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Novel photo and thermal dual-responsive inverse opal films were
fabricated based on a crosslinked liquid crystal polymer (CLCP) con-
taining azobenzene. Accompanying the deformation of the CLCP,
switchable behavior on the reflection spectra of the inverse opal film
was induced by light or temperature. We found that the optical
properties were drastically decreased by thermal or photoinduced
phase transitions of the CLCP. It was also found that the extent of
decrease in the heat-induced inverse opal film is much more than in
the one induced by light.

Introduction

Photonic crystal structures have generated a great amount of
interest due to their unique properties in controlling the
propagation of light.' Recently, the capability for tuning the
band structure through external stimuli has been investigated
for many potential applications;*® this can be controlled
through the lattice constants® and the refractive indices of the
dielectrics.”® Due to their unique properties, liquid crystal (LC)
materials have been employed to obtain tunable photonic
crystals in response to a single stimulus, such as light,
temperature, and electric field.***

Sato and coworkers’ reported a switchable photonic crystal
that exhibited a drastic change in optical properties by taking
advantage of the photoinduced phase transition of LC, which
was comprised of SiO, inverse opal infiltrated by nematic LC
(5CB) and photochromic LC azo dyes. However, 5CB and azo
dyes are free in the holes of SiO, inverse opal, and the matrix of
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SiO, is a hard material, which are drawbacks for photonic
crystals in practical applications.

Crosslinked liquid crystal polymers (CLCPs) are unique
materials that possess the properties of both LCs and elasto-
mers." The coupling of LC order and rubber elasticity results in
an anisotropic polymer network that can respond to various
external stimuli, such as temperature,"” light,'** magnetic
field,** and electricity,”*>* followed by a significant and revers-
ible change in their shapes.

Keller and coworkers created a microarray of a main-chain
CLCP using the replica molding technique and found that the
pillar showed ultralarge and reversible contraction during
thermal phase transition.”® Zentel and coworkers prepared
monodisperse and monodomainic, micrometer-sized CLCP
beads by the use of a microfluidic setup. The beads exhibited a
strong and rapid shape change of about 70% in length by heat.*®

By incorporating azobenzene moieties into the CLCPs, large
deformations such as contraction,””*®* bending®-** and helical
motion®* have also been realized by the photochemical reac-
tions of these azobenzene chromophores. van Oosten et al.
succeeded in the preparation of an artifical microcilia array
using CLCPs by inkjet printing technology.*® The artifical
microcilia array underwent bending under irradiation of UV
and visible light, respectively. In our previous work, we fabri-
cated a microarrayed CLCP film using polydimethylsiloxane-
soft-template-based secondary replication.*® The microarrayed
film showed reversible switch of superhydrophobic adhesion by
alternating irradiation of UV and visible light.

Due to the abovementioned stimuli-responsive deformations,
CLCPs have recently been considered to be a good candidate for
future photonic crystals. Our group prepared a 2D photonic
crystal with the azobenzene-containing CLCP by using the replica
molding technique. We found that the reflection spectra of the
microarray showed switchable behavior upon the irradiation of
UV light.*” However, CLCPs are seldom used as inverse opal
materials for tunable photonic crystals. Compared with 2D
photonic crystals, inverse opal materials have been demonstrated
to exhibit excellent photonic crystal properties, such as the
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presence of optical stop bands, tunable color changes, and
especially high reflection intensity. Li and coworkers first made
the inverse opal material using CLCP together with a nematic LC
(5CB) that was introduced directly into the photonic crystal.*®
When the temperature was close to the nematic-to-isotropic
transition (Ty;), the lattice structure changed, which led to the
continuous blue shift of the Bragg peak. Also, the intensity of the
reflection spectra decreased significantly. However, because 5CB
molecules were not linked directly to the CLCP by covalent
bonds, they moved freely in the inverse opal material; thus the
reversibility of the blue shift was not good. Later, they prepared a
new type of electrothermally driven photonic crystal film based
on highly crosslinked CLCP without 5CB.** When a 30 V electric
field was applied on the CLCP inverse opal films to make them
close to their Ty;, where the LC moieties become isotropic, the
films started to contract along the nematic director axis. During
this process, the holes in the films changed from round to ellipse,
which led to a shift of the reflection peaks. However, this is a
comparatively complex process because of the preparation of the
electrodriven setup. In this paper, light/thermal dual-
responsive inverse opal films were first fabricated from an azo-
benzene CLCP by infiltrating the ordered assembly of silica
spheres with a precursor capable of solidification, and then
removing the SiO, template. Here, we used an LC crosslinker
instead of the reported isotropic crosslinker, which gives the
inverse opal films good repeatability and different responsive-
ness from the reported CLCP inverse opal films. It was found that
the reflection spectra of the inverse opal films showed switchable
behavior when irradiated with UV light or heated. This
phenomenon is ascribed to the change in the order of the peri-
odic structure of the holes.

