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In this contribution, the preparation of highly thermo-responsive colloidal crystal films featuring switchable structural
colour is reported. Novel organic/inorganic hybrid core-interlayer-shell (CIS) architectures based on silica core particles

and poly(N-isopropylacrylamide-co-methyl methacrylate)

(P(NIPAM-co-MMA)) as shell polymer are synthesised via

multi-step synthetic protocols. The use of PNIPAM as comonomer for shell growth leads to highly monodisperse CIS
particles containing a film-forming shell, which additionally provides temperature-responsive swelling and deswelling in
water. Directed self-assembly of the hybrid CIS particles using feasible melt-shear organization and subsequent UV
crosslinking leads to mechanically stable and well-ordered colloidal crystal films. Thermo-responsive structural colour
change of these novel films is found to be repeatedly addressable. We expect herein described strategies for the
preparation of responsive colloidal architectures in combination with the powerful melt-shear organization technique

opens access to novel large-scalable stimuli-responsive

candidates for a wide range of optical sensing applications.

Photonic crystals have attracted a great deal of attention as
potential candidates for next generation optoelectronic applications
due to their intrinsic capability to manipulate and control the
propagation of light in a certain frequency range [1]. Such materials
reveal a periodic modulation of the refractive index on the length scale
of the wavelength of light, which leads to the appearance of forbidden
regions for photons in the photonic band structure (photonic
bandgaps). Examples of such materials can be found in nature, such
as the morpho butterflies, the Japanese jewel beetles and natural opal
gemstones [2]. Atrtificially, functional photonic crystals can be created
by assembling monodisperse colloidal particles into periodically
ordered structures, also referred to as colloidal crystals. At micro
scales such colloidal crystals are composed of monodisperse spheres
from 150 to 350 nm in diameter arranged in a face centered cubic
(fcc) lattice. As the distance between the packed planes of spheres is
on the length scale of visible light, light of a certain wavelength is
reflected corresponding to Bragg's law. In the recent past several
techniques were developed and optimized to build up such fascinating
structures from simple spheres of various materials [3-5]. However,
the optical properties of such materials strongly depend on the degree
of crystallinity and the refractive index contrast between the spheres
and the surrounding material. To a first approximation it is expected
that the reflected colour varies as a function of the incident angle.
Therefore, brilliant angle-dependent reflection colours can be
observed only by tilting the particle-based photonic material. Over the
last decade so-called elastomeric colloidal crystal films attracted a
great deal of attention due to their reversible structural colour change
upon mechanically induced deformation, i.e., simply by stretching the
entire film.[5-9] These mechanochromic materials are interesting
candidates for sensing devices and actuation systems. On the other
hand various external triggers, such as ions [10], pH [11], solvents
[11,12]), redox reagents [13], electric or magnetic fields can
additionally be used in order to change the lattice structure and thus
the structural colour [14-15]. Especially the incorporation of thermo-
responsive polymers is unambiguously attractive as responsiveness
can be considered to be relatively fast, fully reversible and non-
invasive [16-19].

Within the herein presented approach, the melt-shear organization
technique is combined with complex stimuli-responsive hybrid particle
architectures. A facile strategy for the preparation of novel large-
scalable organic/inorganic hybrid colloidal crystal films featuring a fully
reversible thermochromic response is reported. For this purpose,
highly monodisperse core-interlayer-shell (CIS) particles consisting of
an inorganic silica core, an organic poly(methyl methacrylate) (PMMA)
interlayer and an organic poly(N-isopropylacrylamide-co-methyl
methacrylate) (P(NIPAM-co-MMA)) shell (silica@PMMA@P(NIPAM-
co-MMA)) are synthesized following a multi-step synthetic protocol. By
taking advantage of P(NIPAM-co-MMA) as shell material, these
monodisperse particles reveal an excellent temperature-responsive
behaviour accompanied with a temperature-induced volume phase
transition in water. By applying the feasible melt-shear organization
technique to the CIS particles, highly ordered colloidal crystal
structures showing remarkably distinct and iridescent reflection
colours are obtained. Subsequent UV crosslinking strategies lead to

colloidal crystal films which are expected to be promising
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Figure 1. (a) Scheme of the stepwise synthesis of silica@PMMA@P(NIPAM-
co-MMA) CIS particles. (b-e) TEM images of particles after different synthetic
steps (scale bars correspond to 250 nm). (c) DLS measurements of
corresponding particles.

fully reversible thermo-responsive colloidal crystal films, which can be
utilized for optical sensor applications.

