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Particles. 1. Effect of Seed Latex Type and Diluent
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ABSTRACT: Uniform and macroporous polymer particles in the size range of 5-21 um
were prepared by a multistep seeded polymerization method. The uniform polystyrene
particles in the size range of 1.9-7.5 um were used as the seed particles in the
preparation of macroporous beads. The seed particles with different sizes and molecular
weights were produced by dispersion polymerization, by changing the type of dispersion
medium and the initiator concentration. In the synthesis of macroporous particles, a
two-step swelling procedure was employed. The seed latexes were first swollen by a low
molecular-weight organic agent (i.e., dibutyl phthalate, DBP), then by a divinylben-
zene—ethylvinylbenzene isomer mixture including an oil phase soluble initiator (i.e.,
benzoyl peroxide). The porous structure in the final beads was achieved by the poly-
merization of the monomer phase within the swollen seed particles including a mixture
of linear polystyrene and DBP. The initiator concentration in the repolymerization step,
the seed latex type (i.e., the diameter and the molecular weight of seed latex), DBP/seed
latex, and the monomer/seed latex ratios were changed to achieve uniform polymer
beads with different average sizes and pore structures. The average size, the size
distribution, and the surface morphology of final beads were analyzed by Scanning
Electron Microscopy. The internal structure of the beads were analyzed by Transmis-
sion Electron Microscopy. The results indicated that the average size of the final
particles increased with increasing the seed latex diameter, DBP/seed latex, and
monomer/seed latex ratios. The average pore size decreased with decreasing the mo-
lecular weight of the seed latex and increasing the DBP/seed latex and monomer/seed
latex ratios. These tendencies were explained by the viscosity change of the porogen
solution used in the repolymerization step. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci
71: 2271-2290, 1999
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INTRODUCTION

The compact or macroporous large uniform parti-
cles are usually synthesized by applying multi-
step seeded polymerization techniques.'™° Ugel-
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stad et al. proposed a two-step microsuspension
method to produce compact or macroporous par-
ticles of predetermined size in the range of 1-100
um.'® The method was developed based on the
activation of monosize seed particles by the intro-
duction of a low molecular-weight material.®> The
production of large uniform particles in the com-
pact form were also achieved in microgravity dur-
ing the space shuttle flights in the early of 1980s.*
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El-Aasser et al. prepared monodisperse macro-
porous polymer particles in the size range of 10
pm in diameter via seeded emulsion polymeriza-
tion.®? In their study, linear polymer (polystyrene
seed) or a mixture of linear polymer and solvent
or nonsolvent were tried as inert diluents to
achieve macroporous structures with the pore di-
ameters on the order of 1000 A, and specific sur-
face areas up to 250 m%g. The effects of diluent
type, the crosslinker content, and the nature of
polymer seed particles on the physical character-
istics of macroporous uniform particles were de-
termined. The same group also proposed a mech-
anism for the pore formation process in multistep
seeded polymerization.® In the proposed mecha-
nism, the pore formation process was explained
by the production, agglomeration, and fixation of
the interior gel microspheres of polymer parti-
cles.” Recently, Frechet et al. developed a multi-
stage seeded polymerization method for the syn-
thesis of uniformly sized porous poly(styrene-co-
divinylbenzene) beads 7.4 um in size.!'™'® They
used a multistage seeded polymerization proce-
dure starting with the monodisperse polystyrene
particles (1.1 um in size) produced by emulsifier
free-emulsion polymerization. In their procedure,
dibutyl phthalate was selected as the low molec-
ular-weight organic compound to create porosity.
They reported that the average weight of the lin-
ear polymer had a key effect on the pore size
distribution, and higher molecular weight of the
linear polymer provided larger pores.'?

To produce a series of uniform porous particles
with different average sizes and porosity proper-
ties, we used a modified form of multistep seeded
polymerization method developed by Frechet et
al.'>!3 In our study, the uniform polystyrene par-
ticles in the size range of 1.9-7.5 um were pro-
duced by dispersion polymerization. The size and
the average molecular weight of seed particles
were controlled by changing the polymerization
conditions. These particles were directly used as
the seed particles for the synthesis of uniform
macroporous beads because the dispersion poly-
merization procedure provided sufficiently large
polymeric particles having reasonably suitable
average molecular weights as a polymeric poro-
gen. Therefore, the final size and the porosity
properties of the final particles could be controlled
by changing the size and the molecular weight of
seed latex. These modifications resulted in a de-
crease in the number of polymerization steps by
the elimination of the first seeded polymerization
in the original method.'? The effects of seed latex
size and molecular weight, the diluent/seed latex,

the monomer/seed latex ratios on the average
size, and the porosity properties of resultant par-
ticles were investigated.

EXPERIMENTAL

Materials

In the preparation of uniform polystyrene seed
particles, 2,2'-Azobisisobutyronitrile (AIBN, BDH
Chemicals Ltd., Poole, UK) and polyvinylpyrroli-
done (M,: 40.000, PVP K-30, Fluka Chemie AG,
Buchs, Switzerland) were used as the initiator and
the stabilizer, respectively. Ethanol (Merck AG,
Darmstad, Germany) or 2-methoxyethanol (BDH
Chemicals Ltd.) was used as a component of the
dispersion media. Styrene (Yarpet A.S., Turkey)
was distilled under vacuum and stored in the refrig-
erator until use. A divinylbenzene isomer mixture
(65% divinylbenzene isomers and 33% ethylvinyl-
benzene isomers, Merck A.G.) was treated with
aqueous NaOH solution (5 % w/v) to remove the
inhibitor. Benzoyl peroxide (BPO, including 97% of
the active compound, Aldrich Chem. Co., Milwau-
kee, WI) and sodium dodecyl sulfate (SDS, Sigma
Chemical Co., St. Louis, MO) were selected as the
initiator and the emulsifier, respectively, in the
preparation of macroporous particles. Dibutyl
phthalate (Polisan A.S., Turkey) was selected as the
low molecular weight organic compound for the ac-
tivation of seed particles. Polivinylalcohol (PVA,
87-89% hydrolyzed, M,: 85,000—146,000, Aldrich
Chem. Co.) was employed as the stabilizer in the
repolymerization step. Ethanol and methylene chlo-
ride (MC, Merck AG) were used in the extraction of
macroporous particles.

