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ABSTRACT: Monodisperse  crosslinked  polystyrene
microspheres were prepared by the dispersion copolymer-
ization of styrene and divinylbenzene in a mixed solvent
of ethanol and HO. 2,2-Azobisisobutyronitrile and
poly(N-vinyl pyrrolidone) were used as the initiator and
steric stabilizer, respectively. The crosslinker-postaddition
method was adopted through a slow addition of a cross-
linking agent into the dispersion system at a certain time
after the beginning of the polymerization. The effects of
the postaddition recipe, postaddition beginning time, post-
addition velocity, and agitation rate on the particle size,

size distribution, and morphology were discussed. The
resulting polymer microspheres were characterized with
scanning electron microscopy and laser particle analysis.
Crosslinked polystyrene microspheres with a narrow size
distribution and a 12.0% crosslinker level were obtained
with a size of 1.0 pm through the crosslinker-postaddition
method. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 107:
3909-3916, 2008
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INTRODUCTION

Recently, monodisperse polymer microspheres have
received much attention because of their vast appli-
cation areas, including conventional and recently
emerging electronic and biotechnology fields such as
coatings, instrument calibration, liquid chromatogra-
phy, template polymerization, biomedical analysis,
and information storage materials.'™

Crosslinked polystyrene (PS) microspheres, be-
cause of their superior thermal and mechanical re-
sistance, susceptibility to chemical modification, and
adaptability in a wide pH range, have been used in
ion exchangers,® reversed-phase high-performance
liquid chromatography fillers,” medical and chemical
applications as absorbents,”® polymer-supported ca-
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talysis,' and so forth. Therefore, the copolymeriza-
tion of styrene (St) and divinylbenzene (DVB) sys-
tems with various polymerization techniques has
been extensively studied by many researchers.'''?
Various methods can be used to prepare polymer
particles, such as suspension polymerization, emul-
sion polymerization, dispersion polymerization, and
seeded emulsion polymerization. Polymer particles
prepared by suspension polymerization'® have a
particle size larger than 100 pm and a broad size dis-
tribution. Emulsion polymerization can produce
polymer particles with a uniform size in the submi-
crometer (0.1 pm) range,M’15 whereas seeded emul-
sion polymerization can produce monodisperse poly-
meric particles of micrometer size in the range of
0.2-1.5 pm. "%

In recent years, dispersion polymerization has
attracted much attention'®'? because it can produce
polymer particles of 1-10 um with a narrow particle
size distribution via a single step. However, in a
one-shot dispersion polymerization of crosslinked PS
particles with DVB as a crosslinking agent, broad
size distributions, oddly shaped particles, and coag-
ulum are commonly observed®*?!; however, the
amount of DVB added is very low (< 0.35%). Thom-
son et al.”> suggested that the incorporation of DVB
makes the reaction of lining the poly(N-vinyl pyrroli-
done) (PVP)-PS chains to the PS-DVB phase of the
bulk particle irreversible. When the amount of incor-
porated DVB is very low, the crosslinked PS par-
ticles obtained in a one-shot dispersion polymeriza-
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tion steadily have poor mechanical properties, and
their application is restricted in many fields. Other-
wise, the morphology of the particles is sensitive not
only to the absolute level of the crosslinker but also
to the time and duration of the delivery addition of
reactive materials.”® Song et al.** reported that cross-
linked monodisperse PS particles could be prepared
by the addition of the crosslinking agent being
delayed until after the end of the nucleation stage of
the dispersion polymerization. However, their reac-
tion conditions allow one to incorporate at most up
to 3 wt % DVB based on St in the synthesis of cross-
linked particles with a narrow size distribution.”

In this study, to prepare monodisperse crosslinked
PS microspheres having excellent mechanical proper-
ties, a crosslinker-postaddition method was adopted
through a slow addition of crosslinking agents into
the dispersion system at a certain time after the be-
ginning of the polymerization. Optimal reaction con-
ditions allow one to incorporate up to 12.0 wt %
DVB in the synthesis of PS microspheres with a nar-
row size distribution. The effects of the concentration
of DVB, postaddition method, and agitation rate on
the particle size, size distribution, and morphology
were examined. Finally, the polymerization kinetics
were preliminarily investigated, and a dispersion po-
lymerization mechanism for St and DVB in ethanol/
H,O at 70°C was proposed.

