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Abstract: We develop a bio-inspired thermal-responsive micropatterned inverse opal
film with dual structural colors based on liquid crystal elastomers (LCEs). Here
inverse opal films are fabricated by infiltrating the LC precursor into the silica opal
photonic crystal templates followed by UV irradiation, and then removing the silica
spheres. Furthermore, the micropatterned inverse opal films with dual structural
colors are fabricated by two-step photo-polymerization technique combining a DC
electric field. The DC electric field is used to tune the lattice space of the silica opal
templates at the second photo-polymerization stage. Additionally, the photonic band
gaps of the LCE inverse opal films with dual structural colors can be reversibly
switched by temperature because of the thermally induced molecular orientation
change of the LCEs. This approach using to create bi-colored inverse opal with
micropatterns opens up a new way to the development of the display and photonic

applications.
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1 Introduction

Photonic crystals (PCs) which have periodic structure with the periodicity at the
scale of the wavelength of light exhibit photonic band gap (PBG) properties.'” The
propagation of certain wavelengths of light whose energy is in the band gap will be
forbidden in the structure.* Among this kind of materials, responsive PCs have
attracted much attention due to their important applications in areas such as thermal

. 6-11 1. . . 12-16 - .
and mechanical sensors, biological and chemical sensors, inks and paints,

17-19
and many optically active components.”>** Generally speaking, the stimulus have

been proven to be any means that can effectively induce changes in the refractive

14,23 24-27

indices, the lattice constants, and/or the degree of order in photonic
structures.”®

Liquid crystals (LCs) exhibit a large optical anisotropy due to their anisotropic
molecular shape and alignment, and the refractive indices of LCs can be easily
modulated by the change of temperature and/or the application of electric field. Based
on these characteristics, thermal and/or electrical responsive opal or inverse opal PCs
whose voids filled with LCs are fabricated.”>' In addition, photoresponsive PCs can

be realized based on photochromic LCs.**™

In most cases, however, LCs are directly
infiltrated into the voids of the PCs. As a result, the changes of the PBGs are limited
due to that the modulation of PCs’ PBGs derives from the change of the LCs’
refractive indices.

LC elastomers (LCEs) are moderately cross-linked LC polymers which combine

the elasticity properties of polymeric elastomers with the self-organization
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characteristics of LCs.***" As is well known, the most remarkable property of LCEs is
the ability to change their shape reversibly after the application of certain external
stimulus. LCEs are first introduced into PCs to act as inverse opal materials by Li et
al. They developed a thermal-responsive inverse opal film using LCE together with a
nematic LC (5CB).* By varying the temperature, the lattice constant together with the
refractive indices changed and therefore the wavelength of the resultant Bragg peak
could be tuned continuously. However, the reversibility of the Bragg peak shift is
influenced by the SCB molecules which are not linked to the LCEs by covalent bonds.
Subsequently, they fabricated a new type of electrothermally driven inverse opal film
based on cross-linked LCE without 5CB.* When the voltage is applied on the
fabricated system, the heat produced by the graphite layer induces the deformation of
the coated inverse opal film and thus the structural color is tuned. LCEs containing
azobenzene groups have also been used to fabricate photo and thermal
dual-responsive inverse opal materials.”® However, only the reflectance intensities are
modulated by light or temperature in this case.

In this study, we fabricate a kind of micropatterned inverse opal films with dual
structural colors based on LCE by infiltrating the LC precursor into the
three-dimentional silica opal PCs followed by UV irradiation, and then removing the
silica opal templates. As is well known, dual structural colors or multiple structural
colors are widespread phenomena in the biological world, which can be created by
several different types of ordered structures on the same surfaces or by the different

illumination angles from different parts in the same ordered nanostructure.*’ Inspired
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by the dual structural colors of the butterflies and beetles, here a DC electric field is
applied to tune the lattice space of the silica opal templates at the second
photo-polymerization stage. After the etching process, a bi-colored inverse opal film
with micropattern is achieved. Furthermore, a reversible thermal switching of these
two PBGs of the micropatterned inverse opal films is investigated, and the relevant
mechanisms are addressed in detail. This novel approach shows a great potential for
fabrication of responsive PCs with dual/multiple structural colored complex patterns.
2 Experimental Section
2.1 Materials

