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ABSTRACT: Photoresponsive materials offer local, temporal, and remote control
over their chemical or physical properties under external stimuli, giving new tools for
interfacial regulation. Among all, photodeformable azobenzene-containing liquid
crystal polymers (azo-LCPs) have received increasing attention because they can be
processed into various micro/nanostructures and have the potential to reversibly
tune the interfacial properties through chemical and/or morphological variation by
light, providing effective dynamic interface regulation. In this feature article, we
highlight the milestones in the dynamic regulation of different interfacial properties
through micro/nanostructures made of photodeformable azobenzene-containing
liquid crystal polymers (azo-LCPs). We describe the preparation of different azo-
LCP micro/nanostructures from the aspects of materials and processing techniques
and reveal the importance of mesogen orientation toward dynamic interfacial
regulation. By introducing our recently developed linear azo-LCP (azo-LLCP) with
good mechanical and photoresponsive performances, we discuss the challenge and
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opportunity with respect to the dynamic light regulation of two- and three-dimensional (2D/3D) micro/nanostructures to tune their
related interfacial properties. We have also given our expectation toward exploring photodeformable micro/nanostructures for
advanced applications such as in microfluidics, biosensors, and nanotherapeutics.

B INTRODUCTION

Countless biointerfaces have been created by nature through
evolution over millions of years, exhibiting unusual features
such as self-cleaning (lotus leaf),' ™ water collection (beetle
elytra),”* and photonic color (Morpho wings).”” Inspired by
the chemical components and/or the micro/nanostructured
morphologies of these biointerfaces, people have developed
various functional materials with useful interfacial properties,
demonstrating broad application prospects.g_11 Typically,
irreversible chemical modification or etching of the material
surfaces is used to obtain desirable interfacial properties;
therefore, it is not facile to adjust their properties after
manufacturing.

Different from conventional materials, responsive materials
can dynamically adjust their physical and/or chemical proper-
ties under external stimuli. With the aid of these materials,
interfacial properties such as wettability and reflectivity can now
be resg)onsive to pH,'>" humidity,"*"* electricity,"® magnetic
fields,"” ™" heat,*°™** and light,23_25 providing various
applications including microfluidic devices, controlled drug
release, and biosensors.” As a clean source, light offers remote
and localized control, which is beneficial to the dynamic and
accurate regulation over materials.””~*” Until now, dynamic
interfacial regulation by light has been realized through various
photoresponsive materials, including photosensitive inorganic
oxides,**™** small molecular dyes (azobenzene, spiropylran,34
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stilbene, etc.), and their related polymers.’*®*” However,

issues such as slow response or limited interfacial property
changes during light regulation still hinder their potential
applications.

Over the last several decades, photodeformable materials
have been explored in various micro/nanostructures for
interfacial regulation by light, of which azobenzene-based liquid
crystal polymers (azo-LCPs) are a “star”.”® Superior to other
photoresponsive materials, azo-LCPs can be shaped into
different micro/nanostructures and offer reversible regulation
to the chemical environment and/or morphology. Upon light
irradiation, the azobenzene molecules in azo-LCPs undergo
reversible trans—cis isomerization, generating tunable micro-
scopic chemical properties and interfacial energy change at the
micro/nanostructured surface.’®™*° At the same time, the
microscopic geometry variation of azobenzene mesogens will
be amplified through the polymer entanglements, causing a
quick and controllable macroscopic deformation of the micro/
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Figure 1. (a) Molecular structure of the azobenzene small-molecule derivative. (b) Light-controlled water transport process at the photoresponsive
interface (UV light 365 nm, blue light 436 nm, 1.0 mW cm ™). Adapted with permission from ref 33. Copyright 2000, American Association for the
Advancement of Science. (c) SEM image of a microstructured substrate produced by 10 cycles of nanoparticle deposition. (d) Schematic showing
the reversible photoisomerization of an azobenzene-coated superhydrophobic surface. (e) Water droplet profiles on (I) smooth and (II)
microstructured substrates before and after UV exposure. Adapted with permission from ref 44. Copyright 2010, Royal Society of Chemistry.
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Figure 2. (a) Schematic illustrating the main parameters (dPost =10 pm, dygyoope = 15 pm, h = 30 um) of the microposts. (b) Typical SEM image of the
polymer-modified surface. (c) Reversible switching of the water droplet mobility from rolling state to pinned state corresponding to the temperature
change. Adapted with permission from ref 52. Copyright 2009, John Wiley and Sons. (d) Schematic illustration of the preparation process and the
light-driven trans/cis isomerization of the azo-LCP coated micronanoposts. (¢) Photoinduced contact angle (CA) and adhesion force changes of this
superhydrophobic azo-LCP micronanopost (UV light, 365 nm, 120 mW cm™ for S s; visible light, 470 nm, 30 mW cm™> for 10 s). Adapted with
permission from ref 53. Copyright 2012, John Wiley and Sons.

nanostructures,”’ which may provide additional interfacial of mesogen orientation in azo-LCP micro/nanostructures for
regulation. By manipulating the azo-LCP micro/nanostructures liquid and light manipulation. Using our recently developed
locally using light, we may reversibly fine-tune the related azo-LCPs with excellent photodeformable performances, we

interfacial properties in response to environmental change
under a wide regulation range and fast photoresponse, realizing
the dynamic interfacial regulation.

