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Here, we found that crystals consisting of 1,2-bis(2-methyl-5-(4-undecyloxyphenyl)-3-thienyl)perfluorocyclopentene (1a)
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exhibit unusual photomechanical bending. Upon irradiation with ultraviolet (UV) light, the crystal bent toward the incident

light, but the velocity of the bending depended on the illumination directions. When irradiated from the left and right sides

of the crystal, the velocity of the bending was different from each other. We found that the crystal is a "twin crystal", as

confirmed by X-ray crystallography. The bending mechanism of the twin crystal can be interpreted by the content of twin

components, the absorption anisotropy of diarylethene molecules, and the degree of the crystal twisting.

Introduction

Photomechanical materials efficiently transform light energy

directly into mechanical energy even at extremely low

temperatures, in water, and under vacuum. In particular, the
photomechanical crystals have a potential to be used as
functional actuators driven by photon energy for the next
generation. Photomechanical crystals convert microscopic size
structure associated with

changes in molecular

photoisomerization into macroscopic shape changes of a crystal.

These crystals have higher Young's modulus than general
polymer materials because the molecules are densely and
regularly arranged. Furthermore, there is no contact with
oxygen in a crystal, and photodegradation can be suppressed.
Photoresponsive crystals with excellent durability are expected
to be applied to photoactuators in microscopic areas such as
nano wire, molecular motors, and soft robotics.3

Light can easily and remotely supply energy regardless of
any amount. From such a point of view, representative
photochromic molecules reacting even in the crystalline phase
have been reported so far, such as diarylethene,+20
azobenzene,?1-25 salicylideneaniline,26:27 furylfulgide,?®
anthracene?2°-32 and naphthalene diimides.33 In particular, the
diarylethene crystals have the only photochromic properties
such as excellent thermal stability, fast responsible time and
high photoreversibility.3* Photoinduced shape changes of
diarylethene crystals exhibit expansion and contraction,*28
bending,>11 curing,!® fragmentation!” and twisting.1215 From a
viewpoint of application to microactuators, the most useful
motion is bending. Therefore, a mathematical perspective of
the photomechanical crystal bending3%3¢ and practical
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mesoscopic  photoactuators consisting of crystals of
diarylethene derives>7 have been reported so far. Although
most of the deformation of diarylethene crystals is limited to
simple bending, many researchers try to find new
photomechanical motions. There are two main approaches.
One strategy is the synthesis of new compounds and the
investigation of photomechanical behaviour. In recent years,
our group has reported molecular crystals that show stepwise
bending!3 and reciprocating bending!* by a combination of a
photochromic reaction and a reversible single-crystal-to-single-
crystal phase transition. The other strategy is the management
of light irradiation conditions. Irradiation conditions such as
wavelength,® intensityl® and polarization!? are deeply
correlated with the photomechanical motions. Furthermore, by
controlling the illumination direction, a single diarylethene
crystal exhibits multiple photomechanical motions.'?2 However,
these are all single crystals, and no one has focused on the
shape of the crystals because it is difficult to intentionally
control the crystal shape.

Here, we report on a photomechanical behaviour of a twin
crystal composed of 1,2-bis(2-methyl-5-(4-undecyloxyphenyl)-
3-thienyl)perfluorocyclopentene (1a) (Scheme 1). Upon UV light
irradiation, the twin crystal of 1a exhibits the different velocities
in the crystal bending process even under the respective
irradiation on the front and back of the crystal, which is not able
by the diarylethene bending
mechanism previously. Herein, the possible mechanism of the

to explain conventional

twin crystal bending process is discussed based on the rate of

OCiiHzs  CiqHz30 OC11Hzs

Scheme 1. Molecular structure of diarylethene 1a used in
this work.



twin components, absorption anisotropy of the diarylethene
open-ring isomer and the degree of crystal twisting.

