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Light-driven Rapid Peeling of Photochromic Diarylethene Single Crys-
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ABSTRACT: Macroscopic transformation such as the molecular motors of biology is brought by transforming the protein using the
chemical reaction of molecules by external stimuli. If it is possible to achieve it as machine-like in nanometer to micrometer size in
photomechanical phenomena, there is a possibility of the application as driving devices of micro- or nano-machineries that drive
without any electrical contact. Since light is useful to operate it without any direct contact as external stimuli and leads to rapid
photochemical reactions, the operation at high speed can be expected. Here we newly found that crystals of a photochromic dia-
rylethene exhibit a peeling behavior with astonishingly rapid velocity by photoirradiation to a lateral face in addition to separation
behaviors such as jumping and cracking by photoirradiation to a well-developed face. The detail of the rapid photoresponsive peeling
was discussed based on the molecular packings and the dependence on crystal size and photoirradiation conditions. These crystals
can be potentially applied to macroscopic photomechanical actuators rapidly driven based on molecular machinery.

INTRODUCTION

Photomechanical crystals that show mechanical motions by
photoirradiation is one of the most rapidly developing research
fields in crystal chemistry, material chemistry, and photochem-
istry.!? Photomechanical motions are induced by the accumula-
tion of very small changes in molecular structure due to photo-
chemical reactions in the crystal. In other words, the release of
strain caused by the photochemical reactions results in mechan-
ical motions. As a result of efforts by many researchers, various
photomechanical behaviors of the crystals have been reported
so far such as expansion, contraction, bending, twisting, coiling,
sweeping, jumping, cracking, and peeling.>*! Among these
photomechanical behaviors, the bending behavior is the most
common motion and the detailed investigation for the bending
motion has been performed. It has been revealed that the crystal
thickness, length, aspect ratio, and the rates of forward and re-
verse reactions as intrinsic factors and the temperature, expo-
sure time, and irradiation power as extrinsic factors affect the
bending behavior.”**’ Furthermore, several mathematical mod-
els were developed to quantitatively evaluate the bending mo-
tion. 2830

On the other hand, there are only two examples of the peeling
behavior,?*?! meaning that the peeling is a very rare motion. It
is not clear what is the difference between the peeling behavior
and other behaviors. To address this issue, there are two possi-
ble ways. One is to find molecules that exhibit a peeling behav-
ior and other behaviors depending on polymorphism. X-ray
crystallographic analysis would reveal the relationship between
the photomechanical behaviors and the molecular packings in
crystals. The other is to discover a molecular crystal showing
both a peeling behavior and other behaviors depending on the
factors such as crystal size and photoirradiation conditions. The
dependence of the peeling behavior on some factors would

provide useful information to discuss the detailed mechanism
of the peeling behavior.

Our group has been investigating the photomechanical be-
havior of photochromic diarylethene crystals that undergo ring-
cyclization and ring-opening reactions by alternating irradiation
with ultraviolet (UV) light and visible light. Fortunately, in this
study, we found that crystals of a diarylethene having a styrene
skeleton at one end (1a in Figure 1) exhibit a peeling behavior
in addition to a separation shearing behavior such as jumping
and cracking. Here we report on the details of the photomechan-
ical peeling and separation shearing behaviors of single crystal
1a. In particular, the dependence of the peeling behavior on the
crystal size and photoirradiation conditions was examined in
detail.

Figure 1. Photochromic reactions of 1a and illustration of light-
driven peeling behavior.

RESULTS AND DISCUSSION

Characterization of crystal 1a. When recrystallized from n-
hexane/acetone solution, single crystals of 1a can be obtained
as shown in Figure 2a. The crystals had a length of 300 to 1600
pum, a width of 50 to 150 um, and a thickness of 10 to 40 um.



There are eight faces on the crystal. To investigate the molecu-
lar packing in the crystal, a single-crystal X-ray diffraction
measurement of 1a was performed, as summarized in Table S1.
The crystal system and space group of crystal 1a were mono-
clinic and P2/c, respectively. Crystal 1a consists of four dia-
rylethene molecules in the unit cell and one diarylethene mole-
cule in the asymmetric unit. All the diarylethene molecules are
fixed in a photoreactive antiparallel conformation, and the dis-
tance between the reactive carbon atoms is 0.359 nm, which is
short enough to undergo photocyclization in the crystalline
phase (Figure 2b).?!

