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Superhydrophobic polysilsesquioxane/polystyrene microspheres with raspberry-like to flower-like
structure were fabricated via a cetyltrimethyl ammonium bromide (CTAB)-assisted sol-gel approach.
The structure of nanoparticles on microcores could be controlled precisely by simply adjusting the
content of the silane precursor: with increasing amount of silane precursor, the microspheres
transformed from raspberry- to flower-like morphology. Besides the silane precursor, ammonia solution,
CTAB and polyvinylpyrrolidone (PVP) also play essential roles in the formation of uniform and
monodisperse hierarchical particles. The morphology, microstructure, and constitution of the
microspheres were characterized by field-emission scanning electron microscopy (FE-SEM),
transmission electron microscopy (TEM), Fourier transform infrared (FT-IR) spectroscopy, solid state 2°Si
magic angle spinning nuclear magnetic resonance (NMR) spectroscopy and X-ray diffraction (XRD). The
formation mechanism of the hierarchical structure was also investigated in detail by time-dependent
experiments. In addition, the particulate films, any modification,
superhydrophobic properties after simply assembling these hierarchical particles on glass substrates. The
hierarchical morphology combined with the initial ethyl groups on the polysilsesquioxane materials were
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1 Introduction

Considerable attention has been attracted to the design and
fabrication of materials with hierarchical structure, which could
enable materials with enhanced physical and chemical prop-
erties, such as mechanical, thermal, optical, adsorption and
catalytic properties.””® Hierarchical structures are defined as the
structures with a morphology on different length scales. Varied
hierarchical structured materials including honeycomb-like
materials,* mesoporous hollow spheres,® snow-man like parti-
cles,® raspberry-like materials,” etc. have been developed.
Among them, raspberry-like composite colloids have been
fabricated for enhanced Raman scattering, separation, hetero-
geneous catalysts, drug delivery and fabrication of super-
hydrophobic materials.*** Raspberry-like particles possess
a well-defined hierarchical structure, which consists of
a microsized core decorated with nanoscaled particles on the
surface. Due to the morphology with hierarchical micro-/
nanostructures, the films obtained from these particles, after
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surface modification, display an extraordinary super-
hydrophobicity (defined with a water contact angle larger than
1 500).15,16

Recently, various approaches including emulsion polymeri-
zation, layer-by-layer, templating and self-assembly method
have been developed to construct these raspberry-like hierar-
chical structure with dual-sized surface roughness from the
organic materials, inorganic materials and organic-inorganic
hybrid materials.””* In a polymerization process, Chen et al.
prepared a series of raspberry-like polymer/silica hybrid
microspheres using a cationic monomer and nanosilica parti-
cles via electrostatic interaction.'® Through a sol-gel process,
Ahmed et al. also prepared a raspberry-like silica particles using
3-mercaptopropyltrimethoxysilane as the sole precursor, which
after calcination shows a high performance in separation
field.> However, the limitation is that the separation of the extra
nanoparticles from the system is a complicated process and
also the broad particle size distribution of the final materials
from these methods limited their further applications.***

To precisely control the particle morphology and particle size
distribution, templating or self-assembling method is
commonly used to fabricate the raspberry-like spheres.>*” Qian
et al. prepared raspberry-like particles with hydrophilic poly-
styrene as template and tetraethyoxysilane (TEOS) as silica
precursor.’ In a classical method, Ming et al. prepared amine-
and epoxy-group modified silicas with different particle sizes
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and then simply assembled them into raspberry-like particles.”®
Uniform-sized and monodisperse hierarchical spheres could be
obtained by these methods. However, for applications in
superhydrophobic coatings, surface modification with some
low-surface-energy materials usually is a necessary step for the
films prepared by these methods. For example, Puretskiy etc.
grafted 2,3,4,5,6-pentafluorostyrene onto raspberry-like parti-
cles to make the superhydrophobic layers.*®

Here, we demonstrate a facile synthetic route to fabricate
hierarchical microspheres with controlled structure by hydro-
lysis-condensation process of silane precursor. Without surface
modification, the film obtained from these particles displayed
an ultrahydrophobic property due to the hierarchical micro-/
nanostructures and hydrophobic organic groups initially on
the materials surface.

