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ABSTRACT: Micrometer-sized, monodisperse, “onionlike” multilayered polystyrene-block-poly(methyl
methacrylate) (PS-b-PMMA, volume fraction of PS segment in the block copolymer; fPS≈0.5) particles and
PS/PS-b-PMMA/PMMA composite particles with different layer thicknesses (D) were successfully prepared
by slow release of toluene by evaporation from polymer/toluene droplets dispersed in aqueous media formed
using themembrane emulsificationmethod.D is defined as one periodicity consisting of single PS andPMMA
layers. The effects of number-average molecular weight (Mn of PS-b-PMMA≈ (7.8-29.0)� 104 g mol-1) and
volume fraction of PS-b-PMMA (PS/PS-b-PMMA/PMMA=0/10/0-4.5/1/4.5, v/v/v) on the D of multi-
layered particles were investigated. The D value increased with an increase in Mn to the 2/3 power, in
agreement with theory established in polymer blend film systems. PS (Mn ≈ (1.1-48.9) � 104 g mol-1)/
PS-b-PMMA (Mn ≈ 29.0� 104 g mol-1, fPS ≈ 0.5)/PMMA (Mn ≈ (1.3-46.9)� 104 g mol-1) composite
particles with various volume fractions were also prepared. When the molecular weights of the homo-
polymers were lower than those of the corresponding polymer segments in the block copolymer, multilayered
structures were observed even at a low volume fraction of the block copolymer. On the other hand, when they
were higher, microphase and macrophase-separated structures coexisted in all volume fractions. The D of
multilayered particles containing low molecular weight homopolymers was proportional to the -1/3 power
of the volume fraction of the block copolymer consistent with the theory of the polymer blend film systems,
indicating that the D is controllable by proper selection of the experimental conditions.

Introduction

Morphology of composite polymer particles is directly linked
with their physical properties for diverse applications such as
impact modifiers, adhesives, and coatings. As a consequence, ex-
tensive research has been directed toward morphology control,
resulting in the formation of composite polymer particles having
a variety ofmorphologies by various seeded polymerizations.1-13

Most of work related to morphology control has so far concen-
trated on macrophase separation between seed polymer and
polymer formed in the post-polymerization step as a result of
the incompatibility between the polymers.

We have reported a series of considerations dealing with
preparation ofmicrometer-sized,monodisperse, “onionlike”multi-
layered poly(methyl methacrylate) (PMMA)/polystyrene (PS)
composite particles.14-17 This was first accomplished unexpect-
edly by restructuring the morphology of PMMA-core/PS-shell
particles, which was prepared by seeded dispersion polymeriza-
tion of styrene in the presence of PMMA seed particles, using the
solvent absorbing-releasing method (SARM).14 Further investi-
gations revealed that PMMA-graft-PS and/or PMMA-block-PS
(PMMA-b-PS) formed in PMMA/PS composite particles during
the seeded dispersion polymerization acted as compatibilizer in
the formation of the microphase-separated multilayered struc-
ture (lamellar structure packed into spherical particle) during
SARM treatment.16 Furthermore, we have successfully prepared
directly poly(isobutylmethacrylate)-b-PS particleswithonionlike
multilayered structure by two-step atom transfer radical polym-
erization in an aqueous medium (without post-treatment by
organic solvent).18,19

In recent years, other groups have also intensively investigated
the microphase-separated structure comprising the multiblock
copolymer inside the particles (three-dimensional confinement)
based on experiment20-30 and theory.31,32 In particular, when the
ratio of the particle diameter to the equilibrium period of block
copolymer was significantly low and not an integer, anomalous
microphase-separated structures were developed (confinement
effect).22,24,26,28,29,31,32Additionally, other approaches for the synthe-
sis of the multilayered particles utilizing sequential seeded
polymerization33-37 and temperature-modulated precipitation
polymerization38 have been reported. Such multilayered parti-
cles could be applied to three-dimensional optical memory
storage,34 cavity quantum electrodynamics,36,37,39 and new
photonic devises.40 From the point of view of these applications,
it is of substantial importance to control microphase structures,
layer thickness, number of interfaces, and refractive index dif-
ference between the polymers for the block copolymer particles.

