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Abstract We demonstrate the synthesis of SiOH-functionalized
composite particles with buckled surface via a seeded emulsion
polymerization method, their evolution into bicompartmental
particles and their application in superhydrophobic coatings. By
using polystyrene spheres swelled with non-polymerizable sol-
vent as seeds, emulsion polymerization of 3-(trimethoxysily) pro-
pyl methacrylate and styrene leads to the formation of deflated
ball- or dried plum-shaped composite particles. The change of
solvent amount causes the variation of the morphologies of the
obtained particles. With these composite particles as seeds for
further emulsion polymerization, bicompartmental particles with
unique morphologies are fabricated. On account of the silanol
groups generated by hydrolysis of 3-methacryloxy propyl
trimethoxysilane (MPS) on their surface, these particles are easily
functionalized with organosilane for various applications and
also could be applied in the synthesis of more complex organ-
ic—inorganic hybrid materials. The modification of the particles
with fluorinated silane and their application in the fabrication of
superhydrophobic surfaces are demonstrated.

Keywords Non-spherical particles - Seeded emulsion
polymerization - Buckled surface - Bicompartmental
particles - Superhydrophobic

Electronic supplementary material The online version of this article
(doi:10.1007/s00396-017-4026-8) contains supplementary material,
which is available to authorized users.

P4 Likui Wang
lkwang @jiangnan.edu.cn

>< Bolong Yao
yyblroland @aliyun.com

' The Key Laboratory of Food Colloids and Biotechnology, Ministry

of Education, School of Chemical and Materials Engineering,
Jiangnan University, Wuxi 214122, People’s Republic of China

Introduction

The synthesis of uniform non-spherical particles has attracted
wide research interests due to their applications in the field of
self-assembly [1-8], molecular recognition [9, 10],
superhydrophobic materials [11-13], and Pickering emulsion
[14, 15]. Seeded polymerization is undoubtedly a powerful
approach to synthesizing particles with complex morphol-
ogies. Actinia-like [16], half-cauliflower [17], sea urchin
[18] and particles with protruding edges on the surface [19]
were synthesized by seeded polymerization.

By triggering phase separation [20, 21] during seeded po-
lymerization, multicompartmental particles could be
achieved. EL-Aasser et al. [22] swelled micrometer-sized
cross-linked polymer spheres with monomer and subsequent
polymerization led to the separation of phase with different
crosslinking degree to form bicompartmental particles. Weitz
et al. [15] and Wu et al. [23] modified the cross-linked PS
sphere surface with 3-methacryloxy propyl trimethoxysilane
(MPS) to impart the resulted bicompartmental particles with
tunable surface properties. Zhang et al. [24] extended this
method to fabricate Janus polyacrylonitrile/PS particles by
seeded polymerization with a crosslinked PAN hollow
spheres. Dufresne [25] employed core shell spheres with a
linear hydrophobic polystyrene core and hydrophilic shell as
seeds for seeded polymerization, during which phase separa-
tion leads to the formation of uniform dumbbell particles.
Sacanna et al. [26] encapsulated PS spheres into
polymerizable silicon oil droplets, and polymerization of the
oil generated multicompartmental particles with various
morphologies.

Particles with surface buckling or holes are of great interest
for self-organization for novel structures [27, 28],
high-contrast particle tracking [29], and study of colloidal
crystallization [30]. Sacanna et al. fabricated spheres with a
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spherical cavity and demonstrated the lock and key recogni-
tion between these particles and smaller colloidal spheres [27].
During their approach, MPS was polycondensed to form
spheres with crosslinked shells and liquid cores, and subse-
quent radical polymerization of the liquid core produced the
lock particles. Wang et al. synthesized particles with
single-cavity or multicavity through controlling the feeding
mode of divinylbenzene (DVB) during seeded polymerization
[31]. Sun et al. converted polystyrene/carbon core—shell
spheres to concaved particles by swelling with solvent and
deswelling [30].

