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HIGHLIGHTS

e Demonstrated a one-step control-
lable coating method of organo-SiO,
on polystyrene.

eThe Br-modified PS@vinyl-SiO,
colloidal crystal has tunable photonic
band gaps.

e PS@mercaptopropyl-SiO,  particles
allow the encapsulation of small Au
nanoparticles.
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ABSTRACT

A facile method of coating polystyrene (PS) particles with organo-silica and their functionalization was
presented. By adding the organo-silane precursor into PS aqueous solution in presence of ammonia, an
organo-silica shell could be coated on PS particles directly. This method has several characteristics. First,
only one process, one precursor and one solvent were used. Second, the organic groups could be varied
from methyl, propyl, vinyl, to mercaptopropyl. The third is the tunable shell thickness with a high
monodispersity. The organo-silica shells are further functionalized. The PS@vinyl-SiO, particles were
used to assemble colloidal crystals, and further modified with bromine, resulting in tunable photonic
band gaps. PS@mercaptopropyl-SiO, particles allow the encapsulation of Au nanoparticles. The resulting
2.2 nm Au particles were stable at 550 °C and well-distributed in the whole SiO; shell with a loading up
to 20 wt%.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Core-shell particles have attracted considerable attention in
physics, chemistry, and medicine, due to their application potential
and drug delivery [1-6].

in photonic crystals, catalysis,
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Extrapolating these interesting works, one may envisage tunable
optical systems usable as breadboards of photonic integrated cir-
cuits or geometrically designed catalysts for consecutive chemical
reactions. In the developments, PS@SiO; is a popular basic core—-
shell system [7—11]. The PS core can have a highly uniform
spherical shape, a high monodispersity, and a possible inner cor-
e—shell structure as well. Also the PS can easily be removed via
chemical leaching or calcination, and then hollow particles [10,11]
or yolk-shell systems can be obtained. The SiO, shell is usually
fabricated by a Stober-like method [12] delivering a controllable
homogeneous thickness and a tunable porosity [1—-3]. In addition,
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owning to the negative charge, SiO, can prevent the aggregation of
the colloidal particles. However, commonly used PS particles are
also negatively charged [13]. Therefore, it's hard to get smooth and
homogeneous coating of SiO, directly on the negatively charged PS
particles. Many groups have developed different ways to modify the
surface of PS particles, e.g. SiOH-functionalized surfaces [8], PVP-
stabilized surfaces [9], and polyelectrolyte deposited (positively
charged) surfaces [13]. It takes two or even more steps, which are
very time-consuming in reaction and cleaning process.

One application of core—shell systems is photonic band gap
materials. Such materials require a high monodispersity of the
building blocks and a usable chemical flexibility to tune the system
towards applications such as photonic waveguides or resonators.
Monodispersity and tuning abilities were achieved in several
works, e.g. PNIPAM-based thermo-responsive colloidal crystals
[14,15]. However, temperature and most chemical tunings lead to
lattice constant changes, which can be acceptable for sensor ap-
plications but not for application in many other photonic devices.
They destroy the device or induce defects. Therefore, constant-
lattice tuning possibilities are required. The refractive index of the
building blocks has to be changed, but the geometry should stay
constant. The functionalization of core—shell systems is now an
important way to connect them with optically active ligands in a
flexible manner.

Another interesting application could be catalysis. Noble metals
grafted on inorganic matrices are widely investigated. Especially
gold nanoparticles (Au-NPs) are often used for the catalytic appli-
cations [ 16—24]. Different ways have been applied to graft Au-NPs
on or in SiO; matrix particles. One way is to infiltrate Au ions into
mesoporous SiO, spheres being the host for the formation of Au-
NPs inside the pores [16—18]. Another way is the use thiol groups
[20,22,24]. For example, a series of organically functionalized cor-
e—shell spheres was synthesized [22] which fixed the Au-NPs on
the core surface by the binding between thiol and Au. However, two
problems have been recognized for such systems. First, the
migration of Au-NPs leads to aggregation and to a loss of catalytic
activity at elevated temperatures (about 200 °C) [16—18]. Also Au-
NPs protected by a shell of SiO, cannot endure much higher tem-
peratures [22]. The second problem is the low loading with Au-NPs
especially for low-surface area materials [24]. High and
temperature-stable loading is therefore a challenge for many Au-
NP containing catalysts.

