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In the last century, molecular crystals functioned predominantly as a means for determining the molecular
structures via X-ray diffraction, albeit as the century came to a close the response of molecular crystals to
electric, magnetic, and light fields revealed that the physical properties of molecular crystals were as rich as
the diversity of molecules themselves. In this century, the mechanical properties of molecular crystals have
continued to enhance our understanding of the colligative responses of weakly bound molecules to internal
frustration and applied forces. Here, the authors review the main themes of research that have developed in
recent decades, prefaced by an overview of the particular considerations that distinguish molecular crystals
from traditional materials such as metals and ceramics. Many molecular crystals will deform themselves as
they grow under some conditions. Whether they respond to intrinsic stress or external forces or interactions
among the fields of growing crystals remains an open question. Photoreactivity in single crystals has been a
leading theme in organic solid-state chemistry; however, the focus of research has been traditionally on
reaction stereo- and regio-specificity. However, as light-induced chemistry builds stress in crystals
anisotropically, all types of motions can be actuated. The correlation between photochemistry and the
responses of single crystals—jumping, twisting, fracturing, delaminating, rocking, and rolling—has become a
well-defined field of research in its own right: photomechanics. The advancement of our understanding
requires theoretical and high-performance computations. Computational crystallography not only supports
interpretations of mechanical responses, but predicts the responses itself. This requires the engagement of
classical force-field based molecular dynamics simulations, density functional theory-based approaches, and
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the use of machine learning to divine patterns to which algorithms can be better suited than people. The
integration of mechanics with the transport of electrons and photons is considered for practical applications
in flexible organic electronics and photonics. Dynamic crystals that respond rapidly and reversibly to heat

and light can function as switches and actuators. Progress in identifying efficient shape-shifting crystals is

also discussed. Finally, the importance of mechanical properties to milling and tableting of pharmaceuticals

in an industry still dominated by active ingredients composed of small molecule crystals is reviewed.
A dearth of data on the strength, hardness, Young's modulus, and fracture toughness of molecular crystals
underscores the need for refinement of measurement techniques and conceptual tools. The need for

benchmark data is emphasized throughout.

1. Introduction to mechanical
properties and effects in molecular

crystals

1.1. General introduction to mechanical properties

1.1.1.

Basic mechanical properties. For long, Nature has

inspired engineering and industrial designs that are often
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drawn from elements of complex biogenic architectures, nano-
and micro-structures, and naturally occurring materials with
unique combinations of mechanical properties. Mechanical
properties are the physical properties exhibited by a material
as it undergoes deformation in response to an applied force or
pressure. The most common and important examples of
mechanical properties are elastic modulus, hardness, strength,
toughness, and fatigue. Engineers typically use tensile testing
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under controlled conditions to determine how a material responds
to forces in tension. The main output of a tensile test is a load
versus elongation curve that translates into a stress-strain diagram
and is used to determine many primary mechanical properties
such as the Young’s modulus, strength, yield point, toughness,
and fatigue when the loading is performed in a cyclic mode. Stress
reflects the changes of internal forces within a material that react
to balance the exerted external load, while strain is the deformation
of the material compared to its original length. These two proper-
ties and the relationship between them capture well the mechan-
ical responses of materials under loading. For example, Young’s
modulus—also referred to as the modulus of elasticity or elastic

Marieh Al-Handawi earned her
PhD in chemistry and materials
science from New York Univer-
sity’s Graduate School of Arts
and Sciences in 2022. She is
currently working as a post-
doctoral associate in Naumov’s
Smart Materials Lab at New
York University Abu Dhabi,
where she is involved in various
interdisciplinary projects related
to the design, fabrication, and
characterization of materials.
Her main research interest is
focused on the intersection between materials science and
biology, where she investigates natural phenomena with possible
applications to materials science, such as biomineralization, water
harvesting technologies, and bioluminescence, and applies the
underlying principles to bioinspired artificial materials.

Marieh B. Al-Handawi

Fei Tong obtained his BS from the
Renmin University of China in
2012 and received his PhD in
chemistry in 2017 from the
University of California, River-
side, under the supervision of
Prof. Christopher J. Bardeen. He
continued to work as an assistant
research  scientist —and a
postdoctoral fellow in the same
group from January 2018 to
August 2020. After that, he
Jjoined the East China University
of Science and Technology
(ECUST) and has worked as a distinguished research fellow since
November 2020. His current research focuses on responsive
molecular crystals, crystal engineering, and photochemistry.

Fei Tong

3100 | Chem. Soc. Rev,, 2023, 52, 3098-3169

View Article Online

Review Article

modulus—is a measure of a material’s reversible deformation, that
is, deformations that fully recover upon removal of the driving
force. This is characterized by the linear relationship between
stress and strain and is governed by Hooke’s law. While elasticity
and stiffness are often used interchangeably, engineers make a
distinction between them in that elasticity is an intrinsic property
while stiffness is extrinsic. Stiffness depends on the Young’s
modulus and the geometry of the material, meaning that two
structures with equal Young’s moduli can still have different
stiffness values.

Conventionally, there are two types of strength: yield
strength and ultimate strength. Yield strength is the maximum
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stress at the yielding point after which a material will start to
deform plastically. Typically, however, strength is used to refer
to the maximum stress a material can sustain before weakening
and eventually failing. If the stress continues to increase
beyond the ultimate strength, the material will reach the break-
ing point. The energy per unit volume absorbed by the material
up until that point is the toughness, commonly referred to as
fracture toughness. While materials that are strong and
tough—withstanding damage or fracturing—are generally
sought after, the two properties are mutually exclusive." To
achieve high toughness, a material must be able to undergo a
controlled deformation to enable the dissipation of high stres-
ses. Otherwise, these stresses will contribute to crack initiation
and propagation, causing the material to fracture. This con-
sideration explains why strong and rigid materials such as glass
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and ceramics are brittle while more ductile materials that
deform more easily might not be as strong but tend to be
tougher. Therefore, plasticity plays an important role in charac-
terizing high-toughness materials where the plastic zone is
extended making it resistant to cracking and bond breakage.’
Molecular crystals, for example, are generally characterized as
brittle, meaning that they often fail through cleavage along
crystallographic planes instead of allowing for dislocations to
flow. When the movement of these dislocations is blocked, they
pile up and create microcavities that then lead to crack growth.”
Recently, more examples of plasticity in molecular crystals have
been reported, introducing new possibilities of investigating
and optimizing higher toughness in these crystalline solids.*™®

Nascent examples of more compliant and soft molecular
crystals provide an opportunity to utilize these conventionally
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fragile structures and complement the soft and predominantly
amorphous organic polymers and elastomers. The more
mechanically robust properties of molecular crystals also pro-
mise to resolve the issues of defect and fracture formation
when subjected to moderate abrasion, compromising the
advantageous long-range order and jeopardizing their unique
optical, electrical, and magnetic properties. Low resistance to
fatigue and wear is also commonly associated with poor cyclability,
and may further pose difficulties in processing and integration in
technological devices. For this reason, crystalline organic solids
have largely remained in the purview of solid-state chemists,
crystallographers, and crystal engineers. However, the recent bur-
geoning research into the responsive properties of adaptive
organic molecular crystals has started to unveil hitherto unex-
plored and potentially useful dynamic aspects. New reports of
unconventional mechanical compliance have prompted a compre-
hensive revalidation of molecular crystals as technologically applic-
able smart-material candidates.
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Mechanical hardness is desirable in robust and sophisticated
devices and machines. While definitions vary, hardness can be
defined as a surface property in that it measures a material’s
resistance to permanent surface deformation, and is a highly
characteristic property of a solid. The hardness reflects a materials’
resistance to wear and tear, which is essential in dynamic mechan-
ical parts and in material design for mechanical actuators where
positional accuracy that is otherwise lost in plastic deformation
becomes relevant. It is no exaggeration to say that without the
advances in hard and strong materials, the 19th century would
not have witnessed an industrial revolution.” More recently, soft
materials such as polymers and elastomers have also gained atten-
tion in many technological applications, particularly in biotechno-
logy, stimuli-responsive materials, nanotechnology, and robotics.?
For example, their low hardness and ease of deformation turn them
into great candidates for safe robot-human interfaces.

Routine hardness tests are typically the simplest way to
produce and measure irreversible deformation in a material.’
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Hard indenter tips with predefined geometries and shapes are
driven at a constant loading or displacement rate into a speci-
men surface.’® The shape of the tip can vary among different
methods from a rhombohedron (Knoop) to a sphere (Brinell
and Rockwell B or C), a square pyramid (Vickers), or a trigonal
pyramid (Berkovich).” The ratio of the applied force to the size
of the indentation projection is the hardness number which
is typically obtained on different scales depending on the
indenter shape. This oftentimes makes it difficult to compare
hardness tests obtained through different methods. Despite
hardness often being considered as a measure of resistance to
plastic deformation, it is rather a complex property. Hardness
is usually treated as a measure of a material’s resistance to
penetration, spreading, or scratching which respectively yields
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quantitative information on elastic, plastic, or fracture
properties.” Evidently, the underlying mechanisms for these
deformations are different and involve reversible and irrever-
sible components.

1.1.2. Indentation hardness and modulus. In contrast to
tensile testing, hardness tests are performed non-destructively
and in situ which does not adversely impact or damage the
surface given that the indentations are small.'""> Additionally,
tensile testing requires standard specimens, while hardness
tests (particularly small-scale indentations) can be localized.
This allows for multicomponent testing of heterogenous mate-
rials such as biological materials and is ideal for many new
materials that are only produced on a small scale, such as
molecular crystals. For organic solids, insufficient material to
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perform tensile testing leaves the microindentation and
nanoindentation as the only option. Nanoindentation has
recently become more popular for determining the mechanical
properties of molecular crystals, and has inspired design synth-
esis and property optimization through crystal engineering.>"?
The method was developed to measure the hardness and
Young’s modulus of materials through load-displacement
(P-h) diagrams obtained from one cycle of loading and
unloading."® Unlike previous indentation methods, nanoinden-
tation does not depend on imaging of the indentation mark.
The maximum load (Py,.), the maximum displacement (7ax),
the permanent penetration depth after unloading, and the
contact stiffness (elastic unloading stiffness or the initial slope
of the unloading curve) are essential parameters in the

Prof. Dr Hongyu Zhang received
his PhD in 2006 at Jilin Univer-
sity, majoring in organic chemis-
try. He joined Prof. Shigehiro
Yamaguchi’s group at Nagoya
University as a JSPS postdoctoral
fellow (2006-2008). In 2008, he
Jjoined the faculty of Jilin Univer-
sity as an associate professor of
chemistry and was promoted to
full professor in 2014. His main
research interests focus on the
design and synthesis of organic
functional materials and their
applications in optoelectronics. He received a number of awards
and honors, including the NSFC outstanding Young Scholar Award
(2017) and the CCS Lectureship Award for Creative Young Supra-
molecular Chemists (2020).

Hongyu Zhang

Christopher J. Bardeen received
his PhD degree from UC Berkeley
in 1995. After a postdoctoral
fellowship at University of Cali-
fornia, San Diego, he became
an assistant professor at the
University of Illinois, Urbana-
Champaign, in 1998. In 2005,
he moved to the University of
California, Riverside. His curr-
ent research interest focuses on
spectroscopy, photochemistry, and
mechanical dynamics in organic
materials.

LTRSS
Christopher Bardeen

(N

3104 | Chem. Soc. Rev., 2023, 52, 3098-3169

View Article Online

Review Article

measurement, limiting accuracy."® Advances in dynamic pro-
perty measurement as a function of indentation depth,'®
calibration of indenter area functions,'® and determination of
the load-frame compliance (effect of the applied force on the
testing machine)'” have been made to improve the accuracy of
these mechanical property measurements. Following the Oliver
and Pharr framework,'® the indentation hardness H of a
material can then be calculated as:

H =

(1)

where A is the area function and %, is the contact depth
computed using the contact stiffness. To compute the Young’s
modulus E, the indentation modulus or the reduced modulus
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E, is first determined, and it is related to the Young’s modulus
of the sample according to the following equation:

L _ (l - vs2) + (1 — vlz) (2)

E, E E,

where v is the sample’s Poisson’s ratio (often assumed at 0.3
for molecular solids) and E, and v, are respectively the Young’s
modulus and Poisson’s ratio of the indenter tip. However, this
relation is most frequently used to evaluate Young’s modulus of
isotropic materials. Indentation of anisotropic materials such
as molecular crystals poses many challenges and further com-
plicates this relationship. Usually, the anisotropy of elastic
properties is investigated through indentations along different
orientations.'®**>! This is particularly difficult for small crys-
tals where certain faces are inaccessible. Moreover, indenta-
tions on small scales are also subject to boundary effects.”
Additionally, 3D analysis would be required to properly deter-
mine the anisotropic character of mechanical properties, which
can be costly.

1.1.3. Anisotropy and plasticity. Indentation measurements
on anisotropic single crystals can be influenced by the indenter
shape. Additionally, despite indentation being conducted on
specific planes or along certain axes, stress develops in all
directions during indentation. The result is a measured indenta-
tion modulus that is an average of the elastic constants in
all other directions.”® The measured indentation modulus is
however weighted along the indentation direction and can still
vary considerably depending on the crystal face. However, given
that the indenter is not just pushing in one direction, the
resulting modulus is often greater than the real Young’s
modulus of the specific crystal face. Therefore, since there is
no way to directly compute Young’s modulus from the indenta-
tion modulus for anisotropic materials, different iterative
approaches and numerical methods such as finite element
analysis have been explored to assess a material’s elastic
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anisotropy.'® On the other hand, some studies suggest that
hardness does not vary much with the orientation of the
indentation plane. This is explained by the fact that the plastic
strain field induced by indentation is complicated by accom-
modation of the deformation by the activation of multiple slip
planes concurrently.'® Therefore, the same slip planes might
contribute to differently oriented hardness measurements
where the resulting measurement is the average over all the
activated slip systems. Other studies have suggested the con-
trary, claiming that hardness is indeed dependent on the
crystal face and can vary greatly. For example, crystals with
polar structures (for example, zinc blende) can have different
degrees of hardness even on opposite sides of the same Miller
plane.”

Hardness is indeed a complex property. Although a number
of studies have been reported on the topic, it is still not very
well understood, particularly for anisotropic molecular single
crystals. Thus, it is hard to evaluate such crystalline solids with
single hardness values. Additionally, even though hardness is
used to assess plasticity of materials, there is a great discre-
pancy between the observed hardness values and those simu-
lated or postulated for non-metallic materials. The indentation
patterns induced by the plastic deformation are not in line with
the slip-line fields proposed by the continuum theory.>* Plastic
deformation by definition is a discontinuous, time-dependent
flow process in which the matter is irreversibly displaced on
applying a shear stress and is translated into movement of
dislocations, slip, twinning, and kinking motions. Such struc-
tural changes do not always explain hardness values for mole-
cular crystals. Given that hardness is not independent of the
indentation modulus but it is rather a hybrid property deter-
mined from both reversible and irreversible deformation, a new
elasticity index (J), defined as the ratio of indentation hardness

. . H, .
to indentation modulus, 7 :fl, was introduced recently.>
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The elasticity index is derived from the expression for an
irreversible deformation character, Ryp:

H
Rip = 5 (3)

1 Hy [ 2
E \tanp

where H; and E; are the indentation hardness and indentation
modulus, respectively, and f is the equivalent cone angle of the
indenter. The expression proves the hybridity of indentation
hardness by combining constitutive relationships for rigid-

H,
perfectly-plastic and purely elastic conical indentation. As fl
I

approaches 0, the indentation hardness becomes more reflec-
tive of irreversible deformation or plasticity. This is the case in
ductile materials such as some metals with I ~ 10~ for which
indentation tests were developed and are best understood. The
elastic index for brittle ceramics (elastic materials) is around
0.4. It is 0.05 for biological materials, and approximately 0.04
for organic single crystals.>*>” When comparing two materials,
it does not always follow that a material with a higher hardness
value has higher resistance to plastic deformation. Even if
indentation hardness values are high, they can still be domi-
nated by a large indentation modulus such that Ry is not
necessarily high. An elasticity index is then useful for deducing
the functional relevance of indentation measurements, for
example, for practical classification of materials in categories
such as ductile or brittle. It also allows for a better comparison
between different materials. Molecular crystals in their range of
mechanical properties and anisotropy are similar to biological
materials and require similar care. Indentation hardness values
for molecular crystals can also be treated as an estimation of
the elastoplastic work required to cause indentation of a unit
volume. The elasticity index ratio is then useful for categorizing
molecular crystals by the dominance of reversible or irreversi-
ble deformation reflected by high or low values of I, respec-
tively. From a more application-focused approach, Ashby et al.
have proposed a new property to characterize the softness of
different materials.*® They used a geometric mean of hardness
and Young’s modulus to more practically compare different
materials through a metric that accounts for the elastic rigidity
due to a high Young’s modulus that contributes to a material’s
true hardness.

1.2. Mechanical effects

1.2.1. Categorization. Over the past decade, efforts to cate-
gorize the mechanical effects of molecular crystals have
resulted in a holistic understanding of the dynamic processes
converging at the interface of macroscopic and molecular levels
(Fig. 1). Earlier attempts to conceptualize the mechanical
effects were based on the experimentally observed outcome of
introducing stress from chemistry, heat, light, or mechanical
forces to a single crystal specimen. Common effects (i.e.,
deformation, motion, and disintegration) can be broadly cate-
gorized into disintegrative (i.e., a single crystal breaks as a result
of the stress) and restorative (i.e., the integrity of a single crystal
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is maintained at the expense of internal transformations).>*"
The complexity and diversity of experimental mechanical effects
have motivated groups to produce detailed general,"**°* and
topical reviews that focus on crystal adaptronics,®® martensitic
transitions,** plastic crystals,>*° thermally induced and photo-
induced mechanical effects,” growth-induced bending/
twisting,*® and dynamic crystals with switchable properties.*®

Here, we present the main types of mechanical effects
emphasizing recent research at the time of writing related to
martensitic transitions (i.e., thermoelasticity, superelasticity,
and ferroelasticity),>® which have been documented for
organic/organometallic molecular crystals (Fig. 2). In addition,
we briefly touch on categories of complex motion that typically
arise from a combination of two or more independent effects.*°
We note that given a rapidly evolving field, the categories
presented here, rather than being definitive, serve only as a
general guideline and nomenclature, and are subject to change
to accommodate new discoveries and modes in crystalline
transformations.

1.2.2. Disintegrative mechanical effects. Disintegrative
mechanical effects in single crystals occur after an induction
period that precedes relaxation from stress, thus causing a
leaping or so-called ‘“salient” response. The effects can be
considered photosalient, thermosalient or mechanosalient,
when the source of stress is light, heat, or pressure, respec-
tively. In the following subsections, we describe and discuss
specific effects caused by rapid deformation or disintegration
along with some representative examples.

1.2.2.1. Jumping. Jumping or hopping single crystals were
first documented by Etter and Siedle (1983) in (phenylazophe-
nyl)palladium hexafluoroacetylacetonate.>® Upon heating one
facet of the crystal, the mechanical strain triggered the crystals
to “fly off” the hot stage. The underlying molecular mechan-
isms indicate that on heating or cooling, rapid and anisotropic
phase transitions allowed the crystals to jump upon stress
release.’®>° Light and pressure have also triggered jumping
in molecular crystals.®®*> Jumping results from several factors
(e.g., amount of accumulated strain and the time scale of
disintegration) caused by minuscule perturbations at a molecu-
lar level expressed by a sudden release of accumulated energy. In
many cases, crystals may jump to dissipate energy through
continued fragmentation concurrent with the jumping.®°

1.2.2.2. Fragmentation. Photosalient derivatives of diary-
lethenes have shown rapid single crystal fragmentation upon
irradiation with UV light.*® Fragmentation of single crystals was
accompanied by a color change from colorless to blue. The
photochromic fragmentations were rationalized by strain
caused by disturbance of intermolecular hydrogen bonding in
the single crystals upon ring opening of diarylethenes. Photo-
salient fragmentation has also been observed in [2+2]
photocycloaddition of discrete styrylpyridine Cu complexes
forming 1D cyclobutane-based coordination polymers,** and
in [2+2]-photocycloaddition of diolefinic derivatives.**

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Chronology of the milestones in research on mechanical properties and effects of molecular crystals with the names of the main contributors to

the research field of crystal adaptronics.
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1.2.2.3. Explosion. Strain/kinetic energy can be stored in
crystals to harvest explosive mechanical responses. A representa-
tive case involves polymeric crystals derived from topochemical
azide-alkyne reactions, in which humidity plays a critical role in
modulating explosion (i.e., dehydration was used to trigger crystal
explosion).”’ Cocrystallization strategies have also been used
to modulate the explosive response of materials (ie., energetic
cocrystals). For instance, common explosives 3,5,7-tetranitro-
1,3,5,7-tetraazacyclooctane (HMX)®> and 2,4,6-trinitrotoluene
(TNT) were cocrystallized with hexanitrohexaazaisowurtzitane
(CL-20) to produce more powerful energetic materials that deto-
nate upon mechanical stress.®® Modulation of explosive properties
through cocrystallization relies on modifying packing coefficients,
density, and thermal properties.®® Polymorphism also affects
energy release from explosive crystals.®”

1.2.2.4. Splintering. Splintering in single crystals has been
typically observed as a needle-like fragmentation parallel to
the long axis of the crystal. Splintering in single crystals is a
common effect in enzymatic degradation of biomolecules and
bacterial products, often causing the “splinters” to bend into
curved loops.***®® Studies revealed molecular self-assembly into
a tubular packing to be of fundamental importance to the
splintering of single crystals through degradation.®® Splintering
in molecular crystals has also been documented during ther-
mosalient transitions of N’-2-propylidene-4-hydroxybenzo-
hydrazide®® and photosalient effects of 4-chlorocinnamic
acid.”®

1.2.2.5. Cracking. Cracks in single crystals have been observed
as a result of strain release and often precede additional
mechanical effects (e.g., jumping). They are commonly observed

3108 | Chem. Soc. Rev, 2023, 52, 3098-3169

before actual disintegration occurs, but occasionally crystals crack
without motion. A representative example involves a [2+2]
photodimerization reaction of 3,4-dimethoxycinnamic acid crystal-
lized as blocks.** Cracks perpendicular to the main elongation axis
and double-bond plane quickly developed on exposure to UV light.
It was rationalized that the built-up strain is released on cleaving the
molecular planes, facilitated by the presence of slip planes in the
crystal. Cracking was also observed when single crystals of disilanyl
macrocycles were heated along crystallographic planes with rela-
tively weak supramolecular contacts, followed by jumping.”*

1.2.2.6. Splitting. Single crystals can often break into two or
more parts. In the case of a triphenylethenyl gold isocyanide
complex, splitting occurred perpendicular to the longest crystal
axis with additional thermosalient responses (i.e., motion and
bending).** Here, a thermally induced phase transition caused
expansion of the crystal length (i.e., major axis) and contraction
of the thickness (i.e., shortest axis) resulting in an anisotropic
strain release. Splitting has also been observed along the major
axis of single crystals when they are subjected to localized
heating. Twinned crystals of 1,2,4,5-tetrabromobenzene exhi-
bited smooth splitting along their twinning interface when one
of the components was heated.””