During seeded dispersion polymerization, the addition of sol-
vent is found effective for the production of particles with surface
buckling. Okubo et al. reported a seeded dispersion polymeriza-
tion in the presence of a solvent for preparation of non-spherical
particles [32, 33]. During this approach, most of the solvent was
absorbed by the newly formed domain of the composite particles.
The evaporation of the solvent caused the volume reduction of
these domains, leading to the formation of a school of
non-spherical particles, including particles with dents on their
surfaces [32] and disk-like and polyhedral particles [33]. Saadat
et al. prepared almond shell-like and void-containing-shaped
particles using dual-seeded polymerization with the aid of sol-
vents [34]. Seeded dispersion polymerization of cross-linkable
monomer in the presence of solvent was employed to fabricate
rugby ball-like [35], red blood corpuscle-like hollow particles
[36]. Zumbusch et al. fabricated PS/PMMA core shell particles
with wrinkled surface through non-aqueous dispersion polymer-
ization with highly cross-linked spheres as seeds [29].
Through stretching, these particles could be transformed to
shape-anisotropic particles. However, all the abovementioned
approaches employed dispersion polymerization, which were
mainly suitable for micron-sized particles. There is a lack of
reports on the extension of these methods to seeded emulsion
polymerization, which is of great interest for the fabrication of
submicron-sized particles.

Additionally, particles with SiOH groups on their
surface are highly desirable due to their ease of further
functionalization by organosilane for applications in various
fields and in synthesizing more intricate organic—inorganic
structures [37]. In this article, we propose a facile approach
of synthesizing SiOH-functionalized composite particles with
buckled surface by a seeded emulsion polymerization with the
aid of a non-polymerizable solvent. Specifically, as shown in
Fig. 1, PS spheres are first swelled with p-xylene (PX), which
are subsequently employed as seeds for emulsion polymeriza-
tion of the mixture of styrene and MPS. Deflated-ball- or
dried-plum-shaped composite particles are obtained and due
to the hydrolysis of MPS, the surface of the particles is SIOH
functionalized. Their size and shape could be adjusted by
changing the weight ratio of PX to seed microspheres.
Interestingly, if the sequence of swelling and seeded polymer-
ization is altered, snowman-like particles are produced, which
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gives hints on the mechanism of the morphology formation.
Further polymerization with these particles as seeds leads to
the formation of bicompartmental particles with unique
shapes. After modification with fluorinated organosilane, the
application of these particles on the fabrication of
superhydrophobic surfaces is demonstrated.

Materials and methods

Materials Styrene (St) and potassium persulfate (KPS) were
purchased from Sigma-aldrich. 3-(trimethoxysily) propyl
methacrylate (MPS), perfluorodecyltrimethoxysilane
(PFTMS), and azobis(isobutyronitrile) (AIBN) were provided
by Adamas Reagent Co., Ltd. Polyvinylpyrrolidone (PVP,
Mw=30K g/mol), PX, alcohol, and ammonia were purchased
from Sinopharm Chemical Reagent Co., Ltd. All chemicals
were used as received without further purification except that
AIBN was purified by recrystallization in ethanol.

Synthesis of PS/P(St-MPS) composite particles PS spheres
of 595 + 10, 705 + 12, 755 + 11, and 895 + 8 nm were
synthesized by emulsifier-free emulsion polymerization [38],
which were used as seeds to prepare PS/P(St-MPS) composite
particles in the following seeded polymerization. Aqueous PS
latex (2.5 wt%, 20 g) and a certain amount of PX were added
into a 100-mL three-necked round-bottom flask. The mixture
was stirred at 300 rpm for 18 h to allow the PS spheres to be
swollen by PX. Subsequently, the above emulsion was heated
to 70 °C under nitrogen bubbling and a solution of AIBN
(0.005 g) dissolved in a mixture of St (0.5 g) and MPS
(0.05 g) was added. After 12 h of polymerization, the com-
posite particles were washed with deionized water for three
times by repeated centrifugation and redispersion and collect-
ed after drying in a 60 °C oven overnight.

Synthesis of PS/P(St-MPS)@PS composite particles
PS/P(St-MPS)@PS composite particles were prepared by further
seeded polymerization. PS/P(St-MPS) latex (2.5 wt%, 20 g), a
PVP solution (5 wt%, 5 g), and a monomer solution consisting
of a certain amount St and AIBN (1 wt% based on St amount)
were added into a 100-mL three-necked round-bottom flask
sequentially. After being stirred at 300 rpm for 24 h, the above
mixture was heated to 70 °C under nitrogen atmosphere. After
12 h of polymerization, the composite particles were washed
by repeated centrifugation and redispersion in water and col-
lected after drying in a 60 °C oven overnight.