The precursor material consisting of silica@PMMA@P(NIPAM-co-
MMA) CIS particles was prepared using a multi-step synthetic protocol
leading to particles featuring narrowly distributed particle diameters,
as depicted in Fig. 1a.

First, silica core particles were synthesized according to a modified
Stober process, starting from silica seed particles that were prepared
by the hydrolysis and condensation of tetraethoxysilane (TEOS) in
ethanol (Step 1) [20]. The silica seeds were further increased in size
over several consecutive growing steps by the stepwise addition of
TEOS (Step 2-8). The size of the silica core particles could easily be
adjusted by the number of these growing steps. Afterwards the
surface of silica cores was functionalization  with  3-
methacryloxypropyltrimethoxysilane  (MEMO) (Step 9), which
generates a hydrophobic surface on the silica particles and in addition
can afterwards react in the radical polymerization allowing for grafting
the polymer shell onto the silica cores. For subsequent emulsion
polymerization, ethanol was removed by distillation and completely
substituted by water without isolating the particles. In the next steps
semicontinuous and stepwise emulsion polymerization protocols in the
presence of functionalized silica cores (silicawemo) were applied in
order to produce silica/polymer hybrid CIS particles. A PMMA
interlayer was formed that was slightly crosslinked by using allyl
methacrylate (ALMA) as comonomer (silica@PMMA, Step 10).
Noteworthy, ALMA served as a grafting anchor for the final shell
chains and the PNIPAM-containing shell grew better on PMMA than
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Table |. Comparison of Average
DLS Measurements.

Particle Diameters Determined by TEM and

sample dren® dors”
[nm] [nm]
silica 154+3 160 £ 25
silicawewo 161+5 17222
silica@PMMA 1707 185120
silica@PMMA@ 1888 248 + 23

P(NIPAM-co-MMA)

a)Average sphere diameter and standard deviation determined by counting at
least 100 particles out of the TEM images; > Average sphere diameter and
standard deviation determined at the maximum of the logarithmic probability
density of the particle size distribution.

on functionalized silicayemo cores. We note that a proper core-shell
connection is crucial for the entire particle stability while applying the
melt-shear organization technique [5-7,12,13,19]. Finally, NIPAM and
MMA were added to obtain a film-forming PNIPAM-containing gel
shell (siica@PMMA@P(NIPAM-co-MMA), Step 11). The successful
build-up of the internal CIS particle architecture was characterized by
transmission electron microscopy (TEM). Fig.1 shows respective
TEM images of the particles after key steps of the particle synthesis,
verifying that monodisperse and spherical silica cores (Fig. 1b),
separated functionalized silicavemo particles (Fig. 1c), silica@PMMA
core-interlayer particles (Fig. 1d) and finally
silica@PMMA@P(NIPAM-co-MMA) CIS particles (Fig. 1e) were
formed. Inevitably, particle coalescence occurred when the final CIS
particles were dried on the supporting grid for TEM measurements,
but a P(NIPAM-co-MMA) gel shell was still clearly visible in the
corresponding TEM images. In addition to TEM investigations,
hydrodynamic diameters and size distributions of the particles after
the different synthetic steps were characterized by using dynamic light
scattering (DLS, Fig. 1f). The average diameters obtained by TEM
(drem) and hydrodynamic diameters obtained by DLS measurements
(dpLs) are summarized in Tab. | and were in excellent agreement with
expectations.

In order to investigate the thermo-responsiveness of herein
prepared novel hybrid CIS particles, the swelling and shrinking
behaviour of P(NIPAM-co-MMA) shell in water was studied by using
temperature-dependent DLS measurements. To demonstrate the
temperature-induced volume phase transition of surface-anchored
polymers, the particle dispersion was repeatedly brought above or
below the LCST of PNIPAM (~ 32°C). In detall, the particles were first
cooled from 40.0°C to 15.0°C and again heated up to 40.0°C. Fig. 2a
shows the hydrodynamic diameter (ds) of the particles as a function of
temperature for the first cooling run.

