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Flexible crystals have gained significant attention owing to their
remarkable pliability, plasticity, and adaptability, making them highly popular in
various research and application fields. The main challenges in developing flexible
crystals lie in the rational design, preparation, and performance optimization of
such crystals. Therefore, a comprehensive understanding of the fundamental 5 %,
origins of crystal flexibility is crucial for establishing evaluation criteria and design
principles. This Perspective offers a retrospective analysis of the development of %o/é%%"s, ‘*
flexible crystals over the past two decades. It summarizes the elastic standards and &, ™
possible plastic bending mechanisms tailored to diverse flexible crystals and %, o Elastity
analyzes the assessment of their theoretical basis and applicability. Meanwhile, "%%C o> BT encion D]
the compatibility between crystal elasticity and plasticity has been discussed, “
unveiling the immense prospects of elastic/plastic crystals for applications in
biomedicine, flexible electronic devices, and flexible optics. Furthermore, this
Perspective presents state-of-the-art experimental avenues and analysis methods for investigating molecular interactions in molecular
crystals, which is vital for the future exploration of the mechanisms of crystal flexibility.
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intermolecular interactions within crystal packing and design-
ing new solids with optimized mechanical properties are both
essential for developing flexible molecular crystals.”

During the rise of flexible crystals for nearly two decades,
researchers have made significant progress in understanding
their unique properties and exploring their potential
applications. Some mechanisms based on molecular packing
have been proposed in an attempt to explore the origins of
molecular crystal flexibility.”>*”****~** However, there is still
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molecular and crystal structure design strategies.” Mechanor-
esponsive flexible crystals can convert mechanical energy into
other forms of energy, such as electrical or magnetic energy
which is a key feature of many smart functional materi-
als."**™*” The mechanical deformation of a molecular crystal
depends on the type of atom, ion or molecule, the molecular
arrangement and the strength of the intermolecular inter-
actions.’”*® Understanding of the important role of weak

Stimuli-responsive materials can efficiently convert external
input into both microscopic and macroscopic changes,'”’
which may manifest in various forms including magnetic,
piezoelectric, ferroelectric effects, optical properties, and even
the deformation of crystal shape.”” ® Mechanical stimuli are a
kind of representative external stimulation that can trigger the
transformation of crystal properties.'’~>' As a reliable and
environmentally friendly stimulation, mechanical forces can
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Figure 1. Mechanical plastic crystals. (A) 2-(Methylthio)nicotinic acid crystal bent on the (010) face. The arrows show the point of impact of
forceps and needles. The polarizing microscopic images on the (10—1) face and SEM images showed the changes of the bending section.
Reproduced from ref 26. Copyright 2006 American Chemical Society. (B) Plastic bending of N-substituted naphthalene diimide derivatives with
methyl-vdW groups. Reproduced from ref 48. Copyright 2016 American Chemical Society. (C) 2D plastic bending of the crystal achieved by
introducing C—H-O interactions into 1,4-dibromobenzene. Reproduced from ref 49. Copyright 2017 American Chemical Society. (D)
Anisotropic packed dimethyl sulfone crystal exhibits plastic bending along the (1—10) crystal plane. Reproduced with permission from ref S0.
Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (E) Crystal structures and morphology of Cu-Trz. The blue lines represent
the C—H---7 interactions and the orange dash lines represent the Cu---Cu interactions. Reproduced with permission from ref 42. Copyright 2022

The Authors, Published by Springer Nature.

The mechanically induced deformation of molecular crystals
can be classified into elastic deformation and plastic
deformation, depending on the ability to recover the initial
shape after removing the applied force.””*** Plastic
deformation is defined as molecular crystal deformation caused
by mechanical stress that is unable to recover its original shape
after removing the force.>*** In contrast, elastic deformation
refers to the ability of crystals to deform when subjected to
mechanical force, and can regain their original sha}one without
permanent deformation after the force is released.”

Plastic deformation can be achieved by layering molecular
crystals to form plates which can slide along each other.”*****
Unlike typical molecular crystals, which are prone to break or
fracture when applying stress, plastic crystals generally retain
their diffraction ability and the integrity of single crystals after
bending."’

2.1.1. Organic Plastic Crystals. In 2005, Reddy et al
studied the plastic bending of an organic crystal 2-
(methylthio)nicotinic acid.”> When pressure was applied by
a needle on the (010) face of the crystal, it demonstrated
plastic deformation and was prone to bending (Figure 1A).*°
However, when pressure was applied to the (001) and (00—1)
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faces, the crystal underwent brittle fracture. This highlights the
anisotropic nature of crystal plasticity, where the mechanical
response of a crystal depends on its crystallographic
orientation. After studying many bendable crystals, the authors
tried to establish a correlation between the crystal plastic
bending behaviors and their stacking patterns.”®** They
proposed that the sufficient and necessary condition for crystal
bending was the presence of a considerable variation in the
strength of intermolecular interaction in the orthogonal
direction.*

More detailed theoretical models and mechanical experi-
ments on plastically bendable crystals have demonstrated that
the bending mechanism might involve the separation of the
bending regions into flexible layers.””***” It is proposed that
these flexible layers slip over each other through the
reorganization of weaker intermolecular interactions, leading
to the formation of domains with slightly altered lattice
orientations.’”***” Based on this model, in 2016, Reddy et al.
utilized a structural configuration featuring weak interaction
and introduced active slip planes to enable plastic bending
(Figure 1B).** Their approach involved leveraging various
supramolecular weak interactions, including van der Waals
(vdW) interactions and hydrogen bonds, to form slip planes.
Afterward, by introducing orthogonal C—H:--O interactions
and manipulating halogen bonds, the researchers were able to
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Figure 2. Mechanical elastic crystals. (A) Preparation of the elastic cocrystal of methanol, caffeine, and 4-chloro-3-nitrobenzoic acid. Reproduced
with permission from ref 27. Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) Elastic bending of Schiff base crystals with
abundant intermolecular interactions. Reproduced with permission from ref 28. Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (C) Elastic bending of the cocrystal formed by probenecid and 4,4’-azopyridine. Reproduced with permission from ref 60. Copyright
2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (D) The elasticity of 1D cadmium(II) halide polymer crystal. Reproduced with
permission from ref 61. Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (E) High elasticity of the (E)-1-(4-
(dimethylamino)phenyl)iminomethyl-2-hydroxyl-naphthalene crystal. Reproduced with permission from ref 62. Copyright 2018 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (F) Elastic crystal of tetrafluorophenyl derivative with slip planes. Reproduced with permission from ref 63.
Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

transform the plastic bending of a common 1,4-dibromoben-
zene crystal from one-dimensional (1D) to two-dimensional
(2D) (Figure 1C).* Moreover, the crystal exhibited three-
dimensional (3D) plastic properties due to the presence of
cross-slip planes in two directions, allowing it to undergo
twisting deformations under mechanical stress.

In recent years, a growing number of plastic crystalline
materials have been reported, and some of them are proposed
to involve an isotropic packing topology in their mechanisms.
Thomas et al. reported a plastic crystal based on
dimethylsulfone with a symmetrical molecular structure
(Figure 1D).*° Different from the previous mentioned organic
plastically bendable crystals whose molecular packing is
susceptible to anisotropy,”>"" the unit cell of dimethyl sulfone
crystal has almost equal crystal axes and are highly symmetric.
By analyzing the intermolecular interaction energy, exper-
imental X-ray charge density analysis, and variable temperature
neutron diffraction and adopting the model energies and
energy framework tool, the authors proposed that the plastic
ability of this crystal originates from H--H dihydrogen
interactions and differences in electrostatic complementarity
between molecular layers. The combined method used in this
study also provides a new method for exploring the mechanism
of crystal flexibility.>*>*

2.1.2. Coordination Polymer (CP) Plastic Crystals.
Mechanically flexible coordination polymers (CPs) have only
been discovered very recently. In 2020, Bhattacharya et al.
reported an mechanically plastic 1D coordination polymer.*!
The single-crystal CP, [Zn(u-Cl),(3,5-dichloropyridine),],,,
exhibited mechanical plastic bending responses when subjected
to a stress that was perpendicular to the CP chains. However,
there are no slip planes in the molecular packing and the
bending stress is accumulated between CP chains rather than
within them. Thus, a named “the spaghetti model” was
proposed to rationalize this mechanical flexibility. This model
emphasizes the interwoven network formed by the CP chains
when the crystal bents.
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Another family of 1D CPs demonstrated the impact of
supramolecular interactions on plastic deformation.”*> Pisacic
et al. explored the role of intermolecular interactions in the
flexibility of 1D Cd(II) coordination polymer.>* Its mechanical
response primarily depends on the relative importance of
specific and directed interactions rather than interlocking of
adjacent molecules. The team subsequently further inves-
tigated the flexibility origins of two-dimensional anisotropic
Cd(I1) coordination polymers.*® It was showed that even small
changes in the tilt angle between adjacent layers of CPs could
significantly impact crystal morphology and the intermolecular
interactions. An increase in interaction energy in the
orthogonal direction and the rational design of weak molecular
interactions wavy arrangement of building units would result in
weakening crystal bending ability, accounting for the flexible
anisotropy.

