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ABSTRACT: Fairly uniform copolymer particles of methyl
acrylate (MA), butyl acrylate (BA), or butyl methacrylate
(BMA) were synthesized via Shirasu porous glass (SPG)
membrane and followed by suspension polymerization. Af-
ter a single-step SPG emulsification, the emulsion composed
mainly of the monomers. Hydrophobic additives of dioctyl
phthalate (DOP), polystyrene molecules, and an oil-soluble
initiator, suspended in an aqueous phase containing poly-
(vinyl alcohol) (PVA) stabilizer and sodium nitrite inhibitor
(NaNO2), were subsequently subjected to suspension poly-
merization. Two-phase copolymers with a soft phase and a
hard phase were obtained. The composite particles of
poly(St-co-MA)/PSt were prepared by varying the St/PSt
ratios or the DOP amount. The addition of PSt induced a

high viscosity at the dispersion phase. The molecular weight
slightly increased with increasing St/PSt concentration. The
multiple-phase separation of the St-rich phase and PMA
domains, observed by transmission electron microscopy,
was caused by composition drift because the MA reactivity
ratio is greater than that of St. The addition of DOP revealed
the greater compatibility between the hard-St and soft-MA
moieties than that without DOP. The phase morphologies of
poly(St-co-MA), poly(St-co-BMA), and their composites with
PSt were revealed under the influence of DOP. © 2005 Wiley
Periodicals, Inc. J Appl Polym Sci 99: 1195–1206, 2006

Key words: suspension polymerization; polystyrene; plasti-
cizer; morphology; Shirasu porous glass (SPG)

INTRODUCTION

Polymer latices are a colloidal dispersion of polymer
particles in a liquid, usually water. Typically, polymer
lattices containing uniform polymeric particles in a
submicron-size range are produced by emulsion po-
lymerization. The shape of the particles is spherical or
close to a sphere. The emulsion polymerization
method for preparing monodisperse spheres has also
been applied to a synthesis of nonspherical particle.1

Monodisperse particles may be used as a flattening
agent for latex paint and powder paint. They may also
be used as toners, for example in xerography. More-
over, the larger sized monodisperse particles may also

be used for the preparation of stationary material in
gel permeation chromatography (GPC), where it is
preferred that the particles are monodisperse to attain
a minimum pressure drop in the column.2,3 The core–
shell polymer can be synthesized by the copolymer-
ization of low and high glass transition polymers.
Such heterogeneity can provide uniquely tailored
properties, e.g., dispersion of a soft, lower glass tran-
sition temperature (Tg) latex or a soft particle core
entrapped in a matrix of a harder polymer shell, which
can prevent cracks in the film as an impact modifier.4–8

Over the past 10 years, there has been an increasing
interest in the technique for making emulsions
through a membrane, known as a membrane emulsi-
fication.9–11 The Shirasu porous glass (SPG) mem-
brane emulsification is a promising technique yielding
monodisperse droplets continuously both in an oil-in-
water emulsion9–12 and a water-in-oil emulsion sys-
tems.13,14 This method involves the use of low pres-
sure to force the dispersed phase to permeate through
a membrane, having a uniform pore-size distribution,
into the continuous phase. The resulting droplet size is
controlled primarily by the choice of pore size of the
membrane. The technique is attractive due to its sim-
plicity, its consumption of lower energy, and the lesser
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amount of surfactant and the narrow droplet size dis-
tribution.11 By applying this technique, polymeric mi-
crospheres with a diameter range of about 3–100 �m
have been successfully prepared by several research
groups.15–22 However, little systematic work has been
reported in detail on membrane emulsification, in
which plasticizers are added to many viscous liquids
used as the dispersion phase.23,24

In our previous article,23 we synthesized poly(St-co-
MA) and poly(MMA-co-MA) in the presence of dioctyl
phthalate (DOP). The comonomer pairs of poly(MMA-
co-MA) compatibilized well with DOP than poly(St-
co-MA). All the understudied comonomer pairs exhib-
ited composition drift during the copolymerization
because of their substantial difference in monomer
reactivity ratios, which was also evidenced by the Tg

values of the copolymers. In the present article, the
SPG emulsification technique and subsequent suspen-
sion polymerization were used in the syntheses of
poly(St-co-MA), poly(St-co-BMA), and poly(St-co-BA)
in the presence of DOP and/or polystyrene (PSt), a
bulky molecule. Effects of the added DOP plasticizer
on copolymer morphology, glass transition tempera-
ture, molecular weight and particle size were investi-
gated.