1.2.2.7. Delamination. Visible delamination of single crystals
has been achieved through the application of mechanical stress
(i.e., shearing) approximately parallel to the layers. The sliding
of molecular layers resulted in a molecular rearrangement that
accommodated the applied stress.'®”® For instance, partial
delamination of single crystals facilitated plastic bending by
%7475 In another
crystalline

enabling sliding of layers on top of each other.
study, reversible  photodelamination  of

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cs00481j

Open Access Article. Published on 18 April 2023. Downloaded on 1/17/2026 9:23:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

microribbons of asymmetric perylene diimide was achieved by
irradiation with a laser, which caused lateral sliding of stacked
layers.”® Similarly, delamination of vinyl azides was caused by
phototriggered gas release with UV light.””

1.2.2.8. Peeling. The capacity of crystals to undergo photo-
induced peeling of surface layers has been observed in cis-
olefins as a result of olefinic cis-to-trans and n*-SO, to n'-0SO
linkage photoisomerization effects.’®’® In the former case,
UV light irradiation of cis-dimethyl-2(3-(anthracen-9-yl)allyli-
dene)malonate (cis-DMAAM) block-like microcrystals resulted
in delamination and curling in the longitudinal section of a
single crystal. It should be noted that peeling occurred after the
UV-light was turned off, suggesting it to be a result of molecular
rearrangement. In the latter case, SO, photoisomerization in a
[Ru(NHj3)4(SO,)(3-phenylpyridine)]Cl,-H,O complex caused the
peeling effect to emanate from one end of the main crystal face,
halting midway due to the presence of accumulated crystal
strain from curling.

1.2.3. Restorative mechanical effects. Restorative mechan-
ical effects arise when single crystals relax upon removal of
external stimuli by mechanical reconfiguration (i.e., reshaping)
without showing appreciable disintegration or delamination.>®
Restorative effects in single crystals can be broadly categorized
into elastic (i.e., reversible) or plastic (i.e., irreversible), depend-
ing upon the spontaneity of shape recovery. Elastic single
crystals regain their initial shapes after the applied stimulus
due to the restoration of their supramolecular architectures. In
contrast, plastic crystals permanently deform due to dis-
locations and defects generated upon applying an external
stimuli.**”® Compliance in restorative mechanical crystals is
generally facilitated by non-covalent interactions that are
relatively weaker compared to covalent, ionic, or metallic
bonds.®”®" It is important to note that mechanical effects
may change from elastic to plastic, following the regimes in a
typical stress—strain curve, and also adhere to “supermechanical”
deformations (e.g., superelastic and ferroelastic) in some cases.*
Mechanical deformation modes resulting from martensitic
transitions and thermomechanical stress (i.e., thermoelasticity,
superelasticity, ferroelasticity, and shape memory effects) are also
considered in this section.

1.2.3.1. Bending. The bending of crystals, one of the most
basic restorative mechanical effects of single crystals, has been
widely documented since the early 19th century.*® Bending
can arise predominantly during crystallization and phase tran-
sitions, photochemical transformations (e.g., cycloaddition
and trans—cis isomerization), and from thermally or mechani-
cally induced effects.® Molecular underpinnings for
crystals that bend elastically suggest an expansion of the crystal
on the outer side and immediate restoration of the initial
shape after the stimulus has been removed.”” Plastic
bending (i.e., bending beyond the elastic limit) involves
the slippage of molecular layers in the single crystals, causing
the evolution of defects on partial delamination.'? In the case
of N-(4-ethynylphenyl)-3-fluoro-4-(trifluoromethyl)benzamide,
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cooperative reconfigurations of CF;- - -CF; interactions between
adjacent molecular layers contribute to the mechanical bend-
ing of single crystals.” In the context of photoinduced bending,
permanent photomechanical trans-cis isomerization of cis-
azobenzene compounds were performed by subjecting single
crystal needles to UV irradiation.”” Upon irradiation, single
crystals underwent irreversible bending to the opposite direc-
tion from the light source. Reversible photomechanical bend-
ing of trans-4-aminoazobenzene and oxazole crystals has also
been observed,*>*’ the latter resulting from a topochemical [2+2]-
photodimerization. Cocrystals of desolvated perylene and 1,2,4,5-
tetracyanobezene displayed a rare case of solvomechanical bend-
ing on exposure to tetrahydrofuran (THF) vapors.**

Our understanding of the reasons behind the elasticity,
which is commonly observed with slender molecular crystals
has particularly evolved over the past years. Even materials that
have been traditionally considered very hard display elastic
properties when they are small with high aspect ratios. Detailed
X-ray diffraction studies of the copper(u) acetylacetonate
complex® have clearly shown that the bending of a crystal is
accompanied by (or, occurs as a result of) rotation of the
molecules, with a slight decrease in the distance between the
neighboring molecules on the inner (concave) side and a slight
increase in the distance on the outer (convex) side of the crystal.
This work discredits an earlier hypothesis of molecular inter-
locking being the necessary condition for the elastic behavior.
At the present state of knowledge, it appears that there is no
single mechanism or structural feature that is a necessary
condition for elasticity. Clearly, in the future, systematic and
accurate studies will be needed to discern such features or a
specific combination thereof, if they exist.

1.2.3.2. Twisting. Helical or twisted crystals may be consi-
dered bent in more than one direction. Although naturally
occurring twisted crystals have been known for some time,®
the molecular mechanistic details have remained elusive. It has
been established that a common requirement is the existence of at
least two bending faces in a crystal.”” This observation has facilitated
the bottom-up design of twisted helical crystals through mechanical
deformation.*® Twisting has been achieved as a result of photoche-
mical reactions in micro- and nano-sized crystals due to their
increased ability to withstand exposure to UV radiation without
polycrystalline fragmentation vs. macro-sized crystals (the higher
surface-to-volume ratio dissipating the interfacial stress between
unreacted/reacted phases/domains at surfaces).*”** For instance,
crystalline microribbons based on anthracene derivatives underwent
twisting on exposure to UV light as a result of [4+4]
photodimerization.”** Thermosalient twisting as a result of topo-
chemical polymerization of azide and alkyne monomers,”® and
molecular rearrangement of cocrystals has also been observed.”

1.2.3.3. Coiling. Crystals that wind or curl into coils or
spirals due to twisting and bending have also gained attention
due to their potential to be used as actuators. Molecular crystals
containing boronate esters®> and 1,4-bis[2-(4-methylthienyl)]-
2,3,5,6-tetrafluorobenzene®® coil around objects through
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mechanical manipulation. This effect is facilitated by a combi-
nation of bending (i.e., plastic deformation) and twisting (i.e.,
elastic deformation).>® Photoinduced coiling has been observed
in straight nanowires of an anthracene derivative, dimethyl-2-
(3-(anthracen-9-yl)allylidene)malonate,”® as a result of E-to-Z
isomerization, where exposure to pulses of visible light trig-
gered the nanowires to curl into bundles. The effect persists
even after the light stimulus has been removed, while micro-
wires made from 3-(anthracen-9-ylacrylic acid®* curl into a
closed loop upon continuous exposure to visible light.

1.2.3.4. Thermoelasticity. Thermoelasticity in single crystals
originates in martensitic or other transitions occurring between
high-temperature (HT) and low-temperature (LT) polymorphs
that are related enantiotropically. Macroscopically, thermoelas-
ticity in single crystals is accompanied by anisotropic changes
in crystal shape and size that are reversible (i.e., elastic) due to
cooperative molecular motion, thus facilitating shape recovery.
Compared to elasticity alone, where recovery of the crystal
shape is enabled by the capacity of molecules to resist deforma-
tion, thermoelasticity is enabled by cooperative polymorph
transitions driven by thermal energy. Examples of molecular
mechanisms in thermoelastic crystals include cooperative
interlayer gliding of planes,” conformational changes enabled
by flexible molecules/motifs,® and molecular rotation.”>®” It
should be noted that thermoelasticity is a prerequisite for super-
elasticity and shape memory effects.”®

1.2.3.5. Superelasticity. Superelasticity in single crystals is
observed when a thermoelastic transition is triggered by a
mechanical stimulus. It can be considered the mechanical
analog of thermoelasticity. The mechanism of action involves
the mechanical deformation of a single crystal through shear
loading under isothermal conditions accomplished by altering
the Gibbs free energy change of HT-to-LT phase transitions. In
other words, the mechanical stress applied to thermoelastic
crystals alters the thermodynamic equilibrium and facilitates
cooperative elasticity through structural transitions, which is
fundamentally different from intrinsic elasticity (i.e., resistance
to change). After shear unloading, crystals exhibit shape recov-
ery. An important characteristic of superelastic crystals is
frictional work, which acts as a kinetic barrier resulting
from structural defects.>® Superelasticity, albeit rare, has been
found in molecular solids such as 6,13-bis(triiso-propylsilyl-
ethynyl)pentacene®” and terephthalamide® crystals. Alternative
molecular mechanisms for superelasticity exist that deviate
from the conventional thermoelastic transitions. These include
twinning transitions®"'% and transitions between monotropic
phases.'

1.2.3.6. “Superplasticity”. “Superplastic”’ deformability in
organic crystals has been reported for single crystals of N,N-
dimethyl-4-nitroaniline.>® In this example, “superplasticity” is
based on a multi-layer slipping mechanism that enables defor-
mation of over 500% when shearing is along the tilt direction of
the major axis. The difference between the “superplasticity”
and regular plasticity, however, remains elusive because it is

3110 | Chem. Soc. Rev., 2023, 52, 3098-3169

View Article Online

Review Article

not clear to what extent a crystal needs to be plastic in order to
be “superplastic”. The rationale for the “superplasticity” sug-
gested that the highly anisotropic multilayer slipping is regu-
lated by interlayer hydrogen bonding.>*

1.2.3.7. Ferroelasticity. In a ferroelastic molecular crystal, a
twinned deformed state is maintained when mechanical stress
is applied, resulting in domains of two or more orientations.
In addition, the domains are mechanically interconvertible
when a reverse mechanical stress is applied. In a ferroelastic
single crystal, the twinning domains are equally stable and do
not recover spontaneously (i.e., detwinning) as in the case of
superelasticity.>* Therefore, deformational twinning acts as the
main molecular basis for ferroelastic transformations.>*°7'%

1.2.3.8. Shape-memory effects. The discovery of the shape
memory effect in molecular crystals is a milestone for the
development of molecular crystals due to its resemblance to
that of some metal alloys and polymers exhibiting multiple
(thermo)mechanical transitions.’>*® It was first reported for a
crystal of terephthalic acid, and later on, the details of the
mechanism were explained.®””> To engineer molecular crystals
with shape memory, the common starting point is the ferroelastic
twinning of a molecular crystal upon shear loading. Thermal
treatment of the twinned structure restores the original shape
by cooperative rearrangement during thermoelastic transitions.
Cooling can either restore the original shape®®'®® or induce
twinning.”> Shape-memory has typically been discovered by
serendipity. Further studies are needed to understand the full
spectrum and applications of this mechanical effect.

1.2.4. Complex motility. Complex motility or locomotion
effects in single crystals induce two or more restorative
mechanical effects.’® Crystals that exhibit complex motility
are of increased interest for the fields of soft robotics due to
their adaptability for accomplishing tasks or specific
functions.'® Current examples of complex motility mechanisms
in molecular crystals include rolling,'® walking,'*® swimming,'"”
crawling’®® and ratcheting,'® and the list continues to expand
rapidly.

2. Spontaneous growth-induced
deformations

2.1. Ubiquity

A force applied to a crystal with forceps, or a light-field that can
induce chemical changes, may cause bending and/or twisting,
as amply illustrated herein. However, many crystals can deform
themselves in the absence of apparent external forces. A large
proportion (up to one-third) of molecular crystals can be made
to twist as they grow.*®'**'*3 In some families of crystals, such
as binary charge transfer complexes, the proportion can be
greater than one-half."** This group includes many common
materials that have been studied for decades or more."">™**°
Below we focus on twisting, the most spectacular and easily
detected deformation, however spontaneous growth-induced
deformations also include varieties of bending and scrolling.*®

This journal is © The Royal Society of Chemistry 2023
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However, the great number of materials in this class raises a
question: what kind of molecular objects deserve to be called
crystals? Semi-infinite translational symmetry associated with a set
of basis vectors remains a part of many serviceable definitions of a
crystal, and helicoidal crystals choose to give this up.’

2.2. Evidence

Helicoidal crystals have two constants of the second-rank
curvature tensor k; = —k,, at an angle of +n/4 between the
orthogonal, tangential tensor components. Twisting is charac-
terized by a pitch (length) associated with a 180° rotation of a
crystal, P = n/@, inversely proportional to ¢, the twist per unit
length. When twisted crystals are grown as discrete objects,
from solution,"® vapor,"””* and even from melts in some
cases,""® their dimensions can be effectively determined by
scanning electron microscopy (Fig. 3A and B). In many other
instances, fine fibrils are packed in spherulites."”* In such
cases, optical microscopy'*® is the most incisive method of
analysis (Fig. 3C-E). Polarization modulation techniques'** can
be used to investigate the details of mesoscale stereochemistry

and the organization of polycrystalline structures. (Fig. 3F and
G) 125-131

2.3. Symmetry

Helicoids are chiral; however, crystals of almost any symmetry
can twist as they grow."**'3* No direct relationship between
molecular or crystallographic chirality and sense of twisting is
expected, which can be a counterintuitive fact to many chemists
for whom chirality begets chirality. Nevertheless, enantiomor-
phous helices are correlated with stereogenic building compo-
nents or the stereochemistry of twist-inducing additives (albeit
growth conditions can affect the sense of twist in some
materials)."®> Heterochiral helices should be likewise corre-
lated with enantiomorphous space groups and/or enantiopolar
growth directions."”®® Sometimes banded spherulites grow
along polar directions, and then it becomes important to
distinguish non-equivalent positive/negative growth directions.
This can be achieved by monitoring growth with tailor-made
additives."”*%®

2.4. Mechanisms

Even though the problems associated with crystal twisting have
been brought forward in successive generations for more than a
century, there is no consensus as to why so many crystals twist
themselves as they grow. Given the diversity of simple struc-
tures that will form twisted crystals, it is likely that there is
more than one reason for morphologies that deviate from
lattices with long-range translational symmetry.*®***'3° The
most important of them are briefly outlined below (Fig. 4).

2.4.1. Fields. Thermal (temperature gradients), mechanical
(density variations), and compositional (variations in impurity
concentrations) fields formed around crystallizing materials
can generate forces on a growing crystal which produce a
twist."**'*! This mechanism, however, has mainly been applied
to polymer crystals composed of very thin lamellae."** 4
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Fig. 3 (A) SEM of twisted N-(2-thienylcarbonyl)glycine crystals grown
from vapor.*?* Adapted with permission from ref. 121 Copyright 2015,
The Royal Society of Chemistry. (B) Cryo-SEM of several twisted benza-
mide (form Il) needles with different cross-section sizes and pitches grown
from aqueous solution.??° Adapted with permission from ref. 120 Copy-
right 2020, Wiley-VCH. (C) Polarized light optical micrograph of aspirin
spherulite grown in the presence of salicylic acid. Concentric banding is a
tell-tale feature of in-concert twisting of radial crystallites. (D) Assortment
of hippuric acid needles grown from the melt between crossed polarizers.
Most needles are twisted as indicated by the modulation of the inter-
ference colors. However, some large crystals show much more homo-
geneous retardance, indicating that the process of untwisting is mostly
completed in these crystals. Adapted with permission from ref. 134 Copy-
right 2010, American Chemical Society. (E) Polarized light optical micro-
graph of a compact banded §-mannitol spherulite growing from the melt
in the presence of poly(vinylpyrrolidone) (lower part of the image). The
compact spherulite opens into isolated twisted fibers when the material
penetrates a vapor bubble (upper part of the image).**?> Adapted with
permission from ref. 132 Copyright 2012, American Chemical Society. (F)
and (G) Micrographs of the absolute value of linear retardance (|LB|) and
circular retardance (CB), respectively, of aspirin spherulites grown in the
presence of salicylic acid and obtained using Mueller matrix polarimetry.
Different signs of CB correspond to different senses of twisting in anti-
podal parts of the same spherulite. Panels (C), (F) and (G) have been
adapted with permission from ref. 119 Copyright 2013, American Chemical
Society.

-0.2

2.4.2. Dislocations. Crystals may respond to disturbances
during growth by sometimes encoding linear defects such as
screw dislocations in their structure. To relieve the stress
around dislocation lines, crystals can respond by showing
linear (far from the core) and non-linear (in the core) elastic
distortions. This is most vivid in whisker-like crystals in which
one screw dislocation parallel to the growth axis can result in
baroque nanocrystalline screws—Eshelby twisting (Fig. 4A).'*®
Simulations of screw dislocations under the constraints of a
force field are illustrative of the mechanical relaxation,"*
Alternatively, a helix of a given sense can be viewed as a helix
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Fig. 4 Twisting mechanisms. (A) Eshelby twisting in GeS nanowires. Upper part: SEM image of a twisted nanowire. Middle part: TEM image of a nanowire
with Eshelby twist. The dark line in the middle of the wire is in contrast to an axial screw dislocation. Lower part: convergent beam electron diffraction
patterns taken from the locations marked by black arrows. They demonstrate the change of the crystal orientation along the wire from [110] to [210] and
then to [310] with respect to the incident electron beam. Adapted with permission from ref. 158 Copyright 2019, Springer Nature. (B) Surface stress in thin
crystals illustrated for polymer lamellae. Due to the difference in the polymer chain folding with respect to the growth front orientation (G and g indicate
growth in the direction of lamella elongation and in the perpendicular direction, respectively) different parts of the lamella develop different signs of
surface stress, ¢, depicted in red and blue. If these two parts are separated, they would bend in opposite directions. But when bound together they
decrease their elastic energy by twisting. Adapted with permission from ref. 152 Copyright 2016, Springer International Publishing. (C) Schematic diagram
of heterometry stress in resorcinol crystals grown in the presence of tartaric acid. Enantiomorphous {111} blue and {111} green faces adsorb and overgrow
tartaric acid differentially. This can result in a change in lattice constants in corresponding growth sectors followed by the formation of sector specific
strain and stress. Stress relaxation produces a twist moment at the crystal tip and twists the crystal. Adapted with permission from ref. 133 Copyright 2011,
American Chemical Society. (D) Trigonal benzil nanocrystalline rod before (left) and after geometry optimization (right). Twisting is due to the intrinsic
tendency of a comparatively small number of molecules decoupling themselves from a lattice characteristic of a large periodic crystal. (E) Pitch of an
optimized benzil nanorod as a function of its cross-sectional area. Panels (D) and (E) are adapted with permission from ref. 154 Copyright 2020, American
Chemical Society. (F) Untwisting during assembly of smaller components with a geometrical frustration. At each step, four identical twisted silicone rods
are glued together in full contact, and the resulting structure is relaxed to its elastic energy minimum. Adapted with permission from ref. 156 Copyright
2019, The Royal Society of Chemistry. In both cases, panel (E) and (F), the pitch is proportional to the area of the rod cross-section as predicted by the
theory.**® (G) Dissolution of one of two layers served to transform a twisted pair of benzamide (form I1) crystals (upper image) into a single straight crystal
(lower image). (H) Partial sublimation of benzamide in vacuum reveals a complex intergrowth of fine lamellae. (I) Schematic diagrams illustrating creation
of misfit stress, twist moment, and twisting at the interface of (010) benzamide contact twin. Panels (G-I) are adapted with permission from ref. 120
Copyrights 2020, Wiley-VCH.

of the opposite sense from an orthogonal direction. Many
dislocations orthogonal to the growth direction could lead to

developed and demonstrated at Bell Laboratories was vividly told
recently.">® New evidence for this mechanism in polyethylene,

an overall twist in the direction perpendicular to the cores.'*’

2.4.3. Surface stress. Surface stress associated with desym-
metrization at interfaces remains a credible mechanism for
mechanical deformations, especially for thin lamellae of chain
folded polymers (Fig. 4B). The story of how this hypothesis was

3112 | Chem. Soc. Rev, 2023, 52, 3098-3169

among other polymers,'* comes from focused X-ray scattering.>

2.4.4. Heterometry. Many twisted crystals display their
nonclassical morphologies in the absence of impurities
(in evidence), while in other cases, additives appear to be
crucial to the process of twisted crystal growth. Impurities

This journal is © The Royal Society of Chemistry 2023
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contained within mixed crystals from stereoregular mechan-
isms may give rise to sub-volumes of crystals with different
metric constants, sub-volumes nevertheless smoothly con-
nected. The strain, and associated stress, may lead to twist
moments in suitably dissymmetric crystals.'>® Resorcinol crys-
tals of the B phase will twist in opposite directions when grown
in the presence of p- and r-tartaric acid (Fig. 4C)."** This
demonstrates that additives can not only drive twisting but
determine the twist sense. Even though tartaric acid is not an
obvious impurity in non-isomorphous resorcinol, in crystals
growing from supercooled melts, diffusivity is diminished and
chemical entities may be entrapped that would be excluded
during solution growth closer to equilibrium conditions. Sal-
icylic acid is a powerful “twisting agent” for aspirin.''® Never-
theless, measuring small differences in additive concentration
in sub-volumes of micron-size crystals challenges the limits of
chemical analysis at present.

