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Exploring flexibility in molecular crystals: bending
responses to light and mechanical stress

Sotaro Kusumoto *a and Yang Kimb

Crystalline materials are traditionally known for their brittleness when subjected to external stress. However,

recent advancements have enabled the creation of flexible crystals through specific molecular

architectures. These innovative materials can deform in response to light or mechanical stress, making

them promising candidates for smart materials, sensors, actuators, and optoelectronic devices. While

considerable research has been conducted on the effects of individual external stresses, the investigation

of flexible crystals that respond to multiple stimuli and their bending mechanisms remains to be improved.

This review aims to elucidate the mechanisms that govern the flexibility of crystals responsive to both light

and mechanical stimuli. We will analyze the mechanical properties related to 1D or 2D assembly, [2 + 2] or

[4 + 4] photodimerization, and molecular isomerization and provide insights on designing new molecular

structures to enhance the flexibility of crystals. Additionally, we will address current challenges in the field

and propose future research directions to advance the development of flexible molecular crystals.

1. Introduction

Molecular crystals exhibit a range of mechanical responses,
including movement, bending, jumping, bursting, and
twisting,1 to various external stimuli such as heat,2 light,3

mechanical force,4 humidity,5 vapor,6 and magnetic fields,7

and have recently garnered significant attention for potential
applications in artificial muscles8 and actuation devices.9

However, molecular crystals exhibiting reversible or
irreversible bending in response to both light and mechanical
stress are relatively rare.10 This scarcity often arises from
unpredictable changes in physical properties or from
undesired chemical reactions triggered by external stimuli.
Multi-stimuli responsive materials—molecular crystals
responding to two or more distinct stimuli—offer enhanced
versatility. While such materials have been reported,11 they
remain infrequent. This review highlights recent progress in
dual-responsive molecular crystals that undergo deformation
under mechanical force and light. Since pioneering studies
on elastic crystals, such as caffeine cocrystals12 and Cu(acac)2
complexes,13 and plastic crystals, such as
hexachlorobenzene,14 significant research12–14 has focused on
crystals where weak intermolecular interactions (e.g., van der
Waals forces) are influenced by external stress. These

interactions can lead to microscopic molecular slippage
resulting in macroscopic changes, including elasticity,15

plasticity,16 superelasticity,17 ferroelasticity,18 and
superplasticity.19 Elastic deformation has been achieved using
π-conjugated molecules to promote π–π stacking
interactions,3c,15a,d,h–j whereas plastic deformation can be
induced by introducing halogen groups or long alkyl chains
to create 2D sliding planes.14,15h,16c–e,g,h Despite numerous
studies on organic compounds and metal complexes,
examples of materials responding to stimuli beyond
mechanical forces remain limited.

Photoreactive sites are crucial for inducing significant
changes in molecular crystals through light irradiation. Many
studies focus on photoswitchable materials utilizing E (trans)
⇌ Z (cis) isomerization of compounds containing –NN–
(ref. 20) or –CN– moieties,21 photoreactions of
diarylethenes,22 [4 + 4] photodimerization of anthracenes,23

and [2 + 2] cycloaddition of olefins.24 However, light
irradiation often leads to fracturing or cracking in crystals
undergoing these photoreactions, limiting their suitability for
studying bendable properties. Therefore, exploring additional
crystals capable of efficient bending under light irradiation is
crucial. Designing dual-responsive molecular crystals that
respond to mechanical force and light requires incorporating
molecules that respond independently or concurrently to
each stimulus.

This review focuses on recent advances in molecular
crystals responsive to external stress, particularly those based
on acylhydrazone and azobenzene derivatives, and those
containing olefins or anthracene moieties (Fig. 1, Table 1).
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2. Acylhydrazone derivatives

Acylhydrazones, incorporating the –CN–N– moiety, exhibit
E–Z photoisomerization,21a a property that underpins their
use as molecular photoswitches. Their straightforward
synthesis and high stability have spurred extensive
investigation. However, the mechanical response of
acylhydrazone crystals to external stress has received
comparatively less attention until recently. Nath et al.11a first
reported (2019) on the light- and mechanically-induced
responses of needle-shaped photoswitchable acylhydrazone
derivatives (1a and 1b), which were synthesized from
aromatic aldehydes and the corresponding hydrazides. UV-vis
spectroscopy of 1a in acetonitrile revealed two absorption
maxima at 226 nm and 316 nm. UV irradiation increased
absorbance at 226 nm and decreased absorbance at 316 nm,
consistent with E → Z photoisomerization. This

photoisomerization was confirmed by irradiating a single
crystal with UV light from a Hg–Xe lamp (Fig. 2a). Following
UV irradiation, both 1a and 1b exhibited bending, which was
reversed upon heating to 40 °C, restoring crystallinity and
returning the crystals to their original straight form via
thermal Z → E isomerization. Furthermore, applying force
with tweezers to the crystal center resulted in irreversible
plastic deformation for 1a (Fig. 2b) but reversible elastic
deformation for 1b (Fig. 2c).