Preparation of Uniform Polystyrene Seed Particles

The uniform seed particles were prepared by dis-
persion polymerization of styrene. The type of
dispersion medium and the initiator concentra-
tion were changed to obtain uniform seed parti-
cles with different diameters and average molec-
ular weights.'*15 Four different dispersion poly-
merization recipes were applied by using ethanol/
water or ethanol/2-methoxyethanol mixture as
the dispersion medium. In a typical preparation,
the dispersion medium was obtained by dissolv-
ing proper amount of stabilizer (i.e., PVP K-30)
in a mixture of ethanol/water or ethanol/2-
methoxyethanol. The monomer phase was pre-
pared by dissolving proper amount of initiator
(i.e., AIBN) within the styrene. The monomer



Table I The Production Conditions of Seed
Latexes

Seed Latex Code SI1  SL2 SL3 SL4
AIBN (g) 0.14 0.16 040 0.24
Styrene (mL) 10.0 16.7 16.7 16.7
Water (mL) 10.0 — — —
Ethanol (mL) 90.0 50 50 35
2-Methoxyethanol (mL) — 50 50 65
PVP K-30 (g) 1.00 175 175 1.75

Polymerization conditions: temperature: 70°C, time: 24 h,
shaking rate: 120 cpm.

phase was mixed with the dispersion medium
within the polymerization reactor. The resulting
homogeneous solution was purged with bubbling
nitrogen for 5 min at room temperature. The
Pyrex glass cylinders having a total volume of 160
mL were used as the polymerization reactors. The
sealed reactor was placed at the horizontal posi-
tion within a shaking water bath equipped with a
temperature control system. The polymerizations
were performed at 70°C for 24 h with 120 cpm
shaking rate. Four different dispersion polymer-
ization recipes used for the synthesis of seed
particles with different diameters are given in
Table 1.

After completion of the polymerization, the
seed particles were washed with distilled water
by a serum replacement method to remove the
unreacted monomer and the dispersion medium
components. For this purpose, the seed latexes
were centrifuged at 4000 rpm for 5 min and the
supernatant were removed. The seed particles
were redispersed by vortex and sonication within
a certain volume of distilled-deionized water. This
procedure was applied two times for the new dis-
persion. A certain amount of aqueous suspension
of latex particles was dried in a vacuum and the
overall monomer conversion value (C,; %) was
calculated by using the dry weight of latex parti-
cles.!* The dispersion polymerization recipes of I
and II provided uniform particles with different
sizes. However, a bimodal size distribution was
obtained with the recipes of III and IV. To isolate
the large uniform fraction from the bimodal batch
by removing the low-sized particle fraction (i.e,
about 1 um), the washing procedure was modi-
fied. After the first centrifugation at 4000 rpm,
the aqueous dispersion of large particles (20 mL)
were centrifuged at 2000 rpm for 1 min and the
supernatant including small particles were dis-
carded. This operation was repeated several
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times until no appreciable amount of low-sized
particles were detected in the optical microscopy
examinations of the large uniform particle disper-
sion (20 mL). A certain volume of final dispersion
(4 mL) was dried in vacuum at 60°C for 24 h, and
the isolation yield of large seed particles (IY, %)
was calculated by using the dry weight of isolated
fraction. The molecular weight of seed latexes
were determined by an HPLC system (Waters,
USA) by using methylene chloride as the eluent
solvent within an Ultrastragel column at ambient
temperature.

Preparation of Macroporous Particles

A two-step seeded polymerization procedure was
used for the synthesis of macroporous uniform
latex particles. Dibutyl phthalate (DBP) was se-
lected as the low molecular-weight organic com-
pound for the activation of seed particles. In a
typical procedure, 0.2 mL of dibutyl phthalate
was emulsified within 15 mL of aqueous medium
including 0.25% (w/w) sodium dodecyl sulfate
(SDS) as the emulsifier. For emulsification, the
mixture of DBP-aqueous SDS solution was soni-
cated for 30 min in an ultrasonic bath (Bransonic
200, USA). Then, DPB was dispersed in the form
of droplets about 1 um in size. One milliliter of
aqueous dispersion including 0.06 g polystyrene
(PS) seed particles was added into the aqueous
DBP emulsion. The resulting dispersion was
stirred at +4°C for 24 h with 400 rpm stirring
rate for complete absorption of DBP by the seed
particles. In the next step, the monomer phase,
comprised of 0.6 mL divinylbenzene—ethylvinyl-
benzene isomer mixture and 40 mg BPO, was
emulsified within another 15 mL of aqueous me-
dium including 0.25% (w/w) SDS, by sonication
for 10 min. In all runs, only divinylbenzene—eth-
ylvinylbenzene isomer mixture (DVB) was used
as the monomer phase for the swelling of seed
particles. The monomer emulsion was mixed with
the aqueous dispersion of DBP swollen seed par-
ticles. The resulting emulsion was stirred at +4°C
for 24 h with 400 rpm stirring rate for complete
absorption of the monomer phase by the DBP
swollen seed particles. At the end of this period,
10% aqueous PVA solution (3 mL) was added, and
the resulting emulsion was purged with bubbling
nitrogen for 5 min. The reactor was sealed, and
the repolymerization of monomer phase within
the swollen seed particles was conducted at 70°C
for 24 h with 120 cpm shaking rate. The repoly-
merization step provided macroporous latex par-
ticles. In some experiments, low-sized particles
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about 1 um were obtained as a by-product, to-
gether with the desired large macroporous parti-
cles.

Characterization of Macroporous Particles

The overall monomer conversion in the repoly-
merization step was determined by a using a
gravimetric procedure. The produced latex sus-
pension was passed through a coarse filter (44 um
in size) to remove any coagulum, and the sample
(10 mL) taken from this suspension was centri-
fuged at 5000 rpm for 10 min. In most cases, the
centrifuged suspension contained large uniform
particles as the desired product and low-sized
particles (about 1 wm) as the by-product. The
centrifuge was continued up to the complete pre-
cipitation of both types of particles. The superna-
tant was discarded after the centrifuge. The par-
ticles were redispersed in 10 mL of ethanol, and
the resulting dispersion was again centrifuged
under similar conditions. This operation was re-
peated three times by using ethanol as the wash-
ing solvent. The final particle dispersion was
dried in vacuum at 70°C for 8 h. The overall
monomer conversion (C;; %), was calculated
based on the following expression: where M, is
the weight of dried particles, M,, is the weight of
the monomer used in the swelling of seed parti-
cles. Vi and Vg are the total volume of the pro-
duced latex suspension after the repolymerization
step and the volume of the sample, respectively.

