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研究成果の概要（和文）：光メカニカル結晶材料の構築について研究を行い、アゾベンゼン、サリチリデンアニリン、
フリルフルギドなどの代表的なフォトクロミック結晶のメカニカル機能を明らかにした。また、サリチリデンアニリン
の微小結晶の光照射後のX線結晶解析に成功し、光照射後の長軸方向の長さが伸びるために結晶は曲がるという、分子
レベルでの光屈曲発現機構を解明できた。さらに、サリチリデンフェニルエチルアミンのキラル結晶とラセミ体の結晶
の力学的特性を測定し、キラル結晶よりもラセミ体結晶の方が、ヤング率、応力、仕事などの機械的特性のみならず、
繰り返し屈曲の耐久性もよく、光運動材料として優れていることを明らかにした。

研究成果の概要（英文）：Construction of photomechanical crystals was studied by utilizing crystal engineer
ing to find out several crystals such as azobenzene and salicylideneaniline. Platelike microcrystals of sa
licylideneaniline repeatedly bend and straighten upon alternate irradiation with UV and visible light. The
 mechanism of bending was elucidated by X-ray crystallographic analyses before and after photoirradiation.
 The photomechanical bending of chiral crystals composed of S- and R-salicylidenephenylethylamine has been
 compared with that of the racemic compound. Both platelike chiral and racemic crystals exhibited similar 
reversible bending upon alternate irradiation with UV and visible light. The Youngs modulus of the chiral 
crystal is smaller than that of the racemic crystal. The chiral and racemic crystals lifted metal rings th
at were up to 50 and 300 times heavier, respectively upon UV irradiation. In conclusion, the racemic cryst
al is superior to the chiral crystal as a photomechanical material.
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１．研究開始当初の背景 
	 マクロ構造体を外部刺激によって直接、メ
カニカルに動かすことができれば、学術的に
も応用面からも大変有意義である。1990 年
代から超分子化学が発達し、分子シャトル、
分子モーターなどメカニカル分子システム
が次々と発表された。しかし、その動きを直
接目で見たわけではなく、分光学的、電気化
学的に検出しただけであり、リアルワールド
での分子機械は実現されなかった。入江正浩
教授らは、2007 年に初めてジアリールエテ
ンの棒状結晶が、光で可逆的に曲ることを
Nature に発表した。分子構造、結晶構造の
ミクロレベルの変化を、「動く結晶」を作り
たいと思い続けてきたが、具体的にどのよう
な反応を用いればよいのかずっと思い倦ね
ていた私にとって、その論文はまさに目から
ウロコであった。可逆的光異性化反応を利用
すれば結晶は動かすことができると即座に
確信した。同年、Bardeen教授らもアントラ
センの結晶は光二量化によって伸び縮みす
ることを報告した。以来、結晶状態でフォト
クロミズムを示す結晶について検討した結
果、メカニカルに動くアゾベンゼン、サリチ
リデンアニリン、フリルフルギド結晶を次々
と見い出し、長年の夢であった「動く結晶」
研究の第一歩を踏み出すことができた。 
２．研究の目的 
	 本研究では、これまで積み上げてきた結晶
工学的手法を駆使して、分子配列制御を行い、
屈曲、らせん運動など、自由自在に動く結晶
作りを目指す。また、光照射前後の結晶構造
解析に精力を注ぐことにより、メカニカル機
能の発現機構を解明する。さらには、結晶の
動く速さ、繰り返し耐久性、機械的強度など
の特性を測定し、運動体としての有効性を評
価する。以上の研究により、分子レベルのミ
クロの動きと、バルク結晶のマクロの動きを
つなぐ新しい分野を開拓する。 
３．研究の方法 
	 最初に、結晶工学に基づく分子配列制御
を行い、本研究の一番の目的である「自由
自在に動く結晶」を見つける。動く結晶が
見つかった場合は、光照射の前と後の微結
晶の X線構造解析を行い、メカニカル機能
の発現機構を分子レベルから解明する。ま
た、結晶の動く速さ、波長依存性、繰り返
し耐久性などの運動特性、ヤング率などの
機械的特性の測定も行い、運動結晶として
の有用性を評価する。 
４．研究成果	 
(1)	 サリチリデンアニリン結晶の光屈曲機
構の解明 
	 昇華により作製したサリチリデンアニリ
ンの m-ニトロ基置換体の薄板状微結晶に紫
外光を照射すると、光源とは逆側に曲がり、
可視光を照射すると元のまっすぐな形に戻
った（図１）。この屈曲運動は少なくとも 200
回の繰り返しが可能であった。	 
	 

	 
	 

	 
	 

図１	 サリチリデンアニリン結晶の(a-c)光屈曲

と(d)繰り返し耐久性	 

	 
	 この結晶は紫外光が強いほど大きく曲が
り、可視光強度が強いほど速やかに元のまっ
すぐな形に戻ることがわかった（図２）。ま
た、結晶の形が薄くて長いほどよく曲がるこ
ともわかった。	 

	 
	 

	 
	 
	 

	 

	 

	 
図２	 (a)光照射前後サリチリデンアニリン微結

晶、(b,c)屈曲角度の紫外光強度依存性、(d,e)戻

り時間の可視光強度依存性	 

	 
	 光照射後の X 線結晶解析を行ったところ、
生成物 10%のディスオーダー構造として解析
された（図３）。結晶の長さ方向（a 軸）が、
照射後は 0.4%伸びていることから、光の当た
った表面の長さが長くなり、光の当たらなか
った裏面の長さは変わらないために、光源と
は逆側に曲がることがわかった。この結果、
分子レベルでの光屈曲機構が解明された。	 
	 
	 



(2)	 フリルフルギド結晶の光屈曲	 
	 フリルフルギドは結晶状態でフォトクロ
ミズムを示す代表的な化合物であるが、この
板状日結晶に紫外光照射するとほとんど無
職から赤色に劇的に変化し、光源側に巻くよ
うに曲がることがわかった（図３）。細長い
結晶について調べたところ、光屈曲挙動を示
し、少なくとも 200回は屈曲が可能であった。	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
図３	 (a-c)フリルフルギド結晶の光屈曲と(d,e)