In this feature article, we present our recent progress on
dynamic interfacial regulation by photoresponsive azo-LCP

introduce the construction of more complex 2D and 3D azo-
LCP micro/nanostructures for dynamic interfacial regulation.
We believe the continuous development of azo-LCPs and new

fabrication techniques will provide an opportunity for the

micro/nanostructures. Focusing on the fabrication strategies dynamic control of more complex interface properties by light,
and new material development, we investigate the importance solving complicated tasks in real life.
6612 https://dx.doi.org/10.1021/acs.langmuir.0c00582
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B DYNAMIC WETTABILITY REGULATION FOR
LIQUID MANIPULATION

Interfacial Chemistry Regulation by Azobenzene
Molecules. The dynamic regulation of wettability is crucial
to realizing droplet manipulation on an open 2D surface,
showing potentials in droplet microfluidics,** drug screening,”
cell manipulation,”® and many other interesting applications.**
Early in 2000, Ichimura et al. presented the first example of
light-driven liquid transport on a photoresponsive flat surface
modified by azobenzene small molecules, demonstrating the
power of light regulation (Figure lab).”” Illuminated by
alternating ultraviolet (UV) and visible (vis) light, the
azobenzene derivatives underwent photoisomerization, gen-
erating the variation of interfacial chemistry on the surface. The
different ratios of trans and cis azobenzene isomers produced an
interfacial energy gradient, driving the motion of liquid droplets
(Figure 1b). However, the wettability change at the interface
was rather small so that a long manipulation time was needed.

Incorporating micro/nanostructures onto a similar surface
system can enhance the variation of wettability. For example,
Cho et al. prepared two surfaces coated by the same fluorinated
azobenzene small molecules and investigated their wettability
changes under UV/vis irradiation (Figure lc—e).* Induced by
the photoisomerization of the tethered azobenzene molecules,
both surfaces showed a tunable interfacial chemistry change by
light, realizing the wettability regulation. Notably, the contact
angle (CA) change of the flat surface was 6 + 1° before and
after UV irradiation, while the microstructured film showed a
drastic CA change from 151 + 2° to below 5°, resulting in a
photoswitching from superhydrophobicity to superhydrophi-
licity (Figure le). These data suggest that the presence of
micro/nanostructures can greatly amplify the photoinduced
interfacial change on the surfaces. It can be anticipated that
further regulation of the micro/nanostructures may provide an
addition pathway to tune the interfacial properties.

Tuning Adhesion by a Responsive Polymer Coating. It
has been known that the surfaces of lotus leaves and rose petals
are based on similar biomaterials but have opposite adhesion
properties. The former is the Wenzel®® state with super-
hydrophobic and low adhesion, and the latter is the Cassie™
state with superhydrophobic and high adhesion. The adhesion
difference is mainly induced by the different morphologies on
these surfaces.”’~* Taking inspiration from these biological
micro/nanostructures, people have now acquired many
responsive micro/nanostructures with unique interfacial
properties for liquid manipulation.””*" For example, Jiang et
al. manufactured a responsive surface by spin-coating a
thermoresponsive liquid crystal polymer (LCP) onto a silicon
wafer with arrayed microposts (Figure 2a—c).”” By manipulat-
ing the phase transition of the thermoresponsive LCP on the
surface via the heating and cooling process, they realized a
reversible roughness and interfacial chemistry control of the
microposts to tune the interfacial adhesion (Figure 2c),
exhibiting the nonloss transport of liquid droplets for droplet
microfluidics, self-cleaning surfaces, droplet sorting, and so
forth.

In comparison to thermoresponsive LCPs, azobenzene
containing polymers (azo-polymers) allow for a precise and
athermal manipulation, providing local interfacial changes while
preventing the evaporation of liquid droplets. Inspired by
Jiang’s work as mentioned above, we designed a linear-side-
chain azo-polymer synthesized from an azobenzene acrylate
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monomer with a flexible alkyl spacer.”® By spin-coating this azo-
polymer onto a micronanopost-arrayed silicon wafer, we
fabricated a photoresponsive composite surface (Figure 2d).
Owing to the hydrophobic azo-polymer and the micronano-
posts on the surface, the composite exhibited superhydropho-
bicity with a CA of about 148°. Through this composite, we for
the first time realized the interfacial adhesion manipulation for
water droplet release by light.

Once the superhydrophobic azo-polymer micronanopost
composite was irradiated with UV light (365 nm, 120 mW
cm™2) for 5 s, the azobenzene molecules on the surface
underwent trans to cis isomerization, leading to the surface
chemistry and roughness change on the micronanoposts. As a
result, the composite surface exhibited a 25.0—33.3% increase
in the interfacial adhesion force (AF) while the CA variation is
subtle (Figure 2e). In this way, we demonstrated the pinning of
a water droplet smaller than 2 uL, offering a tool for the size
screening of water droplets. Moreover, using visible light (470
nm, 30 mW cm™?), we managed to release the pinned water
droplet from the micronanopost composite remotely, providing
an alternative design for nonloss liquid droplet transfer.
However, the surface roughness change was within a few
angstroms during light irradiation limited by the poor
photodeformability of this azo-polymer and the hard micro-
nanopost silicon wafer base. Replacing this azo-polymer with
azo-LCPs may further increase the morphology variation to
improve the liquid transport performance upon light irradi-
ation.

Design of Azo-LCP Micro/Nanostructures for Dynam-
ic Interfacial Regulation. To realize the dual interfacial
regulation through azo-LCP micro/nanostructures, a macro-
scopic deformation of azo-LCPs is essential. There are two
main mechanisms of azo-LCP deformation (i.e., photoinduced
phase transition and photoreorientation, also known as the
“Weigert effect”, which has been elaborated on in other
reviews”*~"’). Briefly, the photoinduced phase transition of
azo-LCPs can be triggered by the photothermal or photo-
chemical effect of azobenzene units. In both cases, the mesogen
order will decrease and induce a liquid crystal phase-isotropic
phase transition of azo-LCPs, leading to the macroscopic
deformation. The Weigert effect of azo-LCPs was first
discovered in 1919.°® Under certain light (for example, blue
light) irradiation, azobenzene units will go through continuous
trans—cis—trans isomerization until they are aligned along the
direction of incident light. The reorientation of azobenzene
units can be manipulated by changing the direction of the
incident light, disrupting the mesogen order in azo-LCPs to
realize deformation.