Cy (%) = (Vo V) X (M,/M,) X 100 (1)

To determine the isolation yield (IY) of macro-
porous particles, a certain amount of filtered latex
sample (10 mL) was centrifuged at 2000 rpm for
about 1 min. Then, the supernatant including
dominantly the low-sized particle fraction was
removed. The precipitated particle fraction in-
cluding dominantly larger macroporous particles
were redispersed within 10 mL of distilled deion-
ized water. The centrifuges were repeated until
all the small particles were removed from the
dispersion of large uniform particles. The isolated
large macroporous particles were washed with
ethanol three times to remove the diluent. The
particles were again washed with distilled deion-
ized water and redispersed. The final dispersion
was dried in vacuum at 70°C for 8 h. The isolation
yield of large macroporous particles (IY %) was
calculated by using eq. (2), where My p is the
weight of the large macroporous particles within

the sample. The other symbols were the same
with the those in eq. (1).

IY (%) = (Vi/Vg) X (Mpyp/M,) X 100 (2)

The average size, size distribution, and the sur-
face morphology of the final particles were evalu-
ated by Scanning Electron Microscopy. The aque-
ous dispersion of large macroporous particles
were prepared for electron microscopy by follow-
ing the procedure used for the determination of
isolation yield. The procedure for the determina-
tion of average size and size distribution of the
large macroporous particles is given below: A
small amount of aqueous dispersion of cleaned
latex particles (about 0.1 mL) was spread onto a
copper disk, and the water was evaporated at
room temperature. The dried macroporous parti-
cles were coated with a thin layer of gold (about
100 A) in vacuum. The specimens were examined
and photographed in a Scanning Electron Micro-
scope (JEOL, JEM 1200 EX). For the taking of the
SEM photographs, the magnification was ad-
justed to a proper value at which the taken pho-
tograph contained at least 100 particles (in most
cases 250-300 particles were included in the ob-
tained SEM photographs). For this purpose, the
magnifications between 400 and 1200 X were used
for the SEM photographs of the macroporous par-
ticles in the size range of 4—20 um. By evaluating
SEM photographs, the number (D,,) average di-
ameter of macroporous particles were calculated
according to eq. (3), where, N, is the number of
particles in diameter D; (um).

D, = ENL‘DL‘/E N; (3)

The size polydispersity index (U) was calcu-
lated by using eq. (4), where, D,, is the weight-
average diameter of porous particles (um). The
weight-average diameter was calculated by using
eq. (5).

u=Db,D, 4)
D,={3 NDYS ND}" (5)

The surface morphology of porous particles was
observed by the SEM photographs taken with
3000 or 4000X magnification. The internal struc-
ture of porous particles was examined by Trans-
mission Electron Microscopy. For this analysis,
the dried particles (100—200 mg) were fixed in 1%
aqueous 0sO, solution and dehydrated in a
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Figure 1 The SEM photographs of seed latexes used as starting material in the
preparation of porous particles. Seed latex code: (A) SL1, (B) SL2, (C) SL3, (D) SL4.
(magnification: 1200X).

graded series of alcohols, then embedded in
Araldit CY 212. Thin sections were cut serially
(60-90 nm) by Ultratom (LKB, UK) and mounted
on 100 mesh grids and studied under a JEOL,
JEM 1200EX electron microscope.

Extraction of Porous Particles

The dried particles were extracted in a soxhelet
apparatus with methylene chloride for 24 h. The
extracted particles were washed with ethanol
three times by applying serum replacement tech-
nique (i.e., centrifugation and decantation). Fi-
nally, the particles were again washed with dis-
tilled water two times and redispersed in the dis-
tilled-deionized water.

RESULTS AND DISCUSSION

Preparation and Characterization of Seed Latexes

The SEM photographs of uniform seed latexes
used in the preparation of macroporous beads are

given in Figure 1. The size distribution properties
and the average molecular weights of the seed
latexes are listed in Table II. As seen in Tables I
and II, the seed latex produced in the dispersion
medium including 90% ethanol and 10% water
(i.e., SL1) had the smallest particle size. Highly
polar character of the dispersion medium used in
the synthesis of SL1 possibly provided the highest
monomer conversion and the smallest particle
size.!*15 The size polydispersity index value of
SL1 (U) was very close to 1. The highest average
molecular weight (M,,) and the highest polydis-
persity index for the molecular weight (M,,/M,)
were also obtained for this seed latex. The seed
latexes with higher sizes and lower average mo-
lecular weights were synthesized by using eth-
anol-methoxyethanol medium (Table I). The use
of a dispersion medium containing 50% ethanol
and 50% methoxyethanol with a lower AIBN con-
centration relative to the first recipe (i.e., 0.67%
mol) provided the seed latex particles 3.6 um in
size but with a lower molecular weight (i.e., SL2).



2276

Table II The Properties of Seed Latexes
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Seed Latex Cor (%) IY (%) D, (um) Uw,/D,) M, x 10% M, M,
SL1 98.2 98.2 1.9 1.002 5.40 3.04
SL2 90.6 90.6 3.6 1.006 4.62 2.92
SL3 89.1 45.9 5.5 1.006 1.99 2.50
SLA4 57.4 31.1 74 1.011 2.75 2.71