All solvents and chemicals are of reagent quality and were used as received. The
monoacrylate mesogenic monomer (A60OCB) was purchased from Bayi Space LCD.
Tetraethyl orthosilicate (TEOS), ammonium hydroxide, anhydrous ethanol and
photoinitiator Darocur 2959 were purchased from J&K Scientific Ltd. Nematic
diacrylate monomer C6M was synthesized according to the method described by

Broer et al.*!

Fig. 1a shows the chemical structures of A60OCB, C6M and Darocur
2959.
2.2 Preparation of LCE inverse opal films

Monodisperse silica spheres with sizes ranging from 200 to 330nm were produced
by the Stober method. A series of close-packed face-centred cubic (FCC) opal PCs
were fabricated by a vertical deposition method in anhydrous ethanol with

monodispersed silica spheres of different sizes. Fig. 1b outlines the preparation of the

inverse opal films based on the LCEs. The LCE inverse opal films were prepared by
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photo-polymerization method as follows. First, the monoacrylate mesogenic monomer
A60CB and nematic diacrylate monomer C6M with the molar ratio of 4:1 containing
0.1mol% of photoinitiator Darocur 2959 were dissolved in dichloromethane in order
to mix well. C6M as a cross-linker in the LC system was also used to broaden the
temperature range of the nematic phase because pure A60OCB exhibits the nematic
phase within a narrow temperature range owing to the high crystallizability.42 The
silica opal PC was sandwiched in a glass cell with a 12um cell gap setting by plastic
spacers, and one of the glass plates was coated with rubbing-treated polyvinyl alcohol
(PVA) alignment layer. After evaporation of the solvent, the LC monomers mixture
was heated close to 85°C to keep the monomers in an isotropic phase and loaded into
the cell by capillary action. Then the sample was cooled down to the nematic phase
(60°C), and it was polymerized at 60°C under UV irradiation with the illumination
intensity of 3mW/cm? for 10min. At last, LCE inverse opal film with bright structural
color was obtained after silica opal template was etched by 2wt% HF.
2.3 Fabrication of patterned LCE inverse opal films

Patterned LCE inverse opal films with dual structural colors were fabricated by
two-step photo-polymerization method. The electric field was applied to increase the
lattice space of the silica opal PC templates at the second photo-polymerization stage.
The silica opal PC, deposited on ITO glass plate, was sandwiched in an ITO glass cell
with one ITO glass plate coated with rubbing-treated PVA alignment layer. Then the
LC monomers mixture was filled in the cell. After that, the samples were locally

irradiated by UV light through a photomask and the LC precursor in the
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UV-irradiated regions polymerized.*® Then a second UV exposure was carried out
under a 55V electric field in order to increase the lattice space of silica opal PCs in the
rest regions. Finally, a patterned LCE inverse opal film with dual structural colors was

obtained after the silica particles were etched.
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Fig. 1 (a) Chemical structures of A6OCB, C6M and Darocur 2959. (b) Schematic

diagram illustrating the preparation of the LCE inverse opal films.

2.4 Measurements
The mesomorphic properties of the LC monomers mixture and the LCE inverse
opal films were examined by polarizing optical microscope (POM, Leica, DM2500P)

with a hot stage calibrated with an accuracy of +0.1°C (Linkam, THMS-600).
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Morphologies of silica opal PCs and inverse opal films were observed by scanning
electron microscope (SEM, Hitachi S-4700). The thermodynamic properties were
measured using differential scanning calorimeter (DSC, Pyris Diamond) with a
heating and cooling rate of 10°C/min under a dry nitrogen purge. The reflection
spectra were obtained by a fiber spectrometer (AvaSpec-2048) with a Y-type optical
fiber in reflection mode, and the incident light and collect light were both vertical to
the tested samples. The voltage was applied using a DC power supply (RXN-605D).