Recently, we reported a method to synthesize monodisperse
PS@v-SiO, core—shell particles, by using PS particles as template
and vinlytrimethoxysilane (VTMS) as the precursor [25]. The pro-
cedure involved the pre-hydrolysis of VTMS precursor in water and
then directly coating vinyl-SiO, on the PS surface at room
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Scheme 1. One-step R—SiO; coating on PS and their functionalization to form Au-NP:
SiO,, Br-modified colloidal crystal, and hollow SiO, shell.
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temperature. In this paper, we develop a one-step method to coat
PS particles with organo-SiO; (Scheme 1). By elevating the reaction
temperature, pre-hydrolysis of the precursor is not necessary. The
reduction of this two-step procedure to one-step makes it easier to
generalize this approach to flexible organic ligands. In addition, the
enhanced temperature enables the use for several organo-silanes,
which are strongly hydrophobic and hard to be dispersed in cold
water. Subsequent modifications demonstrate the accessibility of
the functional groups and the efficient tunability of these building
blocks. For example, PS@v-SiO; core—shell systems were modified
with bromine leading to efficiently tunable colloidal crystals with
stable lattices. Furthermore, Mercaptopropyl-SiO, shells were
impregnated with HAuCly forming a high loading of well-
distributed Au-NPs inside the SiO, shell.

2. Experimental section
2.1. Materials

Methyltrimethoxysilane (MTES, 99%), n-Propyltriethoxysilane
(n-PrTES, 97%), vinyltrimethoxysilane (VTMS, 98%), 3-
Mercaptopropyl trimethoxysilane (MPTMS, 95%), and bromine
(>99.5%) were purchased from Sigma—Aldrich. Ammonia solution
(NH3-H0, 28—30%) and Ethanol (99.9%) were purchased from
Merck. PS particles (284 nm in diameter, terminated with sulfate
groups, negatively charged) were purchased from Microparticles
GmbH (Berlin). All chemicals were used as received. Ultrapure
water was used directly from a Milli-Q water system.

2.2. PS@0Organo-SiO, core—shell particles

Core-shell particles were prepared by coating an organo-SiO,
shell on the surface of PS core via a modified Stober process that
involved hydrolysis and condensation of the organo-silane in
aqueous solution. For the PS@methyl-SiO, particles, 15 mL 0.5 wt%
of PS aqueous suspension was heated to 60 °C under stirring, and
then 10 mL ammonia solution was added. After 5 min, 0.5 mL MTES
was dropped into the PS/NH3/H,O system. The reaction was
allowed to proceed for 5 h at 60 °C. The resulting particles were
washed three times with ethanol. For the n-PrTES/MPTMS pre-
cursor, 30 mL 0.25 wt% PS was used. The processes were the same
as the MTES synthesis. The details are listed in Table 1.

2.3. Hollow SiO; shells

The hollow SiO; shells were obtained after removing the PS
core. The core—shell particles were heated to 550 °C with a rate of
2 °C/min in air, kept for 6 h, and then cooled to room temperature.
The obtained hollow SiO; shells were dispersed in ethanol for
further use.

2.4. Br-modified colloidal crystals

The colloidal crystals were fabricated by using the capillary
deposition method [6]. A suspension of 0.5 wt% PS@v-SiO, particles
(sample DNT-DA-071-01, shell thickness 104 nm) in ethanol was
used. The planar capillary cell was consisted of two glass slides
separated by two polymer spacers (15 pm). A capillary tube was
connected the colloidal suspension and the lower glass plate. The
suspension was dragged up into the cell due to the capillary force.
The colloidal crystal film was formed after evaporation of the sol-
vent at the open edges of the capillary cell. For the bromine
modification, a 2% (v/v) bromine solution in ethanol was infiltrated
into the crystal via the capillary tube instead of the suspension. The
infiltration was allowed to process 24 h. After infiltration, the cell
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Table 1