The size polydispersity index of SL2 was slightly
higher relative to that of SL1 (Table II). However,
the seed latexes of SL1 and SL2 did not contain
any small particles. Then, the serum replacement
was only used for removal of the unreacted mono-
mer. Due to this reason, the isolation yields were
equal to the monomer conversions for these la-
texes. In the polymerization recipe for the synthe-
sis of SL3, a 2.5-fold higher AIBN concentration
was selected relative to that in the preparation of
SL2. The other polymerization conditions were
completely the same for these two recipes. There-
fore, it was aimed to produce the seed particles
with lower molecular weight and higher size rel-
ative to SL2 by increasing the initiator concentra-
tion.1*17 This polymerization recipe provided a
latex dispersion including a dominant fraction of
large uniform particles together with a certain
amount of small particles (i.e., bimodal size dis-
tribution). Therefore, the large uniform particle
fraction 5.5 um in size could be isolated by the
elimination of low-sized particles (i.e., about 1 um
in size) with the successive application of the se-
rum replacement method. In the synthesis of SL3,
the overall monomer conversion and the isolation
yield of the large particle fraction were 89.1 and
45.9%, respectively. The difference between these
two values (i.e., 43.2%) was roughly equal to the
fraction of small particles removed from the latex
suspension. This result indicated that about half
of the polymerized monomer was in the form of
low-sized particles at the end of polymerization. A
more apolar dispersion medium relative to that
used in the synthesis of SL1 was used for the
synthesis of SL3. The initiator concentration was
also kept at a reasonably high level for the forma-
tion of large particles. In the dispersion polymer-
ization process, the higher rate of free radical
initiation produces a shorter kinetic chain length
in the growing oligomers. Then, larger particles
composed of a lower molecular weight polymer
are produced because fewer nuclei are gener-
ated.'*~'” However, the oligomer absorption abil-
ity of large particles is lower due to their smaller
surface area. Then, the oligomers in solution can

continue to nucleate during the later stages of the
polymerization.'” The nucleations occurred in the
presence of lower monomer and initiator concen-
trations (i.e., in the later stages of polymeriza-
tion) provide smaller particles relative to those
formed with the first nucleation. The size polydis-
persity index value of the isolated fraction was
1.006 (Table II). This value showed that the size
distribution was reasonably narrow in the iso-
lated fraction. The seed particles having 5.5 um
in size had the lowest molecular weight and the
lowest molecular-weight polydispersity index
among the other seed latexes (Table II). The com-
position of dispersion medium used for SL2 was
changed for the synthesis of SL4. In the synthesis
of this latex, a dispersion medium including 35%
ethanol and 65% methoxyethanol was utilized
with a lower AIBN concentration in the monomer
phase (i.e, 1.0% mol). This modification provided
a latex including reasonably large and uniform
particles 7.4 um in size, together with an appre-
ciable amount of low-sized particles. The large
uniform particles in this batch were isolated and
redispersed within distilled water for obtaining
the largest seed latex used in this study. The
monomer conversion and the isolation yield of
large particles were 57.4 and 31.1% based on the
monomer charged into the reactor, respectively
(Table II). Because no significant amount of coag-
ulation was observed in this polymerization, the
difference between these two values (i.e., 26.3%)
roughly indicated the corresponding fraction of
small particles. Note that the medium used for
the synthesis of SL4 was the most apolar one
among the other dispersion polymerizations be-
cause the volume fraction of methoxyethanol
(more apolar constituent of the dispersion me-
dium) was fixed to the highest value. In the dis-
persion polymerization process, the polarity of
dispersion medium was one of the most important
parameter controlling the size and the molecular
weight of the final particles.'®~2! The solubility of
oligomers formed at the earlier polymerization
times increase with the decreasing polarity of the
dispersion medium. Therefore, the growing oli-



gomers can reach relatively longer chain lengths
by remaining in the dissolved form.!415:19-21 The
first nucleation of the longer oligomeric chains
provides a fewer number of nuclei leading to a
fewer number of larger particles. As explained
above, this case extends the nucleation period and
leads to the formation of smaller particles by the
successive nucleation steps at the late stages of
polymerization.

Initiator Concentration in the Repolymerization
Step

To select an appropriate benzoyl peroxide (BPO)
concentration for the repolymerization of the
monomer phase within the swollen seed particles,
the BPO concentration was changed between 17—
66.7 mg/mL. The emulsifier (i.e., SDS) concentra-
tion was 0.25% (w/w), both in the swelling and
repolymerization steps. The initiator effect was
tested by using SL1 as the seed latex. In these
experiments, the dibutyl phthalate/seed latex ra-
tio was fixed to 6.67 mL/g. The seed particles were
swollen at +4°C by a monomer phase including
the isomer mixture of divinylbenzene and ethyl-
vinylbenzene and BPO. The monomer/seed latex
ratio was fixed to 10 mL/g. The repolymerizations
were conducted at 70°C for 24 h with a 120 cpm
shaking rate. The SEM photographs of porous
particles produced with different initiator concen-
trations are given in Figure 2. The number-aver-
age size and the size polydispersity index values
are also presented in Table III. As seen in Figure
2 and Table III, the initiator concentration in the
repolymerization step was not an effective param-
eter on the average size and the uniformity of the
resultant particles. No significant change was
also observed in the surface morphology by the
initiator concentration in the studied range. How-
ever, an agglomeration was observed in the par-
ticle dispersion obtained by the BPO concentra-
tion of 17 mg/mL. The agglomeration was elimi-
nated by the alcohol washing and sonication of
the final aqueous dispersion including 0.25%
SDS. The aggregation behavior possibly origi-
nated from the lower monomer conversion with
the lower initiator concentration. Therefore, a
sufficiently high value (i.e., 66.7 mg/mL) was se-
lected for BPO concentration in the synthesis of
porous particles with different seed latexes.

Seed Latex Type

The effect of seed latex properties on the average
size and the size distribution of macroporous par-
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Figure 2 The SEM photographs of porous particles
produced with different initiator concentrations start-
ing from SL1 as the seed latex. The DBP/seed latex
ratio: 6.67 mL/g, monomer/seed latex ratio: 10 mL/g;
BPO concentration (mg/mL): (A) 17, (B) 40, (C) 66.7.
(magnification: 4000X).

ticles were investigated by using different poly-
styrene seed latexes with different sizes and mo-
lecular weights (Table II). For the constant
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Table III The Variation of Average Size and
Size Distribution of Porous Particles With the
Initiator Concentration in the
Repolymerization Step

BPO Concentration

(mg/mL) D, (um) UWD,/D,) D,/D.,
17.0 4.9 1.010 2.58
40.0 4.7 1.008 2.47
66.7 4.9 1.011 2.58

Swelling conditions: seed latex: 0.06 g, DBP/seed latex:
6.67 mL/g, monomer/seed latex: 10 mL/g.