Single-crystal X-ray diffraction analysis revealed that 1a
contains water molecules and exhibits weak Cl⋯O
interactions along the c-axis. This facilitates plastic
deformation due to the arrangement of molecules in slip
planes with weak intermolecular interactions parallel to the
(001) plane (Fig. 2d).14 In contrast, 1b, a monohydrate crystal,
forms O–H⋯O hydrogen bonds along the a-axis between the
CO group and water molecules, and N–H⋯O hydrogen

Fig. 1 Chemical structures of the crystals that respond to external stresses discussed in this review.11
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bonds along the b-axis between the acylhydrazone N–H
groups and water molecules. The anisotropic nature of this
hydrogen bonding network resembles that observed in highly
flexible elastic crystals such as Cu(acac)2.

13 Subsequent
studies demonstrated that modifying substituents can tune
the resulting crystal properties, yielding materials that exhibit
predominantly elastic or plastic behavior in response to light.
However, these studies generally lack quantitative mechanical

characterization (e.g., three-point bending tests,
nanoindentation), limiting a comprehensive understanding
of the materials' full mechanical capabilities. Further
experiments are needed to fully elucidate the potential for
enhanced mechanical flexibility beyond that observed in
conventional molecular crystals.

In 2021, J. Jia et al.11b reported on the elastic deformation
and photo-induced bending behavior of acylhydrazone
derivative crystals synthesized from 4-fluorobenzaldehyde
(2a) or 4-iodobenzaldehyde (2b) and 2-pyridinecarboxylic acid
hydrazide (Fig. 3a). Exposure to UV light (365 nm) initially
caused bending away from the light source, but continued
irradiation reversed this, resulting in bending towards the
light source. Heating to 80 °C restored the original straight
shape. UV-vis and 1H NMR spectroscopic analysis, performed
before and after UV irradiation, revealed that E → Z
isomerization, initially predominant on the crystal surface
facing the light source, drives this bending behavior.
Prolonged irradiation induces Z → E reverse isomerization
and structural relaxation due to thermal effects, thus altering
the bending direction. Both 2a and 2b crystals exhibited
stress-induced deformation (Fig. 3b), with maximum elastic
strains of 0.5% and 0.7%, respectively—lower than those
reported for other elastic crystals.15 Nanoindentation
measurements on the bent surface 2a yielded an elastic
modulus of 4.10 ± 0.14 GPa and a hardness of 0.20 ± 0.01
GPa. Single-crystal X-ray diffraction analysis revealed a chain-
like structure formed via hydrogen bonds (C–H⋯N, N–H⋯O,
C–H⋯O) and C–H⋯π interactions within the (10̄1) plane
(Fig. 3c). The distances of these weak supramolecular
interactions are tunable under external stress, influencing
intermolecular distances and leading to elastic deformation.

Table 1 A summary table of the mechanical characteristics for each compound

Compounds
Bending
type

Maximum elastic
strain (εmax) (%)

Young's modulus (E), measured
by three-point bending test (GPa)

Reduced modulus (Er), measured
by nanoindentation test (GPa)

Hardness (H), measured by
nanoindentation test (GPa)

1a (ref. 11a) Plastic — — — —
1b (ref. 11a) Elastic — — — —
2a (ref. 11b) Elastic 0.5 — 4.10 ± 0.14 0.20 ± 0.01
2b (ref. 11b) Elastic 0.7 — — —
3 (ref. 11c) Elastic 3.5 — — —
4 (ref. 11d) Elastic 3.3 — — —
5 (ref. 11e) Elastic 2.7
6 (ref. 11f) Elastic 0.211 ± 0.057 0.045 ± 0.007
7_co (ref. 11g) 2D

elastic
2.2 (001) — — —
1.4 (010)

7_co_sol (ref.
11g)

2D
elastic

1.9 (001) — — —
1.2 (100)

8 (ref. 11h) Elastic 1.3 — — —
9 (ref. 11i) Elastic 2.4 1.18 — —
10a (ref. 11j) Plastic — 4.51 4.29 ± 0.20 0.12 ± 0.01
10b (ref. 11j) Elastic >1 1.04 6.91 ± 0.12 0.21 ± 0.01
11 (ref. 11k) 2D

elastic
6.8 (001) 6.74 ± 0.15 (001) 0.14 ± 0.007 (001)
6.3 (010) 6.31 ± 0.08 (010) 0.13 ± 0.005 (010)

