¥® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Crystal actuation switching by crystal thickness
and light wavelengthf

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2022,

3,7098 Shodai Hasebe,

Hideko Koshima

2 Yuki Hagiwara, (22 Kazuya Hirata,® Toru Asahi®® and

*D

Photomechanical molecular crystals have been developed over the past two decades, and actuation
switching is an important requirement for their practical application. In this study, we developed a method
for actuation switching of the isomorphic crystals of two salicylideneaniline derivatives, where bending
direction and speed are controlled by crystal thickness and light wavelength. Upon ultraviolet (UV) light
irradiation of its top face, a thin crystal bends toward the light source through photoisomerisation. In
contrast, a thick crystal bends away rapidly through the photothermal effect. Slightly thick crystals exhibit
two-step bending that involves a combination of these two mechanisms, first bending away quickly
through the photothermal effect and then bending toward the light source through photoisomerisation.
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The bending motions of thin and slightly thick crystals switch to two-step bending and bending away,
respectively, upon UV light irradiation of the side face. Visible light irradiation alters the bending motions of
thin and slightly thick crystals to no significant bending and bending away, respectively. These results
provide a novel, convenient, and useful approach for switching the crystal bending direction and speed,
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Introduction

Mechanically responsive materials, which exhibit macroscopic
motion in response to external stimuli such as light, heat, and
electricity, have been studied extensively from the perspectives
of basic research and practical application." Among these
external stimuli, light is useful in that its properties (e.g,
wavelength, intensity, and polarisation) can be optimised for
specific requirements at high spatial and temporal resolution,
as well as under remote control.>” Various light-fuelled materials
have been developed within the past two decades; a notable
example includes light-responsive liquid crystal polymer
networks.' ™

Despite their hard, brittle appearance, molecular crystals
exhibit macroscopic deformation upon irradiation with
light.»*** Compared with polymers, molecular crystals are
more advantageous in light-driven actuators and soft robots
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thereby expanding the versatility of molecular crystals as actuation materials.

because of their higher elastic modulus and stronger output
force.” Thus far, various light-fuelled (i.e., photomechanical)
crystals that exhibit bending,"®™® twisting,>****° bending with
twisting,"** curling,* rotation,>*** peeling,***” and jumping®®?°
have been developed; these characteristics are mainly based on the
photoisomerisation (sometimes photodimerisation) of molecules.
Recently, we reported rapid bending of molecular crystals through
the photothermal effect, in which thermal energy is produced by
photoexcitation of a material;"® we unveiled that the bending
mechanism was driven by a non-steady temperature gradient in
the thickness direction.** Compared with photoisomerisation, the
photothermal effect has several advantages in crystal actuation,
including higher speed, greater light wavelength range, and actua-
tion of thicker crystals.*!

To increase the applicabilities of these photomechanical
crystals in actuators and soft robotics, there is a need to
diversify their mechanical motions. One method for achieving
this goal involves utilising polymorphism, in which one type
of molecule forms multiple crystalline structures.**** Another
approach involves utilising different crystal actuation
mechanisms.*>™° Our research group created four motions
from different crystal forms of the same molecule by combin-
ing two polymorphs (o and B) and two actuation mechanisms
(photoisomerisation and the photothermal effect).>

Actuation switching is another requirement for the practical
application of photomechanical crystals. Among salicylidenea-
niline crystals, photoisomerisation actuates thin crystals,
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Scheme 1 Enol-keto photoisomerization of salicylideneaniline 1.

whereas the photothermal effect actuates thick crystals;*">° the
photoisomerisation mechanism can be induced by ultraviolet
(UV) light alone, whereas the photothermal effect mechanism
can be induced by both UV and visible light.*' Therefore, we
hypothesised that crystal actuation could be switched by chan-
ging the crystal thickness or light wavelength. A previous study
reported actuation mode switching in a diarylethene crystal in
response to changes in UV light irradiation direction;*" it may
be possible to further control crystal actuation by tuning the
light-irradiated face.

In this study, we developed a method to switch the actuation
of isomorphic crystals of two salicylideneaniline derivatives,
N-3,5-di-tert-butylsalicylidene-4-chloroaniline (1a) and N-3,5-di-
tert-butylsalicylidene-4-bromoaniline  (1b), in enol form
(Scheme 1)** by changing crystal thickness and light wavelength.

