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’ INTRODUCTION

Recently, an enormously increasing research interest has been
drawn for the design and synthesis of nonspherical latex
particles1�15 due to their promising applications in anisotropic
photonic crystals,2c,11 biological sensors,7a functional coatings,3c,14,15

model systems ofmolecules or atomic crystals,4 and drug carriers.12b

Generally, there are mainly three fabrication approaches5�11 for
nonspherical latex particles. First, the deformation of spherical latex
particles is an effective way for ellipsoidal-based particles.5 Over 20
types of nonspherical particles were obtained based on the stretch-
ing of spherical particles.5b Second, lithography6,7 combining with
the microfluidic technique is a newly developed and important
means for fabricating the particles with complex shapes and sharp
edge. For example, Xu et al.6b generated monodispersed latex
particles (such as rods, disks, ellipsoids) with controllable size,
shape, and composition from the microfluidic technique. Finally,
emulsion polymerization1,8�13 is a traditional and typical way for
the preparation of spherical and nonspherical latex particles,
which allows the control of anisotropic particles not only in
shapes but also in their chemical and physical properties.
Typically, Okubo et al.8 synthesized anomalous polymer particles
with red blood corpuscle shape. Weitz et al.9 prepared triple rod,
triangle, cone, diamond, and snowman-like particles in a well-
controlled manner with high yield. It is highly desired to have
latex particles with novel morphology and structure, which will
endow the materials of special assembly structure1a and
functionality.11a Herein, we demonstrate a controllable synthesis
of the latex particles with various cavity structures, and the
resultant film assembled from these latex particles shows inter-
esting underwater superoleophobicity.

Currently, latex particles with cavity structures have attracted
much attention since such particles may provide unique building
blocks for complicated assembled structures1a and novel func-
tional films.8a�d For example, Sacanna et al. demonstrated an
intelligent lock-and-key recognition mechanism using single-
cavity structured latexes as the lock and spherical latexes as the
key.1a Song et al. investigated the special optical properties11a of
the films assembled from latex particles with single-cavity struc-
ture. Okubo et al.8d showed a unique surfactant by using latex
particles with responsive single cavity. These works were mainly
focused on the synthesis and applications of latex particles with
single-cavity structure,8a�d while the latex particles with multi-
cavity structures have never been realized via emulsion poly-
merization due to the difficult modulation of phase separation
during emulsion polymerization process, which will restrict the

development of novel assembly structures and functional films.
Herein, we demonstrate a facile control of the cavity structures of
the latex particles by modifying the location of phase separation
just by varying the feeding way of divinylbenzene (DVB). The
nonspherical latex particles with single- or multicavity and cauli-
flower-like structures could be successfully synthesized via emul-
sion polymerization. The formation of various cavity structures is
mainly attributed to the single- or multilocation of PDVB at the
surface of latex particles, which results in controllable phase
separation on different location of latex surface and the resultant
formation of latex particles with various cavity structures. More-
over, the films assembled from these nonspherical latex particles
demonstrate desirable underwater superoleophobicity. This fa-
cile fabrication of the latex particles with controllable cavity
structures will be of great significance for the construction of
complicated assembly structures or novel functional films.

