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Thermo-, photo-, and mechano-responsive liquid crystal
networks enable tunable photonic crystals

Multi-stimuli responsive photonic crystals enable one to develop
novel mechanical and optical devices such as soft sensors and
actuators. Akamatsu et al. successfully designed bendable liquid
crystal photonic crystals which respond to thermo-, photo- and
mechano-stimuli.
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Tunable photonic crystals exhibiting optical properties that respond reversibly to external stimuli have
been developed using liquid crystal networks (LCNs) and liquid crystal elastomers (LCEs). These tunable
photonic crystals possess an inverse opal structure and are photo-responsive, but circumvent the usual
requirement to contain dye molecules in the structure that often limit their applicability and cause
optical degradation. Herein, we report tunable photonic crystal films that reversibly tune the reflection
peak wavelength under thermo-, photo- and mechano-stimuli, through bilayering a stimuli-responsive
LCN including azobenzene units with a colourless inverse opal film composed of non-responsive,
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flexible durable polymers. By mechanically deforming the azobenzene containing LCN via various
stimuli, the reflection peak wavelength from the bilayered film assembly could be shifted on demand.
We confirm that the reflection peak shift occurs due to the deformation of the stimuli-responsive layer
propagating towards and into the inverse opal layer to change its shape in response, and this shift
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Introduction

Photonic crystals that exhibit periodic refractive-index structure
at the nanoscale level ranging from one to three dimensions
possess unique transmission, reflection, diffraction and refraction
properties by controlling light propagation at wavelengths corres-
ponding to the periodicity. This unique property could enable
researchers to develop applications in various advanced photo-
nic devices, such as optical waveguides, low-threshold lasers
and optical switches.™* Although such photonic crystals have
been traditionally designed via semiconductor processing in a
‘top-down’ manner, these usual fabrication methods often
require significant cost and time for microfabrication, and
suffer constraints on processing the size that render them
unfavourable for producing photonic crystals that could be
applied to short visible (Vis) and ultraviolet (UV) wavelengths of
light.* Recently, as a facile alternate method of fabricating
photonic crystals, self-assembly in a ‘bottom-up’ manner has
attracted much attention. These methods could possess great
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behaviour is repeatable without optical degradation.

advantages in material design capabilities over top-down processes
and are relatively simple and inexpensive in fabrication, thus
enabling the fabrication of smaller-period photonic crystals that
are responsive in the UV-Vis regions.*’ A representative example of
such bottom-up fabrication is an opal structure with a three-
dimensional periodic arrangement via self-assembly of monodis-
persed nano-particles. The voids in opal structure could then be
back-filled with a soft flexible polymer material, and further the
template opal structure could be removed to create an inverse opal
structure while maintaining the initial periodicity and associated
optical properties. These inverse opal structures exhibit high
dynamic strength compared with the initial opal structure
composed of nano-particles. Thus, the periodic structure could
be resilient and robust to external stresses such as bending,
friction or impact. Recently, the mechanical stability of such
soft inverse opal photonic crystals and their periodicity-defined
optical properties have been shown to be tunable, i.e., changing
their structure and thus their optical characteristics in response
to external fields such as stress, light and heat. Such dynamic
photonic materials with optical properties varying under external
fields, i.e., tunable photonic crystals, are promising materials for
applications in a wide range of technologies, including next
generation dynamic displays, rapid-response environmental sensors
and wearable ‘smart’ devices.>"?

