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Abstract The effects of the concentration of polyoxy-
ethylene octylphenyl ether (OP-10) as a nonionic surfactant
and the molecular weight of polymers (polystyrene (PS)
and poly(methyl methacrylate) (PMMA)) on the morphol-
ogy of anisotropic PS/PMMA composite particles were
investigated. In the case of polymers with lower molecular
weight (Mw≈6.0×104g/mol), the PS/PMMA composite
particles have dimple, via acorn, to hemispherical shapes
along with the increase of the OP-10 concentration. On the
other hand, when the polymers have higher molecular
weight (Mw≈3.3×105g/mol), the morphology of PS/
PMMA composite particles changed from dimple, via
hemispherical, to snowman-like structure while the con-
centration of OP-10 was increased. Furthermore, thermo-
dynamic analysis was first simply made by spreading
coefficients, and the results indicated that both the
concentration of OP-10 aqueous solution and the molecular
weight of polymers were very important to the final
morphology of anisotropic composite particles.
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Introduction

In recent years, great interest has been focused on
anisotropic particles, which is anisotropic in shape and/or
surface chemistry. Because of their unique properties,
anisotropic particles could be very useful for controlling
light scattering [1], fluid properties [2, 3], molecular
recognition [4–6], self-assembling process [7, 8], and
forming pickering emulsions [9–11].

Synthesis of anisotropic particles is one of the very
intriguing and challenging aspects in current materials
science. A few of successful methods have been developed
[8, 12–35]. For example, solvent evaporation method is a
practical way to fabricate anisotropic composite particles
[36–39]. Okubo et al. prepared polystyrene (PS)/poly
(methyl methacrylate) (PMMA) composite particles by
release of solvent from droplets containing dissolved PS
and PMMA, which were dispersed in surfactant aqueous
solution. When poly(vinyl alcohol) (PVA) was used as a
surfactant, nonspherical PS/PMMA composite particles
with a single dimple were obtained [36]. When sodium
dodecyl sulfate (SDS) was used in place of PVA, the shape
of the composite particles would change from the dimple,
via acorn, to spherical with the increase of SDS concentra-
tion [37]. Recently, Okubo et al. prepared composite PS/
PMMA particles employing polyoxyethylene nonylphenyl
ether (Emulgen 911) as a nonionic surfactant [39, 40]. The
effect of partitioning of Emulgen 911 between oil and water
on the phase separation of PS and PMMA so as to form
anisotropic composite particles was first examined, but it is
still not sufficiently. For example, the molecular weight of
polymer is believed to play an important role on the
morphology of final particles [19, 41–43], which could
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affect the interfacial tension. However, the study of effect of
molecular weight of polymer on the final morphology of
anisotropic composite particles prepared by solvent evapo-
ration method was limited [40]. Furthermore, thermody-
namic analysis about total interfacial free energy change in
the previous reports was very complex [36–40]. Therefore,
a simple way to analyzing the influence factors to final
morphology of composite particles is critical needed.

In this paper, a nonionic surfactant, polyoxyethylene
octylphenyl ether (OP-10), was used to prepare the PS/
PMMA anisotropic composite particles by release of
toluene from the polymer/ toluene (1/12, w/w) droplets
which were dispersed in various concentration of OP-10
aqueous solutions. The influence of concentration of OP-10
and molecular weight of PS and PMMA on the final
morphology of anisotropic PS/PMMA composite particles
had been studied in detail. In order to simplify the
thermodynamic analysis, spreading coefficients were first
used to analyzing the influence factors to final morphology
of composite particles.

Experimental

Materials

Styrene (S) and methyl methacrylate (MMA) were purified
by passing through a basic alumina column to remove the
inhibitor before use. Reagent grade 2,2′-azobis(isobutyroni-
trile) (AIBN) was purified by recrystallization in methanol.
Polyoxyethylene octylphenyl ether (with ten EO units;
Reagent Grade), toluene (Analytical Reagent), and metha-
nol (Analytical Reagent) were used as received from
Shanghai Chemical Reagents Co., China.