12 (ref. 11l) Elastic 12.4 0.320 ± 0.014 (100) 0.031 ± 0.001 (100)
2.657 ± 0.017 (001) 0.205 ± 0.001 (001)

13 (ref. 11m) Elastic — — — —
14 (ref. 11n) 2D

elastic
0.00542 ± 1.88 0.00174 ± 0.45

Fig. 2 (a) Crystal 1a under UV irradiation. (b) Plastic bending of 1a by
application of pressure on the (001) face. (c) Elastic bending of 1b. (d)
The packing structure viewed down the b-axis. Slip planes for plastic
bending were observed along the c-axis. Reproduced from ref. 11a
with permission from the American Chemical Society, copyright 2019.
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These interactions effectively dissipate intermolecular
binding energy, acting as “structural buffers” and preventing
crystal fracture. Fig. 3a shows that needle-shaped crystal 2a
transmits 635 nm light, with a red dot at the crystal tip
marking the emission point. UV irradiation induces bending,
shifting this red dot and allowing for control over the
direction of passive light transmission, demonstrating the
potential for light-controlled manipulation of light
transmission.

Recent studies demonstrate that the crystals of anthracene
derivatives, particularly those incorporating an acylhydrazone
moiety (compounds 3 and 4),11c,d exhibit bending in response
to both optical and mechanical stimuli. Compound 3, a
yellow, needle-shaped crystal synthesized via condensation of
4-bromobenzhydrazide and 9-anthraldehyde,11c displays
significant flexibility, readily bending under external stress to
achieve a maximum elastic strain of approximately 3.5%.
Single-crystal X-ray diffraction reveals a structure stabilized
by supramolecular interactions, including C–H⋯π, C–H⋯O,
and C–H⋯Br interactions. These interactions organize the
molecules into layers within the bc plane, which are stacked
along the a-axis (the crystal growth direction) via π–π

interactions (4.332 Å). This cross-shaped packing motif
generates numerous weak, dispersive interactions, resulting
in an interlocking structure that facilitates short-range
molecular movement and contributes to the crystal's
elasticity. Photoisomerization (Z → E) induces reversible
bending, with the original state (E → Z) restored upon
heating. This reversibility was confirmed through solution
UV-vis and 1H NMR spectroscopy.

Crystal 4, synthesized from 4-nitrobenzhydrazide and 10-
chloro-9-anthraldehyde, exhibits a similar structure to 3 and
displays elastic deformation with a maximum strain of
3.3%.11d This suggests that the light-induced bending
observed in these compounds arises from E → Z
isomerization.

The (E)-N-(naphthalene-1-ylmethylene)benzohydrazide
crystal (5)11e exhibits a notable mechanical response to
external stress. The crystal structure features N–H⋯O (dH⋯O

= 2.04 Å, DN⋯O = 2.909(3) Å, θN–H⋯O = 171°) and C–H⋯O
(2.68 Å, 3.426(4) Å, 139°) hydrogen bonds along the a-axis, as
well as π–π interactions between benzene and naphthalene
rings (inter-ring centroid-to-centroid distances of 3.381 Å and
3.716 Å, respectively). The molecules are densely packed in a
3D coordinated network of energetically equivalent
intermolecular interactions. Applying pressure to the (001)
plane with a needle induces bending into a loop without
fracture, demonstrating a maximum elastic strain of 2.7%.
The crystal fully recovers its original shape upon removal of
the applied force. Furthermore, attaching a single crystal to a
metal needle and irradiating it with UV light also results in
bending. Heating the bent crystal at 65 °C for 1 hour reverses
the bending, attributed to E ⇌ Z isomerization.