amount of seed latex (i.e., 0.06 g), DBP/seed latex
and monomer phase/seed latex ratios were fixed
to 1.67 and 10 mL/g, respectively. A monomer
phase including BPO and the isomers of divinyl-
benzene and ethylvinylbenzene was used for the
reswelling of DBP swollen seed particles. In this

group of experiments, BPO concentration in the
monomer phase was 66.7 mg/mL. The emulsifier
(i.e., SDS) concentration was 0.25% (w/w), both in
the swelling and repolymerization steps. The re-
polymerization was conducted at 70°C for 24 h
with a 120 cpm shaking rate. The SEM photo-
graphs of porous particles are given in Figure 3.
The overall monomer conversions, the isolation
yields, and the average size values are presented
in Table IV. As seen here, satisfactory monomer
conversions were obtained in the repolymeriza-
tion step for all cases. However, the isolation yield
of porous particles decreased with the increasing
seed particle size. The difference between the
overall monomer conversion and the isolation
yield of porous particles mainly showed the frac-
tion of low-sized particles because no significant
coagulum was observed in these experiments af-
ter repolymerization. In the existence of nearly
constant monomer conversion, the increase in the

Figure 3 The SEM photographs of porous particles produced with different seed
latexes, DBP/seed latex ratio: 1.67 mL/g, monomer/seed latex ratio: 10 mL/g; seed latex
code and magnification: (A) SL1, 1500X; (B) SL2, 1200X; (C) SL3, 1200X; and (D) SL4,
1200X.
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Table IV The Properties of Porous Particles Produced With Different Seed Latexes

Seed Latex Type Cur (%) 1Y (%) D, (um) u>bn,/D,) D,/D,
SL1 98.1 92.1 4.2 1.007 2.21
SL2 95.8 84.2 7.6 1.012 2.11
SL3 94.4 73.6 12.5 1.015 2.27
SL4 93.0 63.2 16.2 1.022 2.19

Swelling conditions: seed latex: 0.06 g, DBP/seed latex: 1.67 mL/g, monomer/seed latex: 10 mL/g.

isolation yield also indicated a decrease in the
fraction of low-sized particles with the decreasing
seed latex size. This result may be explained as
follows: in the case of a constant amount of seed
latex, the number and the total surface area of the
seed particles increase with the decreasing seed
latex size. In the monomer swelling step, the
monomer can be absorbed more efficiently from
the aqueous phase by the higher number of seed
particles having a higher total surface area. Then,
the amount of monomer that is not absorbed by
the seed particles ( i.e., the amount remained
within the aqueous phase after the monomer
swelling step) decreases. The second crop of low-
sized particles are possibly produced by the poly-
merization of nonadsorbed monomer in the repoly-
merization step. Therefore, the fraction of low-
sized particles increases with the increasing seed
latex size because more nonabsorbed monomer is
available within the aqueous phase in this case.
As seen in Figure 3, the final particle size in-
creased with increasing the seed latex size. The
size polydispersity index value was higher for the
porous particles produced with the seed latex
with a higher size and wider size distribution
(Table IV), because any size defect present in the
seed latex was magnified during the swelling of
seed particles.!! The ratio of average size of po-
rous particles to the average size of seed particles
(D,,,/Dy,) was roughly the same for all seed la-
texes. The observed D,,, /D, values indicated that
9.3-11.5 times the volume increase could be
achieved with the monomer/seed latex ratio of 10
ml/g and a DBP/seed latex ratio of 1.67 mL/g.
The detailed surface morphologies of these parti-
cles before the methylene chloride extraction are
shown in Figure 4, by the SEM photographs
taken with higher magnifications. As seen in Fig-
ure 4(A) and (B), crater-like pores were observed
on the surface of the final particles produced with
the seed latexes with higher molecular weights
(i.e., SL1 and SL2). However, the surface of uni-
form particles produced with the seed latexes
having lower molecular weights contained a large

number of smaller pores [i.e., SL3 and SL4 in Fig.
4(C) and (D)]. The surface morphologies of the
same particles after the methylene chloride ex-
traction are shown in Figure 5. As seen in Figures
4 and 5, no significant change was observed in the
surface morphology after the methylene chloride
extraction. This result may be explained as fol-
lows: in the repolymerization step, the formation
possibility of uncrosslinked polymer chains was
so low because the crosslinker concentration was
so high (i.e., approximately 65%) in the monomer
phase within the swollen seed particles. For this
reason, the extractable part of the final particles
was dominantly comprised of soluble polystyrene
coming from the seed latex. The monomer/seed
latex ratio was fixed to 10 mL/g (i.e., 0.6 mL
monomer for the 0.06 g seed latex) in these exper-
iments. In the case of complete conversion of
monomer in the repolymerization step, the con-
centration of soluble polystyrene coming from the
seed latex will be about 10% within the final
particle structure. Additionally, some part of the
linear polystyrene can also be removed, together
with DBP, during the alcohol washing after the
repolymerization, which in turn, also reduces the
amount of linear polymer that can be extracted by
the methylene chloride. Therefore, no appreciable
change was observed in the surface morphology
after the methylene chloride extraction because
the concentration of soluble polymer was possibly
so low (i.e., lower than 10%) within the particle
structure obtained after the alcohol washing. The
TEM photographs showing the cross-sectional
view (i.e., the internal structure) of the extracted
macroporous beads are given in Figure 6. The
comparison of Figures 5 and 6 indicated that the
pore structure on the particle surface was very
similar to that of the internal part for each sam-
ple. Figure 6 also showed the effect of seed latex
molecular weight on the porosity of final particles.
As seen in Figure 6(A) and (B), only large voids
were observed in the internal part of the final
particles produced with the seed latexes having
higher molecular weights. An internal structure
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Figure 4 The SEM photographs showing the surface morphology of porous particles
produced with different seed latexes (the photographs were taken before the methylene
chloride extraction). DBP/seed latex ratio: 1.67 mIL/g, monomer/seed latex ratio: 10
mL/g; seed latex code and magnification: (A) SL1, 4000X; (B) SL2, 4000%; (C) SL3,
3000%; and (D) SL4, 4000X.

including small pores with a reasonably narrow
pore size distribution (i.e., sponge-like pore struc-
ture) could be achieved with the seed latexes hav-
ing lower molecular weights [Fig. 6(C) and (D)].
In our multistep seeded polymerization proce-
dure, the polymeric part of the porogen solution
was obtained directly from the monosize polysty-
rene seed particles. A decrease in the seed latex
molecular weight involves a decrease in the vis-
cosity of the porogen solution. Our results indi-
cated that the average pore size decreased with
the decreasing viscosity of the porogen solution. A
similar tendency for the effect of the molecular
weight of the polymeric part of the porogen solu-
tion on the porosity of uniform polymer particles
was reported elsewhere by Wang et al.'® In their
study, the polymeric part of the porogen was pro-
duced by a separate seeded polymerization step,

and the molecular weight of the polymer produced
in this step was decreased by increasing the ini-
tiator concentration. They reported that a clear
decrease in the average pore size occurred by
increasing the initiator concentration in the
seeded polymerization step.'?