2.4.5. Geometrical frustration. Geometrical frustration has
recently emerged as an explanation for twisting in some cases.
A cornerstone of the science of crystallography that has
redounded since the 19th century is the crystallographic restric-
tion, the notion that only certain rotational symmetries are
compatible with three-dimensional lattices. This principle did
not survive the discovery of quasi-periodic lattices; nevertheless,
it remains a guide for the vast majority of materials characterized
using the 230 Schonflies-Federov space groups. However, it is a
strange idea from the point of view of local interactions between
molecules. During association, molecules may organize with
whatever point symmetries that they should choose, given the
inexhaustibly large number of possible molecular structures.
Molecules follow local forces. They cannot be aware of the crystal-
lographic restriction until they are part of a crystal. This is a
process, the process of growth. Simulations of nanocrystals show
that some materials are intrinsically twisted (Fig. 4D and E)."**
Atomistic simulations of nanocrystals show that even in the
absence of dislocations, aggregates of ca. 1000 molecules or more
(comparable to the size of nuclei), resist conforming to allowed
rotational symmetries by twisting. Local, non-crystallographic
interactions lead to geometrical frustration'® that cannot be
realized globally and is manifested as a twist deformation, a
compromise between the local interactions and the rules of
crystallography that govern semi-infinite constructions. This was
demonstrated with intrinsically twisted entities made from sili-
cone rubber, forced to “grow” by untwisting individual helicoids
and gluing them into larger ensembles (Fig. 4F)."® On a nano-
scale, many crystals made from dissymmetric molecules may
forgo translational symmetry. Sometime later, in order to take
advantage of the thermodynamic driving force of growth, larger
crystals may untwist because now the energy penalty for main-
taining a lattice-less structure is increasingly burdensome. This
work has helped us to reframe the question “Why are so many
crystals twisted?” to “Why are so many crystals straight? "'*°

2.4.6. Strain between intergrowing crystallites. Strain between
intergrowing crystallites is another mechanism recently brought
into consideration."*® Benzamide, the first polymorphic crystalline
compound, crystallizes from supercooled solutions as fine needles

This journal is © The Royal Society of Chemistry 2023
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(Fig. 3B). Micrographs show crystalline bilayers in which one
needle growing on top of another causes the underlying layer to
twist (Fig. 4G). At higher temperatures, when the overlayer dis-
solves and retreats, the underlayer straightens. Here, twisting is
vividly manifested in the assembling of independent lamellae.
A complex lamellar organization of benzamide crystals was also
observed by electron microscopy (Fig. 4H)."° Orientationally mis-
matched ribbons will have an associated strain at the interface.
This results in a helical structure with a pitch P = 2nh/sin(2ff — =),
where £ is the angle between the lattice planes, and 7 is the bilayer
thickness (Fig. 41).""” The observed linear P(%) dependence sup-
ports this mechanism.

2.5. Mechanics

Twisted crystals are known for all types of materials with a wide
range of cross-sections with diameters from nanometers to a
few centimeters. A majority of them, however, are molecular
crystals growing at high homologous temperatures, 7/Ty, =
0.6-0.98, with small cross-section sizes, 2~ = 50 nm-5 pm.
Keeping in mind that the elastic modulus of molecular crystals
was shown to decrease linearly as 7/T,, increases,"'>® the force
required to twist such a crystal will be small, thereby providing
a rationale for the ubiquity of the phenomenon.

The dependence of pitch, P, on cross-section size, &, typically
obeys a power law P oc K" with the exponent n close to 1
(Fig. 5).°%21:132 Thig suggests that the twist is determined from
the rigidity of a cross-section and the crystal untwists as it
thickens. Indeed, the process of untwisting was experimentally
observed for hippuric acid*** and mannitol."** The closeness of
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Fig. 5 Correlation between the full twisting period (2P, 2r rotation, mm)
and the smallest crystal size in a cross-section (h, um). Blue symbols:
quartz (up triangles, open diamonds, and the line corresponds to different
sources of data); olive squares: oxalic acid dihydrate; magenta stars:
potassium dichromate; black squares: (1,4-bis[2-(pyrene-1-yl) vinyl]-2,5-
dimethylbenzene)IBr,, (BPE-DMB)Ibr,; red symbols: hippuric acid (up
triangles = melt grown crystals); open circles = vapor grown crystals;
line = melt and solution grown crystals; dark yellow down triangles:
N-(2-thienylcarbonyl)glycine, TG; green diamonds: poly(m-phenylene
isophthalamide), MPDI. The values of n are exponents in the fit P = kh".
In the region below the dashed line, 2P < 10°rh, elastic stress in twisted
crystals should relax, at least partially.?* Adapted with permission from
ref. 121 Copyright 2015, The Royal Society of Chemistry.
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the exponent to unity means that stress can remain elastic only
if the twist is induced by stress between comparably sized
domains located parallel to the crystal elongation direction
(mechanisms in Sections 2.4.4 and 2.4.6). In all other cases,
partial or full relaxation of elastic stress is expected. It is
commonly observed that twisted morphologies are preserved
upon crystal fragmentation, supporting the plastic nature of
the deformation.

For most crystals, shear strain on the crystal surface is
higher than y = mh/(2P) > 0.001 (Fig. 5). On deformation
mechanism maps,'® crystallization at homologous tempera-
tures T/Ty, = 0.6-0.98 corresponds to diffusional flow, disloca-
tion creep, or conventional plastic flow. Nanoscale molecular
crystals (2 = 50 nm-5 pm) typically contain no or very few
dislocations,"" meaning that plasticity cannot be dislocation
mediated. However, it can be easily mediated by the flow of
vacancies.

3. Photomechanical molecular crystals

3.1. Advantages of using photomechanical molecular
crystals

3.1.1. Using photons to control motion. Machines powered
by photons instead of electrons could be fueled with light-
weight optical fibers or operated in free space without physical
attachment to a power source. The development of such light-
powered machines requires materials that directly convert light
energy into mechanical work. Historically, such photorespon-
sive solids were composed of macromolecular soft materials
like polymers or gels that incorporate a photoisomerizable
active unit, usually an azobenzene moiety that undergoes a
light-driven cis-trans isomerization reaction. Early on, it was
realized that some degree of order was necessary to align the
molecular subunits, and currently, liquid crystalline polymers
and elastomers are the most common photomechanical
materials.'® An alternative way to order the photoreactive
molecules is to simply allow them to crystallize in the absence
of a polymer backbone. Over the last twenty years, crystals
composed of photoreactive molecules have emerged as a new
frontier in the development of photomechanical materials,
prompting several reviews on photomechanical, photodeform-
able, or photoresponsive molecular crystals.>**¢>%%

3.1.2. Molecular tunability. Small molecule chemistry
allows a designer to harness the full potential of synthetic
chemistry to make a wide variety of molecules with desired
properties. In addition to varying the core photoisomerization
functionality, it is also possible to use different substituents to
affect the strength and directionality of intermolecular inter-
actions (within the realm of crystal engineering) and the
electronic state structure that governs the photophysics
(absorption wavelength, photochemical quantum yield, etc.).
The chemical compatibility of a photochrome with a polymer
scaffold is no longer a concern.

3.1.3. Unambiguous structure-function correlation. While
polymers typically suffer from chain length variations
314 | Chem. Soc. Rev., 2023, 52, 3098-3169
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(polydispersity) and the presence of chemical defects, small
molecules can be purified to a high level (>99%). Furthermore,
it is usually possible to grow single crystals of both reactant and
product molecules that are suitable for structure determination
via single-crystal X-ray diffraction analysis. The ability to map
out a structure at an atomic level provides a unique window
into the dynamics and makes these systems amenable to
classical or quantum mechanical calculations.

3.1.4. High elastic modulus. Organic or coordination com-
pound molecular crystals typically have an elastic modulus E in
the range of 1-40 GPa,'®® which is much higher than that of
elastomers (<10 MPa) or gels (<1 MPa) and comparable to
that of glassy polymers. The importance of E can be seen if we
consider the simple one-dimensional expansion of a rod, in
which the mechanical work (elastic energy) generated by a
photochemical force F, that expands the rod from length L,
to Ly + AL, is given as

AEAIL*
3L, (4)

AL
W:J Fdx =
0

where W is the work and A is the cross-sectional area of the
expanding rod. In this simple limit, the amount of work for a
given strain (AL) is linearly proportional to the modulus E.

3.1.5. Ultrafast response time. A polymer-based material is
limited by the viscoelastic response time of the host, while a
mechanical perturbation in a crystal can propagate much
faster. Previous work on impulsive temperature jumps has
shown that the ultrafast deformation of a crystal is limited by
the speed of sound, so rapid (<1 ns) photochemical reactions
should generate motions on similar timescales. The initial
reports of crystals responding on a microsecond scale'”® are
probably due to photothermal effects.>*?° Naumov and co-
workers recorded acoustic soundwaves emanating from explod-
ing thermosalient crystals."”*

3.1.6. High work density. The absence of a host material or
polymer backbone means that a molecular crystal contains the
highest possible density of photochromic molecules. Assuming
that the packing geometry allows the molecular photoisome-
rization events to add constructively, the work density should
be proportional to the photochrome density and thus it should
be highest for molecular crystals.

3.1.7. Challenges. Given the potential advantages of mole-
cular crystals listed above, it may be surprising that they are
relative latecomers in the photomechanical research field.
However, there remain both practical and fundamental chal-
lenges in converting crystals into useful engineering materials.
At a molecular level, there are the usual challenges of designing
photochromes that can be reversibly cycled, are resistant to side
reactions that degrade performance, and crystallize in favorable
orientations. At the level of the material, one has to manage the
tendency of crystals to shatter due to the internal stress that
accompanies a photochemical reaction. The second major
issue is the processing of crystals into usable materials on a
macroscopic scale. A further challenge is the solubility of most
of these organic crystals in aqueous or organic solvents, which
could lead to degradation of the material or incompatibility

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Optical micrographs of (A) trans-NBO needle-like microcrystals
bending towards UV (365 nm).2®¢ Adapted with permission from ref. 186
Copyright 2018, Wiley-VCH (B) E-9DVAM nanowires ca. 230 nm in
diameter actuated during alternating exposure to UV and visible light.
The scale bar is 10 um.'8” Adapted with permission from ref. 187 Copyright
2016, The Royal Society of Chemistry (C) Z-9DVAM microwire irradiated
simultaneously with UV and visible light. The microwire propagates on the
surface after 20, 40, and 80 s, as indicated by the red arrow. The scale bar
is 230 um.*°° Adapted with permission from ref. 190 Copyright 2021,
Wiley-VCH.

with applications that use solvents. This problem has been
partially addressed by using protective coatings, for example,
a poly(vinyl alcohol) layer,"”**”? thin silica sheath,"”* or crystalline
ceramic shell.'”> Recently, a number of hybrid materials com-
posed of crystals and polymers have been reported, and many of
them have superior properties relative to the organic crystals
alone.'”® Finally, questions concerning photon-to-work efficiency
and incorporation into actual devices are yet to be fully addressed.
In the following sections, we attempt to give an overview of this

This journal is © The Royal Society of Chemistry 2023
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relatively new field of material research, which focuses on how
molecular crystals can give rise to novel and possibly useful
mechanics.

3.2. Types of photochemical reactions in photomechanical
crystals

3.2.1. Categorization based on the photochemical process.
A crystal is composed of ordered photochromes that can
photochemically react to produce work. The photochemistry
can be intramolecular, such as unimolecular photoisomeriza-
tions, or intermolecular, such as [2+2] or [4+4] photodimeriza-
tions. In the following section, we summarize most of the
relevant photochemical reactions in photomechanical crystals.

3.2.2. Trans-cis photoisomerization. Photomechanical
crystals formed by trans—cis photoisomerization of azobenzene
and azobenzene derivatives are widely studied.®*'?”'767178
Although unsubstituted azobenzene is not reactive in bulk crys-
talline form due to packing constraints, appropriate substitution
on the phenyl rings can open up room in the crystal for photo-
isomerization. The earliest example of photoinduced bending of
an azobenzene crystal was reported by Koshima et al. in 2009."7°
The diversity of synthetic procedures that can lead to the for-
mation of azobenzene derivatives helped researchers design
azobenzenes with different photophysical properties. The major-
ity of azobenzene derivatives are synthesized via the azo coupling
of a diazonium salt with an electron-rich aromatic nucleophile.
Other synthetic procedures have been surveyed in a review by
Merino."®® UV irradiation of trans-azobenzene photomechanical
crystals induces a phase change, allowing them to bend with the
concurrent generation of a thermally unstable cis isomer that
reverts to the ¢rans form on the order of seconds to days. The cis
isomer reset rate and wavelength of light absorbed by the trans
isomer can be modulated by attaching different electron-donating
or withdrawing groups to the phenyl rings. Besides the ability of
these crystals to be actuated in response to light, chiral azobenzene
derivatives can bend and twist in a specific direction depending on
the crystal face being irradiated.’®" While most trans-azobenzene
derivatives absorb in the UV, co-crystal engineering incorporating
halogenated azobenzenes produced photomechanical crystals
that can absorb visible light (532 nm) to deform with a slow
reset time.*”'8*'%% Ppseudorotaxane crystals composed of axial
azobenzene molecules showed subtle bending when exposed to
UV light, paving the way for designing derivatives with different
ring elements.'®* While azobenzenes were mainly incorporated in
liquid crystalline polymers to induce photomechanical
%5 some authors opted to investigate the photomechanics
of perhalogenated azobenzene derivatives and the effect of
halogen bonds on their photomechanical performance.*’

Photomechanical crystals that rely on the trans-cis photo-
isomerization of olefins are less common due to the tight
packing of the crystals, which restricts motion. However,
there are a few exceptions. Needle-like crystals of naphthyl-
vinylbenzoxazole'®® show directional photoinduced bending
upon exposure to UV light (Fig. 6A). Single crystals or nanowires
of (E)-2-(3-(anthracen-9-yl)allylidene)malononitrile (E-9DVAM)

motion,
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show bending towards light when irradiated with visible radiation
and can be reset by exposure to UV light (365 nm)'®’ (Fig. 6B).
Ultra-long microwires of (2)-2-(3-(anthracen-9-yl)allylidene)malono-
nitrile (Z9DVAM) can twist and propagate autonomously when
exposed simultaneously to visible and UV light (Fig. 6C). Similar
anthracene derivatives show unique photoisomerization-induced
coiling and solvent incorporation that is facilitated by the presence
of surfactants such as cetyltrimethylammonium bromide (CTAB)
and sodium dodecyl sulfate (SDS).***8%189

3.2.3. [2+2] photodimerization. Photocycloaddition in crys-
talline olefins has been studied for decades. A systematic analysis
of [2+2] photocycloaddition outcomes vs. crystal packing was
pioneered by Schmidt and Ginsburg,'®" which revealed the highly
demanding topochemistry of this reaction. Most of the solid-state
[2+2] photodimerization reactions occur between olefin carbons
attached to an aromatic ring such as in cinnamates and
chalcones.'*>'*® However, small-molecule derivatives of benzyli-
denedihydrofuranes (E-BDHF), reported by Naumov, also show
photomechanical bending and photosalience upon continuous
UV irradiation"® (Fig. 7A). Lu and co-workers observed the
bending, curling, rolling, and photosalience of a styrylbenzoxa-
zole derivative upon UV light exposure.'® In a later study, they
investigated a series of molecular crystal photomechanical actua-
tors with fluorine substitution. The intermolecular F---H-C
interaction inside the flat crystals modulated the photomechani-
cal response, which led to positive/negative phototropism of
the crystal actuators.®®'®® Photomechanical actuators made
from halogen-substituted naphthalene acrylic acids were also

A 7 H o °
0~ uv { uv
N | -1 \l/‘>o - .

H —
|/‘ \o)bo
Z-BDHF E-BDHF cE-BDHF

— —

View Article Online
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investigated'®® and most recently 3,5-dichlorophenyl-containing
chalcone polymorphic crystals showed both thermal and photo-
mechanical bending."®” Vittal and co-workers showed that [2+2]
photodimerization leads to photosalience in a coordination
polymer of divalent lead."®® Thin ribbon-like crystals of 4-chloro-
cinnamic acid can twist and bend upon exposure to UV light,
while thicker crystals (5-10 microns) of the same material do not
show any response’® (Fig. 7B). Extreme photosalience of (E)-4-
fluorocinnamaldehyde malononitrile (4FCM) was observed upon
exposure to UV or visible light."*® (Fig. 7C). Photomechanical
bending of macroscopic-scale crystals of 1,2-bis(4-pyridyl)-
ethylene-based pyridinium salt was observed upon exposure to
UV light. The [2+2] photodimerization of the olefin bond leads
to increase in the fluorescence of the bent crystal, offering a
visual cue of the photomechanical work.>*°

3.2.4. [4+4] photodimerization. [4+4] photodimerization
between aromatic groups can also lead to a photomechanical
response, with anthracene derivatives being the most com-
monly used class of photochromes. Many anthracene deriva-
tives are photochemically reactive in the solid state since their
molecules can pack parallel in planes and are close enough to
satisfy Schmidt’s conditions."" Fig. 8 shows some anthracene
derivatives that can be obtained as photomechanical crystals.
Like the [2+2] photodimerization, this reaction reduces conjuga-
tion and the photoproduct absorption is strongly blue-shifted.
This negative photochromic reaction®”! can theoretically result in
100% conversion®** even in optically thick crystals. Some of the
earliest anthracene photomechanical crystals studied were

1}(’\) 0._OH
B "—"’"\,iv’f/ OH o ? OH
cw/\\f I O N WA Y o
i
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0] (ii) § (iii)
s ’ <t

Fig. 7 (A) Snapshots of photosalinet Z-BDHF crystals splitting into fragments after UV exposure and [2+2] photodimerization.®* Adapted with
permission from ref. 194 Copyright 2015, American Chemical. Society (B) [2+2] photodimerization of 4Cl-CA. Optical images of three crystal shapes
of 4Cl-CA (i) rectangular prism crystal, (ii) plate crystal, and (i) microribbons. Top images were taken before UV (365 nm) exposure, the middle images
were taken after 5 min exposure, and the bottom images were taken 1 h after exposure.. Scale bars: 50 um.”® Adapted with permission from ref. 70
Copyright 2012, The Royal Society of Chemistry. (C) Optical micrograph of a crystalline 4FCM nanowire bundle undergoing [2+2] photocycloaddition
when exposed to 405 nm.**° The scale bar is 50 um. Adapted with permission from ref. 199 Copyright 2020, The Royal Society of Chemistry.

3116 | Chem. Soc. Rev, 2023, 52, 3098-3169

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cs00481j

Open Access Article. Published on 18 April 2023. Downloaded on 1/17/2026 9:23:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

View Article Online

Chem Soc Rev

|
A CN (O gt Oy, O/
ZCN Z (ONg Z (o]
P > o > o

E-DVAM E-DMAAM E-AYAD
Oy, O
E/ ;: /\ﬂ/ O E/ i/ e E
Z-DMAAM Z-DVAM AYAA

(E)-2-(9-anthrylmethylene)-1 indanone

;O CHs ;0 CHzCHs iio (CHa):CH, oi o
O—(CHz)sCHs Oy O—(CH2)4CHz O _O-CH(CH),

Hy)1sCH
07 (Crahehs 0;° CCHak o _o- C(CH. CH CH
ii 12 2 33

o- C(CHgCHa)g

0i io C(CH3)s

9TBAE

oo ado oo

9-cyanoanthracene 9MA 9-Anthraldehyde
C—Au

N

aryl(9-isocyanoanthracene)gold(l)

O _OH O.. _OH Oi iOH
Oy _OH Oy, OH O._OH Oy, -OH
F OO
cl cl 9AC

4F9AC F

Fig. 8 Chemical structures of anthracene derivatives that can be made into photomechanical crystals:

(A) conjugated anthracene derivatives,

(B) 9-anthracene carboxylate esters, (C) miscellaneous anthracene derivatives, and (D) 9-anthracene carboxylic acid and its halogenated derivatives.

derivatives of 9-anthracene carboxylate esters. Nanowires made
from these derivatives expand anisotropically along the long
axis by as much as 15% after irradiation with 365 nm
light.>**°® The ability of simple anthracene derivatives such
as 9-methylanthracene (9MA) to form different crystal shapes
helped clarify the mechanism involved.>*”>°® Other solid-state
photodimerization reactions that have been studied include
9-cyanoanthracene’®?'® and 9-anthraldehyde.’**"* Thin plate-
like microcrystals of an indanone-substituted anthracene, (E)-2-
(9-anthrylmethylene)-1-indanone, gradually bent away from UV
light (365 nm) due to a [4+4] photodimerization reaction
between the anthracene units stacked parallel in a head-to-tail
manner”'? (Fig. 9A).

The [2+2] and [4+4] photodimerization reactions tend to
have limited reversibility. Anthracene photodimers can, in
principle, be reverted to monomer units by heating or irradia-
tion at 254 nm. In practice, thermal “unzipping” at elevated
temperature is detrimental to the crystal structure, and 254 nm
irradiation cannot achieve 100% back reaction due to the
formation of a photostationary state and secondary photoreac-
tions. However, thermal reversibility can be achieved when
substituted anthracenes crystallize in a head-to-head ‘“syn
arrangement,””® rather than a head-to-tail “anti” arrangement
common for most 9-substituted anthracenes. This reversible
photochemistry offers the potential to use photomechanical
crystals of 9-anthracene carboxylic acid (9AC) and its derivatives
as thermally reversible (T-type) photoactuators®*'* (Fig. 9B).

This journal is © The Royal Society of Chemistry 2023

3.2.5. Photoresponsive coordination/organometallic com-
plexes. The first observation of photomechanical motion in a
molecular crystal was reported by Abakumov and Pierpont
in 1992 in a rhodium organometallic complex.>'® Boldyreva,
Naumov et al. studied the photosalient behavior of micro-
crystals made from the cobalt coordination compound
[Co(NH;)5(NO,)]CI(NO;).*° When irradiated with UV light,
crystals of this compound undergo sudden jumps and leap
over distances 100 times their size. Needle-like crystals of the
compound were used to study the photomechanical bending in
crystals, and resulted in a plausible mathematical model.*"”
The model comes with several requirements such as a homo-
geneous photoreaction, a needle-like crystal habit, bending as the
sole photomechanical effect, and a reversible photochemical
reaction. From such a point of view, this organometallic complex
was suitable since exposure to blue light causes the nitro group in
the “nitro form” to switch its coordination atom from nitrogen to
oxygen to afford a linkage isomer, the “nitrito form”. The process
is thermally reversible, and thus the photomechanical reaction
is of T type. Ito and Seki reported the synthesis of the novel
derivative aryl(9-isocyanoanthracene)gold(r) complex. Crystals
made from this complex exhibit photosalience upon UV irradia-
tion and thermosalience upon cooling, providing a rare example
of a dynamic crystal powered by multiple stimuli**® (Fig. 10).