J. Peng et al.11f demonstrated that (E)-N′-([1,1′-biphenyl]-4-
ylmethylene)picolinohydrazide (6) exhibits reversible elastic
deformation under external stress, suggesting its potential as
an optical waveguide. This crystal structure is defined by a
network of supramolecular interactions, including C–H⋯O
(2.293 Å), C–H⋯N (2.907 Å), and C–H⋯π (3.309 Å, 3.830 Å)
interactions within the (100) plane, and C–H⋯O (2.579 Å and
2.293 Å) interactions within the (002) plane (parallel to the
c-axis). Upon exposure to UV light (365 nm, 3 W), the crystal
rapidly bends away from the light source (Fig. 4a). Heating a
UV-bent sample to 120 °C reversed the bending. 1H NMR
spectroscopy confirmed that E → Z isomerization occurs
under UV irradiation, and the reverse (Z → E) isomerization
upon heating. The crystal exhibits reversible elastic
deformation when an external force is applied and released
along the (002) plane (Fig. 4b). Nanoindentation
measurements on the (002) plane yielded an elastic modulus
of 0.211 ± 0.057 GPa and a hardness of 0.045 ± 0.007 GPa,
indicating good elastic properties. The numerous
supramolecular interactions within the (100) plane likely
facilitate energy dissipation during bending. Upon release of
the external force, these interactions return to their original
state, enabling recovery of the initial crystal shape. Further
experiments investigated the control of passive light
transmission using both light and mechanical stimuli
(Fig. 4c and d). Fixing the crystal with adhesive and
introducing light (635 nm) at one end generated a distinct
red spot at the crystal edge, demonstrating light
transmission. UV irradiation or mechanical force induced
bending, shifting the red spot and thus manipulating the
direction of passive light transmission.

T. Wang et al.11g synthesized an acylhydrazone derivative,
MBINH, from isonicotinohydrazide and

Fig. 3 (a) Photo-bending behavior and passive light output direction
control. (b) Elastic bending. (c) Intermolecular interactions of 2a.
Reproduced from ref. 11b with permission from the Elsevier, copyright
2021.
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4-methoxybenzaldehyde. They then prepared a 2 : 1 cocrystal
(7_co) of MBINH and tetrafluoro-3,6-diodobenzene (TFDI) to
investigate its mechanical response (Fig. 5a). MBINH crystals

(7) alone proved brittle under mechanical stress, exhibiting a
maximum elastic strain of only ∼0.3%. In contrast, cocrystals
solvated with methanol (7_co_sol), obtained by
recrystallization of 7_co from methanol, demonstrated
significant elastic deformation (Fig. 5b). Both 7_co and
7_co_sol exhibited 2D elastic bending, withstanding twisting
without fracture. The maximum elastic strains were 2.2% and
1.4% for 7_co, and 1.9% and 1.2% for 7_co_sol, comparable
to values reported for other elastic crystals.15f–h Single-crystal
X-ray diffraction analysis revealed a 2 : 1 MBINH : TFDI
stoichiometry in 7_co and a 1 : 1 : 1 MBINH : TFDI :methanol
stoichiometry in 7_co_sol. In both cocrystals, the
electrophilic iodine atoms of TFDI interact with the pyridyl
nitrogen atoms via C–I⋯N halogen bonds. The bending
mechanism in 7_co involves numerous weak intermolecular
interactions, including π-stacking and a herringbone
molecular arrangement. A similar combination of π-stacking
and herringbone arrangements in 7_co_sol creates a wave-
like pattern that facilitates elastic deformation. UV
irradiation (365 nm) induced bending in 7_co towards the
light source, forming a semicircular arc (Fig. 5c). However,
7_co_sol showed only slight bending before cracking, likely
due to its lower flexibility and inability to effectively dissipate
internal stress generated during UV irradiation. Heating 7_co
to 100 °C reversed the light-induced bending; however,
7_co_sol did not fully recover its original shape due to
methanol evaporation during heating, resulting in crystal
fracture. 1H NMR spectroscopy, performed before and after
UV irradiation, confirmed that E–Z isomerization drives the
light-induced bending in 7_co.

3. [2 + 2] cycloaddition reactions of
olefins

The [2 + 2] photodimerization of olefins offers a valuable
approach for creating dual-responsive crystals exhibiting both
light- and mechanically-induced bending. This
responsiveness arises from macroscopic changes in crystal
behavior driven by photochemical reactions within the
crystal. According to Schmidt's criterion,25 photodimerization
requires an inter-olefin distance of less than 4.2 Å. This
constraint can be satisfied through careful molecular
design.26

J. J. Vital et al.11h reported on the crystal of [PbBr2(3F-
spy)2] (8), where 3F-spy represents 3-fluoro-4′-styrylpyridine.
This crystal exhibits both elastic deformation and photo-
induced bending. It forms a 1D coordination polymer along
the a-axis, consisting of Pb(μ-O)2Pb chains interconnected by
bridging bromides and adjacent Pb(II) ions (Fig. 6a). The 3F-
spy ligands coordinate to Pb(II) in a trans configuration along
the b-axis and are arranged parallel. This 1D polymer network
is further interconnected via crystal elongation, stabilized by
supramolecular interactions, such as C–H⋯F and C–
H⋯Br(Pb), oriented perpendicular to the a-axis. These
interactions prevent slippage and plastic deformation under
external stress. Applying a force to the (001) plane of a fixed

Fig. 4 (a) Photographic images of crystal 6 driven by UV light. (b)
Photographic images of the elastic bending. Passive light (635 nm)
output images of the long crystal under 365 nm light (c) and
mechanical force (d). Reproduced from ref. 11f with permission from
the Royal Society of Chemistry, copyright 2024.