’EXPERIMENTAL SECTION

Synthesis of the Latex Particleswith Controllable Cavities.
Scheme 1 demonstrates the typical experimental strategy and the
possible formation procedure of the latex particles with con-
trollable cavity structure. The latex particles were synthesized by
one-step emulsion polymerization based on our previous
method,11 except varying the feeding modes of DVB during
emulsion polymerization procedure. In details, styrene (9.5 g),
methyl methyacrylate (0.5 g), and acrylic acid (0.5 g) were
dispersed in 50mL of aqueous solution dissolving of emulsifier of
buffer agent of NH4HCO3 (0.5 g) and sodium dodecylbenze-
nesulfonate (NaDBS) (9�15 mg). After the system was heated
at 70 �C, the initiator (NH4)2S2O4 (APS) (0.5 g) was charged
into above system, and the polymerization reaction began.
Followed by the polymerization running at 70 �C for 1.5 h, the
system’s temperature was raised to 80 �C, and the cross-linker
of DVB (0.25 g) and the initiator APS (0.25 g) were introduced
into the aforementioned mixture. 2 h later, DVB (0.15 g) and
APS (0.15 g) were recharged into the system. The reaction was
finished after another 3 h. The resulting latex particles were used
directly without any purification. In this experiment, the cavity
structures of the latex particles were controlled by altering the
feeding mode of DVB. The latex particles with single-cavity
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structure were obtained when slow-charging DVB into the
system in 15 min (as shown in Scheme 1a, slow-charging mode).
The latex particles withmulticavity structure were obtained when
fast-charging DVB into the system in 1 min (as shown in
Scheme 1b, fast-charging mode). Note that the latex particles
with cauliflower-like structure were obtained when charging
DVB into the system earlier (as shown in Scheme 1c, early
charging mode), i.e., just 0.5 h following the addition of initiator,
and the feeding rate of DVB was 0.25 g in 1�15 min. The fast- or
slow-charging DVB had little influence on the resultant mor-
phology of the latex particles.
Characterization. Transmission electron microscope (TEM)

images were obtained on a JEOL JEM-2010 transmission electron
microscope operating at 200 kV. The sampleswere taken during the
emulsion polymerization process. Conversion ofmonomer (weight
percentage) was determined by the gravimetry. SEM images of the
films were obtained using a field-emission scanning electron
microscope (JSM-6700F, Japan). AFM images of the samples were
characterized from Nano Scope IIIa atomic force microscopy.
Contact angles (CA) were measured on an OCA20 machine
(Data-Physics, Germany) at ambient temperature. Water CA was
determined in air atmosphere, while oil CA was obtained by
immersing the film in water and keeping downward. The oil drop
of dimethylsilicone (about 2 μL, with lower density than the water)
was dropped carefully onto the surfaces. The final CA was the
average value of fivemeasurements at different positions of the same
sample.15b

’RESULTS AND DISCUSSION

Scheme 1 illustrates the possible formation procedure of the
latex particles with controllable cavity structures. The latex
particle with single-cavity structure (in Scheme 1a) could be
obtained in slow-charging mode, i.e., slow-charging DVB in
15min after emulsion polymerization of 1.5 h. This slow addition
of DVB allows the timely accumulation of DVB or PDVB in one
location11 at the latex surface. The as-polymerized PDVB upon

the latex surface will cause phase separation12a,16a and morphol-
ogy change in one location of latex surface due to minimum
Gibbs interfacial free energy, which leads to the formation of
single-cavity structure at the latex surface.11 In contrast, the latex
particle with multicavity structure (in Scheme 1b) can be
obtained in fast-charging mode, i.e., feeding DVB in 1 min.
The rapid introduction of DVB makes it difficult for PDVB
accumulating in one location. The multilocated PDVB will
induce the deformation of particles at multilocation of the latex
surface and the resultant formation of multicavity latex structure.
Alternatively, latex particles with cauliflower-like structure (in
Scheme 1c) could be obtained in early-charging mode, i.e.,
feeding DVB into the system 30 min later of adding initiator.
This process will result in multi-deformation at latex particles
surface and aggregation of the latex particles at the earlier stage of
polymerization.

As expected, nonspherical latex particles with various cavity
structures could be synthesized by just modifying the feeding mode
of DVB based in Scheme 1. Figure 1 shows TEM images of as-
prepared latex particles with single- or multicavity and cauliflower-
like structures. Clearly, the latex particles with single-cavity structure
(also designated as mushroom-cap shaped)11 in Figure 1a show the
diameter of about 400 nm, with a cavity depth of about 95 nm.
These latex particles are synthesized by slow-charging DVB into the
emulsion polymerization system consisted of monomer of St/

Scheme 1. Possible Formation Procedure of the Latex Particles with Cavity Structures: (a) Slow-ChargingMode for Single-Cavity
Latex: (b) Fast-Charging Mode for Multicavity Latex; (c) Early-Charging Mode for Cauliflower-like Latex

