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ABSTRACT: Micron-sized monodisperse crosslinked polystyrene (PS) beads have been
prepared by a multistage emulsion polymerization using styrene monomer, divinylben-
zene crosslinking agent, and potassium persulfate initiator in the absence of emulsifier.
In the first stage of the reaction, the lower the reaction temperature, the larger the bead
size obtained. In the later stages of the reaction, the particle size is increased with the
initiator concentration and monomer content. Particle nucleation of the preexisting
polymer seed of 0.7—-0.8 um in diameter is prepared at 60°C, then the monodisperse
crosslinked PS beads > 2 um are synthesized up to the third stage of the reaction. As
the particle size grows, the number of free radicals in the growing particles increases,
and the conversion of the next stage is continuously increased. The reaction mechanism
is suggested that the continuous polymerization be conducted due to the diffusion of
monomer into the preexisting particles to induce spherical beads in the later stages of
the reaction. Otherwise, phase separation or the formation of protrusion by the capture
of free radicals will be taking place. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 71:
2259-2269, 1999
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INTRODUCTION

Recently, we reported the preparation procedure
of crosslinked monodisperse polystyrene (PS)
beads by emulsion polymerization in the absence
of emulsifier and the mechanical properties of
SBR composites filled with polymer beads.! The
polymer beads crosslinked with 10 mol % divinyl-
benzene (DVB) at 80°C were uniformly prepared
in the early stage of the reaction and gradually
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grown with the reaction time. However, one of the
limitations of emulsion polymerization is the for-
mation of particle size smaller than 1 um in a
single stage of the reaction.!™

Ugelstad and colleagues® developed the prepa-
ration method of micron-sized monodisperse par-
ticles using two steps of swelling technique in the
presence of an emulsifier to prevent a formation
of coagulum or secondary small particles during
the seeded emulsion polymerization. The efficient
method they proposed requires a long period of
time in the swelling process and is difficult to
carry out. To prepare micron-sized monodisperse
spheres, it is necessary to use seed particles pre-
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Table I Recipes of Experimental Series for
Each Step

No. of Styrene DVB KPS Water
Steps (2 (g (%) (g)
Series 1: 1st stage
1 9.2 0.8 0.25 100
2 9.2 0.8 0.5 100
3 9.2 0.8 1 100
4 9.2 0.8 1.5 100
Series 2: 2nd stage
1 10 1 0.25 40
2 10 1 0.5 40
3 10 1 1 40
4 10 1 1.5 40
Series 3: 2nd stage
1 20 2 0.25 113.3
2 20 2 0.5 113.3
3 20 2 1 113.3
4 20 2 1.5 113.3
Series 4: 2nd stage
1 30 3 0.25 186.7
2 30 3 0.5 186.7
3 30 3 1 186.7
4 30 3 1.5 186.7
Series 5: 1st-3rd stages
1st stage 9.2 0.8 0.5 100
2nd stage 30 3 2 186.7
3rd stage 30 4.5 2 100.8

pared by emulsion polymerization and enlarge
them up to the desired size in the further stages of
reactions. Seeded polymerization has been con-
ducted for several decades, and various mecha-
nisms have been proposed for the growth of latex
particles. Grancio and Williams” suggested that
the growing particles consist of an expanding
polymer-rich core surrounded by a monomer-rich
shell, with the outer shell providing a major locus
of polymerization. Chung-li and colleagues® found
that the swelling rate of the preformed latex par-
ticles was too low to account for the rate of parti-
cle growth. Therefore, a heterocoagulation mech-
anism was proposed, in which coagulation of poly-
mer particles formed onto the seed particles and
played an important role in particle growth. The
capture mechanism of a free radical has been
developed by Fitch and Shin,® Kao and col-
leagues,'® and Goodall and colleagues,'’ based on
the mechanism proposed by Smith and Ewart.'?
In this model, sulfate-free radicals, generated by
the decomposition of persulfate initiator, react
with styrene monomer dissolved in the aqueous

phase to form oligomeric free radicals.!! The
mechanism of radical capture is still a debated
issue.

In this article, we designed a modified seeded
emulsion polymerization to control the bead size,
in which the reaction reagents were added before
the conversion was not completely performed.
This is the first method to prepare the micron-
sized polymer particles using multistage seeded
emulsion polymerization in the absence of emul-
sifier. Then, the reaction mechanism for this pro-
cedure has been proposed.