Preparation of PS/PMMA composite particles

PS and PMMAwere prepared under the conditions listed in
Table 1. The homopolymers were precipitated by pouring
polymer solution into tenfold excess methanol and collect-
ed by filtration, then dried in vacuum oven at room
temperature. The prepared PS and PMMA were dissolved

in toluene (PS/PMMA/toluene=1/1/24, w/w/w), then the
resulting solution (1.3 g) was mixed with various concen-
trations (6.3×10−4, 0.01, 0.34, and 0.67 wt.% relative to
water ) of OP-10 aqueous solutions (30 g). The resultant
mixtures were stirred vigorously in a 150-ml beaker.
Subsequently, toluene was evaporated from the dispersions
by stirring with a magnetic stirrer at room temperature for
24 h (surface area between dispersion and air was 30 cm2).
The particles were collected by centrifugation. After
washed with ethanol three times, the PS/PMMA composite
particles were dispersed in ethanol for storage.

Characterization of molecular weight of polymer

The weight average molecular weights (Mw) and poly-
dispersities (Mw/Mn) of the prepared PS and PMMA were
measured by gel permeation chromatography on a Waters
150C instrument equipped with 103, 104, and 105Ǻ Waters
Ultrastyragel columns and using tetrahydrofuran as an
eluent at a rate of 1.0 ml/min. Calibration was against
polystyrene standards.

Observation of the composite polymer particles

The PS/PMMA composite polymer particles were observed
by field-emission scanning electron microscopy (FESEM;
JEOL JSM-6700, the acceleration voltage of FESEM is
5 kV) and transmission electronic microscopy (TEM;
Hitachi H-800, 200 kV). Samples for TEM and SEM
analysis were prepared at room temperature by dispersing
one drop of ethanol solution of the sample on copper grid
and then drying in air.

Partition of nonionic surfactant between toluene and water

The partition isotherm of OP-10 between toluene and water
was obtained as follows: Toluene (0.6, 0.5, 0.4, 0.3, 0.2,
0.1 g) and OP-10 aqueous solutions at various concentra-
tion (6.3×10−4, 0.01, 0.34, and 0.67 wt.% relative to water;
15 g) were mixed in the beakers firstly. After stirred with a
magnetic stirrer for 1 h and ultrasonicated for 30 min, the
emulsion was put aside at room temperature for 24 h.

Table 1 Preparation of polystyrene and poly(methyl methacrylate)

Styrene (g) Methyl methacrylate (g) Toluene (g) AIBN (mg) Mw (×104g/mol) Mw/Mn

L-PSa 20.0 13.0 59 6.1 1.9

H-PSa 10.0 10 33.6 2.0

L-PMMAb 14.0 21.0 440 6.8 1.5

H-PMMAa 6.5 5.0 100 33.1 1.7

a Polymerization was conducted at 60°C and bubbled with N2 for 24 h
b Polymerization was conducted at 70°C and bubbled with N2 for 24 h
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Subsequently, the emulsion was separated into the aqueous
and toluene phases by centrifugation. The OP-10 concen-
tration in the aqueous phase was measured with a UV2401
PC spectrophotometer (Sahimadzu Corporation, Japan),
while that in the toluene phase was calculated by mass
balance. In addition, the partition of toluene to the aqueous
phase will influence the UV analysis due to the absorbance
of toluene at the same wavelength. So, in our experiment,
the aqueous phase was stirred for 2 days at room
temperature before characterizing by UV in order to
evaporate the toluene and a certain amount of water was
added to compensate the water losing.

Interfacial tension measured by the ring method

Interfacial tension between the polymer–toluene solution
and the aqueous solutions (γP–T/W) was measured by the
ring method with KRUSS digital tensiometer K9 at room
temperature (25°C). The sample vessel was added with the
OP-10 aqueous solution firstly, and then it was placed on
the sample support. The sample stage was raised until the
ring was immersed in the liquid. Polymer solution of
toluene was then added slowly. Finally, the sample stage
was lowered slowly until the displayed data exceeded the
maximum value.

Interfacial tension between PS–toluene phase and
PMMA–toluene phase (γPS–T/PMMA–T) were measured as

follows: PS and PMMAwere dissolved in a certain amount
of toluene. Then, the resulting solution was left standing for
3 days. Finally, it was separated into PS and PMMA phases
clearly, and the layers were separated. The sample vessel
was first added with PMMA phase separated from the
lower layer, and the sample stage was raised until the ring
was immersed in the PMMA phase. Then, PS phase was
added slowly. The vessel was sealed and left standing for
1 h until the two phases were stable. Finally, the sample
stage was lowered slowly until the displayed data exceeded
the maximum value.