Figure 1. TEM images of latex particles with (a) single-cavity, (b)
multicavity, and (c) cauliflower-like structure. The scale bar is 200 nm.
The insert picture is the cartoon of the latex particles.
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MMA/AA after 1.5 h of initiator addition based in Scheme 1a slow-
chargingmode.11 In comparison, the latex particles withmulticavity
structure (Figure 1b) are synthesized based on Scheme 1b fast-
charging mode under the same conditions. There are more than
three cavities on the latex surface with the latex diameter of about
450 nm, and the depth of cavities is about 50 nm, shallower than
that of the single-cavity latex particle. Interestingly, cauliflower-like
latex particles (with the diameter of ca. 450 nm) are synthesized by
charging DVB 0.5 h after the start of emulsion polymerization (in
Scheme 1c early charging mode). The latex particles with these
special structures will have potential applications for the construc-
tion of the complex assembly structures.1a

To make clear the formation procedure of these latex
particles, we investigate the morphology change of the latex
particles and monomer conversion of the polymerization
system in Figures 2, 3, and 5. Figure 2 demonstrates the
morphology evolution of the latex particles with multicavity
structure. The samples are obtained at different reaction time
after adding DVB. At first, the latex particle shows a clear
core�shell spherical structure. The darkly stained core region is
rich of hydrophobic PS, which is surrounded by the lighter shell
domain enrichment of hydrophilic P(MMA/AA)14c,d (Figure 2a).

Subsequently, an obvious cavity (Figure 2b) is observed at the
latex surface 30 min later of charging DVB, accompanied by a
rapid growth of latex diameter from 195 to 300 nm in Figure 3a.
Different from the latex particles with single-cavity structure,
more cavities are observed on the latex surface 45 min after
adding DVB into the system (Figure 2c). The process goes with
an increase of latex diameter (from 300 to 329 nm) in Figure 3a.
Subsequently, little change occurs to the latex cavity’s shape, but
a gradual increase for latex diameter. This multicavity structure is
preserved until the end of the polymerization. The formation
process (in Figure 2) of the particles with multicavity structure is
relevant to Scheme 1b fast-charging mode. In this process, the
formation of multicavity is mainly attributed to the rapid
introduction of DVB into the system, and the formed PDVB
locates upon themultipositions of latex surface. The polymerized
hydrophobic DVB upon latex surface will induce the phase
separation12a,16a of the polymer segment at multipositions of
latex surface. As a result, the hydrophobic PDVB preferably
extends toward the interior of the latex particles. In the mean-
time, the cross-linked PDVB results in different elasticity for the
polymer segment, which leads to unequilibrium shrinkage and
the cavity formation on the latex particle surface.8a�c,11 This

Figure 2. TEM images of time-dependent relationship of the latex particle synthesized from fast-charging mode; the time is determined after addition of
DVB into the system. The scale bar is 100 nm.

Figure 3. Relationship between monomer conversion (%) and reaction time (min) for emulsion polymerization of latex particles with (a) multicavity
(from fast-charging mode) and (b) cauliflower-like structure (from early charging mode). The time is determined after adding of initiator.
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multicavity structure of latex particles is further confirmed from
SEM and AFM images in Figure 4a,c. This special cavity structure
will be useful for the construction of multifunctional intelligent
lock�key system1a and provide unique assembly unit for novel
functional films.

It is noted that the feeding time of DVB plays an important
role on the resultant morphology of the latex particles as well.11a

A novel latex particles with cauliflower-like structure could be
obtained when early charging DVB into the emulsion system as
shown in the Scheme 1c early-charging mode. Figure 5 presents
TEM images of the latex particles with cauliflower-like structure
taken during the formation process. Before the feeding DVB, the
diameter of latex particles is 120 nm, presenting PS core PMMA/
PAA shell morphology (Figure 5a). In this case, the monomer
conversion of polymerization system is less than ca. 30% (Figure 3b).
The residual monomer dissolves the preformed polymer segment
and results in the soft and viscous latex particles, which can be
proved from the chain structure in Figure 6a. Subsequently,
eccentric structure of shell layer is found in Figure 5b just 10 min
after the addition of DVB, which could be attributed that the soft
and viscous latex particle favors the random location of PDVB on