Typically, azo-LCPs with a cross-linked polymer network
(azo-CLCPs) are often used, owing to their excellent
mechanical strength and large deformability in response to
light. Through the cross-linked polymer network, the
synergistic effect of aligned mesogens allows azo-CLCPs to
amplify the nanoscopic molecular motions from the photo-
isomerization of azobenzene units into fast, huge, and various
macroscopic deformations, including contraction and expan-
sion,” ¢! topograghical deformation,®>~%* bending,‘gg’é5 twist-
ing® and rolling.”” The mesogen orientation in these azo-
CLCPs plays an important role in controlling these
deformations. Thus, various alignment approaches (for
example, magnetic field orientation,’® mechanical stretching,69
photoalignment,”® etc.) have been developed to prepare azo-
CLCPs accordingly. For example, our group has used a well-

https://dx.doi.org/10.1021/acs.langmuir.0c00582
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Figure 3. (a) Chemical structures of the monomers used to fabricate the thermoresponsive LCP microarrays by the PDMS soft template. (b)
Schematic showing the deformation of the thermoresponsive LCP in response to a temperature variation. (c) SEM images of different microarrays of
(I) large cylindrical pillars, (II) small cylindrical pillars, and (III) square pillars by a PDMS soft template. Photographs of a thermoresponsive LCE
pillar (I-IV) upon heating to the isotropic state and (V) cooling back to room temperature. Reproduced from ref 76. Copyright 2009, American
Chemical Society. (d) Schematic showing the preparation process of the microarrayed azo-CLCP film by the PDMS soft template. (e) Chemical
structures of LC monomers (DA11AB and C9A) used to prepare the azo-CLCP film. The molar ratio of DA11AB and C9A in the mixed precursor
was 1:4. (f) The cleaved microarrays under (I) the optical microscope and (II) the polarized optical microscope. The width of the microarrays is
around 10 pm. The height of the microarrays is around 30 #m. (g) Microscopic profiles of the rolling and pinned water droplets on the microarrayed
az0-CLCP surface (UV light: 365 nm, 120 mW cm™ for 6 s; visible light: 530 nm, 30 mW cm ™ for 30 s). Adapted with permission from ref 77.

Copyright 2012, Royal Society of Chemistry.

arranged carbon nanotube (CNT) layer to guide the
azobenzene mesogens, obtaining azo-CLCP/CNT composite
films with good mesogen orientation and excellent mechanical
properties.”" Introducing these deformation forms into micro/

nanostructures is expected to realize dynamic interfacial
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regulation by light. However, the mesogen orientation in
micro/nanostructures is rather challenging because it is limited
by conventional alignment techniques. Thus, it is crucial to
make a proper molecular design for azo-CLCPs and select

https://dx.doi.org/10.1021/acs.langmuir.0c00582
Langmuir 2020, 36, 6611-6625
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Figure 4. (a) Schematic showing the fabricating process of PET nanocones. (b) Tilted-view SEM images of the (I) joint state and (II) completely
isolated state of the PET nanocones presented after etching for 4 and 8 min, respectively. (c) Underwater—oil contact angle (OCA) obtained at (I)
20 and (II) 60 °C. (III) The reversible underwater OCA transition of the PNIPAAm-functionalized PET nanocones at 20 °C (below the LCST of
PNIPAAm) and 60 °C (above the LCST of the PNIPAAm). Adapted with permission from ref 83. Copyright 2014 Royal Society of Chemistry. (d)
Schematic showing the preparation of microcolumn and microcone arrays by colloidal lithography. (e) (I) Tilted-view SEM image of the
submicrocone-arrayed CLCP film. (I inset) Image of a water droplet on the CLCP film turned upside down, indicating high water adhesion. (II)
Tilted-view SEM image of the surface of the submicrocone-arrayed CLCP film. (I, IV) SA measurements of a S uL water droplet on a
submicrocone-arrayed CLCP film in the trans and cis states, respectively (blue light: 470 nm, 120 mW cm ™ for 120 s; green light: 530 nm, 30 mW
em™ for 120 s). Reproduced from ref 84. Copyright 2015, American Chemical Society.