Modification of PS/P(St-MPS) composite particles by
PFTMS and fabrication of superhydropobic coatings The
as-prepared PS/P(St-MPS) composite particles (0.1 g) were
first redispersed in the mixture of ethanol (10 g) and ammonia
(0.3 mL) under ultrasonication. Then, a solution containing
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Fig. 1 Scheme for the synthesis
of PS/P(St-MPS) composite
particles and the bicompartmental
particles ¥
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ethanol (5 g) and PFTMS (0.02 mL) was added to the above
emulsion under 800 rpm magnetic stirring. The hydrolysis
reaction was carried out at room temperature for 4 h before
the sample was centrifuged and washed with ethanol for three
times.

A fluorinated PS/P(St-MPS) latex (3 wt%, 100 pL) was
dropped on a pretreated glass slide (2.5 x 2.5 cm) and spread
evenly on a glass substrate. With the evaporation of ethanol,
the particles assembled and deposited, relying on gravity and
capillary forces among the particles. Then, the particulate
coatings were sintered in a 105 °C oven for 10 min.

Characterization The morphology and size of particles were
characterized on a scanning electron microscope (SEM,
Hitachi, S-4800, 20 kV) and a transmission electron micro-
scope (TEM, JEOL, JEM-2100, 200 kV). The SEM samples
were sputtered with Au to improve the conductivity. The TEM
samples were prepared by dropping dilute emulsions on
copper grids, which were dried in the vacuum oven subse-
quently. The hydrophobic property of particulate coatings
was analyzed with an optical contact angle (OCA) meter
(Dataphysics, OCA40) via the sessile drop method using the
Laplace—Young fitting algorithm. The volume of water drop
was 3 uL and the dispense speed was 0.5 pL/s. The contact
angle values were determined from the average of three mea-
surements at different positions.

Results and discussion

Synthesis of PS/P(St-MPS) composite particles

Influence of the amount of PX on the particle morphologies
During the seeded polymerization, 705 nm linear PS spheres
were used as seeds during the polymerization of the mixture of
styrene and MPS. Swelling the spheres with non-polymerizable

solvent before polymerization was found crucial for the forma-
tion of particles with buckled surface. As shown in Fig. 2a, with

particle

Dried plum
shaped particle

spheres not swelled with PX, the seeded polymerization just led
to the formation of PS/P(St-MPS) composite spheres (CP705-0),
with the increase of the sphere diameter from 705 to
831 + 10 nm, which is in good accordance with previous report
[25]. When PX was introduced to swell the seeds before poly-
merization, the morphologies of the particles changed dramati-
cally, as shown in Fig. 2b—d. It could be observed that the spher-
ical surface is collapsed and particles become deflated-ball-
shaped. There are also small dimples distributed on the compos-
ite particle surface. The sizes of the particles are 918 + 24,
1051 + 79, and 1178 + 96 nm, when weight ratios of PX to PS
spheres (Wpx/Wpariicles) are 1, 2, and 4, respectively. The more PX
is added, the more the particles are deflated and the more the
particle surface is wrinkled. From the TEM images, we could
observe that the particles are solid rather than hollow.

The mechanism of the morphology formation

To understand the formation mechanism of the deflated-
ball-like particles, the sequence of swelling and seeded
polymerization was altered. The PS/P(St-MPS) composite
spheres obtained by seeded polymerization without addi-
tion of PX, CP705-0, as illustrated in Fig. 2a, were
swelled with PX (Wpx/Wpartictles = 2/1) at room temperature
and at 70 °C. After being swelled at room temperature
and deswelling, interestingly, a part of the spheres was
transformed into snowman-like particles (Fig. 3a). It
means the sequence of swelling and seeded polymerization
influences the mophorlogy of the particles greatly.
Additionally, in contrast to PS spheres, the composite par-
ticles CP705-1 could not be completely solved in PX,
dimethylformamide, or tetrahydrofuran (Supporting
Information Fig. S3), which hints that the shell is
crosslinked due to the condensation of the silanol groups.
In the FTIR spectrum of CP705-1 (Supporting Information
Fig. S2), the peak at 1080 cm ' can be attributed to Si—
O-Si bonds [39], which also verify the crosslinking in-
duced by the polycondensation of silanol groups.
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Fig. 2 SEM images of PS/P(St-
MPS) composite particles
(CP705-0, CP705-1, CP705-2,
CP705-4) synthesized from
705-nm PS spheres with
WPX/Wpalticles =a 0, bl,c 2, d4.
The insets are the TEM images of
PS/P(St-MPS) composite
particles (all scale bars 0.5 pm)