(a)
(b)
(©) | (002)
0o (0010)
(006) (008) (o) (00 14)
=~
(d)
_

-

1 1 1 1 1 1

5 10 15 20 25 30 35

20 (deg)
© (010) Gk (100)
C
Lf
. (107)

Figure 2. (a) Optical microphotograph of single crystals of 1a (The
crystals were slightly colored by UV irradiation). (b) Molecular
structure of 1a in the crystal determined by X-ray crystallographic
analysis. (¢) PXRD pattern of crystal 1a on the well-developed face
of the crystals and (d) the pattern calculated from X-ray crystallo-
graphic analysis of single crystal 1a. (e) Crystal shape and face in-
dices predicted by BFDH rule.

To identify the molecular orientation in the crystal, powder
X-ray diffraction (PXRD) measurement was done. Figure 2¢,d
show a PXRD pattern on the well-developed face of the single
crystals and the pattern calculated from single-crystal X-ray

crystallographic data of crystal 1a, respectively. As shown in
Figure 2c, only diffraction peaks originating from the (001)
plane were observed for the face of crystal 1a, meaning that the
well-developed face of the crystal can be assigned to the (001)
plane. To get more information about the molecular orientation
in the plane, the crystal shape was predicted using a Bravais-
Friedel-Donnay-Harker (BFDH) analysis,*?** as shown in Fig-
ure 2e. The predicted crystal shape has the (001), (100), (101),
and (010) planes. The PXRD pattern of the slightly crushed
crystal 1a points out the existence of the (101) plane, as shown
in Figure S1. The actual crystals have the (101) plane, as can be
seen from Figure 6.

When the (001) plane was irradiated with 365 nm light for a
few seconds, the crystal color changed from colorless to blue
due to the photochromic reaction from 1a to 1b in the crystal.
The absorption maximum appeared at 575 nm. When the col-
ored crystal was observed under polarized light, the absorption
intensity was almost the same in the changing polarization di-
rections of 0 and 90° as shown in Figure S2c,d. This is ascribed
to the molecular orientation that is perpendicular to each other.*
Thus, the molecular orientation in the crystal was fully charac-
terized.

The photoirradiated colored crystals were dissolved in n-hex-
ane to confirm that the only reversible photochromic reaction
occurs and the styryl group does not react in the crystal of 1a.
The only open- and closed-ring isomers were detected by a
high-performance liquid chromatography (HPLC). This indi-
cates that any photoreactions of the styryl group are prohibited
in the crystal.

Photomechanical response of crystal 1a. Interestingly, we
found that crystals 1a exhibited a photoinduced rapid peeling
behavior when exposed to 365 nm light on the lateral face of
the crystal as shown in Figures 3,S3 and Videos S1-S3 (high-
speed camera). There is an induction time before the peeling
occurs and it takes only 175 microseconds from the start to the
end of the peeling behavior. This is very fast compared with the
peeling behaviors reported previously that take tens of seconds
and tens of minutes.?®?! The peeling behavior occurred multiple
times from the same parent crystal, but tended not to occur after
a while, which might be due to the light filtering effect of the
closed-ring form.
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Figure 3. Photoinduced rapid peeling of a diarylethene single crys-
tal of 1a taken by a high-speed camera (black and white). The crys-
tal color turned from colorless to blue by irradiation with 365 nm
light. See Videos S1 and S2 in Supporting Information.

Figure 4 shows crystal winding by peeling upon irradiation
with 365 nm light. The horizontal speed and rotation speed dur-
ing the winding of the peeling crystal were estimated to be 2.4
m s~ and 8000 rps, respectively. Such high-speed winding re-
sults from large strains caused by the photochromic reaction.

L Horizontal speed:
Rotation speed: 2.4ms
8000 rps

Figure 4. Photoinduced rapid peeling and winding of crystal 1a.
The time at the bottom left shows time from a certain time. The red
arrows indicate the location of the crystal peeling and winding. See

Video S4 in Supporting Information.
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Figure 5. (a) Separation shearing and (b) jumping of crystal 1a
upon irradiation with 365 nm light to the well-developed face. See
Videos S5, S6 for photoinduced rapid separation shearing (real-
time movie) and jumping (black and white in high-speed camera)
in Supporting Information.

