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Introduction

Hierarchically ordered materials with various archi-
tectures in the nanometer scale are well known from
nature. Over the last decades, scientists have spurred
intensive research in order to mimic and produce
similar structures [1]. Such materials feature excellent
structural control making them interesting for a huge
variety of applications in the field of optical, electrical,
magnetic and chemical sensors. If these hierarchically
structured materials additionally bear functional
moieties, they can be triggered by external stimuli
[2-5]. In general, multifunctional artificial structures
can either be pure organic, inorganic or hybrid, i.e., a
combination of inorganic and organic units. More-
over, the fabrication of hierarchically structured
(meso)porous materials led to the combination of, e.g.,
hollow spheres, nanowires, nanorods, nanotubes,
fibers, membranes or 3D-ordered porous materials.
Some recent strategies focus on guiding the self-
assembly of block copolymers [6, 7]. Within this field,
there are different approaches for the preparation of
ceramic materials, nanocomposites included. For
deeper insights, readers are referred to contributions
by Orilall and Wiesner [8] and other authors [9-13].
Hierarchical colloidal architectures, especially inverse
opals with adjustable dimensions, have gained con-
siderable attention due to their tremendous potential
for various applications in catalysis, separation, sen-
sors, optics and biomedicine [14, 15]. Different tem-
plating strategies have been applied for controlling
shape and size of the final (porous) materials after
removal of the sacrificial structure [16-21]. In partic-
ular hard templating is a versatile technique for the
formation of hollow micro- and nanostructures [22].
In contrast, polymer-based templating strategies for
the preparation of advanced ceramics are known as
soft templating. The self-assembly of preceramic core/
shell architectures is a versatile method for the
preparation of 3D hierarchically ordered ceramic
materials via pyrolysis. This technique is based on
tailor-made micro- and nanoparticles with the
intrinsic capability of colloidal crystallization, which
is particularly interesting for optical applications [23].
In general, colloidal crystals can be prepared by var-
ious techniques such as particle deposition or spin
coating of respective dispersion [24-26]. Moreover,
the precise arrangement of polymer particles can be
improved in flow fields by, e.g., combinations of

@ Springer

J Mater Sci (2017) 52:11179-11190

melting and shear-ordering methods leading to so-
called polymer opal films [27, 28]. This technique—
also known as melt-shear organization—uses core—
shell particles and has the major advantage of solvent-
and dispersion-free processing. This technique
involves the compression of monodisperse hard core
particles covered by a comparably soft shell. These
particles are compressed between the plates of a
moderately hot press and the hard core particles can
merge into the colloidal crystal structure due to soft-
ening of the soft polymer shell. In recent years, this
technique has been optimized by using a combination
of extrusion, rolling and edge-induced rotational
shearing steps, providing access to almost perfectly
ordered colloidal crystal films on the multi-meter
length scale [29-32]. Thus, large-area self-supporting
opal films could be obtained. Compared to above
mentioned methods for the preparation of polymeric
opal films, this strategy is fast yielding polymer films
in one single processing step. In more recent studies,
optical properties of opal materials addressable by
external triggers, e.g., temperature, ionic strength,
light, or by applying an electrical field or mechanical
stress attracted enormous attention in the scientific
community [33-40]. However, this particle organiza-
tion technique was limited to pure organic core/shell
particle architectures. Only recently, the usability of
inorganic core particles featuring a soft and
meltable shell for the melt-shear organization tech-
nique was reported. Exemplarily, smart inverse opal
films with unprecedented optical properties or car-
bonaceous inverse opals were accessible by using
silica as core materials [41, 42].

Within the present study, we focus on a convenient
single-source precursor route for porous materials
based on hybrid core/shell particles. The monodis-
perse core/shell particles are synthesized via starved-
feed emulsion polymerization, which offers excellent
control over particle size, core/shell ratio and archi-
tecture. The core is made of PMMA, while the hybrid
shell consists of poly(ethyl acrylate) (PEA) and
poly(3-methacryloxypropyl-trimethoxysilane)
(PMEMO). The soft PEA maintains the melt-shearing
capabilities, while PMEMO enables polysiloxanes
crosslinking during processing and serves as source
for the final SiOC-based ceramic material. The hybrid
crosslinking strategy increases stability of the poly-
mer matrix for subsequent removal of PMMA cores
by thermal treatment. The essential balance between
core/shell ratio, MEMO content and processing steps
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is investigated in order to produce hierarchically
ordered porous materials in one single step.