EXPERIMENTAL

Materials

Technical grade styrene monomer and DVB (55%
p-DVBs and m-DVBs, 42% ethylbenzenes, and 3%
diethylbenzenes) were purchased from Aldrich
Chemical Co. and washed with deionized water
after the 10% aqueous sodium hydroxide solution
washing for four times to remove the inhibitor.
Potassium persulfate (KPS) was purchased from
Aldrich Chemical Co. and used without further
purification. Deionized water was used through-
out the polymerization process.

Synthesis of PS Beads in the First Stage

Throughout the first stage of the reaction, prelim-
inary study of the experimental conditions (such
as temperature, reaction recipe, reaction time,
stirring speed, etc.) has been conducted to control
the monodisperse micron-sized particles. Cross-
linked PS beads are prepared by an emulsion
polymerization using styrene monomer, DVB
crosslinking agent, and an adequate amount of
KPS in the absence of an emulsifier. The syn-
thetic process modified in our laboratory is as
follows. Polymerization was conducted in a
700-mL reaction flask by mechanically stirring
under a nitrogen atmosphere. Deionized water
was added to the reaction flask. Nitrogen is bub-
bled in the flask and continued throughout the
reaction. Prewashed styrene and DVB with an
aqueous solution of sodium hydroxide were added
to the flask and allowed to mix for 20 min to
equilibrate. Then, KPS dissolved in 50 mL of wa-
ter, was added. The ratio of DVB to monomer was
controlled to 0.5-15 mol %. Polymerization was
conducted at 350 rpm, and temperature varied in
the range of 60°-80°C. After the reaction, the
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Figure 1 SEM microphotographs of PS beads crosslinked with 0.5 mol % DVB at
various temperatures (°C): (a) 60, (b) 70, and (c) 80.

flask was removed from the water bath, then the
latex of PS beads in water was poured into a
1000-mL steel bottle and cooled at —15°C for 8 h.
As the frozen latex was melted at room tempera-
ture, two phases of water and polymer particles
were separated, then isolated by filtration using
glass filter. To remove moisture and unreacted
monomer, the wet beads were dried in a vacuum
oven at 60°C for 24 h and yielded a fine white
powder.

Preparation of Micron-Sized PS Beads

Since the lower the reaction temperature, the
larger the particle sizes were obtained at the first
stage, the beads prepared at 60°C were used for
further reactions.

A desired amount of seed latex remaining in
the reactor is used for a subsequent stage reac-
tion. Warm deionized water preheated at the re-
action temperature, styrene, and DVB were
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Figure 2 Conversion of PS beads crosslinked with 0.5
mol % DVB and 0.5 wt % initiator at various tempera-
tures (°C): (@) 60, (m) 70, and (A) 80.

added into the reactor under a nitrogen atmo-
sphere, which was containing the preformed seed
latex and remaining reagents. After 30 min, aque-
ous initiator solution was added, and the reac-
tants were stirred for the desired period of time at
the selected temperature. This procedure was re-
peated for a subsequent stage of polymerization.
Addition of persulfate at each stage is required to
lead a rapid polymerization and to sustain the
reaction.

A large amount of monomer (from one to three
times) was added in the second stage of the reac-
tion, and initiator content was increased from 0.25
to 1.5 wt % to investigate the effect of monomer and
initiator contents on the particle size and size dis-
tribution. The ratio of DVB content to monomer was
fixed to 8, 10, and 15 mol % at the first, second, and
third stages, respectively. Experimental recipes
used at each stage are listed in Table I. The solid
content, which is the ratio of the monomer and DVB
over water, is controlled to be 10, 15, and 20 wt % for
the first, second, and third stages of the reaction,
respectively. DVB content is controlled by the
amount of monomer, and KPS is the weight percent
of the total content of styrene and DVB.

Series 1 directs the first stage of the reaction to
prepare latex seeds with various concentrations
of KPS. According to steps 1-4 in series 1, the
concentrations of KPS are increased from 0.25,
0.5, 1, to 1.5%. For series 2—4, which belongs to
the second stage of the reaction, the seed particles

used are prepared by the recipe of no. 2 of series
1. In series 5, the amount of the reagents is fol-
lowed in Table I, where styrene and water con-
tents are controlled to be 10, 15, and 20% at the
first, second, and third stages, respectively.
After the reaction, the product is easily separated
by filtration and dried in a vacuum oven at 80°C.