Next, we investigated the photomechanical response of crys-
tal 1a upon irradiation to well-developed face. Upon irradiation
with 365 nm light on the (001) plane of crystal 1a, the crystals
exhibited cracking and jumping with some extent induction pe-
riod as shown in Figure 5 and Videos S5, S6. These behaviors
are called “separation shearing behavior” and known as the phe-
nomenon ascribed to the quick release of the strain induced by
photoreactions in the crystal.’” This is because the crystal size
is too large to deform for the release of the strain.

Mechanism of the photomechanical response. Here we
have a simple question why the photomechanical behavior, sep-
aration shearing or peeling, depends on the irradiated face of the
crystal. To address this issue, the cross-section of the crystal
viewed from the (010) plane was observed before and after ir-
radiation with UV light as shown in Figure 6a,b. As can be seen
from the molecular packing, after separation shearing, the cor-
ner angle of the crystal viewed from cross-section was 104°
(Figure 6a). Moreover, that for the peeling was also 104° as
shown in Figure 6b. Thus, both cross-section angles of the sep-
aration shearing and the peeling were the same. To know the
meaning of this specific angle of 104°, the molecular packing
was viewed from the (010) plane as shown in Figure 6¢c. There
is a possible plane to cleave along the (101) plane (i.e. the gap
between molecules) that has the dihedral angle of 104° with the
(001) plane. This result clearly indicates that the cracking takes
place along the (101) plane.

After
UV irradiation

Figure 6. Optical microphotographs of the cross-section of crystal
1a viewed from the (010) plane before and after (a) the separation
shearing and (b) the peeling upon UV irradiation. (c) Molecular
packing of 1a viewed from the (010) plane.

Based on the observation of the cross-section of the crystal,
we concluded the mechanism of the separation shearing and
photoinduced peeling behaviors as shown in Figure 7a,b. When



UV irradiation was done to the (001) plane, the entire crystal
exhibited photochromism from colorless to blue as shown in
Figure 7a. Therefore, strain was generated in the entire crystal
and the cracking occurred along the (101) plane to release the
strain. On the other hand, when the lateral narrow surface was
irradiated with UV light, the photochromic reaction takes place
only in the vicinity of the irradiated surface of the crystal as
shown in Figure 7b. Therefore, the strain was generated only in
the vicinity of the irradiated surface, which results in peeling
along the (101) plane.
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Figure 7. Schematic illustration of photomechanical behaviors of
crystal 1a upon irradiation with UV light to (a) the (001) plane and
(b) the lateral narrow face.

Separatlon shearing

To identify the crystallinity of the component delaminated
from the parent crystal (hereafter denoted as “peel”), the bire-

fringence was investigated using a polarized optical microscope.

Figure S4 shows the optical microphotographs of the peel and
the parent crystal of 1a under crossed Nicols. The peel was
bright under crossed Nicols as well as the parent crystal, mean-
ing that the crystallinity is maintained even after peeling. In the
previous study reported by Bardeen ef al., the experiment was
carried out in solution and the component peeled off became
amorphous due to the presence of the surfactant of sodium do-
decylsulfate that enables the component to show a clean and
slow detachment.?® On the other hand, in our case, the experi-
ment was performed in air, which would result in the rapid peel-
ing behavior with maintaining the crystallinity.

To clarify the conversion ratio from the open-ring isomer to
the closed-ring isomer in the peel, the peels generated from one
crystal were collected and analyzed by HPLC. As a result of the
analysis, the conversion in the peels was 16-28% as shown in
Figure S5. This provides evidence that the photoisomerization
does not proceed to 100% completion but instead reaches a con-
version ratio enough to peel the crystal.

