range 40—
100 Gy/min. As seen from Fig. 4, the average particle
size increases with increasing dose rate at two PVP
concentrations, and the size distribution tends to

Fig. 3 Scanning electron microscope photographs of poly(MMA)
microspheres: al4% conversion; b 96% conversion. Dose rate
73.1 Gy/min; MMA 15 wt%; MeOH/H,O 75/5; PVP 5 wt%;
292 K

Table 1 Recipes and synthesis parameters for the dispersion po-
lymerization of methyl methacrylate

Standard recipe  Experimental
or parameter variation
Initial monomer 15.0 10.0-21.0
concentration (wt%)
Polarity of dispersion 15/1 7/1-26/1
medium (MeOH/H,0 w/w)
Stabilizer content (wt%) 5.0 2.5-6.5
Dose rate (Gy/min) 73.1 40.6-92.2
Temperature (°C) 19 13-55
3.5
—A— [PVP]3.5wt%
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Fig. 4 Effect of irradiation dose rate on the particle size and the
size distribution for two stabilizer contents. MMA 15 wt%;
MeOH/H,0 75/5; 292 K

broaden in general. This expected behavior is also dis-
cussed in the literature [14]. It is considered that the dose
rate affects the number of nuclei, the growth of particles
and the yield. Therefore the particle size and its distri-
bution depend on the dose rate under the same condi-
tions, and this is similar to the effect of a radical initiator
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in chemical dispersion polymerization. A greater initia-
tor concentration would lead to grafts of shorter oligo-
mer chain length which have greater solubility in the
reaction medium. The adsorption of the grafted stabi-
lizer on the particles would therefore be retarded, lead-
ing to larger size particle. The increased size distribution
(dw/d,) with increasing dose rate can be explained by the
smaller surface area of the large particles that adsorb
oligomers in the solution less efficiently. Consequently,
the oligomers (or PMMA) in solution can nucleate
during the later stages of the reaction and hence the
distribution of the particle size in the product is broader.

Effect of stabilizer concentration

In the present system, a water- and methanol-soluble
polymer (PVP), which possesses active o-hydrogens as
possible chain-transfer sites, was used as a steric stabi-
lizer. The response of the particle size to PVP concen-
tration at two different monomer concentrations is
shown in Fig. 5. As the stabilizer concentration in-
creased, the particle size decreased. A higher stabilizer
concentration causes faster stabilizer adsorption, and
hence for a given rate of nucleation a greater number of
particles with smaller size will be stabilized during the
primary stabilization process. As illustrated in Fig. 5,
the suitable concentration range of the dispersant for the
preparation of uniform particles is from 4 to 7 wt%. It
was observed that a broad size distribution is formed
when the PVP concentration is higher than 7 wt%. The
reason may be that the graft rate between MMA olig-
omer chains and PVP is constant with further increasing
PVP concentration, but the viscosity of the polymer-
ization system increases.

—a—[M]15w%

4 —=— 10 |
e s 1.25
—=— 10

3.- \X\ ) -:1.20
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— o * 1110
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1— k Zﬂ L]
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Fig. 5 Effect of stabilizer content on the particle size and the size
distribution for two monomer contents. Dose rate 73.1 Gy/min;
MeOH/H,O0 75/5; 292 K

Effect of medium polarity

In a series of articles which describe the synthesis and
properties of polymer particles the important role of
solvent has been discussed. The composition of the re-
action medium (methanol/water) also affects the out-
come of the reaction. The influence of the alcohol/water
ratio on the particle size and the size distribution at two
different temperatures is shown in Fig. 6. The more
hydrophilic the medium is, the smaller the PMMA
particles will be. Similar tendencies in the relationships
between the polarity of the polymerization media and
the size of the resulting polymer particles have been
observed when nonpolar monomers are polymerized in
polar media [15, 16]. With increasing methanol content
in the media, the resulting particle size increases owing
to the increasing solubility of the graft stabilizer and the
critical oligomer chain length. Therefore, adding more
methanol extends the particle formation stage, resulting
in a broader distribution.

Effect of monomer concentration

The initial monomer concentration is important because
the particle number is determined very early in the re-
action [17]. The effect of the initial monomer concen-
tration on the particle size and the size distribution is
shown in Fig. 7 for two alcohol/water ratios. An in-
crease in the initial monomer concentration leads to
large PMMA particles. When the monomer concentra-
tion was between 10 and 15%, monodisperse particles
were obtained. Larger particles, obtained at MMA
concentrations higher than 18%, capture oligomers in
solution less efficiently owing to the smaller total surface
area. The oligomeric radicals in solution can continue to
aggregate (nucleate) to generate new particles and result
in a broader size distribution.