Experimental
Materials

Methyl methacrylate (MMA) and allyl methacrylate
(ALMA) were obtained from Fisher Scientific, ethyl
acrylate (EA) from BASF SE and Dowfax 2A1 from
Dow Chemicals. All other chemicals were obtained
from Sigma-Aldrich. Prior to use in emulsion poly-
merization, the inhibitors were removed from the
monomers by passing the monomers through a basic
alumina column.

Synthesis
Synthesis of PMMA-co-ALMA core particles

Hybrid core/shell particles were synthesized in a 1 L
double-wall reactor equipped with stirrer and reflux
condenser at 75 °C under argon. Starting with a solution
of 440 g water, 3.6 g methyl methacrylate, 0.4 g allyl
methacrylate and 30 mg Triton X-405 (or 35 mg SDS), a
mixture of 50 mg sodium bisulfite, 150 mg sodium per-
sulfate and 50 mg sodium bisulfate is added in this
sequence to initiate seed particle growth. After 15 min, a
monomer emulsion is added with a flow rate of
1.2 mL min~". The monomer emulsion consists of 72 g
water, 50.4 g MMA, 5.6 g ALMA, 170 mg sodium dode-
cyl sulfate (SDS), 200 mg KOH and 120 mg Dowfax 2A1.

Synthesis of PMMA-co-ALMA@PEA-co-PEMO core/
shell particles

The previously described polymerization of the core
particles was continued for different shell composi-
tions as compiled in Table 1. The core particle dis-
persion is buffered with 5 mL of 0.1 M phosphate
buffer. After 15 min, the monomer emulsion for the
shell material is continuously added.

Synthesis of PMEMO-co-PEA particles for TGA
investigations

For synthesis of pure PEA-co-PMEMO particles, a
solution of 440 g water, 2.6 g MMA, 1.4 g ALMA and
200 mg SDS was added for seed particle synthesis.
The polymerization was initiated with a mixture of
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Table 1 Composition of monomer emulsions for shell synthesis

Particles for melt-shear processing 30 g water

PMMA-co-ALMA@PEA-co-PMEMO  13.5 g EA
13.5 g MEMO
75 mg SDS

75 mg Dowfax 2Al
1 mL phosphate buffer
(0.1 M) pH 7.1

Particles for evaluation of core/shell 44.36 g water

ratios 26 g EA
PMMA-co-ALMA@PEA-co-PMEMO 14 ¢ MEMO
Throughout the polymerization, 110 mg SDS

samples with different core/shell 110 mg Dowfax 2A1

ratios are taken regularly for further 1.5 mL phosphate buffer

investigations (0,1 M) pH 7.1

50 mg sodium bisulfite, 150 mg sodium persulfate
and 50 mg sodium bisulfate added in this sequence.
After 15 min, a monomer emulsion is added with a
flow rate of 1.2 mL min~'. The monomer emulsion
consists of 72 g water, 36.4 g EA, 19.6 g MEMO,
170 mg SDS, 120 mg Dowfax 2A1 and 1.5 mL of
0.1 M phosphate buffer (pH 7.1).

General procedure for melt-shear
organization

For film preparation, the resulting latex is lyophilized
and the resulting powder is used for melt-shear
organization. 2 g of the particle powder is given
between two polyethylene terephthalate (PET) foils
and immediately melt-sheared in a Collin laboratory
press (P200 P/M) at different temperatures and
pressures with an optimum at 140 °C and 180 bar.
After 3 min, the press is opened and the colloidal
crystal disk film is removed.

Characterization

Transmission electron microscopy (TEM) investiga-
tions were carried out on a Zeiss EM 10 electron
microscope operating at 60 kV. All shown images were
recorded with a slow-scan CCD camera obtained from
TRS (Trondle) in bright field mode. Camera control was
computer-aided using the ImageSP software from TRS.
Ultra-thin sections were prepared out of the bulk col-
loidal crystal film (overall thickness of 300-500 um)
using a Leica Ultracut UCT ultramicrotome yielding
thin slices of 50 nm thickness. Dynamic light scattering
(DLS) measurements were taken on a Zetasizer Nano

@ Springer



11182

Z590 (Malvern). For Scanning electron microscopy
(SEM), a FEI/Philips XL30 FEG with accelerating volt-
ages between 10 and 30 kV was used. The SEM samples
were coated with gold for 120 s at 30 mA using a
Quorum Q300T D sputter coater. For thermogravi-
metric analysis (TGA), a Mettler TGA2 was used in the
temperature range from 35 to 600 °C with a heating rate
of 10 K min~" under oxygen or nitrogen atmosphere.
The long-term thermal treatment was performed at
280 °C for 40 h with a heating rate of 10 K min~".
Pyrolysis GC/MS was performed on Shimadzu GCMS-
QP2010 Plus with an Ultra-alloy 5 (Frontier Lab) col-
umn under helium flow. The samples were pyrolyzed
with a Frontier Lab PY-2020iD at 350 and 440 °C.