the latex surface. The presence of PDVB on latex surface will
induce the phase separation12a of polymer segment and the
deformation of the latex particles. As a result, a large cavity
(Figure 5c) occurs to the latex particle in 20 min after adding
DVB, accompanied by an increase in the latex diameter. This
cavity formation of the latex particle is earlier than that in
Figure 2b. Multicavity structure (Figure 5d) could be further
observed in 30 min after the addition of DVB, with an obvious
growth of latex diameter from 148 to 200 nm in Figure 3b. This
evident increase of latex diameter may be aroused from the
coalescence among latex particles. Surprisingly, a great viscosity
increase lasting for 10 min is found for the emulsion polymer-
ization after 20 min after the addition of DVB, which could be
confirmed by the difficult sampling. When the viscosity increases,
the sample cannot be directly taken out from the flask by sucking.
This unexpected viscosity growth may be arisen from the
solvency of the residual St to the polymer segment containing
rigid PDVB, which is favorable for the random location of PDVB
on the latex surface. This multilocation of PDVB results in phase
separation accompanied by the polymerization of the residual
monomer and the regrowth of the latex diameter due to particles’
aggregation, which contributes to the formation of more cavities
in the latex surface. This procedure persists to 75min (Figure 5g)
after addingDVB. The combination of phase separation and latex
aggregation will rationalize the cavity structure, as contributes to
the resultant formation of latex particle with cauliflower-like
structure (Figure 5h). The cauliflower structure of the latex
surface can be observed from SEM and AFM images in Figure 4b,
d as well. The uneven surface of cauliflower-like structure endows
the hierarchical structure to latex particles, which will contribute
to the special functionality for the resultant film.

Interestingly, a typical aggregation of different latex particles is
observed (Figure6b�d) during the emulsion polymerization
process; i.e., small particles with diameter of about 120 nm
aggregate together to form larger particles with multicavity
structure. This process results in a growth of the latex particles
and the formation of different latex morphology. That is, the
introduction of DVB causes the cavity structure of latex surface,
while latex aggregation leads to an increase of latex diameter and
the formation of latex with cauliflower-like structure.16b The
formation process of the particles with cauliflower-like structure
is corresponding to Scheme 1c early charging mode. The

Figure 4. SEM and AFM images of films assembled from the latex with
(a, c) multicavity and (b, d) cauliflower-like structure. The scale bar is 1μm.

Figure 5. TEM images of time-dependent relationship of the latex particle synthesized from early charging mode; the time is determined after addition
of DVB into the system. The scale bar is 100 nm.
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monodispersity of as-prepared nonspherical latex particles is very
important. For the multicavity structured latex particles, the
monodispersity of the particles refers not only to the dimension
of the particles but also to the cavity location and depth. The
dimension, cavity structure, and depth of particles can be
obtained from TEM and AFM. In our case, the dimension
of particles are also determined by dynamic light scattering
(Figure S2).

Additionally, the special wettability of films assembled from
as-prepared nonspherical latex particle is demonstrated in
Figure 7. The water CAs of films from the particles of multicavity
and cauliflower-like structures are 16.7 ( 1.3� and 19.2 ( 1.2�,
respectively, demonstrating the high hydrophilicity in air. When
put the films into water, the oil CAs of the films are 160.5 ( 2.1�
and 159.5 ( 1.3�, respectively, indicating the underwater
superoleopholicity.15b The high hydrophilicity mainly resulted from
the hydrophilic PAA shell of latex surface, while the water adsorbed
layer of hydrophilic shell leads to the underwater superoleopholicity.
This special wettability could be ascribed to the combination of
both the surface chemical composition and their special rough
structure, which will be of significance for the potential use of
functional coating.14,15

’CONCLUSIONS

In conclusion, the latex particles with single-cavity, multi-
cavity, and cauliflower-like structures could be controllably
synthesized by modifying the feeding mode of DVB during
emulsion polymerization procedure. The different feeding
modes of DVB affect the location of PDVB on the latex surface
based on the amount of the residual monomer and the system’s
viscosity, which leads to the formation of the latex particles with
different cavity structures. The synthesis of these latex particles
with controllable cavity structure provides not only novel build-
ing blocks for the construction of complex colloidal architecture
but also a new insight for the fabrication of colloidal films with
desirable functionalities.
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