Polysilsesquioxane (PSQ), one kind of molecular-level organic/
inorganic hybrid materials, combined the mechanical merits of
inorganic materials with functionalites of organic groups on
the surface.®® Recently, we have developed a simple and
environment-friendly approach to prepare organofunctionalized-
PSQ hollow spheres for versatile applications.****

In this work, hierarchical polysilsesquioxane/polystyrene
(HPSQ/PS) spheres with raspberry- to flower-like structures
were generated by growing of PSQ particles on polymer latex
cores. This procedure has a few advantages: firstly, the size of
the nanoprotrusions can be precisely and simply controlled by
adjusting reactant concentration; secondly, hierarchical
microspheres are easily to be separated from the solvent system;
thirdly, no complicated surface modification to the final
product is needed for superhydrophobic property.

2 Experimental section

2.1 Fabrication of hierarchical PSQ/PS microspheres

Materials. Ethyltrimethoxysilane (ETMS, > 97%), cetyl-
trimethyl ammonium bromide (CTAB, = 98%), poly-
vinylpyrrolidone (PVP, average mol wt 40 000) and styrene (St, =
99%) were purchased from Sigma-Aldrich. 2,2’-Azobis(2-
methylpropionitrile) (AIBN, = 98%) and ammonia solution
(28 wt%) were supplied by Junsei Chemical. All chemicals were
used as received without any further purification. Distilled
water (=17 MQ cm™') from a Milli-Q water system was used
throughout the experiment.

Preparation of hierarchical microspheres. Firstly, mono-
disperse polystyrene latexes with size of 1.1 um were synthe-
sized by dispersion polymerization according to reference with
minor modification.** In the first step, 20.0 g of St, 95 mL of
ethanol, 3 mL of water, 1.5 g of PVP and 0.2 g of AIBN were
charged into a 250 mL three-neck flask equipped with
a mechanical stirrer in water bath. The solution was stirred and
deoxygenated by bubbling N, at room temperature for 30 min.
Then, the mixture was slowly heated to 70 °C and kept reaction
for 24 h. The PS particles were isolated by centrifugation at
8000 rpm and washing with ethanol, followed by freeze-drying
process.

For hierarchical microspheres, 0.1 g of CTAB, 0.25 g of PVP
and 100 mg of PS particles were added into the mixture of water
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(6.6 mL) and methanol (8 mL). After sonication for 10 min,
a milk-like homogenous suspension was obtained. To this
mixture, 0.4 mL of ammonia solution was added, followed by
adding 5 mmol of ethyltrimethoxysilane dropwise via syringe in
one minute. The reaction was maintained for 12 hours with
stirring at room temperature. The hierarchical microspheres
(HPSQ/PS) were obtained by centrifugation at 8000 rpm for
5 min, washing with methanol for 3 times, followed by freeze-

drying.

2.2 Characterization and apparatus

The morphology of the samples were observed by scanning
electron microscopy (SEM) using a Hitachi S4800 FE-SEM
system. Particle size distributions were obtained using
dynamic light scattering (DLS) method with electrophonic light
scattering spectrophotometer (ELS-8000, OTSUKA Electronics,
Japan). Transmission electron microscopy (TEM) images were
taken using a JEM-2011 electron microscope operating at 200
kv. Fourier transform infrared (FT-IR) spectra of KBr powder-
pressed pellets were recorded on a Perkin-Elmer Spectrum
GX-Spectrophotometer with a spectral resolution of 1 em™*. 2%Si
magic angle spinning nuclear magnetic resonance (NMR)
spectra were performed on a Bruker DSX400 spectrometer at
frequencies of 400 MHz at room temperature. X-ray diffraction
(XRD) experiments were performed on a Scintag XDS 2000
diffractometer by using a Cu-K, radiation source, with a scan-
ning speed of 1° min~". The d-spacing were calculated accord-
ing to the Bragg's equation. TGA analysis was performed using
TG instrument Q500 from room temperature to 800 °C at
a heating rate of 10 °C min~ ' under N, gas. Water contact angle
measurements were performed on a Kruss DSA100 machine.