Dependence of the peeling behavior on various factors. To
reveal the peeling behavior in more detail, the relationships be-
tween the peeling behavior and various factors were investi-
gated. First, the dependence of the peeling behavior on crystal
size was investigated. Definitions of crystal length, width,
thickness, induction period, curvature, and thickness of peel are

shown in Figure S6. The induction period represents time from
start of UV irradiation to start of peeling. The relationships be-
tween the induction period and the crystal length, crystal width,
and crystal thickness are shown in Figure 8a. As can be seen
from these three graphs, the induction period is in the range of
3 to 6 s and is independent of crystal length, crystal width, and
crystal thickness. Similarly, the curvature and thickness of peel
relative to crystal length, crystal width, and crystal thickness are
shown in Figures 8b,c. They are also in a certain range as well
as that for the induction period and are also independent of the
crystal length, the crystal width, and the crystal thickness.
Based on these results, it was revealed that the peeling behavior
in this work has no dependence on the crystal size.
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Figure 8. Dependence of the peeling behavior on various factors:
(a) Induction period, (b) curvature, and (c) thickness of peel relative
to length, width, and thickness of the parent crystal upon irradiation

with 365 nm light.

Next, the dependence of the induction period on the irradia-
tion intensity of the incident light was investigated as shown in
Figure 9a. When the irradiation intensity increased, the induc-
tion period became shorter regardless of the irradiation wave-
length. The irradiation intensity and the induction period have
an inverse relationship, suggesting that when the reaction ratio
in the photoirradiated crystal surface reaches a certain value, the
peeling takes place to relax the strain in the crystal. Moreover,
comparing the induction period with the irradiation wavelength
at the same photon number, the induction period became shorter
by irradiation of shorter wavelengths. This is due to the differ-
ence in the absorption of the crystal at the different irradiation
wavelengths. As can be seen from the diffuse reflectance ab-
sorption spectrum of power crystals of la, the absorbance in-
creases in the order of 380, 365, and 313 nm (Figure S7). As
can be seen from Figure 9b, the curvature of the peel became
larger when the irradiation wavelength is shorter, while it is in-
dependent of the irradiation intensity. Moreover, the thick-
ness of the peel became thinner when the irradiation wavelength
is shorter (Figure 9c).



Summing up the results described above, the peeling mecha-
nism can be explained as shown in Figure 9d. Upon irradiation
with a shorter wavelength light, a large amount of the incident
light is absorbed in the vicinity of the crystal surface because
the absorbance of 1a in the shorter wavelength region is larger
than that in the longer wavelength region as shown in Figure S7.
Therefore, the photochromic reaction occurs only in the vicinity
of the crystal surface and the strain is generated at a shallow
position, which results in a thin peel with a large curvature. On
the other hand, the incident light can penetrate relatively inside
the crystal when the longer wavelength light was used for the
irradiation. Then, photoisomerization also takes place inside the
crystal and the strain is generated at a deep position. Therefore,
a thick peel with a small curvature is generated.
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Figure 9. (a) Induction period, (b) curvature, and (c) thickness of
the peel relative to irradiation intensity with 313 nm (black), 365
nm (blue), 380 nm (red) light. The difference in the peel upon irra-
diation with (d) shorter wavelength light and (e) longer wavelength
light.

Photomechanical response of the peel. Finally, we have
demonstrated the photomechanical behavior of the peel itself.
The peel eliminated from the parent crystal was placed on a
slide glass and irradiated with visible light to form colorless
crystal with straight shape as shown in Figure S8. Then, upon
irradiation with high-power 365 nm light (1.39 W ¢cm2) focused
by an objective lens for 0.5 s, the peel showed a quick photoin-
duced bending as shown in Figure 10 and Video S4. Interest-
ingly, the curvature of the bent crystal was almost the same
(1.25x10* m™) as that of the peel from the parent crystal. The
total number of photons irradiated for 0.5 s was calculated to be
1.27x10'8 photon cm™2, which was almost the same number as
that for the peeling behavior (ca. 1.33%10'8 photon cm™? which
is averaged from Figure 9a). The photoreversible bending of the
peel can be repeated many times. This result suggests that the
peeling behavior described above is caused by the strain accu-
mulated by the photocyclization reaction upon UV irradiation.

Irradiation time: 0 s

R=280.2pm
1/R=1.25x10"m""

Figure 10. High-power radiation induced bending of the peel upon
irradiation with 365 nm light of the same number of photons as that
for the peeling behavior. See Video S7 in Supporting Information.