Over the past three decades, microphase-separated structures
in the block copolymer film systems have widely been inves-
tigated.41-54 The covalent bond between dissimilar polymer
blocks restricts the macroscopic separation, and this constraint
leads to formation of mesoscopic (10 nm scale) self-assembly
(lamellar, hexagonal-packed cylinder, bicontinuous cubic gyroid,
and body-centered cubic) depending on the polymer composi-
tions in themolten and solid states. In a previous work,55 we have
prepared PS/PS-b-PMMA/PMMA particles by slow release of
toluene from PS/PS-b-PMMA/PMMA/toluene droplets dis-
persed in an emulsifier aqueous solution using well-defined
PS-b-PMMA. The morphology of PS/PS-b-PMMA/PMMA
particles could be controlled from sea-island to cylinder, bicon-
tinuous gyroid,multilayered, and vice versawith eachphase inverted
by increasing fraction of one polymer phase. Such a microphase
transition has also been observed in polymer film systems.
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On the basis of this finding, the theory ofmicrophase separation
of polymer blend film systems might be applicable to polymer
colloid systems.

In the present study, we focused on the control of the layer
thickness (D) of the onionlike multilayered particles prepared by
slow release of toluene from PS-b-PMMA/toluene and PS/PS-b-
PMMA/PMMA/toluene droplets dispersed in 0.5 wt % sodium
dodecyl sulfate (SDS) aqueous solution as functions of number-
averagemolecularweight (Mn) and volume fraction (φPS-b-PMMA)
of the block copolymer.

Experimental Section

Materials. Styrene and methyl methacrylate (MMA) were
distilled under reduced pressure in a nitrogen atmosphere. Ethyl
2-bromoisobutyrate (EBiB) (Tokyo Kasei Kogyo Co. Ltd.,
Tokyo, Japan), N,N,N0,N0,N00-pentamethyldiethylenetriamine
(PMDETA), 4,40-dinonyl-2,20-dipyridyl (dNdpy) (Aldrich Che-
mical Co. Ltd.), and CuBr (Nacalai Tesque Inc., Kyoto, Japan)
were used as received. PS-b-PMMA purchased from Polymer
Source Inc. (Canada) was used as received. Deionized water was
used after distillation. SDS and toluene were used as received
from Nacalai Tesque Inc., Japan.

Preparation of PS and PMMA. PS and PMMA with low
molecular weight were prepared by atom transfer radical po-
lymerization in bulk (bulk ATRP) as follows: Homogeneous
solutions of styrene/EBiB/CuBr/PMDETA (200/1/1/1, mol/mol/
mol/mol) and MMA/EBiB/CuBr/dNbpy (200/1/1/2, mol/mol/
mol/mol) were added into glass tubes, sealed off under a
nitrogen atmosphere. The polymerizations of styrene and
MMA were carried out at 70 �C for 8 h and at 40 �C for 1.5 h,
respectively. The glass tubes were shaken horizontally at a rate
of 100 cycles/min in a water bath.

PS and PMMAwith high molecular weight were prepared by
bulk polymerization using AIBN as an initiator (0.010 wt % vs
styrene and 2.0 wt % vs MMA). Homogeneous solutions of the
monomer (styrene or MMA) and AIBN were transferred to
glass tubes, degassed with nitrogen several times, and subse-
quently sealed off under vacuum. The polymerizations of styr-
ene and MMA were carried out at 50 �C for 48 h and 30 �C for
6 h, respectively. The glass tubes were shaken as shown above.
The products were precipitated in methanol to remove the
residual monomer and subsequently dried under vacuum at
room temperature. The molecular weights and the molecular
weight distributions of the polymers are listed in Table 1.

Preparation of Composite Polymer Particles. Themixture (10 g)
of PS, PMMA,PS-b-PMMA, and toluene (polymer/toluene=1/10
or 1/100, w/w) was stored in a Teflon storage tank and permeated
through a microporous glass membrane (SPG Technology Co.,
Ltd., Japan) with an average pore size of 1.3 μm membrane into
0.5 wt % SDS aqueous solution under an appropriate pressure
(ca. 0.03 MPa). Toluene was slowly released by evaporation from
the dispersion under gentle stirring with amagnetic stirrer at room

temperature for 24 h in an uncovered beaker. Polymer particles
were collected by centrifugation, washedwithmethanol for several
times to remove excess SDS, and subsequentlydriedunder vacuum
at room temperature.