—m—T 292K -
1—e— 208K 11.25
—a— 29K

/// 1120
/ 41.15%°

Particle size (um)
N
(=)

11.05
15' D/’/D
/° 777777 o
e— — 1100
5 10 15 20 25
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Fig. 6 Effect of alcohol/water ratio on the particle size and the size
distribution at two polymerization temperatures. Dose rate
73.1 Gy/min; MMA 15 wt%; PVP 5 wt%
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Fig. 7 The effect of monomer concentration on the particle size
and the size distribution at two alcohol/water ratios. Dose rate
73.1 Gy/min; PVP 5 wt%; 292 K

Effect of polymerization temperature

The curve in Fig. 8 tells us that the particle size decreases
in general and that the size distribution remains mono-
disperse with increasing polymerization temperature if
the temperature is lower than 35 °C. With further in-
crease in the polymerization temperature the particle size
increases very quickly and the size distribution tends to
be broader. These results suggest that the mechanism for
particle nucleation depends greatly on the molecular
weight of the polymer produced by the polymerization
before the initial precipitation. If a polymer of high
molecular weight is formed, most of the polymer pre-
cipitates to form nuclei (either as individual chains or
more probably as an aggregate). If a low-molecular-
weight polymer is produced, fewer chains would pre-
cipitate. This would result in fewer nuclei being formed
and, in the absence of coalescence, larger particles would
eventually be formed, and these would be composed of
polymer with lower molecular weight.

The polymer molecular weight occurs in the con-
ventional free-radical polymerization as a result of the
shorter chain length produced by a higher polymeriza-
tion temperature. However, this trend is not a charac-
teristic of the radiation polymerization process.
According to the basic theory of radiation polymeriza-
tion, the relationship between the average degree of
polymerization (P,) and temperature is expressed as
follows:

In[Py(T2) /Pa(Th)] =[(Ep — Ei/2) — Ei/2]
(I/Tl — I/Tg)/R T2 > T.

This is a simple kinetics model where E,, E; and E;
are the activation energies for the propagation, termi-
nation and initiation reactions, respectively. The

| —=— D73.1Gy/min = 11.25
3.5 —A— 406 |
=3.970 —=— 7.
g | —a— w06 / ‘ 1.20
'GS) 3.0'. D—1_15-O:
@ 1 ~
(&) | \. =z
= E——— 1
A, 2.04,_ 41.05
———0
\u“\ ]
N — RR/A .

1-5 T T T T T T T T T T T T T T T T T 1
285 290 295 300 305 310 315 320 325 330
T/K

Fig. 8 The effect of polymerization temperature on the particle size
and the size distribution at two dose rates. MMA 15 wt%; MeOH/
H,O 75/5; PVP 5 wt%

activation energy of initiation is about zero because of
radiation initiation, so (E,—£E/2) is greater than zero.
Thus, at lower temperatures, the degree of polymeriza-
tion increases with the increase in temperature. It can be
seen from Fig. 8 that the particle size decreases with the
increase in polymerization temperature when the
temperature is lower than 35 °C. However, at higher
temperatures, the chain transfer rate constant, ki,
increases much faster than the chain propagation rate
constant, kp, which lowers the molecular weight. An
inverse correlation between the particle size and the
molecular weight [18] is typical of any dispersion poly-
merization product and can be accounted for by changes
in the locus of polymerization.

Conclusion

In this study, highly uniform PMMA microbeads in the
size range 1.0-5.0 um were obtained by radiation-in-
duced dispersion polymerization of MMA carried out in
methanol/water media using PVP as the sole stabilizer.
The gel effect is evident from the increase in the molec-
ular weight and the polymerization conversion versus
irradiation time curves. The number of microspheres is
constant during the polymerization after the nucleation
step. In general, the size of the resulting PMMA parti-
cles increases with increasing irradiation dose rate,
monomer concentration and decreasing polarity of po-
lymerized media, stabilizer concentration and polymer-
ization temperature. Although the PMMA particles can
also be prepared by chemical methods using chemical
radical initiators, purified monodisperse microspheres
can be obtained easily by radiation-induced polymer-
ization.
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