Core-shell spheres obtained from different organo-silanes.
No. Organic group Precursor Co—si (mL) Do.si (nm) Po_si (%) to-si (Nm)
1 Methyl MTES 0.5 343 2.6 341 +4.1
2 Propyl PrTES 0.6 418 2.9 743 £ 6.1
3 Vinyl VTMS 0.4 343 24 40.1 + 4.2
4 Mercaptopropyl MPTMS 0.5 483 24 104.1 + 6.5

Dysi, Po—si, and t,_s;: mean diameter, polydispersity and shell thickness of PS@organo-SiO, core—shell particles. The polydisperity P,_s; is defined by the relative standard

deviation of the diameter.

was dried in air for several days. Note: Bromine is highly toxic and
very volatile and needs to be handled with caution.

2.5. 0@Au-NP:SiO; shell particles

The PS@mp-SiO; dispersion was dried at 50 °C overnight. Then
5 mg of the PS@mp-SiO, powder was added to 30 mL 0.05 wt% of
HAuCl, aqueous solution. The contents were briefly sonicated for
2 min and then stirred at 80 °C for 24 h. A part of the particles
formed a sediment layer at the bottom. All particles were separated
by centrifugation, washed 3 times with H0. A part of these parti-
cles were analyzed, the others were calcined at 550 °C for 6 h. The
resulting powder (named O@Au-NP:SiO, shells) was used for
analysis without further purification.

2.6. Characterization

The morphology of particles was observed by a transmission
electron microscope (TEM) (Hitachi HF 2000). To prepare the
samples, a carbon coated copper grid were dipped in the particle
dispersion and drying in air. The geometric parameters of the
particles were measured for about 100 particles for each TEM
image.

The colloidal crystal films were observed using scanning elec-
tron microscopy (SEM) (Hitachi S-3500N). A gold layer (10 nm) was
sputtered on the film before observing. A Cary 5G UV—vis—NIR
spectrometer (Varian) was used for measuring the transmission
spectra of the colloidal crystal films (15 um thick).

The Au-NPs encapsulated samples were also characterized by a
scanning transmission electron microscope (Hitachi S-5500)
working in transmission dark field mode (DF), transmission bright
field mode (BF), or normal secondary electron (SE) mode. A high
acceleration voltage of 30 kV was used for all modes. Color pro-
cessing of selected pictures was carried out by the Hitachi S-5500
software.

In some cases, sections were cutted with a Reichert Ultracut
ultra-microtome. The particles were fixed in a Spurr resin (hard
mixture), and a series of thin sections of the particles with the
thickness of about 28 nm were prepared and transferred onto a
copper grid with a lacey film. EDX of the 0@Au-NP:SiO; shell with
mapping of the distribution of O, Si, and Au in a 0@Au-NP:SiO,
through different directions was performed by a Noran System 7 x-
ray Microanalysis System (Thermo Scientific) coupled to a Hitachi
S-5500.

3. Results and discussion

Fig. 1 shows TEM images of the synthesized PS@organo-SiO,
core—shell particles with different organo-SiO; shells. All 4 kinds of
particles have a polydispersity lower than 3% and thickness fluc-
tuations lower than 12%. Particle size, polydispersity, and shell
thickness of the core—shell particles are listed in Table 1. We
emphasize the different chemical character of the functional
groups. The thickness of the organo-SiO; shell can easily be

controlled by several parameters, such as reaction temperature,
reaction time, precursor concentration, pH, and the ratio of the
precursor and PS as it was shown for some examples [25,26]. Here,
we fixed the other parameters and used the influence of precursor
concentration only. TEM images of the PS@v-SiO; core—shell par-
ticles with different amount of VTMS precursor are given in the
supporting information (Fig. S1). By increasing the VTMS amount,
the shell thickness could be adjusted in the range of 10 nm—110 nm,
without losing the monodispersity and the uniformity of the shells.
This confirms the controllability of the coating process. The
elevated reaction temperature improves the coating process and
makes the coated shells more perfect in comparison to a former
work [25]. There, more eccentric shells have occurred.