Experimental
Preparation of materials

Two compounds, p-chlorosalicylideneaniline enol-la and
p-bromosalicylideneaniline enol-1b, were synthesised through
the condensation of 3,5-di-tert-butylsalicylaldehyde and 4-chloro-
aniline (1a) and 4-bromoaniline (1b), respectively, by microwave
heating (Monowave 300, Anton Paar, Graz, Austria) for one hour at
150 °C. Single bulk, thick crystals of enol-1a and enol-1b were
prepared by slow evaporation of methanol solutions at ambient
temperature under atmospheric pressure. Single micro, thin crystals
of enol-la and enol-1b were prepared through sublimation as
follows: single bulk crystals were placed in a small glass dish covered
with a silanated glass plate; the glass dish was placed in a large Petri
dish on a heater at 140 °C (1a) or 150 °C (1b) for several hours
(Fig. S7, ESIt). From among several dozens of crystals, the crystals
with a size and shape suitable for mechanical bending observations
were selected using an optical microscope. The face indices of the
microcrystals were identified via powder X-ray diffraction measure-
ments using a Smartlab system (Rigaku Corp., Tokyo, Japan) and a
monochromatic Co Ko radiation source (4 = 1.78892 A).

Differential scanning calorimetry measurements

Differential scanning calorimetry profiles measurements were
conducted using a differential scanning calorimeter (DSC 8500,
PerkinElmer, Waltham, MA, USA) at a rate of 10 °C min~ " for
heating and cooling under N, gas at atmospheric pressure.

X-Ray crystallographic analyses

Single-crystal X-ray diffraction data for enol-1a and enol-1b
were collected using an R-AXIS RAPID-F instrument (Rigaku
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Corp.) with monochromatic Mo-Ka radiation (4 = 0.71075 A).
The initial structures were solved using direct methods in the
SHELXT program® and refined on F* using full-matrix least-
squares techniques in the SHELXL program.’* Calculations
were performed using the Rigaku CrystalStructure software
package (Rigaku)®® and the Olex2 graphical interface.’® Unit
cell parameters before and under UV laser irradiation (375 nm;
960 mW cm ™2, FOLS-03, Sawaki Kobo Co. Ltd, Shizuoka, Japan)
were also measured using this diffractometer.

Ultraviolet-visible diffuse reflectance spectra

Ultraviolet-visible (UV-vis) diffuse reflectance spectra of powdered
enol-1a and enol-1b crystals were measured using a spectrometer
(Lambda 650; PerkinElmer). Powdered crystals were mounted on
a glass plate and covered with a quartz glass plate. Each sample
was irradiated with UV light-emitting diodes at 365 nm and
40 mW cm 2 (UV-400, Keyence, Osaka, Japan) to determine its
photoisomerisation properties. After the spectral change became
saturated, the UV light was turned off and the sample was either
kept in the dark or exposed to visible light (520 nm; 4.4 mW cm™>;
FOLS-03, Sawaki Kobo) to clarify its thermal and photochemical
back-isomerisation properties, respectively. All measurements
were performed within a wavelength range of 200-800 nm at
1 nm resolution.

Mechanical bending observations

The mechanical bending of enol-1a and enol-1b crystals under
UV light irradiation was recorded using a digital high-speed
microscope at a frame rate of 30-1000 fps (VW-6000, Keyence).
Irradiation was conducted using one UV and two visible light
lasers (375, 520, and 450 nm, respectively; FOLS-03, Sawaki
Kobo). For 375 and 520 nm lasers, the output laser beam was
collimated using a collimator (F220FC-532, Thorlabs Inc., Newton,
NJ, USA); the beam diameters were 3.0 mm (375 nm laser) and
3.5 mm (520 nm laser), respectively. Light irradiation was con-
trolled using a microcontroller (UNO; Arduino, Somerville, MA,
USA) as shown in Fig. S23 (ESIt). Movies were analysed using the
Tracker Video Analysis and Modelling Tool®” to extract the time
dependence of the bend angle of the crystal tip. The definition of
the bend angle is depicted in Fig. S24 (ESIt). Surface temperature
distribution changes upon irradiation with light were monitored
using an infrared thermography camera at a frame rate of 60 fps
(FSV-2000, Apiste, Osaka, Japan). The time constants for bending/
straightening and temperature increase/decrease were extracted by
fitting their time dependence to a monoexponential curve. When a
crystal showed two-step bending (Fig. 5e), the time dependence of
the bend angle was fitted using a biexponential curve, where the
fast and slow components were regarded as the contributions of
the photothermal effect and photoisomerisation, respectively.