Analysis

To investigate the size, size distribution, and mor-
phology of the beads, a drop of PS beads diluted
with an equal amount of methanol was placed on
a cover glass and dried with clean air at room
temperature. The dried beads were coated with
gold and palladium using a sputter coater, and
morphology of the beads was studied using a Phil-
lips SEM-515. Size and distribution of swollen
beads were also measured by a dynamic light
scattering (DLS) method by the next procedure. A
test tube was washed by deionized water and
dried at a vacuum oven for 1 day. Synthetic PS
beads were dissolved in 0.005 wt % tetrahydrofu-
ran solution at room temperature for 24 h, then
the solution poured into a test tube. DLS mea-
surements for the beads was accomplished using
a Marlvern Instrument 4700 type.

RESULTS AND DISCUSSION

Figure 1 shows the effect of the reaction temper-
ature on the bead size crosslinked with 10 wt %
styrene, 0.5 mol % DVB, and 0.5 wt % KPS at
60°C for 28 h, 70°C for 18 h, and 80°C for 9 h,
respectively. Polymerization was conducted at the
temperature above 60°C for the purpose of ade-
quate rate of initiator decomposition. Bead size
was ordinarily measured at maximum conver-
sion, ~ 100%. In all cases, the lower the reaction
temperature, the larger the PS beads were ob-
served with monodisperse distribution. As shown
in Figure 1, bead size prepared at 60°C was ~ 700
nm, whereas that at 80°C was ~ 429 nm. The
monomer with a low aqueous solubility, such as
styrene, may exhibit sensitive dependence of the
bead size on the polymerization temperature.'3*
The temperature of polymerization affects the
equilibrium concentration of the monomer in the
aqueous medium. The higher the monomer con-
centration by raising the temperature, the more
oligomers are formed with an appearance of small
growing particles. Thus, the particle size is re-
duced with temperature, which is one of the vari-
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Figure 3 SEM microphotographs of PS beads prepared at the first stage with differ-
ent initiator concentrations: (a) series 1, no. 1; (b) series 1, no. 2; (¢) series 1, no. 3; and
(d) series 1, no. 4.

ables controlling the particle size in emulsion polymerization temperature was fixed at 60°C.
polymerization. The conversion of PS beads crosslinked with 0.5

To enlarge the monodisperse bead size at suc- mol % DVB, 10 wt % styrene, and 0.5 wt % KPS at
cessive stages of the seeded polymerization, the 60°-80°C is plotted in Figure 2. The rates of poly-
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Figure 4 Size distributions of series 1 with various
initiator concentration at 60°C: (m) 0.25 wt %, (@) 0.5
wt %, (A) 1.0 wt %, and (®) 1.5 wt %.

merization increase with the reaction tempera-
tures due to the high rate of initiator decomposi-
tion or propagation. As the reaction was pro-
gressed, the beads became monodisperse and
their sizes gradually increased, then leveled off.
Free radicals from the initiators are formed in the
aqueous phase and, at the beginning of the reac-
tion, proceeded polymerization by reacting with
monomer dissolved in water. Micelles are not
likely to form by alignment of oligomeric free rad-
icals. Instead, termination of the radicals will oc-
cur forming dead oligomers that may or may not
participate in the formation of micelles. It is un-
likely that two radicals could be present in a
micell without instantaneous termination occur-
ring. In the beginning of the reaction, of which
conversion reaches ~ 10%, the number of growing
particles is fixed at the interval II of the Smith—
Ewart theory,'? where particle nucleation does
not occur any more, and the rate of polymeriza-

tion is constant with time. Then, the bead size
increases as the monomer continues to migrate
from the monomer droplet, through the aqueous
phase, into the swollen polymer particles (latex
particle). Because the emulsion polymerization is
conducted in the absence of an emulsifier, surface
active oligomeric radicals formed in the aqueous
phase are adsorbed onto the surface of the grow-
ing particles and stabilize the particles.

Figures 3 and 4 show the size and size distri-
bution of the beads crosslinked with 8 mol % DVB
and various concentrations of initiator (0.25-1.5
wt %) at 60°C obtained by scanning electron mi-
croscopy (SEM) and a light scattering method,
respectively. D, D,,, and D, where the number,
weight, and z average diameter of the particles
can be calculated by the following equations,

D = 2nd; _ 2nd} _ 2nd}
" Zni v Enid? : Enid?

where n; is the intensity of the particle size dis-
tribution, and d; is the diameter of the particle.
Uniformity of the particle is used to calculate the
following equation.

: . Dy
Uniformity = D

The values of D,, D,, D,, and Uniformity are
listed in Table II. This result shows that the num-
ber of bead size (D,,) is decreased from 925.1 nm
to 793.3 nm, with the increased initiator concen-
tration from 0.25 wt % to 1.5 wt % and the D,, and
D, as well. The D,, measured by DLS and SEM
are comparable in Table II. The slightly larger
dimension of the beads by DLS, which is raised
from the swelling effect by solvent, is analogous to
that observed by SEM. Variations in initiator con-
centration have a small effect on particle size. The
particle size distribution is monodisperse in the
range between 1.0371 and 1.0079.