Results and discussion

Photochromism in solution

Diarylethene 1a underwent reversible photochromic reactions
upon alternating irradiation with UV and visible light. Fig. 1
shows the absorption spectral change of 1a in n-hexane by
photoirradiation. Upon irradiation with 313 nm light, the
colourless solution changed to blue one. The visible absorption
maximum was observed at 582 nm for 1b. The absorption
spectral change is based on photoisomerization from 1a to 1b.
The blue colour solution returned to the initial colourless
solution upon irradiation with visible light (>500 nm). Both 1a
and 1b were stable at room temperature. It indicates that 1a
exhibits a P-type photochromic reaction. The € values were
estimated to be 46700 M1 cm~! at 290 nm for 1a and 23500
M-1 cm~1 at 582 nm for 1b in n-hexane. The photocyclization
and cycloreversion quantum yields were determined to be 0.55
(upon irradiation with 313 nm light) and 0.0033 (upon
irradiation with 582 nm light), respectively. The
photoisomerization conversion ratio from 1a to 1b was
determined to be 98 % in n-hexane upon irradiation with 313
nm light.

Absorbance

400 500 600
Wavelength / nm

300

700 800

Fig. 1 UV-Vis. absorption spectral change of 1a in n-hexane upon photoirradiation: 1a
(black line), 1b (blue line), and the solution in the photostationary state upon irradiation
at 313 nm (blue broken line).

Photochromism in crystal

A rod-like crystal was obtained by recrystallization of
diarylethene 1a from a mixed solvent of acetone and ethanol
using a slow evaporation method under room temperature.
Crystal 1a has a triclinic crystal system and a space group of P1
as can be seen from X-ray crystallographic analysis, summarized
in Table S1. All 1a molecules exist in an antiparallel
conformation in the crystal. The distance between the reactive
carbon atoms was estimated to be 3.729(4) A. This means that
it is enough short to undergo a photocyclization reaction even
in the crystalline phase. To determine molecular orientation,
the crystalline nature of a well-developed face for crystal 1a was
confirmed by an X-ray diffraction measurement. The diffraction
peak positions corresponding to Miller planes such as (002),
(003) and (005) based on the diffraction data agreed well with
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the calculated pattern in Fig. S1. This means that the well-
developed face is the (001) face. Notably, it was confirmed that
crystal X-ray
crystallographic analysis. In the process of a data collection and

la was a "twin crystal" by single crystal
a cell refinement of diffraction spots by software as shown in
Fig. S2, it was found that there were two types of spots assigned
to two different components and that the unit cell of one
component was consistent with that of the other component by
rotating it by 180° with respect to the (001) face. Thus, the twin
crystal is made from two domains stuck together at the (001)
face. The twin-component ratio depends on the individual twin
crystal. Fig. 2 shows the shape of the twin crystal, the scanning
electron microscope (SEM) image of the crystal tip, and the
molecular packing diagrams. As can be seen from the SEM
observation, the twin crystal is composed of two components
and has a striation at the boundaries. The absorption anisotropy
of the closed-ring form at 595 nm viewed on the (001) face is
shown in Fig. S3. This vivid dichroism confirms that 1a
underwent the photochromic reaction in the crystalline phase.

b
Cross-sectional view
a C/l/ _ b)
(a) ! (007) (b)

(001), (001)

e

(¢) Viewed from (001) face

Fig. 2 (a) Shape of twin crystal consisting of 1a, (b) SEM image of the crystal tip, and (c)
molecular packing diagrams viewed from (001) face and viewed along b-axis.

Viewed alo ng b-axis

Photomechanical behaviour

A shape change of crystal 1a under photoirradiation was
investigated. The size of the rod-like twin crystal is 826 um x 22
pm x 12 um (length x width x thickness) before photoirradiation.
The crystal was adhered to the tip of a glass capillary and
observed by a CCD video camera attached to a digital
microscope. When the crystal was irradiated from the (001)
face and the (001) face with UV light (wavelength: 365 nm, time:
10 s, power: 91 mW cm~2), the crystal bent toward the incident
light source but the bending velocity was clearly different as can
be seen from Video S1, S2 (i.e. photoirradiation from the left or
right side). This bending process cannot be explained by the
bending mechanism of the conventional diarylethenes because
photoisomerization of a diarylethene occurs on the vicinity of
the crystal surface and causes the contraction or expansion
along a crystal long axis based on the anisotropic molecular size
change accompanied by photoirradiation.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Photoinduced anisotropic bending behaviour of crystal 1a (twin-component ratio:
3.0:9.0 in um unit) upon irradiation with 365 nm light (power: 91 mW cm~2) from the left
and right sides: (a) Snapshots of photoirradiated bent crystal at each time, (b) plots of
curvature estimated from the snapshots.
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Fig. 4 Twin crystal showing bending and twisting upon irradiation with UV light from the
right side: (a) the photograph showing a superimposition of 6 frames taken at intervals
of 15, (b) the tip displacement against UV irradiation time.
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Fig. 5 The cross-section of twin crystals viewed from the tip of the crystal (a: symmetric
type crystal, d: asymmetric type crystal), polar plots of the tip displacement against the
incident light angle after UV irradiation for 0.82 s (b: symmetric type crystal, e:
asymmetric type crystal), and changes in the tip displacement to irradiation time with
UV light from the direction of 90° and 270° (c: symmetric type crystal, f: asymmetric type
crystal).