suitable processing techniques to prepare micro/nanostruc- microarrays (Figure 3f). Compared with a flat film fabricated
tured azo-CLCPs for dynamic interfacial regulation. by the same azo-CLCP, the microarrayed azo-CLCP film
Liquid Manipulation by Microarrays. The replication surface exhibited superhydrophobicity (CA > 150°) with a
template method is widely applied to prepare complex micro/ smaller slide angle (SA =~ 37.7°).
nanostructures from readily available molds.”””> Among all, the Using UV and visible light for illumination, we demonstrated
PDMS soft template is often used due to its easy reproduction the photoswtiching of a low adhesion state and a high adhesion
of complex micro/nanostructures including lotus leaves”* and state of the microarrayed azo-CLCP film. After irradiating the
butterfly wings.”” In 2009, Keller et al. reported the first film with UV light (360 nm, 120 mW cm™?) for 6 s, the well-
preparation of thermoresponsive CLCP microarrays using the oriented azobenzene mesogens on the surface underwent a
PDMS soft template, demonstrating the power of the cooperative photoisomerization, generating sufficient polarity
replication template method in fabricating CLCP micro- change and increasing the SA at the interface. Through this
structures.”® In their study, the CLCP micropillars on the microarrayed film, we further realized the noncontact and
arrays produced reversible contractions of around 300—400% localized manipulation of the water droplet by light. After 365
in response to heat (Figure 3a—c), indicating that the mesogens nm UV light irradiation, a 2 yL water droplet was pinned on the
were well-aligned in the micropillars. surface even though the film was in a vertical state (Figure 3g).
Taking advantage of the replication template method, we Subsequently, after the visible light (530 nm, 30 mW cm™?)
designed an azo-CLCP microarray using a PDMS soft template irradiation for 30 s, the cis-state azobenzene mesogens on the
and investigated the dynamic wettability regulation by light surface returned to the trans-state, reverting the surface into the
(Figure 3d—g).”” An azo-CLCP precursor was optimized by lower adhesive superhydrophobic state so that the 2 yL water
combining a hydrophobic cross-linkable azobenzene monomer droplet rolled off of the surface when the slant angle of the film
(DA11AB) and a nonazobenzene cross-linker (C9A) (Figure reached 67.7°. Due to the fast response and good orientation of
3e). The precursor possessed a wide temperature range for the these azo-CLCP microarrays, the interfacial regulation time is
nematic phase (40—103 °C on cooling), which ensures that it within a minute, which is beneficial to the real-time control of
efficiently fills the microgaps. During this process, the microfluidics.
microgaps in the PDMS soft template guided the azobenzene Wettability Regulation from Submicro/Nanoarrays. In
mesogens to align parallel to the surface region of the comparison to the replication template method, colloidal
6615 https://dx.doi.org/10.1021/acs.langmuir.0c00582
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Figure S. (a) Schematic showing the fabrication of the 2D azo-CLCP microarray. (b) SEM images of the azo-CLCP microcolumns (I) before and
(I1) after irradiation with UV light. (c) Reflection spectra of the azo-CLCP microarrayed PhC interface under UV light irradiation (365 nm, 20 mW
cm 2,15 min) and the following visible light irradiation (530 nm, 20 mW cm™2, 5 min) with an angle of incidence of 60°. Adapted with permission
from ref 9S. Copyright 2012, John Wiley and Sons. (d) Schematic view of fabricating the inverse opal structures using azo-CLCP by the replication
technique. (e) SEM images of the inverse opal film (I) before and (II) 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 irradiation with UV
light. After UV light irradiation, the shape of the hexagon becomes irregular, and the straight lines have become curves. (f) Reflection spectra of PhC
with the inverse opal structure under UV light irradiation (365 nm, 50 mW cm ™2, 5 min) and subsequent visible light irradiation (530 nm, 20 mW
cm™2, 15 min). Adapted with permission from ref 99. Copyright 2014, Royal Society of Chemistry.

lithography is able to be divided into modules throughout the
etching procedure while requiring less manual operations, thus
saving time for the mass production of micro/nanostruc-
tures.”*~* By adjusting the photomasks, surfaces with various
micro/nanostructures including artificial shark skin,®! bionic
rice,”* and antireflective moth eyes®* have been prepared in a
highly efficient manner with a silicon wafer through colloidal
lithography. Recently, Yang et al. manufactured a nanocone
array surface with underwater superoleophobicity and anti-
bioadhesion performance from the colloidal lithography of
poly(ethylene terephthalate) (PET), demonstrating the
compatibility of colloidal lithography with polymers (Figure
4a—c).>> However, this technology has not rarely been applied
for the construction of phororesponsive azo-LCP micro/
nanostructures with tunable interfacial properties.

Therefore, we investigated the fabrication of azo-CLCP
micro/nanostructures through the colloidal lithography techni-
que (Figure 4d,e).** Instead of the template-guided mesogen
orientation during manufacturing for constructing azo-CLCP
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micro/nanostructures, azo-CLCP films with good mesogen
alignment were prepared through conventional mesogen
alignment techniques’' prior to obtaining the micro/nano-
structures by colloidal lithography. By using different types of
etching masks, we obtained a submicropillar array (diameter of
250 nm) and a submicrocone array (diameter of 400 nm)
through colloidal lithography for the first time (Figure 4d). The
submicropillar arrays exhibited interfacial properties similar to
those of rose petals, while the submicrocone arrays had a lotus-
leaf-like surface. Both films have good mesogen orientation and
photodeformability. Using these submicroarrays, we managed
to regulate the wettability at the interface dynamically by light.

Both films stayed superhydrophobicity before and after
illumination. Upon blue light irradiation (470 nm, 120 mW
cm™?), the CAs of both interfaces were reduced slightly (~2 to
3°) and recovered after irradiating with green light (530 nm, 30
mW cm™?), mainly owing to the local polarity variation by the
photoisomerization of azo-CLCP. In contrast, different
adhesion performances were observed from these two
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Copyright 2016, Springer Nature.

submicroarrayed surfaces. The SA of the submicropillar (rose
petal) interface remained greater than 90° during the whole
process, which is similar to that of the rose petal surface,
allowing for the adhesion of a S yL water droplet even if the
surface was flipped. As for the submicrocone (lotus leaf) CLCP
film, the SA value changed from 3.1 + 2.0° to 6.1 + 2.2° when
irradiated with 470 nm blue light (120 mW cm™) (Figure 4e).
Since the photothermal effect is weak in this process
(temperature increased by less than 2 °C after irradiation
with 120 mW cm™ blue light for 120 s), the SA variation may
be attributed to the photodeformation of azo-CLCP induced by
the Weigert effect. It is anticipated that the different
morphologies reported in this work may lead to the
development of promising applications of photodeformable
materials, particularly in microfluidic devices, and self-cleaning
windows.