バルク結晶の(101)面の光照射前後の色変化	 

	 
	 この結晶の光照射後の結晶構造について
は既に報告されており、生成物の閉環体は出
発物質の開環体よりも平面構造に近くなる
ため、長さ方向（b 軸）が縮み、光源方向に
屈曲することがわかった（図４）。	 

	 
	 

	 

	 

	 
	 
図４	 フリルフルギドの(a)	 開環体分子と(b)	 閉

環体分子、(c)光照射後のディスオーダー構造と

(d)(101)面の分子配列図	 

	 

(3)キラル結晶とアキラル結晶の光屈曲と機
械的特性の比較	 
	 結晶中では分子の動きが拘束されている
ため、反応中もキラルな環境が保持され、ア
キラル結晶とは異なる反応が起きることが
多い。このため、メカニカルな動きについて
もキラル結晶とアキラル結晶では異ことな
ることが期待されるので、その比較を行った。	 
	 サリチリデンアニリン類縁体のS体とR体
のサリチリデンフェニルエチルアミンのキ
ラル結晶はフォトクロミズムを示すことが
わかっている（図５）。一方、ラセミ体のア
キラルなサリチリデンフェニルエチルアミ
ン結晶もフォトクロミズムを示す。	 

	 

	 

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
図５	 (a,b)S 体バルク結晶の光屈曲と(c)繰り返

し屈曲の耐久性、光照射(d)前と(e)後の結晶表面

形態、スケールバー；1	 mm	 

	 
	 長さ約 3	 mm の S 体のキラル結晶に光を照
射すると、結晶のいろは淡黄色から赤橙色に
変化するとともに光源方向に少し曲がり、可
視光を照射すると元の色と形に戻った。100
回屈曲を繰り返すと、屈曲角度は半分程度に
減少し、結晶表面は少し溶けたようになった。	 
	 ラセミ体のアキラル結晶も同様の屈曲挙
動を示したが、100 回屈曲を繰り返しても屈
曲角度は変化せず、結晶表面の劣化も見られ
なかった（図６）。	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
図５	 (a,b)ラセミ体バルク結晶の光屈曲と(c)繰

り返し屈曲の耐久性、光照射(d)前と(e)後の結晶

表面形態、スケールバー；1	 mm	 
	 
	 S 体結晶中では S 体分子が２回らせん構造
を形成しており、結晶の長さ（a 軸）方向に
ヘリンボーン状の配列をとっている。一方、
ラセミ体結晶中では、S 体分子と R 体分子が
ぞれぞれ独立に２回らせん構造を形成して
おり、結晶の長さ（b 軸）方向にヘリンボー
ン状の配列をとっている。これら結晶の光照
射後の結晶構造はディスオーダー構造とし
て解析できなかったが、結晶の長さ方向の単
位格子長さが少し減少しており、このために
光源側に屈曲することがわかった（図６）。	 

dihedral angle of 38.3° between the succinic anhydride portion
and the furan ring (Figure 3a) and are arranged at the (101) face
in a twofold screw along the b axis.11 Upon UV irradiation, the
torsional E1 molecules underwent electrocyclic ring-closure to
C1 molecules on the (101) crystal surface. The crystalline C1
isomer is nearly planar with a dihedral angle of 13.8° between
the succinic anhydride portion and the furan rings (Figure 3b).13

Therefore, the ring-closure photoisomerization from the tor-
sional E1 isomer to the nearly planar C1 isomer shrank the
length of the b axis of the unit cell. By contrast, because
photoisomerization does not occur in the absence of light, the
unit cell dimensions remained constant for the nonilluminated
surface, causing the microcrystals to bend toward the light
source.

Crystallographic analysis of E1 after two-photon excitation
at 742 nm by pulsed laser light provides more direct evidence for
the mechanism of photomechanical bending.14 The resulting
crystal exhibited a disordered structure with contributions from

both the E1 and the C1 isomers at a ratio of 0.945:0.055
(Figure 3c). The length of the b axis of the unit cell decreased
0.13% from 9.6203(5) to 7.6101(8)¡ after two-photon excita-
tion (Figure 3d), bending the plate-like microcrystal toward the
light source.

The (101) top surface of the E1 microcrystal was smooth
before irradiation, as observed by atomic force microscopy
(Figures 4a and 4d). After UV irradiation for 2 s, uneven
features appeared with a height of 200 nm and a relative
roughness of 18% of the crystal thickness (1100 nm) (Figures 4b
and 4e). The relative intensity of X-ray di!raction peaks 101 and
202 of the microcrystals decreased to 63% and 50%, respec-
tively, due to ring-closure photoisomerization to the C1 isomer
(Figure S1). Subsequent visible light irradiation for 20min did
not decrease the uneven features (Figures 4c and 4f). On the
other hand, the di!raction peaks completely recovered their
initial intensity due to ring-opening photoisomerization to the
E1 isomer (Figure S1), suggesting that the (101) smooth surface
of the E1 single crystal before irradiation changed to the E1
polycrystalline state near the surface after irradiation with visible
light. However, the correlation between the formation of the
polycrystalline state and the bending behavior is not clear at the
present time.

In conclusion, the photomechanical bending of plate-like
microcrystals of the furylfulgide (E)-2-[1-(2,5-dimethyl-3-fur-
yl)ethylidene]-3-isopropylidenesuccinic anhydride was repeated
upon alternate irradiation with UV and visible light. The
mechanism of bending could be explained by the X-ray
crystallographic data.