During the bending of CP crystals, the mechanical force is
predominantly dissipated through dynamic regulation of weak
intermolecular interactions. The coordination skeleton formed
by strong coordination bonds is usually less affected. Weak
intermolecular interactions typically exist in the adjacent
lamellar molecules that are connected by strong, oriented
bonds. Based on the particular distribution of interactions, the
crystal can adapt to applied strain permanently by slip
molecular layers.”” Bu, Li et al. recently reported a plastic
Cu-Trz (Trz = 1,2,3-thiadiazole) crystal, in which the
molecular chains are tightly stacked by Cu--Cu interactions
to form layered motifs (Figure 1E).** Adjacent layers form a
3D supramolecular structure in a herringbone arrangement
through C—H---7 interactions. The spatially resolved analysis
of short-range molecular forces reveals that the strong
coordination bonds and the adaptive C—H:-z and Cu--Cu
interactions synergistically lead to the delamination of the local
structures and consequently the associated mechanical
bending.
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In comparison to the covalent interatomic interactions in alloys
and ceramics, the intermolecular interactions present in
molecular crystals are relatively weak. Furthermore, the
brittleness of molecular crystalline materials is positively
correlated with their degree of crystallinity. Thus, it is often
challenging to achieve both flexibility and crystallinity, which
greatly hinder the practical applications of molecular crystalline
materials.””

2.2.1. Mechanical Elasticity. The investigation of elastic
molecular crystals started from eutectic crystals. In 2012,
Reddy et al. reported a needle-like cocrystal consisting of three
components (caffeine, 4-chloro-3-nitrobenzoic acid, and
methanol), which demonstrated elastic bending under external
stress (Figure 2A).”” Structural analysis revealed that the
molecules were staggered to form an interlocking structure
without slip planes, preventing the relative slip of molecules.
Additionally, multiple weak and dispersive interactions
effectively buffered the external mechanical stress applied to
the crystal. When the external stress was applied to the crystal,
the molecules on both sides of the bending arc would move
collectively in a coordinated but opposite manner, which is
manifested as inner contraction and outer expansion. Later,
Ghosh et al. investigated elastic behaviors of N-benzylideneani-
line Schiff base series (Figure 2B).”® They summarized their
structural characteristics as molecules stack into interlocked
structures with various weak and dispersed interactions.”® It is
believed that the elasticity of crystals comes from the staggered
3D interlocking structures and multiple scattered weak
interactions.”® Since then, many more elastic crystals have
been reported, featuring common structural characteristics. For
example, Anoop et al. attempted to use this model to explain
the elasticity origin of the azine group functionalized (E)-3-
(hydrazonomethyl)benzene-1,2-diol crystal.”” Naumov et al.
also ascribed the elasticity of the cocrystal formed by
probenecid and 4,4-azopyridine to its isotropic interlocking
stacking (Figure 2C).°" DakoviC et al. commented that the
elasticity of 1D cadmium(Il) halide polymer was closely
related to its isotropic interlocking structure (Figure 2D).%!
Zhang et al. reported several flexible Schiff base crystals with
abundant hydrogen bonds and ascribed their flexibilities to the
molecular stacking pattern in the crystals (Figure 2E).0%6463

As the number of examples of elastic crystals increases, the
understanding of the elasticity mechanism is no longer limited
to interlocking stacking modes. Hayashi et al. reported that an
elastic crystal of tetraﬂuoro(})henyl derivative actually possesses
slip planes (Figure 2F).> When undergoing mechanical
bending, the molecular chain on the sides of slip planes occurs
opposite expansion and contraction. The contact angle of
molecules on both sides of the slip planes is changed, but the
relative position of the molecules did not change. Hayashi et al.
pointed out that rigid planar molecules were conducive to the
formation of slip planes and promoted the elastic properties of
crystals.”® McMurtrie et al. prepared a single crystal of Cu
acetylacetone complex with anisotropic intermolecular inter-
actions.”” With relatively strong z-superposition in one
dimension and only weakly dispersive interactions in other
dimensions, the molecular structure is not interlocked. The
high 7-electron-density structure allowed the molecules to be
sufficiently redirected without damaging the integrity of the
crystal. It is important for the molecules to reversibly
reorganize so that the interior of the crystal could compress
along the arc and subsequently expand in the orthogonal
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direction. Recently, Huang et al. reported a racemic fluorenol-
carbazole elastic crystal with distinct slip planes.”” The
interlayer slip and intramolecular perturbation enabled the
energy storage and dispersion, ensuring the structural integrity
of crystal. The crystal effectively absorbs strain energy and
prevents the generation and expansion of cracks.

2.2.2. Pseudoelasticity. Some special molecular crystals
exhibit pseudoelastic characteristics, which undergo a rever-
sible solid-state phase transition under the stimulus of
mechanical force. Takamizawa et al. observed that tereph-
thalamide crystals exhibit superelasticity driven by even small
shear stress, producing macroscopic motions with high
repetition and high energy storage efficiency (Figure 3A).°°
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Figure 3. Superelastic crystals. (A) The terephthalamide crystal
exhibits pseudoelasticity with phase transitions under mechanical
stress. Reproduced with permission from ref 68. Copyright 2014
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) CuQ2-
TCNQ_ crystal shows phase transition induced elongation under
mechanical press. Reproduced from ref 69. Copyright 2014 American
Chemical Society. (C) Self-healing of the dipyrazolethiuram disulfide
crystal under mechanical stress. Reproduced with permission from ref
70. Copyright2016 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

Upon mechanical stress, the terephthalamide crystal under-
went a transition from the a- to the p-phase with
morphological deformation. After the stress was removed,
the curved crystal spontaneously returned to its initial state.
Tao et al. reported an eutectic crystal, 7,7,8,8-tetracyanoqui-
nodimethane-p-bis(8-hydroxyquinolinato) copper(II) (CuQ,-
TCNQ, Figure 3B).°” When subjected to mechanical
stimulation, the crystal exhibited elastic deformation due to
its phase transition along the crystallographic a-axis. The
macroscopical length of the crystal was doubled, and the
thickness was reduced to 1/2. Interestingly, such a phase
transition could also be induced when the crystal is heated
rapidly to increase its defects.

Some crystals are equipped with self-healing properties
under mechanical stress through the recombination of dynamic
chemical bonds. The typical example of a mechanically self-
healing crystal is the dipyrazolethiuram disulfide crystal
reported by Naumov et al. (Figure 3C).”° The self-healing
was caused by the rearrangement of the S—S bonds at the
crack interface. During the breaking of the crystal, the S—S
bonds would undergo homogeneous breaking, and the free
radical would delocalize between the two sulfur atoms. When
the broken crystals are pressed together, the free radical
interacts with neighboring sulfur atoms to form new S—S
bonds, and self-healing occurred. The compression test showed
that the healing rate of the crystal could reach nearly 7% of that
of the initial state. The team further investigated the reversible
reaction between boric acid and borate esters and applied it to
the preparation of self-healing crystals.”' The self-healing
property of the crystal was ascribed to the highly dynamic
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borate bonds, which was achieved through borate ester
metathesis and transesterification reactions. At the same
time, the crystal exhibited flexibility and dynamic responses,
such as bending, twisting, and curling.

In general, the plasticity of organic crystals is primarily due to
the anisotropic packing mode, while elastic crystals are often
characterized by isotropic packing. It is often regarded that
elasticity and plasticity are incompatible in one crystal
However, in rare cases, some crystalline materials demonstrate
both elastic and plastic deformation. Zhang et al. reported an
organic crystalline material, 6,6’-((1E,1'E)-hydrazine-1,2-
diylidenebis(ethan-1-yl-1-ylidene))bis(3-methylphenol), with
both elastic and reconfigurable plastic twisting capabilities.””
The crystal displayed elastic bending ability on the (001) and
(010) planes, maintaining this 2D bending ability even at —196
°C. When shear stress was applied in opposite directions to
both ends of the crystal, it underwent a twisting deformation.
Under stress, the twisted crystal could be straightened and
twisted in the opposite direction, and this plastic distortion
could be repeated multiple times without fracturing the crystal
(Figure 4A). Moreover, the twisted crystal retained its elastic

Figure 4. Crystals with both elasticity and plasticity. (A) 2D elastic
bending and reconfigurable plastic twisting of 6,6’-((1E,1’E)-
hydrazine-1,2-diylidenebis(ethan-1-yl-1-ylidene) ) bis(3-methylphenol)
crystal. Reproduced with permission from ref 72. Copyright 2022
Wiley-VCH GmbH. (B) Plastic twisting and elastic bending of (E)-1-
(((3,5-dimethoxyphenyl)imino )methyl )naphthalene-2-ol crystals. Re-
produced with permission from ref 73. Copyright 2020 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. (C) Elastic bending plastic
twisting of (E)-2-((4-(trifluoromethoxy)phenyl)imino)methyl-6-me-
thoxyphenol crystal. Reproduced with permission from ref 75.
Copyright 2023 Elsevier Ltd.

bending characteristics. The analysis of molecular stacking
revealed that the crystal elasticity arised from 77— interactions
and intermolecular hydrogen bonding, while the twisting
deformation was due to the presence of double slip planes.
Additionally, the short distance deviation of the molecules and
the partial retention of hydrogen bonds kept the twisted crystal
in a metastable state, enabling it to maintain its deformed
shape throughout the distortion process.