The core—shell systems can also be used to fabricate hollow
shells. For this, core—shell particles were treated at 550 °C for 6 h.
The PS templates burned away and well-shaped SiO; shells
remained (Fig. 2). The hollow shells are still highly monodisperse
(P < 3%) despite the large shrinkage of particle size and shell
thickness (see Table S2). The calcination experiments show the
integrity and the accessibility to chemical reactions for all these
organo-SiO, shells. Due to the high monodispersity and the re-
dispersibility of the particles, the hollow SiO, shells can be used
for growing colloidal crystals. The resulting crystals show a reduced
number of defects. This interesting point is addressed in another
study [27].

Compared to the normal SiO;, the organo-SiO; easily allows
further homogeneous modification of the material due to the ho-
mogeneous presence of the organic groups [28—30]. Normally,
post-synthesis coating with triethoxysilanes (RTES) or trimethox-
ysilanes (RTMS) has been used for functionalization, where the R
represents different organic substitutes [28]. However, this post-
synthesis functionalization results in thin active layers on the
accessible SiO; surface only. Using the whole volume of the syn-
thesized material is very difficult. Thus, the organo-SiO, shells
represent a convenient starting point for further material design. In
the following, we will give an example of shell modifications using
the organic groups in the shells.

Due to the PS core and the vinyl groups in the v-SiO; shell,
colloidal crystals composed of PS@v-SiO, particles offer different
tuning possibilities for their photonic properties. The vinyl groups
can be used for addition reactions, e.g. with bromine or borane
hydride [31]. In former reports, temperature-tuning was investi-
gated for colloidal crystals of v-SiO, [32] and PS@v-SiO, [25]. The
stop band showed a large blue-shift, mainly due to the shrinkage of
the particles after the temperature treatment. However, this also
caused a large number of cracks, leading to a broadening of the
Bragg peak and a poor crystalline quality.

The tuning the optical properties via chemical addition re-
actions can avoid the crack formation during tuning. Therefore, we
examined modification of the v-SiO, shells with bromine. The
colloidal crystals were fabricated from PS@v-SiO, particles via the
capillary deposition method [6]. As seen in Fig. 3a, well-packed
arrays were formed, with regular linear cracks in the sub-micron
range. Then, the PS@v-SiO, colloidal crystals were treated with
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Fig. 2. TEM images of hollow SiO, shells obtained by calcination of different PS@R-SiO, core—shell particles: R = methyl (a), propyl (b), vinyl (c), and mercaptopropy! (d). These

hollow shells were obtained the same core—shell particles as shown in Fig. 1.

bromine in ethanol and dried in air. Fig. 3b shows the arrays of the
Br-modified colloidal crystals. The lattice of Br-modified colloidal
crystal is seemingly unchanged in all properties, in the structure, in
the lattice constant, and in the crystalline quality (see more SEM
images in Fig. S2). However, the optical properties show obvious
changes as visible in Fig. 4. The stop band (Bragg peak) is red-
shifted from 1076 nm to 1163 nm after the Br modification. Due

to the unchanged lattice constant, this is connected with the in-
crease of the effective refractive index.

Under normal incidence, the diffracted wavelength is given by
the Bragg equation involving an effective refractive index nes [6].

g = 2nejfd11] (M
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Fig. 3. SEM images of (a) PS@v-SiO, colloidal crystals, and (b) Br-modified colloidal crystals. The lattice constant is 695 nm for both.
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Fig. 4. Transmission spectra of a PS@v-SiO, colloidal crystal and a Br-modified
colloidal crystal. A red-shift of Bragg peak of A1 = 87 nm was observed. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

gy = ngfa + ngfe + ngfon 2)
3 D3 _ D3
Dsh Dsh

where Jp is the Bragg peak wavelength, d;; is the (111) plane dis-
tance which depends on the lattice constant. The effective refrac-
tive index depends on the refractive indices of the core n. (=1.59 for
PS), of the shell ng,, and of the ambient medium n, (=1 for air). f, fsp,
and f, are the volume fractions of the corresponding parts in the
lattice. Dgj, and D, are the diameters of the whole core@shell sphere
and of the core part, respectively. In Equation (3) the ideal packing
of the core@shell spheres was assumed. From (1)—(3), one finds
nsp = 1.415 for the unmodified v-SiO- shells, and ng, = 1.584 for the
Br-v-SiO, shells. The result for v-SiO, is a bit lower than for normal
Si0,, which we ascribe to the porosity of the shells. The Br-
modification causes an increase of ns; by Ang, = 0.17. This is quite
a large effect which is able to influence the propagation of light by
these nanoparticles efficiently.