This work was supported by a Grant-in-Aid for Scientific
Research in a Priority Area “New Frontiers in Photochromism”
from MEXT, Japan.
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Figure 3. Molecular structures of (a) the E1 isomer and (b) the
C1 isomer in the crystals of E1 and C1, respectively. (c) ORTEP
drawings show the disordered structures of the E1 (black) and
the C1 (red) isomers after irradiation at 742 nm at the 25%
probability level. (d) Molecular arrangement on the (101) face.
Hydrogen atoms are omitted for clarity.

Figure 4. (A) Hexagonal (101) top face of an E1 microcrystal,
(B) atomic force microscopy images of the (101) surface and
(C) the b!b¤ section before (a, d) and after irradiation with UV
for 2 s (d, e) and then visible light for 20min (c, f).

Figure 2. Bending of a narrow, plate-like crystal of E1 (a)
before and (b) after UV irradiation from the lower side. Scale
bar: 20¯m. (c) Reversible bending was repeatable over as many
as 200 cycles.
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the crystalline state based on the formation of colored species
by photoinduced proton transfer (see Scheme 1).18 Here, we

compare the photoreactivity and the photomechanical bending
behavior of the chiral crystals of enol-(S)-1 and enol-(R)-1 and
the achiral crystals of enol-(rac)-1. Both chiral and achiral
crystals that are several millimeters in length exhibited similar
reversible bending motion upon alternate irradiation with UV
and visible light. The durability of repeated bending and the
lifting capabilities of the achiral enol-(rac)-1 crystal were better
than those of the chiral enol-(S)-1 crystal.

! EXPERIMENTAL SECTION
Enol-(S)-1, enol-(R)-1, and enol-(rac)-1 were synthesized according
to the literature.19 The melting points of enol-(S)-1 (92!93 °C) and
enol-(R)-1 (92!93 °C) were coincidental and slightly lower than that
of enol-(rac)-1 (98!99 °C). Single crystals of enol-(S)-1, enol-(R)-1,
and enol-(rac)-1 were prepared by slow evaporation of the solutions in
acetonitrile. Microcrystals of enol-(S)-1, enol-(R)-1, and enol-(rac)-1
were prepared by sublimation and condensation of the crystalline
powders on the edges and surface on the glass plates at temperatures
of 10!20 °C below the melting points.
Crystals subjected to bending were mounted on the tips of thin

glass rods. Photomechanical motion of the crystal upon irradiation was
recorded with a digital high-speed microscope (Keyence VW-6000)
!tted with a zoom lens. The length, width, and thickness of crystals
were measured using the zoom lens. UV irradiation to crystals was
carried out using a UV-LED irradiation system (Keyence UV-400,
wavelength 365 nm). Visible light was generated using a xenon-lamp
irradiation system (Asahi Spectra MAX-302). The wavelength of the
light was selected using band-pass !lters.
X-ray crystallographic analysis was performed on an X-ray

di"ractometer using a two-dimensional imaging plate area detector
(Rigaku RAXIS-RAPID) with Cu K! radiation (" = 1.54187 Å). All
crystallographic calculations were performed using crystallographic

software (Rigaku CrystalStructure 4.0). The structures were
determined by direct methods and expanded using Fourier techniques.
The nonhydrogen atoms were re!ned anisotropically, and the
hydrogen atoms were not re!ned. Hydrogen atoms attached to
carbon atoms were located in the calculated positions. The data in CIF
format have been deposited at the Cambridge Crystallographic Data
Center with deposition numbers CCDC 885850 [enol-(S)-1] and
885851 [enol-(rac)-1].

! RESULTS AND DISCUSSION
Platelike microcrystals of enol-(S)-1 were obtained by
sublimation on glass plates (Figure 1a). X-ray di"raction
(XRD) measurements of the microcrystals revealed three sharp
peaks, which were assigned to the 002, 004, and 006 re#ections
based on the crystallographic data (Figure 1c). The top surface
of the platelike crystals was identi!ed as the (001) face in the
longitudinal direction along the a axis based on comparisons
with the platelike bulk single crystals obtained by recrystalliza-
tion from solution, which exhibited a (001) face along the a
axis. Enol-(rac)-1 also gave the platelike microcrystals by
sublimation (Figure 1b). The top surface of the microcrystals
was determined to be the (001) face by XRD (Figure 1d). The
longitudinal direction was determined to be along the b axis
based on comparisons with platelike bulk single crystals, which
exhibited a (001) face along the b axis.
Figure 2d shows the frontal (001) face of a thin platelike

chiral crystal of enol-(S)-1 (1412 #m long ! 32 #m wide ! 12
#m thick) with one end !xed to a needle with an adhesive.
When the (001) surface was irradiated from the upper side at
365 nm (40 mW cm!2) (Figure 2a), the crystal bent toward the
light, reaching a maximum tip displacement angle of 9.4° after 3
s (Figure 2b and Movie S1 of the Supporting Information).
Subsequent illumination with visible light at 460 nm returned
the bend to the initial straight shape after 15 s (Figure 2a). In
contrast, the straight form was recovered 40 s after UV
irradiation was stopped. When the narrow (010) surface of the
crystal was irradiated with UV light, a slight bending motion
toward the light was also observed, reaching 2.2° after 4 s;
visible light irradiation recovered the straight shape after 15 s.
The reversible bending upon alternating irradiation of the

(001) face with UV (3 s) and visible light (15 s) caused a
gradual decrease of the tip displacement angle from 9.4° to 7.9°

Scheme 1

Figure 1. Platelike microcrystals of (a) enol-(S)-1 and (b) enol-(rac)-1 grown on glass plates by sublimation and the X-ray di"raction (XRD) pro!les
of (c) enol-(S)-1 and (d) enol-(rac)-1.
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Plate-like microcrystals of a photochromic furylfulgide bend
toward the light upon UV irradiation and then straighten upon
visible light irradiation. The reversible bending was observed
over 200 cycles of alternating irradiation with UV and visible
light. The mechanism of bending could be explained by the
X-ray crystallographic data.