Results and discussions

Morphology observation

Figures 1 and 2 showed the SEM and TEM images of
anisotropic PS/PMMA (1/1, w/w) composite particles
prepared by release of toluene for 24 h from PS/PMMA/
toluene (1/1/24, w/w/w) droplets dispersed in aqueous
solution at various OP-10 concentrations (6.3×10−4, 0.01,
0.34, and 0.67 wt.% relative to water). The molecular
weight of prepared PS and PMMA was listed in Table 1.
The polymers in Figs. 1 A1–A4 and 2 A1–A4 have a
relative lower molecular weight, which were identified as
L-PS and L-PMMA, while the polymers in Figs. 1 B1–B4

Fig. 1 SEM photographs of PS/PMMA (1/1, w/w) composite
particles prepared by release of toluene from polymer/toluene=1/12
droplets dispersed in various concentration of OP-10 aqueous
solutions (weight percent, relative to water): A1, B1 6.3×10−4; A2,

B2 0.01; A3, B3 0.34; A4, B4 0.67. A1–A4 L-PS and L-PMMA (Mw(L-

PS)=6.1×10
4, Mw(L-PMMA)=6.8×10

4); B1–B4 H-PS and H-PMMA
(Mw(H-PS)=33.6×10

4, Mw(H-PMMA)=33.1×10
4)
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and 2 B1–B4 have a relative higher molecular weight,
which were identified as H-PS and H-PMMA. As shown in
Figs. 1 and 2, the morphology of anisotropic PS/PMMA
composite particles was influenced both by the concentra-
tion of OP-10 aqueous solution and the molecular weight of
polymers. For polymers with low molecular weight (L-PS/
L-PMMA), the composite particles showed dimple (Figs. 1
A1 and 2 A1), acorn (Figs. 1 A2 and 2 A2) and hemisphere
(Figs. 1 A3, A4 and 2 A3, A4) shapes at the OP-10
concentration of 6.3×10−4, 0.01, 0.34, and 0.67 wt.%
relative to water, respectively. On the other hand, for
polymers with high molecular weight (H-PS/H-PMMA),
the composite particles had dimple (Figs. 1 B1 and 2 B1),
hemisphere (Figs. 1 B2 and 2 B2) and snowman (Figs. 1
B3, B4 and 2 B3, B4) morphologies at the OP-10
concentration of 6.3×10−4, 0.01, 0.34, and 0.67 wt.%
relative to water, respectively. In addition, the dimple and
acorn shapes of the PS/PMMA composite particles were
caused by the volume contraction of PS phases after
hardening of PMMA phase [37]. Moreover, as shown in
Fig. 1, the surface of PMMA part was soften and contracted
with the increase of phase separation, extremely for the
PMMAwith lower molecular weight (Fig. 1 A1–A4), since
PMMA was weak to electron beams during SEM observa-
tion [38]. This phenomenon happened again during TEM
observation (Fig. 2) because of the higher electron beams

energy. Although the softening and contraction of PMMA
parts affected the observation of inner morphology of
composite particles, fortunately, this phenomenon can just
prove the phase separation of PS and PMMA. The reserved
parts (not soften and contracted parts) in Figs. 1 and 2 were
PS parts, and the interfaces between PS and PMMA were
clear in Figs. 1 and 2. The results could be obtained from
Figs. 1 and 2: Phase separation was enhanced with the
increase of concentration of OP-10 and molecular weight of
polymers. The reason for the formation of anisotropic PS/
PMMA composite particles would be discussed in detail
through thermodynamic analysis later.

Thermodynamic analysis

It is well known that morphology is controlled by
competition between thermodynamic and kinetic factors
[44]. The former factor, which drives the system toward a
minimum in free energy, determines the equilibrium
morphology of the final composite particles, while the
latter factor is inclined to thermodynamically favored
morphology. When the polymer content (wP—polymer
weight fraction) is higher enough, thermodynamic equilib-
rium cannot be maintained [37]. As a consequence, the
morphology of anisotropic composite particles would
remain until the complete removal of the toluene from the

Fig. 2 TEM photographs of PS/PMMA (1/1, w/w) composite
particles prepared by release of toluene from polymer/toluene=1/12
droplets dispersed in various concentration of OP-10 aqueous
solutions (weight percent, relative to water): A1, B1 6.3×10−4; A2,