This journal is © The Royal Society of Chemistry 20xx

Fig. 3 shows a change in the curvature of the crystal against
irradiation time. In the initial irradiation time, no difference in
the degree of curvature depending on the
directions was observed. However, as irradiation time goes on,
the crystal showed the bending accompanied with twisting to
result in different curvatures by the irradiation directions from
the left and right sides.

The shape change of the twin crystal was observed as the tip
displacement (Fig. 4 and Video S3). Within 1 s of the irradiation,
the crystal showed a normal bending. The twisting behaviour
was initiated after the irradiation for 1 s.

To clarify the difference in bending velocity, we monitored
the tip of the twin crystal. Two twin crystals with the different
component ratio were prepared and viewed from the tip. One
is the twin crystal (component ratio: 4.7:5.1 in um unit)
consisting of the inverted two single crystals symmetrically
against a striation (Fig. 5a). The other consists asymmetrically
(component ratio: 4.7:1.7 in um unit) (Fig. 5d).

Fig. 5b,e show the polar plots of the tip displacement against
an incident light angle with UV irradiation counterclockwise
every 45° from 8 directions. To observe an initial bending
velocity, the tip displacement after irradiation for 0.82 s was
plotted. When irradiated with UV light from the diagonal
directions of 45°, 135°, 225° and 315°, the tip moved faster. Fig.
5c¢c shows the tip displacement upon irradiation with UV light
from the directions of 90° and 270° using the symmetrical
crystal. There was no difference in the tip displacement
depending on the illumination directions. On contrary, in the
case of the asymmetrical crystal, there was an apparent
difference in the tip displacement depending on the
illumination directions, as shown in Fig. 5f. The UV irradiation to
the crystal side with a large component ratio moved faster than
that to the side with a small component ratio. The degree of the
crystal twisting based on the diagonal contraction of the crystal
according to the photoisomerization from 1a to 1b was
concerned with the ratio of twin compositions (Fig. S4, S5).

illumination

Polarized absorption spectra of the open-ring form in crystal 1a

To check the relationship between the photomechanical
behaviour and an absorption anisotropy of the open-ring form,
we examined the polarized absorption spectra. Fig. 6b shows
absorbance of crystal 1a at 415 nm, which is the absorption
edge, viewed on the (001) face. The absorbance at 365 nm is
not appropriate for spectrum measurement because its
absorbance is too large. Thus, the absorption anisotropy was
measured at the absorption edge at 415 nm (Fig. S6). The
absorbance at the absorption edge was the largest when crystal
1a was rotated at ¢ = 0° and 180°, and it was a minimum at ¥ =
90° and 270°. The absorption anisotropy of 1a did not correlate
with that of 1b in Fig. S3.

J. Name., 2013, 00, 1-3 | 3
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Fig. 6 The direction of the polarizer (a: the flat plane of the (001) face, d: the tip of the
twin crystal), polar plots of absorbance of 1a at 415 nm for crystal 1a (b: (001) face, e:
the tip), and molecular packing of crystal 1a (c: viewed from (001) face, f: viewed from
the tip).

Fig. 7 Schematic illustration of the electronic transition moments of 1a in the twin crystal
represented by red and blue arrows.