3 Results and Discussion

3.1 Inverse opal based on the LCEs

As shown in Fig. 1b, the inverse opal films are fabricated by infiltrating the LC
precursor capable of UV photo-polymerization into the silica opal PCs, and then
removing the silica opal templates. We firstly prepare a LC monomers mixture
containing A6OCB and C6M with the molar ratio of 4:1, in which 0.1mol% of
photoinitiator Darocur 2959 is added to induce UV photo-polymerization.

The thermodynamic properties and the phase transitions of the LC monomers
mixture was investigated by POM. Fig. 2a is the POM image of LC monomers
mixture before photo-polymerization; it clearly shows planar orientation of the LC
molecules at 60°C of nematic phase. The LC monomers mixture was loaded into the
cell by capillary action at 85°C, where the silica opal template was sandwiched and
the LC monomers were in the isotropic phase. Then the sample was cooled down to
60°C, and polymerized at 60°C under UV irradiation. The LCE inverse opal film in

nematic state was obtained after etching the silica spheres. As shown in Fig. 2b, the
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LCE inverse opal film exhibits strong birefringence, which demonstrates that the
nematic texture has been completely kept by the LCE inverse opal film. In addition,
according to the DSC measurement results, the glass transition temperature (T,) and
the nematic—isotropic transition temperature (Tx;) of the LCE inverse opal film are
around 41°C and 136°C, respectively.

The structure of the LCE inverse opal films were investigated by SEM. It should be
noted that after etching the silica opal templates, the resulting LCE inverse opal films
were directly used for SEM imaging. Fig. 2c-f show the SEM images of the opal
structure composed of silica spheres with a diameter of 274nm and the LCE inverse
opal film derived from the silica opal template. It can be seen that the silica opal
template possesses a closely packed hexagonal structure (Fig. 2c), and the LCE
inverse opal film has completely replicated the structure of the template (Fig. 2d). As
can be seen from the cross-sectional SEM images in Fig. 2e and 2f, the LCE inverse
opal film has a bilayer structure, and period ordered air holes embed in one side of
the film. The thickness of the film is around 12pm and inverse opal part is less than
2um, which are determined by the cell gap and the thickness of the silica opal
template, respectively. It is worth noting the bilayer structure provides an enough
space for the diffusions of the silica particles when an electric field is applied.
Another important thing is that the residual LC layer is also beneficial to the
switching of PBGs of inverse opal film as mentioned later. Fig. 2f is a higher
magnification of the cross-sectional SEM image, it further demonstrates that the

inverse opal film has a FCC crystal structure.
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Fig. 2 (a) POM image of LC monomers mixture with the LC molecules planar aligned
in the nematic state at 60°C. (b) POM image of the LCE inverse opal film. (¢) SEM
image of the silica opal template assembled of spheres with the diameter of 274nm. (d)
SEM image of the LCE inverse opal film. (e) Cross-sectional SEM image of the LCE

inverse opal film. (f) High magnification cross-sectional SEM image of the film.

3.2 Thermally induced PBG switching of the LCE inverse opal films
LCEs gain their actuation properties from the coupling of the elastomeric network
and the LC units. As the phase transition to the isotropic state, the polymer chain
changes into a spherical conformation, leading a reversible shape change.37 Due to
this interesting property of LCEs, the optical property of the inverse opal films based
on LCEs can be reversibly switched. We investigated the reversible
thermal-responsive behavior of LCE inverse opal films using fiber spectrometer in the