B2 0.01; A3, B3 0.34; A4, B4 0.67. A1–A4 L-PS and L-PMMA (Mw(L-

PS)=6.1×10
4, Mw(L-PMMA)=6.8×10

4); B1–B4 H-PS and H-PMMA
(Mw(H-PS)=33.6×10

4, Mw(H-PMMA)=33.1×10
4)

822 Colloid Polym Sci (2009) 287:819–827



droplets, because the polymer chain mobility would not be
high enough for rearrangement. The different shapes of PS/
PMMA anisotropic composite particles at different OP-10
concentration and with different molecular weight of
polymers can be explained from the viewpoint of total free
energy change. The total interfacial free energy change is
expressed as [26–30, 45]:

ΔG ¼
X

giAi � g0A0 ð1Þ
where γi is the interfacial tension of the ith interface and Ai

is the corresponding interfacial area and γ0 and A0 are the
interfacial tension and interfacial area before phase separa-
tion, respectively. In this system, the droplet has three
interfaces after phase separation, as shown in Fig. 3b,
which corresponded to three interfacial tensions: γPS–T/W,
γPMMA–T/W, and γPS–T/PMMA–T. Where γPS–T/W, γPMMA–T/W,
γPS–T/PMMA–T are standing for the interfacial tensions
between the PS/toluene phase and water, the PMMA/
toluene phase and water, and the toluene phase of PS and
PMMA, respectively. For simplicity of thermodynamic
analysis, we assume that the final equilibrium state is
solely determined by these three interfacial tensions
gij i 6¼ j 6¼ k ¼ 1; 2; 3ð Þ [45]. The analysis which yields the
same results as that based on minimizing ΔG can be made
from a consideration of three spreading coefficients [45]:

Si ¼ gjk � gij þ gik
� �

: ð2Þ

In current study, we assume S1=SPS–toluene, S2=Swater,
S3=SPMMA–toluene, the three spreading coefficients would
be:

S1 ¼ gPMMA�T=W � gPS�T=PMMA�T þ gPS�T=W

� �
ð3Þ

S2 ¼ gPS�T=PMMA�T � gPS�T=W þ gPMMA�T=W

� �
ð4Þ

S3 ¼ gPS�T=W � gPS�T=PMMA�T þ gPMMA�T=W

� �
: ð5Þ

There are three possible sets of Si values:

Complete engulfing : S1 < 0; S2 < 0; S3 > 0 ð6Þ

Partial engulfing : S1 < 0; S2 < 0; S3 < 0 ð7Þ

Nonengulfing : S1 < 0; S2 > 0; S3 < 0: ð8Þ

These three sets of relations correspond to three different
equilibrium morphologies illustrated in Fig. 3a–c. In order
to analyzing Si, each interfacial tension must be known.

For measuring the interfacial tension, it is necessary to
consider the partition of OP-10 between toluene phase and
water phase firstly, because the partition percentage would
affect the interfacial tension. So in the current study,
different mass of toluene was added to the aqueous solution
of OP-10 at various concentrations to mimic the process of
toluene evaporation.

Figures 4 and 5 showed the variations of OP-10
concentrations in aqueous solution and in toluene, respec-
tively, as a weight fraction of toluene relative to the total
amount of solution. From Fig. 4, we can see clearly that the
OP-10 concentration in the aqueous solution increased with
the evaporation of toluene. The lower the toluene concen-
tration relative to total amount, the higher the OP-10
concentration in aqueous solution. As shown in Fig. 5, the
OP-10 concentration in toluene phase remained constant
(0.01 (Fig. 5a), 0.14 (Fig. 5b), 2.85 (Fig. 5c), and 4.83 wt.%
(Fig. 5d) relative to toluene) with the toluene evaporation
irrespective of toluene concentration relative to the total
amount of solution. Meanwhile, the OP-10 concentration in
toluene was much higher than that in aqueous solution. The
results above indicate that some fraction of OP-10 would
transfer into the polymer/toluene droplets to reach parti-
tioning equilibrium. With the toluene evaporation, excess
OP-10 in polymer/toluene droplets would migrate into the
aqueous solution, leading to the increase of the OP-10
concentration in the aqueous solution. However, the OP-10