Fig. 6e shows the polar plot for absorbance of crystal 1a at
415 nm viewed from the crystal tip. Polarized absorption
spectra of the crystal tip were measured by cutting the cross
section of the twin crystal with a razor and standing it on a glass
slide. The molecular absorption coefficient was large when
viewed from the directions of 45°, 135°, 225° and 315°, and it
was small on the directions of 90° and 270°.

Hence, it was found that the photoinduced bending velocity
of the crystal was deeply correlated with the absorption
anisotropy of 1a. The absorption anisotropy of the twin crystal
depends on the ratio of the twin components. To make it clear
to see, Fig. 7 shows the schematic illustration of the absorption
anisotropy of 1a. These red and blue arrows represent the
direction of the electronic transition moment of 1a. This
indicates that the light absorption from the diagonal directions
such as 45°, 135°, 225° and 315° is advantageous. Based on
these results, we propose schematic illustrations for
mechanism of the photoinduced crystal bending with different
velocities depending on the illumination directions, as shown in
Fig. 8.

4| J. Name., 2012, 00, 1-3

L] 1 ] Ll

Fig. 8 Schematic illustrations of the photoinduced bending mechanism with different
velocities depending on the illumination directions: (a) viewed from the front, (b) viewed
from the top.

This mechanical work occurs in the twin crystal having the
ratio of different components. Upon UV light irradiaton, the
crystal side with a large component moves faster than the side
with a small one. In the initial irradiation process, the crystal
bending velocities were almost the same even in the irradiation
to (001) and (001) faces. However, as the irradiation time
proceeded, the twin crystal gradually twisted due to the
diagonal contraction of the anisotropic size change of the
molecule 1a. The crystal twisting takes place in both a left-
handed helix and a right-handed helix. The direction of the
twisting depends upon the face irradiated with UV light. The
contraction of the unit cell of the (001) face takes place in the
direction of top-right to bottom-left when UV light was
irradiated to the (001) face. On the other hand, the contraction
of the unit cell of the (001) face takes place in the direction of
top-left to bottom-right when UV light was irradiated to the (00
1) face. Therefore, the direction of twisting (the left-handed
helix versus the right-handed helix) can be determined by the
irradiation face. When the photochromic reaction crosses the
striation to the other side, the crystal twisting is suppressed due
to the inverted molecular packing of the twin components. As a
results, the movement of the crystal twisting is suppressed by
irradiation from the side with a small component ratio, and it
twists well by irradiation from the side with a large one. The
degree of twisting depends on the ratio of twin components by
photoreaction depth beyond the striation. As the crystal
twisting goes by, the irradiation surface is changed, it becomes
the same irradiation condition in the case upon irradiation with
UV light from the direction to the crystal face with a high
molecular absorption coefficient (i.e. upon irradiation with UV

This journal is © The Royal Society of Chemistry 20xx



light from diagonal direction). Hence, the movement in the
crystal bending is accelarated because light absorption is
advantage from diagonal direction, resulting in the difference in
the crystal bending velocity. The difference in the molecular
absorption coefficient is explained by the absorption anisotropy
of the diarylethene open-ring form in the crystal. Hence, the
difference of the photoinduced crystal bending behaviour with
twisting depending on the illumination directions can be
explained by the ratio of the different components and the
absorption anisotropy of 1a.

Conclusion

The photoinduced shape change of the twin crystal composed
of diarylethene 1a was investigated. It was confirmed that the
rod-like crystal 1a obtained by recrystallization consisted of the
twin crystal. Crystal 1a showed the different crystal bending
velocities when irradiated to the (001) and (001) faces. In the
initial irradiation time, the crystal bending velocities were not
much different, however, as time passed, the difference was
large. The tip displacement against the incident light angle was
markedly large when irradiated with UV light from diagonal
directions. It was found that the difference in the velocity of the
crystal bending deeply correlated with the ratio of the different
components. Furthermore, it was found that the anisotropy of
the crystal bending velocities corresponds to the absorption
anisotropy of 1a. We proposed the comprehensive mechanism
of the photomechanical behaviour of the twin crystal, which is
ascribed to the ratio of the twin components, the absorption
anisotropy of 1a and the degree of crystal twisting.