B AZO-CLCP PHOTONIC CRYSTALS FOR
REFLECTIVITY REGULATION

Photonic crystals (PhC’s) have received extensive attention for
their unique optical characteristics, where the photonic band
gap is the key element. One of the main factors affectin§ the
photonic band gap is the micro/nanostructures of PhC’s.” By
tuning the micro/nanostructures of PhC’s, the dynamic
interfacial reflectivity regulation can be realized. For example,
chameleons can adjust their skin reflection color by changing
the nanoscale photonic crystal structures in their epidermal
cells.®® With the development of responsive materials, various
PhC’s with tunable reflectivity in response to temperature,®”*®
chemical variation,®® mechanics,” Iight,91 electricity,92 and
magnetism” have been obtained, exhibiting potentials as
biological and chemical sensors, photonic inks, color displays,
and many optically active components.”*

Microcolumns by a Silica Template. Fabricating azo-
CLCPs into ordered micro/nanostructures such as microarrays,
log stack structures, and (inverse) opal structures will produce
photoresponsive PhC’s with precise and remote regulation of
their optical properties.*® In response to light, the large
deformation of the azo-CLCP micro/nanostructures will
significantly change the period of Braggs reflection, providing

6617

a wide reflectivity regulation range. To demonstrate the
regulation of interfacial reflectivty by azo-CLCP, we prepared
the first azo-CLCP PhC with microcolumn arrayed structures
(Figure Sa—c) through a silicon template.” Similar to the
procedure of using the PDMS soft template, the azo-CLCP
microcolumn-arrayed PhC was obtained by in situ photo-
polymerization of the precursors containing azobenzene
mesogen monomers through a fluorinated silicon template
(Figure Sa). The shear force during the casting process helps
the azobenzene mesogens to align along the long axis direction
of the microcolumns, providing the azo-CLCP with excellent
stiffness and response performance. Under UV light (365 nm,
20 mW cm™?), the azobezene mesogens underwent trans—cis
isomerization transformation, resulting in the expansion of the
microcolumn diameter and the shrinkage in the direction of the
long axis, which leads to an interfacial reflection change. As a
result, the reflection peak at 870 nm broadened and decreased
from 34.3 to 18.9% in response to UV light but recovered when
exposed to visible light (530 nm, 20 mW c¢m™?) (Figure Sc).

Inverse Opal Structures by the Replication Techni-
que. In addition to microcolumn PhC’s, inverse opal structures
also form excellent PhC’s with unique optical properties, such
as the existence of a photostop band, adjustable color change,
and high reflection intensity. For example, by incorporating
different photoresponsive LC derivatives into opal thin films or
the SiO, inverse opal structures, Sato et al. prepared several
photoresponsive PhC interfaces and realized the reversible
regulation of their reflection spectra by light.”*~® However, the
base materials used in these PhC’s are typically hard so that the
deformation from these PhC’s is small, making it difficult to
achieve large-scale regulation.

Thus, we prepared PhC’s with inverse opal structures by azo-
CLCP using the replication technique (Figure Sd—f).”” The
precursor containing azobenzene monomers was first injected
into the SiO, opal film (Figure Sd). After polymerization, the
SiO, opal template was etched with 1% HF, resulted in an azo-
CLCP of inverse opal structures, which realized a switchable
reflectivity controlled by alternating UV/vis light irradiation.
Confirmed by SEM, the photoinduced deformation of azo-
CLCP occurred in response to UV illumination (365 nm, S0
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Figure 7. (a) Schematic view of the electrospinning processing. (b) Photographs of directed pinning of moving water droplets of 8 uL on a
superhydrophobic mat. (I) Water droplets rolling down the surface of the mat. (II-IV) The circled areas are illuminated with UV light, turning
orange owing to the photoisomerization of azobenzene units. Then, the moving droplets could be pinned at the UV-irradiated points. (V, VI) The
mat returns to a low AF state after visible-light irradiation, and the droplets slide down smoothly. UV light: 365 nm, 20 mW cm™; visible light: 530

nm, 60 mW cm™>

; size of the mat: 5.0 cm X 5.0 cm. (c) Plot showing the reversible CA change of 3 and 8 yuL water on the mat with alternating

irradiation with UV and visible light. The surface energy of mat III before UV irradiation is measured to be 45.42 + 1.42 mN/m and becomes 61.95
+ 0.29 mN/m after UV exposure. (d) Representative FESEM image of nanofiber mats I-III. (e) Polarizing optical microscopy images of nanofibers
with parallel alignment. Adapted with permission from ref 110. Copyright 2019, John Wiley and Sons.

mW cm™?), leading to the contraction of the inverse opal
structures, which disturbed the regular, periodic porous
structure of inverse opal (Figure Se). As a result, the intensity
of the maximum reflection peak at 670 nm decreased to 20% of
its original state after S min. Although the reflection peak only
partially recovered and eventually reached 70% when visible
light (530 nm, 20 mW cm™>) was used (Figure 5f), this is the
first time that azo-CLCP has been used in the preparation of
inverse-opal-structural PhC’s. Through the easy operation by
light, we realized the dynamic switching of the reflection spectra
in azo-CLCP PhC's.

B NEW MATERIALS FOR DYNAMIC INTERFACIAL
REGULATION: FROM TWO-DIMENSIONAL TO
THREE-DIMENSIONAL MICRO/NANOSTRUCTURES

Although micro/nanostructured azo-CLCPs have shown power in the
dynamic regulation of different interfacial properties as described
above, the limited processability inherited by their cross-linked
structures restricts their processing into more complex 2D/3D
microstructures. Therefore, an investigation of new azo-LCP materials
with excellent processability is needed. Azo-LCPs with linear
structures exhibit good processability for micro/nanostructure
fabrication. However, the molecular weight of previously reported
azo-LCPs with linear structures is low so that they do not have enough
chain entanglement to form stable physical network to support
themselves with good mechanical properties. Thus, the development
of linear azo-LCPs with excellent self-supporting properties and
photoresponsiveness will provide new opportunity for the construction
of complex micro/nanostructures for simpler interfacial regulation.
In 2016, we developed a novel linear azobenzene-containing liquid
crystal polymer (azo-LLCP) with excellent mechanical and photo-
deformable properties (Figure 6).'% Synthesized by ring-opening
metathesis polymerization (ROMP), a high-molecular-weight azo-
LLCP was obtained with a rubber-like polycyclooctene backbone and
photoresponsive azobenzene mesogens on the side chains (Figure 6a).
The longer spacer connected to each azobenzene unit isolated the
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hindrance from the main chain,'”' ™% allowing for the assembly of