Fig. 3 Schematic models of various shapes corresponding to the three
sets of relations for Si. The black drop is phase 1(PS phase), the gray
drop is phase 3(PMMA phase), and the medium is phase 2 (OP-10
aqueous solution)
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Fig. 4 OP-10 content in the
aqueous phases as functions of
toluene content (relative to total
amount of toluene, water, and
OP-10) during evaporation of
toluene from dispersions of tolu-
ene and various of OP-10 aque-
ous solution(toluene/water=4/
100, w/w). a 6.3×10−4, b 0.01,
c 0.34, and d 0.67 (wt.%, relative
to water)

Fig. 5 OP-10 content in the
toluene phases as functions of
toluene content (relative to total
amount of toluene, water, and
OP-10) during evaporation of
toluene from dispersions of tolu-
ene and various of OP-10 aque-
ous solution(toluene/water=4/
100, w/w). a 6.3×10−4, b 0.01,
c 0.34, and d 0.67 (wt.%, relative
to water)
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concentration in the droplets would thus remain constant,
which was coincident with the work of Okubo et al. [39].

As the OP-10 concentration in aqueous solution and in
toluene can be obtained from isotherm of OP-10 between
toluene and water (Figs. 4 and 5), the measurement of
interfacial tension between polymer/toluene phase and OP-
10 aqueous solution (γP–T/W) could be carried out by
adding appropriate amount of OP-10 to both phase to
simulate the actual experiment conditions during toluene
evaporation. Figure 6 shows the interfacial tension between
polymer/toluene phase and OP-10 aqueous solutions at
various OP-10 concentrations as a function of wP. As
showed in Fig. 6, the γP–T/W remained constant with the
increase of wP from 7.7% to 20% at each OP-10
concentration aqueous solutions. According to other previ-
ous reports [29, 46], γP–T/W would be expected to increase
with the increasing of wP; however, the increase of OP-10
concentrations in aqueous solutions during toluene evapo-
ration (Fig. 4) would cause a decrease in γP–T/W. That is, the
effect of the OP-10 concentration on γP–T/W counteracted
the effect of wP, resulting in the nearly constant of γP–T/W
for 7.7%<wP<20%. Furthermore, Fig. 6 showed the
interfacial tension γP–T/W decreased greatly with the
increase of OP-10 concentration from 6.3×10−4 to
0.67 wt.% relative to water, for example, γP–T/W with the
polymers of L-PS and L-PMMA (γL-P–T/W) changed from
13.4 to 1.0 mN/m, while γP–T/W with the polymers of H-PS
and H-PMMA (γH-P–T/W) changed from 13.1 to 0.8 mN/m.
Moreover, the fact that interfacial tension between polymer

solution and aqueous solution (γP–T/W) remained constant at
a certain OP-10 concentration aqueous solution indicates
that the particles morphology depends on the interfacial
tension between PS and PMMA (γPS–T/PMMA–T).

The interfacial tension between PS and PMMA phase
(γPS–T/PMMA–T) was measured without taking account of the
partition of OP-10 between the polymer phases, because the
nonionic surfactant would not behave as a surface active
agent at the interface of PS and PMMA phase [39]. As
showed in Fig. 7, the interfacial tension between PS and
PMMA phase (γPS–T/PMMA–T) increased with the increase
of wP. Furthermore, γH-PS–T/H-PMMA–T was higher than γL-
PS–T/L-PMMA–T at a certain wP.

Comparing Figs. 6 with 7, it could be found that
interfacial tension between polymer solution and aqueous
solution (γP–T/W) was much higher than that between PS
and PMMA phase (γPS–T/PMMA–T). Assuming that the γPS–
T/W=γPMMA–T/W=γP–T/W [39], the spreading coefficients Si
could be calculated according to the Eqs. 3, 4, and 5 as
follows:

S1 ¼ �gPS�T=PMMA�T < 0 ð9Þ

S2 ¼ gPS�T=PMMA�T � 2gP�T=W � �2gP�T=W < 0 ð10Þ

S3 ¼ �gPS�T=PMMA�T < 0: ð11Þ
Because S1<0, S2<0, and S3<0, according to the Eq. 7

and Fig. 3, the partial engulfing morphology was preferred.
It should be noted that the values of γP–T/W decreased with
the increase of OP-10 concentration from 6.3×10−4 to