Creating mechanical motion in bulk materials based on
geometric structural changes in individual molecules in response
to external stimuli presents a scientific challenge. Artificial
molecular mechanical systems, however, have not been linked to
macroscale mechanical motion.1 Large-scale mechanical motion
of molecular materials has been reported only in liquid-crystal
elastomers, in which a photoinduced order!disorder phase
transition was used as the driving force.2 Recently, mechanical
bending of photochromic diarylethene crystals was reported, and
the macroscale bending of the crystals was found to be caused
by molecular-scale motion.3 Additionally, several photomechan-
ical crystals composed of azobenzenes and salicylideneanilines
have been reported to provide promising opportunities for
artificial molecular machinery.4!9

Fulgides constitute a class of photochromic compounds that
undergo reversibly electrocyclic ring-closure and ring-opening
reactions.10 The furylfulgide (E)-2-[1-(2,5-dimethyl-3-furyl)-
ethylidene]-3-isopropylidenesuccinic anhydride (E1) in E-form
exhibits photochromism in the crystalline state (Scheme 1).11!13

This letter describes plate-like microcrystals of E1 that reveal
reversible bending upon alternate irradiation with UVand visible
light. The bending mechanism is based on changes in crystal
structure before and after photoirradiation.

Microcrystals of E1 were prepared by sublimation of
crystalline powders in a small platinum pan covered with a
glass plate. Plate-like microcrystals grew on the surface of
the glass plate after heating to approximately 20 °C below
the melting point (126 °C) and holding for several hours
(Figure S1). X-ray di!ractograms of the microcrystals contained
two peaks, which were assigned to the 101 and 202 reflections
based on consistencies with existing crystallographic data
(Figure S115).11,13

Figure 1a shows the hexagonal face of a plate-like E1
microcrystal (115 © 60 © 2¯m3) with the left end fixed to an
adjacent crystal while the other portion is free. The top surface
of the plate-like microcrystal was identified as the (101) face
with its longitudinal direction along the b axis, based on
comparisons with the bulk crystal having a hexagonal surface,
which exhibits a (101) face along the b axis (Figure 1d). When
the (101) face of the microcrystal was irradiated from the
diagonal underside at 365 nm (10mWcm"2) with a UV-light-
emitting diode (LED) for 1 s, the crystal curled from the right
upper corner toward the light, reaching a maximum twisted curl

after 2 s with a color change from pale yellow to red due to
the formation of the closed C1 isomer (Figures 1a!1c and
Video S115). In contrast, a millimeter-scale bulk single crystal
changed color upon UV irradiation, but the crystal shape did not
change (Figures 1d and 1e).

When the (101) face of a narrow plate-like microcrystal
(109 © 6 © 2¯m3) was irradiated at 365 nm from the lower side,
the crystal bent toward the light, reaching a maximum tip
displacement angle of 9° after 2 s (Figures 2a and 2b, and
Video S215). Subsequent illumination with a halogen lamp
equipped with a filter (>390 nm, 10mWcm"2) returned the
crystal to its initial straight shape after 30 s (Figure 2a). This
reversible bending was observed over 200 cycles of alternating
irradiation with UV (2 s) and visible light (30 s) (Figure 2c). The
bending motion was accompanied by a color change from pale
yellow to red (!max = 512 nm) due to the formation of the closed
C1 isomer in the crystals (Figure S215). The red crystal also
returned to the initial pale yellow color due to the photochemical
ring-opening reaction, generating the E1 isomer.

The bending e!ect was ascribed to a gradient with respect to
the extent of electrocyclic ring-closure as a function of light
penetration, such that shrinkage of the irradiated crystal surface
along the b axis resulted in a bent macrostructure. In the E1
crystal, the E1 molecules have torsional conformation with a

Scheme 1. Photochromic reaction of furylfulgide 1.

Figure 1. The (101) face of the plate-like E1 microcrystal
before (a) and after UV irradiation for (b) 1 and (c) 2 s. Scale
bar: 50¯m. The (101) face of the bulk single crystal of E1
before (d) and after UV irradiation (e). Scale bar: 1mm.
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Plate-like microcrystals of a photochromic furylfulgide bend
toward the light upon UV irradiation and then straighten upon
visible light irradiation. The reversible bending was observed
over 200 cycles of alternating irradiation with UV and visible
light. The mechanism of bending could be explained by the
X-ray crystallographic data.

Creating mechanical motion in bulk materials based on
geometric structural changes in individual molecules in response
to external stimuli presents a scientific challenge. Artificial
molecular mechanical systems, however, have not been linked to
macroscale mechanical motion.1 Large-scale mechanical motion
of molecular materials has been reported only in liquid-crystal
elastomers, in which a photoinduced order!disorder phase
transition was used as the driving force.2 Recently, mechanical
bending of photochromic diarylethene crystals was reported, and
the macroscale bending of the crystals was found to be caused
by molecular-scale motion.3 Additionally, several photomechan-
ical crystals composed of azobenzenes and salicylideneanilines
have been reported to provide promising opportunities for
artificial molecular machinery.4!9

Fulgides constitute a class of photochromic compounds that
undergo reversibly electrocyclic ring-closure and ring-opening
reactions.10 The furylfulgide (E)-2-[1-(2,5-dimethyl-3-furyl)-
ethylidene]-3-isopropylidenesuccinic anhydride (E1) in E-form
exhibits photochromism in the crystalline state (Scheme 1).11!13

This letter describes plate-like microcrystals of E1 that reveal
reversible bending upon alternate irradiation with UVand visible
light. The bending mechanism is based on changes in crystal
structure before and after photoirradiation.