3.2.6. Photocyclization of diarylethenes and furylfulgides.
Many of the photomechanical crystals studied are composed of
thermally reversible (T-type) photochromes that reset over a

Chem. Soc. Rev,, 2023, 52, 3098-3169 | 3117
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Fig. 9 (A) Chemical structures and photochemical reaction. Pictures of narrow plate-like microcrystals of (E)-2-(9-anthrylmethylene)-1-indanone
irradiated with UV (365 nm) leading to [4+4] photodimerization and bending of the crystal (i) before and after UV irradiation from the right for (ii) 4 and (iii)
13 min. The scale bar is 100 um.?*2 Adapted with permission from ref. 212 Copyright 2016, The Royal Society of Chemistry. (B) Optical micrographs of (i)
9-anthracene carboxylic acid (9AC) and (ii) 4-fluoro-9-anthracene carboxylic acid (4F-9AC). The 4F-9AC crystal completely untwists in 25 s, while the
9AC crystal requires 420 s to unbend. Both scale bars are 50 um. Plot: Photorecovery vs. time plot for 4F-9AC vs. 9AC.2** Adapted with permission from

ref. 214 Copyright 2014, American Chemical Society.

O Irradiation using 365 nm UV light
O leads to [4+4] photodimerization

O O between two parallel anthracene

groups
Os 6s

UV irradiation

Fig. 10 Optical micrographs of microcrystals of an aryl(9-isocyano-
anthracene)gold() complex exhibiting photosalient effects when irradiated
with UV light (365 nm). The thick red arrows indicate the position of the
crystals that jumped. Scale bars represent 50 um.?*® Adapted with permission
from ref. 218 Copyright 2021, American Chemical Society.

period of seconds to days. Highly stable photochromes whose
isomerization can only be reversed by absorption of a second
photon are referred to as P-type. Diarylethenes®'® are a promis-
ing class of molecules for optical memory with excellent
thermal stability. The photochemistry of diarylethenes involves
photoinduced ring-opening upon exposure to visible light and
ring closure after irradiation with UV light. The small structural
changes of diarylethene derivatives during photoreaction facilitate
their photochromism in the crystalline state. The accompanying
change in crystal shape was the basis for the design of P-type
photomechanical actuators. The first photomechanical diaryl-
ethene crystal was reported by Irie et al. in 2007**° (Fig. 11A).

3118 | Chem. Soc. Rev,, 2023, 52, 3098-3169

Diarylethene photomechanical crystals are known for their
photochemical durability, recycling frequency, and fast
response time. Photomechanical cocrystals containing diary-
lethenes can be actuated over 1000 times without showing
signs of fatigue or photodegradation. A detailed investigation
into the reversible photomechanical twisting of ribbon-like
crystals of 1,2-bis(2-methyl-5-phenyl-3-thienyl)perfluorocyclo-
pentene showed a unique behavior that depends on the illu-
mination direction. A helicoid-to-cylindrical twisting mode was
obtained by simply varying the direction of UV illumination
with respect to the crystal facets. This method provides a
convenient way to generate a variety of photomechanical
motions of a single crystal.**" Uchida and Morimoto reported
the synthesis of a diarylethene containing a perfluorocyclo-
hexene ring. Crystals grown by sublimation had a hollow
rectangular morphology and were loaded with fluorescent
microbeads. These crystals show violent photosalient photo-
mechanical action when irradiated with UV light, exploding
and releasing the loaded microbeads.??* Furylfulgides are a
close relative of the diarylethenes with limited application as
photomechanical actuators due to their inferior photomecha-
nical properties. However, plate-like microcrystals made from
a furylfulgide showed reversible photomechanical bending
accompanied by a color change from yellow to orange when
irradiated with UV light**® (Fig. 11B).

3.2.7. Intramolecular hydrogen transfer. Phenylhydra-
zones are a class of photochromes that rely on excited-state
intramolecular proton transfer and are photochemically active

This journal is © The Royal Society of Chemistry 2023
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Fig. 11 Photomechanical effects of diarylethene crystals. (A) Chemical structures and optical microscopic images of the photomechanical deformation
of two diarylethene compounds (i) and (ii) upon irradiation with ultraviolet (365 nm, left) and visible (500 nm, right) light leading to a reversible contraction
by 7%. Crystal thickness ~ 330 nm.?2° Adapted with permission from ref. 220 Copyright 2007, Springer Nature. (B) Chemical structures and
photoreaction of a furylfulgide derivative. (i) Images of the reversible bending (blue arrow, 365 nm; green arrow, >395 nm) of a narrow, plate-like
crystal of furylfulgide by as many as 200 cycles (ii). Scale bars are 20 um.?2* Adapted with permission from ref. 223 Copyright 2012, The Chemical Society

of Japan.

in polymers, liquid crystals, and as neat crystals.***">* To our

knowledge, the crystals have not been utilized for photomecha-
nical applications. Photoinduced intramolecular hydrogen
transfer occurs between a phenolic hydrogen atom and a
nitrogen atom in salicylidenes via a triplet state.>”” This class
of molecules can be used as molecular switches.?*® Asahi,
Koshima et al. studied the photochromic properties of the
salicylidenephenylethylamine N-3,5-di-tert-butylsalicylidene-
1-phenylethylamine. Plate-like crystals of the enol-(S)-1 and
enol-(R)-1 enantiomers can twist upon irradiation with UV
light, with helicity that depends on the enantiomer used.**’

3.2.8. Photoinduced production of gas. Photochemical
decomposition of some molecules can lead to the formation
of gas molecules. Photodecarbonylation of 1,3-dithiophenyl-
propanone microcrystals under UV light leads to the formation
of carbon monoxide with complete disintegration of the
crystal.>*°2*2 Organic azides are prone to photodecomposition
with the formation of nitrogen gas and reactive nitrene inter-
mediates that can either polymerize or lead to the formation of
rearrangement products.”>*® Single crystals of vinyl azides such
as 3-azido-1-phenylpropenone, 3-azido-1-(4-methoxyphenyl)-
propenone, and 3-azido-1-(4-chlorophenyl)propenone were
irradiated with UV light causing the crystals to crack or
bend with slight expansion due to the buildup of internal
pressure, pushing on the crystalline matrix, and eventually
release dinitrogen gas with formation of a reactive vinylni-
trene intermediate and disintegration of the crystal’”’
(Fig. 12A).

This journal is © The Royal Society of Chemistry 2023

3.3. Examples of crystals as energy transducers

3.3.1. Crystals convert energy to work. A photomechanical
crystal can convert absorbed photon energy and transform it to
work. By definition, work is equal to the product of force generated
multiplied with the displacement. In almost all cases, the force
arises from internal stress generated from the simultaneous
presence of reactant and product phases. The deformations
generated by photomechanical crystals can adopt different modes
depending on the size, shape, and orientation of the crystal, and
the direction of incident radiation. All of these factors affect the
photoinduced stress tensor inside the crystal, which in turn drives
the crystal deformation.”® In the following section, we summarize
the different types of photomechanical crystal motions.

3.3.2. Photosalient crystals. When some crystals are taken
over a phase transition by heating or cooling internal strain
can build up in their interior that is suddenly released, result-
ing in rapid fracture or deformation. This phenomenon is
known as the thermosalient effect.*>°®*** In a photosalient
crystal, the absorbed photons generate crystal strain due to the
formation of a photoproduct layer on the surface of the
crystal,'9%198222,235-240 The oradual strain buildup is suddenly
released causing the crystal to jump and oftetimes balistically
disintegrate. It is thought that photosalient crystals have the
potential to generate work.>** The mechanism of the photosalient
effect was studied thoroughly by Naumov and Boldyreva on
[Co(NH3)5(NO,)]CI(NO;) and 4-hydroxy-2-(2-pyridinylmethylene)-
hydrazide.>*”**! An extreme case of explosive photosalience was

Chem. Soc. Rev., 2023, 52, 3098-3169 | 3119
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Fig. 12 Mechanical effects due to the evolution of the photosalient effect. (A) Optical micrographs of microcrystals made from (i) 3-azido-1-
phenylpropenone with a crystal size of ~1.6 x 0.5 x 0.1 mm, (i) 3-azido-1-(4-methoxyphenyl)propanone with a crystal size of ~15 x 0.3 x
0.1 mm, and (jii) 3-azido-1-(4-chlorophenyl)propanone with a crystal size of ~2 x 0.5 x 0.2 mm undergoing a photomechanical effect with the release
of dinitrogen gas upon UV irradiation.”” Adapted with permission from ref. 77 Copyright 2020, American Chemical Society. (B) Optical micrographs of
two diarylethene derivatives undergoing a violent photosalient effect upon UV light exposure. (i) and (i) Before UV exposure and (iii) and (iv) after UV
exposure.*® Adapted with permission from ref. 40 Copyright 2016, American Chemical Society.

reported by Kobatake and Kitagawa.® Diarylethene crystals with
urethane bonding can be explosively photosalient producing
fragments that can fly as fast as a few meters per second
(Fig. 12B).** The photosalient effect provides a dramatic illustra-
tion of the power that can be generated by photochemistry, but
its violently random nature leaves open the question of whether it
can be harnessed to generate useful work.

3.3.3. Photomechanical bending of crystals. Bending in
response to absorbed light is another commonly observed
mode of crystal motion. Photomechanical crystal bending is
often observed for systems that do not exhibit photosalience. In
photomechanical crystals, the formation of photoproducts on
the surface is accompanied by generation of a nonuniform
strain due to structural incompatibility between the photo-
products and the reactants, leading to bending away from or
towards the light source. The bending motion can be analyzed
using mechanochemical models. Kitagawa and co-workers have
used the bimetal model described by Timoshenko to address
the photomechanical bending speed in relation to the amount
of light absorbed and crystal thickness in diarylethene
crystals.”*>*** Bardeen and Naumov/Chizhik/Boldyreva, inde-
pendently from each other, have used models that assume an
exponential profile of photoproducts to describe photomecha-
nical bending in other crystals.?®”>**

Long crystals of diarylethene derivatives have been shown to
bend reversibly in response to a specific wavelength of light.
In some cases, the bending speed was fast enough to impart a
momentum and, in some cases, to lift heavy objects.>*’
Azobenzene derivatives were extensively studied since they
exhibit thermally reversible bending (T-type) with reset times
that can be tuned by modifying the chemical structure of
the azobenzene derivative. A study of the photomechanical

3120 | Chem. Soc. Rev,, 2023, 52, 3098-3169

response of halogenated cinnamic acid derivatives, such as
4-chlorocinnamic acid, showed that the thickness of the crystal
plays a significant role in determining the photomechanical
motion.”® The degree of bending can be very small; nanowires
made from diarylethene®*® (Fig. 13A) or 9AC>"” (Fig. 13B) can
bend reversibly following a P- and T-type mechanism, respec-
tively. Highly branched microcrystals of 4-fluoro-9-anthracene
carboxylic acid (4F-9AC) can have multiple arms that bend in
unison**® (Fig. 13C) upon exposure to UV light.

3.3.4. Photomechanical twisting. Photomechanical micro-
crystals with ribbon-like morphologies often twist along the
long axis instead of bending, as seen for microneedle-like
crystals of 9MA.?®” Microribbons of 9AC can be grown via slow
evaporation of 9AC solution in ethyl acetate floating on top of
water, known as the “floating drop method”. Irradiation of the
surface of the 9AC microribbons with UV light generates a
photodimer/monomer interface leading to a reversible
isotropic twist®® (Fig. 14A). 9MA microribbons grown by the
floating-drop method can also twist but in a non-reversible
fashion.””” Other examples of twisting photomechanical crystals
have been reported for diarylethene derivatives.*****’ Kobatake
et al. reported how illumination direction affects the reversible
photomechanical twisting of ribbon-like crystals of 1,2-bis(2-
methyl-5-phenyl-3-thienyl)perfluorocyclopentene prepared by
sublimation®*" (Fig. 14B). Crystalline microribbons made from
perylenediimide derivatives have been shown to undergo a contin-
uous twisting under scanning laser irradiation, but the chemical
origin of this motion is still unclear*® (Fig. 14C). pH-Driven
reprecipitation of 4F-9AC from aqueous solution led to the for-
mation of branched microcrystals with chiral shape. UV irradiation
followed by thermal relaxation of the crystals induced a twist in the
arms, causing an overall ratchet-like rotation'® (Fig. 14D).

This journal is © The Royal Society of Chemistry 2023
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Fig. 13 Examples of crystal bending. (A) Diarylethene derivative nano-
wires before (i) and after (i) 365 nm UV light irradiation. R = bend radius.
Scale bar = 20 pm.?*® Adapted with permission from ref. 246 Copyright
2018, The Royal Society of Chemistry. (B) Dark field optical micrographs of
the nanowire, made from 9AC, with a diameter of ca. 230 nm, (i) before UV
exposure, (i) bending after brief exposure to 365, (iii) reversible or resetting
after 10 minutes at room temperature, and (iv) bending after brief exposure
to 365 nm. Scale bar = 20 pm.2*” Adapted with permission from ref. 247
Copyright 2007, Wiley-VCH. (C) Optical micrographs of highly branched
microcrystals of 4F-9AC. (i) Before exposure to UV (365 nm), (ii) during UV
exposure with curling branches, and (iii) 10 s after thermal relaxation at
room temperature, the arms reset. Scale bar = 25 pm.?*® Adapted with
permission from ref. 248 Copyright 2017, The Royal Society of Chemistry.

3.3.5. Photomechanical curling and rolling. Curling crys-
tals show extreme bending with multiple loops. Photomecha-
nical crystals rarely show extreme curling while maintaining
their integrity, failing instead by fracture or amorphization. An
exception is the photoinduced curling seen in nanowires made
from cis- or trans-dimethyl-2(3-(anthracen-9-yl)allylidene)mal-
onate (trans- or cis-DMAAM). The photoinduced curling occurs
after a brief pulse of visible light initiates the formation of
amorphous layer on the nanowire surface® (Fig. 15A). The
presence of a surfactant speeds up the curling process, and

This journal is © The Royal Society of Chemistry 2023
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the coiled product loses crystallinity and eventually dissolves.'®®
Thin plates of 9MA provide an example of a curling crystal that
maintains crystallinity throughout the process. Flat 9MA plates
can coil into cylinders during the [4+4] photodimerization reac-
tion, and then uncoil back to flat plates after the reaction was
completed and the internal reactant-product strain dis-
appeared.’®® Long microwires of (E)-3-(anthracen-9-yl) acrylic acid
(9-AYAA) showed a strong photoinduced coiling-uncoiling transi-
tion when irradiated with visible light®* (Fig. 15B).

3.3.6. Photomechanical peeling or delamination. Photo-
induced peeling of the photoreactive layer in a crystal was
observed for block-like microcrystals composed of cis-DMAAM.
Special growth conditions lead to the formation of uniform
tetragonal microcrystals from aqueous surfactant solutions that
are several micrometers thick. A pulse of UV light (405 nm)
converts a fraction of molecules on the surface of the crystal to
the trans isomer, creating an amorphous mixed layer that peels off
the parent crystal. This photoinduced delamination can be
repeated multiple times on the same block until it is converted
into thin slices*® (Fig. 16A). Kobatake and Kitagawa found that
lateral UV irradiation of crystals of a photochromic diarylethene
derivative leads to fast peeling of the exposed surface (Fig. 16B),
while the same crystal exhibits photosalience when it is irradiated
with UV light on one of its wider faces.”" A similar peeling was
observed by Cole and co-workers in a completely different crystal
based on linkage isomerization.”® A related phenomenon has
been observed in microribbons made from perylene diimide
derivatives. Visible light causes lateral or longitudinal light-
induced morphological change between the layers. This morpho-
logical change originates from the directional sliding of the
stacked layers with respect to one another between their polar
surfaces. Upon exposure to an electron beam, the laterally dis-
placed layers slide back to their original positions”® (Fig. 16C).

3.3.7. Photomechanical autonomous motion. The ability
to harness light energy and transform it into rapid, autono-
mous motion has been shown to occur in some photorespon-
sive liquid crystal elastomers.”>”>”>>® However, autonomous
motion tends to be slow and perpetuated by a self-shadowing
mechanism or intermittent irradiation from a light source.”®
Long crystalline microwires composed of (Z)-2-(3-(anthracen-9-
ylallylidene)malononitrile (Z-9DVAM) can be continuously
actuated when exposed to a combination of ultraviolet and
visible light. The photoinduced motion mimics the oscillations
of biological flagella and enables the propagation of microwires
across a surface and through liquids™®® (Fig. 6C). Che and
co-workers exploited the energy released from light-driven
crystal phase change to induce slow crawling of a molecular
crystal. Scanning laser irradiation has been used to actuate
different phases of molecular crystals to generate phase-
dependent transient elastic lattice deformation. The generated
force is sufficient to move the crystal anisotropically at a
velocity of about 60 um min~* (Fig. 17A).%%’

3.3.8. Photoinduced loss of crystallinity. In general, rever-
sible photomechanical crystals (P or T type) rely on crystal-
to-crystal transformations. However, the large morphology
changes associated with loss of crystallinity (e.g., melting or
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Fig. 14 Examples of crystal twisting. (A) Reversible twisting of 9AC microribbon: (i) before irradiation; (ii) immediately after irradiation with 365 nm light;
and (iii) untwisting after 9 min in the dark at room temperature. Scale bar = 20 um.8° Adapted with permission from ref. 89 Copyright 2011, American
Chemical Society. (B) Sequence of images of a flat microcrystal of 1,2-bis(2-methyl-5-phenyl-3-thienyl)perfluorocyclopentene exhibiting diverse
twisting motions depending on the angle of the incident UV light. The scale bar is 300 pm.??* Adapted with permission from ref. 221 Copyright 2018,
American Chemical Society. (C) Confocal scanning laser micrograph of twist propagation along a typical microribbon of perylenediimide derivatives
bridged on a copper grid.250 Adapted with permission from ref. 250 Copyright 2019, Wiley-VCH. (D) Dark-field optical micrograph of an X-shaped
microcrystal of 4F-9AC that rotates clockwise after brief irradiation with UV light with five cycles being shown.}°® Scale bar: 20 pm. Adapted with

permission from ref. 109 Copyright 2016, Wiley-VCH.

solvent swelling) underlies the photomechanics of crystals of
anthracene derivative (E)-5-(3-anthracen-9-yl-allylidene)-2,2-
dimethyl-[1,3] dioxane-4,6-dione (E-AYAD). When these crystals
are suspended in aqueous surfactant solutions, a photoinduced
crystal-to-gel transition occurs accompanied by a large volume
expansion (>10 times) that enables the crystal to engulf
surrounding nanoparticles. The degree of gelation can be
controlled by adjusting the irradiation intensity and
duration'® (Fig. 17B). Photoinduced loss of crystallinity fol-
lowed by crystallization was demonstrated by Norikane et al. to
induce directional motion of 3,3-dimethylazobenzene crystals
on a glass surface using light irradiation at two different
wavelengths (365 and 465 nm) to sequentially melt and recrys-
tallize different regions of the crystal’®®**® (Fig. 17C). Dramatic
light-induced changes in adhesion have also been observed in
this class of compounds.>** %!

3.3.9. Photomechanical expansion. In all the examples
given above, the crystal deformation relies on partial photo-
conversion. 100% conversion of a crystal will not generate an
internal strain, however, the dimensions of the product crystals
will be different. In principle, this expansion/contraction can
also produce work, analogous to a material that undergoes a
phase transition. In practice, a negative photochromic reaction
is needed so that the excitation light can penetrate the entire

3122 | Chem. Soc. Rev., 2023, 52, 3098-3169

crystal. 9-Anthracene carboxylate ester monomers undergo
[4+4] photodimerization, providing a convenient negative
photochromic reaction.>®>>** Typically, this photoreaction
leads to the disintegration of bulk crystals, and in many cases,
a photosalient effect. The photosalience can be tamed by turning
these crystals into nanowires with cross-sections on the order of
230 nm.**>**® The nanowires show anisotropic expansion along
the long axis without any fragmentation or disintegration.
This photomechanical expansion was extensively studied on
nanowires made from 9-tert-butylanthracene carboxylates (9TBAE)
and modeled using different techniques such as wide-angle
X-ray scattering (WAXS) and solid-state NMR crystallography.
Considering the changes in both molecular geometry and orien-
tation makes it possible to obtain quantitative agreement
between the theoretical and experimental expansion factors*>2%*
(Fig. 18A). A seeded-growth method from aqueous surfactants
was used to precipitate highly crystalline thin microplates of
9MA. These microplates show uniform photomechanically
induced expansion along the long axis of up to 7% when
irradiated at 405 nm>® (Fig. 18B).

3.4. Preparation of photomechanical crystals

3.4.1. Classical methods: solvent crystallization and sub-
limation. The morphology of a photomechanical molecular

This journal is © The Royal Society of Chemistry 2023
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Fig. 15 Examples of crystal coiling. (A) Molecular structure and photo-
isomerization of E-DMAAM. Crystalline nanowires made from E-DMAAM
with ca. 230 nm diameter suspended in an aqueous surfactant coil after
exposure to 1 s pulse of 475 nm light. Coiling continues even after the
light is switched off. Scale bar, 10 um.*® Adapted with permission from ref.
49 Copyright 2013, Wiley-VCH. (B) 9-AYAA microwires suspended in
water coil and uncoil with continuous exposure to 475 nm light, (i)
before exposure, (i) halfway, (i) total exposure. Scale bar, 30 um.94
Adapted with permission from ref. 94 Copyright 2015, The Royal Society
of Chemistry.

crystal is pivotal in determining the mode of work output. For
example, the stress due to a thin layer of photoproduct may be
unable to bend a very thick crystal plate but may induce curling
in a thinner sheet. The need to generate crystal shapes that
are favorable for the observation of photomechanical motion
motivates this section, in which we survey protocols and
strategies used to prepare photomechanical molecular crystals
with controllable size and shape. Classical methods for growing
photomechanical molecular crystals can be generalized as
crystallization from solution or deposition from a vapor phase.
Recrystallization via slow evaporation of an organic solvent
or slow diffusion of an antisolvent (sometimes referred to as
“bad” or “poor” solvent) is the widely used method. Para-
meters such as growth temperature, pressure, and solvent
diffusion rates can be adjusted to control the seed formation
rate. This method gives large single-crystal samples; unfortu-
nately, it is usually time-consuming.**"**®?¢” Deposition of

This journal is © The Royal Society of Chemistry 2023
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crystals via sublimation of thermally stable samples by heating
at temperatures typically 10-20 °C higher than the melting
point of the solid'”®*2>*2¢% is another growth method. This
method provides faster way to harvest large single crystals.
Sublimation of thermally unstable or air-sensitive samples is
performed under reduced pressure or in an inert atmosphere,
respectively. Large crystals can also be prepared via the vapor-
phase method using a suitable solvent.>**>”" In most cases,
these classical methods lead to the formation of larger crystals
with a wide distribution of shapes and sizes.”””