The preparation of gels from a wide variety of material
systems has been continuously studied for the development
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of tunable photonic crystals. The swelling ratio of gels with an
inverse opal structure varies according to the temperature or
the pH of the solvent and exposure to chemical species.
Consequently, such external environmentally-induced expansion
or contraction of the period of the structure leads to a clear shift
in the peak wavelength of the reflected light derived from the
structure.”>'® Specifically, Asher et al. succeeded in producing
an inverse opal gel containing an azobenzene photochromic
compound, and provided the development of the first generation
of photo-responsive photonic crystals."” The swelling ratio of
these gel-containing azobenzene materials to the solvent exhibits
a significant dependence on the polarity, tuned via the trans—cis
geometric photo-isomerization. The azo isomerization by light
irradiation leads to repeated swelling-de-swelling of the gel.
Consequently, the distance between the particles changes, and
the reflection peak wavelength shifts reversibly by approximately
60 nm. Takeoka et al. also developed a multi-tunable photonic
crystal that is responsive to light and thermal stimuli by creating
an inverse opal gel composed of both azobenzene and poly-
(N-isopropyl) acrylamide.'® However, as observed in most of
these previous studies, application of tunable photonic crystals
to various types of optical devices such as optical filters and
displays, has been reported to be difficult because of the necessity
of using water or an organic solvent as well as complicated
handling requirements and restrictions on environment. The
range of applications of tunable photonic crystals would expand
significantly if the reversible peak shift of reflected light could be
achieved in a dry system that does not require the use of a
solvent, which remains a key goal towards the development of
dynamic responsive photonic crystals.

Liquid crystal networks (LCNs) and liquid crystal elastomers
(LCEs) are attractive materials towards achieving this aim
because they could undergo reversible expansion or contraction
in dry environments.">>* The molecular orientation in LCNs
and LCEs could respond to various external stimuli, such as
stress, heat, light and changes in intermolecular distance. Such
responses could be controlled in regions where contraction
occurs with stimulation along the orientation direction, and
the expansion results with perpendicular stimulus.”*** Such
careful spatial design of the molecular orientation direction
could provide reversibly-induced arbitrary deformation behaviour.
Thus, several studies have focused on the use of stimuli-responsive
materials in dry systems for two-dimensional and three-
dimensional shape control. This feature has been used by
various studies to demonstrate that the wavelength of reflected
light in LCEs or LCNs, possessing an inverse opal structure,
could shift predictably in response to stress,>® heat>’>° or
light.*>*! Moreover, dual-responsive photonic crystals have
been fabricated using a solvent-free process.’>** However, in a
conventional material system, the inverse opal structure could
gradually become disordered when the shape deforms repeatedly,
deteriorating the desired optical characteristics. To solve this
problem, the material we developed and present herein decouples
the function of the stimuli-responsive deformation behaviour
and that of the photonic crystal to impart improved stability to
the periodic optical structure in a completely dry environment.

This journal is © The Royal Society of Chemistry 2017

View Article Online

Soft Matter

A photo-responsive LCN film was successfully produced using
azobenzene,***> and combined with a flexible inverse opal
film, to create a material with a periodic structure that is stable
to repeated bending.*®*” The results also indicate (for the first
time) that the composite films obtained on bilayering the two
films correspond to multi-responsive tunable photonic crystals.
Herein, we report a proof-of-principle demonstration that the
bilayer tunable photonic crystal fabricated in this study
responds to various stimuli, including light, heat and mechanical
stress, and that it is thus possible to reversibly control the
reflection peak wavelength. The periodic structure of this inverse
opal film changes with respect to the timescale of deformation;
thus, the reflection peak wavelength shifts rapidly. However, the
structure of the flexible inverse opal film is robust and it could
respond to repeated stimuli without deterioration of the desired
optical characteristics.

Results and discussion

A bilayered film comprising a flexible inverse opal film (I0) and a
photo-responsive azo LCN (Az), in which azobenzene is uniaxially
oriented (an I0/Az film), was prepared based on the synthetic
procedures of similar compounds described previously.***” This
was followed by film production and an evaluation of the
resultant inverse opal structure (Fig. 1). The thickness of the
obtained film was 105 pum, including the 20 pm photo-responsive
layer. Differential scanning calorimetry (DSC) thermograms for
each layer of the stimuli-responsive bilayered film (Fig. S1, ESIY)
reveal the glass transition temperatures (7,) to be around 20 °C.
The wavelength (1) of the light Bragg-reflected by the inverse opal
structure depends on the incident angle, thickness, and refractive
index (eqn (1)) and thus a detailed treatment is required.

2 )
Jmax = 24 /gd Z_:nlzd)i —sin“ 0 (1)

where A, denotes the reflection peak wavelength, d denotes
pore diameter, n denotes the refractive index of each component,
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Fig. 1 A schematic illustration of bilayered film and the chemical structures
of materials used for the fabrication of inverse opal film (top layer) and of
photo-responsive film (bottom layer).
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¢ denotes the volume fraction of each component and 6 denotes
the incident angle of light.