CONCLUSION

We investigated the photomechanical behavior of dia-
rylethene crystals of 1a upon UV irradiation. Upon irradiation
to the wide face of the crystal, crystals exhibited jumping and
cracking known as a separation shearing behavior, while the
peeling behavior was observed when the lateral surface of the
1a crystal was irradiated. Based on the investigation of the re-
lationship between the molecular packing and the corner angles
of the crystal viewed from the cross-section before and after the
cracking, it was revealed that there is a plane to cleave along the
crystal long axis. Thus, the separation shearing behavior with
cracking occurs to release accumulated strain when relatively
the entire crystal has reacted. On the other hand, when only the
vicinity of the crystal surface reacts, a thin crystal can be peeled
off along the plane to cleave. Moreover, it was clarified that the
relationship between the UV irradiation intensity and the induc-
tion period is inversely proportional, which means that the peel-
ing behavior takes place when a certain amount of strain is ac-
cumulated. Furthermore, it was found that the thickness and
curvature of the peel can be controlled by modulating the irra-
diation wavelength. The photoinduced peeling of the crystal in
this work and the photoinduced bending of the resulting peel
crystal are extremely fast. These behaviors would be deter-
mined by a balance of the strain accumulated by the photochem-
ical reaction, the intermolecular interaction of the molecules in
the crystal, and the solid-state crystal properties. These results
suggest that this finding provides the effective method for the
fabrication of crystals with the optimum size showing rapid
photoreversible bending behavior.

EXPERIMENTAL SECTION

General. Single crystal X-ray diffraction measurement was
carried out using a Rigaku VariMax with Saturn CCD with
MoK, radiation (A = 0.71073 A) monochromated by graphite.
The crystal structures were solved by a direct method using
SIR92 and refined by the full matrix least-squares method on F2
with anisotropic displacement parameters for non-hydrogen at-
oms using SHELXL-2014. Powder X-ray diffraction (PXRD)
measurement was carried out using a Rigaku MiniFlex600. Po-
larized absorption spectra of crystal 1a were measured using a
Nikon ECLIPSE E600POL polarizing optical microscope
equipped with a Hamamatsu PMA-11 photonic multichannel
analyzer as the photodetector. Photoirradiation was carried out
using a 100 W mercury lamp as a light source. Monochromatic
light (365 nm light) was obtained by passing the light through a
band-pass filter. The photomechanical behavior of crystals 1a
was observed using a Keyence VHX-500 digital microscope or
a Nikon ECLIPSE TE2000-U inverted optical microscope
equipped with a Phantom V12 high speed camera. UV irradia-
tion was performed using a Keyence UV-LED UV-400/UV-



50H (365 nm light). UV irradiation power was measured using
a Neoark PM-335A power meter. Crystal shape and face indices
were predicted by WinXMorph.*

Material. Diarylethene 1a was synthesized according to the
procedures reported previously.*®

Calculation of the photon number irradiated to the peel.
The photon number irradiated to the samples can be calculated
using the following equation:

E=nhclA

where E is the accumulated energy (J cm™) of the incident light
until the bending of the peel was completed, n is the photon
number (photon cm™2), 4 is Planck’s constant (6.626x1073* J s),
c is the speed of light (3.0x10% m s™"), and 1 is the irradiation
wavelength (365x107 m).

The E value can be obtained from the product of the irradia-
tion intensity and the irradiation time. Here we should note that
the peel is very small. Therefore, we accurately examined the
irradiation intensity considering the distribution of the irradia-
tion intensity within the beam. To know the intensity distribu-
tion of the beam, the fluorescent paper was irradiated with UV
light from the left side (Figure S9a,b) under the same conditions
as the photoinduced bending experiment in Figure 10, and a pic-
ture of the fluorescent paper was taken as shown in Figure S9c.
The graph of the irradiation intensity relative to the distance
from the beam center was prepared based on the intensity dis-
tribution obtained from the image and the total UV light inten-
sity (3.93x1072 W) (Figure S9d). Since the length of the peel
was about 250 um, the average irradiation intensity in the range
of 125 pm from the beam center was calculated to be 1.39 W
cm 2. Then, the E value was estimated to be 0.693 J cm™? as
calculated from 1.39 W cm ™ x 0.5 s.
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