EXPERIMENTAL
Materials

Both styrene (St) and polyvinylpyrrolidone (PVP)
(Mr = 10,000) (Tianjin Regent Chemicals Co., Ltd.,
Tianjin, China) were supplied as analytical grade. St
was purified by vacuum distillation before polymer-
ization, while PVP was used as received. Analytical
grade 2,2’-Azobisisobutyronitrile (AIBN; analytical
grade; Tianjin Fuchen Chemical Reagents Factory,
Tianjin, China) was recrystallized from ethanol.
Divinylbenzene (DVB) (80% mixture of meta and
para isomers; Aldrich, St. Louis, MO) was used as
received. The other reagents were also analytical
grade and used as received without any further pu-
rification.

Conventional dispersion polymerization of St
and DVB

Polymerizations were carried out in a 250-mL, three-
necked flask equipped with a gas supply, a Liebig
condenser, and a stirrer (double-bladed, Teflon). The
flask was suspended in a water bath maintained at
70°C by an immersion circulator. In a typical proce-
dure, PVP was dissolved in the medium (ethanol
and water) initially. Then, nitrogen was injected into
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TABLE I
Standard Recipe for the Dispersion Polymerization of
St and DVB
Ingredient Weight (g)
St 15.88
pvp 1.102
AIBN 0.159
DVB 1.826
Ethanol 67.15
H,O 15.00

The conditions were as follows: 70°C, 24 h, and 15.7 wt
% St on the basis of the total weight. The concentrations of
PVP (6.94 wt %), AIBN (1.0 wt %), and DVB (11.5 wt %)
were all based on the weight of St.

the reaction system at room temperature for 30 min
before batch addition of the monomeric solution (St,
DVB, and AIBN). The polymerization was carried
out under stirring for 24 h before cooling; latexes
containing coagulum were filtered through cheese-
cloth. The crude product latex was centrifuged for
6 min at 4000 rpm. The supernatant was then deca-
nted, and the remaining precipitate was repeatedly
washed by four centrifugations and dried in vacuo at
the ambient temperature overnight. All ingredients
used are summarized in Table I

Crosslinker postaddition method

All the monomer (St), stabilizer (PVP), and initiator
(AIBN) and 95% of the ethanol and H,O were added
to a 250-mL, three-necked flask equipped with a gas
supply, a Liebig condenser, and a stirrer (double-
bladed, Teflon). After a homogeneous solution
formed at room temperature, nitrogen was injected
into the reaction system at room temperature for
30 min. Then, the flask was suspended in a 70°C water
bath and stirred at 120 rpm. DVB was dissolved in
the remaining ethanol and H,O. After DVB had dis-
solved and the polymerization reaction had run for
2 h, the DVB solution was added slowly to the reac-
tion system over 2.5 h. The treatment of the crude
product was the same as that described previously.

Characterization

The particle diameter was measured with scanning
electron microscopy (SEM; JSM-5610LV, JEOL, To-
kyo, Japan). The samples were sputter-coated with
Au film before the examination. About 100 individ-
ual particle diameters were measured from SEM
photographs, and the average was taken. The poly-
dispersity index (PDI) was obtained as follows:*®

n n n n
Dn:z;di/z;ni; Dzv:.zlzdi4/zl:di3; PDI= Dy /Dy
i= i= = 1=
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where D,, is the number-average diameter, D,, is the
weight-average diameter, 1; is the number of particle
i, and d; is the diameter of particle i.

The D,, and size distribution coefficient values of
the particles were measured with a laser particle size
analyzer (LS13320, Beckman Coulter, Los Angeles,
CA). The samples were dispersed in ethanol under
ultrasonic vibrations before measurement.

Fractional conversions were determined with the
conventional gravimetric method. Polymer colloids
(2 mL) were extracted from the reaction system
through a liquid sampler and added to a weighing
bottle. Promptly, after the addition of a drop of a 5%
hydroquinone solution, the weighing bottle was
quenched in ice water. Each sample was then dried
in vacuo at the ambient temperature until the weight
change was less than 0.001 g. The conversion was
calculated as follows:*”

C _M—M1 X (wy + w3)

e M1 X w1

where C, is the calculated fractional conversion, M,
is the weight of the sample before drying, M is the
weight of the sample after drying, w; is the weight
percentage of the monomers (St monomer and DVB),
w, is the weight percentage of the stabilizer, and wj;
is the weight percentage of the initiator.