Experimental
Materials

All solvents and chemicals were of reagent quality and used
without further purification unless specified. THF was purified
by distillation. 6-chloro-1-hexanol and 3-bromo-1-propanol
were purchased from Alfa. 4-methoxyphenol and 4-hydrox-
ybenzonitrile were purchased from Aladdin. Photoinitiator
Irgarcure 784 was purchased from Ciba. The monodispersed
nanosilica spheres were purchased from Nanjing Dongjian
Biological Technology Co. The monomers A6Bz1, A6BCN, C3A,
and DA6AB were synthesized according to the literature.*” The
chemical structures of the monomers are shown in Scheme 1a.
The synthesis routes and "H NMR spectra are shown in ESI
(Scheme S1 and Fig. S1%).

Preparation of azo inverse opal films

The close-packed, face-centered cubic (FCC) photonic crystal
film with a thickness of several micrometers was prepared by
the two-substrate vertical deposition method in anhydrous
ethanol with monodispersed silica spheres (350 nm diameter).**
Scheme 1 illustrates the preparation of the inverse opal film
based on the CLCP. The inverse opal film was prepared by
copolymerization as follows: first, a certain amount of the
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mixture of A6Bz1, A6BCN, C3A and DA6AB with the molar ratio
of 6:2:1:1 containing 2 mol% of a photoinitiator was dis-
solved in CH,Cl,. Then, the melt of the mixture was injected
into the sandwich of the SiO, opal film between the glass and
PMMA plates. During this procedure, the reactant mixture was
infiltrated into the voids of the opal film, then cooled down
slowly (0.2 °C min™ ") to polymerization temperatures, which
were set at 2 °C below the clearing points of the mixture
(nematic phase). Polymerization was performed at >540 nm
with a high-pressure Hg lamp through glass filters (Toshiba,
Y-52 and IRA-25S) for 2 h. The polymer was then immersed in
1% HF solution for several hours to completely remove the silica
colloids. After that, we obtained the CLCP-based, free-standing
inverse opal film.

Measurements

The thermodynamic properties of the LC mixture and the
CLCP inverse opal film were characterized with differential
scanning calorimetry (DSC, TA, Q2000) at heating and cooling
rates of 3 °C min~" for the mixture and 10 °C min~" for the
film. Three scans were applied to check the reproducibility.
The mesomorphic properties were studied using a polarizing
optical microscope (POM, Leica DM4000M) equipped with a
Mettler hot stage (Linkam, T95-PE and LNP95). The
morphology of the inverse opal film was observed by SEM
(Zeiss, Ultra 55). The reflection spectra of the inverse opal film
were measured using a multichannel photo detector connected
to a Y-type optical fiber. The light source was a deuterium-
halogen lamp (Micropack, DH 2000), and the range of the
wavelength of the detector (Ideaoptics, PG 2000) was from 400
to 1000 nm. A UV-LED irradiator (OMRON, ZUV-C10H, = 365
nm) and a vis-LED irradiator (CCS Inc, HLV-24GR-3W, = 530
nm) were used to induce photoisomerization of the azo-
benzene moieties.
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Scheme 1 (a) The chemical structures of the LC monomers A6Bz1,
A6BCN, C3A and DA6AB. (b) The fabrication process of the CLCP
inverse opal film.
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Results and discussion
Topography and mesomorphic properties

The topographical character of the inverse opal films was inves-
tigated by SEM. Fig. 1 shows SEM images of the opal structure
composed of SiO, spheres with a diameter of 350 nm and the
CLCP-based inverse opal film. It should be noted that after
etching the silica template by using 1 wt% HF aqueous solution,
the resulting CLCP-based inverse opal film was directly used for
SEM imaging, and no more extra treatments were performed for
the SEM samples. Fig. 1a and c¢ show the top and side SEM
images of the thin colloidal crystal. It is clear that the opal film
has a closely packed hexagonal structure with long-range regu-
lation. The images of the inverse opal film in Fig. 1b and d
derived from the FCC opal structure confirm that the opal
structure has been successfully replicated. Polydispersity of the
hole diameters is possible because the surface of the silica
template is not smooth. However, the locally amplified SEM
image of the inverse opal film in Fig. 1d demonstrates that the
diameter of the inside holes in the inverse opal film is mono-
dispersed. Therefore, polydispersity of the hole diameters only
occurs on the surface of the inverse opal film.