Results and discussion
Crystal structures

Single plate-like yellow crystals of enol-1a (Fig. 1a) and enol-1b
(Fig. 1b) were readily obtained through the slow evaporation of
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Fig.1 Crystal structures of the enol-1a and enol-1b crystals. (@ and b)
Photographs and face indices of single plate-like (a) enol-1a and (b) enol-1b
crystals. Scale bars, 1 mm. (c and d) Oak Ridge Thermal Ellipsoid Plot (ORTEP)
drawings at 20 °C with a thermal ellipsoid of 25% probability. Disordered tert-
butyl substituents are indicated in magenta. (e and f) Molecular packing on the
(010) side face. (g and h) Temperature dependence of the length of the c-axis.

methanol solutions at room temperature. The melting points
of enol-1a and enol-1b crystals were 153.5 °C and 162.1 °C,
respectively. The differential scanning calorimetry profiles of
both crystals showed no significant peaks other than their
melting points, indicating that these crystals do not undergo
thermal phase transitions and are stable over the temperature
range of —50 °C to 150 °C (Fig. S1, ESI}). X-ray crystallographic
analyses revealed that the structures of both crystals belonged
to the monoclinic crystal system and space group P2,/c
(Table S1, ESIt), which is consistent with previous reports.’®
One independent molecule was found in an asymmetric unit,
with dihedral angles between salicyl and phenyl rings of 28.4°
(enol-1a, Fig. 1c) and 27.2° (enol-1b, Fig. 1d). The molecules in
enol-1a and enol-1b crystals were connected by short CH/O
and CH/n contacts to form a one-dimensional motif along the
c-axis, which corresponded to the longitudinal direction of the
bulk crystals (Fig. 1e, f and Fig. S2, S3, ESIt). Molecular interac-
tions along the a-axis (thickness direction) were weak because
only van der Waals forces of the tert-butyl groups were present
between adjacent one-dimensional motifs. The enol-1a and
enol-1b crystals had nearly identical lattice parameters and mole-
cular packing (Table S1, ESIf), indicating that these two com-
pounds produced isomorphic crystals. The lengths of the
c-axes increased in proportion to temperature, yielding thermal
expansion coefficients of 77.0 and 95.1 MK * for enol-1a and enol-
1b crystals, respectively (Fig. 1g, h and Fig. S4, ESIt).

Photoisomerisation

Under UV-light-emitting diode irradiation of the powder
enol-1a and enol-1b crystals, the absorption at 400-600 nm
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Fig. 2 Ultraviolet-visible (UV-vis) diffuse reflectance spectra of powder (a)
enol-1a and (b) enol-1b crystals upon irradiation with a UV light-emitting
diode (LED).

increased and reached a steady state within 40 s (Fig. 2a and b),
accompanied by a colour change from yellow to red (Fig. S5,
ESIT). Difference spectra before and under UV light irradiation
showed a new absorption peak at 515 nm, which was derived
from photoisomerisation from the enol to trans-keto form; this
yielded apparent time constants () of 1.3 s (1a) and 1.9 s (1b),
respectively. After the removal of UV light, the new absorption
band (400-600 nm) decreased slowly via trans-keto to enol
thermal back-isomerisation; it reached the original state within
180 min, with time constants of 1.1 h (1a) and 1.2 h (1b),
respectively (Fig. S6, ESIT). Immediately after the UV light was
turned off, back-isomerisation was accelerated to 35.2 s (1a)
and 76.0 s (1b) through visible light irradiation from photo-
chemical back-isomerisation.