Recently, some crystals demonstrated both plastic twisting
and elastic bending under different modes of external forces. It
indicates that different external force modes can affect the
accumulation of molecules in different crystal directions. The
Schiff base crystal, (E)-1-(((3,5-dimethoxyphenyl)imino)-
methyl)naphthalene-2-ol shows plastic helical twisting under
twisting forces and elastic bending under bending forces
(Figure 4B).”” Under controlled ambient humidity conditions,
the crystal can undergo crystallization into two distinct phases.
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Both phases demonstrate elastic bending ability, with the wider
and narrower faces of Cy-G being capable of bending, while
only the wider face of Cy-Y can be bent. Furthermore, the Cy-
G can be twisted into a spiral shape under torsional force, and
the spiral crystal retains its ability to bend elastically. This
suggests that plastic deformation and elastic deformation can
coexist and are compatible with each other in this crystal
system. Another similar example is (E)-4-(3-(5-methoxy-1-
methyl-1H-indol-3-yl)acryloyl)benzonitrile crystal, which
could be plastically twisted along the direction perpendicular
to its growth to form both left-handed and right-handed
morphologies when the twist forces were applied at both ends
of the crystal tips in the opposite direction.”* The crystal
simultaneously displays elasticity, which is not significantly
affected by the plastic twisting of the crystal. (E)-2-((4-
(Trifluoromethoxy)phenyl)imino)methyl-6-methoxyphenol
crystal could retain the ability of elastic bending even after
severe twisting deformation (Figure 4C).”* Furthermore,
twisted crystals could be bent freely in any direction due to
the twisted shape, thus achieving the transition from 2D to 3D
elastic bending. The analysis of crystal structure showed that
the multiplanar elastic bending and plastic twisting of the
crystal were guaranteed by the abundant intermolecular
interaction and the unhindered molecular rotation.

Flexible deformation, which includes both plastic and elastic
deformations, plays a crucial role in determining the
mechanical behavior of materials. The flexibility of materials
is also an important factor affecting their performance in
various applications, such as structural materials, electronic
devices, biomedical implants, etc. Understanding the mecha-
nism behind flexible deformation is essential for optimizing the
design and manufacture of flexible crystals. Scientists and
engineers have made significant progress in elucidating the
mechanisms of plastic and elastic deformation, paving the way
for the development of new materials with advanced
mechanical properties.

For plastic crystals, irreversible deformation will occur to offset
the external stress when subjected to an external force.
Deformation may be the result of molecular layer/column slip.
The irreversibility of molecular motion may be accompanied
by the broken and reformation of interacting bonds.”® Crystals
deforming under mechanical stress usually have planes parallel
to each other, which are defined as curved planes.”> When the
crystal was subjected to mechanical stress perpendicular to the
pair of parallel planes, these planes will become nonplane and
the crystal will bend. In the exploration of the origins of
plasticity, researchers initially believed that crystal bending was
due to the anisotropic stacking of internal molecules. That is,
the strong interaction and weak interaction were arranged
nearly vertically in the molecular packing, which was a
necessary and sufficient condition for crystal bending.*>””
Further researches concerning the origins of the plastic
deformation complemented the concept of the slip planes.”
Although the origins of crystal plasticity are still debated, it is
undeniable that the plastic bending of organic crystals is closely
related to the unbalanced interaction and the slip molecular
layers. The model of anisotropic stacking and slip planes can
explain the plastic mechanism of most crystals, especially
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organic molecular crystals. However, new mechanisms still
need to be explored for crystals without potential slip planes,
especially for coordination polymer crystals.

3.1.1. Anisotropic Stacking Model. The exploration of
plastic mechanism began with the 2-(methylthio)nicotinic acid
crystal.”® The crystal exhibited variable degrees of macroscopic
response when mechanical stress was applied to different
crystal planes. Based on this phenomenon, the authors ascribed
the plastic bending of organic crystals to the molecular stacking
pattern. With the analysis of the molecular stacking models of
numerous plastic crystals,”® it was proposed that a crucial
requirement for crystal bending plastically is the significant
anisotropy in the strength of the intermolecular interaction in
the orthogonal direction. To explain the underlying cause of
plastic bending in crystals, researchers put together a structural
model that takes into account the highly anisotropic packing
(Figure S).

Molecular stacking can take different forms, such as head-to-
head or head-to-tail arrangements. The critical aspect is that
strong and weak interactions are distributed almost vertically
throughout the stacking process, forming molecular columns
along with the strong interactions (Figure SA). On one hand,
this stacking pattern is conducive to anisotropic responses to
external stimuli (Figure SB). On the other hand, it is obvious
that the relative slip of molecules proceeds along the direction
of weak force first, resulting in the plastic deformation. When a
crystal is subjected to external mechanical stress perpendicular
to the direction of the weak interactions, the molecular
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columns will bend, respectively, resulting in the dislocation of
the head-to-tail or head-to-head positions between adjacent
molecular columns, or a change in their distance (Figure SC
and D). Correspondingly, the angle between the direction of
the molecular column and its cross-section will change from a
right angle to an acute angle macroscopically (Figure SE). For
the interior of a single molecular column, the bending process
inevitably leads to a change in #—n stacking. That is,
contracting on the inside of the bending area and expanding
on the outside (Figure SD). The thickness of the organic
crystal and the length of the molecular columns undergo
almost no change under the double variation within and
between the molecular columns, which is different from the
plastic deformation of metal materials.”®

3.1.2. Slip Planes Model. The slip plane model is a
development of the anisotropic model. It highlights that the
plastic bending is achieved by separating the curved parts into
flexible layers. The molecular layers slip along the weak
interaction to realize the reorganization of weak intermolecular
interactions, generating domains with slightly different lattice
orientations. The direct macro evidence for the existence of
slip planes was first attempted by using scanning electron
microscopy (SEM) and atomic force microscopy (AFM).*” It
was observed that there were layers with an average thickness
of 3.2 um formed on the curved plane after the bending of the
hexachlorobenzene crystal. Each layer further formed multiple
ridges with widths less than 1 ym. These layers were absent in
the straight part of the crystal and evolved during the bending
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Figure 6. Slip plane model mechanism of plastic deformation. (A) Strategy of preparing plastic crystals by strong interaction and weak interaction is
introduced. (B) Slip planes and plastic bending of naphthalene diimides derivatives. Reproduced from ref 48. Copyright 2016 American Chemical
Society. (C) Schematic representation of the process of the fracture and recombination of intermolecular interactions during the plastic bending of
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process. The slip plane model reveals the plastic deformation
nature of molecular crystals: molecules slip to achieve the
fracture and reorganization of weak intermolecular inter-
actions. This mechanism has significant guiding implications
for designing plastic molecular crystals, including both organic
crystals and metal coordination compound crystals. It provides
a strategy for fabricating mechanically plastic crystals by
introducing both strong and weak interactions into the
structure (Figure 6A).*® The incorporation of strong
interactions and weak interactions is expected to achieve the
desired plasticity for molecular crystal. Based on this strategy,
Reddy et al. successfully prepared a series of plastic
naphthalene diimides derivatives by introducing spherical
vdW groups.”® The spherical hydrophobic groups were
assembled via shape complementarities (shape synthesizers)
to form low-energy slip planes, promoting molecular flexibility
(Figure 6B). Meanwhile, the central aromatic core groups tend
to pack together in parallel through 7—z stacking. The
dispersion of spherical vdW groups can facilitate the formation
of slip planes in the structure with a minimum adhesion
energy, enabling molecules to slide under mechanical stress.