EXPERIMENTAL

Materials

Styrene (St), methyl acrylate (MA), butyl methacrylate
(BMA), and butyl acrylate (BA) were of reagent grade
(all from Wako Pure Chemicals, Osaka, Japan), and
were distilled before use to remove the inhibitor. They
were stored at �10°C prior to use. PSt, having an M� n

� 4200, M� w � 40,000, and M� w/M� n � 9.54, was pre-
pared in-house. DOP (Fluka, Buchs, Switzerland) was
used as a plasticizer. N,N�-Azobisisovaleronitrile
(ADVN-V65, Wako Pure Chemicals, Osaka, Japan) or
benzoyl peroxide (BPO, Kishida Chemicals, Osaka,
Japan) was used as initiator. Sodium lauryl sulfate
(Merck, Damstadt, Germany) and poly(vinyl alcohol)
(PVA-217, Kuraray, Osaka, Japan), having 88.5% sa-
ponification and a degree of polymerization of 1700,
were used as a surfactant and a stabilizer, respectively.
Sodium nitrite (NaNO2, Chameleon Chemicals,
Osaka, Japan) and p-phenylenediamine (Chameleon
Chemicals) were used as inhibitors. Sodium sulfate
(Na2SO4, Kokusan Chemical Works, Osaka, Japan)
was used as an electrolyte. Methyl alcohol (Kishida
Chemicals, Osaka, Japan) was used as a nonsolvent for
the copolymers.

Emulsification procedure

The SPG membrane (Ise Chemical Corp., Tokyo, Ja-
pan) with a pore size of 0.90 �m was used for the

emulsification. The preparative conditions for a sin-
gle-step emulsification and experimental results are
shown in Table I.23 Air pressure was used to permeate
the dispersion phase through the SPG membrane,
with ranges of pressure of 0.30–0.70 kgf cm�2. The
dispersion phase containing a mixture of the mono-
mers, DOP, and BPO, or ADVN initiator was pre-
pared. In a continuous phase, the PVA stabilizer, SDS
surfactant, Na2SO4 electrolyte, and NaNO2 inhibitor
were dissolved. To prevent creaming of the droplets,
the continuous phase was gently stirred at 300 rpm
with a magnetic bar.

Polymerization

The monomer droplets obtained were transferred to a
three-necked glass vessel with a capacity of 300 cm3

connected with a semicircular anchor-type blade
made of PTFE for agitation, a Dimorph condenser, and
a nitrogen inlet. Nitrogen gas (Tokyo Chemicals Co.,
Tokyo, Japan) was gently bubbled into the emulsion
for 1 h; the nozzle was then lifted above the emulsion
level. The temperature, controlled in a thermostat bath
with heating coil and circulation pump (Yamato BM-
82, Tokyo, Japan), was increased to reach 75°C, and
the emulsion was polymerized for 24 h in a nitrogen
atmosphere by suspension polymerization.

Characterization

Conversion of monomers

The percentage conversion of the monomer was mon-
itored by gravimetric method. Methyl alcohol was
added to precipitate the polymer. The polymer parti-
cles were separated by centrifugation at 2000 rpm, and
were washed repeatedly 2–3 times with methyl alco-
hol. The polymer particles were dried in vacuum at
room temperature for 48 h and were then weighed.