The thermodynamic properties and the phase transitions of
the monomer and mixture were investigated by POM and DSC.
The results of the phase transition are listed in Table S1.f
A6Bz1, C3A and the mixture all show a LC phase over a wide
temperature range. The distinct schlieren textures of A6Bz1,
C3A and DAG6AB ascribed to the nematic phase were observed
with POM (Fig. S27).

The results of DSC measurement on the obtained inverse
opal films are shown in Fig. S3.1 The inverse opal film exhibited
a glass transition around 27 °C, which allows the inverse opal
films to undergo deformations at room temperature. Above Ty,
an exothermal peak exists on the curve between 70 °C and 90 °C
assigned to the phase transition from the nematic to isotropic
phase.

C))

Fig. 1 SEM surface images of (a) the SiO, opal film and (b) the CLCP
inverse opal film, and SEM cross section images of (c) the SiO, opal film
and (d) the CLCP inverse opal film. The inset is the locally amplified
image. Thickness of the inverse opal film is about 17 pm.
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Repeatable photoresponse behavior

The repeatable photoresponse behavior of the CLCP-based
inverse opal film was investigated by the Y-type optical fiber to
observe the change in UV-vis reflection spectra. As shown in
Fig. 2, a large amount of light is reflected at 677 nm wavelength
and cannot pass through the CLCP inverse opal film in the
initial state. When the film was exposed to UV light (365 nm,
50 mW cm ), the intensity of the reflection peak at 677 nm
sharply declined. During this process, the maximum intensity
of the reflection peak changed from 90% to 20%. In other
words, a maximum intensity contrast of more than 77% was
realized. When we used visible light (20 mW cm™?) instead of
UV light, the observed intensity of the reflection peak partially
recovered. With the extension of exposure time, the intensity of
the reflection peak gradually increased until it reached the
maximum value of 70% under the irradiation of visible light.
Though there was a little difference with the original value prior
to UV light irradiation, the results still demonstrate the
repeatability of the reflection peak intensity. More details on the
dynamics of the reflection peak during UV and visible light
irradiation are shown in Fig. S4.F

This phenomenon in the CLCP inverse opal film is caused by
the photoinduced deformation of the CLCP. Under UV irradia-
tion, the azobenzene moieties change from trans rodlike shape
to cis bent shape, causing contraction of the film surface.
However, because the CLCP inverse opal film is a polydomain
LC film, the direction of contraction is not uniform, which
disturbs the regular, periodic porous structure.”” Meanwhile,
upon visible light irradiation, the azobenzene groups transform
to their original states, which in turn results in recovery of the
periodic structure. In other words, the periodic holes in the
inverse opal film undergo a change from regular to irregular in
response to UV light. This has been verified by SEM images of
the inverse opal film before and after UV light irradiation
(Fig. 3).

Moreover, a polydomain, azobenzene-containing, free
standing film that has the same composition as the inverse opal
film was also prepared. When irradiated with UV light, the
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Fig. 2 Reflection spectra of the azobenzene CLCP inverse opal film
under UV light irradiation (365 nm, 50 mW cm™2, 5 min) and subse-
quent visible light irradiation (530 nm, 20 mW cm™2, 15 min).
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Fig. 3 SEM images of the inverse opal film (a) before and (b) after UV
light irradiation. The red regular hexagon and straight lines represent
the arrangement of the holes before UV light irradiation; the green
hexagon and lines represent the arrangement of the holes after irra-
diation with UV light. After UV light irradiation, the shape of the
hexagon becomes irregular, and the straight lines have become
curves.

square-shaped polydomain film randomly bent toward the light
source due to its unhomogeneous contraction (Fig. S51). The
bending deformation is ascribed to the t¢rans-cis photo-
isomerization of the azobenzene units and the subsequent
photochemical changes in size and alignment order of the
azobenzene moieties in the CLCP film driven by UV light, which
were observed by POM and UV-vis absorption spectra. The POM
images of the polydomain CLCP film are shown in Fig. S6.T We
can see that there is almost no difference between the two
images, because the CLCP film is a polydomain film, and the
photochemical change only occurs in the surface region of the
film.** As shown in Fig. S7,1 the absorption spectrum in the
initial state exhibited a distinct band, which corresponds to the
m-1v* transitions of the azobenzene chromophores. When the
film was irradiated with UV light (365 nm, 20 mW c¢m™?), the
photoisomerization process was monitored by absorption
spectroscopy. The absorption band of the m-m* transitions
gradually decreased with a concomitant increase in the band
around 460 nm (n-m* transition), indicating the occurrence of
trans-cis isomerization of the azobenzene moieties in the CLCP
film (Fig. S7at). The reversible absorption change can be ach-
ieved by visible light irradiation at 530 nm (Fig. S7bt).