Table II Various Sizes and Uniformity of Series 1 with Different Initiator Concentrations Measured

by DLS (D,,, D, D) and SEM

No. D, (nm) SEM (nm) D, (nm) D, (nm) Uniformity
1 (0.25 wt %) 925.1 810 959.4 967 1.0371
2 (0.50 wt %) 879.2 789 911.2 922 1.0376
3 (1.00 wt %) 845.5 720 877.5 889 1.028
4 (1.50 wt %) 793.3 716 799.6 802 1.0079




SIZE CONTROL OF PS BEADS BY EMULSION POLYMERIZATION 2265

Conversion (%)

Reaction Time (hr)

Figure 5 Conversion of PS beads prepared at each
stage: (A) first stage, PS beads with 8 mol % DVB; (m)
second stage, PS beads with 10 mol % DVB; and (@)
third stage, PS beads with 15 mol % DVB.

Figure 5 depicts the conversion of the beads
prepared by three stages of the reaction in series
5 listed in Table I. The conversion was calculated
according to the following equation by gravimet-
ric analysis,

Wd s

= W (Wes + W) X W,, < 100

Conversion (%)

where Wy, W, W, and W_, are the weight of
the dried polymer latex, fresh monomer, water,
seed latex, and latex sample, respectively. The
overall conversion was increased with the reac-
tion stages.

Preliminary study for controlling the bead size
has been conducted, and the morphologies of the
beads obtained from the second step at 60°C are
depicted in Figure 6. The recipe is not shown in
Table I. DVB (2 mol %) was used in the first stage
for 16 h, followed by a successive process of poly-
merization with 5 mol % DVB for 24 h at the second
reaction stage. The amount of DVB was controlled
in the second stage to minimize the formation of
protrusion and indentation after collision between
the particles. As seen in this figure, the bead size is
0.9 um in the first stage, then grown to 1.8 um at
the second stage. Moreover, SEM microphoto-
graphs of the beads show fairly monodisperse dis-
tribution. It is suggested that, in successive stages
of seeded polymerization, the secondary nucleation

Figure 6 SEM microphotographs of PS beads pre-
pared by seeded polymerization at 60°C: (a) first-stage
latex particles of PS with 2 mol % DVB (bead size: 0.9
um); and (b) second-stage latex particles of PS with 5
mol % DVB (bead size: 1.8 um).
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Figure 7 SEM microphotographs of PS beads at the second stage: (a) series 2, no. 1;

(b) series 3, no. 1; and (c) series 4, no. 1.

of the preexisting seed particles compete with the
primary nucleation that induces formation of new
growing particles. Because styrene has extremely
low solubility in water, primary nucleation by mi-
cellization mechanism is not so favored as the (sec-
ondary) nucleation on seeds. Oligomeric free radi-
cals would be captured by the large seed particles
rather than forming micelles or initiating new par-
ticles. As a result, a unimodal distribution of large
particles is reached. Polymerization is continued to
form spherical particles around the bead surface.
However, if the free radical is located on the bead

18191 23

surface, subsequent polymerization may lead to
protrusive and asymmetric beads.'® The production
of asymmetric particles may be evidence for phase
separation after polymerization of the monomer,
which swells the crosslinked seed particles during
the second stage of polymerization. Formation of
new particles can be observed by the competition
between the beads adsorptive oligomeric free radi-
cals onto the preexisting beads and micellization of
oligomeric free radicals in the aqueous medium.
Figures 7-10 show the effect of styrene and KPS
contents on bead size and the size distribution in

Figure 8 SEM microphotographs of PS beads at the second stage: (a) series 2, no. 2;

(b) series 3, no. 2; and (c) series 4, no. 2.
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Figure 9 SEM microphotographs of PS beads at the second stage: (a) series 2, no. 3;

(b) series 3, no. 3; and (c) series 4, no. 3.

the second stage as listed in Table I. In Figure 7,
from series 2—4 (step 1 in each series in Table I), the
concentration of DVB (10 mol %) and KPS (0.25%)
was fixed with various amounts of styrene and wa-
ter to control the solid content to be 15%. In this
experimental condition, bead size is slightly in-
creased from 0.92 to 1.19 um with styrene content
without changing size distribution.