azobenzene mesogens into a lamellar structure with the aid of an
annealing process (Figure 6c—e). Meanwhile, the lamellar structure of
the azo-LLCP along with its high molecular weight provided enough
chain entanglement, forming a physical network to strengthen the
mechanical properties of the material (Figure 6b). Tensile tests
showed that the fiber samples of such azo-LLCP have a moderate
elastic modulus (96 + 19 MPa) and good breaking strength (~20
MPa), which is similar to or even better than that of conventional azo-
CLCPs. The microscopic photoisomerization of azobenzene mesogens
in this azo-LLCP upon illumination can be amplified through the
polymer network, producing a large macroscopic deformation. Thanks
to its linear structure, this new azo-LLCP exhibits excellent
processability that is comparable to that of other processing techniques
such as solution coating and mold processing, allowing for the easy
construction of more complex micro/nanostructures for dynamic
interfacial regulation.

Electrospun Azo-LLCP Mats for Wettability Regulation.
Electrospinning is advantageous in the large-scale continuous and
direct preparation of various micro/nanostructures with unique surface
roughness and texture.'”* So far, different responsive polymers have
been used to construct micro/nanostructured surfaces with tunable
wettal:»ility.los_107 Preparing azo-LCP micro/nanostructures via
electrospinning will allow for dynamic interfacial regulation over a
large area, which is preferred in industrial applications. However, not
only azo-LCP but also all LCPs have rarely been fabricated by
electrospinning. That is because the conventional cross-linked LCPs
are insoluble so that they are incompatible for processing by
electrospinning. As for the previously reported linear LCPs, they
normally have low molecular weights limited by the polymerization
techniques; therefore, they are unable to provide enough mechanical
strength nor can they form stable structures during the electro-
spinning. 108,109

With our recently developed azo-LLCP, we have successfully
prepared photoresponsive superhydrophobic mats on a large scale by
electrospinning (Figure 7a).''® In comparison to the flat azo-LLCP
surface with a CA of about 90°, the mats fabricated by the same
material through electrospinning have higher hydrophobicity owing to
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Figure 8. (a) Schematic showing the fabrication of an LLCP-coated Morpho butterfly wing (LLCP-MBW) and the reversible photoinduced
deformation. For a better understanding of the placement of the MBW in this and the following figures, a coordinate system was set with the y axis
parallel to the ridges, the x axis perpendicular to the ridges, and the z axis vertical to the surface. (b) Schematic illustration of the expansion and
shrinkage vertical to the ridges induced by UV (365 nm, 10 mW cm™) and visible light (white light from the microscope) irradiation. (c) SEM
photographs showing the top view of microstructures on MBW before electrospinning (left), after electrospinning (middle), and after heating and
annealing (right). (d) With the increase in UV intensity, the incident light gradually penetrates the lamellas of the ridges, causing the deformation of
microstructures and the increase in the new reflection peak at 397 nm. Adapted with permission from ref 115. Copyright 2018 John Wiley and Sons.
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Figure 9. (a) Liquid motion of the bird beak during preying. Adapted with permission from ref 116. Copyright 2008, American Association for the
Advancement of Science. (b) Schematics showing the motion of a slug of fully wetting liquid in the photodeformable tubular microactuator (TMA).
(c) Schematics showing the reorientation of mesogens in the cross-sectional area of the TMA before and after irradiation with unpolarized blue light.
(d) Schematics showing the reorientation of LC mesogens with nonpolarized blue light that is incident at angle 6. Double arrows show the
polarization direction of the light. (e) Photographs of the light-driven motion of a silicone oil slug in a TMA tilted up at 8 = 17° (light source: 470 nm
blue light, 80 mW cm™2). (f) Photographs of freestanding serpentine, helical, and Y-shaped TMAs. Adapted with permission from ref 100. Copyright
2016, Springer Nature.
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Figure 10. (a) Molecular design of a novel linear azobenzene-containing liquid crystal copolymer (PABBP). (b) Schematic showing the bilayer TMA
structure formed by filling an EVA microtube with PABBP. (c) Cross-sectional image of the bilayer TMA. The scale bar is 100 #m. (d) Photograph of
a closed-loop microchannel fabricated by the bilayer TMA. (e) Photofluidization-induced healing of the PABBP inner layer. (Inset) Illustration of the
healing process. Scale bar: S00 ym. (f) Photograph of the wearable PFM and the photocontrolled liquid transport in the wearable PEM upon
irradiation of the 470 nm line light (80 mW cm™). Adapted with permission from ref 117. Copyright 2019, John Wiley and Sons.

the formation of micro/nanostructures. When the concentration of
azo-LLCP solution was reduced from S to 1%, the morphology of mats
I-1II (Figure 7d) was adjustable from fiber to fiber interconnected by
particles, giving an increased surface roughness, a larger CA, and a
smaller SA. As a result, we obtained two rose petal-like mats (I and II)
with high hydrophobicity (CAs of 135 and 139°) and high adhesion
and a lotus leaf-like mat (III) that exhibited a superhydrophobic state
(CA = 150°) with an SA of 20°.