The repeatable use of the inverse opal films is significant for
industrial applications. Fig. 4 shows five cycles of the alternate
irradiation of UV and visible light, which illustrates the stability

100

Reflection (%)

V‘is

20 1 1
1 2 3 4 5 6 7 8 9 10
Cycle Number

Fig. 4 The maximum intensity of the reflection peak of the inverse
opal film under alternating irradiation with UV and visible light at
different times.
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of the materials. The change in the maximum intensity of the
reflection peak could be repeatedly induced by alternate irra-
diation of UV and visible light. The intensity of the reflection
peaks is a little lower than the initial reflection peak when the
cycle number is 3, 5, 7 and 9, because the order of the changed
periodic structure cannot be returned to its initial periodic
structure order.

Temperature-induced, repeatable response behavior

Fig. 5 shows the reflection spectra for the inverse opal film as a
function of temperature. The intensity of the reflection peak at
677 nm sharply declined with the increase of the temperature.
When the film was heated to 90 °C, the reflection peak at
677 nm almost disappeared, which is different from that of
above-mentioned photoresponsive behavior. In other words,
complete switching was realized during the heating process.
This is because the LC moieties become isotropic, and the film
starts to contract in all directions when the temperature is close
to the nematic-to-isotropic transition. The degree of contraction
of the heated inverse opal film is larger than that induced by UV
light, which only irradiates the surface region of the film; thus,
there is a greater thermally induced disturbance of the periodic
porous structure order, contributing to the complete switching.
We also checked the thermoinduced contraction of the azo-
benzene-containing, free-standing film. Thermoinduced
contraction is different from photoinduced contraction of the
azobenzene-containing CLCP film. When the temperature is
increased, the entire square-shaped polydomain film randomly
contracted. Thus, the CLCP film contracted in the macroscopic
scale, which was different from that in photoinduced defor-
mation (Fig. S9t). Since the shape and/or size of the CLCP films
can recover to their original states by cooling due to the
repeatable transition of the LC order, the intensity of the
reflection peak gradually increased and reached the maximum
value of 70% when the temperature decreased. Though there
was a little difference from the original value, the result still
demonstrates the repeatability of the intensity of the reflection
peak.

100
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Fig. 5 Reflection spectra of the inverse opal film as a function of
temperature.
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Fig. 6 Five low-high temperature cycles of the reflection peak
maximum intensity of the inverse opal film.

Finally, the changes in maximum intensity of the reflection
peak of the CLCP inverse opal at 677 nm are shown in Fig. 6.
Though the maximum intensity of reflection peaks at cycle
numbers 3, 5, 7 and 9 is a little lower than the initial value, the
results suggest that the inverse opal film has good repeatability
of the reflection peak.

Here, we estimated the amount of light and heat energy that
gave rise to responsive behavior. As shown in Fig. S8, the CLCP
inverse opal film can be heated to 90 °C in 3 s (about 0.9 J), while
the amount of energy is about 1.06 J for the light irradiation
process (365 nm, 50 mW cm™ 2, 5 min), which is larger than that
of the heating process. More detailed information is described
in the ESL.}

We also prepared and studied the dual responsive properties
of the inverse opal films with different crosslinking densities by
varying the feed concentration of the crosslinker C3A from 0 to
90 mol% in the polymerizable mixture. As shown in Fig. S10 and
S11,7 the change in the maximum intensity of the reflection
spectra becomes smaller with the increased feed concentration
of C3A. Moreover, the switching behavior of the inverse opal
film without C3A is not repeatable.

Conclusion

A new type of dual-responsive inverse opal was fabricated based
on the azobenzene-containing CLCP. The inverse opal film
showed switchable behavior on the reflection spectra by alter-
nate irradiation of UV-vis light or temperature, owing to the
change in the order of the holes. This change in the periodic
structure is ascribed to the contraction of CLCP induced by the
photochemical reactions of the azobenzene moieties or the
thermal-induced phase transition. It is the first time that azo-
benzene-containing CLCPs have been used to prepare inverse
opal film and achieve repeatable switching behavior on the
film's reflection spectra using light, which can be manipulated
conveniently and controlled in situ. This work presents a critical
advance that will broaden the practical applications of azo-
benzene-containing CLCPs.
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