Preparation of Polymer Blend Films.A homogeneous toluene
solution of PS, PMMA, and PS-b-PMMA (polymer/toluene=
1/10 or 1/30, w/w) was cast into a mold (2.25 cm2 surface area
between solution and air). Toluene was slowly evaporated from
the solution at room temperature for 24 h. Polymer films were
dried under vacuum at room temperature. The film thicknesses
were ∼200 μm in all cases.

Measurements. The amount of toluene in the dispersion was
determined by gas chromatography (Shimadzu Corp., GC-2014)
with helium as the carrier gas, N,N-dimethylformamide as a
solvent, and p-xylene as an internal standard. Molecular weight
distributionsweremeasured by gel permeation chromatography
(GPC) with two S/DVB gel columns (TOSOH Corp., TSK gel
GMHHR-H, 7.8 mm i.d. � 30 cm) using tetrahydrofuran as
eluent at 40 �Cat flow rate of 1.0mLmin-1 employing refractive
index (TOSOH RI-8020/21) and ultraviolet detectors (TOYO
SODAUV-8II). The columns were calibrated with six standard
PS samples (1.05� 103-5.48� 106, Mw/Mn=1.01-1.15). The
volume fractions of PS and PMMAblocks in PS-b-PMMAwere
measured by 1H NMR with a Bruker DPX 250 MHz spectro-
meter (Karlsruhe, Germany).

Observation of Composite Polymer Particles. PS-b-PMMA
particles and PS/PS-b-PMMA/PMMA composite particles
were observed with a MICROPHOT-FXA optical microscope
and aHitachi S-2460 scanning electronmicroscope (SEM) at an
acceleration voltage of 15 kV. The dried particles were stained
with ruthenium tetraoxide (RuO4) vapor at room temperature
for 30 min in the presence of 1% RuO4 aqueous solution,
embedded in an epoxy matrix, cured at room temperature,
and subsequently microtomed. Ultrathin cross sections of 100 nm
thickness were observed with a JEOL JEM-1230 transmission
electron microscope (TEM) at an acceleration voltage of 100 kV.
The diameter values of 100 particles in TEM photograph (not
cross-sectional image) were measured to evaluate number-aver-
age diameters (dn) and its coefficient of variations (Cv) using
image analysis software for a Macintosh computer (MacSCOPE,
Mitani Co. Ltd.).

Results and Discussion

Effect of Molecular Weight of PS-b-PMMA. Figure 1
shows SEM photographs of PS-b-PMMA particles with
various Mn obtained by slow release of toluene from PS-b-
PMMA/toluene (1/100, w/w) droplets dispersed in 0.5 wt %
SDS aqueous solution. The monodisperse PS-b-PMMA/
toluene droplets having dn of ca. 6.5 μm were prepared by
permeation of polymer solution through the Shirasu porous
glass (SPG) membrane into the SDS aqueous solution. The
amounts of residual toluene after 24 h evaporation from the
dispersions measured by gas chromatography were less than
1 wt % of the initial amounts. Monodisperse spherical
particles were obtained without coagulation during toluene
evaporation. The dn and Cv of the particles were approxi-
mately 1.4 μm and 10%, respectively, in all cases. The final
particle sizes were consistent with expectation based on the
droplet sizes and the polymer concentration.

Figure 2 shows TEM photographs of ultrathin cross
sections of RuO4-stained PS-b-PMMA particles with the
variousMn. RuO4 stains PS but not PMMA.56 “Onionlike”
multilayered structures were observed in all cases. The D of
the multilayered structure, which is defined as one periodi-
city consisting of single PS andPMMAlayers, increasedwith
increasing Mn. The PS layer seemed to be thicker than the
PMMA layer in the particles even though the volume frac-
tion of PS block (fPS) in PS-b-PMMA was ∼0.5. This might