As expected, the DLS results show a tremendous increase of dy
with a decrease in temperature from initial 217 nm at 40.0°C to 364
nm after cooling to 15.0°C, which corresponds to a distinct volume
phase transition of the P(NIPAM-co-MMA) shell polymer (Fig. 2a). The
shell thickness varied most significant while approaching the LCST of
PNIPAM, while only minor changes were observed above the LCST
(cf. in the temperature range from 40°C to 35°C). These results point
out that the hydrophobic MMA comonomer did not significantly affect
the thermo-responsive behaviour of PNIPAM. Moreover, it evidenced
the possibility to manipulate the optical properties of corresponding
PNIPAM-containing colloidal crystal gel films simply by changing the
temperature above or below the LCST of PNIPAM. Noteworthy, in the
case of the pristine CIS particle dispersion prior to the preparation of
colloidal crystal films, the shells were not crosslinked. Hence, after
several cooling-heating cycles the outer part of the polymer shell
tended to peel off since only the inner polymer chains were grafted to
the interlayer. Therefore no fully reversible thermo-responsive
behaviour of the CIS particles could be achieved. Compared to these
results found for the particle dispersion, obstacles proving the full
reversibility can be circumvented by an a posteriori crosslinking
approach in the colloidal crystal films which will be described in the
ensuing section.

Based on these novel thermo-responsive silica@PMMA@P(NIPAM-
co-MMA) CIS particles, colloidal crystal films were prepared by
applying the melt-shear organization technique. A scheme of the
preparation process is depicted in Fig. 3a.

Particles were separated from their dispersion by coagulation and
drying. After complete removal of the dispersion medium, the particles
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Figure 2. Temperature-dependent DLS investigations of
silica@PMMA@P(NIPAM-co-MMA) particle dispersion in water,
accompanied by a volume phase transition of the P(NIPAM-co-MMA)
shell (the red solid line is a guide for the eye only).

featured the consistency of a hard solid at room temperature due to
the relatively high glass transition temperature (Tg) of P(NIPAM-co-
MMA) copolymer (Tg ~ 120°C). At elevated temperature the shell
polymer of the hard CIS particles was capable to merge into a viscous
liquid forming a continuous molten matrix. Therefore, the particle
precursor powder could be mixed with different crosslinking agents
(e.g., bifunctional monomer N,N'-(1,2-dihydroxyethylene)
bisacrylamide (DHEBA), UV initiators benzophenone and Irgacure
184, ratio = 88:10:1:1 by weight) by using extrusion, whereby the
different components formed homogeneous mixtures. For colloidal
crystal film preparation, the mixture was heated between the plates of
a laboratory press and melt flow was induced by applying pressure
perpendicular to the plates. Under these conditions, the melt flowed
sideways in a parabolic flow field profile in which the particles
crystallized. As result, a precise fcc arrangement of stacked
hexagonal layers of hard silica cores embedded in the P(NIPAM-co-
MMA) matrix can thus be obtained. The (111) planes of the fcc lattice
were parallel aligned to the prepared film surfaces. After melt-shear
organization the formation of a mechanically stable colloidal crystal
film was achieved by subsequent crosslinking reactions (xlink) of the
matrix polymer. During UV irradiation, the free polymer chains in the
P(NIPAM-co-MMA) matrix were linked with embedded DHEBA
monomer generating a dense crosslink network. As can be concluded
from the corresponding image (Fig. 3b), the resultant colloidal crystal
film revealed a brilliant and distinct purple iridescent reflection colour.
The precise arrangement of the surface parallel (111) planes was
proven by scanning electron microscopy (SEM) investigations of the
corresponding film surface. After etching the matrix material with
oxygen plasma, hexagonally arranged silica cores (light) became
visible in the corresponding SEM image (Fig. 3c). Out of Fig. 3 it can
be concluded, that the melt-shear organization of herein investigated
novel PNIPAM-containing hybrid CIS particles led to an almost
perfectly ordered colloidal crystalline structure. The subsequent
crosslinking reaction of the matrix polymer provided stable and solid
films, which is the basic prerequisite for a homogeneous temperature-
induced swelling and deswelling and hence a fully reversible tuning of
the structural colour.

In the following, the optical response of the prepared colloidal
crystal film was investigated with regard to its thermochromic
behaviour and its usability for optical temperature sensing
applications. For the determination of temperature-induced structural
colour shifts, the PNIPAM-containing film was first swollen in water,
which led to the formation of a photonic hydrogel film. Afterwards, the
film was cooled from T = 20°C down to 0.5°C. We note that the
transition temperature shifted to lower temperatures (< 20°C)
compared to the LCST found for the purified single particle dispersion
(see Fig. 2), due to the presence of a high amount of different
crosslinking additives (e.g., benzophenone, Irgacure 184 and
DHEBA). The temperature-induced swelling and deswelling
phenomena of the colloidal crystal structure as well as corresponding
UV-vis reflection measurements are shown in Fig. 4.