3.4.2. Hard template-directed crystal growth. One of the
main challenges for organic molecular crystal growth is con-
trolling the size and shape of the growing crystal. A convenient
way to grow molecular crystals with a specific shape and size is
to take advantage of templates with uniform tubular channels
that force the organic molecules to assemble in a well-defined
space. Inorganic filters from commercially available anodic
aluminum oxide (AAO) have nanochannels with uniform dia-
meter and length that can be tuned by applying specific
anodization conditions.>***”*>”> Organic solvents such as
N,N-dimethylformamide (DMF), or tetrahydrofuran (THF) are
typically chosen to dissolve organic molecules to form a highly
concentrated solution that is dropped onto a suspended AAO
template and placed in a confined glass jar for slow solvent
annealing. A fine stream of inert gas can be slowly mixed with
the solvent vapors during the annealing process.”* Soaking the
AAO template in a melted organic sample is another method of
loading the AAO template. However, without solvent annealing,
the crystals tend to grow as polycrystalline tubes. After evapora-
tion of the solvent, the filled AAO template surface can be gently
polished and the alumina template is dissolved in a dilute
phosphoric acid or sodium hydroxide solution?®29324%247 o
release the crystalline nanowires. Solvent annealing inside the
AAO template provides a reliable way to fabricate uniform and
highly crystalline nanowires with diameters as small as 18 nm
and as large as 250 nm?*’*>’® (Fig. 19A).

3.4.3. Solvent exchange method and floating drop method.
Heterogeneous nucleation induced by the vessel walls and
perturbations in the solution can cause high defect density in
crystals and lead to low-quality samples. One way to circumvent
this problem is to gently add the solution of the organic
molecules in a “good” solvent on top of a ‘“poor” solvent
(antisolvent), in which the molecule has limited solubility.
The solvents slowly diffuse together, reducing the solubility of
the organic solute and leading to slow growth of crystals.?”? 28!
In the floating drop method for crystal formation, a solution of
the compound in a volatile low-density solvent (e.g., ethyl
acetate, diethyl ether, or hexanes) is deposited on the surface
of water. Slow evaporation of the more volatile solvent, coupled
with the smooth surface of water, allow seed crystals at the
interface to form floating ribbons or needle-like microcrystals,
and the process is aided by the surface tension of the
water.>8*%" By adjusting the solution concentration, good
control of the thickness and specific aspect ratio of the crystals
can be achieved.”®*%” Photomechanical microribbons and micro-
needles made from anthracene derivatives were grown®”?'*2'4
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Fig. 16 Crystal delamination and peeling. (A) Structure and optical micrograph of a cis-DMAAM microcrystal photoinduced peeling after exposure to a
1 s pulse from 405 nm light. Scale bar, 5 um.*® Adapted with permission from ref. 46 Copyright 2019, The Royal Society of Chemistry. (B) Photoinduced
fast peeling and curling of a diarylethene derivative. The red arrow indicates the position and direction of the peel.2>! Adapted with permission from ref.
251 Copyright 2021, American Chemical Society. (C) Optical micrograph (left) and scanning electron micrograph (right) of a microribbon made from the
corresponding perylene diimide derivative laterally expanding upon exposure to 488 nm.”® Adapted with permission from ref. 76 Copyright 2015, Wiley-
VCH.
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Fig. 17 Photoinduced crawling of crystals. (A) Molecular structure of the perylene derivative (i), and optical micrographs (ii) of a microcrystal (length
20 pm and width 2 pm) traveling across a glass slide while being irradiated with a 405 nm laser.2>” Adapted with permission from ref. 257 Copyright 2020,
Wiley-VCH. (B) Optical micrographs of (E)-AYAD microcrystals suspended in an aqueous surfactant solution under visible light irradiation, (i) original
crystal shape outlined by a red rectangle, (ii)—(iiii) expansion of the crystal forming a gel after several minutes of continuous light exposure. Scale bar,
50 pum.*®° Adapted with permission from ref. 189 Copyright 2019, Wiley-VCH. (C) Chemical structure of the photoisomerization reaction
3,3’-dimethylazobenzene. A schematic diagram of the experimental setup. Optical micrographs of microcrystal motion after irradiation for t = 0 (i),
3 (i), 6 (i), 10 (iv), 15 (v) and 20 min (vi). Scale bar, 50 um.*°® Adapted with permission from ref. 108 Copyright 2015, Springer Nature.

that can photomechanically bent or twisted, depending on
their habit.

3.4.4. Surfactant-mediated growth methods. Solvent anneal-
ing inside AAO templates and the floating drop method produce
one-dimensional wires, needles, or two-dimensional ribbons.
Other shapes may expand the types of photomechanical motion

3124 | Chem. Soc. Rev,, 2023, 52, 3098-3169

that crystals can generate and enable further applications. Con-
trolling the rate of crystal growth is necessary to obtain uniform
distribution of crystal sizes. One way to gradually introduce
molecules into a growth medium is to rely on a chemical reaction
to allow transfer between an aqueous and organic phase. Acid-
catalyzed hydrolysis of acid-sensitive functional groups such as

This journal is © The Royal Society of Chemistry 2023
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Fig. 18 Photoinduced crystal expansion. (A) Atomic micrographs of a 9-TBAE nanowire, ca. 230 nm diameter (i) before illumination and (i) after
illumination at 365 nm showing lateral expansion by 15%. Scale bar, 6 pm.2°4 Adapted with permission from ref. 204 Copyright 2006, American Chemical
Society. (B) Optical micrographs of plate-like microcrystals of 9MA upon UV (405 nm) irradiation. The crystal expands along the long axis over a period of
ca. 8 min (left to right panel).?%®> Adapted with permission from ref. 265 Copyright 2022, Wiley-VCH.
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Fig. 19 Photomechanical crystals prepared by using different methods. (A) Scanning electron microscopy image of molecular crystal nanowires of a
perylene derivative (molecular structure on the left) grown via solvent annealing inside AAO templates, (i) zoomed-out image, and (ii) zoomed-in image
revealing the solid cores of the nanowires.?®® Adapted with permission from ref. 263 Copyright 2006, The Royal Society of Chemistry. (B) Optical
micrographs of 4F-9AC highly branched microcrystals, (i) scale bar 400 um and (ii) scale bar 50 pm.>*® Adapted with permission from ref. 248 Copyright
2017, The Royal Society of Chemistry. (C) Optical microscopy image of two types of 9MA thin microplate crystals, (i) hexagonal and (i) rectangular; scale
bar 50 pm.2°® Adapted with permission from ref. 208 Copyright 2018, Wiley-VCH. (D) Scanning electron micrographs of Z-DMAAM microblocks and
(D) scanning electron micrographs of Z-DMAAM microblocks; (i) scale bar 100 pm, (i) scale bar 10 pm.*® Adapted with permission from ref. 46 Copyright

2019, The Royal Society of Chemistry.

acylals or tert-butyl esters can produce microcrystals of free
aldehyde or carboxylic acid, respectively, with good control of size
and shape if the hydrolysis is performed in an aqueous surfactant
under gentle agitation. This chemical reaction-driven method was
used to prepare highly branched microcrystals from 4F-9AC with
T-type photomechanical properties®***® (Fig. 19B).

Ionic, neutral, and copolymer surfactants can be used to
control the shapes and sizes of organic crystals precipitated
from aqueous solutions containing a surfactant above its
critical micelle concentration. A variety of different crystal
habits have been obtained, including fibers, cubes, octahedra,
microblocks, wires, etc.*®2°82857287 A gurfactant-mediated two-
step reprecipitation method was used to grow single-crystal
platelets composed of 9MA with two different molecular
orientations**® (Fig. 19C). Similar approaches were used to
grow microblocks of DMAAM crystals (Fig. 19D)*® and ultralong
Z-9DVAM microwires.'®® Although this method often requires

This journal is © The Royal Society of Chemistry 2023

considerable trial and error to find a suitable solvent/surfactant
combination, it can afford to novel crystal shapes.

3.4.5. Fabrication of photomechanical cocrystals. Cocrys-
tallization of two or more different organic molecules with
specific stoichiometric ratio provides another opportunity to
tune the material properties and functionalities. Synergy may
be achieved in cocrystals by combining components with
different physical and chemical properties.”®®?°! Naumov
et al. provided a rare example of multifunctional thermally,
twistable photobendable, elastically deformable, and self-
healable cocrystals.”’ Self-healing materials are particularly
important for their ability to spontaneously recover their integ-
rity over time, a property that could significantly increase the
lifetime of organic devices.”* Irie et al. reported a two-component
cocrystal composed of 1,2-bis(2-methyl-5-(1-naphthyl)-3-thienyl)-
perfluorocyclopentene and perfluoronaphthalene. The cocrystals
exhibited fast reversible bending over a broad temperature

Chem. Soc. Rev., 2023, 52, 3098-3169 | 3125
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range (4.7 K to 295 K) under alternating UV and visible light
irradiation.>* Barrett, Fri§ci¢

crystallization strategy to prepare azo-based crystalline materials
with different photomechanical properties. The isomerization
and photomechanical bending motion of cocrystals were qualita-
tively characterized using in situ single-crystal X-ray diffraction.'®?
Noncovalent intermolecular interactions (hydrogen bonding,
halogen bonding, n-r stacking interactions, van der Waals forces)
offer opportunities to engineer crystals with complex shapes and
uniform sizes for diverse functionalities in the future.>*>?%*

3.5. Current status and applications of photomechanical
molecular crystals

3.5.1. Lifting objects. As described above, there are many
interesting and potentially useful aspects of the photomecha-
nical molecular crystals and the current efforts of many
researchers are focused on discovering new compounds and new
types of motion. Although the research field is clearly in a develop-
mental stage, there are already examples of photomechanical
molecular crystals with applications as actuators and switches.
Typically, the size of photomechanical molecular crystals must
be on a sub-millimeter scale to avoid stress-related crystal
fracture. An exception are millimeter-size acicular cocrystals of
1,2-bis(2-methyl-5-(1-naphthyl)-3-thienyl)perfluorocyclopentene
and perfluoronaphthalene, that exhibit photoreversible bend-
ing upon alternate irradiation with UV and visible light with
excellent fatigue resistance over 250 cycles of bending and
unbending.>*> A needle-shaped cocrystal can lift a weight 275 times
heavier than itself (Fig. 20A). The maximum stress gene-
rated by UV irradiation was estimated to be 44 MPa, which is
100 times larger than that of muscles (~0.3 MPa). Thus,
the crystal operates as a cantilever having a powerful force
and large mechanical work. An alternative to growing large
single crystals is to create ordered arrays of nanocrystals in a
matrix. Diarylethene nanowires grown in a porous AAO tem-
plate were shown to generate substantial bending forces in
composite membranes.'*>**>?% The advantage of the nano-
crystal composite approach is that it is scalable, and the porous
host can be prepared using a variety of materials and in
different shapes (Fig. 20B).

3.5.2. Gearwheel rotation. Another key element for practical
application is the high durability of the crystals. Mixed crystals
composed of two different diarylethenes, 1-(5-methyl-2-phenyl-4-
thiazolyl)-2-(5-methyl-2-p-tolyl-4-thiazolyl)perfluorocyclopentene
and 1,2-bis(5-methyl-2-p-tolyl-4-thiazolyl)perfluorocyclopentene
can survive over 1000 photomechanical bending cycles without
any damage. Weakened intermolecular interactions in the mixed
crystals bring about greater flexibility and improved durability.
The photoinduced bending crystal motion could be used to
operate a gearwheel as shown in Fig. 20C."”° The flexible crystal
bending enabled it to perform actual photomechanical work.>”

3.5.3. ON/OFF switching of an electrical circuit. A simple
and convenient way to add a new functionality to photomecha-
nical crystals is to coat the crystal surface with a different
material. P-Type rod-like crystals of 1,2-bis(5-methyl-2-phenyl-
4-thiazolyl)perfluorocyclopentene were coated with a thin gold
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layer on the surface; the rod-like crystals retained their photo-
mechanical response.””® ON/OFF switching of an electric circuit
was demonstrated by utilizing the gold-coated rod-like crystals
as shown in Fig. 20D. Before UV irradiation, the gold layer was
attached to a wire and the current was able to flow stably even
when the current value was over 30 mA. Upon UV exposure, the
rod-like crystals bent upward and the gold layer was detached
from the wire, resulting in switching off the current. This
current ON/OFF switching could be repeated over 10 cycles.

3.5.4. Manipulating micro- and nano-particles. Most
photomechanical molecular crystals have solid structures, but
some have a hollow or tubular morphology. Hollow structures
can be utilized to encapsulate materials for a controlled
release.””” In the case of a diarylethene, 1,2-bis(5-phenyl-2-
methyl-4-thiazolyl)perfluorocyclohexene, both solid and hollow
crystals can be obtained. The crystals without holes showed
photomechanical bending, while the hollow crystals showed
remarkable photosalience, scattering crystal shards with a
speed of up to 2.67 m s '. Upon UV irradiation, plastic
microbeads that have been incorporated inside the crystal
cavity scatter in a way that resembles the opening of the seeds
of plants called impatiens (Fig. 20E).

Another example of particle manipulation was accomplished
by highly branched sheaf-like microcrystals of 4F-9AC.>*® The
branched microcrystals were obtained by slow acid hydrolysis
of a tert-butyl ester of 4F-9AC in aqueous phosphoric acid/SDS/
1-dodecanol at 35 °C. Upon exposure to 405 nm light the micro-
crystal branches twisted in unison, sweeping away more than
75% of silica microspheres in their vicinity. This photo-
mechanical actuation can be repeated indefinitely after the
branches return to their original shape within seconds (Fig. 20F).
More precise manipulation of single microspheres was demon-
strated by Je and Kim’s group, who prepared organic crystal
nanowires composed of an azobenzene-containing chromophore,
tris(4-((E)-phenyldiazenyl)phenyl)benzene-1,3,5-tricarboxamide
(Azo-1), using a meniscus-guided solidification method.**® The
nanowires showed photomechanical bending and unbending
with large displacement upon irradiation with UV and visible
light, respectively. Photomechanical nanowire tweezers were
created with an Azo-1 nanowire arm that moved against a fixed
polystyrene (PS) nanowire arm (Fig. 20G). The photomechanical
tweezers can pick up, move and release the sphere, providing a
way to manipulate micro-objects without wires or electrodes.

4. Computational methods for
studying and predicting mechanical
properties and effects in molecular
crystals

4.1. From rationalizing to predicting mechanical effects

Computational methods are indispensable in understanding
the chemical reactivity’>**°> and physical properties®***°* of a
wide range of materials. With the widespread availability of
high-performance computing facilities and the increasing

This journal is © The Royal Society of Chemistry 2023
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Fig. 20 Simple demonstration of work performed by dynamic molecular crystals. (A) Superimposed photographs of a diarylethene cocrystal cantilever
microcrystal lifting a 2 mm lead ball, 46.77 mg; before and after irradiation with UV (365 nm) light, as indicated by the white arrow.?*®> Adapted with
permission from ref. 245 Copyright 2010, American Chemical Society. (B) Photographs of the 4FCM/AAO composite lifting a mirror (mass, 1.28 g) under
UV light irradiation from below, (i) before light, (ii) After UV (365 nm) exposure, and (iii) template remains curved after the mirror is removed. Scale bars,
5 um.1%° Adapted with permission from ref. 199 Copyright 2020, The Royal Society of Chemistry. (C) Gearwheel rotation activated by rod-like cocrystals
containing diarylethene. The microcrystal is actuated by alternate irradiation with visible and UV light.>°® Adapted with permission from ref. 300
Copyright 2016, The Society of Synthetic Organic Chemistry. (D) Photomechanical crystal acts as an on/off current switch upon alternating irradiation
with UV and visible light.?°® Adapted with permission from ref. 208 Copyright 2015, The Royal Society of Chemistry. (E) Optical micrograph of 1,2-bis(5-
phenyl-2-methyl-4-thiazolyl)perfluorocyclohexene hollow microcrystals containing fluorescent microbeads. These crystals explode upon UV exposure,
leading to scattering of fluorescent beads. Scale bars, 20 pm.??? Adapted with permission from ref. 222 Copyright 2017, Wiley-VCH. (F) Optical
micrographs of highly branched microcrystals of 4F-9AC sweeping silica microspheres in suspension (i) before UV light exposure, (i) during UV (365 nm)
light exposure, and (iii) after several exposure cycles. Scale bars, 25 um.?*® Adapted with permission from ref. 248 Copyright 2017, The Royal Society of
Chemistry. (G) Optical microscopy images of Azo-1 and PS nanowire (500 nm (d) x 12.5 mm ({)) arms integrated on the tip of a glass microcapillary tube.

The photoinduced tweezers grip a PS microparticle (d ~

4 um) on a silicon substrate upon irradiation with UV light: 1 (contact) — 2 (gripping) — 3

(detachment). Scale bar, 20 pm.2%° Adapted with permission from ref. 299 Copyright 2015, The Royal Society of Chemistry.

adoption of unsupervised machine learning techniques,**>*°®

the volume of information that can now be processed using
computer algorithms is significantly larger than was the case 20
years ago. This trend is set to continue in the coming decades,
creating new opportunities for the application of computa-
tional methods to support the discovery of mechanically
responsive molecular crystals.

However, despite this promise, most of the reported dis-
coveries concerning mechanically responsive molecular crystals
are currently made with minimal, if any, computational insight.
Rather than applying computational methods a priori to sup-
port the discovery of new mechanically responsive molecular
crystals, it is more common to see reports where investigators
have applied computational methods after the experimental
observation of some mechanical effect, in order to gain a
deeper understanding of the mechanistic origins of these
phenomena (for example, see ref. 215). This suggests that the
promise of true in silico design and subsequent experimental

This journal is © The Royal Society of Chemistry 2023

discovery of mechanically responsive molecular crystals is yet
to be realized. Computational methods that span a range of
lengths and timescales (Fig. 21) are already used to understand
the mechanical properties of crystalline inorganic®*” and cera-
mic materials.**® The commonly used modeling techniques to
estimate the mechanical properties in such systems include
density functional theory, molecular dynamics, and finite ele-
ment methods. Although most of the reported studies that use
these techniques to understand mechanical effects relate to
studies on inorganic and ceramic materials; there is a growing
disparity between the increasing amount of mechanical data
and effects that experimentalists are reporting on molecular
crystals and the scarcity of computational data that can be used
to corroborate the emerging theories and hypotheses on the
mechanical effects in molecular crystalline materials. This
reflects the fact that there are more experimentalists than
theoreticians who are currently interested in the mechanical
properties and effects of molecular crystalline materials.
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(a) Most commonly used computational methods for predicting the mechanical properties and effects of crystalline materials. The arrow at the

bottom shows the length scale on which each modelling technique applies. DFT = density functional theory, MD = molecular dynamics, and FEM = finite
element methods. (b) Proposed steps in the in silico discovery of mechanically responsive molecular crystals.

Nevertheless, we anticipate that with the increasing interest in
the mechanical properties and effects of molecular crystals,
computational methods will play a significant role in correlat-
ing not only the structure to the properties but also properties
to function in the future.

The increasing body of literature on mechanically respon-
sive molecular crystals has already produced some guiding
principles as to what types of molecules may display a particular
type of mechanical effect. For example, the photomechanical
bending seen in several azobenzene crystals*”'”*?% requires
the presence of an azo group that can undergo trans-cis

3128 | Chem. Soc. Rev,, 2023, 52, 3098-3169

isomerization upon irradiation with light. While most organic
crystals display relatively low Young’s moduli (5-45 GPa),”’ the
exceptional mechanical stiffness of amino acid®* crystals is
correlated with the strong charge-assisted hydrogen bonding
interactions. This suggests that careful manipulation of the
types and strengths of intermolecular interactions observed in
molecular crystals may support the optimization of the bulk
mechanical properties. Indeed, there have been some successes
in the application of the principles of crystal engineering®'" to
support the discovery of novel mechanically responsive crystal-
line materials.** For example, the introduction of slip planes in
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molecular crystals via the careful manipulation of the func-
tional groups in molecules is a viable crystal engineering
strategy for the discovery of plastically bendable molecular
crystals.* Recent work using a combination of nanoindentation
and microfocused synchrotron X-ray radiation has validated the
accuracy of this slip-plane model in explaining the mechanistic
origins of plastic bending in molecular crystals.”* Despite these
successes, it is not yet clear whether we have enough reported
examples of mechanically responsive molecular crystals to
support the proposal of a set of generally applicable empirical
rules for guiding the discovery of such materials.

At present, trial-and-error experiments remain the most
common route for the discovery of new mechanically respon-
sive molecular crystals. The process typically starts with the
choice of suitable candidate molecules, which is often made by
comparing the crystal structures adopted by these molecules
with those of related molecules that may either have similar
functional groups and/or similar crystal packing. This is fol-
lowed by the growth of suitable single crystals. Finally, the
mechanical properties (e.g., Young’s moduli and hardness) are
measured on experimentally accessible crystal faces by nano-
indentation. Each of these steps either requires a set of
underlying assumptions or carries some technical challenges
(e.g, crystal growth) that vary for each chemical under investi-
gation. In this section, we discuss: what role can computational
methods play in not only rationalizing the experimentally
observed mechanical effects but also supporting the discovery
of new materials with desirable mechanical effects? We start
with a critical assessment of the current applications of com-
putational methods in the field before providing an outlook for
the role that computational methods may play in the future.

4.2. Computing the strength of intermolecular interactions
and crystal morphologies

Upon the application of a stimulus (stress, light, etc.), the
mechanical response of a crystal is influenced by the habit
(or morphology) and bulk crystal density of the material. At a
molecular level, the strength of the intermolecular forces
between the molecules is critical in influencing both properties.
Most molecular crystals display anisotropic intermolecular inter-
actions due to the uneven charge distribution around the consti-
tuent molecules. As such, the observed intermolecular forces are
likely to be strong along certain crystallographic axes while they
may be weak in others.