Fig. 5 (a) Illustration of the formation of 7_co and 7_co_sol. (b)
Elastic bending of 7_co crystals along the prominent crystal face (001)
(I–II) and minor crystal face (001) (III–IV). (c) Photo-induced bending of
7_co. Reproduced from ref. 11g with permission from the American
Chemical Society, copyright 2023.
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crystal induced flexible bending with a maximum elastic
strain of 1.3% (Fig. 6b). The crystal recovered its original
shape upon removal of the external force. At 295 K, the
distance between the olefin moieties of the 3F-spy ligand is
4.175 Å, close to the 4.2 Å limit imposed by Schmidt's
criterion25 for [2 + 2] photodimerization in the solid state. UV
irradiation (360 nm) induced various photodynamic effects,
including jumping, bending (Fig. 6c), and splitting,
attributed to the formation of a cyclobutane ring via [2 + 2]
photodimerization within the styryl moiety of the 3F-spy
ligand. This effect diminished after a few minutes due to the
termination of the dimerization reaction. The [2 + 2]
cycloaddition reaction is the driving force behind the
observed photomechanical effect, as confirmed by the
formation of rctt-1,2-bis(4′-pyridyl)-3,4-bis(3′-fluorophenyl)
cyclobutane (rctt-3F-ppcb; rctt denotes regio-cis, trans, trans)
identified via 1H NMR spectroscopy of the dissolved crystal
residues in DMSO-d6.

Because organic ionic salts exhibiting deformation in
response to multiple external stimuli are rare, our group
reported on the [H2Ebpe](NO3)2 crystal (9), where H2Ebpe
represents (E)-1,2-bis(pyridine-4-yl)ethylene.11i This material
is deformable under both mechanical force and UV light.
Applying force with tweezers to a ∼5 mm long crystal
induced elastic deformation; the crystal returned to its
original shape upon force removal (Fig. 7a). Three-point

bending tests revealed an elastic modulus of 1.18 GPa
(Fig. 7b), comparable to some soft polymers like nylon (2–5
GPa). Single-crystal X-ray diffraction revealed a 1D slip-stack
structure (Fig. 7c–e). Previous studies have shown that 1D
arrangements in crystals with π-conjugated systems often
contribute to high flexibility.3c,15a,d,h–j The external force
causes the expansion of π–π interactions in the outer arc and
contraction in the inner arc, facilitating deformation. The
inter-cation distance (3.320(2) Å) satisfies Schmidt's
criterion25 for [2 + 2] photodimerization. Alternating UV
irradiation (365 nm) induced bending in response to the light
direction (Fig. 7f), although this response diminished after a
few cycles. The photodimerization of the olefin moieties in
H2Ebpe forms rctt-1,2,3,4-tetrakis(4-pyridiniumyl)cyclobutane,
driving the light-induced deformation.

The mechanical responses of 5-methylthiophene-2-
carbaldehyde (10a) and 5-ethylthiophene-2-carbaldehyde
(10b) crystals were also investigated.11j Applying mechanical
force to 10a resulted in plastic deformation along the (010)
plane, with no recovery upon force removal (Fig. 8a). The
maximum elastic strain exceeded 1% regardless of crystal
thickness. In contrast, 10b exhibited reversible elastic

Fig. 6 (a) Crystal structure with weak interactions and packing viewed
perpendicularly. (b) Elastic bending of single crystal 8 under external
force. (c) Photo-induced bending of the crystal. Reproduced from ref.
11h with permission from the American Chemical Society, copyright
2021. Fig. 7 (a) Crystal structure of 9. (b) Packing arrangement viewed

down the b-axis. (c) 1D arrangement of Ebpe molecules. (d) Stress-
induced crystal bending. (e) Stress–strain curve in a three-point
bending test. (f) Photoinduced crystal bending when exposed to UV
light from the right side for up to 30 min.

CrystEngCommHighlight

Pu
bl

is
he

d 
on

 2
1 

 2
02

4.
 D

ow
nl

oa
de

d 
on

 0
3/

05
/2

5 
09

:1
3:

26
. 