The crosslinking degree (CD) was measured with
the solvent extraction method. The purified dry par-
ticles were transferred to the Soxhlet extraction ap-
paratus for reflux extraction in toluene for 24 h and
then were dried until the weight change was less
than 0.001. CD (%) was calculated with the following
expression:

CD(%) = wy/wy

where w; is the weight before extraction and w, is
the weight after extraction.

RESULTS AND DISCUSSION

Effect of the DVB concentration on the particle
size and size distribution

Crosslinked PS microspheres were prepared through
the crosslinker-postaddition method with the varia-
tion of the concentration of DVB from 7 to 15 wt %
in an ethanol/water solution at 70°C for 24 h. The
effects of the concentration of DVB on the particle
size, size distribution, and CD are shown in Table II.

As shown in Table II, there was a narrow size dis-
tribution when polymerization was carried out with
a moderate concentration of the crosslinking agent.
The particle size increased with the crosslinking
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TABLE II
Effect of the DVB Concentration on the Particle
Size and PDI

Run Wpvs (Wt %) D,, (um) PDI CD (%)
Al 7.0 0.988 1.227 75.46
A2 9.0 0.515 1.126 86.44
A3 10.0 0.818 1.103 92.01
A4 12.0 0.923 1.248 90.66
A5 15.0 0.593 1.097 88.94

The basic recipe was as follows: St = 15.88 g, AIBN
= 0.158 g, PVP = 1.59 g, and solvent (85 : 15) = 100 mL.
The conditions were as follows: beginning time = 2.0 h
and adding time = 2.5 h. WDVB is the weight percentage
of DVB based on styrene.

agent concentration increasing, but the variation was
very small. As a comonomer, more DVB was used,
and larger particles were obtained; this is similar to
conventional dispersion polymerization. However,
the amount of DVB based on St was so small that it
had little effect on the particle size. However, when
the DVB concentration was increased to 15.0 wt %,
smaller particles with narrow size distributions were
obtained eccentrically. This result indicates that a
high DVB concentration leads to the formation of a
highly crosslinked network on the surface of the par-
ticles. This makes it difficult for the monomers and
oligomer radicals to diffuse from the solution to the
particles.

From Table II, we can also see that it is not the
more DVB used, the higher CD is. When the amount
of DVB was 10.0 wt % based on St, the highest CD
was obtained.

Figure 1 shows SEM photographs at each concen-
tration of DVB based on the St monomer weight
(9.0, 10.0, and 12.0 wt %). Up to the DVB concentra-
tion of 12.0 wt %, stable particles could be obtained
around the size range of 1.0 um. This proves that the
stability of the dispersion system is improved in the
case of the postaddition of the crosslinker. Although
the amount of DVB reaches 12.0%, monodisperse
crosslinked PS microspheres are still prepared by
dispersion polymerization when the postaddition of
the crosslinking agent is carried out at an appropri-
ate addition beginning time and addition velocity.

Effect of the postaddition recipe on the particle
size and size distribution

As shown in Table III, the particle size distribution
decreased with the DVB concentration of the postad-
dition recipe decreasing. With the same beginning
time, adding time, and total amounts of DVB, the
adding velocity increased as the total volume of the
postaddition recipe increased. When the postaddi-
tion was finished, the concentration of monomers in
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Figure 1 SEM photographs of the microspheres with dif-
ferent DVB concentrations at 70°C for 24 h: (A2) 9.0, (A3)
10.0, and (A4) 12.0 wt % ( on the basis of the St weight).

the solution became smaller. Therefore, the opportu-
nity of the oligomeric radicals to nucleate new par-
ticles was reduced, and this resulted in a narrow
size distribution. However, it is shown in Table III
that the particle sizes did not change regularly when
the volume of ethanol in the postaddition recipe var-
ied from 2.01 to 18.01 mL. Because the nucleation
stage had been complete before the addition of the
crosslinker, the number of particles did not change
too much until the end of the polymerization.
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TABLE III
Effect of the Postaddition Recipe on the Particle Size
and PDI