The importance of quantifying both the strength and direc-
tionality of the intermolecular forces in the study of mechani-
cally responsive materials, has led to the widespread adoption
of energy framework (EF) calculations.?**?'® EF calculations
provide a quantitative method for correlating the strength of
intermolecular interactions to the observed mechanical proper-
ties (e.g., hardness or stiffness) along specific crystallographic
directions or faces.””?'**'® This permits the quantitative com-
parison of the strength of the intermolecular interactions
(Fig. 22) as a function of the observed mechanical properties
(e.g., brittle, plastic and elastic) of the crystals.*'* EF calcula-
tions start by computing the unperturbed molecular

This journal is © The Royal Society of Chemistry 2023
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wavefunctions at a chosen level of theory, followed by an
estimate of the total interaction energy (Ei) in the crystal as
the sum of the electrostatic (Eec), polarization (Epo), dispersion
(Eais) and exchange-repulsion (E..,) terms according to the
following equation:

Etot = Eele + Epol + Edis + Erep (5)

The energies between molecular pairs are conveniently visua-
lized as cylinders connecting the centers of mass of the
molecules, with the radii of the cylinders being proportional
to the magnitude of the interaction energies. EF calculations
have successfully been applied to provide insight into the
mechanism of plastic bending in molecular crystals.*'®*'” This
is possible because the strength of the interlayer interactions in
slip planes can easily be quantified in plastic crystals using EF
calculations.?'® The ease with which slip planes can slide past
each other upon the application of external stress and a
relatively low energy barrier for such sliding has been used to
rationalize the mechanism of plastic bending in molecular
crystals.®*®

Another important application of the theory of intermole-
cular forces that can be used to support the discovery of
mechanically responsive molecular crystals, is the prediction
of crystal morphologies using computational methods.?*****
Although such calculations are not as widely used as EFs
among the growing community of researchers interested in
the mechanical effects of molecular crystals; they are integral
to the advancement of in silico methods for supporting the
discovery of mechanically responsive molecular crystals (Fig. 21).
Experimentalists working in the field currently perform the
face-indexing of crystals using laboratory X-ray diffraction
methods before performing nanoindentation experiments.
However, if we are to advance the i silico discovery of mechani-
cally responsive molecular crystals (Fig. 21), then accurate
computational models for predicting crystal morphologies will
be necessary since the crystal habit affects its response to
mechanical stress.

The simplest computational model for predicting crystal
morphologies uses the Bravais-Friedel-Donnay-Harker (BFDH)
law.**> BFDH morphologies are purely geometrical in nature
and assume that the growth rate of a given face is inversely
proportional to the interplanar distance between the layers
parallel to that face. The BFDH morphologies work relatively
well for crystals displaying quasi-isotropic intermolecular
interactions but are not reliable for predicting morphologies
in crystals displaying highly anisotropic intermolecular inter-
actions. In such cases, the attachment energy model****** can
be used to estimate the relative growth rates of the crystal faces.

Both EF and morphology calculations rely on an input 3D
crystal structure, which is almost always determined using
laboratory X-ray diffraction methods. However, for the first-
principles discovery of mechanically responsive molecular crystals,
one would start with the 2D chemical structure of a candidate
molecule and the first step would be to compute the set of
energetically accessible 3D crystal structures for the candidate
molecule (Fig. 21). Recent advances in computational methods
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Fig. 22 Energy frameworks (EFs) showing the (A, D and G) total interaction energies (blue), dispersion (B, E and H) contributions (green) and electrostatic
(C, F and 1) contributions (red) for forms | (brittle), Il (plastic) and Ill (elastic), respectively, for the Schiff base 3-((4-chlorophenyl)imino)indolin-2-one.
Adapted with permission from ref. 314 Copyright 2018, American Chemical Society.

of crystal structure prediction (CSP) suggest that this is now
feasible for relatively small molecules with limited degrees of
freedom.**® The putative set of predicted crystal structures
would then be ranked according to stability and the most stable
predicted structures would be subjected to property predictions
including but not limited to morphology calculations and the
second-order elastic constants (Section 4.3 below). We can
therefore envisage a future where several computationally
predicted crystal structures will be subjected to theoretical
stress—strain tests on specific crystallographic faces using the
computed crystal morphologies as a guide for selecting the
dominant face(s). This may be supplemented with EF calcula-
tions to quantify the strength of the intermolecular interactions
along specific crystallographic directions or to identify slip
planes in the predicted crystal structures. By comparing the
predicted crystal structures and properties from a large pool of
candidate molecules, the theoretical data may be used to select
and advance the experimental crystallization and mechanical
characterization of a limited set of candidate molecules. Such an
approach has already been applied successfully for the discovery
of porous molecular crystals using energy-structure-function
maps (Fig. 23),°*® which relate the predicted polymorphs on

3130 | Chem. Soc. Rev,, 2023, 52, 3098-3169

the crystal energy landscape to a set of user-specified molecular/
crystal descriptors. For research focused on mechanically
responsive molecular crystals, the descriptors chosen could be
the computed Young’s modulus, compressibility or the number
of active slip planes present in the predicted crystal structures.

4.3. Computing the second-order elastic constants of
molecular crystals

The accurate computation of the second-order elastic constants
(SOECs) of molecular crystals provides the opportunity to
estimate a range of mechanical properties such as Young’s
and bulk moduli. The tensorial representation of Hooke’s law
provides access to the SOECs of a crystal that is deformed
within the elastic regime. The relevant equation is

g = Z C,-jklﬁk[ (6)
kI

where g is the stress, Cy; are the SOECs, ¢ is the strain and

i, J, k, [ =1, 2, 3, 4. There are a total of 21 independent

components of the elastic constants but this number may be

reduced by symmetry. The above stress-strain relation provides

the basis for the computational estimate of the SOECs and, by
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Fig. 23 Comparison of the predicted and experimental structures and properties for molecule T2E whose molecular structure is shown in panel (A). The
predicted crystal energy landscape for T2E is shown in panel (B). Selected structures for T2E from the energy-density landscape are shown in panel (C).
An overlay of the predicted (red) and experimental (blue) structures for T2E is given in panel (D). Adapted with permission from ref. 326 Copyright 2017,

Springer Nature.

extension, the mechanical properties of molecular crystalline
materials using molecular mechanics, molecular dynamics or
dispersion-corrected density functional theory (DFT-D) meth-
ods. At the heart of all these approaches is the accurate
calculation of the dependence of the total crystal energy on
the strain components according to the following Taylor
expansion:

14
E(V,s):E(V0)+VZamsd—l-?ZCm/;aasﬁ—l—..., (7)
o off

using the Voigt notation («, f = 1, 2,...6), where V, is the
equilibrium volume of the crystal. The process starts with the
calculation of the stress-free equilibrium crystal structure of
the material. The SOECs are then estimated by calculating
the second-derivative of the total energy with respect to the
applied strain

1 PE
7 De, e,

(8)

The SOECs can be estimated using force fields such as the
widely used COMPASSIT**” or Dreiding®*® force fields. How-
ever, the assumption of transferability of force fields to the
modelling of a range of crystalline materials can lead to
significant errors in calculating the equilibrium structure of
the material or indeed the second derivatives of the total
energy with respect to the applied strain. First principles
DFT-D methods are instead a reliable alternative for

This journal is © The Royal Society of Chemistry 2023

estimating the SOECs of crystalline materials. Inspection of
the literature, however, suggests that such computations are
far more common for inorganic crystals (e.g., minerals) com-
pared to molecular crystals. As part of the Materials
Project,*****° a recent study®*" involving 1181 inorganic com-
pounds has used first-principles DFT methods to estimate the
elastic properties of all materials and found that the calcu-
lated elastic constants are within 15% of the experimental
values. For molecular crystalline materials, the number of
reported studies that apply DFT-D methods to estimate the
SOECs and by extension the mechanical properties are signifi-
cantly fewer.*'**3>7*3> However, for molecular crystals display-
ing relatively strong hydrogen bonding interactions, work by
Kronik et al*'® has shown that the face-specific Young’s
moduli predicted by DFT-D methods are in excellent agree-
ment with the experimentally observed values from nanoin-
dentation measurements (Fig. 24). However, the relatively
strong charge-assisted intermolecular forces in amino acid
crystals mean that such agreement between experiments and
theory may not be observed in softer crystals with weaker
intermolecular forces. Some attempts have already been
made®*® to correlate the computed properties (attachment
energies, elastic moduli, etc.) of molecular crystals with
those expected based on the crystal packing, nanoindenta-
tion data or the mechanical effect observed in the crystal.
However, a systematic survey of the limits of DFT-D meth-
ods for predicting the mechanical properties of a wider set
of molecular crystals is necessary before we can make

Chem. Soc. Rev,, 2023, 52, 3098-3169 | 3131
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progress with the in silico design of mechanically responsive
molecular crystals.

4.4. Beyond pairwise dispersion-corrected DFT models: many-
body dispersion schemes and dynamic effects in mechanically
responsive molecular crystals

The bending of a molecular crystal is a dynamic effect that is
influenced by a range of factors, such as the applied stress,
temperature, crystal defects and crystal morphology. Static
computational relaxations of the crystal structure may be used
to estimate the change in the energy and bulk crystal packing of
a material under an applied strain.**® However, these simula-
tions neglect thermal effects, and although the implicit errors
in the theoretical results are largely canceled when comparing
polymorphs of the same material using the same model,
serious errors can be introduced when the calculated properties
of different materials are compared. The work of O’Reilly and
Tkatchenko®” has shown that the basic pairwise correction
to the dispersion energy in static DFT calculations may be
improved by using a more expensive many-body dispersion
formulism. Such many-body dispersion schemes have shown
potential in accurately modelling the anisotropy in the Young’s
moduli of the polymorphs of aspirin.>****° However, such
many-body dispersion schemes are expensive. As the field
evolves, finding more accurate dispersion schemes for model-
ling the intermolecular interactions of periodic molecular
crystals using DFT-D methods at marginally lower computa-
tional costs, will play an important role in the discovery of
mechanically responsive molecular crystals. However, given
that the bending of a crystal and its response to stress is a
dynamic effect, we also anticipate that ab initio molecular
dynamics (MD) simulations will increasingly be applied to

3132 | Chem. Soc. Rev., 2023, 52, 3098-3169

understand the mechanism of bending and the dynamic evolu-
tion of the crystal packing under an applied stress. This is
because such simulations allow us to monitor the changes in
the molecular configurations as a function of time under a
defined uniaxial or biaxial strain. Temperature can be implicitly
considered in the ensemble as part of the MD simulation.
We anticipate that the adoption of ab initio MD methods will
not be as widespread as that of DFT-D methods given the
prohibitively higher computational cost of MD simulations.
We, therefore, envisage that such MD simulations will be
applied sparingly to understand the mechanism of bending
(elastic or plastic) or phase transitions in molecular crystals
with interesting mechanical properties and effects. There have
already been some examples of the application of MD simula-
tions to understand elastic bending, notably in metals.**® The
stress-strain curves and the response of the material to an
applied force provide bounds for the load capacity of such
materials. In the context of molecular crystals, MD simulations
have also been used®'® to model the stress—strain curves of
materials under an applied strain on a particular crystal face.
However, there are challenges in comparing the tensile limits of
materials from MD simulations with those from three-point
bending tests due to the possible role of crystal defects in
influencing the empirical data. Such effects cannot be easily
modelled on a computer. For the most basic type of MD
simulations that employ empirical force fields, there will always
be a place for them in the toolkit of the computational chemist.
However, such calculations are unlikely to offer the same level
of accuracy as DFT-D or ab initio MD simulations due to the
poor transferability of specific force fields and their associated
charge models for modelling the intermolecular interactions in
molecular crystals with varying functional groups. As a
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consequence, we anticipate that while the modeling of
dynamics effects in molecular crystals is critical to propose a
set of design rules for the discovery of mechanically compliant
molecular crystals, MD simulations will be applied sparingly on
a case-by-case basis to probe the mechanical properties and
effects of such crystals.

4.5. Outlook for integrating computational methods in the
discovery of mechanically responsive molecular crystals

Computational methods for predicting the mechanical proper-
ties of crystalline materials are emerging as indispensable tools
for rationalizing the observed mechanical effects and, indeed,
the underlying mechanisms behind these effects. Machine
learning techniques have the potential to play a role in the
selection of suitable molecular compounds for targeting a
desired mechanical effect. However, before machine learning
can support such efforts, there needs to be a community-wide
consensus as to which molecular and crystal descriptors are
necessary for achieving a desired mechanical effect. This will be
important in training a machine learning algorithm for sup-
porting the high-throughput screen of many thousands of
candidate chemical and crystal properties. Given the recent
advances made in CSP methods, we anticipate the combined
application of CSP to predict putative crystal structures, DFT-D
methods to rank them and machine learning methods to
identify possible candidate crystals for desirable mechanical
properties and effects may well be achievable in the coming
decade. Another area of significant potential growth is the
implicit modelling of dynamic effects in molecular crystals
using ab initio MD simulations. MD simulations are currently
less frequently applied for modelling mechanical effects in
molecular crystals when compared to inorganic materials such
as metals and minerals. However, we anticipate that with
improvements in computing power driven by the Moore’s
law, MD simulations will be applied sparingly alongside high-
throughput static DFT-D methods in order to obtain a more
complete picture of the molecular-level response of a crystal to
external stress.

5. Confluence of deformable crystals
and flexible electronics

5.1. Introduction

The rise of flexible organic crystals offers a unique opportunity
in the realm of small-molecule semiconductors to engineer
flexible electronics. Flexible molecular crystals combine deform-
able mechanical properties with the long-range order of single
crystals that flexible polymers lack. Moreover, the pursuit of
flexible organic semiconductors offers paths to novel electronic
devices. Seminal work by Briseno and Bao et al**' in 2006
reported the flexing of rubrene crystals, which allowed up to
0.74% strain before the observation of reduced mobility. While
this is a relatively modest strain applied during bending, per-
formance was recovered upon straightening of the device after
applying up to 1.3% strain. On the other hand, concurrent work
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on pentacene by Someya and Sakurai et al**? in 2004 took
advantage of the decrease in mobility and the threshold voltage
of organic field-effect transistors (OFETs) upon bending as a
mechanism for pressure sensors. These works highlight two
different design strategies harnessing the flexibility of organic
semiconductors in devices: preserving performance during
bending and stretching for flexible electronics or utilizing
electromechanical properties for sensing.

Both elastic and plastic bending modes can be leveraged in
organic electronic devices. Elastic bending offers material
recoverability and high cyclability, which is ideal for wearable
devices that frequently bend with daily activity. On the other
hand, plastic deformation preserves shape change. While the
difference between elastic and plastic deformation is whether
the strain imposed exceeds the yield point, the extent to which
molecular crystals may elastically and plastically deform to
accommodate strain is determined from parameters such as
Young’s modulus and crack onset strain.*** However, these
parameters do not necessarily determine how the bending will
affect the charge transport through the crystal. Charge trans-
port is highly sensitive to molecular packing in the organic
electronic crystals, which in turn is modulated by mechanical
deformation.>** For instance, slight gliding of the pentacene
core of 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-P)
along the short and long axes resulted in three orders of
magnitude difference in the hole mobility.>*>**® Both the
n-stacking distance and m-overlap can result in a dramatically
different charge transfer integral, a key parameter for hopping
transport in organic semiconductors.*** For in-depth accounts
of the effect of molecular packing on charge transport, we refer
the readers to an excellent theoretical investigation by Brédas
et al.,*** and a recent review paper by Chung and Diao.**”

The impact of mechanical deformation on structures depends
both on the mechanism of deformation and the direction
along which stress is applied. Under both elastic and plastic
deformation, where the lattice may deform, local adjustments
to the molecular spacing and overlap will be necessary to
accommodate the strain.*> Moreover, this change in molecu-
lar packing also modulates the dynamic molecular vibrations,
reducing vibration during compression and increasing
vibration under tension.*****° Through this mechanism, the
dynamic disorder in an organic electronic device can be
suppressed during elastic compression to attain higher charge
carrier mobility. Besides the typical elastic and plastic defor-
mation mechanisms, mechanical stress may induce solid-
state phase transitions among different crystal structures
(polymorphs®*’), leading to a superelastic effect or deforma-
tion-induced twinning which underlies ferroelasticity.**°”
In contrast to polymorph transitions, deformation twinning
preserves the molecular packing before and after deformation
everywhere except along the grain boundary.®” Ultimately,
with a diverse set of deformation mechanisms, we observe a
substantial variation in the effect on electronic properties.
During lattice deformation, charge transport will shift based
on both the local change in the intermolecular charge transfer
integral and changes in dynamic lattice disorder.*****° While
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this effect typically occurs smoothly with applied stress until
material fracture, coupling deformation with a solid-state
phase transition results in property switching between two
states, based on the electronic performance of each struc-
ture.>® Alternatively, molecular structure preservation through
twin domain formation provides an avenue for maintaining
performance without substantial property modulation under
high strains.®” Here, we will explore the underlying features
distinguishing these bending mechanisms, the impact on
electronic performance, and finally, how they may be har-
nessed for novel device design.

5.2. Mechanical effects and electronic properties

5.2.1. Effects of elasticity on electronic properties. As dis-
cussed above, Briseno and Bao et al. fabricated a single-crystal
device capable of withstanding up to 0.74% strain reversibly.**!
To achieve this feat, certain engineering aspects must be
considered for flexible device design. They showed that extre-
mely thin (<1 pm thick) crystals are required to achieve good
adhesion between the crystal and the dielectric material. Since
the device is layered with a flexible substrate, a dielectric,
an organic semiconductor and device contacts, the relative
placement and thickness of these layers determines whether
the organic semiconductor predominantly experiences com-
pression or tension. Moreover, the total thickness determines
the resulting maximum strain experienced by the crystal in the
bending mode.**" Notably, this maximum surface strain is not
only dependent on the crystal itself but relies on the thickness
and properties of both the dielectric layer and the flexible
substrate used.

In the case of the rubrene (Fig. 25A), once the crystals were
bent beyond 0.74% strain tested by Briseno and Bao et al.,**'
the charge carrier mobility decreased by nearly three orders of
magnitude before recovering after bending (Fig. 25B). Later,
Reyes-Martinez and Briseno et al.*** explored rubrene crystals
permanently deformed via wrinkling, and they observed that
the local charge mobility increased in areas experiencing com-
pression near the dielectric layer and decreased in regions under
expansion. Even at local compressive strains as low as 0.2%, the
wrinkled rubrene crystals showed a local increase in mobility up
to 100%, underscoring the potential for highly strained sensitive
devices (Fig. 25C). This change was consistent with alteration in
the mobility of devices such as TCDAP (Fig. 25D-F), where the
mobility increased by 20% under compression at a 5 mm bend-
ing radius, and TIPS-P (Fig. 25G-I), whose mobility increased by
30% at —2% strain.

To understand this underlying effect in TCDAP (Fig. 25D),
Ho and Tao et al.*>* compared their bending device (Fig. 25E)
with the crystallographic direction of TCDAP, showing that the
bending occurred along the n-stacking direction. This sug-
gested that the increase in mobility during compression
(Fig. 25F) was a result of increased charge transfer integral
potentially due to a closer n—n stacking distance or increased n-
overlap. Interestingly, while both the rubrene and TCDAP
crystals compressed along the m-stacking direction within the
crystal, the TIPS-P (Fig. 25G) case was based on films without
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one alignment direction, suggesting that this trend is not based
solely on local changes in the packing. Lai, Mas-Torrent et al.*>*
showed that bending in both the parallel and orthogonal
(Fig. 25H, red and black lines, respectively) directions with
respect to printing, affected the strain only slightly, while
compression resulted in lower contact resistance. This effect
resulted in a cyclable bending device with recoverability even at
bending radii down to 0.5 cm (Fig. 25I). This shows that the
impact on semiconducting performance during bending is
multifaceted with dependencies beyond local structural changes.

To better understand strain on charge carrier mobility,
structural studies highlighting changes in the molecular pack-
ing during bending have been of fundamental importance.
Specifically, applied strain requires distortions in the crystal
structure to accommodate expansion or contraction. Although
the distortions are typically small, even small changes in
packing can lead to large effects on charge transport properties.
In many systems, compression and stretching result in changes
in the molecular spacing along the charge transport direction,
causing changes in the molecular coupling between nearest
neighbors.?>® Wu and Frisbie et al*° investigated the local
change in the electronic structure during strain application
using scanning Kelvin probe microscopy to measure the change
in the work function (AWF). By heating crystals of rubrene
attached to either PDMS or silicon substrates, the crystals
would experience tension or compression, respectively, along
the m-stacking direction due to a mismatch in the thermal
expansion coefficient (Fig. 26A and B). In a similar fashion to
the impact on mobility, the work function was found to
decrease up to 100 meV under a compressive strain of —0.1%
and increase greater than 200 meV under a tension strain of
0.125% (Fig. 26C). The decrease in the WF under compression
was attributed to an increase in coupling of n-m interactions
induced by the compressive strain and the opposite under
tensile strain. Moreover, during tension, the slope of this
work function increased above 0.05% strain. However, no signi-
ficant morphological changes such as cracks were observed,
suggesting an elastic to plastic deformation transition. This
effect even manifested through measured hysteresis during
compression, shown in Fig. 26D. This switch between elastic
and plastic deformation significantly impacted the magnitude
of the change in the WF, with the elastic deformation regime
only decreasing the WF by 20 meV whereas plastic deformation
decreased the WF by 200 meV.

Recently, Choi and Podzorov et al.**® showed that more
than simple structural modulation occurs in strained rubrene
crystals. Using Raman spectroscopy to investigate the low-
frequency vibrational modes, they observed a strong correlation
between the applied strain with the phonon mode peak posi-
tions. With increasing tensile strain, the low frequency peaks
uniformly blueshift by 1 or 2 em™* under —0.4% uniaxial
compressive strain (Fig. 26E and F). This hardening of phonon
vibrations followed the mobility measured from both OFET
devices and the quantum Hall effect: the mobility increased by
a factor of 1.5 with increasing compression (Fig. 26G). These
results fit quite nicely with an earlier study by Kubo and Takeya

This journal is © The Royal Society of Chemistry 2023
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Fig. 25 (A) Crystals of rubrene exhibit (B) stable device performance up to 0.74% strain.>** Adapted with permission from ref. 341 Copyright 2006, Wiley-
VCH. (C) Wrinkled rubrene crystals show mobility changes depending on whether the local strain is tension (decreased mobility) or compression
(increased mobility) deformation.®>2 Adapted with permission from ref. 352 Copyright 2015, Springer Nature. (D) TCDAP crystals under (E) compression
resulting in (F) increasing mobility and partial recoverability of device performance after bending.*>® Adapted with permission from ref. 353 Copyright
2016, Jove. (G) Films of TIPS-P exhibit increasing mobility under compression (H) and reliable recoverability under multiple cycles, systematically
decreasing the bending radius (1).>** Adapted with permission from ref. 354 Copyright 2018, Wiley-VCH.

et al.,>*® who studied the effect of strain on the dynamic disorder

in crystals of C;;-DNBDT-NW (Fig. 26H). During application of
strain via compressive bending to a 3% strain, the n-m stacking
direction (c axis) exhibited a similar 3% decrease in length. At the
same time, DFT simulations of this change showed a clear
reduction in molecular vibrations under these conditions,
decreasing the amplitude of translations in the ¢* and b direc-
tions by 8.7-16% (Fig. 261, orange and blue arrows) and decreas-
ing rotations around the a direction by 7.5% (green arrows). This
suggests an overall reduction in the dynamic disorder leading to
the substantial 70% increase in mobility (Fig. 26], red line) under
the 3% strain. A decrease in molecular distance along the n-n
stacking direction leads to a synergistic decrease in the molecular
vibrations, resulting in exceptional strain-responsive devices.
5.2.2. Effects of structural transitions on electronic proper-
ties. Recent work has shown that structural transitions arising
from cooperative molecular motions can give rise to dynami-
cally modulable or highly deformable single crystal electronics.