Results and discussion

Synthesis of MEMO-containing core/shell
particles

Starved-feed emulsion polymerization was used for
the preparation of hybrid core/shell particles with
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poly(methyl  methacrylate-co-allyl ~ methacrylate)
(P(MMA-co-ALMA)) as core particles and shell mate-
rial consisting of either poly(3-methacryloxypropyl-
trimethoxysilane) (PMEMO) or alkoxysilane deriva-
tives and poly(ethyl acrylate) (PEA) (Fig. 1).

In general, the synthesis of MEMO-containing
particles has been only partially investigated in lit-
erature [43] and mostly miniemulsion polymerization
strategies are described [44, 45]. In order to prevent
early crosslinking through alkoxysilane moieties
during starved-feed emulsion polymerization, the
dispersions are buffered to pH =7. As acidic
byproducts during the initiator decomposition were
typically formed, usage of a buffer system was
mandatory. For this reason, a hydrogenphosphate/
dihydrogenphosphate buffer system was used to
maintain a constant pH during the polymerization.
After particle synthesis, in order to avoid significant
crosslinking during drying, the particles were lyo-
philized. Dried particles can be processed using the
melt-shear technique to produce a hybrid core/shell
particle film (see Scheme 1).
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Figure 1 Particle synthesis starting from methyl methacrylate and allyl methacrylate as core material and ethyl acrylate and

3-methacryloxypropyl-trimethoxysilane as shell material.

melt-shearing

cores via thermal treatment.
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Scheme 1 Synthesis starting from core/shell particles to the melt-shear processed colloidal crystal film and subsequent removal of the
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Removal of the template was achieved by thermal
treatment of the hybrid films under optimized con-
ditions after thorough investigation. As monodis-
perse particles are a basic prerequisite for application
of the melt-shear organization technique as well as to
obtain tailored porous inverse colloidal crystal films,
perfectly adjusted particles in terms of size, dispersity
and core/shell ratio had to be synthesized. For this
purpose, starved-feed emulsion polymerization was
conducted. The cores consist of poly(methyl
methacrylate-co-allyl ~ methacrylate) (P(MMA-co-
ALMA)), since this copolymer degrades thermally at
convenient temperatures [46—48] and the core mate-
rial is partially crosslinked for the later use in the
melt-shear process. Poly(ethyl acrylate) (PEA)
copolymerized with MEMO was used as soft shell
material [37, 49]. ALMA acts as anchor groups at the
PMMA particles due to the different reactivities of
the allyl groups compared to the methacrylic groups.
Due to the presence of ALMA anchoring groups, a
separation of the soft PMEMO-co-PEA-containing
shell from the core particles was circumvented. The
MEMO content was adjusted between 35 and 50 wt%
with respect to a good balance of processability and
significant ceramic yield after thermal treatment. A
lower MEMO content leads to processable materials,
but no porous structures were obtained due to high
material loss. This can be explained by the decreasing
degradation stability of shell material at low MEMO
contents leading to unstable porous structures. As
investigated by TGA (Figure S1), the thermal stability
of the shell material is rather low for a MEMO con-
tent 10 wt%. The thermal stability significantly
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increases with increasing MEMO content, i.e., for a
content of 35 or 50 wt%, respectively. On the other
hand, a high content of MEMO as shell material
could not be processed via the melt-shear organiza-
tion technique.

For tailoring the core/shell ratio, starved-feed ratio
starved-feed emulsion polymerization was adapted
as described in the experimental section. Due to the
continuous addition of monomer emulsion in the
starved-feed mode, the shell thickness successively
increased with time. For investigating the optimal
core/shell ratio, particle samples were taken from the
reaction vessel and evaluated by TEM imaging and
DLS measurements (Figure S2 and Table S1). The
calculated core/shell ratios are based on the volume
of an ideal sphere depending on the amount of added
monomer emulsion and the speed of monomer
addition with reaction time. The results of the particle
sizes as determined by DLS measurements are in
good agreement with the calculated core/shell ratios.
In Fig. 2, exemplary TEM images of the PMMA-co-
ALMA@PEA-co-PMEMO particles with a core shell
ratio of 61:39 vol% are displayed. Additional TEM
images of other samples can be found in the sup-
porting information (Figure S3).