Upon UV irradiation, a slightly decrease in CA was observed in mat
III, resulting from the dipole variation of azobenzene units at the
interface during photoisomerization, while the AF and SA were nearly
doubled (Figure 7c). Through a detailed analysis, we implied that
changes in AF and SA in mat II should be attributed to the dual
regulation of micro/nanostructures and the mat surface chemical
composition. Induced by the electrospinning process, the mesogens in
the azo-LLCP were aligned along the fiber direction, endowing the
forming nanofibers with anisotropic photodeformability (Figure 7e).
Although no significant morphology change was observed upon UV
illumination owing to the randomly distributed azo-LLCP nanofibers
on the mat III, the deformation of azo-LLCP nanofibers would change
the volume of the presented pores in the micro/nanostructures,
leading to the wettability and adhesion changes. In addition, the color
of the illuminated spot changed from light yellow to orange, suggesting
the trans—cis photoisomerization of azobenzene units occurring on the
surface, changing the interfacial chemistry. With these photoresponsive
mats, we further demonstrated the pinning of the moving water
droplets remotely at the illuminated position, providing a new platform
for the active manipulation of discrete droplets on an open surface
(Figure 7b).

Reflectivity Regulation from the Azo-LLCP PhC Composite.
Compared with the previously mentioned PhC’s with microcolumn
arrays and inverse opal structures, the replication of more complex
natural PhC structures will gain more interesting optical properties.
For example, Morpho butterflies wings (MBWs) provide angle-
independent blue iridescence, which is hard to obtain from most
micro/nanostructured PhC’s. Instead of reconstructing the compli-
cated natural structures, installing the natural PhC’s with a photo-
response is simpler and will cause most of its optical properties to be
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inherited while endowing tunability in response to external
stimuli,"' >3

With the aid of photoresponsive materials, people have developed
an MBW composite with tunable reflectivity. For example, Zhang et al.
developed near-infrared (NIR) photoresponsive PhC’s by coating
thermoresponsive poly(N-isopropylacrylamide) (PNIPAM) coupled
with photothermal Fe;O, nanoparticles onto MBW.''* Triggered by
NIR radiation, Fe;O, nanoparticles converted light energy into heat
within 10 s, inducing the phase transition of PNIPAM. As a result, the
reflection peak red shifted at around 26 nm. Although it is believed that
the deformation of the coating on MBW is crucial to tuning the
reflectivity from the MBW composite, no deformation of the MBW
hierarchical structures has been observed so far due to the weak
mechanical properties or low deformation capacity of the coating.'"’

To get a better understanding of the relationship between the
micro/nanostructural deformation and reflection changes, we prepared
a photodeformable MBW PhC composite with tunable reflectivity by
electrospinning the azo-LLCP onto the natural MBW (Figure 8a).'"®
Instead of chemical modification methods, a uniform layer of azo-
LLCP with good mesogen alignment was attached to the MBW surface
through electrospinning, followed by the annealing process (Figure
8c). The delicate hierarchical structures of MBW were preserved with
no significant damage thanks to the mild electrospinning process. Due
to the excellent mechanical properties and photoinduced deformation
of this azo-LLCP, we observed the reversible deformation of the MBW
micro/nanostructures including lamella spacing, ridges, and complete
scales regulated by UV light (365 nm, 60 mW cm™2, 10 s) for the first
time (Figure 8b). The hierarchical deformation of such a responsive
MBW composite interface further induced a blue shift in the reflection
peak (70 nm) and a remarkable change in reflectance (40%) (Figure
8d). We believe the fabrication of natural PhC’s into responsive
composites through this approach will provide opportunities for the
construction of other phototunable natural PhC’s, enriching more
important optical features in the application of pigments, cosmetics,
and sensors.

Three-Dimensional Tubular Microstructures for Dynamic
Interfacial Regulation. Learning from the feeding mechanism in
shorebirds, it has been known that a wetting liquid droplet confined in
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a conical capillary will spontaneously move toward the narrow end.
This is due to the asymmetric capillary force caused by the difference
in liquid/air interfacial pressure at different curvature pipe
diameters.''® Inspired by this, we proposed a new liquid transport
strategy using light-tunable 3D tubular microstructures (Figure 9). By
constructing photoresponsive tubular microactuators (TMAs) , we
may mimic the motion of a bird beak during preying to realize the
surface-tension-induced transport by light (Figure 9a—d). However,
limited by the processing techniques and the choice of azo-LCPs, the
fabrication of tubular microactuators (TMAs) remains challenging.

With the newly developed azo-LLCP, we prepared the first free-
standing 3D TMA with good mesogen orientation through the coating
of azo-LLCP into a glass capillary template.'” After being coated with
the azo-LLCP, the glass capillary template was etched to obtain the
TMA. An additional annealing process was performed to improve the
mesogen orientation of the azo-LLCP, thereby forming an ordered
lamellar structure coaxially in the TMA wall. Upon irradiation with 470
nm blue light (80 mW cm™), the azobenzene mesogens underwent
continuous trans—cis—trans photoisomerization by the Weigert effect
(Figure 9b,c), leading to the reorientation along the direction of
incident light. As a result, the thickness of the illuminated part
decreased and its diameter was expanded, producing an asymmetrical
deformation in the azo-LLCP TMA (Figure 9d). Once the light source
was removed, the photodeformation was recovered, exhibiting good
reversibility for repeated use.

Through this photodeformable TMA, we successfully applied our
new liquid transport strategy and demonstrated the liquid propulsion
using light in a 3D microstructure for the first time. Induced by the
photoinduced asymmetrical deformation, an asymmetric capillary
force was created at both ends of the slug, which propelled the droplet
toward the narrow end even in a tilted-up TMA (Figure 9e). Through
photoinduced capillary force, a variety of liquids were driven in this
TMA, including nonpolar and polar solvents, emulsions, and liquid—
solid mixtures, which are widely used in biomedical and chemical
applications. Moreover, since the wetting of the inner liquid is the key
to generating the photoinduced capillary force, we have added a
hydrophilic coating inside the TMA to change the TMA wall from a
hydrophobic state to a hydrophilic state. For the first time, we realized
the directional transport of water droplets through the dynamic
regulation of photoresponsive 3D microstructures by light.