The slip plane model reveals the plastic deformation nature
of molecular crystals: molecules slide to achieve the fracture
and reorganization of weak intermolecular interactions. The
study of plastic bending mechanism of Cu-Trz crystal by Bu et
al. further supports this view (Figures 1E and 6C).** When the
crystal is bent, the adjacent CPs would slide over each other
due to the relatively weak interchain Cu--Cu interactions,
resulting in layer expansion in the bent section. Meanwhile, the
slipping of the CPs causes concurrent weakening and even
possible breakage and reconstruction of a large number of C—
H---7 bonds, leading to significant sliding between adjacent
layers. Upon further bending, slipping is not enough to fully
counterbalance the mechanical stress, so that the breakage of
the CPs occurs in the inner region. This drastic change leads to
the complete disruption of a large amount of C—H---7 bonds
and the corresponding detached adjacent layers in the bent
section.

The slip plane model mechanism is to a great extent
universal and has significant guiding implications for designing
plastic molecular crystals, including both organic crystals and
metal CP crystals. However, there are certain limitations for
the model when applied to some molecular crystals that have
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no anisotropic packing. For instance, the isotropic packed
plastic molecular crystal, dimethyl sulfone, exhibit remarkable
plasticity has no obvious slip planes.™ Its plasticity comes from
the H--H dihydrogen interactions and differences in the
electrostatic complementarity between molecular layers. This
indicates that the possession of slip planes is not always a
necessary condition for plastic bending.

3.1.3. “Spaghetti” Model. New mechanism models have
to be developed to explain the plastic mechanism of metal—
organic hybrids. The plastic crystal of 1D CP, [Zn(m-Cl),(3,5-
dichloropyridine),], (Zn-CP), crystallized in the square space
group of P4b2 and contains a 1D CP chain along the
crystallographic c-axis."' Due to the crystallographic symmetry,
the molecular arrangements along the crystal (1—10) and
(—=1-10) planes are exactly the same, and accordingly, it
exhibits 2D irreversible plastic bending. In contrast, when the
crystal is stressed along plane (001) parallel to the CP chain, a
brittle fracture is observed. During mechanical deformation, no
detectable displacement was observed in the Raman spectrum.
The lattice vibration analysis of the bending process by
terahertz time domain (THz-TD) spectroscopy revealed that
all but two of the low-frequency bands (<3 THz, 100 cm™")
were lost in the THz-TD spectrum upon bending. The result is
identical to the AFM analysis in indicating that the long-range
order is compromised during the bending of the crystal,
although it remains macroscopically intact.

Unlike the previously reported plastic mechanism crystals,
Zn-CP does not have the necessary conditions to form slip
planes. In fact, most of the flexible CP crystals hardly contain
the necessary slip planes required by the slip planes model.
Therefore, a new mechanism has been proposed to explain the
source of plasticity in such CPs, namely the “Spaghetti” model
(Figure 7). In this model, the molecules stack to form
“spaghetti” roots along a chain of CPs that are dominated by
the central atoms of the metal. CP chains form parallel clusters,
and the molecules pack and grow along these chains’ direction.
When the mechanical stress was applied vertically to the CP
chains (the “spaghetti”), bending stress accumulates only
between the chains, rather than within them. As a result, the
clusters of CP chains move and become interwoven,
accompanied by the fracture and reconstruction of weak
interactions. During the bending process, small angular grain
boundaries distribute widespread throughout the structure,
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Figure 7. “Spaghetti” model mechanism of plastic deformation.
Schematic representation of the “spaghetti” model for the bending of
the Zn-CP crystal. Note that each bundle of straws represents a
cluster of CP chains. Referenced from 40.

compromising the long-range crystallinity and ultimately
resulting in the formation of a powdery structure. The
“Spaghetti” model indicates that plastic deformation is
primarily driven by breaking the interactions between CP
chains. Therefore, plastic deformation is more beneficial when
the energy loss of the CP interchain displacement is low.
Because of the relatively weak interchain interactions, a stable

interweaving network readily forms when the crystals are
subjected to mechanical deformation.

DFT calculation comparing elastic CPs and plastic CPs
suggest that the CP chains in the plastic CPs are more prone to
separate, providing a theoretical foundation for the spaghetti
model.®" Further researches have shown that the model had a
certain universality.”” The crystals form interwoven CPs
networks as they bend, resulting in the separation of the CP
chains.

Mechanical deformation in molecular crystals is usually
ascribed to their stacking characteristics and the presence of
intermolecular interactions. The reversible rearrangement of
molecules stacking is a necessary condition to maintain
elasticity.” The fact that crystals can completely recover
without any fracture after multiple cycles of loading and
unloading stresses indicates the micro self-healing properties of
elastic crystals.”® When subjected to pressure in a specific
direction, crystals regulate and buffer external stress through
multiple weak and dispersed interactions, thereby avoiding
crystal fractures and facilitating the adaptation to induced
strain during elastic deformation processes.””>**”%” There
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Figure 9. Fibril lamella morphology model mechanism of elastic deformation. (A) Molecular structure of BMTP and its molecular columns formed
by stacking. (B) Illustration of the common organic crystal breakage and the process of BMTP single crystal’s mechanically induced splitting into
fibrous layers when applied stress. Reproduced with permission from ref 66. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
(C) Schematic representation of the fiber structure change on bending process. (D) Schematic representation of the distance change between
molecules. Reproduced with permission from ref 89. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

have been many attempts to establish a set of standards based
on crystal packing analysis to effectively explain the elasticity of
crystals, and thus provide guidance for designing elastic
crystals, including isotropic interlocking stacking model,””**
fibril-lamella  morphology model,"*° reversible molecular
rotatlon model,””* and dynamic physical cross-linking
model.”” Although there are still limitations for these models
in understanding the crystal elasticity, it is certain that the
origins of crystal elasticity cannot be separated from the buffer
of molecular stacking patterns and weak dispersed intermo-
lecular interactions.®’~

3.2.1. Isotropic Interlocking Stacking Model. In the
early exploration of the relationship between elasticity and
molecular stacking, researchers intuitively proposed an
isotropic interlocking stacking model based on the study of
ternary eutectic formed from caffeine, 4-chloro-3-nitrobenzoic
acid, and methanol in a 1:1:<1 ratio.””*" Elastic crystals are
considered to be packed isotropically with weak interactions
across all three dimensions, with interlocked structural
characteristics.”” The ternary eutectic forms a herringbone
arrangement along the (010) crystal plane, while it stacks into
an interlocking zigzag pattern along the (00—1) crystal plane
(Figure 8A). From the (100) crystal plane, the adjacent
molecules form an interlocking stacking arrangement through
hydrogen bonding. Schiff bases possess abundant intermolec-
ular interactions, which facilitate interlocking stacking. 2,3-
dichlorobenzylidine-4-bromoaniline molecules arrange (Figure

8B).”® The (E)-1-(2,3-dichlorophenyl)-N-(2,5-dichlorophen-
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yl) molecules stack in almost parallel chain-like structures
(Figure 8C).** The molecules form long chains in the same
direction, and the chains are attracted to each other through
intermolecular interactions, forming parallel stacking.
According to the isotropic interlocking stacking model, the
elastic properties of crystals should satisfy two conditions:
isotropic weak molecular interactions and cross-interlocking
structures.”® The interlocking structure of elastic crystals
inhibits molecules from slip against each other, which
effectively resists irreversible plastic deformation.””*® The
interlocking packing pattern enables compression or stretching
of the distance between molecules within a specific range,
allowing for varying degrees of deformation on the inside and
outside planes during crystal bending. This mechanism can be
described as two distinct processes with the specific stacking of
the crystal determining which mechanism is operative. The
first mechanism involves molecular rotation, which alters the
angle of the herringbone pattern, thereby either compressing
or expanding the interlocking structure (Figure 8D).”**® The
second mechanism involves the modulation of the distance
between the 7—n planes, resulting in the elongation and
compression necessary to induce bending (Figure 8E). 01,87,88
The existence of the interlocking stacking structure was
confirmed through the examination of several elastic crystals,
including specific halo§en-substituted aromatic molecules and
Schiff base molecules.””*"****%” According to the isotropic
interlock stacking hypothesis, the elasticity properties of
crystals are determined by three factors: isotropy in the
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Figure 10. Reversible molecular rotation model mechanism of elastic deformation. (A) Molecular structure of [Cu(acac),]. (B) Crystal structure of
unbent [Cu(acac),] viewed along the [101] and [010] directions. (C) Schematic representation of the reversible molecular movement mechanism
as applied to [Cu(acac),]. (D) Schematic representation of compression and expansion for the molecular staking, resulting in the bending of the
crystal. Reproduced with permission from ref 90. Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

stacking, the lack of slip planes, and the interlocking or
interleaved arrangement.”” The multiple intermolecular
interactions extend throughout the entire crystal, providing a
“structural buffer” that promotes the reversibility of bending.”’
Despite a few exceptional cases that deviate from the
model,*°>%¢ it is indeed beneficial to design of elastic
molecular crystals following the principles: avoiding the
presence of slip planes, achieving nearly isotropic crystal
packing, and incorporating an interlocking structure.