This journal is © The Royal Society of Chemistry 2023

For instance, Chung and Diao et al.’® found that ditBu-BTBT
presented a thermally induced cooperative phase transition
(thermoelastic, martensitic transitions) triggered by an order-
disorder transition in the tert-butyl side chains (Fig. 27A). The
phase transition showed only a 2° change in the angle between
the molecules; however, the charge transfer integral between
the herringbone pairs decreased by 22% (Fig. 27B). As a result,
this seemingly inconsequential change in molecular packing
produced a 217% modulation in charge carrier mobility
between the high-temperature (HT) and low-temperature (LT)
forms (Fig. 27C and D). Although the small packing changes of
ditBu-BTBT barely affected the crystal size and shape, TIPS-P
crystals (Fig. 27E) undergo a thermoelastic cooperative transi-
tion accompanied by a remarkable increase in crystal length by
more than 10% (along the n-n stacking direction), a strain
difficult to achieve via elastic bending alone.”® Despite quite
different behaviors compared to ditBu-BTBT, the underlying
mechanism was again found to be an order-to-disorder

Chem. Soc. Rev,, 2023, 52, 3098-3169 | 3135
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Fig. 26 Rubrene (A) showed strain along the (B) n—n stacking direction caused (C) local change in the work function with strain.**° Adapted with
permission from ref. 350 Copyright 2016, Springer Nature. (D) This effect was more pronounced during plastic deformation and showed hysteresis.
Under compression, (E) phonon vibrational modes observed under Raman spectroscopy underwent (F) blue shift, consistent with phonon hardening.>*°
Adapted with permission from ref. 349 Copyright 2019, Wiley-VCH. (G) Resulting devices exhibited increased mobility. (H) C1o-DNBDT-NW under
compression () exhibits reduced molecular vibrations. (J) Suppressed vibrations results are correlated with the changes in mobility, increasing
(decreasing) upon compression (tension).**® Adapted with permission from ref. 348 Copyright 2016, Springer Nature. Mobilities were measured along

the c axis for 3 devices in both 4 terminal (A, red) and 2 terminal (B and C, blue and green, respectively) configurations.

transition in the TIPS groups of the molecule as they begin
rotating in the HT form. Like the ditBu-BTBT case, the changes
in structure and shape of the TIPS-P crystals also had a
profound impact on the electronic properties of OFET devices
(Fig. 27F and G), rapidly switching between a higher mobility
(high temperature) and lower mobility (low temperature) phases.
Reversible shape changes in molecular crystals of organic semi-
conductors have been proven useful for the creation of thermal-
based actuators. Gassensmith et al>*® fabricated a silver-
coated naphthalene diimide (NDI) derivative-based crystal.

3136 | Chem. Soc. Rev., 2023, 52, 3098-3169

Harnessing the cooperative shape change associated with tilt-
ing of the molecular core (Fig. 27H), the crystal operated by
switching between an elongated and shortened state
(Fig. 271).**> By coating the crystal with a conductive material,
the transition could successively turn off the current and
voltage based on temperature as a thermally activated mechanical
actuator (Fig. 27]).

Intriguingly, cooperative, martensitic transitions in molecular
crystals of TIPS-P can be triggered by applying a mechanical
force, leading to superelasticity and ferroelasticity observed for

This journal is © The Royal Society of Chemistry 2023
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Fig. 27 (A) ditBu-BTBT shows a cooperative phase transition triggered by an order-to-disorder transition in the tert-butyl groups. This results in a (B) 2°
change in the herringbone angle®® which, despite the small change, causes the charge transfer integral between neighbors to decrease substantially, and
(C) resulting OFET devices (D) show charge carrier mobility modulated by 217% between states over many cycles.>® (E) TIPS-P shows a similar
polymorphic phase transition that is coupled with a 10% elongation of the crystal. (F) Thin film devices exhibited (G) switching of the charge carrier
mobility between the high and low temperature phases that evolves with multiple cycles.*® Adapted with permission from ref. 50 Copyright 2018,
Springer Nature. (H) Crystals of NDI derivative also undergo a thermally induced phase transition, as a result of changing molecule tilt, causing a (1) similar
length change that was harnessed for (J) a robust actuator device.>>°> Adapted with permission from ref. 355 Copyright 2021, American Chemical Society.

the first time in organic semiconductors. Park, Diao et al®’

showed that a TIPS-P crystal held near the phase transition
temperature undergoes rapid switching between polymorphs
upon application and release of [100]-shear loading (i.e., super-
elasticity). The mechanical stress was also accompanied by a
significant shape change (Fig. 28A and D), previously shown
to be thermally triggered.’® In a similarly cooperative fashion,
TIPS-P also exhibited cooperative twinning upon stretching of
the crystal or [100] shearing at room temperature. Unlike the
previous structural transitions, twinning preserves the same
molecular packing in both the mother and daughter crystal
(i.e., ferroelasticity), but introduces new domain boundaries
which accommodate significant strain (Fig. 28B and E). Remark-
ably, they demonstrated, in the case of ferroelasticity, that 70%
of the charge carrier mobility is preserved under as much as
13% strain (Fig. 28C). Not only does ferroelasticity maintain
performance under high strains, but the twinning process is also
reversible, showing no signs of degradation even after multiple
cycles up to 2.5% strain (Fig. 28F). This work establishes

This journal is © The Royal Society of Chemistry 2023

mechanically induced cooperative transitions as a new stress-
releasing mechanism for highly deformable single crystal elec-
tronic devices.

5.3. Prospects and opportunities

Organic molecular crystals have shown extraordinary mechan-
ical effects that range from elastic and superelastic deform-
ability to self-actuation. The discovery and application of these
effects in organic semiconductors in recent work have led the
way to the novel electronic design of flexible electronics based
on organic crystals. The easy access to deformability in organic
semiconducting molecular crystals offers a unique advantage
over inorganic counterparts in realizing wearable electronics.
Moreover, the discovery of highly sensitive molecular crystals to
strain provides a platform to confer additional functionalities
for sensor-based devices. The nature of this sensitivity has been
elucidated for several systems, suggesting the importance of
molecular packing changes occurring during device bending.
Coupling structural transitions in recent works have expanded
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the horizons for the functionality of these systems, pushing the
limits of strain accommodation past 10% in organic semicon-
ductor crystals. However, intentional access of specific bending
modes and tuning their effect on electronic properties still
remains elusive.

6. Application of molecular crystals as
optical waveguides

6.1. Introduction to single crystal optical waveguides

An optical waveguide, in which light is transmitted internally
through total reflection at the interface of an optical medium is
a fundamental and pivotal composition of various devices in
integrated optical circuits.>****” Optical waveguides include
both long-distance optical waveguide fibers and short wave-
guides in centimeters, such as optical waveguides prepared
from crystalline materials. Conventional optical waveguides,
made of silica or polymers, are the primary media for fast,
efficient and long-distance data transmission up to tens of
thousands of kilometers. Nevertheless, they are rarely used
for short-range micro/nanoscale data transmission. Organic
crystals are viable candidates for the next-generation optical
waveguides due to their high refractive index, variable chemical
composition, uniform morphology, good thermal stability, and
high photoluminescence (PL) efficiency.?>%73¢°

The structure of optical waveguides consists of a waveguide
layer with a relatively high refractive index and a substrate and
cover layer with a relatively low refractive index. Ideally, light
escapes neither to the cover layer nor to the substrate and is

3138 | Chem. Soc. Rev,, 2023, 52, 3098-3169

completely confined to the waveguide with no attenuation of
energy, in which the corresponding transmission mode is
called a “guided mode” to describe the distribution of
light energy in one-dimensional or multidimensional space.
It should be noted that two factors are required to form an
optical waveguide: total reflection and a medium with a higher
dielectric constant/refractive index than that of the external
environment.*** Total reflection occurs when light propagates
from a medium with a higher density to a medium with a lower
density, and the incident angle is greater than the critical
angle.*®® Therefore, the light field can be well confined in the
micro/nanoscale structure. Organic crystals based on small
organic molecules have excellent crystallinity and are devoid of
grain boundaries, properties that are beneficial to light transmis-
sion. In addition, single crystals of m-conjugated organic mole-
cules can be used as high-performance optical waveguides due to
their alignment and dense packing.

Devices include passive and active optical waveguides.
Passive optical waveguiding refers to the transmission of an
unaltered (except for decreased intensity) incident light, while
active waveguiding is the transmission of the material’s fluores-
cence obtained via excitation with the incident light. In recent
years, optical waveguide properties naturally generated from
organic molecule crystals have been widely studied to realize
both passive and active optical transmission.>***%° For exam-
ple, Débeli et al. incorporated H' ions in an organic crystal to
achieve a refractive index suitable for optical waveguides.*®®
This work provides a new prospect for the application of
ion implantation to integrated optics, and for the first time,
to organic crystals. Fu et al. fabricated both perylene 1D

This journal is © The Royal Society of Chemistry 2023
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ribbon-like and 2D square-like crystals into waveguides.*®* This
excellent example shows that the optical waveguide of an
organic crystal can be adjusted by controlling the dimension
of the crystal during synthesis. Subsequently, an increa-
sing number of organic crystals with varied structures and
morphologies have been synthesized and applied to various
optical devices due to their excellent optical waveguide
properties.’’”° These studies have demonstrated broadband
signal transmission from visible light to other regions, aniso-
tropic response, and low optical loss (down to about 0.1 dB
mm ") for organic crystals, all of which are promising for
optoelectronic applications.

6.2. Flexible organic crystal optical waveguides

The majority of organic crystals are commonly stiff, brittle and
tend to crack into pieces or powders under external pressure.
This is mainly due to the regular arrangement of atoms,
forming an ordered and stable structure. The mechanical
properties greatly limit the use of organic crystals in practical
applications, and especially in flexible electronic and
optical devices. Therefore, organic crystals with exceptional
mechanical flexibility>*® have attracted extensive attention
and emerged as flexible optical media for high-performance
waveguides. Flexible organic crystals have been already shown
to be favorable waveguides.’’*?’7% In 2018, Zhang et al
reported a centimeter-sized elastic crystal of (E)-1-(4-(dimethy-
lamino)phenyl)iminomethyl-2-hydroxyl-naphthalene (DPIN).?”°
Having a relatively planar donor-acceptor structure, DPIN
possesses bright emission and high elasticity in crystalline
state. A flexible optical waveguide based on the high elasticity
and luminescence of a DPIN crystal was first proposed and
implemented (Fig. 29A-1). Subsequently, a self-waveguiding
organic crystal with excellent ultralow temperature elasticity
was prepared by the same group.®®® The crystal exhibits elasti-
city and is an excellent optical waveguide even at —196 °C
(Fig. 29]-S). These results indicate the application potential of
the single-crystal materials in flexible optical/optoelectronic
devices in unconventional and extreme environments.
Mechanical deformations can be polymorph-dependent.
Zhang et al. reported a crystalline molecular material, dimethyl
2,5-bis((thiophen-2-ylmethyl)amino)terephthalate, that has two
polymorphs, Cry-R and Cry-0.>”° Cry-O can be elastically bent,
almost into a loop, and acts as optical waveguide in both
straight and bent state. The other polymorph, Cry-R, forms
both naturally bent crystals and even forked crystals with
optical waveguides as efficient as that of the straight crystal.
Naumov et al. reported an azo compound, 3’,4’-dimethyl-4-
(dimethylamino)azobenzene (DDAB), which combines mechan-
ical response and optical waveguide properties for spatial
photocontrol over the optical output.**® DDAB crystals can be
controlled through reversible photoswitching between the trans
and cis isomers on the irradiated crystal surface. The passive
optical waveguiding capability of the crystal remains unaffected
by its deformation induced by exposure to UV light, which
successfully demonstrated that photobendable organic crystals
can efficiently transduce light while maintaining their dynamic

This journal is © The Royal Society of Chemistry 2023
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function. This is the first case of two-dimensional spatial
photocontrol of the optical output of an organic crystalline
waveguide. In addition, Zhang et al. reported a dual stimuli-
responsive bendable organic crystal of (Z)-4-(1-cyano-2-(4-
(dimethylamino)phenyl)vinyl)benzonitrile (CN-DPVB).***> The
crystal is very elastic and bends noticeably when exposed to
hydrochloric acid vapors. Millimeter-size crystals of CN-DPVB,
in both straight and bent states, were tested as low-loss optical
waveguides. This study showed the utility of chemical means
to control the shape of crystals. Flexible optical waveguides
from plastically bendable organic crystals have also been
extensively studied owing to their extraordinarily mechanical
compliance.*®*" % For example, Naumov et al. prepared an
anthracene derivative, 9,10-dicyanoanthracene (DCA) which
has both active and passive waveguiding properties in a plastic
bent state (Fig. 30).*®' The straight and bent DCA crystals
displayed green emission with three bands (530, 570, and
610 nm) upon excitation (365 nm). The excited position emitted
green light, while both ends of the crystal emitted orange-red
light, which is an evidence of active waveguiding (Fig. 30E
and F). When the crystal was excited with 635 nm light, the
spectrum of the transmitted light was retained, which is an
evidence of passive waveguiding (Fig. 30G and H). Altogether,
this and many other examples demonstrate that flexible crys-
tals have excellent optical transmission capability, while they
are also flexible. These results have important implications for
practical applications, for example, in multiply bent, flexibleor
complex optoelectronic devices. In addition, a combination of
polymer materials and organic crystals has also been suggested
to prepare organic crystals with sustained optical waveguiding
properties.’®® The most recent research on hybrid crystal-
polymer materials has expanded significantly both the range
of stimuli that can be used to control the shape of organic
crystals and the kinetics of their operation as dynamic optical
waveguides.

The flexible organic crystalline waveguides discussed above
typically have dimensions in the centimeter range. Miniaturized
devices such as nanophotonic devices require nano-sized optical
waveguides as one of their most important components.®®”>%°
However, due to their small size and brittleness microcrystals are
generally difficult to handle. Micromanipulation using an atomic
force microscope (AFM) cantilever can be used®*?”®3%* to deform
microcrystals without damage. Chandrasekar et al. proposed a
method for precise control of the longitudinal size of self-
assembled organic nanotubes.*”® A combination of laser con-
focal Raman and atomic force microscopes was employed to
perform laser ablation/cutting and waveguiding experiments.*°
Recently, the same group in collaboration with others reported
microcrystals of dithieno[3,2-a:2',3'-c]phenazine (SYN) with
mechanical flexibility for wavelength-division multiplexing
(WDM) (Fig. 31).”® When pressed with an AFM cantilever tip,
the microcrystals deposited on the glass surface behaved like
plastic crystals, due to the strong adhesion between the surface
and the crystals. The efficient transmission of optical signals of
different fluorescence colors by the flexible crystal waveguides
(straight or bent), showed that the SYN crystals are suitable for
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Fig. 29 (A) Chemical structure of DPIN. (B) Straight DPIN crystal and (C) elastically bent DPIN crystal that has been bent by applying mechanical force.
(D) Crystal structure of DPIN. (E) Molecular packing in the (010) plane (the red arrows, green dashed lines and yellow lines represent the n—r, C—H- - - and
C—H---O interactions, respectively). (F and G) Excitation position-dependent fluorescence (FL) images of (F) straight and (G) bent crystals. (H and 1)
Corresponding fluorescence spectra of (H) straight and (I) bent crystals. Adapted with permission from ref. 370 Copyright 2018, Wiley-VCH. (J) Chemical
structure of a compound used to study the temperature dependence. (K) Bending—relaxation (L) images of repeated bending experiments of a single
crystal in liquid nitrogen (LN) under UV light. (M-0O) Images of (M) tin foil boat, a bent crystal excited using a 355 nm laser from the left of (N) empty boat
and (O) boat filled with liquid nitrogen. (P and Q) fluorescence spectra collected at one end of the crystal at (P) 25 °C and (Q) —95 °C. (R) Emission spectra
of crystals at 25 °C and —95 °C. (S) Optical loss coefficients (OLC) of the same crystal determined by thermal switching between 25 °C and —95 °C.
Adapted with permission from ref. 370 Copyright 2020, Wiley-VCH.
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(A) Chemical structure of 9,10-dicyanoanthracene (DCA). Plastic deformation of DCA crystals, shown as (B) multiple bending, (C) bending over

180°, and (D) twisting. (E and F) Fluorescence spectra recorded at the terminal of the straight (E) and bent (F) DCA crystals when the crystal was excited at
different positions. The fluorescence images are shown in the insets. (G and H) Photographs showing the transduction of 635 nm light through the crystal
before (G) and after bending (H). Adapted with permission from ref. 381 Copyright 2018, Wiley-VCH.

WDM (Fig. 31A-D). A 2 x 2 directional coupler with two inputs
and outputs was constructed from two bent waveguiding crys-
tals that were conjoined by micromanipulation. Optical cou-
pling at either end of the crystal converts fluorescence to the
other end of the crystal, and the output intensity of the two
signals passing through the two waveguides is related to the
optical path length (Fig. 31E-H). This mechanical micromani-
pulation approach can also be effectively applied to other
flexible microcrystals to design and construct complex photo-
nic circuits. Meanwhile, Chandrasekar and Naumov groups
have jointly demonstrated an effective and non-destructive
method for manipulation of microcrystalline optical
waveguides.®® By using this method, mechanically compliant
single microcrystals can be precisely bent, repositioned,
and split.

There are still many challenges to be solved towards prac-
tical applications of organic crystal waveguides. The speed of

This journal is © The Royal Society of Chemistry 2023

information processing is a key parameter and performance
index of the future optoelectronic integrated devices. Molecular
components of crystals and their photophysical properties,
e.g. optical band gaps and charge separation, must be properly
selected and designed to obtain a reliable high-velocity response.
To realize integrated optimization of device geometries, the
controllability of crystal shape is a basic requirement. Moreover,
it is necessary to improve the control of the optical coupling
between the photoconductive medium and the integrated device.
Altogether, flexible organic crystals appear as an ideal choice for
the fabrication of complex optoelectronic devices.

6.3. Amplified spontaneous emission (ASE) in flexible organic
crystals

Compared to ordinary light sources, lasers with conspicuous
monochromaticity, directionality and high brightness are
widely applied in various fields such as medicine,
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Fig. 31 (A,B) Confocal optical micrographs of (A) nearly straight crystals (B) that were bent into an arc. Fluorescence images of the microcrystals
transducing light when excited at different positions are also shown. (C,D) Fluorescence spectra of (C) straight and (D) bent crystals collected at the end
of the crystals excited at different positions. (E-H) From top: confocal optical microscopy, fluorescence images and spectra of two coupled crystalline
waveguides acting as a 2 x 2 directional coupler when excited at any one of the four termini. The red crosses indicate absence of light output. The yellow
arrows show the light propagation paths. The red numbers indicate the path-dependent spectral ratio of the directional coupler. Adapted with

permission from ref. 378 Copyright 2020, Wiley-VCH.

telecommunications, and national defense, and even in our daily
life, including printers, barcode readers, and video and audio
players. The laser generally consists of three parts: a pumping
source, an optical gain medium and an optical resonator. The
presence of a gain medium that amplifies light is a necessary
condition for the generation of laser light.** The amplification
of light originates from the stimulated radiation process of
organic luminescent materials. When the medium is excited
with an incident beam of light, the excited particles jump to the
ground state and emit photons that have the same phase,

3142 | Chem. Soc. Rev., 2023, 52, 3098-3169

frequency, polarization and direction of propagation as the
incident photons, which means that the original incident light
has been amplified. The amplified light produced by this
phenomenon of stimulated emission is laser light.

Organic solid-state lasers (SOLs) that have the advantage of
easily adjustable fluorescence, high absorption cross-sectional
area, flexibility, and light weight are of interest to laser research.*"*
Considering their good processing properties, applicable substrates
and wide spectral range, organic luminescent solids hold a
great potential for the development of organic lasers. Although

This journal is © The Royal Society of Chemistry 2023
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solid organic lasers have been widely used, research on organic
crystal-based lasers is still rare due to the difficulty with
obtaining high-quality crystals of appropriate size and shape
with high fluorescence efficiency. In 1997, Fichou demon-
strated the phenomenon of amplified stimulated emission
(ASE) of an a-oligothiophene single crystal.*®> Under single-
photon pumping, dual-energy dependence of two distinct emis-
sion lines and low threshold gain narrowing were observed,
which resulted from a net alignment of molecular dipoles in a
crystal having the dimensions and optical quality of a resona-
tor. For organic crystals, crystal quality, molecular packing and
intermolecular interactions have important effects on the
behavior of ASE.*°**°* Until now, ASE properties have been
identified in various organic crystals with different molecular
structures, including thiophene-phenylene co-oligomers
(TPCOs), oligophenylene vinylenes (nPVs), anthracene and
chalcone derivatives.**>™*'® For instance, Wang et al. have
reported two new molecules with amplified spontaneous
emission.*®®*?” Four kinds of crystals with different fluores-
cence emissions from green to orange were obtained from 4,4’-
(thiazole[5,4-d]-thiazole-2,5-diyl)bis(N,N-diphenylaniline) (PTATA)
by varying the crystal growing conditions.*’® Only the green-
light-emitting PTATA crystal exhibits great potential in organic
lasers due to its low threshold ASE character whereas other
crystalline phases do not show this phenomenon. Additionally,
two polymorphs 1R and 10, with quite different emissions, were
prepared based on a very simple organic ESIPT-active molecule,
(E)-3-(4’-dimethylaminophenyl)-1-(4’-fluoro-2’-hydroxyphenyl)-2-
propen-1-one.*” Crystals 1R and 10 display significantly nar-
rowed and amplified emissions, thus providing a rare example
of polymorph-dependent ASEs. Recently, a wide-wavelength
tuning approach of organic micro/nanolasers was established
by Dong et al.*'® The output lasing wavelengths of 2,5-bis(4-
biphenylyl)thiophene (BP1T), doped with a controllable amount
of 5,5"-bis(4-biphenylyl)-2,2":5',2"-tetrathiophene (BP3T), were
switched across all vibronic bands covering the entire emission
spectrum. The results indicate a promising path for rational
design of miniaturized lasers and other photonic components
with similar performance.