The original colloidal crystal film was capable of slight swelling in
water already at 20°C forming a photonic hydrogel film and changing
the original purple reflection colour (Fig. 3b) to green (Fig 4b). The
stopband which corresponds to the (111)-lattice planes generated a
Bragg peak whose spectral position in the visible region corresponds
to the plane spacing of stacks of the hexagonally arranged silica cores
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Particle
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Figure 3. a) Scheme of the processing of siica@PMMA@P(NIPAM-
co-MMA) CIS particles into highly-ordered and crosslinked (xlink)
colloidal crystal films. (b) Photograph of prepared film showing the
brilliant and distinct purple iridescent reflection colour. (c) SEM image
of oxygen plasma-etched surface of the colloidal crystal film showing
the hexagonally arranged (111) plane of silica spheres.

embedded in the PNIPAM-containing matrix. The wavelength of the
reflected colour of the colloidal crystal gel can be well described by
combining Bragg’s law with Snell’'s law (Eq. 1):

_ 2 a2 pli2
A111 = 2 @111 (Ne’” —SIN° )77,

(€3]
where aj;; denotes the lattice spacing of the (111) plane and & the
angle of incident light. The average refractive index nes can be
calculated by considering the indices (n;)) and the volume fractions (¢)
of the silica cores and the polymer shells as well as the water content
of the gel under certain conditions according to Eq. 2:

Nett = 2 Ni @. (2)

According to Eqg. 1, temperature-responsiveness of colloidal crystal
gels mainly depends on temperature-induced volume phase transition
() from g = 0 to q = q" accompanied with changes in the (111) lattice
plane spacing (a:11) from as1; to ag- as illustrated in Fig. 4a. In addition,
it is well known that the intensity of the reflection peaks is proportional
to both the magnitude of the refractive index contrast and the number
of ordered lattice planes that result from the periodic fcc arrangement.
Fig. 4b shows the temperature-dependent reflection spectra for the
PNIPAM-containing colloidal crystal gel as well as the observed
changes in reflection colour, which evidence a temperature-induced
swelling while passing the LCST of the PNIPAM-containing matrix. As
expected, the volume phase transition was accompanied by a
stopband shift of almost 150 nm, i.e., a change from green (4 = 551
nm) to red (A = 698 nm) of the Bragg peak under normal light
incidence (6 = 90°). Three general spectral characteristics of the
colloidal crystal film have to be noted as the temperature decreased:
first, the peak shifted toward larger wavelengths indicating an increase
of the (111) lattice plane spacing; second, the intensity of the peak
increased until reaching 5.0°C due to an increase in refractive index
contrast since the volume fraction of water featuring a comparably
lower refractive index was increased in the matrix material; third, the
increase in peak width that arose at the half maximum of the peaks
upon the abrupt volume change as well as the decrease in peak
intensity from 5.0°C to 0.5°C, which is a sign of a certain loss of order
in the colloidal crystalline structure. The distortion may be induced by
differences in lattice plane spacing over the entire thickness of the gel
film. However, a remarkable order of the particle structure was still
present since the diffraction peak was clearly visible. In addition, the
temperature response was found to be fully reversible over at least
two cooling-heating cycles with good reproducibility (variations in Amax
of + 10 nm) induced by rapidly switching the temperature between
0.5°C and 20.0°C (Fig. 4c). Due to matrix polymer crosslinking the
original colloidal crystal structure with nearly identical lattice plane
spacing and order was totally restored after temperature-induced
deswelling.

In summary, a convenient synthetic strategy for the preparation of
novel thermo-responsive silica@PMMA@P(NIPAM-co-MMA) CIS
architectures was reported. The powerful melt-shear organization
technique and application of crosslinking protocols were utilized to
prepare large-scaled colloidal crystal films. Corresponding photonic
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Figure 4. (a) Scheme showing the reversible temperature (T)-induced
volume phase transition (q) of the colloidal crystal lattice of silica core
particles (grey to black) embedded in the P(NIPAM-co-MMA) matrix (purple),
accompanied by a change in the (111) lattice plane spacing (ai11). (b) UV-
vis reflection spectra of swollen colloidal crystal gel film showing the
temperature-induced shifts of the Bragg wavelength (A111) (insets:
photographs of swollen photonic hydrogel film before and after temperature-
induced colour tuning). (c) Comparison of reflection spectra of the original
gel film and the relaxed gel film after cooling to 0.5°C and subsequent
heating to 20°C.

gels showed an excellent reversible thermo-responsive behaviour
accompanied with reversible tunable structural colour. We expect
herein investigated PNIPAM-containing soft photonic materials
featuring a remarkable thermo-responsive character as promising
candidates for optical sensor devices and reversibly switchable
photonic bandgap materials.