Internal morphology

The internal morphologies of polymer particles in
Runs 2018 and 2019 prepared from St:MA contents of

TABLE I
A Selected Recipe for the SPG Emulsification

Component Weight (g)

Continuous phase
PVA-217 2.00
SLS 0.10
Na2SO4 0.10
Inhibitor (NaNO2 or PDA) 0.04
Water 230

Dispersion phase
Initiator (BPO or ADVN) 0.04
Monomer content (St, MA, BA, BMA) 16.0
DOP 0.8
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50 : 50, and 75 : 25, with an incorporation of 5% DOP,
were observed by TEM (Model JEM 1010, JEOL, To-
kyo, Japan). The samples were characterized for inter-
nal morphology (Act Research Co. Ltd., Yokkaichi,
Tokyo, Japan). The specimens were prepared by em-
bedding them in an epoxy resin and curing them at
ambient temperature for 8 h. The samples were mic-
rotomed and stained with RuO4, and were viewed at
a magnification of 20,000�.

The internal morphology of the other polymer par-
ticles was also observed by TEM (Model JEM 200cx,
JEOL-USA, Inc., Massachusetts). The specimens were
prepared by embedding the polymer sample in an
epoxy resin. The embedded specimens were cured at
room temperature for 72 h, and were cut into thin
sections of 50 nm using an ultramicrotome. Then, the
ultrathin cross-sectioned specimens were stained by
exposing to OsO4 vapor from the 0.5% OsO4 solution
for 3 h prior to the TEM investigation.

Size and size distribution of emulsion droplets and
polymer particles

Monomer droplets before polymerization were ob-
served by optical microscopy (OM; Olympus BHC
optical microscope, Tokyo, Japan). Diameters of about
150 monomer droplets were measured to calculate an
average diameter and size distribution. The diameters
of the polymer particles were obtained by the SEM
techniques.

On average, the diameters of 200 polymer particles
were determined from SEM (JEOL, Model JSM-5310,
Tokyo, Japan). Through the evaluation of the OM and
SEM photographs, the number-average diameters of
the emulsion droplets (De) and polymer particles (Dp)
were then calculated according to eq. (1), while the
standard deviation (�) and coefficient of variation
(CV) were calculated using the formula in eqs. (2), (3):

D� n � �
i�1

n

niDi/�
i�1

n

ni (1)

where ni is the number of particle diameter, Di is the
individual particle diameter, and D� n corresponds to
the mean diameter of the particle population. The
standard deviation � is determined from the mea-
sured particle diameters as in the following equation:

� � � 1
N � 1�

i�1

N

�Di � D� n�
2� 1/2

(2)

The particle size distribution is reflected in the stan-
dard deviation. The breadth of the particle size distri-
bution is proportional to the standard deviation of the
particle diameters, using the CV as follows:

CV �%� � �/D� n� 100 (3)

Molecular weights and distribution

GPC (Tosoh HLCH 820, Tosoh Corp., Tokyo, Japan)
was used for the examination of average molecular
weights and molecular weight distribution. The GPC
chromatograms were obtained using Tosoh GPC
(model HLCH820 Chromato column) at an oven tem-
perature of 40°C and an injection temperature of 35°C.
Pressure was applied to the samples at 16 kgf cm�2,
and the reference at 12 kgf cm�2. There were two
types of GPC columns for sample analysis. The first
column (model GRCX4 Chromato column) and the
second column (model GMMXL Chromato column)
were both packed with mixed gels of poly[(divinyl
benzene)-co-styrene]. Likewise, the reference column
(model GMMXL Chromato column) was also packed
with mixed gels of poly[(divinyl benzene)-co-styrene].
Tetrahydrofuran (THF; Kishida Chemicals, Osaka, Ja-
pan) was used as a solvent and an eluent. For analysis,
1 mg of the dried polymer sample was dissolved into
2 ml of THF to obtain an approximate concentration of
0.1 wt %. Then, the polymer solution was filtered with
0.2 �m PTFE membrane (Advantec Co., Ltd, Kyoto,
Japan), and was injected into the columns at a flow
rate of 0.5 cm3 min�1. The chromatogram was de-
tected by a refractive index detector.