3 Results and discussion
3.1 Characterization of hierarchical structure

Well-defined hierarchical particles were prepared with nano-
sized PSQ protrusions grown on micro-sized polystyrene
latexes. Firstly, microspheres with uniform morphology were
prepared by a dispersion polymerization procedure. Then,
silane precursor was hydrolyzed and condensed on the poly-
styrene surface in present of surfactant (CTAB) and stabilizer
(PVP).
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Fig. 1 (a) SEM image of polystyrene latex beads with (b) the corre-
sponding particle size distribution measured by DLS technique.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Typical SEM (a, c) and TEM (b) images of the hierarchical pol-
ysilsesquioxane/polystyrene microspheres (5 mmol of ETMS) with the
corresponding size distribution (d) measured by DLS technique.

As-prepared PS latex beads, as shown in SEM image of
Fig. 1a, have a uniform diameter of approximate 1.1 pm, with
a very narrow size distribution (Fig. 1b). Then, ethyl-
functionalized polysilsesquioxane materials were formed on
the PS microsphere surfaces with ammonia as catalyst. SEM
images in Fig. 2 display the representative scanning electron
micrographs of the as-prepared composite particles at different
magnifications. Hierarchical morphology could be clearly
observed from the magnified image of a single microsphere
(Fig. 2a), whose surface is covered with a great number of
nanoscale tubercles or protrusions. SEM image at low magni-
fication (Fig. 2c) describes that the products are composed of
homogeneous microspherical particles (~1.4 pm) with a narrow
size distribution as measured by DLS technique (Fig. 2d).
Detailed structure revealed by TEM image (Fig. 2b) also clearly
demonstrates the micro-nano hierarchical morphology with
very uniform size and monodisperse property of the final
products.

In FT-IR spectrum of HPSQ/PS (Fig. 3a), a sharp band at
1257.4 cm™ ' for -CH,CHj; group stretch and two bands at 1123,
1006 cm ™" for Si-O-Si group stretch are found for the samples,
which confirmed the existence of ethyl-functionalized PSQ
materials. The microstructure the polysilsesquioxanes was
investigated by solid-state *°Si NMR and X-ray diffraction tech-
niques. Information about the condensation reaction can be
obtained from the solid-state *°Si NMR spectrum (Fig. 3b), in
which the characteristic peaks of monosubstituted silica (T)
species were clearly visible. Intense and less intense peaks are
observed at —66.0 ppm and —57.3 ppm that could be assigned
to the T° [RSi(0Si);] and T? [RSi(0Si),0H] species, respectively.
Fig. 3c shows the XRD pattern, in which two halos appeared at
9.6° and 23.1°, which attributed to the intermolecular and
intramolecular spacing of the silsesquioxane components,
respectively. TGA data (Fig. 3d) demonstrated the formation of
PSQ materials on PS template and the PSQ content increased
with the increasing of silane precursor content.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Characterizations of hierarchical polysilsesquioxane/poly-
styrene microspheres. (a) FTIR spectra of HPSQs and PS (b) 2°Si
NMR spectrum and (c) XRD pattern of HPSQ/PS microspheres (d)
TGA data of HPSQs (upper and middle lines are for samples from 10
and 5 mmol of silane precursor, respectively) and TGA data of
polystyrene.