Crystal bending through photoisomerisation and the
photothermal effect

When the (100) top face of a thin plate-like crystal of enol-1a
(length: 385 um, width: 30.0 pm, thickness: 3.8 um) was irradiated
with a UV laser (928 mW cm™?) from the left (Fig. 3a), the crystal
bent toward the light source to reach a maximum bend angle of
12.1° at 0.83 s; it then gradually returned to 9.5° at 8.1 s (Fig. 3b
and Movie S1, ESIf). After removal of the laser, the crystal
returned to its original straight shape at 8 s. The time profile of
the bend angle was fitted using single-exponential equations,
which yielded a bending time constant (t},) of 0.24 s and straigh-
tening time constant (ts) of 2.3 s (Fig. 3c). Next, the light intensity
dependence of the bending motion was examined for another
enol-1a crystal (1980 x 67.5 x 31.4 um?®; Fig. 3d and Fig. S13,
Movie S2, ESIt). The maximum bend angle linearly increased
under weak UV light intensity and was saturated under strong UV
irradiation (Fig. 3e); no clear correlation was observed between UV
intensity and either 1}, or 7, (Fig. 3f). In contrast, the straightening
motion was considerably accelerated when visible light was
applied (520 nm, Fig. 3g). The speed of thermal back-isomeri-
sation of la was increased under visible light application by
photochemical back-isomerisation (Fig. S6, ESIt), indicating that
the bending of thin crystals was caused by enol-keto photoisome-
risation. The bending motion was repeatable; when alternating
UV laser irradiation (5 s on/10 s off) was applied to another
enol-1a crystal (2004 x 92.2 x 33.9 um®), the crystal bent and
returned reversibly more than 100 times without deterioration,
thus demonstrating excellent durability (Fig. S11, ESI}).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Bending of thin enol-1a crystals ((A) 385 x 30 x 3.8 um?®, Movie S1,
(ESI%) (B) 1980 x 67.5 x 31.4 um®, Movie S2, ESIF) by photoisomerisation
upon UV laser irradiation. Photographs of the crystal (a) before and (b)
under UV irradiation. Scale bars: 50 pm. (c and d) Time profile of the bend
angle. (e and f) UV light intensity dependence of the (e) maximum bend
angle and (f) time constants for bending (solid circles) and straightening
(open circles). (g) Visible light intensity dependence of the straightening
time constant.

This bending toward a light source is attributed to the contraction
of the top (100) face along the longitudinal direction (c-axis) in
response to the enol-keto photoisomerisation of molecules. X-ray
crystallographic analyses of enol-1a before and under UV light
irradiation revealed slight but significant contraction of the length
of the c-axis (Fig. S8, ESIT).

Next, upon UV laser irradiation of the (100) top surface of a
thick enol-1a crystal (2910 x 331 x 194 um?, Fig. 4a), the crystal
quickly bent —0.38° away from the light source at 0.06 s
(Fig. 4b, d and Movie S3, ESIT). The crystal retuned to its initial
straight shape 0.12 s after the laser was turned off. The time
constants 1, and 7, were 17 and 57 ms, respectively. The
temperature of the irradiated top surface increased from
21.0 °C to 50.2 °C at 2 s (t = 0.53 s) after the light was turned
off; it decreased to the initial temperature at 4 s (t = 0.55 s) after
the light was turned off (Fig. 4c and d). The maximum bend
angle and maximum top surface temperature linearly increased
with increasing UV light intensity (Fig. 4e, g and Fig. S15, ESIT).
At all UV intensities, 7, and 73 were one order of magnitude
smaller than the time constants of the temperature increase
and decrease (Fig. 4f and h), indicating that high-speed bending
was caused by the photothermal effect; specifically, gradient
thermal expansion along the length direction because of a
non-steady temperature gradient in the thickness direction
resulted in high-speed bending.*'

When the (100) top face of a slightly thick enol-1a crystal
(3680 x 300 x 85.3 pm?, Fig. 5a) was exposed to the UV laser, it

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

- ~ 50
0008 O_2t0.c ik, d Uon  UVoff
Won Lo bSO T N ) N O N
0.06s (i) 23.2°C
+ ~ 0 G
o 01 =
200s (i) 50.2°C P g
_— g 02 &
UV off (v)  45.0°C ° 03 2
| — Ee :
g =
v __223°C 05
Time (s)
e 0.1 f o1
I 0.08 |
Sg 011 e 006 f "
%5 -0.2} . © 0.04 1 R
=2 -03¢t ® 0021 o ¢ 9 e
3 ° 0

0 200 400 600 800
UV laser intensity (mW cm?)

-0.4
0 200 400 600 800
UV laser intensity (mW cm?)

g 60 h
5 ol a o8l
pd [ ©
§ g 40 | ® = 0:6 e © °
EE L e 041 o
8g 30 4 02}
§ 0 - . ol
£ "0 200 400 600 800 0 200 400 600 800

UV laser intensity (mW cm?)