3.2.2. Fibril Lamella Morphology Model. In the realm
of molecular crystals, the existence of slip planes is necessary
for crystal plasticity. This characteristic stabilizes the
permanent displacement of the molecular layer and prevents
the restoration of the original shape.””** To achieve elasticity,
it is imperative that the crystal structure contain no slip planes.
However, Hayashi et al. reported a particular elastic molecular
crystal, 1,4-bis[2-(4-methylthiophenyl)]-2,3,5,6-tetrafluoro-
benzene (BMTP).”> The crystal features a fibrous lamellar
morphology with remarkable elasticity, while there are slip
planes due to the slip accumulation of flat molecules. The
alternating z-conjugated structure with tetrafluorobenzenes
and thiophene nuclei provide a rigid center, resulting from the
interaction between S--F and F-H (Figure 9A).* The
molecules assemble in slip stacked arrays, with the rigid 7-
plane serving as the main body, which was described as fibril
lamella morphology.”® The centimeter-sized crystals demon-
strated substantial mechanical splitting (Figure 9B). It may
decompose into finer fibers while still maintaining elastic
behaviors.””*” Hayashi et al. hypothesized that extended 7-
conjugated molecules suitable for elastic organic crystals
require a planar conformation, a rigid structure, and controlled
intermolecular interactions for face-to-face slip- stacking.®®
Figure 9C depicts a schematic diagram of the fibril lamella
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morphology model.”® The crisscrossed stacking structure
between the fiber bundles serves to prevent the wires from
slip under stress and deformation, thus preserving the
structural integrity.°>®” Upon stress, the 7—7 interstacking
molecules slide along the rigid #-plane over a short length
range and then return to their original length upon relaxation.
The slip of the z-planes inhibits effective energy transfer
between molecules. The molecular filaments on either side of
the bending arc of the fiber lamellae crystal undergo opposite
expansions and contractions (Figure 9D).* The interlamellar
zigzag molecular wires interlock with each other to prevent
slippage between the fibers. For a single fiber bundle, the
distance between atoms within the outer side increases at the
bend, accompanied by the distance decreases in the inner side.
The distance between the two 7 planes, however, remains
unchanged.

While this model is well applied in a few examples, it is
considered a more suitable mechanism for flexible crystals with
mechanical-induced splitting characteristics.”’ Furthermore,
the model provides valuable insights into the enhancement
of planarity and rigidity of constituent molecules and facilitates
the preparation of flexible fiber form crystal materials.

3.2.3. Reversible Molecular Rotation Model. To
achieve elastic crystal bending, some reversible rearrangement
of molecules within the crystal is necessary to meet expansion
and contraction. Earlier studies mostly supported the isotropic
interlocking stacking hypothesis. However, there are some
special examples that do not fit this model, suggesting the
hypothesis does not serve as a general criterion for the
elasticity of crystals.”® Clegg et al. discovered an elastic crystal
of copper(H) acetoacetate ([Cu(acac),]) with an anisotropic
stacking structure (Figure 10A and B).*>”° Using micro-
focusing synchronous X-ray diffraction technology, they
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Figure 11. Dynamic physical cross-link frameworks. (A) Molecular structure of PAOH-Cz. (B) PhOH-Cz molecules accumulate to form molecular
layers along the (010) crystal face, with colored rectangles indicating areas of weak molecular interaction. (C, D) SEM and AFM images of the
PhOH-Cz crystal along the (010) crystal face. The layered structure can be clearly observed, corresponding to the accumulation of microscopic
molecules. (E) XRD patterns of U-shaped bent crystals at bent and straight regions (left) and microscopic images of a bent section in U-shaped
crystal. Side section view of the trajectory of the line map from the cx to cc area in the crystal. Diagram of the structural perturbation along the
crystallographic a-, b-, and c-axes in the unit cell. The corresponding blue, green, and pink arrows in (E) represent slight changes along the different
axes. (F) Crystalline structure and molecular packing of the bent PhOH-Cz crystals at the cc and cx points. Reproduced with permission from ref

67. Copyright 2022 Elsevier Inc.

analyzed the changes in the molecular arrangement within the
crystal and identified a mechanism for the crystal’s elastic
flexibility at atomic resolution, namely, the reversible molecular
rotation model. The molecules in the crystal rotate reversibly,
allowing for the required mechanical compression and
expansion (Figure 10C).**”° This hypothesis emphasizes
that the only criterion for an elastic crystal is that the
molecules must be able to recombine reversibly. This is
necessary for the crystal to compress internally and expand
externally along the arc, and accordingly expand and contract
separately in the orthogonal direction (Figure 10D).**%°* In a
sense, this molecular rotation is more advantageous than
molecular planes sliding past each other during strain. This
allows stress to be dissipated into the interactions between
molecules. The different strengths and types of intermolecular
interactions in crystals can influence how molecules rearrange
themselves to create macroscopic bending. Obviously, there

are some elements consistent with some previous hypotheses,
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such as the existence of 1D molecular chains, the morphology
of fiber layers, the apparent alteration in center-to-center 7—7x
separation, and the variation in the angle between two columns
of m-molecular motion. The reversible molecular rotation
model attributes the different responses of the inner and outer
sides to molecular rotation and does not restrict the properties
of the molecular motion and the packing characteristics of the
crystal. In this context, the hypothesis is general. However, it
does not provide enough guidance on how to design elastic
flexible crystals.

3.2.4. Dynamic Physical Cross-Link Frameworks. The
advancement of elastic conjugated crystals in the field of elastic
optoelectronics primarily relies on the capability to establish
dynamic noncovalent networks and optimize intermolecular
arrangements and photophysical processes.””**”* Elasticity, as
a microscopic reversible mechanism, requires dynamic and
reversible weak interactions to allow for energy absorption and
release.”®”*”> Huang et al. developed and synthesized a
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Figure 12. Flexible mechanism of elastic-plastic combination. (A) Schematic illustration of the proposed elasto-plastic bending mechanism of the
dimethylammonium perrhenate ionic salt crystal. The reversible rotation of the molecule causes elastic bending of the crystal. However, when the
degree of molecular rotation exceeds a certain limit, the molecular columns slide relative to one another, leading to irreversible plastic bending.
Reproduced with permission from ref 97. Copyright 2022 2021 Wiley-VCH GmbH. (B) Diagram of elastic and plastic bending of anisotropic
response types and their results at different structural levels. (C, D) Two crystals with both elastic bending and plastic twisting responses and their
molecular structures and packing patterns. The packing of the molecules creates potential slip planes with cross arrangements, which can allow for
molecular slip and relative motion, leading to plastic twisting of the crystal. Reproduced with permission from ref 73, Copyright 2020 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim; ref 75, Copyright 2023 Elsevier Ltd. All rights reserved.

racemic conjugated material called PhOH-Cz (Figure 11A).67 C—-H--0O, O—H--x, and C—H:--x, and hydrogen bonds. The

The crystals assembled into layered nanorods, and the layered dynamic physical cross-linking framework hypothesis suggests
nanostructures were firmly attached to create flexible single that anisotropic zigzag topologies favor the elasticity and that
crystals (Figure 11B-11D). Microfocusing synchronous X-ray these anisotropic interactions (alternating weak and strong
diffraction (XRD) spatial resolution structure analysis revealed interactions within a zigzag column) allow the accumulation of
that during the bending process, the layered nanostructures external stresses applied within the crystal. Interlayer slip and
cross-linked by noncovalent hydrogen bonds underwent short- intralayer perturbations facilitate energy storage and dissipa-
range molecular motion (Figure 11E and F). Furthermore, tion, prevent brittle fracture, and preserve the integrity of the
microregion infrared and Raman results revealed the dynamic conjugated crystals.

and reversible properties of supramolecular hydrogen bonds
interaction under mechanical stimulation.