3.2 Effect of silane precursor

Morphology controllable synthesis of the hierarchical struc-
tured spheres is one of the advantages of our fabrication
process. By simply adjusting the silane precursor concentra-
tion, the morphology of the as-prepared samples could be
transferred from raspberry-like to a flower-like structure.
Different amounts of ethyltrimethoxysilane (1, 3, 5, 7, 10
mmol) were used with the other reactant kept constant (CTAB
0.1 g, PVP 0.25 g, NH;-H,0 0.4 mL). Fig. 4 shows the SEM
images of the as-prepared HPSQ/PS materials at varied silane
precursor amount. As seen from the enlarged images, all
products show hierarchical morphology with microspheres
coated by nanoprotrusions, whose size were clearly found
increasing when precursor amount increased from 1 to
10 mmol, which also were confirmed by DLS technique
(Fig. S11). When 1 mmol of the silane precursors were used,
~80 nm nanoparticles appeared on the microspheres (Fig. 4a
and b). When the precursor amount increased to 3 and
5 mmol, the size of PSQ nanoparticles increased to 120,
140 nm, respectively, as shown in the SEM images (Fig. 4c and
d and 2a). With further increasing of precursor amount to
7 mmol, the nanoparticles size increased to ~220 nm and at
the same time, the number of PSQ nanoparticles decreased. It
seemed that the big PSQ nanoparticles were grown from some
small nanoparticles. Finally, when the precursor amount
increased to 10 mmol, the flower-like morphology appeared,
since the nanoparticles have grown to be very big protrusions
on the surface. Hence, the silane precursor concentration is an
important factor to influence the hierarchical morphology of
the PSQ/PS materials.

When the hierarchical particles were deposited onto a glass
substrate from ethanol suspension, a film with dual-size
roughness could be obtained. This hierarchical surface is
ideal building blocks for a superhydrophobic surface, because
the rough surface endows the surface with a smaller contact

RSC Adv., 2017, 7, 6685-6690 | 6687
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Fig. 4 Effect of silane precursor on the hierarchical structure of
HPSQ/PS materials. SEM images of HPSQs with different amount of
ethyltrimethoxysilane: (a, b) 1 mmol, (c, d) 3 mmol, (e, f) 7 mmol, (g, h)
10 mmol. Insets are water droplet images on the corresponding
surfaces. Scale bar of 500 nm is for (a, c, e, g), and scale bar of 2 um is
for (b, d, f, h).

area with water, as compared to smooth spheres, and results in
a higher water contact angle.*

Also, as discussed in FTIR part, the surface of the raspberry-
like spheres 1is covered by ethyl-functionalized poly-
silsesquioxane materials. It is widely accepted that the surface
roughness combined with the initially hydrophobic surface
chemistry makes it possible for the construction of super-
hydrophobic coatings.*® When these superhydrophobic coat-
ings contact with water, air will be maintained at the solid-
liquid interface, which will result in a high apparent water
contact angles (by definition exceeding 150°). As expected,
without any surface modifications, all as-prepared particulate
films exhibit superhydrophobic property with water contact
angle of 153°,167°, 165°, 164°, 151° when the precursor amount
are 1, 3, 5, 7, 10 mmol respectively. We believe that these
superhydrophobic surfaces contain a unique combination of
two fundamental properties: (1) surface roughness with rasp-
berry to flower like morphology and (2) low surface energy
from PSQ.

6688 | RSC Adv., 2017, 7, 6685-6690
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3.3 Effect of ammonia solution, CTAB and PVP

Another important synthetic factor that influences the surface
topography is the concentration of ammonia solution, which
worked as a catalyst to control the hydrolysis and condensation
speed of the silane precursor. To investigate the effect of the
catalyst on the hierarchical morphology, the amount of
NH;-H,O was varied from 0.01 to 1 mL, with the other condi-
tions kept constant (5 mmol of silane precursor, 0.1 g of CTAB
and 0.25 g of PVP). The morphologies of the final products with
different ammonia concentration were checked by SEM as
shown in Fig. S2.1 With small ammonia amount (0.01, 0.02 mL),
the hydrolysis and condensation speed of silane precursor is
very slow, which made the HPSQ/PS materials aggregated and
generated connected microspheres. Increasing ammonia
amount to 0.1 mL led to microspheres with much more uniform
morphology, however, still some connected microspheres was
observed. When ammonia amount increased to 0.4 mlL,
uniform and monodispersed spheres could be obtained as
shown in Fig. 2. Further increasing ammonia concentration did
not show obvious change on the sphere morphology. In
summary, enough high concentration of ammonia solution is
necessary for the formation of uniform and monodispersed
microspheres with hierarchical structure.