After comparing the two apparently different morphol-
ogies of the obtained particles, a formation mechanism
could be proposed as follows. As illustrated in Fig. 4,
for the seeded polymerization of PS spheres without being
swelled with PX, a P(St-MPS) shell [37] is formed on the
PS core. Upon exposure to solvent, the shell could absorb
much less solvent than the PS core could due to the exis-
tence of hydrophilic silanol group and crosslinking.
Consequently, the relative volume expansion of the core
is much larger than the shell, causing a strong elastic
stress and squeezing out part of the core during swelling
to form a bulge on the sphere. However, due to the pro-
tection of the P(St-MPS) shell, the swelling of the cores
might not be uniform, which causes some of the compos-
ite spheres to transform to snowman particles while others
are still spheres.

When the swelling temperature was increased to 70 °C,
the raised temperature promotes the diffusion of PX and
more absorption by the hydrophobic core and leads to its
larger volume expansion. The extrusion of the core by the

Fig. 3 SEM images of the
particles obtained by swelling
CP705-0 with PX
(Wpx/Wparticles = 2/1), a at room
temperature for 24 h and b at
70°C for 12 h

@ Springer

hydrophilic shell produces a larger bulge than that formed
at room temperature, as indicated by the arrow in Fig. 3b.
At the same time, the expansion of the P(St-MPS) shell at
70 °C might not be resilient, which causes that the orig-
inal shell becomes buckled.

On the other hand, when the PS spheres are swelled
before seeded polymerization, as illustrated in Fig. 1, the
swelling process leads to the volume expansion of the PS
spheres. Subsequent polymerization of styrene and MPS
generates a P(St-MPS) shell on the enlarged PS core.
Also, due to the existence of hydrophilic silanol groups
and crosslinking, the shells have a much smaller swelling
ratio than the core. Consequently, the cores have a much
stronger tendency to contract than do shells during
deswelling, causing localized depressions of the surface
and buckling of the spheres. Increase of the solvent
amount leads to absorption of more solvent by the PS
spheres and greater volume enlargement. The volume dis-
crepancy of the swelled and shrunk state is enhanced,
which leads to a higher degree of buckling.
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Fig. 4 The mechanism of the morphology evolution of the PS/P(St-
MPS) core shell spheres exposed to solvent. (/) Seeded polymerization
to form PS/P(St-MPS) core shell sphere; (2) swelling the core shell

Influence of the size of PS spheres on the particle
morphologies

PS spheres of 595, 755, and 895 nm are also employed to
fabricate PS/P(St-MPS) composite particles with a fixed
Wpx/Wparticles 0f 2, which are shown in Fig. 5. For
595-nm PS spheres, the particles are also deflated-ball like
with their size enlarged to 784 = 27 nm. There are obvious
surface folding and wrinkles appearing on the surface of
the resulted particles, as the particles obtained previously
from the 705-nm spheres. The particles obtained from the
755- and 895-nm spheres are enlarged to 1024 + 15 and
1109 + 22 nm, respectively. However, they both show
dried-plum-like morphology, with wrinkles but without
big surface buckling. During the seeded polymerization
experiments, the weight of the PS spheres and monomer
added was fixed at 0.5 and 0.55 g, respectively, in every
experiment. If most of the monomer contributes to the
shells of the composite particles, the shell thickness
should be relative to the PS sphere diameter. The increase
of the PS sphere diameter leads to the increase of the shell
thickness and better ability of the shell to resist deforma-
tion. Consequently, for spheres with larger diameter, the
formation of small wrinkles is preferred to that of the big
surface folding.