Concluding from these images, monodisperse
core/shell particles with adjustable ratio of PMMA-
co-ALMA core to PMEMO-co-PEA shell were acces-
sible by the applied synthetic protocols. As required
for melt-shear organization, the shell of the particles
connects with each other forming a film due to the
presence of soft PEA. Moreover, the obtained core/
shell particles were uniform, which is a further

Figure 2 TEM images of monodisperse core/shell particles after synthesis via starved-feed emulsion polymerization.
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prerequisite for colloidal crystal film formation as
well as for the formation of isoporous structures
which will be described in the ensuing sections [50].
The obtained core/shell materials were subsequently
introduced into melt-shear processing.

Melt-shear organization for hybrid core/
shell particles

The PMEMO-based core/shell particles featuring
different core/shell ratios were investigated with
respect to their usability in melt-shear organization
and for the formation of porous materials. For this
purpose, the experimental results regarding particle
size and core/shell ratios played a crucial role in
optimizing the organization process and the intended
porosity of the final ceramic material. Prior to pro-
cessing, the obtained particle suspension was lyo-
philized instead of using a more common drying
process at elevated temperatures. This lyophilization
step was necessary to obtain a dry particle powder
featuring only small amounts of crosslinked
alkoxysilanol moieties resulting in a processable
material. In previous studies, the particle suspension
was aggregated and dried followed by extrusion to
enable the intended melt-shear processing. These
additional steps ensure a homogenization of the
particle powder, and additional additives comprising
crosslinkers, radical crosslinking initiators as well as
additives for increasing optical performance can be
added. The resulting polymer strands were then
processed via melt-shearing. Compared to previous
studies applying multi-step procedures for colloidal
crystal film formation, the herein presented MEMO-
containing core/shell particles feature the advantage
for direct colloidal crystal film formation due to their
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intrinsic capability of crosslinking reactions caused
by the alkoxysilanol moieties. For this purpose, the
lyophilized powder was homogenously distributed
between two sheets of PET foil and processed via
melt-shearing using a laboratory press. Exemplarily,
in Fig. 3, the melt-sheared core/shell particle film of a
lyophilized sample (left) and an oven-dried sample
(right) are directly compared.

The obvious optical difference with respect to
transparency between the two films was a result of
the differences in sample preparation and processing.
It can be concluded that the lyophilized, non-pro-
cessed particles enabled the successful formation of
transparent colloidal crystal films. In contrast, the
film obtained from oven-dried powder was brittle
due to unwanted crosslinking prior to melt-shear
processing. For further optimization of processing
parameters, the synthesized core/shell particles were
processed under various conditions. In the following
section, the influence of temperature and pressure on
melt-shear processing was investigated. Figure 4
shows films processed at different temperatures for
3 min at a constant pressure of 180 bar.

As shown in Fig. 4, a processing temperature of
140 °C resulted in a clear and homogenously dis-
tributed hybrid polymer film. At lower temperatures,
the film cannot flow freely and a turbid film was
received. For temperatures higher than 140 °C, the
fully melted and optically clear parts of the film
decreased with increasing temperature and at 200 °C
a continuous white film was obtained. A possible
explanation for this behavior is the preferred con-
densation reaction of PMEMO at higher temperatures
leading to a crosslinked and no longer processable
material. Besides the temperature dependency, the
influence of pressure on the resulting films is

Figure 3 Photographs of the melt-sheared core/shell particle film of a lyophilized (left) and oven-dried powder (right). The scalebar

corresponds to 1 cm.
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140°C
180bar
3min

170°C 200°C
180bar 180bar
3min 3min

Figure 4 Photographs of the melt-sheared core—shell particle films processed at five different temperatures. The scalebar corresponds to

1 cm.

140°C 140°C
100bar 150bar
3min 3min

140°C
180bar
3min

Figure 5 Photographs of the colloidal crystal films after melt-shear processing of core/shell particles under varying pressures. The

scalebar corresponds to 1 cm.

investigated as well. The obtained films, melt-sheared
for 3 min at 140 °C under varying pressures between
100 and 250 bar, are displayed in Fig. 5.