Glass transition temperature

Measurements of glass transition temperature (Tg) of
the polymer particles were performed using a differ-
ential scanning calorimeter (model 3100, MAC Sci-
ence, Tokyo, Japan). The samples used were the un-
clean or clean particles. For the first set of unclean
polymer, the polymer latex was dried under vacuum
at ambient temperature for 120 h without further
cleaning. For the second set, the polymer latex was
washed repeatedly with methanol to remove all the
surfactant and stabilizer. Then, the precipitated latex
was dried under vacuum at ambient temperature for
48 h. The sample (5–10 mg) from each set was placed
in an aluminum pan and put on the sensor at room
temperature along with an empty pan as the reference
to adjust output balance. Measurement was done at a
heating rate of 10°C min�1 from –30°C to 130°C.

RESULTS AND DISCUSSION

Internal morphology of poly(St-co-MA)

The microtomed and stained polymer particles (Runs
2018 and 2019 shown in Table II) reveal their internal
morphology as shown in Figure 1. The particles were
stained with RuO4 vapor (Runs 2018 and 2019) to
ensure an adequate contrast between PSt and PMA
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phases. The internal particle morphology was ob-
served in various monomer compositions. The TEM
photographs of poly(St-co-MA) with St : MA of 50 : 50
and 75 : 25 are shown in Figure 1(a,b). On viewing the
inside of the particles, the minute white granules rich
in MA were revealed. These granules were not found
at the outermost submicron thickness or at the circum-
ference of the particles. When a higher concentration
of styrene was incorporated, larger sizes of the minute
white granules were produced as shown in Figure
1(b).

When the droplets are formed, there is a time lapse
before the subsequent suspension polymerization to
take place. We observed a separation of some droplets
suspended or dispersed inside the large drops. Be-
cause of the different reactivity ratios of the two
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Figure 1 TEM photographs of microtomed, RuO4-stained
poly(St-co-MA) particles: (a) St : MA 50 : 50 (Run 2018), and
(b) St : MA 75 : 25 (Run 2019).23
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monomers, r1(St) � 0.192 and r2(MA) � 0.80,25 MA
monomers were consumed faster at the beginning of
the polymerization to form MA-rich copolymers,
which later grew to the small domains. The styrene-
rich phase was subsequently produced, which later
became the matrix for the MA domains because of its
higher fraction in the monomer mixture. The TEM
photographs also suggested that some diffusion of
MA-rich domains into the St-rich polymer matrix
probably took place.

Poly(St-co-MA)/PSt composite

To investigate the effect of the inert polymer chains
dissolved in the monomer phase on the final particle
morphology, PSt (M� n � 4200, M� w � 40,000, and M� w/
M� n � 9.54) was dissolved in the oil phase or the
mixture of styrene and MA monomers, and the poly-
merization was then carried out as mentioned earlier.
The formulation along with the result for each run is
shown in Table II.23 The poly(St-co-MA) particles were
stained by OsO4 vapor. The acrylic phase can also be
stained with OsO4. Schulze et al.26 stained poly-

methacrylates in the presence of polyethylene to study
the morphology of a number of materials. PSt has only
the aromatic conjugated double bonds and thus will
not be stained with OsO4. Polyalkyl (meth)acrylate
has regular aliphatic double bonds so it can be stained
easily with OsO4. However, Vitali and Montani27

pointed out that the low diffusion of OsO4 often re-
sults in a poor contrast between the phases leading to
less precise determinations.