Figure 8 shows SEM photographs of the beads
polymerized with various amounts of styrene, 10
mol % DVB, and 0.5% KPS (step 2 in series 2—4 in
Table I). For the PS beads with 10 g styrene, bead

size is 1.07 um, whereas those with 20 g and 30 g
styrene are 1.23 um and 1.34 um, respectively.
Thus, bead size increased with monomer content
without disturbing size distribution.

Figure 9 shows SEM photographs of the beads
prepared by step 3 in series 2—4 in Table I, with
various amounts of styrene and fixed 10 mol %
DVB and 1% KPS. In this experimental condition,
the larger the styrene content, the larger the bead
size is obtained as observed in previous experi-
ments, and monodispersity is not significantly
varied with styrene content.

Figure 10 SEM microphotographs of PS beads at the second stage: (a) series 2, no. 4;
(b) series 3, no. 4; and (c) series 4, no. 4.
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Figure 11 SEM microphotographs at series 5 at each stage: (a) at the first stage; (b)
at the second stage; and (c) at the third stage.

Figure 10 represents the SEM photographs of
the beads polymerized with various amounts of
styrene, and fixed amounts of DVB (10 mol %) and
KPS (1.5%). The size of the beads with 10 g sty-
rene was 1.13 um, whereas those with 20 g and
30 g styrene were 1.36 um and 1.51 wum, respec-
tively. Bead size was enlarged with monomer con-
tent without generation of secondary small parti-
cles. Styrene (30 g) is the maximum content to
induce monodisperse particles without formation
of the secondary small particles. If styrene mono-
mer is added, >30 g, the secondary small parti-
cles will be observed. This may arise from the
critical concentration of monomer that may pos-
sibly be absorbed into preexisting particles. On
the other hand, it is likely that a surface area of
the seeds must exeed critical value to suppress
the nucleation of new particles. If seed particle
concentration does not exeed this critical value,
small particles may be formed in a later stage of
reaction, producing polymodal size distribu-
tion.®16 The best way to obtain monodisperse
large size beads would be by seed polymerization
which controls seed latex concentration.

Figure 11 shows the SEM microphotographs of
the beads of series 5 at the end of each stage of
continuous polymerization. Bead size was 0.8 um
at the first stage, grown up to 1.6 um at the
second stage, and then enlarged >2 um at the
third stage. In addition, the formation of spheri-
cal particles indicates the absence of the phase
separation between the seed particles and poly-
mers formed at the later stage of the reaction.

Figure 12 shows the size and dispersity of the
beads with the reaction time during the third
stage. The beads uniformly grow with the reac-
tion time. In the beginning of the continuous pro-
cess, styrene monomer is not saturated at the
aqueous phase before the addition of the initiator.
The monomer dissolved in water diffuses into pre-
existing polymer particles that are stabilized by
the sulfate ion, then polymerization continues.
Thus, it is considered that the monomer added at
the later stage can be converted to oligomeric
radicals, which are adsorbed into preexisting
polymer particles and enlarge bead size. The sug-
gested mechanism will not generate the small
particles in the second or third stage. It is be-
lieved that the continuous polymerization at the
inner part of the bead surface would induce a
formation of spherical particles. On the other
hand, phase separation or protrusion by the cap-
ture of the free radicals may occur.

CONCLUSIONS

Micron-sized monodisperse crosslinked PS beads
have been prepared by a modified multistage emul-
sion polymerization using styrene monomer, DVB
crosslinking agent and KPS initiator in the absence
of emulsifier. In addition, the lower the reaction
temperature, the larger the bead sizes were ob-
tained. Particle growth of the preexisting polymer
seeds using the multistage emulsion polymerization
at 60°C was required to obtain the monodisperse
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Figure 12 SEM microphotographs of PS beads prepared by seeded polymerization at

series 5: (a) 12 h; (b) 13 h; and (¢) 14 h.

crosslinked PS beads with their sizes >2 um. When
the monomer was added up to three times as much
as the amount at the first stage, bead size increased
and size distribution was monodisperse without a
formation of secondary small particles by micellar
nucleation. In addition, bead size was increased
with initiator and newly added monomer contents
at the second stage. The capture mechanism of the
free radicals, which are absorbed into growing seed
particles at the second or third stage, is similar to
that of the previous reports in seed polymerization.
As the particle size grows, the number of the free
radical in the growing particles increases and con-
version of the next stage is continuously increased.
It is considered that the continuous absorption of
the oligomeric radicals into preexisting beads in-
duces the enlargement of spherical monodisperse
beads. If the captured free radicals are polymerized
at the surface of the bead, it may lead to the forma-
tion of asymmetrically shaped particles.
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