Thanks to the good processability of azo-LLCP, other 3D structures
such as S shapes, helix shapes, and Y shapes (Figure 9f) have been
easily prepared through the same approach by changing the templates,
offering tools for the study of complex microstructures. However,
because the etching step is unavoidable in the glass capillary template
method, the large-scale preparation of such 3D tubular microstructures
remains difficult, which may be an issue for their practical applications
in microreactors, all-optical microchips, and micro-optical mechanical
systems. In addition, the TMA with a thin layer of azo-LLCP exhibits
low mechanical robustness and will be subjected to local instability and
postbuckling when applied with an external force.

To explore the alternative fabrication methods and further expand
the versatility of our light-controlled liquid transport strategy, we
further developed a bilayer TMA by introducing azo-LLCP into a
commercially available ethylene-vinyl acetate (EVA) microtube
(Figure 10).""” Because the EVA microtube is not photoresponsive,
it requires a larger photodeformation of azo-LLCP to overcome the
resistance from EVA. Therefore, we designed and synthesized a
modified version of azo-LLCP, a linear azobenzene liquid crystal
copolymer (PABBP) incorporating both azobenzene and biphenyl
mesogens (Figure 10a). The presence of biphenyl mesogens allows for
deeper light penetration through the PABBP material compared with
the azo-LLCP of just azobenzene mesogens. More importantly, both
mesogens can be coassembled into a smectic C phase, forming lamellar
structures after annealing, thus improving the breaking strength (240
+ 25 MPa) of PABBP and guaranteeing it to have better
photodeformability.

After filling an EVA microtube with PABBP and then annealing, a
photoresponsive flexible bilayer microtube (PFM) of more than 1 m
was obtained with good mechanical strength (Figure 10b), which can
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be knotted or used to hang a 200 g weight without damage. Although
the EVA layer in the bilayer PFM is about 4 times as thick as the
PABBP layer (Figure 10c), the photoresponsive PABBP layer was able
to produce sufficient deformation to drive the outer EVA layer of 100
um thickness for liquid transport upon irradiation with 470 nm light
(120 mW cm™2). As for the slug in the monolayer TMA, various
liquids were propelled in the predetermined direction in the PFMs
through the photoinduced capillary force induced by the Weigert
effect. Through several prototypes such as the parallel array and
multiple micropumps, we have demonstrated the potential applica-
tions of the PFMs in a straight or composite form.

Moreover, due to the flexibility and mechanical properties of the
EVA layer, the photodeformability was preserved in the curved PFMs,
allowing for the construction of closed-loop microchannels (Figure
10d), which is advantageous for biological microreactions. The
potential of the PFMs to construct wearable devices was further
demonstrated through the manipulation of liquid slugs in a PEM
attached to the index finger controlled by harmless blue light with low
density (Figure 10f). In addition, the photoisomerization of
azobenzene units in the linear PABBP upon UV illumination can
trigger the photofluidization of the PABBP layer, which is useful for the
repair of the delaminated bilayer PFMs, elongating their lifetime
(Figure 10e). We anticipate that these 3D bilayer tubular micro-
actuators will find use in smart wearable device, microelectromechan-
ical systems (MEMS), and lab-on-a-chip settings as the photocontrol-
lable components and liquid manipulation tools.

Bl CONCLUSIONS AND OUTLOOK

We have highlighted advances in the dynamic interfacial
regulation via 2D and 3D azo-LCP micro/nanostructures by
applying light as a stimulus. Taking advantage of the
photoresponsive azobenzene mesogens, we have demonstrated
that azo-LCP micro/nanostructures can produce reversible
chemical and/or morphological variation at the interface,
showing advantage in potential applications such as liquid and
light manipulation. In particular, the development of new
photodeformable azo-LLCPs allows us to fabricate various
complex 2D and 3D micro/nanostructures, providing a new
tool for the dynamic interfacial regulation by light.

Although most studies described in this feature article focus
on the fields of liquid transport and reflectivity manipulation by
dynamic interfacial regulation, we foresee that micro/
nanostructures generated from photodeformable azo-LCPs
will be beneficial to other emerging applications such as
antifouling/anti-icing coatings, tissue restoration, and drug
delivery. However, the continuous development of new
materials as well as new fabricating techniques will still be
necessary.

Although photodeformable azo-LCPs that respond to various
light wavelengths have been widely developed, most photo-
deformable azo-LCP micro/nanostructures still require UV
light for reversible regulation. The limited penetration depth
and the potential damage to the biological samples impede UV
light as an ideal stimulus for dynamic interfacial regulation in
bioapplications. Therefore, the balance between the biocom-
patibility and photodeformability will become the future trend
in developing new azo-LCPs. The introduction of azo-LCPs
that respond to visible light or near-infrared light into micro/
nanostructures not only will be attractive for more biorelated
applications but also will expand the light stimulation options
for dynamic regulation.

Owing to the difficult control of mesogen orientations as well
as the limited choice of micro/nanostructures during
fabrication, the current morphology variation generated from
the azo-LCP micro/nanostructures remains simple, hindering
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more complex interfacial regulation. With more advanced
techniques, easier fabrication can be realized to achieve
complex and diverse interfacial regulation of azo-LCP micro/
nanostructures. In this way, we expect more research on
photodeformable azo-LCP micro/nanostructures tailored to
applications mimicking natural structure and function, thus
offering remote, efficient, and more precise control during
dynamic regulation.
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on the development of photodeformable smart materials and light-
controllable interface materials with photosensitive polymers and
liquid crystal polymers.
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