Microcrystals of E1 were prepared by sublimation of
crystalline powders in a small platinum pan covered with a
glass plate. Plate-like microcrystals grew on the surface of
the glass plate after heating to approximately 20 °C below
the melting point (126 °C) and holding for several hours
(Figure S1). X-ray di!ractograms of the microcrystals contained
two peaks, which were assigned to the 101 and 202 reflections
based on consistencies with existing crystallographic data
(Figure S115).11,13

Figure 1a shows the hexagonal face of a plate-like E1
microcrystal (115 © 60 © 2¯m3) with the left end fixed to an
adjacent crystal while the other portion is free. The top surface
of the plate-like microcrystal was identified as the (101) face
with its longitudinal direction along the b axis, based on
comparisons with the bulk crystal having a hexagonal surface,
which exhibits a (101) face along the b axis (Figure 1d). When
the (101) face of the microcrystal was irradiated from the
diagonal underside at 365 nm (10mWcm"2) with a UV-light-
emitting diode (LED) for 1 s, the crystal curled from the right
upper corner toward the light, reaching a maximum twisted curl

after 2 s with a color change from pale yellow to red due to
the formation of the closed C1 isomer (Figures 1a!1c and
Video S115). In contrast, a millimeter-scale bulk single crystal
changed color upon UV irradiation, but the crystal shape did not
change (Figures 1d and 1e).

When the (101) face of a narrow plate-like microcrystal
(109 © 6 © 2¯m3) was irradiated at 365 nm from the lower side,
the crystal bent toward the light, reaching a maximum tip
displacement angle of 9° after 2 s (Figures 2a and 2b, and
Video S215). Subsequent illumination with a halogen lamp
equipped with a filter (>390 nm, 10mWcm"2) returned the
crystal to its initial straight shape after 30 s (Figure 2a). This
reversible bending was observed over 200 cycles of alternating
irradiation with UV (2 s) and visible light (30 s) (Figure 2c). The
bending motion was accompanied by a color change from pale
yellow to red (!max = 512 nm) due to the formation of the closed
C1 isomer in the crystals (Figure S215). The red crystal also
returned to the initial pale yellow color due to the photochemical
ring-opening reaction, generating the E1 isomer.

The bending e!ect was ascribed to a gradient with respect to
the extent of electrocyclic ring-closure as a function of light
penetration, such that shrinkage of the irradiated crystal surface
along the b axis resulted in a bent macrostructure. In the E1
crystal, the E1 molecules have torsional conformation with a

Scheme 1. Photochromic reaction of furylfulgide 1.

Figure 1. The (101) face of the plate-like E1 microcrystal
before (a) and after UV irradiation for (b) 1 and (c) 2 s. Scale
bar: 50¯m. The (101) face of the bulk single crystal of E1
before (d) and after UV irradiation (e). Scale bar: 1mm.
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(a 15% decrease) after 100 cycles, as shown in Figure 2c. The
surface morphology, however, did not change, and no
deterioration was detected (see Figure 2, panels d and e).
Larger platelike crystals (3026 ! 736 ! 87 !m3) of enol-(S)-

1 also revealed similar bending motion with a smaller tip
displacement angle (2.0°) upon UV irradiation (25 mW cm!2)
of the (001) surface (see Figure 3d) for 5 s; visible light

illumination (460 nm) straightened the crystal after 10 s (see
Figure 3, panels a and b, and Movie S2 of the Supporting
Information). In contrast, without visible light illumination, the
straight form was recovered 240 s after stopping UV irradiation.
When alternating UV (5 s) and visible (10 s) irradiation was
repeated, the bend angle decreased considerably to 0.9° (55%
decrease) after l00 cycles (Figure 3c). The (001) crystal surface
was !at and clean before photoirradiation (Figure 3d) but
partially melted after repeated illumination (Figure 3e), likely

because the temperature increased above the melting point
(92!93 °C) of enol-(S)-1 due to photothermal e"ects.
The opposite-handed crystal, that is enol-(R)-1 (2655 ! 527

! 23 !m3), was found to bend upon irradiation at 365 nm and
reached 12.0° after 10 s, as shown in Figure 4a, and then

returned to being straight upon illumination at 460 nm after 15
s, as shown in Figure 4b. A thicker crystal of enol-(R)-1 (3445
! 506 ! 71 !m3) repeated the bending motion upon
alternating irradiation with UV (10 s) and visible light (10 s)
(see Figure 4, panels c and d). The bend angle considerably
decreased from 3.0° to 1.5° (a 50% decrease) after 100 cycles,
as shown in Figure 4e, and the irradiated (001) surface partially
melted, revealing the similar photomechanical bend behavior
between the opposite-handed crystals of enol-(S)-1 and enol-
(R)-1.
Next, the bending motion of achiral crystals of enol-(rac)-1

was examined. When the (001) surface of thin platelike crystals
(449 ! 12.3 ! 6.0 !m3) was irradiated at 365 nm (40 mW
cm!2) from the upper side (Figure 5a), the crystal bent toward
the light up to 6.0° after 5 s and returned to the initial straight
shape with visible light irradiation at 460 nm for 5 s (Figure 5b
and Movie S3 of the Supporting Information). In contrast, the
straight form was recovered 40 s after UV irradiation was
stopped. UV irradiation of the narrow (100) surface for 5 s also
caused bending by 3.0°; the straight form was recovered with
visible light irradiation for 5 s. The reversible bending was
observed over 100 cycles of alternating irradiation with UV (5
s) and visible light (20 s) (Figure 5c).
Figure 6d shows the frontal (001) face of a larger platelike

enol-(rac)-1 crystal (3763 ! 396 ! 79 !m3) with one end #xed
to a needle with adhesive. When the (001) surface was
irradiated from the upper side with UV light at 365 nm (25
mW cm!2) (Figure 6a), the crystal bent toward the light,
reaching a maximum tip displacement angle of 2.9° after 10 s
(Figure 6b and Movie S4 of the Supporting Information).

Figure 2. Bending of a thin platelike crystal of enol-(S)-1 is shown (a)
before and (b) after ultraviolet (UV) irradiation of the (001) face from
the upper side. (c) Graph showing the repeatability of the reversible
bending over as many as 100 cycles. The frontal (001) surface (d)
before and (e) after 100 bending cycles.