First, we evaluated the incident-angle dependence of a
reflection peak. The measured values were compared with the
expected Bragg reflection wavelength estimated using the theoretical
formula of eqn (1) by placing the detector at different positions and
using the light source, which is, Fibre-guided light (FLH-50,
manufactured by Shimadzu Corporation). When the incident
angle increased, the reflection peak wavelength was blue-shifted;
the incident-angle dependence of the peak wavelength of 10/Az
films is illustrated in Fig. 2a. The angle dependence of the
theoretical reflection wavelength corresponds to a value calculated
using the pore diameter of 299 nm in the inverse opal film as
demonstrated from a previous study and eqn (1). The observed
reflection peak wavelength was in good agreement with the
calculated value for each incident angle. This suggests that
the inverse opal film exhibits an array of face-centred cubic
structures with little disturbance.

Next, the light source and the reflection probe (detector)
were installed at the same position, and the incident-angle
dependence was again examined as described earlier (Fig. 2b).
An increase in the incident angle decreased the reflectance and
led to a shift in the reflection peak wavelength. The reflectance
for incident angles exceeding 10° was reduced below the limit
of detection. The shift in the reflection peak wavelength was
within several nanometres for incident angles below 10°. This
means that the incident angle presumably does not affect the
reflection peak shift. Thus, we employed the optical setup as
shown in Fig. 2b for measuring reflection properties of 10/Az
films under various stimuli.

Furthermore, the behaviour of an I0/Az film under various
deformations caused by thermal-stimulus was investigated for
the effect on the reflection peak wavelength. The reflection
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Fig. 2 (a and b) Optical setups for reflection spectra measurement using
fiber-quided light with a detector at the symmetric and the reflection
probe (detector), respectively (left). (a, right) Reflection-peak wavelength
of the bilayered film as a function of the angle of incident light. (b, right)
Reflection spectra of the bilayered film using incident light set at 0, 5 or 10°.
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spectra were measured with the 10/Az film sandwiched between
glass substrates on a hot stage; the reflection peak wavelength
at each temperature is shown in Fig. 3a. The reflection peak
wavelength was observed to be 555 nm at room temperature
and was red-shifted to 567 nm after heating at 160 °C. On
cooling to room temperature, the reflection peak wavelength
blue-shifted back to 555 nm; thus, the results indicate that the
shift in the reflection peak due to the changes in temperature
was completely reversible. Furthermore, this reversible peak
shift could be repeatedly induced (Fig. 3b). The uniaxial orientation
of the Az layer is observed to be disordered under thermal stimulus,
and contraction in this layer occurs typically along the alignment
direction. Therefore, we propose that the inverse opal layer is
compressed in the alignment direction and expanded in the film-
thickness direction, and that this phenomenon is responsible for
the red-shift of the reflection peak. In addition, it is expected that
the inverse opal layer thermally expands and the distance between
pore centres increase, contributing to the wavelength shift. As
already mentioned, previous studies have reported that the
reflection peak wavelength blue-shifts by as much as 120 nm
due to a phase transition caused by heating the LCN with an
inverse opal structure.”” However, the change in the peak wave-
length was irreversible in this case because the periodicity of the
opal structure collapsed during the phase transition. Conversely,
in the I0/Az film used herein, although the peak-shift width was as
small as 12 nm, it exhibited a high potential for application as a
thermo-responsive tunable photonic crystal since the wavelength
shift in this film could be stable and repeatedly induced.
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Fig. 3 (a) Reflection spectra of bilayered film as a function of wavelength