The elasticity of the crystal can be ascribed to the structural So far, the majority of the mechanically flexible crystals
perturbations that arise between the layered molecules as well reported concentrate on the extreme elastic or plastic types,
as the dynamic and reversible recombination of hydrogen and the connections between the various deformable crystals
bonds. Fundamentally, the dynamic physical cross-linking are relatively less studied. In recent years, crystals with both
framework of PhOH-Cz provides sufficient buffering capacity. elastic and plastic deformations have gradually been discovered
Hydrogen bonds are particularly suited to build reversible gradually. They demonstrate a transition from macro-elastic
physical cross-links in organic crystals because of the bending to macro-plastic bending,”® and even the coexistence
programmable self-recognition of their point-to-point inter- of elastic-plastic deformation.”””*”® It shows that the
actions.*””° The layered structure provides a physical platform mechanisms of elasticity and plasticity are related to rather
for rapid intermolecular mechanical energy transfer in tightly than isolated from each other.
packed crystal structures, allowing the crystals to bend under The bendable ionic salt crystal, dimethylammoniumperrhen-
an external stress. The contraction and elongation of interlayer ate, demonstrated intriguing elastic-plastic behavior. Within
and intralayer molecules are ascribed to the recombination of the bending strain (&) limit of 1%, the crystal remained elastic,
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Figure 13. Characterization methods for crystal flexibility. (A) Three-point bending method proves the crystal flexibility. (B) Schematic diagram of
nanoindentation technology. Reproduced with permission from ref 67. Copyright 2022 Elsevier Inc. (C) SCXRD characterization of the integrity of
the bending crystals. Reproduced with permission from ref 27. Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (D)
Schematic representation of narrow ¢-scans (yellow circles indicate X-ray beams perpendicular to the page). (E) Optical configuration of MPFM.
Reproduced from ref 111. Copyright 2023 American Chemical Society.

even during multiple bending cycles. Permanent plastic
bending deformation was observed when the & exceeded 1%.
Such an elastic-plastic behavior has been also observed in
organic crystals.”® The transition from elasticity to plasticity is
a gradual process; therefore, it is reasonable to assume that
localized molecular rotation promotes elastic bending. The
molecular rotation increases progressively and ultimately
results in slip (plastic deformation) of the crystal layers at
higher strains (Figure 12A).”” This unique crystal structure
necessitates that the weak interactions satisfy two concurrent
conditions. First, the interaction must prevent the bending
planes from slip during elastic bending, and second, it must
also provide opportunities for slip during plastic bending.”®
Another type of elastoplastic compatibility is the anisotropic
response. Zhang et al. synthesized organic crystals using a
stoichiometrically controlled cocrystallization method. The
crystals manifested both elastic and plastic properties on
different crystal planes (Figure 12B).”” The anisotropic
mechanical response in these organic crystals arises from the
anisotropic arrangement of molecules within the crystal
structure. The presence of interlocking cross-linked packing
allows for elastic deformation, while the existence of potential
slip planes permits plastic deformation. Molecular stacking in
various crystal directions can be influenced by diverse external
forces. As a result, a crystal can undergo both plastic spiral
twisting and elastic bending, sometimes concurrently, depend-
ing on the external force applied. Zhang et al. reported several
organic crystals possessing both plastic twisting and elastic
bending properties (Figure 12C).”*”* The reversible change of
7—m stacking is primarily responsible for the elastic bending,
whereas an irreversible molecular slip leads to plastic twisting.
To achieve plastic twisting, the crystal must possess slip planes
that cross each other. Additionally, the deformation process
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typically entails the destruction and subsequent recombination
of the hydrogen bonds. The 7—n packing, responsible for the
elastic bending, is less influenced during the crystal twisting
process. It has been recently reported that a crystal based on
(E)-2-((4-(trifluoromethoxy)phenyl)imino) methyl-6-methox-
yphenol exhibits multiplanar elastic bending and plastic
twisting capabilities. This crystal has the ability to bend freely
in any direction even after undergoing severe twisting, enabling
a transition to three-dimensional elastic bending.”> The
existence of a cross-slip plane is a prerequisite for crystal
twisting. During the twisting process, the twisting force (T) is
tangential to the cross-section of the crystal, while the 7—x
interaction is perpendicular to the cross-section along the
crystal long axis. The twisting force applied to the 7—x
interaction is relatively small, which prevents the breaking of
the 7— interactions and destruction of the 7-stacking column.
As a result, the two adjacent molecules within a 7z-stacking
column can rotate relative to each other, allowing the entire 7-
stacking column to twist into a helical structure. This twisted
shape creates an interlocking molecular stacking structure,
enabling three-dimensional elastic bending (Figure 12D).”?

Understanding the correlation between crystal structures,
particularly intermolecular interactions, and their mechanical
properties is necessary for rational design and synthesis of
flexible crystals with optimal mechanical properties.””'*" To
control the mechanical properties of molecular crystals, it is
crucial to comprehend not only the strength of the
intermolecular interactions but also the 3D molecules packing.
Visualization and analysis of crystal assembly assist in isolating
the distinctive mechanical responses associated with the
molecules packing.'*!
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To investigate the flexibility of the crystals, various methods
have been proposed for characterizing flexible molecular
crystals. Three-points bend test is the most conventional and
convenient analytical method for characterizing crystal
flexibility (Figure 13A). This well stablished mechanical test
is widely used not only in molecular crystals but also in metals,
polymer materials, and composite materials. The stress—strain
curve is commonly used to provide elastic data.””***'°* The
clear linear relationship between stress and strain not only
reveals the elastic properties of a material, but also allows for
the calculation of the elastic modulus using Hooke’s law.'"?
However, the traditional stress—strain measurement technique
is limited by the size of sample.

As an alternative, Nanoindentation provides a more accurate
and reliable method for characterizing the plane hardness and
elastic modulus of crystals, thereby enabling precisely quantify
of crystal flexibility.”'"* Nanoindentation enables the linkage
from molecular level properties, such as crystal stacking,
(supra)molecular interactions, and inherent anisotropy, to
macro events, such as layer migration, polymorphism, and
solid-state reactivity (Figure 13B).>7#071% However, in
practice, the presence of crystal defects and measurement
errors usually leads to deviations between the measured elastic
modulus and the true value. To mitigate this issue, a small
number of areas can be selected for multipoint Nanoindentation
testing during the experiment.'®

It is necessary to analyze the change of crystal during the
bending process for providing intuitive pieces of evidence of
flexibility mechanisms. Single crystal X-ray diffraction
(SCXRD) is an important method for characterizing whether
the integrity of crystal remains intact during the bending
process (Figure 13C).”” SCXRD utilizes X-rays to illuminate
the crystal to obtain information about its structure by
analyzing the diffraction pattern produced by the interaction of
X-rays and the crystal lattice. SCXRD can characterize the
integrity of crystal and lattice changes before and after bending,
by analyzing the presence and changes in the shape of
diffraction points.”””” The presence of diffraction spots
indicates that the periodicity of the crystal is largely preserved
during the bending process. While the elongation of diffraction
spots suggests that the molecules in the crystal lattice have
moved away from their ideal position due to the stretching or
compressing.”” The changes in the diffraction points before
and after bending indicate whether the crystal can return to its
original microstructure after deformation. However, SCXRD
has high requirements for crystal quality and size and may not
be able to accurately characterize disordered structures after
bending. Therefore, alternative techniques may be necessary to
determine the structure of the curved crystals.

The development of synchrotron sources has undoubtedly
provided a new way for analyzing the structure of curved
crystals (Figure 13D)."% Spatially resolved structure analysis
using synchrotron radiation microfocus X-ray diffraction
provides a mean to analyze the internal structural changes of
crystals with atomic-scale resolution.*”'*”'*® This technique
can be used to determine the existence of slip planes in plastic-
bent crystals,””** and even to solve the crystal structure of
elastically bent crystals.”” As such, it provides key evidence for
the mechanisms of crystal flexibility. At the molecular level, the
effect of bending on molecular interactions can be studied by
spatially resolved linearly polarized microinfrared and micro-
Raman spectroscopy.” ' *”''* Spatially resolved infrared and
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Raman Spectra may provide clear evidence about the different
influences of bending on halogen—halogen interactions on
both sides of curved crystals.’”*

There has been a lack of analysis of the deep interior regions
of crystals; therefore, physical properties based on molecular
arrangement and lattice stability cannot be studied. Multi-
photon excited fluorescence microscopy (MPFM) is an effective
nondestructive 3D luminescence imaging technique that
utilizes the principle of laser scanning microscopy.''' The
technique is commonly used in biomaterials to obtain clear 3D
images of the inside of tissues and organs.''*~""* It can be used
to distinguish the surface and volume luminescence of
molecular crystals with a size of tens of microns. Changes in
intramolecular interactions of molecular crystals may alter
energy levels, resulting in unique optical properties of
molecular crystals. Spectroscopic study of their internal body
properties can promote the understanding of the essence of
molecular crystals.''" Recently, Suzuki et al. performed 3D
MPFM imaging of the elastic molecular single crystal of 1, 4-
bis (4-methylthiono-2-y1)-2,3,5, 6-tetrafluorobenzene (Figure
13E).""" The results showed that the molecular interactions in
the elastic crystal were controlled by mechanical shape changes
of the crystal through elongation or bending, which
demonstrated the potential of MPFM in the study of flexible
molecular crystals.