Fig. 4 Bending of a thick enol-1a crystal (2910 x 331 x 194 ym®) by the
photothermal effect upon UV laser irradiation (Movie S3, ESI). (a) Photo-
graph of the crystal (side view). Scale bar: 500 um. (b and c) Sequential
snapshots of the crystal taken in (b) side view using a digital microscope
and (c) top view using an infrared thermography camera. (d) Time depen-
dence of the bend angle (black) and maximum surface temperature (red).
(e—h) UV laser intensity dependence of the (e) maximum bend angle,
(f) time constants for bending (solid circles) and straightening (open
circles), (g) maximum top surface temperature, and (h) time constants
for temperature increase (solid circles) and decrease (open circles).

UV laser intensity (mW cm?)

bent —0.23° away within 0.01 s (7, = 4.7 ms) and then gradually
bent +0.15° toward the irradiation direction by 5.0 s (71, = 0.69 s)
(Fig. 5b, e and Movie S4, ESIT). Subsequent removal of the laser
caused the crystal to bend upward abruptly (+0.42°) at 5.01 s
(ts = 5.0 ms); it gradually returned to its initial straight shape by
180 s (ts = 61.6 s). The top surface temperature increased from
20.5 °C to 37.6 °C (Fig. 5c and e). A schematic diagram of a
possible mechanism for this two-step bending is shown in
Fig. 5d. Upon UV laser irradiation, the crystal bends away from
the light source through the photothermal effect [Fig. 5d(ii)].
After the temperature gradient reaches the steady state, it
bends toward the light source through enol-keto photoisome-
risation of molecules near the irradiated surface [Fig. 5d(iii)].
After the light is turned off, the crystal bends further toward
through relaxation of the photothermal effect [Fig. 5d(iv)] and
is restored to its original shape via thermal back-isomerisation
[Fig. 5d(v)].

The bend angle caused by photoisomerisation increased at
weak UV light intensity and then decreased slightly under
strong UV light irradiation (black solid circles, Fig. 5f). In
contrast, the bend angle caused by the photothermal effect

Mater. Adv,, 2022, 3, 7098-7106 | 7101
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Fig. 5 Bending of a slightly thick enol-1a crystal (3680 x 300 x 85.3 um?®) through photoisomerisation and the photothermal effect (Movie S4, ESI%). (a)
Side view of the crystal. Scale bar: 500 pm. (b and ¢) Sequential snapshots of (b) the crystal tip (side view) and (c) temperature (top view). (d) Schematic
illustration of a possible bending mechanism. (e) Time dependence of the bend angle (black) and maximum top surface temperature (red). (f-i) UV laser
intensity dependence of the (f) maximum bend angle, (g) time constants for bending and straightening, (h) maximum top surface temperature (red solid
circles) and temperature difference AT (red open circles), and (i) time constants for temperature increase (red solid circles) and decrease (red open
circles). (f) Contributions of photoisomerisation (black solid circles) and the photothermal effect (red solid circles). (g) Time constants for bending (black
solid circles) and straightening (black open circles) by photoisomerisation, and bending (red solid circles) and straightening (red open circles) by the

photothermal effect.

linearly increased in proportion to UV laser intensity (red solid
circles, Fig. 5f); similarly, the maximum top surface temperature
linearly increased with increasing UV intensity (Fig. 5h and
Fig. S14, ESIT). The time constants for bending and straighten-
ing by photoisomerisation decreased and increased, respectively,
in proportion to UV intensity; the time constants obtained by
the photothermal effect remained stable (Fig. 5g). The time
constants for temperature increase and decrease were also stable
as UV intensity changed (Fig. 5i).

The bending behaviour of enol-1b crystals upon UV laser
irradiation was also examined (Fig. 6 and Fig. S17, S18, Movie
S5, ESIf). A thin plate-like enol-1b crystal (171 x 17.2 X
2.4 um?®) bent toward the irradiation direction through photo-
isomerisation (Fig. 6a). A slightly thick enol-1b crystal (2410 x
191 x 65.5 um®) exhibited two-step bending through photo-
isomerisation and the photothermal effect (Fig. 6b). A thick
crystal (2030 x 344 x 174 pm®) bent away quickly through the
photothermal effect (Fig. 6¢). These results demonstrate that
isomorphic crystals of enol-la and enol-1b—with similar
molecular structures, crystal structures, and photoisomerisation
properties—exhibit similar photomechanical actuation upon UV
light irradiation.