As can be concluded from these images by inves-
tigating the optical transparency and uniformity over
the whole film with the naked eye, the variation of
pressure had a minor influence on transparency and
uniformity of the core/shell particle films. In all
samples, the center of the film flowed freely becom-
ing transparent because of the low refractive index
contrast between core and shell. However, the sam-
ples prepared using 100-150 bar revealed a large
white and cloudy boundary area of the colloidal
crystal film which is reduced with increasing pres-
sure. At pressures higher than 180 bar, the hybrid
film became inhomogeneous and lost its smooth
surface developing a rippled surface.

Furthermore, the core/shell ratio of the particles
dramatically influences the processability: A thick
shell is generally preferred for sufficient process-
ability; however, this hinders the gaseous compo-
nents to leave the interior of the film during thermal
treatment bursting them. For this reason, the core/
shell ratio had to be adjusted near the packing den-
sity of an ideal close-packed lattice (ratio 74 to 26 per

volume). This correlates with the maximum packing
fraction of the crosslinked PMMA-co-ALMA spheres,
while the voids are filled with the shell material. For
direct comparison of the processing capabilities,
samples were taken continuously during the emul-
sion polymerization and then processed via melt-
shearing in a subsequent step. Each sample taken at
another reaction time correlates with a specific core/
shell ratio. Samples from such a series are shown in
Fig. 6 after melt-shearing.

The core/shell ratio obtained between 73:27 and
60:40 vol% had only a minor influence on process-
ability leading to the most homogeneous film with a
core/shell ratio of 66:34 vol%. Noteworthy, the
higher core/shell ratios are in good correlation with
the theoretical ratio of 74:26 vol%. Starting with a
core/shell ratio of 64:36 vol% and higher shell
thicknesses, all sample revealed an opaque boundary
area surrounding the clear transparent film in the
middle. A possible reason is the inhomogeneous
distribution of the polymer due to a low flow rate at
the outer edges and therefore loss of sufficient
meltable material.

For the films prepared from the particle samples
with 71:29 and 60:40 vol%, ultra-thin sections were
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Figure 7 TEM images from ultra-thin sections of the processed films derived from the 71:29 vol% particle sample (left) and 60:40 vol%

particle sample (right). Scale bars correspond to 500 nm.

prepared by using a ultramicrotome (see instrumen-
tation section). The samples for ultramicrotomy were
taken from the transparent part of the film, and the
thin section was taken from the cross section of the
particle film. TEM images of the ultra-thin sections
are shown in Fig. 7.

The ultra-thin sections revealed a deformation of
the particles inside both films. The crosslinked core
remained intact but was soft enough to be deformed
during melt-shear organization. However, the parti-
cles in the film with a thinner shell (left) were more
deformed than the particles from the film with the
thicker shell (right). The shell material interconnected
the particles in order to produce a continuous matrix
phase and therefore provides the possibility to create
continuous porous networks. This will be further
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Figure 8 TGA of core (red), shell (black) and hybrid core—shell
material (orange) in an atmosphere of nitrogen.
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investigated via thermal treatment in the ensuing
section.

Thermal degradation

In this section, thermal treatment of particles and
colloidal crystal films was investigated in order to
evaluate the feasibility of converting obtained hybrid
polymer films into porous structures. As already
mentioned above, PMMA was used as core material
due to its capability for convenient thermal degra-
dation. This feature was advantageously used to
avoid the more common dissolution or etching pro-
tocols to obtain a porous network. The degradation
behavior was investigated by thermogravimetric
analysis (TGA). In Fig. 8, the degradation of pure
core, complex core/shell and pure shell materials is
compared.

As can be drawn from TGA results, the degrada-
tion of P(IMMA-co-ALMA) core material started at
considerably lower temperature than the degradation
of pure shell material, which was derived from a
starved-feed emulsion polymerization with a
PMEMO content of 35%. The degradation curve of
the hybrid core/shell material was nearly identical to
the degradation curve of the core material. Therefore,
it is assumed that primarily the core material was
removed by thermal treatment. TGA proved the
possibility to degrade the core material prior to
decomposition of the shell material. Furthermore, the
high MEMO content (35-50%) in the particle shell
induces crosslinking reaction and, thus, leads to a