Poly(St-co-MA)/PSt particles exhibited a normally
obtained internal morphology. The darkly-stained
granules were rich in PMA and grew inside because
the MA reactivity ratio is greater than that of styrene,
MA monomers were thus consumed faster at the be-
ginning of the polymerization to form the small do-
mains. The styrene-rich phase was subsequently pro-
duced, and later became the matrix for the MA do-
mains. The compatibility between PSt and the newly
formed poly(St-co-MA) became less favorable because
of the decreasing fraction of styrene in the copolymer
chains as shown in Figure 2(a). Then, 5 wt % DOP
based on monomer was added when the proportion of
St:PSt was higher, in Run 2025 in Table II. It was found

Figure 2 TEM photographs of microtomed, OsO4-stained poly(St-co-MA)/PSt composite polymer particles: (a) St : MA : PSt
37.5 : 50 : 12.5 (without DOP, Run 2024), (b) St : MA : PSt 37.5 : 50 : 12.5 (with DOP, Run 2029), (c) St : MA : PSt 62.5 : 25 : 12.5
(without DOP, Run 2025), and (d) St : MA : PSt 62.5 : 25 : 12.5 (with DOP, Run 2030).
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that the PSt contents were less compatible with PMA
and provided the core–shell-type morphology, the
phase-separated domains of PMA remained in the
particles as shown in Figure 2(c). One can see that the
thin shell of PSt hard phase covers the soft phase of
particles almost completely. The preferential staining
led to differences in contrast, indicated by the dark
and tiny granules of MA-rich region in the inner part
of the particles. The addition of DOP plasticizer led to
difference in contrast of the dark-gray PMA and light-
gray PS (the lower contrast). Also, the thin shell of
hard PS was observed as shown in Figure 2(b,d).
Comparison with the copolymer of poly(St-co-MA)
without the addition of PSt indicated the different
types of particle morphology. As shown in Figure
3(a–c), the core–shell-type morphology is observed
although the shell is difficult to be recognized. Since
the reactivity ratio of MA is greater than that of sty-
rene, MA monomer domains were generated faster at
the beginning of the polymerization. Then, the St-rich
phase was subsequently formed, which covered the
MA-rich domains. For the St : MA ratio of 75 : 25, the
phase separation is more obvious as shown in Figure
3(b). DOP limited an extent of compatibility with St-
rich or PSt phase and promoted the formation of hy-
drophobic domains migrating to the surface resulting
in core/shell morphology. The addition of DOP re-
vealed the better compatibility between the hard-St
and soft-MA phases, the dark-gray and light-gray re-
gions were then observed. This implies that the addi-
tion of DOP may play a role of compatibilizer, and
promotes the occurrence of phase behavior in polymer
blends. Also, without the use of DOP, as shown in
Figure 1(a,b), salami-like morphologies were favored.

Effect of addition of PSt on phase properties of
poly(St-co-BMA) copolymer

The SPG membrane pore size of 0.90 �m was used for
the emulsification of St and BMA, and the results are
shown in Table III. The amount of the BMA phase was
varied from 20 to 50 wt % in the monomer mixture in
the presence of 5 wt % DOP of total monomer mixture.
When the BMA phase is higher than 50 wt %, the
particles become flattened, which is in agreement with
our previous work.22 The spherical particles having
smooth surface were synthesized and found without a
phase separation. Upon an addition of 12.5 wt % PSt
into the St–BMA mixture, viscosity of the dispersion
phase significantly increased. The number-average
molecular weight of the resulting copolymer was close
to 5000, as shown in Table III (Runs 2051 and 2052).
We anticipate that PSt added functions as if it were a
macromonomer (a bulky type), which diffuses rather
slowly in the monomer mixture. Thus, since it is of
rather high molecular weight, the addition of PSt re-
tards the propagation step of St and BMA monomers.

Therefore, the higher molecular weight PSt can be
considered as somewhat of a kind of molecular spacer
to prevent the propagating radicals from adding more
monomers. The possible chance for these short prop-
agating radicals is to terminate, which ultimately re-
sults in the lower average molecular weight.24

One possibility drawn on particle morphology pre-
diction can be proposed as shown in Figure 4. Two

Figure 3 TEM photographs of microtomed, OsO4-stained
poly(St-co-MA) copolymer particles: (a) St : MA 50 : 50
(without DOP, Run 2022), (b) St : MA 50 : 50 (with DOP, Run
2046), and (c) St : MA 75 : 25 (without DOP, Run 2023).
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phases exist in monomer droplets, one is the PSt phase
swollen with some monomers, and the other is the
monomer-rich phase. The initiator molecules are lo-
cated in majority in the monomer-rich phase. One can
state that the polymerization dominantly takes place
in the monomer-rich phase, and then the molecular
weights of the copolymers formed are lower than the
other runs without the addition of PSt.