reflection mode. Fig. 3a displays the reflection spectra for the LCE inverse opal films
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as a function of temperature. When the LCE inverse opal film is heated from 30°C to
140°C, the reflection peak of the film has an obvious red-shift from 515nm to 565nm,
leading the change of the structural color from blue-green to yellow-green. After the
film is cooled down to 30°C, the PBG returns to its original wavelength as well as the
structural color. This means that the thermal switching behavior of LCE inverse opal
films is reversible. Fig. 3b illustrates the mechanism for the thermal-responsive
behavior of the LCE inverse opal films. The shift of the PBG derives from the change
of the molecule orientation and the following macroscopic deformation of both
infiltrated LCEs and residual LCE sections. When the films are heated to make them
close to their Txy, the LC moieties become isotropic. They start to contract along the
nematic director axis (parallel to the substrate) and expand in the other two directions.
Thus, the d;;; of the PC increases at the same time. As a result, the reflection peak
shifts toward longer wavelength associated with a red-shift of the structural color,
because the PBG of the LCE inverse opal film is directly proportional to the lattice

5
constant.44’ 4

Since the LC moieties can return to original nematic state when the film
is cooled down, the reflection peaks and structural colors of the films return to the
original state.
3.3 Dual structural colored LCE inverse opal films

In order to get a dual structural colored inverse opal with micropattern, we firstly
investigate the effect of the applied DC electric field on the PBG of the inverse opal

film. We know that silica colloidal particles usually have negative surface electrical

charge and show mobility in the presence of an electric field in the range of normal
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pH.46’48 So the electric field can be used to change the lattice spaces of silica opal

templates and thus tune the PBGs of the inverse opal films.
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Fig. 3 (a) Reflection spectra reversible shifts and structural color reversible changes of
the inverse opal film as a function of temperature. The size of the LCE inverse opal
film in the image is about 12mmx10mm. (b) Schematic for the mechanism of the
lattice space reversible change of LCE inverse opal films induced by temperature

variation.

The cross-sectional SEM images of the LCE inverse opal films, fabricated without
and with the application of electric field, are shown in Fig 4. By comparing the
morphology in Fig. 4b with that in Fig. 4a, we find that the lattice space of the
crystalline planes {111} (dy;;)is increased for the LCE inverse opal film during the

fabrication used an electric field. Meanwhile, the order degree of the air holes in the
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film has a slight decrease. This is due to that the silica particles with a negative
surface electrical charge move along the direction of the electric field in the ITO glass
cell when an electric field is applied. Fig. 4c shows the reflection spectra for LCE
inverse opal films fabricated without and with an electric field, respectively. The
reflection peak of the LCE inverse film fabricated with the application of electric field
has an obvious red-shift (about 100nm), and the film shows a bright orange-red
structure color (Fig. 4c). It should be noted that the intensity of reflection peak of the
film fabricated with an applied electric field is less than the one fabricated without the
application of electric field. This may be due to the decrease of the order degree of the

air holes in the LCE inverse opal film as mentioned in Fig. 4b.
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Fig. 4 Cross-sectional SEM images of LCE inverse opal films fabricated (a) without

and (b) with the application of electric field. The width of the LCE inverse opal film
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in the image is ca. 10mm. (c) Reflection spectra and structural colors for the LCE

inverse opal films fabricated without and with the application of electric field.

Based on the modulation of the lattice space of the silica opal PCs by the electric
field, micropatterned LCE inverse opal films with dual structural colors were
fabricated by two-step photo-polymerization. Fig 5a illustrates the preparation of the
strip patterned LCE inverse opal films. After the first local UV exposure through a
photomask with strip pattern, the LC monomers are polymerized in the UV-irradiated
regions and the closely packed hexagonal structure of silica opal PCs is frozen. Then
the electric field is applied to increase the lattice space of the silica opal PCs in
non-polymerized regions, and the increased lattice space is kept after a second UV
exposure. The POM image of the patterned inverse opal film is shown in Fig. Sc. It
can be seen that the patterned LCE film also exhibits strong birefringence, which is
similar to that of the LC precursor (Fig. 5b). This suggests that the nematic state is
kept in the patterned LCE films. In other words, the applied electric field in the
second photopolymerization stage just induces an increasing of the silica template’s
lattice space in the non-polymerized regions, and does not change the LC molecular
alignment. This result may have two explanations. First, the strength of applied
electric field is not strong enough to induce the reorientation of LC molecular. Second,
the anchoring strengths from the silica spheres and the PVA alignment layer are of

