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Abstract: The design of an object transportation system
exploiting the bending behavior of surface-assembled diary-
lethene crystals is reported. A photoactuated smart surface
based on this system can transport polystyrene beads to
a desired area depending on the direction of the incident
light. Two main challenges were addressed to accomplish
directional motion along a surface: first, the preparation of
crystals whose bending behavior depends on the direction of
incident light; second, the preparation of a film on which these
photochromic crystal plates are aligned. Nuclei generation and
nuclear growth engineering were achieved by using a rough-
ness-controlled dotted microstructured substrate. This system
demonstrates how to achieve a mechanical function as shown
by remote-controlled motion along a surface.

R ecently, molecular machines, in which one molecule or an
assembly of responsive molecules exhibit a mechanical
motion at the microscopic or nanoscale accompanied by
three-dimensional structural changes due to external stimuli,
have been actively studied.!! In nature, many animals and
plants have specific micro/nanostructures at their surfaces
exhibiting various dynamic functions.” In particular, the
responsive structures and cooperative effects in arrays, for
example, the antireflection effect of the moth eye,[! strong
adhesion and friction forces of the gecko foot,* and cilia of
the mammal’s respiratory tract,’” have been studied and put
to practical use. The cilia’s functions include the transporta-
tion of food, body fluids, body waste, and reproductive
products, and the cleaning of the respiratory tract. Especially,

those of Paramecium aurelia have attracted much attention,
since the cilia’s motion induces many complex movements of
the body.[! Mechanical functions and responsive surfaces are
very attractive;! therefore, cilia-inspired functional materials
have been designed.”! Chemoresponsive self-oscillating gels
such as the artificial cilia-inspired actuator have been
studied.’*<! The spontaneous mechanical oscillation of the
gel is induced by the Belousov—Zhabotinsky (BZ) reaction
and propagates as a wave on the gel plate. The diffusion of this
chemical wave affects the dynamic behavior of neighboring
BZ gels. This diffusing dynamic behavior regenerates wave of
cilia. These systems operate by no external stimuli; therefore,
precise control of the gel’s motion is difficult. On the other
hand, other systems responding to external stimuli (e.g. light
or magnetic field) have also been reported.”®# Jiang and co-
workers reported the transportation of a microsphere by
magnetically actuated fibers mimicking the cilia’s bending
motion.”¥ The fibers consist of polydimethylsiloxane
(PDMS) and cobalt magnetic particles (Co MPs). The
bending motion of the fiber array was guided by a magnetic
field. On the smart array, a PS microsphere was transportable
by the magnetic field. In the other report, a water droplet was
transported by the magnetic field.’® However, in this system,
a droplet moved not only because of the magnetic field but
also because of longitudinal vibrations. Photoactuated cilia-
inspired materials also have been studied.”*¥! Oosten and co-
workers reported a light-driven miniature polymeric actuator
mimicking the motion of natural cilia; the actuator was
prepared by inkjet printing technology and self-organization
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of a liquid crystal network.”" They introduced two different
azobenzene units in the polymer as the photoresponsive
moieties. By assembling two different photoactuated poly-
mers to the substrate and irradiating with UV and visible light,
they realized the complex asymmetric motion of cilia. The
other example also realized the complex motion of cilia and
transported the object by flow generated by fiber motion.
In the above examples, the complex motions of natural cilia
were achieved. However, on-demand directional transporta-
tion of an object was not achieved.

Diarylethenes, a highly promising class of thermally stable
photochromic compounds, show reversible cyclization and
cycloreversion reactions upon alternating irradiation with UV
and visible light, even in the crystalline state.’] The most
commonly observed crystal behavior has been photoinduced
bending, rolling, and twisting,”! resulting in the elegant
demonstration by Irie and co-workers of an iron ball being
lifted on a bending crystal.”® Previously, we have shown the
reversible photoinduced bending behavior of a crystal of
a diarylethene 1o that takes advantage of intermolecular
hydrogen bonding (Figure 1a). The thin crystal of 10 bent
away from the incident UV light, and reverted to the original
shape upon visible-light irradiation from any direction.

Herein, we report a unique surface-confined transporta-
tion system using the bending behavior of an 10 crystal which
is controlled only by photoirradiation (Figure 1b). This
system has the possibility to transport an object in any
desired direction upon a change in the direction of incident
UV light.

A key requirement in the design of the microobject
transportation system is that the crystals bend in any direction
in response to the incident UV light. Following the prepara-
tion of the platelet crystals of diarylethene derivative 1o, we
confirmed the bending behavior by irradiating with UV light
from different incident directions.”™ At first, upon UV light
(A =254 nm) irradiation of the (001) surface (the
wide face), the crystal bent away from the
incident UV light (Figure Sla, Supporting Infor-
mation movie 1). Subsequently, UV light (1=
254 nm) was applied to the (100) surface, the
narrow face, and the crystal also bent slowly away
from the incident light (Figure S1b, Supporting
Information movie 2). Irie and co-workers
reported the mechanism of the photoinduced
crystal-bending behavior of the photochromic
diarylethene.’™ When the short axis (height) of
a diarylethene molecule in the crystal is parallel to
the long axis of the unit cell, the crystals exhibit
a bending motion away from the incident UV
light,”® due to the elongation of the height of the
assumed triangle shape of the molecule
(Figure 2).