Figure 3. Bending of a platelike crystal of enol-(S)-1 is shown (a)
before and (b) after ultraviolet (UV) irradiation of the (001) face from
the upper side. (c) Graph showing the repeatability of the reversible
bending over as many as 100 cycles. The frontal (001) surface (d)
before and (e) after 100 bending cycles.

Figure 4. Bending of a platelike crystal of enol-(R)-1 is shown (a)
before and (b) after ultraviolet (UV) irradiation of the (001) face from
the upper side. Bending of a thicker crystal of enol-(R)-1 (c) before
and (e) after UV irradiation and (e) the repeatability of the reversible
bending over as many as 100 cycles.
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Subsequent illumination with visible light at 460 nm returned
the bend to the initial straight shape after 10 s (Figure 6a). In
contrast, without visible light illumination, the initial straight
form was recovered 170 s after stopping UV irradiation.
Repeated alternating irradiation with UV (10 s) and visible light
(10 s) caused a slight decrease in the tip displacement angle,
from 2.9° to 2.8° (3% decrease) after 100 cycles (Figure 6c).
The surface of the crystal remained sheen after 100 bending
cycles, and no deterioration was observed (Figure 6e). These
results show that the durability upon repeated bending of the
achiral crystals is superior to that of the chiral crystals.
The bending motion of the enol-(S)-1 and enol-(rac)-1

crystals was accompanied by a color change from pale yellow to
reddish-orange (both !max = 458 nm) upon UV irradiation due
to the formation of keto-(S)-1 and keto-(rac)-1, respectively

(Figure S1 of the Supporting Information). The reddish-orange
crystals also returned to the initial pale-yellow color upon
visible light irradiation due to the photochemical back-fading to
the enol-(S)-1 and enol-(rac)-1 isomers. The lifetimes of
photochemical isomerization (1.7 and 2.0 s) to keto-(S)-1 and
keto-(rac)-1 isomers and photochemical fading (7.7 and 4.8 s)
to enol-(S)-1 and enol-(rac)-1 isomers are similar, resulting in
similar bending and straightening times. Furthermore, the
lifetime of thermal fading (both 143 s) to enol-(S)-1 and enol-
(rac)-1 isomers is longer than that of photochemical fading;
thus, the time required to recover the straight crystals after
stopping UV irradiation was longer than that with visible light
illumination.
To clarify the molecular structure and the molecular packing

of the reactant molecules in the crystals, X-ray crystallographic
analysis of enol-(S)-1 and enol-(rac)-1 crystals was carried out
(Table 1). The crystal of enol-(S)-1 is chiral and belongs to an

orthorhombic system, space group P212121. The crystal of enol-
(rac)-1 is achiral with a monoclinic system, space group P21/n.
Both crystals have one molecule in the asymmetric unit. The
lengths of the unit cell axes of the crystals are similar. The
density (1.020 g cm!3) of the chiral enol-(S)-1 crystal is slightly
lower than that (1.044 g cm!3) of the achiral enol-(rac)-1
crystal. The low density of both crystals can be attributed to the
two bulky tert-butyl groups in the molecules because the chiral
and achiral crystals of salicylidene-1-phenylethylamine without
the tert-butyl groups have higher densities of 1.197 and 1.166 g
cm!3, respectively.20 The melting point (92!93 °C) of the
chiral enol-(S)-1 crystal is also slightly lower than that (98!99
°C) of the achiral enol-(rac)-1 crystal, indicating that the achiral
crystal is more stable than the chiral crystal.
The ORTEP drawings are shown in Figure 7, panels a and e.

One of the 5-tert-butyl groups (green color) of both the
molecules is disordered in the 0.352 [enol-(S)-1] and 0.426
[enol-(rac)-1] occupancy. The molecular shapes are similar; the
dihedral angles between the salicyl plane and the phenyl plane
are 40.73° [enol-(S)-1] and 41.36° [enol-(rac)-1]. Intra-
molecular hydrogen bonds formed between the N atom of
the C!N Schi! base and the H atom of the 2-OH group of the
salicylaldehyde ring; the N···O distances and N···H!O angles

Figure 5. Bending of a thin platelike crystal of enol-(rac)-1 is shown
(a) before and (b) after ultraviolet (UV) irradiation from the upper
side. (c) Graph showing the repeatability of reversible bending over as
many as 100 cycles.

Figure 6. Bending of a platelike crystal of enol-(rac)-1 is shown (a)
before and (b) after ultraviolet (UV) irradiation of the (001) face from
the upper side. (c) Graph showing the repeatability of reversible
bending over as many as 100 cycles. The frontal (001) surface (d)
before and (e) after 100 bending cycles.

Table 1. Crystallographic Data for Enol-(S)-1 and Enol-
(rac)-1

enol-(S)-1 enol-(rac)-1

formula C23H31NO C23H31NO
formula weight 337.50 337.50
temperature 298 298
crystal system orthorhombic monoclinic
space group P212121 P21/n
a (Å) 6.3202(12) 9.9176(12)
b (Å) 9.9001(18) 6.3244(8)
c (Å) 35.109(7) 34.355(4)
" (deg) 90 90
# (deg) 90 94.775(8)
$ (deg) 90 90
V (Å3) 2196.8(7) 2147.4(5)
Z 4 4
%calc (g cm!3) 1.020 1.044
R [I > 2&(I)] 0.0813 0.0787
wR 0.2538 0.2711
GOF 1.019 1.062
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図６	 (a)S 体結晶の光屈曲の模式図と(b)光照射

前の enol-S 体分子の形（灰色）と照射後の keto-S

体分子（赤橙色）の形の予想図	 

	 
	 これら結晶の機械的特性としてヤング率
を測定した結果、S体のヤング率（0.8	 GPa）
はラセミ体のヤング率（2.6	 GPa）よりもか
なり小さいことがわかった。また光照射によ
る重りの持ち上げ仕事を測定した結果、S 体
は結晶自身の重さの 50 倍、ラセミ体は 300
倍の重りを持ち上げることが可能であった
（図７）。	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
図７	 結晶カンチレバーによるフォトメカニカル