by thermal heating at 25, 40, 80, 120 or 160 °C. (b) Reflection peak
wavelength of bilayered film under reversibly heating and cooling cycles.
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The photo-induced bending behaviour of the I0/Az film was
then investigated, and the results are presented in Fig. 4. We
irradiated the fabricated film using either UV light (UV-LED:
UV-400, manufactured by Keyence Corporation) with a wave-
length of 365 nm and light intensity of 100 mW cm™? or Vis
light (Vis-LED; PJ-150-2 CA, HLV-24 GR-NR-3 W, manufactured
by CCS) with a wavelength of 530 nm and light intensity of
30 mW cm >, When the film was irradiated with UV light
through the inverse opal layer, it reached maximum bending
towards the Az-layer side along the direction of the mesogen
orientation in approximately 70 s. Moreover, the film resumed
its original shape in approximately 70 s under irradiation with
Vis light. Even when the film was irradiated with UV light from
the Az-layer side under the same conditions, the film reached a
maximum bending in the direction of the mesogen orientation
towards the Az-layer side in approximately 60 s. The film
resumed its original shape in approximately 70 s under irradiation
with Vis light. Following irradiation with UV light, contraction due
to photo-isomerization occurs in the Az layer. However, the inverse
opal layer is not photo-responsive and does not change shape
directly with light. Therefore, when irradiation is continued, the
entire Az layer is photo-isomerized and only the Az layer shrinks
anisotropically along the orientation direction. As a result, the
bilayered film is considered to be bent towards the Az-layer side. In
our obtained results, various films were produced by bilayering
azobenzene LCN and polymer films, and we previously reported
that when these systems are irradiated with UV light, the bilayered
film always experiences bending towards the Az-layer side,
irrespective of the direction of incidence.*® This directional
control has been employed previously with good success
to induce complex deformations, such as sample rotational
‘rolling’, translational ‘walking’ motions, and robot-arm-like
‘elbow’ movements.***° Therefore, it is expected that the
photo-induced bending mechanism of the photo-responsive
bilayered polymer films herein would also function similar to
these previously reported bilayered structures.

To analyse the photo-responsiveness of the I0/Az films, the
shift in the reflection peak wavelength due to photo-induced
bending was examined using the optical setup shown in Fig. 2b.
The film was irradiated with a UV-LED with a wavelength of

365 nm
100 mW/ecm?
70 s

uv
365 nm
.2 100 mW/cm?

Vis
530 nm
30 mW/cm?

70s

Lightisource

Fig. 4 (a and b) Photo-irradiation of a bilayered film from above (top) and
below (bottom), respectively. Schematic illustration of the light irradiation
setup and the appearance of film initially (left), under UV light irradiation
(centre) and under visible light irradiation (right).

This journal is © The Royal Society of Chemistry 2017

View Article Online

Soft Matter

365 nm and light intensity of 100 mW ¢cm™? from the Az-layer
side, as the reflection peak wavelength of the bending process
was measured. Although the distance between the film surface
and the reflection probe changed as the film bent, the change in
distance only affected the reflection intensity, keeping the
reflection peak wavelength constant. The angle supplementary
to that formed by the tangents of the edges of the bent film is
defined as the bending angle ¢ as depicted in the inset of
Fig. 5a. A reflection peak appeared at a wavelength of 555 nm prior
to irradiation with UV light. However, following UV irradiation, the
reflection peak wavelength gradually blue-shifted as the bending
angle increased, and it reached a wavelength of 539 nm via a blue-
shift of 16 nm at the maximum bending angle (Fig. 5a). Further-
more, when the film was irradiated using a Vis-LED at a
wavelength of 530 nm and light intensity of 30 mW cm 2, the
reflection peak wavelength red-shifted to 555 nm, thus resuming
its original shape and initial state. Reversibility was confirmed by
cycling repeatedly (Fig. 5b). The blue-shift of the peak shows a
decrease in the period (i.e., the periodic structure contracts); thus,
the shrinkage factor at each bending angle was calculated using
eqn (2) as follows:

d) — di
di

x 100 )

Specifically, d; and d, denote pore diameters that are calculated
before and after the peak shift from wavelengths 4; and 4,,
respectively, using eqn (1). The period decreased as the bending
angle increased, and it is clear that the contraction ratio corre-
sponded to 3.3% when the maximum bending was applied.
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Fig. 5 (a and b) Reflection peak wavelength of bilayer film as a function of
photo-induced bending angle (¢) of the film and under reversible UV and

visible light irradiation cycles over time, respectively.
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Fig. 6 (a) Photographs during mechanical bending of the bilayered film at
bending angle of 0 and 171° (left, right). (b) Reflection-peak wavelength of
the bilayered film observed as a function of mechanically-induced bending
angle of the film.