Actuation switching by crystal thickness

As discussed above, thin crystals bent toward the light source
through photoisomerisation (Fig. 3 and 6a), whereas thick

7102 | Mater. Adv, 2022, 3, 7098-7106

crystals bent away quickly through the photothermal effect
(Fig. 4 and 6c¢). Slightly thick crystals exhibited two-step bending
through photoisomerisation and the photothermal effect (Fig. 5
and 6b). The thickness dependence of the maximum bend angle
of enol-1a crystals under UV laser irradiation is shown in Fig. 7a;
detailed information concerning the crystal size and bending
angles of all specimens is provided in Fig. S12 (ESIt). The bend
angle caused by photoisomerisation decreased in proportion to
crystal thickness, reaching zero at approximately 100 um (Fig. S9,
ESIt), because the strain generated by photoproducts near the
irradiated surface was not effectively translated into macroscopic
bending for thicker crystals. This threshold value (100 um) for
crystal actuation through photoisomerisation was higher than
the threshold value (40 pm) of another salicylideneaniline deri-
vative crystal with an o-NH, substituent.*’ The Timoshenko
bimetal model estimated the thickness of the photoreacted layer
of enol-1a crystals to be 3.54 pm (Fig. S10, ESIT), which is larger
than the 2.64 pm for the salicylideneaniline crystal with an
0-NH, substituent’’ and 1.0-2.0 um for some diarylethene
crystals.®* Thus, light is able to penetrate deep into the
enol-1a crystals, resulting in the bending of slightly thick crystals
through photoisomerisation. Photothermal effect-induced bend-
ing was observed in thick (>33 um) crystals, presumably
because sufficient size and thickness are required to form
a temperature gradient along the thickness direction. The
threshold thickness (33 pm) for crystal actuation through the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Bending of enol-1b crystals (Movie S5, ESIT). (a) Thin (171 x 17.2 x
2.4 um3), (b) slightly thick (2410 x 191 x 65.5 um?®), and (c) thick (2030 x
344 x 174 um®) crystals bent through photoisomerisation and/or the
photothermal effect upon UV laser irradiation of the (100) top face at
960 MW cm™2 (a and b) and 230 mW cm 2 (c).

photothermal effect in this study was slightly higher than the
threshold thickness (20 pm) reported in a previous study.*!

The thickness dependence of the bending and straightening
time constants of enol-1a crystals is shown in Fig. 7b; the time
constants for photothermally induced bending (~0.01 s) were
two orders of magnitude smaller (ie., faster) than the time
constants for photoisomerisation-induced bending (~1 s),
which is consistent with previous reports.”*° These results
suggest that the bending and straightening time constants may
be used as indicators to distinguish photoisomerisation-driven
bending (t = ~1 s) from photothermal-driven bending (t =
~0.01 s). Overall, these findings demonstrate that crystal
bending direction and speed can be readily switched by altering
crystal thickness.

Additionally, the length, width, and aspect ratio dependence
on the bending behaviour was examined (Fig. S16, ESIY).
The bend angle caused by photoisomerization decreased in
proportion to the length and width while increased in proportion
to the aspect ratio. The bend angle caused by the photothermal
effect showed no clear correlations with length and width but
displayed a slight increase in proportion to the aspect ratio.

We also investigated the dependence of crystal actuation on
the irradiated face (Fig. 8A, D and S19, ESIt). The thin enol-1a

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Thickness dependence of the (a) maximum bend angle and (b) time
constants for the bending and straightening of enol-1a crystals upon UV
laser irradiation.

crystal, which bent toward the irradiation direction through
photoisomerisation (Fig. 3B and 8a), was rotated by 90° and set
with its (010) side face facing upward. Upon UV irradiation of
the side face from the top, the thin crystal exhibited two-step
bending, such that it bent first quickly away and then slowly
toward the UV source (Fig. 8j). These distinct bending motions
depending on the irradiated face can be explained as follows.
When the thin crystal is rotated by 90°, the length relative to the
light penetration direction becomes larger (67.5 pm), exceeding
the threshold (>33 um) for crystal actuation by the photothermal
effect; this phenomenon results in actuation through both the
photothermal effect and photoisomerisation (ie., two-step
bending). Next, the slightly thick enol-1a crystal, which exhibited
two-step bending through photoisomerisation and the photo-
thermal effect (Fig. 5 and 8b), was rotated by 90° and irradiated
with the UV laser. The slightly thick crystal exhibited one-step
quick bending away, accompanied with a temperature increase on
the top surface (Fig. 8k). This effect occurred because 90° rotation
caused the length relative to the light penetration direction to
become much larger (300 pm), prohibiting actuation through
photoisomerisation (<100 pm, Fig. 7a). Notably, the thick crystal
bent away, regardless of the irradiated face, because of its large
size (Fig. 8c and 1).