Fig. 5 SEM images of PS/P(St-
MPS) composite particles
(CP595-2, CP755-2, CP895-2)
synthesized from PS spheres with
diameters of a 595, b 755, and (c,
d) 895 nm with WPX/Wparticles
fixed at 2

Snowman particle Snowman particle

spheres with PX leads to the expansion of the PS cores and formation
of a budge; (3) deswelling of the particles causes the contraction of the
snowman particles

Synthesis of PS/P(St-MPS)@PS bicompartmental
particles

PS/P(St-MPS) composite particles were further employed in
the seeded polymerization with styrene as monomer. Figure 6
shows the PS/P(St-MPS)@PS particles obtained from
CP705-2 and CP755-2. As shown in Fig. 6, all resulted parti-
cles have bicompartmental structure of deflated ball connected
with a spherical bulb. During the synthesis, the composite
particles are first swelled with styrene. Subsequent elevation
of temperature and polymerization process cause the relaxa-
tion of the polymer chains, which produces an elastic force to
squeeze out the styrene [22]. The hydrophilic surface of the
particles makes it thermodynamically unfavorable for the
monomer to wet the particle surface, thus promoting the for-
mation of a new bulb [40]. With the increase of Wy/Wparticles
from 2 to 3 and 4, the diameter of the newly formed bulb
increases from 310 £ 14 to 392 + 20 nm and 480 + 38 nm
for the particles originated from 705 nm PS spheres and
from 389 + 21 to 443 + 30 nm and 554 + 43 nm for the

particles originated from 755 nm PS spheres. The increase
of We/Wparticles l€ads to larger amount of monomer absorbed
by the particles, and consequently, during the phase separa-
tion, more monomer is repelled out from the particles, and
larger bulbs are formed.

@ Springer
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Fig. 6 SEM images of PS/P(St-MPS)@PS bicompartmental particles
synthesized from CP705-2 (a, b, ¢, d) and CP755-2 (e, f, g, h), with
various weight ratios of St to PS/P(St-MPS) composite particles:

The application of the composite particles
in superhydrophobic coatings

The fabrication of superhydrophobic surface normally com-
bines a high surface roughness and a low surface energy. The
unique morphologies of the composite particles could be ap-
plied to fabricate a surface with multiscale surface roughness.
After modification of the PS/P(St-MPS) composite particles
with PFTMS, the particles were successfully functionalized
with fluorinated chains, which could be confirmed by the
FTIR spectrum (Supporting Information Fig. S2). The emul-
sion of the fluorinated particles was spread on a glass slide and

180

1704
160 - —

o 2
2

0 1 2 3 4 5
Swelling Ratio

1504
140 -

130+

Contact Angle / °

1204
110
100+

Fig. 7 The water contact angle of the coatings fabricated from CP705-0,
CP705-1, CP705-2, and CP705-4, respectively
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Wet/Wparticles = @, € 2, b, f 3, ¢, g 4. For the TEM images (d, h) of
PS/P(St-MPS)@PS composite particles, Wg/Wparicies = 3

after drying the coatings were sintered to improve the connec-
tion among particles. The hydrophobicity of particulate coat-
ing is illustrated by water contact angle (CA) measurement.
As shown in Fig. 7, the coating prepared by PS/P(St-MPS)
composite spheres, CP705-0, exhibits a CA of 134.7°. For the
surface prepared with composite particles CP705-1, CP705-2
and CP705-4, the CAs were 142.9°, 158.9°, and 160.4°, re-
spectively. The trend corresponds well with the increase of the
surface roughness caused by elevated amount of PX.
Additionally, composite particles CP755-2 and CP895-2 were
also used to fabricate superhydrophobic surfaces, which show
CAs of 155.3°nd 152.5°, respectively. This indicates that
these particles are applicable for the fabrication of
superhydrophobic surfaces.

Conclusions

We have demonstrated a facile approach of synthesizing
SiOH-functionalized composite particles with buckled surface
by seeded emulsion polymerization with the aid of solvent. By
taking PS microspheres swollen with PX as seeds for the
polymerization of styrene and MPS, deflated-ball- or dried-
plum-shaped composite particles are obtained. The formation
mechanism of surface buckling is analyzed. It is found that
Wpx/Wparticles Plays an important role in the final morphologies
of the composite particles. The increase of Wpx/Wpariicies l€ads
to more obvious wrinkles and higher surface roughness.
Further emulsion polymerization of styrene with these
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composite particles as seeds produces bicompartmental parti-
cles with unique shapes. Due to the silanol groups generated
by hydrolysis of MPS on their surface, these particles could be
easily functionalized with organosilane for various applica-
tions and also could be applied in the synthesis of more intri-
cate organic—inorganic hybrid materials. The modification of
the particles with fluorinated silane and their application in the
fabrication of superhydrophobic surfaces are demonstrated.
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