DBP/Seed Latex Ratio

The effect of the DBP/seed latex ratio on the av-
erage size and the porosity of porous particles
were studied with the seed latexes having the
lowest and the highest average molecular weights
(i.e., SL1 and SL3).

In the first set, the DBP/seed latex ratio was
changed between 0.83-6.67 mL/g, by fixing the
monomer phase/seed latex ratio to10 mL/g and by
using SL1 as the seed latex (i.e., the latex parti-
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Figure 5 The SEM photographs showing the surface morphology of porous particles
produced with different seed latexes (the photographs were taken after the methylene
chloride extraction). DBP/seed latex ratio: 1.67 mL/g, monomer/seed latex ratio: 10
mlL/g; seed latex code and magnification: (A) SL1, 2500X%; (B) SL2, 3000Xx; (C) SL3,
3000%; and (D) SL4, 2500X.

cles with the average molecular weight of 5.40
X 10%). The monomer phase included only the
divinylbenzene—ethylvinylbenzene isomer mix-
ture and BPO in the second swelling step. BPO
concentration in the monomer phase was 66.7
mg/mL in all runs. The emulsifier (i.e., SDS) con-
centration was 0.25% (w/w), both in the swelling
and repolymerization steps. The repolymeriza-
tions were conducted at 70°C for 24 h with a
120-cpm shaking rate. The average size and the
size polydispersity index values of porous parti-
cles produced with different DBP/seed latex ratios
are given in Table V. The SEM photographs of
porous particles produced with the lowest and the
highest DBP/seed latex ratios are presented in
Figure 7. As seen here, a crater-like pore struc-
ture on the particle surface was observed when
the seed latex of SL1 was used. However, the

number of craters was higher on the surface of
each particle for the sample produced with the
highest DBP/seed latex ratio [Fig. 7(B)]. The in-
ternal structure of the same beads produced with
the seed latex of SL1 was exemplified with the
TEM photographs in Figure 7(C) and (D). Al-
though the internal structure of the beads ob-
tained with the lowest DBP/seed latex ratio (0.83
mL/g) included large voids [Fig. 7(C)], a more
regular pore structure could be achieved with the
highest DBP/seed latex ratio [Fig. 7(D)]. In our
study, the linear polymer obtained by the disso-
lution of seed latex particles within the DBP was
used as the polymeric part of the porogen solu-
tion. Therefore, an increase in the DBP/seed latex
ratio caused a decrease in the concentration of the
linear polymer in the porogen solution, which in
turn, resulted in a decrease in the viscosity. In the
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A

produced with different seed latexes (the photographs were taken after the methylene
chloride extraction). DBP/seed latex ratio: 1.67 mL/g, monomer/seed latex ratio: 10
mlL/g; seed latex code and magnification: (A) SL1, 7500%; (B) SL2, 10000x; (C) SL3,
5000%; (D) SL4, 2000X.

Table V The Variation of Average Size and Size Distribution of Porous Particles With the DBP/Seed
Latex (DBP/SL) Ratio

Seed Latex M/SL (mL/g) DBP/SL (mL/g) D, (um) Uw,/D,) D,/D,,
SL1 10 0.83 4.2 1.007 2.21
SL1 10 1.67 4.2 1.008 2.21
SL1 10 3.33 43 1.012 2.21
SL1 10 6.67 4.9 1.011 2.58
SL3 10 0.83 12.4 1.010 2.25
SL3 10 1.67 125 1.015 2.27
SL3 10 3.33 13.6 1.019 2.47
SL3 10 6.67 13.4 1.024 2.44
SL3 5 0.42 8.6 1.008 1.51
SL3 5 0.83 8.6 1.008 1.51
SL3 5 1.67 9.3 1.009 1.63

M/SL: monomer/seed latex ratio (mL/g).
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Figure 7 The SEM and TEM photographs of porous particles produced with different
DBP/seed latex ratios and by using SL1 as the seed latex. Monomer/seed latex ratio: 10
mL/g, DBP/seed latex ratio (mI/g) and magnification: (A) 0.83, 4000X; (B) 6.67, 4000%;
(C) 0.83, 7500%; (D) 6.67, 5000X.

existence of SL1, reasonably high viscosity of a
porogen solution with a lower DBP/seed latex ra-
tio provided an internal structure including only
large voids [Fig. 7(C)]. The more regular pore
structure with the highest DBP/seed latex ratio
[Fig. 7(D)] may be explained by the lower vis-
cosity of the porogen solution. However, the vis-
cosity of the porogen solution was still high, even
at the highest DBP/seed latex ratio, because the
seed latex of SL1 had the highest molecular
weight. Therefore, a sponge-like pore structure
could not be achieved with this seed latex even
when a reasonably high DBP/seed latex ratio
(6.67 mL/g) was used in the swelling of seed par-
ticles [Fig. 7(D)].

The effect of the DBP/seed latex ratio on the
size and the porosity of final particles was also
investigated by using SL3 as the seed latex (i.e.,
the latex particles with the average molecular

weight of 1.99 X 10%). The experimental condi-
tions were the same with those of the previous
set. The SEM photograph indicating the unifor-
mity of final particles produced by the DBP/seed
latex ratio of 0.83 mL/g was given as an example
in Figure 8(A).