benefit to the planar orientation of LC molecules.”’
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Fig. 5 (a) Schematic diagram illustrating the fabrication of the strip patterned LCE
inverse opal films. (b) POM image of LC monomers mixture with the LC molecular
planar aligned in the nematic state. (c) POM image of the strip patterned LCE inverse

opal film. The scale bar in the image is SO0um.

Fig. 6a and b show the photograph of the strip patterned LCE inverse opal film and
the corresponding schematic diagram of microscopic structure, respectively. It can be
seen that the patterned LCE inverse opal film has bright green and orange-red strips
with different lattice spaces. Correspondingly, the patterned LCE inverse opal films
exhibited dual PBGs as shown in Fig. 6¢. Furthermore, both the green and red PBGs
can be reversibly tuned by temperature variation. As shown in Fig. 6¢, when the films
are heated, the green strips have a red-shift from 560nm to 604nm, and the orange-red
strips also have a red-shift from 648nm to 696nm. As Fig. 5c indicates, the LC
molecules in the green and orange-red strips are both at nematic state at room
temperature. Therefore, the d;;; of inverse opal structures in the green and orange-red
strips both can be reversibly tuned by temperature. The tuning mechanism for the

thermo-responsive behavior is the same as that for the inverse opal films with single
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structural color mentioned above. The repeatability of PBGs’ switch of the patterned
LCE inverse opal film has been investigated. Fig. 7 shows five low-high temperature
cycles of the strip patterned LCE inverse opal film. In each cycle, both the green and
red strips’ PBGs could shift from the original status to its maximum diffraction
wavelength and then reversibly return back, which demonstrates that the film has a
good stability. What’s more, a reversible thermo-switching process of the patterned
inverse opal sample on heating and cooling process has been demonstrated in a video

file (see Supporting Information Movie 1).
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Fig. 6 (a) Photograph of the strip patterned LCE inverse opal film (the width is ca.
7mm) with bright green and red dual structure colors and (b) the corresponding
schematic diagram of microscopic structure. (c) Reflection spectra reversible shifts

and structural color reversible changes for the patterned films induced by temperature
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variation. The size of the patterned LCE inverse opal film in the image is about
8mmx7mm.

750
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Fig. 7 Five low-high temperature cycles of the strip patterned LCE inverse opal film.

It should be noted that it is not difficult to achieve a complicated micropatterns on
the LCE inverse opal film by changing the pattern design of the photomask. Red,
green and blue structure colors in a single patterned film are also possible by
optimizing the LC molecule and the size of the silica colloid particles. Here,
controlling of the lattice spaces of silica opal template by electric field could
ultimately lead to LCE-based inverse opal with different arrangement microdomains,
allowing for the thermal switching of dual structural colors in inverse opal
micropatterns. This facile control of inverse opal micropatterns’ structural colors in
the visible spectral ranges is of interest for displays, biomimetics and photonics
applications.

4 Conclusions

In summary, a novel type of reversible thermo-responsive patterned inverse opal
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films with dual structural colors are fabricated based on LCE. We demonstrate the
formation of the micropatterned inverse opal film by two-step photo-polymerization
technique combining a DC electric field to tune the lattice space of the silica opal
templates. The results demonstrate that the dual PBGs of the patterned LCE inverse
opal films can be reversibly switched by temperature, in which both of these two
PBGs have around 50nm red-shift. This is mainly because of the thermally induced
the change of molecular orientation and the following macroscopic deformation of
LCE. These dual structural colored and thermo-responsive LCE inverse opal films are
of interest for a variety of applications varying from color displays to optical actuators

and sensors.
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