Run DVB/ethanol (v/v) D,, (um) PDI Yield (%)
Bl 1.99 : 2.01 1.100 1.754 54.88
B2 1.99 : 4.01 0.792 1.551 82.43
B3 1.99 : 8.01 1.237 1.412 76.98
B4 1.99 : 14.01 0.717 1.114 52.54
B5 1.99 : 18.01 1.066 1.096 58.57

The conditions were as follows: beginning time = 2.0 h
and adding time = 2.5 h. The basic recipe was as follows:
St = 15.88 g, AIBN = 0.16 g, PVP = 1.27 g, and solvent
(85 :15) = 100 mL.

Effect of the postaddition beginning time on the
particle size and size distribution

The time to carry out postaddition is an important
factor in influencing the properties of the resulting
particles. To investigate the effect of this factor, the
postadditions were carried out for 0, 0.5, 1.5, 2.5,
and 3.5 h after primary seeded polymerization. As
shown in Table 1V, the particle size increased
slightly, but the PDI value decreased with the delay
of the point to carry out postaddition within 3.5 h af-
ter initial polymerization. When the postadditions
were carried out 0 and 0.5 h after the beginning of
polymerization, stable monodisperse particles could
not be obtained. This indicates that the nucleation
stage was not completed within 0.5 h. As the poly-
merization proceeded, the concentration of radicals
in the solution declined, and this decreased the
crosslinking rates and uniform crosslinking in the
particles. However, primary particles are formed
through the exclusion of PVP-PS chains from the
solvent during the initial polymerization. Therefore,
the primary particles do not crosslink anymore,
and this leads to the resulting heterogeneous cross-
linking particles. Because of these two contradicting

TABLE IV
Effect of Postaddition on the Particle Size and PDI
Beginning Adding D,
Run time (h) time (h) (um) PDI
C1 0 2.5 Coagulum —
C2 0.5 2.5 3.496 4.218
C3 1.5 2.5 1.036 1.125
C4 2.0 2.5 1.141 1.084
C5 35 2.5 1.193 1.096
Cé6 2.0 0.75 2.547 2.341
c7 2.0 1.5 1.783 1.629
C8 2.0 3.5 1.236 1.127
9 2.0 45 1.052 1.104

The basic recipe was as follows: St = 23.96 g, AIBN
= 024 g, PVP = 0.72 g, and solvent (85 : 15) = 100 mL.
The postaddition recipe was as follows: DVB/ethanol (3 : 3)
=6mL.
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TABLE V
Effect of the PVP Concentration on the
Particle Size and PDI

Run Wpyp (Wt %) D,, (um) PDI
D1 6.0 Coagulum —
D2 8.0 0.792 1.551
D3 9.0 0.746 1.069
D4 10.0 0.601 1.088
D5 11.0 0.324 29.30

The conditions were as follows: beginning time = 2.0 h
and adding time = 2.5 h. The basic recipe was as follows:
St = 15.88 g, AIBN = 0.16 g, solvent (85 : 15) = 100 mL,
and agitation rate = 120 rpm. The postaddition recipe was
as follows: DVB/ethanol (1.99 : 4.01) = 6 mL. WPVP is the
weight percentage of PVP based on styrene.

factors, the later the postaddition is carried out, the
larger the primary particles are with narrow size
distributions.

Effect of the postaddition velocity on the particle
size and size distribution

As shown in Table IV, the particle size and size dis-
tribution decreased with the postaddition velocity
decreasing (the adding time increasing). The sharp
polymerization of DVB and St may not take place
with the adding velocity decreasing. The polymer
crosslinking becomes more uniform, and the effect
of crosslinking becomes better. Briefly, to prepare
crosslinked PS particles with larger sizes and narrow
size distributions, the crosslinker-postaddition method
is superior to the batch method.