CTAB and PVP also play very important roles in the forma-
tion of the hierarchical structure. Without using CTAB, only
smooth spheres could be obtained as shown in SEM images of
Fig. S3a and b.t Without using PVP, the hierarchical structure
still could be observed (Fig. S3c and dt), and increase of CTAB
amount (from 0.1 g to 0.25 g) could result in more clearly

Fig. 5 Formation process of the hierarchical microspheres. SEM
images of the HPSQ/PS collected at different reaction time: (a) 0.5 min,
(b) 20 min, (c) 40 min, (d) 60 min, (e) 120 min, (f) 12 h.

This journal is © The Royal Society of Chemistry 2017
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hierarchical structure, even though the morphology is not
uniform. It is considered from these phenomena that CTAB
plays a crucial role in the formation of hierarchical composite
particles and PVP works as the stabilizer to ensure the uniform
and monodispersed microspheres.

The polymer microspheres also play a significant role as the
original seeds to induce the adsorption of hydrolyzed ETMS on
them. When a control experiment without using any PS
template was carried out, it was found that only macroscopic
precipitate appeared and no regular sphere was formed

(Fig. S47).

3.4 Mechanism of hierarchical PSQ/PS forming process

To investigate the formation process of the hierarchical struc-
ture, evolution experiments were performed and the interme-
diate products at different stages (0.5 to 120 min) were studied
by SEM techniques (Fig. 5). With reaction time for 0.5 min, no
obvious nanoparticles were found on the surface of the micro-
spheres (Fig. 5a). The particles are spherical, uniform in size
and have a very smooth surface. When the reaction time
increased to 20 min, several nanoscale protrusions are clearly
observed on the smooth microspheres (Fig. 5b). Further pro-
longing the reaction time to 40 min, much more tiny nano-
particles appeared and adhered on the microspheres (Fig. 5c).
For the reaction time of 60 min, much higher coverage of PSQ
nanoparticles on the microsphere was obtained and the surface
of microspheres became rough, as shown in Fig. 5d.
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Scheme 1 Schematic procedure for preparing hierarchical HPSQ/PS
microspheres: with reaction time prolonging, PSQ nanoparticles
formed, attached on microspheres and grown into raspberry- to
flower-like spheres depending on the amount of silane precursor.
Without using CTAB, just smooth microspheres were obtained.

This journal is © The Royal Society of Chemistry 2017
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Interestingly, the nanoscale protrusion could further grow up to
a bigger size of nanoparticles with reaction time of 120 min, and
the areas between the nanoparticles also were clearly covered by
the PSQ materials, which means a well-formed hierarchical
structure have been formed (Fig. 5e). Further increasing of the
reaction time to 12 h did not affect the morphology much
(Fig. 5f). Based on the time-dependent experiments above, it is
clearly that several nanoparticles were firstly formed and
attached on the microsphere, subsequently formed raspberry-
like particles with further condensation process of the silane
precursor (Scheme 1).

4 Conclusions

In this work, a series of raspberry-like to flower-like particles
were controllably fabricated through a PSQ materials forma-
tion, adhesion and growing on polystyrene cores. The diameter
of nanoscale particles and the topography of the microspheres
surface could be easily tailored by adjusting the silane precursor
concentration. Other reactants such as ammonia solution,
CTAB, and PVP in the system also play an essential roles for the
formation of the raspberry-like structure. The hierarchical
structure of the composite particles combined with the hydro-
phobic PSQ surface enables the as-prepared particulate film
exhibit superhydrophobic property.
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