Experimental section

General

Solvents used were spectroscopic grade and purified by
distillation before use. 'H NMR (300 MHz) and 3C NMR (75
MHz) spectra were recorded on a Bruker AV-300N
spectrometer with tetramethylsilane (TMS) as the internal
standard. Mass spectra were obtained on a JEOL JMS-700/700S
mass spectrometer. Absorption spectra were measured with a
JASCO V-560 absorption spectrometer. Photoirradiation in
solution was conducted using a 200 W mercury—xenon lamp
(Moritex MUV-202) or a 300 W xenon lamp (Asahi Spectra MAX-
301) as a light source. Monochromatic light was obtained by
passing the light through a monochromator (Jobin Yvon H10-
UV) and glass filters. Photocyclization and photocycloreversion
quantum vyields were determined in n-hexane as relative
quantum yields using typical diarylethene, whose quantum
yields have already been reported. The photocyclization
conversion ratio was determined by absorption spectroscopic
analysis. The image of a twin crystal was observed by a Keyence
VE-7800 scanning electron microscopy. The bending behaviour
of crystals was observed using a Keyence VHX-500 digital
microscope. Polarized absorption spectra were measured using
a Nikon ECLIPSE E600POL polarizing optical microscope
connected with a Hamamatsu PMA-11 photodetector. Powder

This journal is © The Royal Society of Chemistry 20xx

X-ray diffraction profiles were recorded on a Rigaku MiniFlex
600 diffractometer employing CuK, radiation (A = 1.54184 A).
Single crystal X-ray crystallographic analysis was carried out
using a Rigaku VariMax with Saturn CCD diffractometer with
MoK radiation (A = 0.71073 A) monochromated by the graphite.
The crystal structures were solved by a direct method using
SIR92 and refined by the full-matrix least-squares method on F?
with anisotropic displacement parameters for non-hydrogen
atoms using SHELXL-2014. UV irradiation to the crystal was
carried out using a Keyence UV-LED UV-400 (365 nm light) or a
super high-pressure mercury lamp (100 W; UV-1A filter (365 nm
light excitation)) attached to the polarizing optical microscope.
The light power was measured using a Neoark PM-335A power
meter. Visible light irradiation was carried out using a halogen
lamp (100 W).

Materials
1,2-Bis(2-methyl-5-(4-undecyloxyphenyl)-3-thienyl)perfluoro-
cyclopentene (1a) was synthesized as follows: To 55 mL of dry
THF solution containing 3-Bromo-2-methyl-5-(4-undecyloxy-
phenyl)thiophene (1.2 g, 3.0 mmol) was added 2.1 mLof 1.6 M
n-BuLi hexane solution (3.3 mmol) at -78 °C under argon
atmosphere, and the solution was stirred for 1.5 h at -40 °C.
Octafluorocyclopentene (0.20 mL, 1.5 mmol, Nippon Zeon) was
slowly added to the reaction mixture at =78 °C, and the mixture
was stirred for 5 h at that temperature. The reaction was
stopped by the addition of water. The product was extracted
with ether. The organic layer was dried over MgS0Oy, filtrated,
and concentrated. The residue was purified by column
chromatography on silica gel using n-hexane/ethyl acetate
(95:5), recycling preparative HPLC on polystyrene gel using
chloroform as the eluent, and HPLC on silica gel using n-
hexane/ethyl acetate (95:5) as the eluent to give 492 mg of 1a
in 38 % yield. Finally, 1a was purified by recrystallization from a
mixed solvent of acetone and ethanol. 1a: mp: 79.4-80.3 °C. 1H
NMR (300 MHz, CDCl3): & 0.88 (t, J = 6.7 Hz, 6H), 1.2—-1.5 (m,
32H), 1.7-1.9 (m, 4H), 1.94 (s, 6H), 3.97 (t, J = 6.6 Hz, 4H), 6.90
(d, J = 8.7 Hz, 4H), 7.15 (s, 2H), 7.45 (d, J = 8.7 Hz, 4H). 13C NMR
(75 MHz, CDCl3): 6 14.3, 14.6, 22.8, 26.2, 29.4, 29.5, 29.7, 29.8,
32.1,68.3,115.1,121.3,125.9, 126.1, 127.0, 140.3, 142.3, 159.2.
HRMS(FAB): m/z = 860.4097 (|V|+, 100%), Calcd for C49He2F602S2
= 860.4095.
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