View Article Online

https://doi.org/10.1039/d4ce01131g


CrystEngComm, 2025, 27, 127–137 | 133This journal is © The Royal Society of Chemistry 2025

deformation (Fig. 8b). Three-point bending tests measured
Young's moduli of 4.51 GPa for 10a and 1.04 GPa for 10b.
Nanoindentation tests yielded composite hardness (H) and
elastic modulus (E) values of 0.12 ± 0.01 GPa and 4.29 ± 0.20
GPa for 10a, and 0.21 ± 0.01 GPa and 6.91 ± 0.12 GPa for 10b,
indicating that 10b is significantly harder. The nearly
identical isotropic properties of both crystals suggest similar
packing arrangements. Both crystals exhibit C–H⋯F and C–
H⋯N interactions along the a-axis and C–H⋯F and F⋯C
supramolecular interactions along the b-axis. However, the
interlayer C⋯C distance differs: 5.91 Å for 10a and 5.08 Å for
10b (Fig. 8c). This shorter distance in 10b suggests stronger
intermolecular interactions, explaining the difference in
mechanical behavior. Both crystals undergo [2 + 2]
photocycloaddition upon light exposure. 1H NMR
spectroscopy and single-crystal X-ray diffraction analysis after
light irradiation revealed light-induced deformation in 10a,
which was slower in 10b (Fig. 8d). 10a could be reversibly
bent at least 30 times under UV irradiation, with bending less
than 2°.

Reports on photo- and mechanically-deformable crystals
utilizing [2 + 2] photodimerization remain scarce. As

demonstrated in previous examples, a significant limitation
of deformation caused by [2 + 2] cycloaddition is that the
photochemically induced structural phase transition often
leads to crystal degradation, thereby compromising
reproducibility and reusability. Furthermore, slow [2 + 2]
photodimerization can result in non-responsive crystals,
highlighting the importance of reaction kinetics. Successful
implementation of [2 + 2] photodimerization in
photoresponsive, flexible crystals requires that the olefins
satisfy Schmidt's criterion25 and exhibit a fast reaction rate
and adequate mechanical flexibility. The rarity of multi-
reactive crystals undergoing [2 + 2] photodimerization can be
attributed to these stringent requirements, the relatively
short history of the photomechanical bending field, and the
limited number of research groups focusing on this area. As
a result, many of these reactions remain largely unexplored.

4. [4 + 4] cycloaddition reaction

Acenes, polycyclic aromatic hydrocarbons (PAHs) composed
of three or more fused benzene rings, find applications in
various fields, including p-type organic semiconductors.
Their tendency towards close π–π stacking facilitates visible-
light-induced [4 + 4] cycloaddition reactions, forming unique
butterfly-like 3D dimers.23 While photo-induced structural
changes in acenes have been reported,23 multi-stimuli
responsive materials exhibiting stress-induced responses
remain scarce.

H. Hao et al.11k reported on a 9-anthraldehyde crystal (11)
exhibiting multiple stimuli-responsive properties, including

Fig. 8 (a) Plastic bending of 10a. (b) Elastic bending of 10b. (c)
Packing arrangement of 10a and 10b. (d) Photoinduced bending of
crystal 10a. Reproduced from ref. 11j with permission from the
American Chemical Society, copyright 2024.

Fig. 9 (a) Elastic bending of crystal 11 by applying mechanical force
on the (001) plane. (b) Elastic bending of crystal 11 by applying force
on the (010) plane. (c) Elastic bending of the twisted crystal. (d and e)
Optical microscopy images of photoinduced bending dependent on
the direction of photoirradiation. (f) Schematic of the
photodimerization reaction of 11. Reproduced from ref. 11k with
permission from the Royal Society of Chemistry, copyright 2021.
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2D elastic bending, plastic twisting, and photo-induced
bending. Applying mechanical force along the (001) direction
readily induces bending into a loop, with full recovery upon
force removal (Fig. 9a). Similar bending is observed along the
(010) direction, enabling 2D elastic bending (Fig. 9b). Crystal
11 exhibits remarkably high maximum elastic strains of 6.8%
and 6.3% along the (001) and (010) directions, respectively—
significantly exceeding the typical critical elastic strain
(∼0.5%) for organic crystals. This exceptional 2D elasticity is
attributed to the 1D π-stacked columns (3.63 Å interplanar
spacing) along the a-axis, which can undergo spring-like
compression and extension. The wave-like sheet stacking
structure facilitated by weak C–H⋯π interactions further
contributes to this elasticity. The unique 2D elastic bending
also leads to plastic twisting (Fig. 9c). The crucial role of
supramolecular interactions—specifically C–H⋯π and C–
H⋯O interactions connecting the π-stacked columns—is
evident in the elastic bending behavior: shear stress disrupts
the crystal structure, creating new intermolecular interactions
that allow for plastic deformation. Nanoindentation
measurements yielded elastic moduli (E) and hardness values
(H) of 6.74 ± 0.15 GPa and 0.14 ± 0.007 GPa along (001), and
6.31 ± 0.08 GPa and 0.13 ± 0.005 GPa along (010),
respectively. These nearly isotropic values are consistent with
the observed high elastic strain limits. In addition to its
mechanical responsiveness, crystal 11 exhibits
photoresponsiveness. Fixing one end of the crystal and
irradiating it with UV light (365 nm, 500 mW cm−2) induces
rapid bending towards the light source (Fig. 9d and e). This
behavior is attributed to a surface [4 + 4] photocycloaddition
reaction (Fig. 9f), confirmed by 13C NMR spectroscopy.
However, this reaction is irreversible, precluding repeated
actuation cycles.