The average size and the size polydispersity
index values of final particles produced in this set
are given in Table V. As seen here, the uniform
porous particles in the size range of 12.4—13.6
pm were achieved. Note that higher size values
were observed with the higher DBP/seed latex
ratios. For a certain DBP/seed latex ratio, a
higher polydispersity index value corresponding
to a wider size distribution was obtained in this
set relative to the previous one. This result indi-
cated that the volume swelling ratios of all seed
particles were closer to each other when the mul-
tistep swelling process was started with the
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Figure 8 The SEM photographs of porous particles produced with the seed latex of
SL3 and with different DBP/seed latex ratios (the photographs were taken before the
methylene chloride extraction). Monomer/seed latex ratio: 10 mL/g, DBP/seed latex
ratio (mL/g) and magnification: (A) 0.83, 1000X; (B) 0.83, 3000X; (C) 1.67, 3000%; (D)
6.67, 3000X.

smaller seed particles. This case is possibly re-
lated to the higher total surface area of SL1 rel-
ative to SL3. Note that the size polydispersity
index value also increased with the increasing
DBP/seed latex ratio. The SEM photographs indi-
cating the surface morphology of the final parti-
cles produced by different DBP/seed latex ratios
and by using SL3 as the seed latex are given in
Figure 8. These photographs were taken before
the methylene chloride extraction. As seen in Fig-
ure 8(B) and (D), a sponge-like pore structure on
the particle surface could be achieved with all
DBP/seed latex ratios. The surface morphology
observed for a certain DBP/seed latex ratio in
Figure 8 was reasonably different than that ob-
tained with the seed latex of SL1 at the same
conditions (Fig. 7). It should be noted that no

significant change was observed in the surface
morphology of these beads after extraction with
methylene chloride. The TEM photographs, indi-
cating the internal structure of the final beads
produced with different DBP/seed latex ratios by
using SL3 as the seed latex, are given in Figure 9.
As seen here, the sponge-like pore structure was
also observed within the internal part of the
beads produced by using either low or high DBP/
seed latex ratios. By comparing Figure 9(A) and
(B), it was also possible to see a slight decrease in
the pore size with increasing the DBP/seed latex
ratio. Even with a low DBP/seed latex ratio (0.83
mL/g), as was used in the existence of SL3 seed
particles, an internal structure including domi-
nantly small pores (<100 nm) could be achieved.
By comparing the TEM photographs in Figures 7
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Figure 9 The TEM photographs showing the internal
part of porous particles produced with different DBP/
seed latex ratios and by using SL3 as the seed latex (the
photographs were taken after the methylene chloride
extraction). Monomer/seed latex ratio: 10 mL/g, DBP/
seed latex ratio (mL/g) and magnification: (A) 1.67,
5000%; (B) 6.67, 3000X.

and 9, it could be concluded that the molecular
weight of the seed latex was more effective than
the DBP/seed latex ratio for controlling the aver-
age pore size.

The effect of the DBP/seed latex ratio on the
average size and the porosity of final particles
was also examined by using a different monomer/
seed latex ratio and SL3 as the seed latex. In
these experiments, the DBP/seed latex ratio was
changed between 0.42-1.67 mL/g by fixing the
monomer/seed latex ratio to a lower value (i.e., 5.0
mL/g). The other experimental conditions were
the same with the those of the previous set. The
SEM photographs showing the size distribution of
final particles produced with a monomer/seed la-
tex ratio of 5.0 mL/g are given in Figure 10. The
average size values of these particles are given in
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Table V. As seen here, the porous beads 8.6-9.3

pm in size were synthesized in this set of exper-

iments. The average particle size with a certain

Figure 10 The SEM photographs showing the mono-
dispersity of porous particles produced by using the
seed latex of SL3 and with the monomer/seed latex
ratio of 5.0 mL/g, magnification: 1200X for all photo-
graphs, DBP/seed latex ratio (mIL/g): (A) 0.42, (B) 0.83,
(C) 1.67.
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Figure 11 The SEM photographs showing the surface morphology of porous particles
produced with the seed latex of SL3 and with different DBP/seed latex ratios. Monomer/
seed latex ratio: 5 mL/g, magnification: 4000X for A—C, and 3000X for D-F, DBP/seed
latex ratio (mL/g): (A) 0.42 , (B) 0.83, (C) 1.67, (D) 0.42, (E) 0.83, (F) 1.67. The
photographs of A—C were taken before the methylene chloride exraction, while the
others (D-F) were obtained with the extracted beads.

DBP/seed latex ratio was smaller relative to the value. The surface morphology of these beads be-
corresponding run in the previous set because the fore and after the methylene chloride extraction
monomer/seed latex ratio was kept at a lower are given in Figure 11. The internal structures of



Figure 12 The TEM photographs showing the inter-
nal part of porous particles produced with different
DBP/seed latex ratios and by using SL3 as the seed
latex (the photographs were taken after the methylene
chloride extraction). Monomer/seed latex ratio: 5 mL/g,
DBP/seed latex ratio (mL/g) and magnification: (A)
0.42, 5000x; (B) 1.67, 5000X.

these beads after the methylene chloride extrac-
tion were also exemplified with the TEM photo-
graphs in Figure 12. The comparison of Figures
11 and 12 indicated that the pore structures on
the surface and within the internal part of the
beads were very similar for a certain particle
sample. When the monomer/seed latex ratio was
fixed to 5.0 mL/g, larger pores in the form of
craters were observed, especially with the low
DBP/seed latex ratios relative to the sponge-like
pore structures achieved in the previous set (i.e.,
Fig. 9). The effect of the DBP/seed latex ratio on
the pore structure of uniform beads was more
clearly observed with the monomer/seed latex ra-
tio of 5 mL/g. As seen in Figures 11 and 12, the
pore size either at the surface or at the internal
part of the beads clearly decreased with increas-
ing the DBP/seed latex ratio.
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As stated before, the increase in the DBP/seed
latex ratio involved a decrease in the viscosity of
the porogen solution, leading to a decrease in the
average pore size of the final particles. A mecha-
nism was proposed by Cheng et al. for the pore
formation process in the uniform large latex par-
ticles.” According to this mechanism, the first
stage in the pore formation process was described
as the production and agglomeration of low-en-
ergy and highly crosslinked microspheres by the
phase separation taking place between the
crosslinked copolymer (i.e., the copolymer of eth-
ylvinylbenzene and divinylbenzene in our case),
and the phase including linear polystyrene
+ nonsolvent within the forming particle. The
fixation and binding of microspheres and agglom-
erates occurred in the second stage, and the voids
between the fixed microspheres were filled with
the linear polymer and nonsolvent.® By consider-
ing the proposed mechanism and our results, it
may be concluded that the larger microspheres or
agglomerates are produced when the viscosity of
the porogen mixture including DBP and linear
polystyrene is higher. For this reason, the voids
between the fixed larger agglomerates or micro-
spheres become larger within the forming macro-
porous particles. Therefore, the average pore size
increases with the increasing viscosity of the po-
rogen solution. It should be noted that not only
the decrease in the DBP/seed latex ratio, the
changes in the other synthesis conditions (i.e.,
seed latex molecular weight and monomer/seed
latex ratio) providing an increase in the viscosity
of porogen solution also lead to the formation of
internal structure with larger pores.