MATERIALS AND METHODS

TEM was performed on a Zeiss EM10 at an operating voltage of 60 kV. SEM
was performed on a Philips XL30 FEG at an operating voltage of 20 kV. For
DLS measurements of the particle dispersions a Nanophox photon cross-
correlation spectrometer (Sympatec) was used. The experiments were carried
out at an angle of 90° at 20°C. The temperature-dependent DLS experiments
were performed in the temperature range from 40.0°C to 15.0°C using the same
setup. Reflection spectra were recorded using a vis-NIR fiber spectrophotometer
(USB 2000, Ocean Optics). For the reflection measurements a
deuterium/tungsten halogen lamp (DT mini 2, Ocean Optics) was used.

All chemicals were purchased from VWR and Sigma Aldrich and used as
received if not otherwise mentioned. Prior to use in the emulsion polymerization,
the stabilizers hydroquinone monomethylether was removed from MMA
monomer. For this purpose, MMA was extracted with 1 M sodium hydroxide
solution, washed with water until the solution was neutral followed by drying
over sodium sulfate.

Silica particle dispersions in ethanol with a final SiO, solid content of 2.5 wt%
were prepared following the procedure described by van Blaaderen et al. [20]
1240 mL of this ethanolic dispersion was mixed with 1.53 mL MEMO, diluted
with 6 ml ethanol. The mixture was slowly heated to 60°C and stirred for 1 h and
ammonia was removed under reduced pressure. Then the water was removed
by azeotropic distillation of the ethanol/water mixture at 60°C, while the volume
was kept constant by continuous addition of ethanol. When the dispersion was
free of water, the volume was reduced to 350 mL and stirring was continued for
additional 90 min at 60°C. To transfer the particles into an aqueous dispersion
medium, a solution of 50 mg sodiumdodecylsulfate (SDS) in 100 g of water was
added and ethanol was removed by azeotropic distillation, while the volume was
kept constant by continuous addition of water. When the dispersion was free of
ethanol, the volume was reduced to 200 ml. The final silicayvemo dispersion had a
solid content of 15.6 wt.%.

Under argon, a 250 mL flask equipped with stirrer and reflux condenser was
filled at 75 °C with 140 g of silicavemo particle dispersion and a solution of 60 mg
SDS in 10 g water was added. The polymerization was initiated immediately by
adding 50 mg sodium peroxodisulfate (SPS). After 10 min, a monomer emulsion
containing 0.2 g ALMA, 1.05 g MMA, 0.35 g Dowfax 2A1, 0.4 g KOH and 15 g
water was added continuously over a period of 1 h (silica@PMMA). After 15 min
of reaction time, 10 mg SPS were added. After additional 10 min, a monomer
emulsion of 5.9 g NIPAM, 5.9 g MMA 0.37 g SDS and 22.0 g water was added
continuously over a period of 1.8 h (silica@PMMA@P(NIPAM-co-MMA) shell).
After additional 60 min, the product is cooled to room temperature.

For preparation of colloidal crystal films, the latex was dried at 40°C. The
precursor powder was mixed with 0.05 wt% of carbon-black (Special Black 4,
Degussa), 1 wt% benzophenone, 1 wt% Irgacure 184 and 10 wt% DHEBA in a
microextruder (microl, DSM Research) at 180°C. A 1 g portion of the mixture
was covered with PET film and heated to 180°C between the plates of a



laboratory press (300E, Dr. Collin). Melt flow was induced by applying a
pressure of 150 bar for 3 min, resulting in a colloidal crystal film of about 10 cm
in diameter. For subsequent crosslinking, the film was irradiated with an
industrial-type mercury lamp (UV Cube 2000, Dr. Hoenle) with an output power
of 1000 W. The PET-covered films were treated at a distance of 10 cm for 2 min
from both sides.
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