Effect of the stabilizer concentration on the
particle size and size distribution

As shown in Table V, the particle diameter de-
creased with the concentration of the stabilizer
increasing, and this is similar to the results pre-
sented in refs. 19 and 28-30. During the nucleation
period, the PVP molecules with a grafted structure
act as a skeleton for particle growth. The higher the
concentration is of PVP, the more widespread the
graft formation and adsorption are, and therefore
the larger the surface area is that can be protected.
Thus, the number of forming nuclei increases with
the stabilizer concentration increasing, and this leads
to more particles but of a smaller size.

As shown in Figure 2, when the concentration of
PVP decreases to 6%, a large amount of coagulum is
produced. When the particles are crosslinked with
DVB, larger amounts of stabilizers are needed to
prohibit the coalescence between particles. However,
too much PVP easily leads to smaller particles that
cannot satisfy the demands in many fields. Accord-
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ing to the SEM photograph in Figure 2(D2), a lot of
particles with small dimples on their surfaces were
obtained because some of the stabilizer chains
became physically linked to one another via the
bulk-particle PS-DVB phase, provided that they had
a pendant vinyl group in their PS arm.?" In this sit-
uation, radial growth cannot be sustained indefi-
nitely, and the particles must either distort in some
way to counter the effect of the linked PVP chains or
begin to destabilize. Therefore, monodisperse cross-
linked PS microspheres can be produced with a
higher stabilizer concentration (see D4 in Fig. 2).

Effect of the agitation rate on the particle size
and size distribution

SEM photographs of microspheres at different agita-
tion rates are shown in Figure 3. The relation
between the size and size distribution of the micro-
spheres and agitation rate is shown in Table VI.
Although dispersion polymerization is less sensitive
to the agitation rate than suspension polymerization
and emulsion polymerization, the proper agitation
rate and agitation method should be selected to re-

Figure 2 SEM photographs of the microspheres at differ-
ent PVP concentrations: (D2) 8.0 and (D4) 10.0 wt %.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 SEM photographs of the microspheres at differ-
ent agitation rates: (E2) 90, (E3) 120, and (E4) 140 rpm.

duce the coacervation effect. As shown in Table VI,
the particle diameter increases and then decreases
when the agitation rate varies from 60 to 180 rpm.
Particles prepared at the agitation rate of 120 rpm
are monodisperse and 1.0 pm in size. When the agi-
tation rate is quite low, the mobility and self-round
rate of microspheres are also low. In this case, mono-
mers more easily approach microspheres, and this
will result in coagulum between nuclei. However,
when the agitation rate is too high, the formation

Journal of Applied Polymer Science DOI 10.1002/app

CUI ET AL.

TABLE VI
Effect of the Agitation Rate on the Particle Size and PDI
Run Agitation rate (rpm) D,, (um) PDI
El 60 2.311 3.425
E2 90 0.858 1.330
E3 120 1.087 1.070
E4 140 2.039 4.079
E5 180 0.340 7.238

The conditions were as follows: beginning time = 2.0 h
and adding time = 2.5 h. The basic recipe was as follows:
St = 17.24 g, AIBN = 0.17 g, PVP = 1.72 g, and solvent
(85 : 15) = 100 mL. The postaddition recipe was as
follows: DVB/ethanol (2.16 : 3.84) = 6 mL.

and growing process of microspheres will be dis-
turbed because the steric stabilization of PVP is seri-
ously destroyed by the fierce agitation.** This will
result in nonuniform primary nuclei and agglomera-
tion between microspheres at the later stage of
nucleation.

Polymerization kinetics in the dispersion
polymerization of St and DVB

Figure 4 shows the fractional conversion for cross-
linked PS microparticles with different DVB concen-
trations (9.0 and 12.0 wt %) as a function of the poly-
merization time at 70°C in ethanol/H,O. As shown
in Figure 4, the polymerization rate and final conver-
sion increased with the concentration of DVB
increasing. Because the solubility of St and DVB in
an ethanol/H,O solution is lowered with an increase
in the DVB concentration, an increased number of
nuclei are finally generated. This indicates that the
total surface area is increased. Therefore, the equilib-
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curves for crosslinked PS particles with different DVB con-
centrations at 70°C in ethanol/H,O: (A) 9.0 and (H) 12.0.
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curves for PS particles crosslinked with 11.5 wt % DVB
(on the basis of the St weight) with various AIBN concen-
trations at 70°C in ethanol/H,O: (W¥) 0.5, (®) 1.5, and (H)
2.5 wt %.

rium distribution of the monomer toward the parti-
cle phase is more favorable, and this eventually
results in a faster polymerization rate.”* However,
the increasing trend becomes smaller and smaller
when the polymerization proceeds. Because the
crosslinking structure of the polymer is difficult for
monomers to diffuse into, copolymerization follows
the solution polymerization technique more. For this
kind of polymerization, the polymerization rate de-
creases without any autoacceleration effects with the
consumption of the monomers.