The other possibility is derived from the gel effect
theory, which refers to the autoacceleration of the
polymerization rate due to the decrease in the termi-
nation rate constant when polymeric radicals are
present in a viscous media. The termination reaction is
influenced by the viscosity of the reaction medium
from zero conversion. Soh et al.28–31 considered that
the termination reaction is diffusion controlled and
that the diffusivity of macroradicals depends on chain
length. It is rather difficult to prove the chain length
dependence experimentally. The overall termination
behavior is made up of a chain-length-dependent
(translational diffusion) portion and a propagation-
step-dependent portion. The latter is not related to
chain length. When these dual mechanisms operate
simultaneously, the overall termination rate constant
chould be expressed as eq. (4)

kt(y) � (kt)tr � ktp (4)

where kt(y) is the rate constant of the termination step,
(kt)tr is the rate constant of translational step, and ktp
is the rate constant of the propagation step. As de-
scribed earlier, one can summarize that the mecha-
nism of phase separation in composite particles is
proposed based on the aforementioned thermody-
namic effect and kinetic effect (behavior) as shown in
Figure 5. A schematic model for the path of gel effect
is shown in Figure 5(a). It was found that the polymer
segments were short and easy to move in the dilute
state. Then, the gel effect started to rise with the rise of
viscosity inside the monomer droplets, with no hin-
drance of monomer diffusion but diffusion of poly-
meric chains were hindered. When the polymerization
was completed, the steric hindrance of monomer dif-
fusion was apparent.
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Figure 4 A schematic model for the phase separation of the
poly(St-co-BMA)/PSt.
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Internal morphology of Poly(St-co-BMA)/PSt
composite

For investigation of the mobility of the polymer seg-
ments in the composite particles during the polymeriza-
tion, poly(St-co-BMA)/PSt composites were selected on
the basis of morphology since the BMA monomer gave
a lower Tg polymer. The formulations and results for
each run are shown in Table III. It is known that the
OsO4 vapor stains PBMA better than it stains PSt. Most
of the particles look ellipsoidal because of the compres-
sive stress deformation caused by microtome. The
darkly stained domains of the PBMA core grew inside
and are embraced within the PSt shell as the core/shell-
type polymer (shown in Figure 6(a)). In contrast, some of
the particles revealed more homogeneity without show-
ing much different contrasts of the stained areas. Ther-
modynamic considerations32,33 were applied to the mor-
phology of composite latex particles, which indicated
that there was a more polar PBMA shell surrounding the
hydrophobic PSt core. It yields a minimum interfacial
tension of each phase, which controls primarily the ar-
rangement of the polymer phases in latex particles. Ac-
cording to the thermodynamic theory that the morphol-
ogy of the lowest change of Gibb’s free energy (�G) will
be dominant,32,33 this suggests that the PBMA is concen-
trated in the shell region. When DOP was added in Run
2052, it was found that the PSt gained more compatibil-
ity between them by converting the small dispersed
domains to become a large matrix, which resulted in a
more perfect core–shell type. However, the phase sepa-
rated domains of PSt still remained in the particles as

Figure 5 “Scaling model” demonstrated by Soh.28–31 (a) A schematic model for the path of gel effect. (b) Illustration of
morphological development.