Analysis of molecular interactions has played an important role
throughout the development of flexible crystals. Research into
the mechanisms of flexible crystals generally focuses on
understanding the crystal packing through intermolecular
interactions. Since the development of Kitaigorodsky’s packing
principles and Desiraju’s supramolecular synthons, > several
methods have been proposed to explain crystal molecular
packing.”> The Hirschfeld surface analysis method provides a
visual basis for the analysis of molecular interactions."'®'"”
Treating molecules as organic entities fundamentally changes
the discussion of molecular interactions by enabling the
unbiased identification of all the close contacts between them.
It provides a direct understanding of the interactions between
molecules in the crystal by mapping the electrostatic potentials
of molecules onto the Hirschfeld surface.””**'"*~"* Some
practical computation of the Hirshfeld surface have been
developed.'”""** Based on the Hirshfeld calculation methods,
the CrystalExplorer soft-ware visualizes molecular interactions
as 2D fingerprint plots which contains functions of distance: d,,
dyy d,5rm and fingerprint plots."”>'** d; and d, are the distances
from the Hirshfeld surface to the nearest nucleus inside the
surface and outside the surface, respectively. The fingerprint is
highly sensitive to the immediate environment of the molecule
and is unique to a given molecule for a particular polymorphic
form. The coordinate system composed of d; and d, provides
rich information including the type and strength of
intermolecular interactions. Therefore, the 2D fingerprint
plots provide direct evidence of intermolecular interaction
for crystal flexibility. However, while the Hirschfeld surface can
provide some quantitative information on molecular inter-
actions, the method is still largely qualitative.

Density functional theory (DFT) is the most widely used
method for studying the electronic structure of multielectron
systems.'* It has become a powerful research tool in the fields
of chemistry, biology, and materials science. DFT has been
widely applied to analysis of the noncovalent interactions of
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molecular crystals (ie, hydrogen bonding, dispersion inter-
action, dipole effect, etc.), which determine the crystal
structure and properties.125 However, the approximate stand-
ard density functions (DFs) used in electronic structure theory
often fail to provide an adequate description of long-range
ordered dispersion interactions.'”® Therefore, there are
different dispersion correction strategies proposed to improve
the existing DFT methods.'”'*°~"*° The dispersion-corrected
density functional theory has shown great potential in the
calculation of the dispersive interactions and lattice energies of
organic crystals and supramolecular complexes."*°~">* Re-
cently, a new density functional called Chemistry Functional
2022 with Damped Dispersion (CF22D) was developed,'**
which uses physical descriptors, extensive databases, and
supervised learning strategies to optimize the damping
dispersion term in molecular mechanics. The energy functional
of CF22D has two kinds of terms: a DFA term and a molecular

mechanics term representing the damping dispersion,
CF22D _
E - EDF + Edisp

where the Epg is an exchange-dependent term,
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and Egy, is a molecular mechanical term, often referred to as
the damped dispersion term,
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in which the parameters have been clearly defined in the
relevant computational literature.””*'*> By using a flexible
function form, combined with a global hybrid nonseparated
meta general gradient approximation that depends on electron
density and occupied orbitals, along with a damping dispersion
term that depends on geometric structure, CF22D achieves
greater chemical universality than previous functions. CF22D
provides a universally reliable prediction of noncovalent
interactions by simultaneously optimizing both the form of
the density functional and the parameters of the molecular
mechanics damping dispersion term. Furthermore, CF22D is
not only able to accurately predict binding energy near
equilibrium distance but can also provide reliable predictions
for weak interactions at long distances.

Turner et al. proposed an Energy framework model that
combines efficient calculations of precise internal molecular
interaction energies with the molecular crystal topology.”” The
basis of the Energy Framework is the intermolecular interaction
energy, which is obtained from unperturbed molecular wave
functions. The energy of intermolecular interactions is typically
expressed in terms of four key components: electrostatic,
polarization, dispersion, and exchange repulsion:

Etot = Eele + Epol + Edis + Erep

The energy between a pair of molecules is represented by a
cylinder connecting the center of the molecular mass, and the
cylinder radius is proportional to the magnitude of the
interaction energy. The cylinders that make up the frame
represent the relative strengths of the molecules in different
directions.
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The Energy Framework mode is notable for its low
computational cost and efficient calculation time, facilitating
the evaluation of the interaction topology of a large number of
molecular crystal structures with relatively high accuracy.”"**
By comparing the Energy Framework of molecular crystals, the
anisotropic or isotropic energy distributions can be visually
observed, thus providing reliable evidence for the crystal
flexibility mechanism.” It has direct practical applications in
exploring the mechanical properties of crystals. The method is
particularly useful in identifying the anisotropy of interactions
in molecular crystals as molecular columns or layers can be
readily visualized and analyzed. It provides a comprehensive
and intuitive way to understand the underlyin§ mechanisms
governing the mechanical properties of crystals.”” The accurate
and efficient calculation of model interaction energies, in
conjunction with visualization through energy frames, offers a
powerful new tool for quantitatively exploring both molecular
crystal interaction energies and crystal structures. As a result,
this method is highly valuable for gaining deeper insights into

the fundamental characteristics of crystalline materi-
als 47,53,67,84,100

The recent discoveries of numerous flexible crystals break the
understanding of the rigidity and fragility of molecular crystals,
which created opportunities for the basic research and practical
applications of molecular crystals. The elastic modulus of
flexible molecular crystals (mostly between 1—25 GPa) lies
between inorganic hard materials and polymeric soft materials,
which is undoubtedly a great advantage of this material."*>~"*”
In contrast to hard inorganic materials, the presence of weak
intermolecular interactions in flexible molecular crystals allows
for maintaining integrity under external stimulus.>*'*®
Compared with those of polymer soft materials, the ordered
arrangement of crystals facilitates their structural character-
ization. The dynamic processes of crystals can be characterized
and studied in situ by various techniques.*”*’ The observations
on the atomic level of the responsive processes of crystals have
deepened the understanding of the flexible mechanism. The
operability of molecular crystal is also one of its advantages.**
Especially for organic molecular crystals, one can rationally
design molecules and even effectively adjust the intermolecular
interactions by changing the functional groups of the building
blocks, so as to realize the transition between different
response behaviors of crystals under external stimuli. More-
over, molecular crystals often feature polymorphism that the
molecules crystallize in different space groups under different
crystallization conditions, which enriches the stimuli-respon-
sive behaviors of molecular crystals.®'*® Therefore, researchers
can analyze the differences of the interactions between
molecules according to the different stacking forms and
inductively determine the origin of their flexibility, which
further provides a theoretical basis for the controllable
preparation of flexible molecular crystals. With highly ordered
aggregation structure, flexible crystals might be engineered to
exhibit fascinating optical, electrical, and mechanical proper-
ties, promising their potential flexible electronics and actuation
applications. On account of the broad applications prospect in
the fields of information sensing, 391 biomedi-
,25'86’143_147 wearable devices,”” laser media,"**'* fluo-

cine
. 150 .
rescence detection, ”~ renewable biomass resources develop-
151 . . .
ment, etc,, flexible crystals have attracted increasing

attention from academia and industry.
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Understanding the correlation between mechanical properties
and crystal structure is beneficial for chemists in developing
drug formulas. The pharmaceutical industry needs to fully
consider factors such as active ingredient content, liquidity,
stability, metabolic rate, granulation, and grinding character-
HSIARISZIS3 The flexibility of solid drugs affects their
crushing, granulation, and preparation. Enhancing the
mechanical properties can remarkably improve the efliciency
of postprocessing. In-depth study of the mechanisms of
flexibility of molecular crystals is highly beneficial to promoting
the compatibility, compressibility, and tablet properties of
drugs. Shastri et al. studied the compressibility of three blend
compounds prepared by flexible crystals and lamotrigine
(Figure 14A)."** The capping tendency indicates the elasticity
of the blend material, showing that the elasticity of the blend is
not conducive to compressibility. When the compression force
is released, the material shows a tendency to rebound, resulting
in the self-destruction of compaction.””* Among them, the
LCA blend material with the best plasticity has the highest

istics.
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Figure 14. Typical applications of flexible molecular crystals. (A)
Application of crystal flexibility in the pharmaceutical industry.
Changes in drug tablet properties by preparing the flexible crystals
blend. Reproduced from ref 154. Copyright 2015 American Chemical
Society. (B) Flexible optical waveguides based on single-component
organic bulk crystals. Reproduced from ref 149. Copyright 2019
American Chemical Society. (C) Bending promotes the fluorescence
enhancement of crystals. Reproduced with permission from ref 169.
Copyright 2020 Wiley-VCH GmbH. (D) Bending promotes electrical
performance of crystal. Reproduced with permission from ref 19.
Copyright 2021 Wiley-VCH GmbH.
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compaction strength at the maximum residence time. More-
over, the hardness of the three compacted materials with
brittleness, LVNA, LVNB and LVNC, is almost the same. It
shows that plasticity and brittleness are suitable for
pharmaceutical manufacturing,">*

The applications of crystal engineering to the design of
active pharmaceutical ingredients (APIs) allows for the optimal
combination of materials with important physicochemical
properties, such as solubility, dissolution rate and bioavail-
ability.">* Tt also allows for the adjustment of mechanical
properties such as grindability and plannability in industrial-
scale pharmaceutical production.'**”"*" Drug cocrystals have
been shown to improve the physicochemical properties of
drugs.'® Researches have shown that the preparation of APIs
and eutectic salt devices can effectively adjust their mechanical
properties.'>> Moreover, it has been demonstrated that the
transformation of single-component compounds into multi-
component plastic crystals can adjust the physicochemical
properties and powder flow of active Eharmaceutical
ingredients, thereby improving the plateness.'