J. S. Yang et al.11l reported on a semifluorinated
octyloxy (−OC4H8C4F9)-substituted anthracene-acetylene-
pentiptycene crystal (12) (Fig. 10a) exhibiting photoinduced
elongation and elastic bending. This material displays
green excimer fluorescence, undergoing elongation without
fragmentation upon exposure to 419 nm light due to
photodimerization. The fluorescence subsequently shifts to
blue upon completion of the elongation process. The
elongation varies from 11.0% to 21.6% depending on
crystal length, while the width change ranges from 0.2%
to 13.8%. The photodimerization efficiency is 94–97%
(Fig. 10b). Notably, the [4 + 4] photodimer exhibits
minimal visible light emission but reverts to monomers
upon heating at 200 °C, recovering 71–78% of the original
material. This process restores the green excimer
fluorescence and the original crystal length (up to 51–93%
recovery). Furthermore, irradiating crystal 12 from one
side with 405 nm light causes bending away from the
light source. Irradiating the opposite side reverses the
bending direction, which can be repeated multiple times.
The crystal exhibits a remarkable maximum elastic strain
(ε) of 12.4%, approaching the maximum reported for
organic crystals (14.6%)15k (Fig. 10c). Nanoindentation
measurements on the (100) and (001) crystal faces yielded
hardness values of 0.031 ± 0.001 GPa and 0.205 ± 0.001
GPa, and elastic moduli of 0.320 ± 0.014 GPa and 2.657 ±
0.017 GPa, respectively. Single-crystal X-ray diffraction
reveals that anthracene units form supramolecular dimers
(SDs) via π–π stacking (interplanar distance, dc = 3.80 ±
0.01 Å) along the b-axis, creating 1D columns (Fig. 10a).
These columns stack along the a-axis to form 2D
π-stacked layers, which assemble along the c-axis to create
a 3D crystal structure.

Fig. 10 (a) Crystal structure of compound 12, showing interactions
through π–π stacking with neighboring molecules. (b) Fluorescence
images of photoinduced elongation and the subsequent thermal
contraction. (c) Bending and unbending operations by a tweezer.
Reproduced from ref. 11l with permission from the American Chemical
Society, copyright 2023.

Fig. 11 (a) Subtle angle changes between the aromatic rings of two
crisscrossed probenecid molecules and between the molecular planes
of two crisscrossed azopyridine rings. (b) Slender crystals of 13 can be
elastically bent. (c) Linear dependence of maximum deflection of the
crystals on UV excitation power. Reproduced from ref. 11m with
permission from the Wiley-VCH, copyright 2018.
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5. Azobenzene derivatives

Azobenzene derivatives are well-known photoresponsive
molecules undergoing reversible cis–trans isomerization upon
light exposure. Their unique properties have led to their
widespread use in photoactuators and molecular switches.20

While azobenzene-based crystals exhibiting light-induced
bending have been reported, examples demonstrating
significant mechanical responsiveness remain rare.