Table VI The Variation of Average Size and
Size Distribution of Porous Particles With the
Monomer/Seed Latex (M/SL) Ratio

Seed M/SL

Latex (mL/g) D, (um) vovo,D, D,D,,
SL2 5 6.3 1.006 1.75
SL2 10 7.6 1.012 2.11
SL2 15 7.6 1.011 2.11
SL3 4 8.6 1.010 1.56
SL3 5 9.3 1.009 1.69
SL3 10 12.5 1.015 2.27
SL4 4 13.3 1.019 1.79
SL4 7 16.5 1.018 2.22
SL4 10 16.2 1.022 2.19
S1L4 15 21.6 1.054 2.96

Swelling conditions: monomer phase: 0.6 mL, DBP/seed
latex: 1.67 mL/g.
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Monomer/Seed Latex Ratio

The effect of the monomer/seed latex ratio on
the average size and the porous structure of
final beads was investigated by using three dif-
ferent seed latexes (i.e., SL2, SL3, and SL4).
To change the monomer/seed latex ratio, the
amount of seed latex was changed by fixing the
volume of the monomer phase to 0.6 mL within
35 mL of the total polymerization volume. In
these experiments, the DBP/seed latex ratio
was fixed to 1.67 and the monomer/seed latex
ratio was changed to between 4 and 15 mL/g. A
further increase in the monomer/seed latex ra-
tio resulted in significant defects in the mono-
dispersity of the final macroporous beads. A
monomer phase including the divinylbenzene—
ethylvinylbenzene isomer mixture and BPO
was used in the reswelling of DBP swollen seed
particles. The emulsifier (i.e., SDS) concentra-
tion was 0.25% (w/w), both in the swelling and
repolymerization steps. The repolymerization
was conducted at 70°C for 24 h, with a 120 cpm
shaking rate. The average size values of macro-
porous particles are listed in Table VI. As seen
here, the average size of porous particles in-
creased with the increasing monomer/seed latex
ratio because a greater amount of monomer for
the swelling of each particle was available when
the monomer/seed latex ratio was higher. For
the macroporous particles produced with the
each seed latex, the size polydispersity index
value increased with increasing the monomer/
seed latex ratio. The number and the total sur-
face area of the seed particles were lower for the
higher monomer/seed latex ratios because the
monomer/seed latex ratio was increased in the
runs by decreasing the amount of seed latex.
The lower surface area for the absorption of the
monomer phase by the seed particles possibly
leads to the wider size distribution in the
macroporous ones. The surface morphology of
macroporous particles produced with the seed
latex of SL2 did not significantly change with
the monomer/seed latex ratio. A crater-like pore
structure (i.e., reasonably large pores around
1-2 pum) was observed on the surface of all
particles produced with different monomer/seed
latex ratios between 5-15 mL/g. This structure
was exemplified in the section of “seed latex
type” for the porous particles produced with the
monomer/seed latex ratio of 10 mL/g [(Fig.
4(B)]. It should be emphasized that SL2 was the
seed latex having the highest average molecu-
lar weight among the tried seed latexes in this

Figure 13 The SEM photographs showing the sur-
face morphology of porous particles produced with the
seed latex of SL3 and with different monomer/seed
latex ratios. DBP/seed latex ratio: 1.67 mL/g, monomer/
seed latex ratio (mL/g) and magnification: (A) 4, 4000%;
(B) 5, 4000x; (C) 10, 3000 X.

set. The variation of surface morphology of the
final particles with the monomer/seed latex ra-
tio was exemplified in Figures 13 and 14 for the
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Figure 14 The SEM photographs showing the surface morphology of porous particles
produced with the seed latex of SL4 and with different monomer/seed latex ratios.
DBP/seed latex ratio: 1.67 mL/g, monomer/seed latex ratio (mL/g) and magnification:
(A) 4, 3000%; (B) 7, 3000; (C) 10, 4000%; (D) 15, 3000X.

macroporous particles produced by starting
from the seed latexes of SL3 and SL4, respec-
tively. As seen in Figure 13, the surface mor-
phology of the beads produced with the seed
latex having the lowest average molecular
weight (i.e., SL3) was drastically affected by the
monomer/seed latex ratio. The increase in the
monomer/seed latex ratio resulted in a signifi-
cant decrease in the average pore size on the
surface of the macroporous beads. A similar
tendency to that with the seed latex of SL3 was
also observed with the macroporous beads pro-
duced by using the seed latex of SL4 having a
slightly higher average molecular weight rela-
tive to that of SL3 (Fig. 14). The TEM photo-
graphs indicating the internal porous structure
of the beads produced with the seed latex of SL4
are given in Figure 15. As seen here, the aver-

age pore size within the internal structure also
decreased with the increasing monomer/seed la-
tex ratio. Note that the pore size distribution on
the bead surface was very similar to that in the
internal structure for each macroporous bead
sample.

The linear polymer concentration in the me-
dium consisting of DBP, monomer, and linear
polymer within the swollen particles decreased
with the increasing monomer/seed latex ratio be-
fore the repolymerization step. This case involved
a decrease in the viscosity of the same medium.
The decrease in the viscosity led to a significant
decrease in the average pore size of the final
beads when the average molecular weight of the
linear polymer coming from the seed particles
was sufficiently low (i.e., in the existence of SL3 or
SL4 seed latexes). However, possibly due to the
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Figure 15 The TEM photographs showing the inter-
nal part of porous particles produced with the seed
latex of SL4 and with different monomer/seed latex
ratios. DBP/seed latex ratio: 1.67 mL/g, monomer/seed
latex ratio (mL/g) and magnification: (A) 4, 3000X; (B)
7, 2500%; (C) 10, 3000X.

reasonably high molecular weight of linear poly-
mer obtained by the dissolution of SL2 within
DBP and monomer phase, the viscosity within the
shape template particles did not decrease suffi-
ciently by increasing the monomer/seed latex ra-
tio. Therefore, no significant change in the pore
structure of the final particles prepared with SL2
was observed.
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