100 —
S NN ——CIS73:27 lyo N2

- - - C/S 73:27 film N2
] R ———C/S 61:39 lyo N2
80 N C/S 61:39 film N2

90 3 3

703
60

50

Weight (%)

403
30
20

104

ot—— 7+ 7T T T
0 100 200 300 400 500 600
Temperature (°C)

Figure 9 TGA of the lyophilized powder and the melt-sheared
film with core/shell ratios of 73:27 and 61:39.
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significantly higher ceramic yield of around 10-15%
compared to low MEMO content (10%). The mecha-
nism of degradation concluded from TGA was
additionally supported by pyrolysis gas chromatog-
raphy/mass (GC/MS) spectrometry measurements
(Figure S4 and S5). From these measurements, it can
be concluded that the shell material has an increased
degradation temperature. Additionally the main
degradation products observed were the monomers,
ethylene, ethanol, CO, and H,O.

Another interesting aspect is the influence of the
core/shell ratio on the degradation and the difference
between lyophilized powder and the melt-sheared
film. This was investigated by TGA measurements
(Fig. 9). The two compared core/shell particles
(PMMA-co-ALMA@PEA-co-PMEMO) samples fea-
tured a core shell ratio of 73:27 as thin shell and 61:39
as thick shell.

The difference between the two solid lines that
corresponds to the difference in core/shell ratio
revealed that the particle powder featuring a thicker
shell was slightly shifted to higher degradation tem-
peratures with a difference of approx. 15 °C. Like-
wise a similar shift was observed for the melt-sheared
film in comparison with the lyophilized powder. The
difference here was only 5 °C. This leads to the con-
clusion that the degradation was diffusion limited in
the powder, and especially in the melt-sheared film,
the decomposed material cannot leave the interior of
the particle film. For this reason, thermal treatment
protocols for the degradation of PMMA core mate-
rials were conducted at low temperatures (280 °C) for
a prolonged time (40 h). Exemplary SEM images of
the porous hybrid particle film after thermal treat-
ment are shown in Fig. 10. These optimized condi-
tions at low temperatures lead to a partial
degradation of the shell material and a significant
degradation of the template core material. As a result,
the matrix-forming shell material is maintained
resulting in a stable uniform porous structure.

The SEM images of the colloidal crystal film made
from PMMA-co-ALMA@PEA-co-PMEMO particles
with a core shell ratio of 73:27 revealed homoge-
nously distributed open pores over a wide area of the
film with graphically obtained pore sizes of
53 + 13 nm. The obtained core/shell ratio is near the
expected theoretical ratio of 74:26 of the maximum
packing fraction of hard spheres. The mild thermal
treatment was therefore a suitable method to create
porous structures. The partial degradation has the
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Figure 10 SEM images of the thermally treated film at 280 °C,
40 h under nitrogen. The scalebar corresponds to 2 um (top) and
500 nm (bottom).

advantage that a porous material is obtained while
the mechanical stability of a polymeric material
remains.

Conclusions

Starved-feed emulsion polymerization for the
preparation of hybrid core/shell particles consisting
of poly(methyl methacrylate-co-allyl methacrylate)
(P(MMA-co-ALMA)) core and a poly(ethyl acrylate-
co-(3-methacryloxypropyl-trimethoxysilane)) (PEA-
co-PMEMO) shell was successfully applied.
Monodisperse hybrid core/shell particles were
obtained providing access to porous materials after
thermal treatment. The crosslinking strategy via
siloxane moieties as part of the soft copolymer par-
ticle shell was investigated. During particle
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synthesis, self-crosslinking was avoided by using a
suitable pH buffer system. The core/shell particles
were investigated by TEM and DLS measurements
proving that monodisperse hybrid particles were
obtained due to the excellent reaction control. The
core/shell particles were processed by the melt-
shear organization technique allowing the soft shell
for the formation of a hybrid siloxane-containing
matrix with embedded and well-distributed PMMA
particles. The siloxane crosslinking during this
processing step was shown to increase the thermal
stability of the matrix material. This offers the
capability of the template removal via thermal
treatment. To obtain a mechanically stable material
featuring a porous structure, thermal treatment had
to be performed under comparably mild conditions
for a prolonged time (280 °C, 40 h). This convenient
strategy based on novel self-crosslinkable core/shell
particles and processing by melt-shear organization
to colloidal crystal films will pave the way to porous
hybrid materials after thermal treatment. These
porous free-standing film materials are potential
candidates for hybrid membranes and -catalyst
supports.
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