Table 1. Molecular Weights of PS-b-PMMA
a
, PS, and PMMA

polymer
Mn

PS

(�104 g mol-1)d
Mn

PMMA

(�104 g mol-1)e PDIf fPS
g

PS-b-PMMA8 3.65 4.15 1.06 0.50
PS-b-PMMA20 9.20 10.80 1.09 0.49
PS-b-PMMA26 12.20 14.10 1.15 0.49
PS-b-PMMA29 12.95 16.05 1.16 0.48
PS1b 1.06 1.10
PMMA1b 1.33 1.09
PS49c 48.94 1.95
PMMA47c 46.93 2.18

aPurchased from Polymer Source Inc. bPrepared by bulk ATRP.
cPreparedbybulkpolymerization. dNumber-averagemolecularweights of
PS and PS block in PS-b-PMMA. eNumber-average molecular weights
of PMMA and PMMA block in PS-b-PMMA. fPolydispersity index.
gVolume fraction of PS block in PS-b-PMMA.
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be due to the cutting position of the ultrathin cross section
and RuO4 staining not only pure PS layer but also the
interface between the PS and PMMA layers. Moreover, the
outermost layer was occupied by PMMA, which was con-
firmed by X-ray photoelectron spectroscopy, because the
interfacial tension between PMMAand the aqueousmedium
was lower than that between PS and the aqueous medium
when SDS was employed as an emulsifier.57 On the other
hand, the polymer phase of the innermost layer; that is, the
core could be either PS or PMMA. The polymer phase of the
core and its diameter were determined by the ratio of the
particle diameter to the layer thickness of the multilayered
particles because the multilayered structure formed from the
outermost layer.55 In other words, it is possible to tune the
polymer phase of the core and its diameter if the particle
diameter can precisely be controlled in hundreds of nano-
meters.

When the volume fractions of PS andPMMAblocks in the
PS-b-PMMA are similar, self-assembled PS and PMMA

blocks develop microphase separation resulting in the for-
mation of flat interfaces (lamellar structure) in films. On the
other hand, they pack along curved interfaces due to the
spatial restriction in the spherical particles. The interior
block should stretch up toward the center of the particles
more than the exterior block to keep the densities of the
blocks constant. The conformation of the block copolymer
oriented in the spherical particles is thus affected by the
curvature to some degree. On the basis of this consideration,
the layer thickness of the multilayered particles should be
slightly thicker than that of the polymer lamellar film. Yu
et al. systematically examined the self-assembled morpho-
logy for symmetric diblock copolymers confined in spherical
pores using Monte Carlo simulations.32 Their prediction
indicated that the repeat period for the concentric-spherical
lamellar (onionlike multilayered structure) was slightly lar-
ger than that for the bulk lamellar.

The D values of the multilayered particles were estimated
from TEM photographs of ultrathin cross sections by the
length of layers (excluding the core) divided by the number of
layers. Only ultrathin cross sections having the average
particle diameter, which means that the sections were cut
from the center of the particles, for at least 20 sections were
used for the measurement to reduce experimental errors.
The molecular weight dependence of the D of lamellar
morphology of polymer blend films has been extensively
investigated.58-61These studies are represented by aNzdepen-
dence on molecular weight, where N is degree of polymeri-
zation of the block copolymer, and the scaling exponent
z was estimated to be 2/3 or very close to 2/3. In the present
study, the following equation developed by Semenov59 was
used for the calculation of D of the lamellar morphology in
the strong segregation limit.

D= 1:098N2=3aχ1=6 ð1Þ
where a is a statistical segment length and χ is a Flory-
Huggins interaction parameter. The temperature depen-
dence of χPS/PMMA is expressed as62

χPS=PMMA ¼ 0:0284þ 3:902

T
ð2Þ

We used χPS/PMMA=0.0414 (T=300 K) and a=0.71 nm
(average value of aPS=0.67 nm and aPMMA=0.75 nm)63 for
the calculation of the theoreticalD of the lamellarmorphology.

Figure 3 shows the relationship between the degree
of polymerization of PS-b-PMMA (NPS-b-PMMA) and the

Figure 1. SEM photographs of PS-b-PMMA particles obtained by
slow release of toluene from PS-b-PMMA/toluene (1/100, w/w) dro-
plets dispersed in 0.5 wt% SDS aqueous solution, which were prepared
by the SPG method. Mn of PS-b-PMMA (�104 g mol-1): (a) 7.8;
(b) 20.0; (c) 26.3; (d) 29.0. fPS: (a) 0.50; (b) 0.49; (c) 0.49; (d) 0.48.