持ち上げ仕事；(a)光照射前後の重ね写真、(b)S

体結晶とラセミ体結晶の持ち上げ仕事測定データ	 

	 
	 以上の結果、アキラルなラセミ体の方がキ
ラルな S体結晶よりも、繰り返し屈曲の耐久
性、機械的特性の点で光運動材料として優れ
ていることが明らかとなった。	 
	 その他、結晶工学に基づく分子配列制御の
試みとして、複合結晶の創製も行い、新たな
フォトメカニカル結晶新たな結晶が見いだ
されつつある。	 
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decreased to 35.82° in the keto molecule. Assuming that the
dihedral angle (40.73°) of the enol-(S)-1 molecule will exhibit a
similar decrease in the photoproduct keto-(S)-1 molecule upon
UV irradiation, we can expect that the length of the keto
molecule along the a axis will decrease as shown in Figure 8b.
Therefore, the intermolecular distance of the herringbone
stacking near the irradiated surface should shrink along the a
axis upon UV irradiation. In contrast, since no photo-
isomerization occurs in the absence of light, the length of the
a axis should remain constant at the nonilluminated back
surface, resulting in bending of the platelike crystal toward the
UV light source (see Figure 8a). A similar explanation for the
bending mechanism of the achiral enol-(rac)-1 crystal is feasible
due to the similar herringbone structure in which the S- and R-
molecules are alternately arranged along the b axis.
Mechanical work is described by the elastic modulus of

crystalline materials. The Young’s moduli of the crystals were
measured by a manual beam-bending test21 and were smaller at
0.8 GPa for the chiral enol-(S)-1 compared with 2.6 GPa for
the achiral enol-(rac)-1 (see Figure S2 of the Supporting
Information). The Young’s moduli were smaller than those of
photomechanical diarylethene crystals (11 and 8.5 GPa)8d,e and
the other organic crystals.22 The Young modulus of the chiral
enol-(S)-1 crystal was similar to those of polymer materials (!1
GPa).23 One reason for the small Young’s moduli might be the
low density (1.020 and 1.044 g cm"3) of the chiral enol-(S)-1
and achiral enol-(rac)-1 crystals, respectively.
Most organic crystals are fragile and broken relatively easily.

However, the enol-(S)-1 crystal was found to cause plastic
deformation during the load test. The crystal cantilever (5.223
! 0.874 ! 0.184 mm3, 0.857 mg) !xed at the edge of a glass
plate bent elastically and reversibly upon loading a metal weight
(32.9 mg) that was 38 times heavier than the cantilever. Plastic
and irreversible bending occurred upon loading a heavier metal
(108.4 mg) that was 126 times the weight of the cantilever, and
the initial straight form was not recovered after removing the
weight, revealing the elastic"plastic nature. In contrast, the
crystal cantilever of enol-(rac)-1 (5.657 ! 0.455 ! 0.252 mm3,

0.677 mg) bent elastically and reversibly even upon loading a
metal weight (343.6 g) that was 507 times heavier than the
cantilever; the crystal !nally snapped o" upon loading a metal
weight (415.1 g) that was 613 times heavier than the cantilever.
In both the enol-(S)-1 and enol-(rac)-1 crystals, herringbone
structures formed, as seen in the packing arrangements at the
(010) and (100) faces along the a and b axes, corresponding to
the long axes of the platelike crystals, respectively (see Figure 7,
panels d and h). The molecular interactions within each
herringbone array, as well as between the neighboring
herringbone in the enol-(S)-1 crystal, are weaker than those
in the enol-(rac)-1 crystal because the density (1.020 g cm"3)
of the former crystal is 2% lower than that (1.044 g cm"3) of
the latter crystal. Therefore, the enol-(S)-1 molecules are
thought to slide irreversibly to some extent upon loading
weights approximately 100 times heavier than the cantilevers,
causing plastic deformation. These results show that the
durability of the achiral enol-(rac)-1 crystal against #exure is
superior to that of the chiral enol-(S)-1 crystal.
We attempted to measure the photomechanical work of the

platelike crystals while lifting a metal weight under UV
irradiation. A metal ring (4.00 mg) was attached to the enol-
(S)-1 crystal cantilever (0.0749 mg). The weight was 53 times
heavier than the crystal. Upon UV irradiation (365 nm), the
weight was lifted as high as 0.65 mm (see Figure 9 and Movie

S5 of the Supporting Information). The platelike crystal
achieved a lifting work of 26 nJ. The platelike achiral crystal
of enol-(rac)-1 (0.0955 mg) lifted a metal weight (29.80 mg)
that was 312 times heavier than the cantilever to 0.20 mm,
achieving lifting work of 59 nJ. Thus, the lifting work (614 nJ/
mg crystal) per milligram of the achiral enol-(rac)-1 crystal was
around two times that (343 nJ/mg crystal) of the chiral enol-
(S)-1 crystal.
The maximum strain of the platelike crystals upon UV

irradiation was estimated from the radius of curvature and the
thickness of the crystals to be 0.31% for the enol-(S)-1 crystal,
which was greater than the 0.24% for the enol-(rac)-1 crystal
(Figure 10). Strain corresponds to shrinkage of the long axis at
the irradiated crystal surface. Therefore, the larger strain of the
enol-(S)-1 crystal was attributable to the larger decrease
(0.08%) in the a axis (long axis) length of the unit cell of
the enol-(S)-1 crystal upon UV irradiation compared to that

Figure 8. (a) Schematic illustration of the photomechanical bending of
the enol-(S)-1 crystal upon ultraviolet (UV) irradiation. (b) Molecular
shapes of the enol-(S)-1 (gray) and the possible molecular shape of
the photogenerated keto-(S)-1 isomer (red-yellow) in the herringbone
arrangement on the (010) face along the a axis. Hydrogen atoms are
omitted for clarity.