N. K. Nath et al.11m reported a 2 : 1 cocrystal (13) of
probenecid and 4,4′-azopyridine (Fig. 11a), representing the
first example of a smart crystalline material exhibiting
reversible twisting, bending, and elastic deformation under
multiple external stimuli (heat, UV light, and mechanical
pressure) without fracture. Heating this cocrystal initiates a
phase transition, with the phase front (habit plane)
propagating at 62–64 °C. Cooling reverses this process.
Single-crystal X-ray diffraction reveals that these phase
transitions involve molecular rearrangements, specifically
changes in the dihedral angle between the probenecid
benzene ring and the azopyridine plane (Fig. 11a). The crystal
undergoes anisotropic expansion (5.2% along the a-axis,
1.6% along the b-axis) and contraction (2.8% along the
c-axis), resulting in twisting. Remarkably, fractured crystals of
13 exhibit self-healing upon heating near the phase transition
temperature, suggesting that the phase transition facilitates
this process. Applying mechanical pressure to 13 does not
induce fracture but produces elastic bending, allowing the
crystal to form a loop (Fig. 11b). The crystal structure features
supramolecular interactions, including CO⋯π, C–H⋯O,
and van der Waals forces. Additional weak C–H⋯O
interactions link the probenecid and azopyridine units,
forming crossed 2D layers. This interlocked molecular
packing, along with isotropic intermolecular interactions, is
crucial for the elastic bending behavior. Importantly, the 4,4′-
azopyridine moiety undergoes light-independent trans–cis
isomerization upon UV irradiation, enabling rapid and
reversible bending. The extent of bending increases with UV

irradiation intensity (Fig. 11c). Even after prolonged UV
irradiation (more than 10 minutes), the crystal retains its
structural integrity, withstanding multiple actuation cycles.
This remarkable behavior highlights the potential of
azobenzene-based compounds for developing multifunctional
materials responsive to multiple stimuli (light, heat, and
mechanical force).

H. Hao et al.11n reported on a needle-shaped, polymorphic
crystal of trans-4-cyano-4′-oxyethyl azobenzene (AzC2) (14)
synthesized via epitaxial crystallization. This multi-stimuli
responsive material exhibits π–π stacking of AzC2 molecules
along the a-axis, with these columns interconnected via C–
H⋯N, C–H⋯C, and C–H⋯O interactions along the c-axis,
forming an interlocking 3D network (Fig. 12a). Further
intermolecular interactions, specifically C–H⋯NC and C–
H⋯H interactions, extend this network along the b-axis
(Fig. 12b). Directing UV light onto the (012) crystal plane
induces rapid bending towards the light source within one
second, with immediate recovery to the original straight form
upon cessation of irradiation (Fig. 12c). This reversible
photomechanical bending is repeatable for at least 20 cycles
without fatigue. Molecular dynamics simulations of the trans
isomer indicate a 23.39% reduction in length, a 24.40%
reduction in width, and a 10.34% increase in thickness,
consistent with the observed deformation. Furthermore,
applying external force perpendicular to the (012) plane or to
the (020) plane induces elastic deformation (Fig. 12d),
demonstrating 2D mechanical flexibility. Nanoindentation
measurements revealed an elastic modulus of 5.42 ± 1.88
MPa and a hardness of 1.74 ± 0.45 MPa, highlighting this
material's unusually soft mechanical properties.

Conclusions and outlook

This review has explored molecular crystals capable of
deformation in response to both light and mechanical stress.
These flexible crystals exhibit deformation under external
mechanical force due to the arrangement of their constituent
molecules into 1D or 2D arrays via supramolecular
interactions. Crystals with suitable structural motifs, such as
π-stacked columns or layered structures connected by
elasticity-enhancing supramolecular interactions, readily
undergo flexible deformation. The maximum elastic strains
reported for the crystals discussed here range from 0.5% to
12.4%, with anthracene-functionalized compound 12
exhibiting exceptional flexibility. Crystals incorporating
anthracene moieties show particular promise for developing
light- and mechanically-responsive materials. The
photoresponsive crystals reviewed here include
acylhydrazone, azobenzene, olefin, and anthracene
derivatives, with photoresponsiveness arising from
mechanisms such as E–Z (cis–trans) isomerization and [2 + 2]
or [4 + 4] photocycloaddition reactions. However, limited
durability, often manifested as light-induced cracking,
remains a significant challenge. Acylhydrazone and
azobenzene derivatives offer improved repeatability in photo-

Fig. 12 (a and b) Crystal packing of 14. (c) Photoinduced reversible
deformation. (d) Elastic bending. Reproduced from ref. 11n with
permission from the Royal Society of Chemistry, copyright 2021.
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induced bending, although achieving large deformations
remains difficult. While diarylethenes, extensively studied as
photoswitches, have yet to be demonstrated as bendable
crystals, their excellent reversibility and thermal stability
make them attractive candidates for future development of
durable, multi-stimuli responsive crystals. The relationship
between mechanical flexibility and photo-induced bending in
these crystals requires further investigation; however,
enhancing crystal flexibility intuitively improves photo-
induced bending. Addressing the challenges highlighted in
this review—namely, improving durability and achieving
larger deformations—will be crucial for advancing the fields
of photoresponsive materials, molecular muscles, and
actuators. Given the relative scarcity of reported examples,
further research into plastic deformation in crystals is also
warranted.
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