Figure 6 TEM photographs of microtomed, OsO4-stained
poly(St-co-BMA)/PSt composite particles: (a) St : BMA : PSt
62.5 : 25 : 12.5 (without DOP, Run 2051) and (b) St : BMA :
PSt 62.5 : 25 : 12.5 (with DOP, Run 2052).
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shown in Figure 6(b), especially in the copolymer con-
taining 5 wt % DOP. Upon the addition of DOP, the
copolymer particles show both the core–shell morphol-
ogy with the smooth interface between the stained-
PBMA phase and unstained-PSt phase, and the homo-
geneous type. The reactivity ratio of BMA is relatively
similar to that of styrene [r1(St) � 0.52, r2(BMA)
� 0.47],34 though the St–PSt fraction in the copolymer
mixture is higher than BMA monomer. In any circum-
stance, the PSt portions were generated faster at the
beginning of the polymerization to be the core polymer.
The BMA-rich phase was then formed, which later be-
came the shell to envelop the core-St structure. For ex-
ample, poly(St-co-BMA) particles at the St-to-BMA ratio
of 75 : 25, the TEM photographs in Figure 7(a,b) show
the particles without any phase separation when the
St-to-BMA composition was higher.

Effect of DOP on molecular weight and glass
transition temperature of poly(St-co-BA) copolymer

The SPG membrane pore size 0.90 �m was used for
the emulsification of St and BA monomer. The exper-

imental results are shown in Table IV. The presence of
the soft BA phase in the copolymer enhances syner-
gistically the plasticizing effect of DOP. Since BA itself
behaves like a plasticizing monomer, the expected
single glass transition temperature was found in
poly(St-co-BA) particles for both the clean and unclean
samples (Run 2047). However, when PSt was added
into the St-BA monomer mixture, the synthesized
poly(St-co-BA)/PSt gave a single Tg in the unclean
particles. In Contrast, the two separate Tgs were found
in the clean particles. Likewise, the low number aver-
age molecular weight was also found as the aforemen-
tioned case of poly(St-co-BMA). One can mention that,
the side chain of butyl acrylate is the key variable
influencing the glass transition temperature because it
is more flexible than that of BMA side chain.

The addition of PSt as the bulky molecule affected
the molecular weight of polymer. Meanwhile, the in-
fluence of low molecular weight polymer was ob-
served via the increasing viscosity of the initial dis-
persion phase. Since the bulky molecule of PSt re-
tarded the propagation radicals in the propagation
stage, a low molecular weight was yielded. The PSt
increases the viscosity of the medium and can possibly
retard the propagation rate of radicals of the comono-
mers. This will induce premature termination of the
growing polymer chains to give low molecular weight
polymers. Accordingly, the PSt domains gained in-
creasing viscosity to the extent that the propagation of
monomers was greatly hindered to give the short-
chain polymer.

Internal morphology of poly(St-co-BA)/PSt
composites

The polyacrylate polymer was preferentially stained
with OsO4. The cross section of copolymer composite
revealed that the lightly-stained PSt granules were
distributed over the whole area of the particle. An-
other phase separation of a salami-like morphology
was also observed. The reactivity ratios of St (r1) and
BA (r2) are 0.84 and 0.18,25 respectively. A marked
composition drift in the copolymer was observed as
the reactivity ratios between St and BA monomers are
largely different. Hence the monomer pair can then
form a random copolymer because of the r1r2 value of
0.154. St monomer molecules were consumed faster at
the beginning of the polymerization. Then, the BA-
rich phase was subsequently produced, which sur-
rounded the core-St domains. In comparison with
poly(St-co-MA)/PSt as described earlier, the St–BA
copolymer has an inverted morphology of the St–MA
copolymer. Moreover, the BA-rich shell was also ob-
served as shown in Figure 8(a,b). The resulting parti-
cle morphology indicated that a largely different reac-
tivity ratio is then a key reason to govern the partic-

Figure 7 TEM photographs of microtomed, OsO4-stained
poly(St-co-BMA) copolymer particles: (a) St : BMA 75 : 25
(Run 2054) and (b) St : BMA 75 : 25 (with DOP 5 wt % of
monomer, Run 2059).
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ular morphology of the copolymer particles formed
from the monomer pair.