The X-ray crystallographic analysis of the 10
crystal shows that two conformers exist in the unit
cell. The distances between the reacting carbon
atoms in the thiophene rings of two (green- and
blue-colored) conformers are 3.462 and 3.477 A,
respectively, which are short enough for a photo-
cyclization reaction to occur in the crystalline
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Figure 1. a) Molecular structure of the open- (left) and closed-ring
(right) isomers of diarylethene derivative and b) the concept of the
photoreactive object transportation system.

state (Figure 2). Moreover, molecules of 10 were packed so as
to bend away from the incident UV light, when the crystal was
irradiated from any side face of the crystal, regardless of
which face was irradiated. When the crystal of 1o was
irradiated with UV light, the a and b axis of the unit cell
expanded by 0.21 and 0.96 %, respectively. On the other hand,
the ¢ axis of the unit cell contracted by 0.55 % (Table S1). The
irradiation of the crystal of 1o with UV light induced the
elongation of the long axis of the unit cell, because the height
of the molecule increased. Therefore, the crystal of 10 bends
away from the incident UV light. Based on the above findings,
the bending motion of crystalline 10 was suitable for our
strategy to transport an object in the desired direction. Thus,
we designed the photoactuated object transportation surface
consisting of many vertically aligned 1o crystals.

The (source) microcrystalline surface of 10 was prepared
by coating a solution onto a glass substrate. A THF solution of
1o (600 mgmL™") was coated onto the glass substrate, the
solvent evaporated at room temperature, and an amorphous
film of 10 remained. When the amorphous film was heated at

View from (001) face

View from (100) face

Figure 2. a) X-ray crystallographic analysis and schematic illustration of the molec-
ular packing of two conformers of To in the unit cell view from the (010) face, b) in
the unit cell view from (100) face, c) in the unit cell view from (001) face.
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200°C for 20 min, it crystallized (Figures S2 and S3). This
crystallization is essential, as it was observed that the
subsequent sublimation process at elevated temperatures
does not proceed because of decomposition of 1o. In the
current study we tried to fabricate the photoactuated surface
by sublimating a crystalline film of 10 onto the glass substrate.
To prepare the object transportation surface, we sublimated
the microcrystalline film of 1o at 260°C for 1.5h under
ambient atmosphere onto the clean and flat target glass
substrate (Figure S4). However, standing platelet crystals of
1o were not obtained on the glass substrate. Instead of the
rough surface covered with standing platelet crystals, we
obtained an amorphous film of 10 with a nearly flat surface.
This result suggested that the nucleus of the crystal growth
was not generated on the amorphous surface. Noting the
importance of surface rough structures for crystallization, we
followed the strategy taken by Lin and co-workers. They
reported the vertical growth of ZnO nanowires (NWs), where
the surface roughness assisted the nucleation of ZnO."” The
Zn atoms from the gas phase have enough thermal energy to
move freely on a smooth surface. On the other hand, the Zn
atoms are stuck once they migrate into pits or craters, due to
higher energy barriers for migration. Consequently, the rough
surface provides nucleation sites for crystal growth. In the
next attempt to prepare the crystalline film of 1o by
sublimation, we made dot-shaped microstructures consisting
of 1o generated densely on the glass substrate upon
sublimation at 250°C for 20 min under ambient atmosphere
(Figure 3b). We intended to use the dotted structured rough
surface, which was amorphous (Figure 3d), as the precursor in
the nucleation process. The average diameter and height of
a dotted structure were 0.30 and 0.43 pm, respectively. When
the temperature was elevated by only 10°C, the dotted
structures were not obtained within the same
heating period (Figure S5a).

By using the dotted structured target surface
(Figure 4a—c), we sublimated 1o from the crys-
talline film of 1o as the source. Still, no standing
bending crystals were grown on the glass sub-
strate; furthermore, the dotted structures were
covered with newly sublimed 10 and each grew to
become a grain (Figure 4d,e), according to the
scanning electron microscopy (SEM) observa-
tion. Since the dotted structures do not serve as
seeds for the crystallization of bending needle-
like or thin platelet crystals, we attempted to
change the continuous growth mode of the 1o
dots during sublimation by magnetron sputtering
the dotted surface with Au-Pd alloy (Figure 4 f).
Use of this dotted surface with the Au-Pd alloy as
a target substrate resulted in the accelerated
growth of thin platelet crystals of 10 on each of
the dots on the glass substrate (Figure4g,h,
Figure S6). The average length and width of the
platelet crystals of the 10 on the glass substrate
was 384.5 and 10.5 um, respectively (Figure S7).
To confirm the effect of the dotted structures, we
sublimated the crystalline film of 10 onto both the
areas with dotted structures and without dotted
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Figure 3. a) Schematic illustration of the generation of amorphous
dotted microstructures. b) SEM image of the dotted microstructures
on the glass substrate. Scale bar: 2.0 um; magnification: 5000x.