Actuation switching by light wavelength

Considering that photoisomerisation is induced solely by UV
light (<400 nm), whereas the photothermal effect can be
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triggered by both UV light and visible light,** further actuation
switching could be achieved by changing the light wavelength
(Fig. 8A-C and Fig. S20, S21, Movies S6, S7, ESIf). Upon
simultaneous UV (375 nm) and visible (520 nm) laser irradiation
of the thin enol-1a crystal, which bent toward UV light (Fig. 3B
and 8a), the crystal did not clearly bend toward the light source
(Fig. 8d) because back-isomerisation was accelerated under
visible light; this suppressed any bending motion toward the
light source because of photoisomerisation. Similarly, the thin
crystal showed no significant bending toward the visible laser at
450 nm because visible light cannot induce photoisomerisation
(Fig. 8g). Instead, the crystal bent very slightly (—0.018°) away
from the visible laser, presumably because of the photothermal
effect (Fig. 8g).

When the slightly thick crystal, which exhibited two-step
bending through photoisomerisation and the photothermal
effect under UV light (Fig. 5 and 8b), was simultaneously
irradiated with UV (375 nm) and visible (520 nm) lasers, it
exhibited one-step quick bending away through the photothermal
effect; this was accompanied by a temperature increase at the
top surface (Fig. 8e). This switching (from two-step bending
to bending away) occurs because visible light accelerates back-
isomerisation and suppresses photoisomerisation-driven bend-
ing, whereas visible light induces photothermally driven bending.
Indeed, upon visible laser (450 nm) irradiation, the slightly thick
crystal also bent away quickly through the photothermal effect;
upon pulsed visible laser irradiation, it achieved 10 Hz high-speed
bending (Fig. 8h and Fig. S22, Movie S8, ESIT). Notably, the thick
crystal shown in Fig. 4 bent away, regardless of the light wave-
length (Fig. 8¢, f and i), because thick crystals are actuated by the
photothermal effect, not by photoisomerisation. These results
demonstrate that the actuation of thick and slightly thick crystals
can be tuned by altering the light wavelength.

Conclusion

The photomechanical motions of the isomorphic crystals of
two salicylideneaniline derivatives with 4-chloro (1a) and
4-bromo (1b) substituents in the enol form were examined
based on photoisomerisation and the photothermal effect.
Plate-like enol-1a and enol-1b crystals were readily obtained
by the evaporation of methanol solutions at room temperature
or by sublimation. Enol-1a and enol-1b crystals have similar
crystalline structures, photoisomerisation properties, and
mechanical motions under light irradiation. Under UV light
irradiation of the (100) top face, thin (<33 pm) crystals bent
toward the light source because of photoisomerisation; this
bending was attributed to local contraction of the irradiated top
surface. Thick (>100 pm) crystals bent away quickly through
the photothermal effect; this rapid bending resulted from
gradient thermal expansion along the thickness direction.
Slightly thick (33-100 um) crystals exhibited two-step bending
through both photoisomerisation and the photothermal effect.
Upon UV light irradiation of the (010) side face, the bending
motions of thin and slightly thick crystals switched to two-step

© 2022 The Author(s). Published by the Royal Society of Chemistry
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bending and bending away, respectively, because the length
relative to the light penetration direction became larger as the
crystals were rotated by 90°. Upon simultaneous UV and visible
light irradiation or visible light irradiation alone, thin and
slightly thick crystals changed their bending behaviour to no
significant bending and bending away, respectively, because
photoisomerisation was suppressed. These results demonstrate
that crystal actuation (i.e., bending direction and speed) can be
readily switched by changing crystal thickness and light wave-
length. We anticipate that these results will open new avenues
for the design of crystal actuators with desired output; they will
also expand the range of designs and applications of photo-
mechanical crystals.
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