Figure 9. Photomechanical lifting work of the crystal cantilever. (a)
Superimposed photographs before and after ultraviolet (UV)
irradiation. Illumination with UV light from the upper side of the
chiral enol-(S)-1 crystal. See also Movie S5 of the Supporting
Information. (b) Photomechanical lifting work data of enol-(S)-1 and
enol-(rac)-1 crystals.
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decreased to 35.82° in the keto molecule. Assuming that the
dihedral angle (40.73°) of the enol-(S)-1 molecule will exhibit a
similar decrease in the photoproduct keto-(S)-1 molecule upon
UV irradiation, we can expect that the length of the keto
molecule along the a axis will decrease as shown in Figure 8b.
Therefore, the intermolecular distance of the herringbone
stacking near the irradiated surface should shrink along the a
axis upon UV irradiation. In contrast, since no photo-
isomerization occurs in the absence of light, the length of the
a axis should remain constant at the nonilluminated back
surface, resulting in bending of the platelike crystal toward the
UV light source (see Figure 8a). A similar explanation for the
bending mechanism of the achiral enol-(rac)-1 crystal is feasible
due to the similar herringbone structure in which the S- and R-
molecules are alternately arranged along the b axis.
Mechanical work is described by the elastic modulus of

crystalline materials. The Young’s moduli of the crystals were
measured by a manual beam-bending test21 and were smaller at
0.8 GPa for the chiral enol-(S)-1 compared with 2.6 GPa for
the achiral enol-(rac)-1 (see Figure S2 of the Supporting
Information). The Young’s moduli were smaller than those of
photomechanical diarylethene crystals (11 and 8.5 GPa)8d,e and
the other organic crystals.22 The Young modulus of the chiral
enol-(S)-1 crystal was similar to those of polymer materials (!1
GPa).23 One reason for the small Young’s moduli might be the
low density (1.020 and 1.044 g cm"3) of the chiral enol-(S)-1
and achiral enol-(rac)-1 crystals, respectively.
Most organic crystals are fragile and broken relatively easily.

However, the enol-(S)-1 crystal was found to cause plastic
deformation during the load test. The crystal cantilever (5.223
! 0.874 ! 0.184 mm3, 0.857 mg) !xed at the edge of a glass
plate bent elastically and reversibly upon loading a metal weight
(32.9 mg) that was 38 times heavier than the cantilever. Plastic
and irreversible bending occurred upon loading a heavier metal
(108.4 mg) that was 126 times the weight of the cantilever, and
the initial straight form was not recovered after removing the
weight, revealing the elastic"plastic nature. In contrast, the
crystal cantilever of enol-(rac)-1 (5.657 ! 0.455 ! 0.252 mm3,

0.677 mg) bent elastically and reversibly even upon loading a
metal weight (343.6 g) that was 507 times heavier than the
cantilever; the crystal !nally snapped o" upon loading a metal
weight (415.1 g) that was 613 times heavier than the cantilever.
In both the enol-(S)-1 and enol-(rac)-1 crystals, herringbone
structures formed, as seen in the packing arrangements at the
(010) and (100) faces along the a and b axes, corresponding to
the long axes of the platelike crystals, respectively (see Figure 7,
panels d and h). The molecular interactions within each
herringbone array, as well as between the neighboring
herringbone in the enol-(S)-1 crystal, are weaker than those
in the enol-(rac)-1 crystal because the density (1.020 g cm"3)
of the former crystal is 2% lower than that (1.044 g cm"3) of
the latter crystal. Therefore, the enol-(S)-1 molecules are
thought to slide irreversibly to some extent upon loading
weights approximately 100 times heavier than the cantilevers,
causing plastic deformation. These results show that the
durability of the achiral enol-(rac)-1 crystal against #exure is
superior to that of the chiral enol-(S)-1 crystal.
We attempted to measure the photomechanical work of the

platelike crystals while lifting a metal weight under UV
irradiation. A metal ring (4.00 mg) was attached to the enol-
(S)-1 crystal cantilever (0.0749 mg). The weight was 53 times
heavier than the crystal. Upon UV irradiation (365 nm), the
weight was lifted as high as 0.65 mm (see Figure 9 and Movie

S5 of the Supporting Information). The platelike crystal
achieved a lifting work of 26 nJ. The platelike achiral crystal
of enol-(rac)-1 (0.0955 mg) lifted a metal weight (29.80 mg)
that was 312 times heavier than the cantilever to 0.20 mm,
achieving lifting work of 59 nJ. Thus, the lifting work (614 nJ/
mg crystal) per milligram of the achiral enol-(rac)-1 crystal was
around two times that (343 nJ/mg crystal) of the chiral enol-
(S)-1 crystal.
The maximum strain of the platelike crystals upon UV

irradiation was estimated from the radius of curvature and the
thickness of the crystals to be 0.31% for the enol-(S)-1 crystal,
which was greater than the 0.24% for the enol-(rac)-1 crystal
(Figure 10). Strain corresponds to shrinkage of the long axis at
the irradiated crystal surface. Therefore, the larger strain of the
enol-(S)-1 crystal was attributable to the larger decrease
(0.08%) in the a axis (long axis) length of the unit cell of
the enol-(S)-1 crystal upon UV irradiation compared to that

Figure 8. (a) Schematic illustration of the photomechanical bending of
the enol-(S)-1 crystal upon ultraviolet (UV) irradiation. (b) Molecular
shapes of the enol-(S)-1 (gray) and the possible molecular shape of
the photogenerated keto-(S)-1 isomer (red-yellow) in the herringbone
arrangement on the (010) face along the a axis. Hydrogen atoms are
omitted for clarity.

Figure 9. Photomechanical lifting work of the crystal cantilever. (a)
Superimposed photographs before and after ultraviolet (UV)
irradiation. Illumination with UV light from the upper side of the
chiral enol-(S)-1 crystal. See also Movie S5 of the Supporting
Information. (b) Photomechanical lifting work data of enol-(S)-1 and
enol-(rac)-1 crystals.
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