Figure 2. TEM photographs of ultrathin cross sections of RuO4-
stained PS-b-PMMAparticles obtained by slow release of toluene from
PS-b-PMMA/toluene (1/100, w/w) droplets dispersed in 0.5 wt% SDS
aqueous solution, which were prepared by the SPGmethod.Mn of PS-
b-PMMA(�104 gmol-1): (a) 7.8; (b) 20.0; (c) 26.3; (d) 29.0. fPS: (a) 0.50;
(b) 0.49; (c) 0.49; (d) 0.48. PS and PMMA layers appear as dark and
bright rings, respectively. The outermost layer of PMMA is not shown
due to low electron contrast between PMMA layers and the epoxy resin
matrix.

Figure 3. Relationshipbetweendegree ofpolymerizationofPS-b-PMMA
(NPS-b-PMMA) and the layer thicknesses (D) of the multilayered struc-
tures of PS-b-PMMA in the particles (O) estimated fromFigure 2 and in
the films (b) cast from toluene solutions (see Figure S1).Dotted line and
circles show theoretical and experimental values, respectively.
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experimental D values of the multilayered structure in
the particles estimated from Figure 2 and in the films (see
Figure S1) cast from toluene solutions. The experimental
D values of the particles (open circles) were almost the same
as that of the films (closed circles); that is, the effect of
curvature (three-dimensional confinement) on the layer
thickness of the multilayered morphology was not observed.
In the current study, the particle diameter was significantly
larger than the layer thickness. Thus, the confinement effect
on the layer thickness might be weak because the confinement
effect can be pronounced with decreasing the ratio of the
diameter to the equilibrium period of block copolymer.64,65

Additionally, the experimental D of the multilayered parti-
cles, which were 31.7, 52.6, 71.4, and 76.9 nm in ascend-
ing order, increased with increasing NPS-b-PMMA to the 2/3
power consistent with the theory.However, the experimental
D values of the particles (and the films) with variousNPS-b-PMMA

were somewhat lower than predicted D values (dotted line)
as shown in Figure 3. The layer thickness of the multi-
layered structure consisting of PS-b-PMMA might be kine-
tically controlled at the final stage of the toluene evaporation

because of significantly lower mobility of the PS-b-PMMA
chain at room temperature. Consequently, the polymer
chains could not stretch to the same extent as thermody-
namic equilibrium morphology.66

Effect of VolumeFraction of PS-b-PMMA.Figure 4 shows
TEM photographs of ultrathin cross sections of the PS1/PS-
b-PMMA29/PMMA1 (see Table 1) composite particles with
various volume fractions of block copolymer (φPS-b-PMMA)
with keeping the same volume of the PS and PMMA phases.
Mn values of PS and PMMAwere much lower than those of
corresponding blocks of the PS-b-PMMA. The dn and Cv of
the particles were approximately 3.0 μm and 10%, respec-
tively, in all cases. The multilayered structure was observed
even at a low φPS-b-PMMA in the particles, and theD increased
with a decrease in the φPS-b-PMMA. These results were the
same tendency as PS1/PS-b-PMMA29/PMMA1 blend films
cast from toluene solutions (see Figure S2).

Figure 5 shows TEM photographs of ultrathin cross
sections of PS49/PS-b-PMMA29/PMMA47 composite par-
ticles with various φPS-b-PMMA.Mn values of PS and PMMA
were much higher than those of corresponding blocks of the

Figure 4. TEM photographs of ultrathin cross sections of RuO4-stained PS1/PS-b-PMMA29/PMMA1 composite particles obtained by slow release
of toluene from the polymer/toluene (1/10, w/w) droplets dispersed in 0.5 wt % SDS aqueous solution, which were prepared by the SPG method.
φPS/φPS-b-PMMA/φPMMA: (a) 0/1/0; (b) 0.1/0.8/0.1; (c) 0.2/0.6/0.2; (d) 0.3/0.4/0.3; (e) 0.4/0.2/0.4; (f) 0.45/0.1/0.45.Mn (g mol-1) of PS1, PMMA1, and
PS-b-PMMA29 were respectively 1.06 � 104, 1.33 � 104, and 29.0 � 104. PS and PMMA layers appear as dark and bright rings, respectively. The
outermost layer of PMMA is not shown due to low electron contrast between PMMA layers and the epoxy resin matrix.