CONCLUSIONS

The SPG emulsification and subsequent suspension po-
lymerization were employed for the preparation of two-
phase styrene–(meth) acrylate copolymer particles by
incorporating DOP plasticizer. The effects of DOP plas-
ticizer and PSt bulky molecules on the glass transition
temperature (Tg) of the copolymer, and morphologies of
the particles were investigated. The DOP molecules were
well mixed with the monomers in the initial stage of
emulsification and significantly decreased the polymer’
Tg. The contribution of DOP to the PSt-based particles is
to significantly enhance the mobility of the PSt backbone,
and thus decreases Tg values of the copolymers. Fairly
uniform poly(St-co-MA) microspheres were obtained.
The morphology of the particles could be controlled by
adding DOP or varying the PSt/PMA ratio. When PSt
was added, the core–shell morphology dispersed as mi-
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Figure 8 TEM photographs of microtomed, OsO4-stained
poly(St-co-BA)/PSt composite particles: (a) St : BA : PSt
62.5 : 25 : 12.5 (without DOP, Run 2049) and (b) St : BA : PSt
62.5 : 25 : 12.5 (with DOP, Run 2050).
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crodomains were obtained in the absence of DOP. The
slightly nonpolar DOP preferentially plasticized the ma-
trix phase of both the hard PSt and soft (meth)acrylate
phases. Upon washing the polymer particles with meth-
anol, DOP in the polymers was washed out, and two
separate Tg peaks were observed. Microphase separation
was found when the monomer droplets were formed at
a later stage in the emulsification process. Small particles
with a broad molecular weight distribution were then
produced. Moreover, the addition of PSt induced a high
viscosity at the dispersion phase. The molecular weight
slightly increased with increasing St/PSt concentration.
The multiple-phase separation of the St-rich phase and
PMA domains observed by TEM was caused by the
composition drift because the MA reactivity ratio is
greater than that of St. The addition of DOP revealed
more compatibility between the hard-St and soft-MA
moieties than that without DOP.

For Poly(St-co-BMA) composite in the presence of 5
wt % of DOP, the unclean particles gave a single Tg,
even though the DOP could be washed out from the
particles by methanol; the existing of BMA in copoly-
mer could also function as an internal plasticizer
within its own copolymer. The addition of PSt-rich
phase before polymerization produced smooth sur-
faces of particles. A core–shell-type polymer resulting
from the phase separation between PSt and PBMA-
rich phase was revealed by TEM in which the PSt shell
embraced the hydrophobic PBMA-rich core.

The thermal behavior of poly(St-co-BA) revealed
that BA itself also behaves like a plasticizing monomer
as indicated by the single Tg found in all compositions
of poly(St-co-BA) particles for both clean and unclean
samples. It implies that both internal and external
plasticizers are compatible. However, when PSt was
dissolved in the St–BA monomer mixture, poly(St-co-
BA)/PSt gave only a single Tg in the unclean particles.
For the clean particles, two separate Tg values were
found. The TEM photographs of the cross-section of
the copolymer composites revealed that the lightly
stained PSt granules were spread over the whole area
of the particle. Another type of the phase separation
with a salami-like morphology was also disclosed. The
reactivity ratio was claimed to be the main factor,
which induced the phase separation because the St
monomer molecules were consumed faster at the be-
ginning of the polymerization.

The influence of DOP on the Tg of copolymer and
phase separation was revealed. The copolymers with
the lower Tg were obtained. The copolymer compris-
ing the low Tg values of alkyl methacrylate monomers
of MA, BMA, and BA were successfully prepared.
Effects of the DOP plasticizer on Tg of poly(St-co-MA),
poly(St-co-BMA), and poly(St-co-BA) particles demon-
strate that the incompatibility between DOP and
high-Tg PSt may provide a phase separation resulting
in two separate Tg values. The different values of

lower Tg and higher Tg of the copolymer were found
in the following sequence: poly(St-co-MA) 	 poly(St-
co-BMA) 	 poly(St-co-BA). The ultimately interesting
point is that poly(St-co-BA) incorporating DOP exhib-
ited only one Tg value. It indirectly implies that both
internal and external plasticizers are compatible with
each other.
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