¢) Schematic illustration of dotted microstructures. The average diam-
eter and height of the dotted microstructures were 0.30 and 0.43 um,
respectively. d) XRD diffraction of the surface of the dotted substrate.
This XRD measurement indicates that the dotted structures were
amorphous.

structures (Figure S8). On the surface with dotted structures,
platelet crystals of 10 were observed, while on the flat surface,
no crystals were generated. Additionally, the sublimation of
1o onto a surface with gentle irregularities that had been
a magnetron sputtered with Au-Pd alloy (Figure S5a) did not
generate thin platelet crystals (Figure S5b). These results
indicated that the dotted structures assist the nucleation by
limiting the migration of the molecules on the substrate.

f
Without
+ + 1+ *
I ] ;60:0, 1'.5 h* I I 260°C,1.5h I

Figure 4. The effect of the dotted structures with Au-Pd sputtering. a) Schematic
illustration of the dotted substrate. b) SEM image of the dotted microstructures.
Scale bar: 2.0 um; magnification: 5000x. c) Schematic illustration of the sublima-
tion onto the dotted substrate without Au-Pd sputtering. d) The SEM image of the
dotted substrate after sublimation of crystalline film of 1o onto the dotted substrate
without Au-Pd sputtering. Scale bar: 3.33 um; magnification: 3000x. €) Schematic
illustration of the structures on surface without sputtering after the first sublimation.
f) Schematic illustration of the sublimation onto the dotted substrate with Au-Pd
sputtering. g) The SEM image of the dotted substrate after sublimation of the
crystalline film of 1o onto the dotted substrate with Au-Pd sputtering. Scale bar:
3.33 um; magnification: 3000x. h) Schematic illustration of the surface structures
on the sputtered surface after sublimation.
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Next the object transportation system controlled only by
photoirradiation was designed. To clarify the bending behav-
ior of the crystals grown on the glass substrate, we irradiated
the photoactuated surface with UV light from various
directions. The bending behavior was observed by using
a digital microscope (KEYENCE, 28 fps, Figure S9, Support-
ing Information movie 3). At first, the object transportation
surface was irradiated with UV light (1 =254 nm) from the
right side, and the whole crystals bent away from the light.
Subsequently, the surface was irradiated with visible light
applied from the top, and the crystals reverted to the original
position (observation light of the digital microscope: white
light). Furthermore, upon UV light irradiation from the left
side, crystals bent away from the photoincidence, and crystals
also reverted to the original position upon visible-light
irradiation. The Young’s modulus of the crystals was deter-
mined to be as large as 5.5 GPa. The measurement was
carried out by means of a manual beam-bending test (Fig-
ure S10).°*! This value is much larger than those of typical
polymer materials (ca. 1 GPa).'!l These results suggest that
the assembled surface of photobendable crystals can be
applied for light-induced actuation to establish an object
transportation system.

We demonstrated the transportation by using a polystyr-
ene bead (PB) (average diameter 1 mm) as a target and by
applying UV- and visible-light irradiation from various
directions. When the PB was placed on the nanostructured
surface, the motion of the PB was observed upon UV- and
visible-light irradiation (Figure 5, Supporting Information
movie 4). First UV light (1 =254 nm) was applied from the
bottom of the screen and the PB moved upward, accompa-
nied by the cooperative bending of the crystals. Continuing
irradiation with UV light (1 =254 nm) from the right side
induced the PB to move to the left side, such that the
transportation direction corresponded to the direction of UV
incidence. Upon irradiation with visible light orthogonal to
the surface, the PB returned to the lower right, which was the
original position. As shown in the Supporting Information
movie 3, continuous irradiation with UV or visible light

Figure 5. Photographs showing the transportation of the PB upon UV-
and visible-light irradiation. a) After UV-light irradiation from the
bottom of the screen, b) after UV-light irradiation from the right side
of the screen, c) after visible-light irradiation orthogonal to the surface,
d) after UV-light irradiation from the top of the screen. Scale bars:

T mm.
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caused the PB to move in the direction of the bending
direction of the crystals. Consequently, we succeeded in
transporting the PB object exclusively by photoirradiation in
any desired direction by changing the direction of the incident
light.

In conclusion, we have designed an object transportation
system actuated only by light irradiation using a crystalline
film of 1o. In order to prepare the photoactuated smart
surface, a glass substrate was covered with microstructured
dots of 1a and then sputtered with Au-Pd alloy; this surface
preparation plays a key role for the generation of the nuclei
for crystal growth of 10 on the target substrate. The bending
behavior of the platelet crystal of 10 was suitable to design
a responsive surface, and the surface covered with 1o crystals
showed reversible cooperative crystal bending upon irradi-
ation with UV and visible light. Finally, this photo-actuated
surface can transport a PB in a controlled manner in a desired
direction depending on the direction of incident light. For
longer transportation of an object, we will realize local
photoinduced bending on assembly by using laser light in the
future. This smart surface will be applicable for remote-
controlled object transportation in various environments and
holds potential for the development of soft robots.
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