The geometrical rigidity of the system used for the above
calculation is not only indicated by the SEM observations but also
understandable by the construction of the material. The organo-
silica forms a 3D network interconnected with organic groups.
The organic groups are bound to the network only by one bond.
Changes in the organic group therefore have a very small influence

on the 3D network.

The increase of the refractive index of the shell by bromine is, of
cause, an expected effect. It is observed in bromine-containing
liquids and polymers [33,34] and it can be ascribed to the higher
molar refraction contributions of the two Br atoms replacing one
C=C double bond. For instance, Roll et al. [34] calculated a refrac-
tive index of 1.7 for [2,5-BryPhSiOqs5]g crystals. The Clau-
sius—Mossotti equation relates the refractive index n of a substance
to its polarizability which can be described by the molar refraction
[33].

=1 Rp
n2+2 Vp

Here R,; is the molar refraction and V,,; stands for the molar
volume. Ry, can be split to different contributions assigned to
atoms, groups of atoms or even single bonds. Equation (4) describes
how the refractive index n increases with Ry/Vy,. So, the intro-
duction of atoms or groups with high molar refraction would in-
crease Rp/Vi, resulting in an increase of the refractive index n.
According to the Ref. [14], Rp(C=C) = 1.733 cm?/mol and R,
(Br) = 8.865 cm’/mol were determined. Therefore, the Br-
modification of v-SiO, connected with the reaction —CH=
CH, + Bry — —CHBr—CH,Br will very effectively increase the
refractive index, leading to the observed red-shift of the Bragg peak.

As mentioned in the introduction, it is important to obtain
volume-encapsulated Au-NPs which are stable at higher tempera-
tures. Here we aimed to obtain Au-NPs in the SiO, shells using the
strong interaction between Au and thiol group. An aqueous HAuCly
solution was added to the PS@mp-SiO;, particles at 80 °C. We
observed a slightly pink milky suspension with a layer of solid
particles on the bottom of the reaction vessel. We ascribe this layer
to particles with a large amount of gold on the outer surface (see
Fig. S3). They likely became too heavy and precipitated to the
bottom. The majority of the particles, however, remained in the
suspension.

In the next step, 0@Au-NP:SiO; shells were obtained by calci-
nation of the Au-impregnated PS@mp-SiO, core—shell particles at
550 °C for 6 h. In this process, the PS core and organic part in the
shells were removed. Therefore, we name the core part in 0@ ...
with the sign zero. The samples were characterized by scanning
transmission electron microscopy using the normal secondary
electron mode (SE) but also dark field transmission mode (DF) and
transmission bright field mode (BF).

We assign the Au-NPs to volume-incorporated and surface-
adsorbed ones. This interpretation can be visualized in an EM
composite image (Fig. 5). The image shows the two different Au-
NPs in two colors: green — the incorporated Au, and yellow — the
Au at the outer surface. The individual shell particle in Fig. 5 (also
see Fig. S4) was chosen by demonstration reasons to show both

(4)
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Fig. 5. Electron microscopic composite image of a selected 0@Au-NP:SiO, shell. The
red component was generated by the DF signal and the green one by the SE signal
simultaneously recorded. The logic operation applied to the two original component
RGB-pictures was ADD. Therefore, the color change green-yellow-orange-red indicates
the relative magnitude of the two components. The color of the small particles turns
from green to yellowish-green if the particles are more near to the surface. Particles on
the outer surface show a pale yellow color since they generate both signals with
comparable magnitude. A red rim region is also visible which is nearly free of the color
green, i.e. free of Au-NPs. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

types of Au-NPs. Most of the 0@Au-NP:SiO, shells do not show any
Au-NP at the outer surface. Therefore, most of the Au formed in this
synthesis is encapsulated which should be useful for many func-
tions and surface decoration remains an exception only.