Figure 5 shows the fractional conversion for cross-
linked PS microparticles with various initiator con-
centrations (0.5, 1.5, and 2.5 wt %) as a function of
the polymerization time at 70°C in ethanol/H,O. As
shown in Figure 5, the polymerization rate increases
with the increase in the initiator concentration in the
low-conversion region. On the contrary, in the high-
conversion region, the polymerization rate comes to
be independent of the initiator concentration. This
indicates that there is competition between the solu-
tion polymerization and heterogeneous polymeriza-
tion. In the dispersion polymerization for the linear
polymers, the polymerization rate is nearly in-
dependent of the initiator concentration, and this
arises from the heterogeneous polymerization pro-
cess being dominant over the polymerization pro-
cess.'% Alternatively, then, for our polymerization
system, it can be said that the heterogeneous poly-
merization could not dominate the whole polymer-
ization process. Thus, it appears that, even though
the crosslinked primary particles readily absorb the
monomer from the medium, the hindrance caused by
their crosslinked network structure still exists, and
this also favors the solution polymerization process.

3915

Mechanism for the dispersion polymerization
of the crosslinked microspheres with the
postaddition method

Figure 6 presents a schematic procedure for the par-
ticle nucleation and particle growth of the cross-
linked PS particles with the postaddition method,
which is proposed on the basis of this work and
published studies in the literature.'"""”'* At the be-
ginning of the process, the St monomer, stabilizer,
and initiator exist homogeneously in the medium.
Upon heating to the reaction temperature, the initia-
tor decomposes, and the free radicals react with the
St monomer to form oligomer radicals. When a criti-
cal chain length is reached, the oligomers precipitate
to form the primary nucleus. The stable growing
particles are formed through the coalescence of
many nuclei and the adsorption of stabilizers on their
surfaces. After primary polymerization, the crosslink-
ing agents are added to the dispersion system. The
crosslinking agents either react with the remaining
radicals in the solution or are absorbed by the pri-
mary particles. Then, the crosslinked primary par-
ticles grow by both monomer absorption and
oligomer radical adsorption until almost all mono-
mers are consumed.>**

In conventional dispersion polymerization, cross-
linked polymer particles are formed with broad size
distributions and rough surfaces. When the particles
are crosslinked with DVB, the broad size distribution
of the DVB-crosslinked PS particles at high conver-
sions is due to the long nucleation time and conti-
nuous second nucleation.*® The main difference
between the postaddition method and traditional
batch method is the nucleation time in the first stage
of the polymerization. The monodisperse primary
particles with a noncrosslinked structure continue to
grow on existing crosslinked microspheres with uni-
form sizes during the subsequent polymerization
because of the short nucleation time. To obtain mono-
disperse crosslinked polymer particles in dispersion
polymerization, the time for the formation of the pri-
mary particles should be manipulated regularly.
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Figure 6 Schematic diagram for the particle nucleation
and particle growth of the crosslinked PS particles with
the postaddition method.
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CONCLUSIONS

Monodisperse crosslinked PS microspheres were
successfully synthesized by the dispersion copoly-
merization of St and DVB with a crosslinker-postad-
dition method in ethanol/H,O when the concentra-
tion of DVB was varied from 7 to 12 wt % with
respect to the St monomer. The postaddition begin-
ning time and postaddition velocity had a serious
effect on the particle size and size distribution.
When the postaddition of DVB was carried out at
2 h after the beginning of the polymerization and
the time of postaddition was 2.5 h, the best results
were obtained. The particle diameter decreased with
the increasing concentration of the stabilizer. The po-
lymerization rate and final conversion increased
with the increasing concentration of DVB and AIBN.
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