Figure 5. TEMphotographs of ultrathin cross sections ofRuO4-stained PS49/PS-b-PMMA29/PMMA47 composite particles obtained by slow release
of toluene from the polymer/toluene (1/100, w/w) droplets dispersed in 0.5 wt % SDS aqueous solution, which were prepared by the SPG method.
φPS/φPS-b-PMMA/φPMMA: (a) 0/0.1/0; (b) 0.1/0.8/0.1; (c) 0.2/0.6/0.2; (d) 0.3/0.4/0.3; (e) 0.4/0.2/0.4; (f) 0.45/0.1/0.45.Mn (gmol-1) of PS49 andPMMA47
were respectively 48.9� 104 and 46.9� 104. PS and PMMA layers appear as dark and bright rings, respectively. The outermost layer of PMMA is not
shown due to low electron contrast between PMMA layers and the epoxy resin matrix.
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PS-b-PMMA. The “onionlike” multilayered structure was
not observed, and microphase (multilayered) and macro-
phase (PMMA and/or PS domains) separated structures
coexisted inside the particles. With decreasing φPS-b-PMMA,
macrophase separation became dominant. On the other
hand, in the PS49/PS-b-PMMA29/PMMA47 blend films
cast from toluene solutions, microphase (lamellar and/or
ellipsoidal multilayered) andmacrophase (PMMAdomains)
separated structures coexisted even at a low φPS-b-PMMA

(see Figure S3). This morphological difference between the
particles and the films might be due to the total interfacial
area between PS and PMMA homopolymer phases where
the block copolymer located. PS49/PS-b-PMMA29/PMMA47
composite particles containing below 20 vol % block copo-
lymer had a single dimple at the surface (Figure 5e,f; see also
Figure S4). As described in our previous study,67 PS/PMMA
(without PS-b-PMMA) composite particles with macro-
phase-separated structure had a single dimple at the surface
as a result of the volume reduction of the PS phase after
hardening of the PMMA phase during toluene releasing
from the corresponding droplets. This might explain the
reason that the PS49/PS-b-PMMA29/PMMA47 composite
particles had a single dimple at the surface. This nonspherical
shape would not affect the phase separated structure inside
the particle because the particle deformation occurred at the
final stage of the toluene evaporation where the phase-
separated structure had already been determined.

The phase transition for the ternary mixtures of block
copolymer and corresponding homopolymers in polymer
film systems has been extensively investigated.68-78 To under-
stand the molecular weight dependence of the phase transi-
tion in the current study, phase diagrams were constructed
on the basis of the theory in the polymer film systems
reported by Hashimoto and co-workers.72 Figure 6 shows
phase diagrams indicating the stability limits for the micro-
phase and macrophase transitions for the ternary mixture
of PS/PS-b-PMMA/PMMA. The parameters using for the
calculation were as follows: fPS=0.48, φPS=φPMMA=(1-
φPS-b-PMMA)/2 and NPS-b-PMMA = 2850. In the calculation,
the same average values are used for NPS/NPS-b-PMMA and
NPMMA/NPS-b-PMMA, 0.041 or 1.65, which are respectively
obtained as average values of 0.036 and 0.047 or 1.65 and
1.65 (see Table 1), whereNPS andNPMMA are respectively the
degree of polymerization of PS and PMMA. Below the
stability limit lines of the microphase and macrophase
transitions, the systems are in the disordered state. As
toluene evaporates, the interaction parameter χPS-b-PMMA

increases,79 and (χN)PS-b-PMMA crosses the stability limit line;
eventually, microphase or macrophase separation occurs.
In the case of PS1/PS-b-PMMA29/PMMA1 (Figure 6a),
microphase separation dominates, whereas macrophase
separation dominates in the case of PS49/PS-b-PMMA29/
PMMA47 (Figure 6b). These findings are in close agreement
with the results from the particle morphologies as shown in
Figures 4 and 5. The reason for the coexistence of micro-
phase and macrophase-separated morphologies in the case
of PS49/PS-b-PMMA29/PMMA47 might be related to the
slightly broad molecular weight distribution of the homo-
polymers. The differences in the phase transition between
PS1/PS-b-PMMA29/PMMA1 and PS49/PS-b-PMMA29/
PMMA47 would be attributed to the location of the homo-
polymers in the polymer blends.