Fig. 6 Interfacial tensions between the polymer phase (PS/PMMA/
toluene, 1/1/toluene, w/w/w) and OP-10 aqueous solution as functions
of wP. Concentration of OP-10 aqueous solution (weight percent,
relative to water): open and closed circles 6.3×10−4, open and closed
triangles 0.01, open and closed stars 0.34, and open and closed
squares 0.67. Molecular weight of polymers: Mw(PS)=6.1×10

4, Mw

(PMMA)=6.8×10
4 (open circle, open triangle, open star, open square);

Mw(PS)=33.6×10
4, Mw(PMMA)=33.1×10

4 (closed circle, closed trian-
gle, closed star, closed square)

Fig. 7 Interfacial tensions between the PS and PMMA phases as
functions of wP. Polymer solutions were obtained from phase
separated PS/PMMA/toluene=1/1/toluene (w/w/w) with different
Mw: closed diamond Mw(PS)=33.6×10

4, Mw(PMMA)=33.1×10
4; open

diamond Mw(PS)=6.1×10
4, Mw(PMMA)=6.8×10

4
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0.67 wt.% relative to water, leading to the increase of S2
(S2≈−2γP–T/W). According to Eqs. 6, 7, and 8 and Fig. 3,
we can see clearly that the phase separation would be
enhanced with the increase of S2. So the relative low values
of γP–T/W at higher OP-10 concentration aqueous solution
were very important to the formation of anisotropic
particles. That is, with the increase of concentration of
OP-10 aqueous solution, phase separation was enhanced,
owing to the influence on γP–T/W and S2. As shown in
Fig. 7, the interfacial tension between PS and PMMA with
higher molecular weight (γH-PS–T/H-PMMA–T) was higher
than that (γL-PS–T/L-PMMA–T) with lower molecular weight at
a certain wP. Thus, the values of S3=−γPS–T/PMMA–T would
decreased with the increase of molecular weight of
polymers. As presented in Eqs. 6, 7, and 8 and Fig. 3, the
intensity of phase separation would be enhanced with the
decrease of S3. That was to say, phase separation was
enhanced with the increase of molecular weight of
polymers, owing to the influence on γPS–T/PMMA–T and S3.

This result consists with the morphology obtained in
Figs. 1 and 2. As already discussed, with the toluene
evaporation, the interfacial tension between polymer and
aqueous phases (γP–T/W) decreased with the concentration
of OP-10 increasing; moreover, the relative low values of
γP–T/W on the basis of the partition of OP-10 to polymer
phase were of importance with regard to the formation of
anisotropic particles. In addition, the molecular weight was
also very important to the final morphology of final
particles. The difference of final particles morphology
between polymers with lower and higher molecular weight
was attributed to the presence of different γPS−T/PMMA−T

between PS and PMMA with different molecular weight.
This would cause the difference of final anisotropic
morphology, such as hemispherical (Fig. 1 A3, A4) with
the polymers of L-PS and L-PMMA and snowman-like
particles (Fig. 1 B3, B4) with the polymers of H-PS and H-
PMMA. In a word, both the concentration of OP-10
aqueous solution and molecular weight of polymers were
important for the final morphology of anisotropic compos-
ite particles.

Conclusion

Anisotropic PS/PMMA composite particles were prepared
by solvent evaporation method. The effects of concentra-
tion of OP-10 as a nonionic surfactant and the molecular
weight of polymers on the morphology of these anisotropic
composite particles were examined. The extent of aniso-
tropic composite particles was enhanced with the increase
of the concentration of OP-10 and the molecular weight of
polymers. The phase separated PS/PMMA composite
particles with polymers of L-PS and L-PMMA (Mw≈6.0×

104g/mol), changed from dimple, via acorn, to hemispher-
ical structures with increasing OP-10 concentration. Other-
wise, the morphology of PS/PMMA composite particles
with polymers of H-PS and H-PMMA (Mw≈3.3×105g/mol),
changed from dimple, via hemispherical, to snowman-like
shapes.

The complicated phase separation during the preparation
of anisotropic particles can be well predicted by the
spreading coefficients analysis. These findings provide a
better theoretic morphological prediction and a practically
preparation method of anisotropic composite particles.
Further extensive work is underway in our lab.
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