To get more quantitative information on the distribution of the
Au-NPs in the SiO, shell, sections of the sample were made with an
ultra-microtome. The samples were studied electron-
microscopically (Fig. 6, S6, and S7). As visible in Fig. 6a, the Au-
NPs are indeed well distributed inside the SiO; shell, seemingly
with a slight gradient. EDX mapping of the O, Si, and Au are shown

OK

in Fig. 6b and confirm this impression. The plot in Fig. 6a shows the
distribution of O, Si, and Au inside the shell with a maximum of Au
near the outer surface and a clear penetration into the shell interior.
The EDX analysis showed an average loading of 20.8 wt% Au-NPs in
the SiO; shells (Fig. S5), which has potential application in the high-
temperature catalytic reactions. More images of 0@Au-NP:SiO,
shells are given in the Supporting Information. The Au-NP size
distribution in the SiO, shell was measured as shown in Fig. S8
delivering a size range from 1 nm to 5 nm with an average of
(2.2 £0.5) nm.

According to the above results, we propose the following for-
mation mechanism for the gold in 0@Au-NP:SiO,: (1) Au>* ions are
soaked-in into the mp-SiO; shell together with the solvent; (2)
Some of the Au>* ions are converted to Au® and formed small Au-
NPs (<1 nm); (3) the rest of the Au>" is decomposed to Au® (nor-
mally at 300 °C) [18,35] migrating at this temperature and leading
to further growth of the small Au-NPs up to 1-5 nm. The occasional
big Au-NPs on the outer surface of some particles, we ascribe to the
nucleation (reduction of Au ions) and growth on the outer surface.

In this mechanism, the originally synthesized functionalized
shells fulfill several functions. They allow the transport of the Au
ions, reduce a part of the Au precursor, and act as a support
confining the growth of the Au-NPs throughout the whole high
temperature treatment. This combination of functions allows the
high-percentage encapsulation of Au-NPs inside the SiO, shells
during a high temperature treatment, which is essential for the
stability of the system. Mesoporous SiO; has already been discussed
as a promising support for Au-NPs, but the Au-NPs can break the
silica pore walls and overgrow the pore size at temperatures of
about 200 °C [18,22]. It was suggested [ 18] that the thickness of the
walls in mesoporous SiO; is too thin to prevent the migration of Au
particles. The SiO, matrix obtained by calcination of mp-SiO,,
however, turned out to be stable and dense enough to restrict the
migration of Au-NPs. To use the particles for catalytic applications,
further measurements such as pore size distribution and pore
volume will be carried out. This could be a separate work which is
still in progress.

40 60 80 100

Position /nm

Fig. 6. (a) Electron microscopic BF image of a 0@Au-NP:SiO, shell. The microtome section has a thickness of about 28 nm. The plot shows the distribution of each element (O, Si, and
Au) through the arrow direction (from outer surface to inner surface). (b) EDX mapping of the element distribution of O (left), Si (middle), and Au (right) on this section. Studies on

other particles and other positions are shown in the Supporting Information.
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4. Conclusions

In summary, we have developed a method of one-step organo-
silica coating on PS particles, and their application as tunable
photonic band gap materials and support for Au nanoparticles. The
organic functional groups have been varied among methyl, propyl,
vinly, and mercaptopropyl. The PS@v-SiO, colloidal crystals were
modified with bromine, resulting in tunable stop band. The in-
crease of the refractive index of the shell is large (Ang;, = 0.17) and
leads to a significant shift of the Bragg peak. This big change of ngy
offers usable tuning possibilities for colloidal crystals. The whole
crystal could be changed or also localized regions needed in
designing hetero-structures for photonics. The modification of
functionalized PS@organo-SiO, particles might be extended to
treatments with hydroboron. The second modification has led to
Au-NPs encapsulated inside the SiO, shell with a loading ratio of
about 20 wt%. The Au-NPs occur in the whole SiO; shell and they
are stable at 550 °C.

The direct organo-silica coating has the general advantage of an
inherently homogeneous distribution of the functional groups, in
comparison with post-synthesis grafting. Therefore, it could be a
key method for the construction of complex functional
nanostructures.
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