The location of homopolymers in block copolymer phase
depends on the ratios of molecular weights of the homo-
polymers to those of corresponding segments in the block
copolymer.75 When the molecular weights of the homopo-
lymers are lower than those of the corresponding segments in

the block copolymer, the homopolymers are solubilized in
the block copolymer phase. However, when the molecular
weights of the homopolymers are higher than those of the
corresponding segments in block copolymer, the homopoly-
mers are segregated from the block copolymer phase. From
the viewpoint of the volumetric considerations, the expan-
sion of D by the addition of the homopolymers is intimately
related to the change of the interfacial density of the chemical
junctions of the block copolymer. As a consequence, when
homopolymers are segregated from block copolymer layers
assuming no change of the interfacial density of the chemical
junctions, the D is expressed as

D ¼ D0=φb ð3Þ
where D0 is D before addition of homopolymers and φb is
volume fraction of block copolymer. On the other hand,
when homopolymers are solubilized in block copolymer
layers, the D is expressed as

D ¼ D0=φb
1=3 ð4Þ

When solubilizing the homopolymer into block copolymer
layers uniformly, chemical junctions of block copolymer
would be expanded allowing the -1/3 power law of φb in
the polymer film systems.75 In the present study, when high
molecular weight homopolymers were employed, multi-
layered structure was not observed.

Figure 7 shows the relationship betweenφPS-b-PMMAandD
of the multilayered structure of PS1/PS-b-PMMA29/
PMMA1 in the particles and the films obtained from the
TEM photographs (Figure 4 and Figure S2). The experi-
mentalD of themultilayered particles, whichwere 76.9, 82.4,

Figure 6. Phase diagrams for the spinodal points for the microphase
(broken line) and macrophase (solid line) transition plotted as a
function of φPS-b-PMMA for the ternary mixture of PS/PS-b-PMMA/
PMMA. fPS=0.48, φPS=φPMMA=(1- φPS-b-PMMA)/2,NPS-b-PMMA=
2850, NPS/NPS-b-PMMA=NPMMA/NPS-b-PMMA=0.041 (a) or 1.65 (b).
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83.3, 90.9, 142.8, and 250.0 nm in ascending order, were pro-
portional to the -1/3 power of φPS-b-PMMA consistent with
theory despite some deviations. Thus, the homopolymers
would be solubilized uniformly into the multilayered struc-
ture due to their low molecular weights. Additionally, the
experimentalD values of the particles were similar to those of
the blend films except the case of 10 vol % block copolymer.

From the above results, it is concluded that the layer
thickness of multilayered particles comprising block copo-
lymer and corresponding homopolymers can be increased by
an increase in the molecular weight and a decrease in the
volume fraction of block copolymer. Regularly arranged
multilayered structures develop the structural color depend-
ingon the structural period as a result of interferenceof light.80,81

These results suggest that the control of the layer thickness of
the multilayered structure might create the polymer particles
exhibiting novel optical properties.

Conclusions

Micrometer-sized, monodisperse, “onionlike” multilayered
PS-b-PMMA particles and PS/PS-b-PMMA/PMMA composite
particles were prepared by slow release of toluene from polymer/
toluene droplets, which were prepared using the SPG method,
dispersed in 0.5 wt% SDS aqueous solution. The layer thickness
of multilayered PS-b-PMMAparticles increased with an increase
in molecular weight (Mn≈ (7.8-29.0)� 104 g mol-1). Quantita-
tive analyses of the TEM observation indicate that the experi-
mental layer thickness of the multilayered structure in the par-
ticles varied with the total molecular weight to the 2/3 power in
agreementwith theory.Moreover, the layer thickness of PS (Mn≈
1.1 � 104 g mol-1)/PS-b-PMMA (Mn ≈ 29.0 � 104 g mol-1)/
PMMA (Mn≈1.3� 104 g mol-1) (equal volume fractions of PS
and PMMA blocks) composite particles was proportional to the
-1/3 power of the volume fraction of block copolymers, con-
sistent with theory. In other words, the homopolymers are
solubilized uniformly in the corresponding phases of the block
copolymer, and thus themultilayered structure is preserved down
to a low level of volume fraction of PS-b-PMMA.On the basis of
these results, it is concluded that the layer thickness of multi-
layered particles can thus be controlled by proper selection of the
molecular weight and the volume fraction of block copolymer.
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