The shrinkage of this periodic structure could be rationalized
quantitatively by the photo-induced bending behaviour of the
photo-responsive bilayered polymer film. First, the Az layer
contracted due to photo-irradiation; this was followed by bending
of the I0/Az film. Subsequently, the inverse opal layer on the
surface stretched because of this bending and thereby contracted
towards the film-thickness direction. Tsutsui et al. produced an
inverse opal structure using poly(methyl methacrylate) and
reported that the pores underwent contraction in the film-
thickness direction via thermal expansion. They further reported
that the peak wavelength underwent a blue-shift when the period
decreased.’® Therefore, we expect that the periodic structure of
the I0/Az film would shrink, and the reflection peak wavelength
would exhibit a blue-shift similar to the results reported by
Tsutsui et al. In contrast to previous reports, where the reflection
of the film was coloured because photo-responsiveness was
assigned to the inverse opal structure,”*? this study is the first
example of the successful fabrication of a photo-responsive
tunable photonic crystal that is colourless and reversibly photo-
responsive.

If the inverse opal layer is stretched by bending of the I0/Az
film, it is expected that the reflection peak wavelength would
exhibit a similar blue-shift even when the film is mechanically
bent. This was confirmed by attaching the I0/Az film to a
sample holder and measuring the reflection spectrum at the
time of bending caused by external stress (Fig. 6). The reflection
peak wavelength prior to the bending corresponded to 555 nm.
The peak wavelength blue-shifted with an increase in the
bending angle. When the bending angle reached 169°, which
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Fig. 7 Schematic illustrations of shrinkage of inverse opal structures in the
film-thickness direction at the surface of bilayered films when bent.

is approximately the same as the maximum bending angle
obtained upon photo-induced deformation, the peak wavelength
corresponded to 538 nm with a maximum blue-shift of 17 nm.
The reflection peak wavelength also recovered to 555 nm when
the film reverted back to the initial state. When the contraction
ratio at each bending angle was calculated via eqn (2), using the
same method as that described above, the contraction ratio
corresponded to 3.3% at a bending angle of 171°. The measured
results were in agreement with those obtained in the case of
photo-induced deformation. Consequently, these results suggest
that the reflection peak shift accompanying the photo-induced
deformation of the I0/Az film was due to the surface stress
resulting from bending. Generally, when a film is bent, the inside
is compressed and the outside is stretched, separated by a neutral
plane as a boundary that neither expands nor contracts at the
time of bending (Fig. 7). The inverse opal layer was also stretched
while bending the I0/Az film; thus, it is considered that the
periodic structure of the surface shrank in the film-thickness
direction, resulting in the blue-shift.

Conclusions

Bilayered films with a photo-responsive layer and a layer with
photonic crystal properties were prepared, and their thermo-,
photo-, and mechano-responsiveness were investigated. An
10/Az film with a free-standing inverse opal structure reversibly
exhibited a 12 nm red-shift due to thermal expansion normal to
the film surface when it was heated to 160 °C. This shift was
reversibly restored repeatedly to its original reflection peak
wavelength via cooling. Furthermore, the reflection peak wave-
length exhibited a 16 nm blue-shift accompanying the photo-
induced deformation caused by irradiation with UV light. This
shift was also reversibly and repeatedly restored to the original
reflection peak wavelength vig irradiation with Vis light. The
shift width depends on the bending angle, and identical results
could be obtained even under bending caused by external
mechanical stress. The results confirmed that the 10/Az film
functions as a multi-tunable photonic crystal in which the
reflection peak wavelength shifts to both sides of the longer
and shorter wavelengths when stimulated with heat, light, or
stress. The 10/Az film is the first example of a multi-tunable
photonic crystal film obtained by bilayering the two films.

This journal is © The Royal Society of Chemistry 2017
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Since the inverse opal layer film itself is inherently colourless, it
is potentially valuable for a variety of transparency-demanding
photonic devices, such as optical filters and next-generation
displays.
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