Flexible molecular crystals have emerged as a promising
platform for optical waveguides owing to their highly ordered
anisotropic lattices. In particular, the anisotropic properties
make flexible molecular crystals attractive candidates for
applications in optics.”* High-quality crystal structures can
provide lateral confinement of light, thereby lowering the laser
threshold.'®* Elastic organic crystals can bend the path of light
while maintaining ordered stacking of molecules, which is
beneficial for optical signal transmission with excellent flexible
optical waveguide properties.**'*>!*?19371% Eor  example,
Zhang et al. realized optical waveguides in straight and
bending states using elastic monobenzene molecular crystals
with red fluorescence emission. Owing to the high elasticity,
the optical loss coefficient of bending crystals is almost the
same as that of straight crystals (Figure 14B).'*

Flexible molecules with certain degrees of freedom and low
energy conformations are likely to adopt different conforma-
tions, leading to conformational polymorphism. Polymorphism
has been revealed as a potential design strategy for altering
both the optical and mechanical properties of molecular
crystals. Based on the polymorphism of molecular crystals,
optical waveguide crystals with different mechanical responses
can be prepared to adapt to different conditions.”””>'®” Feiler
et al. demonstrated how the mechanical properties of organic
photoluminescent materials could be modulated by controlling
polymorphism.'*® Beneficial from its plasticity and bright
luminescence, the crystalline phase with plastic bending ability
exhibits the characteristic of a flexible optical waveguide. Zhang
et al. even prepared a flexible optical waveguide crystal with
both elasticity and plasticity. The crystal, (E)-1-(((3,5-
dimethoxyphenyl)imino)methyl)naphthalen-2-ol, exhibited
plastic twisting under torsional force and elastic bending
underbending force.”® Based on this, a new application field for
flexible organic single crystals has been developed, namely, the
polarization rotation.

Mechanical force is a reliable and environmentally friendly
energy source that can provide exciting luminescent properties
for materials.'®® In recent years, as various flexible crystalline
materials have been reported, it has been found that the optical
properties of some crystals can be adjusted by changing the
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degree of bending. Bhattacharya et al. reported a plastic crystal
that exhibits an unusual fluorescence enhancement during its
irreversible mechanical bending (Figure 14C)."*” The crystal,
ethyl[ (4Z)-2-methyl-S-oxo-4-(2,3,4-trimethoxybenzylidene)-
4,5-dihydro-1H-imidazol-1-yl] acetate, demonstrates signifi-
cant plastic bending properties, and the application of bending
strain can result in a 3-fold enhancement of fluorescence. The
crystal possesses the potential to be engineered as a
mechanically adjustable, pliable, luminescent material and
demonstrates promising prospects in the field of mechanical
sensors and flexible optoelectronic devices. The mechanism of
such an enhanced fluorescence was ascribed to the
accumulation of strained molecules in the perturbed region.

The fluorescence alterations can also be caused by elastic
deformation of functional elastic organic crystals. Hayashi, S et
al. demonstrated the attainability of reversible changes in
morphology and fluorescence within elastic z-conjugated
crystals during the mechanical bent-relaxation process.”®
They have further discovered that crystals of 9,10-dibromoan-
thracene demonstrated an extension-induced bathochromic
shift and a contraction-induced hypochromatic shift.”

The inherent lack of flexibility of molecular crystals often
imposes limitations on their utilization in electronic devices.'”’
The lower density and higher performance of flexible nano
crystals with and conductivity make them promising
alternatives for future applications in optoelectronics. Using
the physical vapor transport manufacturing technique, Briseno
et al. prepared and demonstrated high-performance organic
single crystal transistors.”® TIts electrical properties were
comparable to those of amorphous silicon and superior to
those of previously reported flexible organic thin film
transistors. The authors believed that flexible transistors
based on thin, conformable organic single crystals might give
rise to alternative applications that could have a profound
influence on consumer electronics. Hu et al. constructed
organic single crystal transistors and hybrid circuits by
combining organic single crystal nanowires of CuPc (copper
phthalocyanine, p-type) and F16CuPc (copper hexadecafluor-
ophthalocyanine, n-type) with inorganic antimony-doped tin
dioxide (SnO,:Sb) nanowires.'*' These devices exhibited low
operating voltage, high mobility, and good stability, demon-
strating potential application prospects in more complex logic
circuits. The studies on the relationship between mechanical
properties and the performance of organic single crystal
devices indicated that organic nanowires were more flexible
and suitable for the field of portable flexible electronics,
compared with inorganic nanowires.'”’ In addition, the
average mobility of bending crystals could be higher than
that of straight crystals, which showed that the intrinsic
bending of organic crystals could improve the performance of
their electronic devices. The increased mobility of bent crystals
was ascribed to enhanced intermolecular interactions in the
compressed molecularlayer.

Gong et al. reported an example of deformation-induced
functional enhancement in crystalline materials.'” Taking
inspiration from the magic angle twisted bilayer graphene,
the author utilized halobenzene as a model to uncover the
unexplored correlation between mechanical deformation and
crystal function. Compared to the straight ones, the device
based on the bending crystal exhibited a significant increase in
conductivity (Figure 14D)."” It demonstrates that a single
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crystal can be tailored into intelligent and flexible electronics to
adapt complex circuits and perform diverse functions.

After two decades of development, significant advancements
have been made in the field of flexible crystals, which is
expanding toward functionalization, integration, and intelli-
gence. From the applications in the pharmaceutical industry to
applications in flexible optical waveguides, wearable materials,
and electronic devices, the potential applications of flexible
crystals are vast and promising. Moreover, although the
mechanism of the mechanical deformation of nanowire crystals
is still unclear, flexible nanocrystals have exhibited promising
application potential in the field of flexible electronic materials.
However, fundamentally addressing potential obstacles such as
the scalability, manufactuability, and stability of flexible crystals
in various applications requires a full understanding of the
flexibility mechanism.

The importance of intermolecular interactions and crystal
stacking arrangements cannot be overstated in determining the
mechanical properties of a crystal. Understanding the role of
intermolecular interactions in the mechanical flexibility of
molecular crystals is helpful to establish a universal design
strategy for creating mechanically flexible crystals. It is evident
that flexible crystals enable the rearrangement of their
constituent molecules, thereby satisfying both internal
compression along the crystal structure and external expansion.
However, the design strategies of flexible crystals mainly rely
on empirical knowledge and currently lack a comprehensive
summary of flexible design strategies. Although the relationship
between the microstructure and macroscopic mechanical
properties of flexible crystals has been preliminarily established,
further studies concentrating on the investigations of atomic-
scale rearrangement are still needed to provide more robust
shreds of evidence for flexibility mechanisms. Moreover, it is
urgent to investigate deeper mechanisms and strategies to
provide general guidance in this field due to the limited
number of reported flexible molecular crystals and the lack of
systematic exploration.

The combination of experimental and computational tools
has proven helpful in advancing the understanding of the
relationship between molecular stacking and mechanical
properties, and there is still ample space for further exploration
and development in this aspect. New insights are being put
into this interdisciplinary field with advances in instrumenta-
tion, such as micro-Raman, microinfrared, and micro-X-ray
diffraction techniques. The widespread use of advanced
precision instruments, such as synchrotron radiation, has
significantly contributed to the understanding of the response
behaviors of flexible molecular crystals at the molecular level.
These tools allow for more precise measurements and analysis
of the connection of structure and mechanical properties,
enabling further understanding of the flexible crystals and
expanding their potential applications.

To establish a general design strategy for flexible crystals, it
is necessary for crystal engineers to work together to build a
more comprehensive database of flexible crystal structures and
properties. It will enable researchers to draw upon a wider
range of databases and insights when designing new flexible
molecular crystals with specific mechanical and structural
properties. Collaboration in this realm will also accelerate the
development of standardized research methods and facilitate
the sharing of information and results within the scientific
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community. It is expected that in the near future, as technical
means continue to advance and theoretical understanding
grows increasingly mature, a more precise and effective design
strategy for flexible molecular crystals will be abled. With the
development of new experimental techniques and the
continued refinement of computational tools, crystal engineers
will be better equipped to explore the structural and
mechanical properties of flexible molecular crystals and design
materials with specific properties and applications. This will, in
turn, contribute to the development of new technologies in
fields such as electronics, photonics, and energy storage.
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