Although organic crystals have drawn immense attention
for their attractive applications in laser photonics in recent
decades, the future implementation of flexible organic crystals
in optical devices, such as crystal lasing devices, remains a
formidable challenge.*******'° In 2012, Sun et al fabricated ultra-
thin organic single crystals of 1,4-bis(4-methylstyryl)benzene (BSB-
Me) that were used as active lasing media in distributed feedback
laser devices.”® The thin single crystals were extended onto
bendable poly(ethyleneterephthalate) (PET) substrates and a
flexible organic single-crystal distributed feedback (DFB) laser
was constructed. The results promise the development of low-
cost and flexible crystal lasers. Zhang et al. have conducted
in-depth studies on flexible ASE crystals in recent years.””*?%>3%!
In 2018, they reported the elastic organic crystals 1d@2d, pre-
pared by doping 2,5-dihydro-3,6-bis(octylamino)terephthalate
(host 1d) with 3,6-bis(octylamino)terephthalate (guest 2d).**>
The potential application of 1d@2d as flexible crystal lasing

This journal is © The Royal Society of Chemistry 2023
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medium was revealed by ASE measurements, and the threshold
value of bent crystals of 1d@2d was determined to be
115 kW em ™2, which is comparable to that of a straight crystal
(Fig. 32). The doping method combines the advantages of 1d
and 2d for making doped crystals 1d@2d with excellent elasti-
city and strong orange fluorescence. The potential of these
doped crystals was evaluated by measuring amplified sponta-
neous emission in straight and bent states. Crystals of Cry-O
mentioned in the previous section®”® are also good candidates
for flexible crystal lasing media. The results indicate that light
was perfectly confined and amplified by stimulated emission
inside the highly bent Cry-O crystals, and the threshold value
was determined to be 107 kW ecm™>. Very recently, a diaryl
B-diketone with three different emissive organic polymorphs
was reported.**! Cry-G and Cry-Y exhibit ASE, and Cry-G does so
when bent. These results could guide the development of
crystal flexibility by structure engineering and provide models
of flexible organic crystals for multifunctional application in
flexible laser devices.

Low ASE thresholds have been demonstrated based on some
specific structures, such as fluorene, anthracene and p-phenylene
vinylene derivatives. However, there is no well established theory
to determine whether a particular organic crystal possesses ASE
characteristics. The development of effective methods to detect
the high gain medium of organic lasers, especially the electrically
pumped fiber lasers, remains a great challenge. For the prospec-
tive application of electrically pumped organic lasers, there are
several critical requirements as to the gain media. An extremely
low threshold means that a low current density is required under
electrically pumped conditions. A high optical gain coefficient
can compensate for the optical loss of the electrically pumped
equipment, and high thermal and optical stability is required to
ensure long-term operation of the equipment. The mechanical
bendability and machinability allow the crystal laser architecture
to be flexibly adjusted.******

6.4. The physics of single-crystal optical micro-microwaveguides,
resonators and photonic integrated circuits

Organic crystal-based optical components, viz., optical wave-
guides’309,359,370,372,385,400,422—426 I‘esonators,427_429 modula‘
tors,**° circuits,>”® and lasers are essential for construction
of future organic nanophotonic devices.*** Organic optical
crystals offer high exciton (electron-hole) binding energy,
room temperature-stable exciton-polariton (EP),****** optical
bandwidth tunability (from UV to NIR), high refractive index
(n = \/&r; where ¢, is the dielectric constant), optical nonlinear-
ity (@ °" ®) where y is electric susceptibility and the superscript
denotes the order),**”**° responsiveness to stimuli,?*>*3**3>
and mechanical flexibility,0370:422:426

An optical waveguide can be classified as either
active309370:372:422,424,425 o paggive.339*23 The first active type
flexible microwaveguide based on 3-ethyl-2-[(3-ethyl-2(3H)-
benzothiazolylidene)methyl] benzothiazolium iodide (thiacya-
nine, TC) was reported by Takazawa et al in 2015.*** Later,
the first flexible, passive type crystal waveguide based on

419,431
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(A) Synthesis of crude 1d containing 2d as an oxidized byproduct. (B—D) Photographs of crystals 1d containing 2d (1d@2d), 1d and 2d. (E and G)

Emission spectra of straight (E) and bent (G) crystals as a function of the pump laser energy. Photographs of the crystal under the excitation of a pump
laser are shown in the inset. (F and H) Dependencies of the fluorescence intensity and full-width half-maximum (FWHM) on the pump laser energy for
straight (F) and bent (H) crystals. Adapted with permission from ref. 382 Copyright 2018, Wiley-VCH.

4,4'-bis(2,6-di(1H-pyrazol-1-yridinedin-4-yl)biphenyl that trans-
duces light at any acute angle was reported by Chandrasekar
et al. in 2013.**° Both types of waveguides are important for
organic integrated photonic circuits (OPICs). Typically, the
input light couples to a high refractive index optical waveguide
after meeting the total internal reflection (TIR) condition
(Fig. 33A), ie., when the angle of the incident light (0,) is
greater than the critical angle (0.). An example of light trans-
mission within an organic crystal waveguide (n,) via TIR is
shown in Fig. 33A. An evanescent field penetrates towards the
low-refractive medium (n;) during the light reflection, and it
decays exponentially from the interface. The evanescent field
couples the two optical waveguides, excites a resonator, near
field interaction, and powers a device wirelessly.

In waveguides, light propagates as modes in finite numbers.
Depending upon the diameter of the guiding medium, it can
transduce single-mode or multimodal light. By assuming the
transverse magnetic (TM) modes of light (in the x,y plane), the
number (m) of propagating optical modes in a rectangular
waveguide with uniaxial dielectric parallel and perpendicular

3144 | Chem. Soc. Rev., 2023, 52, 3098-3169

components can be determined by using the following

relation:**°

g — &s (9)

where / is the light wavelength, w is the width of the waveguide,
and S is the substrate dielectric constant. By considering that the
waveguide is optically isotropic (eiso = €1 = ¢), the cutoff wave-
length (Zeucofr) Of @ propagation mode (when m < 1) is given as

(10)

Recently, propagation of light down to a subwavelength scale
through the EP mechanism was reported.**® The crystal wave-
guide’s optical loss coefficient («) can be estimated by fitting
the plot of the intensity ratio (Iip/Ipoay) Versus propagation
distance (d) using the following equation:

Acutoft = 2W+/Eiso — &

(11)

Optical resonators or cavities trap the light after meeting the
TIR conditions. Depending upon the resonator’s geometry, the

— —od
Lip = Ipoaye

This journal is © The Royal Society of Chemistry 2023
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light can be shuttled or circulated, creating two different types
of resonance, namely, Fabry-Pérot (FP) or whispering-gallery-
mode (WGM), respectively.”'***” In crystal-based FP resona-
tors, the light is reflected between two parallel mirror-like
surfaces (Fig. 33B). In WGM resonators, recurrent light circula-
tions occur via multiple light reflections at mirror-like circularly
arranged facets, such as crystals with hexagonal, square, or
octahedral geometries (Fig. 33C).**” The light which meets the
phase-matching condition or resonance criterion, p. = 2nRN.g
is self-reinforced, and this corresponds to constructive inter-
ference. In contrast, phase-mismatched light is removed,
corresponding to destructive interference (in this equation, n.g
is the effective refractive index of the resonant mode, R is the
cavity radius, 4 is the light wavelength, and p is an integer
number associated with the angular momentum of a circu-
lating photon). The constructively interfered optical modes
appear in the fluorescence spectrum as sharp peaks. The
separation between the modes is called the free spectral range
(FSR). The FSR value is inversely related to the resonator size.

In optical resonators, an evanescent field is essential to
couple two photonic elements (e.g., two waveguides or a wave-
guide and resonator) optically when they are in physical contact
(typically with their separation not longer than 4/2). An excel-
lent example of a device based on evanescent field coupling is
the directional coupler.”” This evanescent field can be also
used to construct crystal-based OPICs.****%° Microscale optical
waveguides (straight and bent) and resonators are essential
components of miniature OPICs. In this context, mechanically
flexible (bendable) microcrystal waveguides are important

This journal is © The Royal Society of Chemistry 2023

because the circuit demands manipulation of photons in
different directions and at various angles. Splitting, modulating
(phase/intensity), filtering, lasing, coupling and detecting
light are some of the functions that can be realized in OPICs
by integrating flexible crystal waveguides (passive/active),
resonators, and modulators.*****° The high thermo-optic coef-
ficient (temperature dependence of n) of silicon-based PICs***
makes them sensitive to slight deviations from circuit geome-
try; therefore, OPICs could be a good substitute for silicon-

based circuits.**?

6.5. Mechanophotonics

6.5.1. Mechanical micromanipulation operations of crystals
using AFM. The mechanical fabrication of microscale OPICs
hinges on the precise shaping of crystal waveguides and cavities
in various geometries on the substrate surface, their alignment at
a desirable place, and subsequent physical integration—a method
known as mechanophotonics,30:378:383,400:422,4387440  piyp the
manipulation of flexible crystals, AFM has been recognized as
a very convenient tool. Micromanipulation operations such as
(i) moving, (ii) lifting, (iii) bending, (iv) slicing, (v) cutting,
(vi) transferring (from one substrate to another) and aligning/
integration of crystals are required for OPIC fabrication
(Fig. 33D).*****° Light transport mechanisms such as passive, active,
re-absorbance and energy transfer (crystal-to-crystal) can be
employed to design OPICs using rigid, elastic, and plastic crystals.

6.5.1.1. Crystal moving and lifting. The lifting of a crystal
from the substrate is a vital micromanipulation operation.

Chem. Soc. Rev,, 2023, 52, 3098-3169 | 3145
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Fig. 34 (A and E) Molecular structure of BPP and NBA1. Optical micrographs of a (B) bent crystal attached to an inverted AFM cantilever (the inset shows
the FESEM image of a tubular crystal tip) and (C and D) passive optical waveguiding behavior of the bent crystal. Optical micrographs of a (F) crystal on the
substrate, (G) movement of the cantilever towards the crystal, (H) crystal being pulled by the cantilever in the backward direction and (I) then pushed
forward to connect it to the tip, and (J) finally being lifted. (K) Fluorescence images of a single crystal lifted using the cantilever, excited at different
positions. The broken yellow arrows show the direction of light propagation. (L) FESEM image of the crystal attached to the cantilever. Adapted with

permission from ref. 80 Copyright 2020, Wiley-VCH and ref. 400 Copyright 2014, The Royal Society of Chemistry.

This operation helps to move the selected crystal to the substrate’s
desired location and to transfer a crystal from one substrate to
another for integration. The first example of mechanical manipula-
tion of a microcrystal waveguide was performed using a BPP
microcrystal waveguide in 2014 (Fig. 34A).*° The crystal was lifted
from the substrate using an AFM cantilever tip (Fig. 34B-D). The
experiment was initially intended to demonstrate the efficient
passive waveguiding ability of a crystal even when it is lifted from
the substrate and surrounded by air (n = 1).

In 2020, the same experiment was performed with a flexible
crystal of N-benzylideneaniline derivative, abbreviated NBA1
(Fig. 34E).%° The optical images displaying steps that are
involved in lifting a single crystal from the substrate using an
AFM cantilever are presented in Fig. 34F-]. The first step was
attaching the crystal to the tip using tip-crystal attractive forces.
The cantilever was then moved back and forth over the crystal,
attaching the crystal to the tip (in this particular case, —x, +y and
—y directions). The cantilever carrying the crystal was slowly lifted
(+z direction), as shown in Fig. 34F, G and L. The lifted crystal also
efficiently transduced the fluorescence to its tips, confirming the
retention of its optical waveguiding properties (Fig. 34K).

6.5.1.2. Crystal cutting and bending. Another essential micro-
mechanical operation is crystal cutting, as it is useful for
making optical waveguides of defined lengths suitable for
precise OPIC fabrication. The first cutting operation of a
DCM dye-based FP crystal to alter the cavity length was also
performed with an AFM cantilever (Fig. 35A-D).*** NBA2 crys-
tals obtained from a derivative of N-benzylideneanilines also
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exhibit mechanical flexibility (Fig. 35E-G). It was expected that
tilting of the n-n stacked (4.464 A) molecules along with the
sliding neighboring molecules drives the compression (concave
side) and expansion (convex side) of the bent section of the
crystal (Fig. 35G). The Young’s modulus of NBA2 is 0.53-0.61
GPa on the (010) face, as measured by performing the three-
point bending test. Applying a force perpendicular to the
crystal’s longest axis separated the crystal into two pieces
(Fig. 35H-]).%° One of the straight crystals (L ~ 163 pum) was
bent to an angle o ~ 12° by pushing its right side by using an
AFM tip (Fig. 35L). Remarkably, the bent (elastic) crystal
retained its bent shape due to surface adhesion (Fig. 35M).
Both the left and right ends of the crystal were then bent to
angles of o &~ 34° and 43°, respectively, to realize an arc-shaped
crystal (Fig. 35M-P). The FESEM examination of another NBA2
bent crystal’s (chord ~ 115 pm) body and termini showed
no visible defects (Fig. 35Q). Single-particle microspectroscopy
revealed the microcrystal’s optical waveguiding properties before
and after bending (Fig. 35R and S). To estimate the optical loss
coefficients of waveguides before and after mechanical bending,
the excitation-position-dependent fluorescence spectra were col-
lected by varying the optical path length. Subsequent analysis of
the spectral data using eqn (3) showed only a slight variation of
0.00207 dB pm ' in the estimated o, indicating a very small
bending-induced optical loss (Fig. 35T).

6.5.1.3. Crystal slicing and double bending. Crystal slicing is a
vital micromanipulation operation that detaches single crystals
from microcrystalline aggregates. This operation was

This journal is © The Royal Society of Chemistry 2023
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Fig. 35 (A and E) Molecular structures of DCM and NBA2. (B and C) Cutting of a long microrod into three different lengths using an AFM cantilever tip.
(D) FP resonances from a microrod of length ~74 um. The insets show their corresponding bright and fluorescence field images before and after laser
excitation, respectively. (F) Molecular packing in a crystal of NBA2 viewed perpendicular to their (010) and (001) faces. (G) Schematic diagram showing the
mechanism of elastic bending of a NBA2 crystal. Confocal optical micrographs of (H) an AFM tip approaching the crystal, (I) application of force at the
middle of the crystal, which results (J) in breaking of the crystal into two pieces, and (L-P) bending of one of the pieces of length L ~ 163 pm by
alternative applications of force at both ends of the crystal. (Q) FESEM images of a bent single crystal. (R and S) Fluorescence images of straight and bent
crystals of NBA2 transducing light when they are excited at different positions. (T) Plot of the intensity ratio at the tip and the body of the crystal (/ip/lnoay)
versus the distance of light propagation used to estimate the optical loss coefficient («). Adapted with permissions from ref. 80 Copyright 2020, Wiley-

VCH and ref. 443 Copyright 2016, Wiley-VCH.

demonstrated by taking three bundled NBA2 crystals
(Fig. 36A).%° The crystals’ left side was segregated by pressing
the AFM cantilever tip against the troughs between the crystals
on the left side and moving back and forth perpendicular to the
crystal axis (Fig. 36B). Due to their flexibility, the crystals bent
and partially separated on the bundle’s left side while they
remained attached to its right side. Each crystal could be bent
further by the AFM tip (Fig. 36C), and the crystals transduced
fluorescence in different directions (Fig. 36B and C). Sliding the
cantilever along the long axis from the left to the right end of
the bundle completely separated one of the bent crystals
(Fig. 36D). The separated bent crystal regained its straight
shape, confirming the crystal’s elasticity when there is no
contact with the substrate. Furthermore, the remaining
attached crystals could be manipulated to create a doubly bent

This journal is © The Royal Society of Chemistry 2023

crystal (Fig. 36E). Schematic representation of the steps
involved in the operation is shown in Fig. 36F.

6.5.1.4. Crystal lifting, transfer, and alignment/integration.
Transferring crystals from one substrate to another is an essential
micromechanical operation for fabricating hybrid OPICs with two
or more chemically (electronically) or mechanically different
crystals.**® For example, DPIN crystals (Fig. 37A) are mechanically
flexible to an extent that extremely curved geometries, almost
circular, can be prepared. The flexibility of DPIN and BPIN crystals
presumably arises from the expansion and contraction of
crisscross-type weakly interacting molecular chains. Both DPIN
and BPIN emit green and orange fluorescence, respectively.
To create a hybrid p-OPIC, the DPIN crystal waveguide was bent
to a truncated ring shape on substrate-1 (see Fig. 37C). Later, to
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(A) Molecular structures of DPIN and BPIN. Confocal micrographs portraying AFM-based, (B and C) mechanically bent truncated circular DPIN

crystal, (D) mechanical lifting, (E and F) transferring and (G) moving (with positioning) to integrate a straight BPIN crystal with a truncated circular DPIN
crystal to create p-OPIC-I. Adapted with permission from ref. 438 Copyright 2020, Wiley-VCH.

integrate a straight BPIN optical waveguide with a truncated ring-
shaped DPIN crystal, the BPIN waveguide was lifted from one of
the substrates by attaching it with an AFM cantilever. This lifted
BPIN crystal was carefully moved and aligned close to the DPIN
crystal and dropped onto the other substrate. Finally, the BPIN
crystal was physically integrated with the DPIN crystal by carefully
moving it with the cantilever, forming a micro-OPIC.

6.6. Micro-organic photonic integrated circuit (p-OPIC)
components

6.6.1.
coupler. Needle-shaped single microcrystals of dithieno[3,2-
a:2’,3'-cJphenazine (DTP) are mechanically flexible (Fig. 38A),

Flexible single-crystal monolithic organic directional

3148 | Chem. Soc. Rev., 2023, 52, 3098-3169

and can be bent into optical waveguides.’”® These crystal

waveguides grow along [100] with two pairs of side faces,
(011)/(011) and (011)/(011). The molecules stack along [100],
forming columns. The crystal’s most dominant interactions
result from aromatic stacking. During mechanical crystal bend-
ing, the molecular rotation towards planarity enables compres-
sion of the inner arc (concave) in a herringbone structure. In
contrast, rotation in the opposite direction facilitates elonga-
tion of the crystal’s outer arc (convex).

To fabricate a 2 x 2 directional coupler with four termini,
two straight DTP crystals (crystal-1 and crystal-2) were bent into
arc-shapes using AFM cantilever tip force. The microcrystal’s
apparent pseudoplasticity suggests that the crystal-substrate

This journal is © The Royal Society of Chemistry 2023
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adhesive force is higher than the force that drives the recovery
of the crystal shape. The radius (R) of curvature/width of two-
coupled crystal-1 and crystal-2 waveguides is 202.5/2.9 and
172.5/2.4 pm, respectively (Fig. 38B-D). The curved junction
facilitates light entry from one waveguide to another via an
evanescent field coupling in the tapered region. Optical excita-
tion of one of the terminals (left) of crystal-1 (Fig. 38E, see
input-1), transduces the blue fluorescence signal towards the
coupling junction which evanescently couples it with crystal-2.
At the junction, the fluorescence signal (after reabsorption)
splits into two and outcouples as green fluorescence at termini-
la and -1b in ratio 90: 10. No fluorescence signal was identified
at terminal 1c, confirming the circuit’s directional coupling
nature. Likewise, excitation of terminals 2, 3 and 4 also shows
outputs only at the opposite crystal termini. The output signal
ratio also varies inversely with the optical path length (Lop &~ 90
and 66 pm).

6.6.2. Single-crystal-based organic integrated waveguides
and junctions. Two or more crystals forming an interconnected
optical junction of various geometries are useful in OPICs.*** 1-
Conjugated  1,4-bis(2-cyanophenylethynyl)benzene  (CPEB,
Fig. 38G) affords blue-emitting naturally bent crystal wave-
guides forming various junctions during vapor-phase growth
technique. The solid-state analysis shows that bent crystals’
formation occurs through the fusion of two crystals growing
against each other with variable intersection angles. By crystal-
cutting operation, the junctions were separated from their
connecting point. For example, a triangular T-shaped geometry
with a junction (J1) and three termini (1-3) was isolated by this
manipulation (Fig. 38H and I). Optical excitation of any term-
inal produces two optical outputs in the other two terminals
(Fig. 38N-P). Excitation at J1 produces outputs at all three
terminals. The input-position-dependent outputs are summar-
ized in Fig. 38L.*% Similarly, a triangular-shaped junction from
three joined bent crystals with two junctions (J1 and J2) and
four termini (1-4) was fabricated (Fig. 38] and K). The trian-
gular junction is not a closed-loop structure. Excitation at
junctions J1 or J2 produces fluorescence outputs at 1, 4, and
J2 or 1,2, 3, and J1, respectively. Excitation at terminal 1 or 2 or
3 produces fluorescence outputs to J1/J2, J2/3, and J2/2, respec-
tively (Fig. 38K).

6.6.3. Mixed flexible crystals for hybrid OPICs. Using two
or more electronically different flexible crystals is necessary to
impart complex optical functions in OPICs via active, passive
and energy-transfer (ET) mechanisms.**® However, fabrication
of such hybrid crystal OPICs is a challenging task. It requires
careful transfer of microcrystal-A from substrate-1 to substrate-
2, where it has to be integrated with microcrystal-B, as shown in
Fig. 37. DPIN®’° and BPIN crystals are suitable for such OPICs
as the latter molecule transfers fluorescence energy to the
former. The p-OPIC-I fabricated using DPIN/BPIN crystals and
its reconfigurability into geometrically different u-OPIC-II and
-III are shown in Fig. 38M. p-OPIC-I comprises a DPIN
truncated-ring-shape waveguide (D =~ 53 pum) integrated with
a straight BPIN waveguide (L &~ 114 um). Reconfiguration of
p-OPIC-I into p-OPIC-II by bending the BPIN waveguide into
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an arc-shape enables better evanescent coupling at the
DPIN-BPIN-junction (Fig. 38L). Finally, manipulation of the
truncated-ring-shape of DPIN crystal termini into a closed-
loop (D ~ 50 um) produced p-OPIC-III. These OPICs could be
operated by giving an optical input at either the BPIB or DPIN
terminal.

When the input light (excitation) was applied at the right
terminal of the BPIN crystal, the green fluorescence actively
propagated to its opposite terminal b (Fig. 38M, i, iii and v).
During fluorescence propagation, part of it evanescently
coupled to the DPIN crystal and partly excited it via energy
transfer. The generated orange fluorescence (active) along with
green fluorescence (passive) propagated to terminal c (Fig. 38M,
i, iii and v). Here, the OPICs could split the input signal into two
different light signals and deliver them to the output termini b
and ¢, but not d. Similarly, when the light input was given at
DPIN terminal c, the orange fluorescence propagated in a
circular path towards terminal d (Fig. 38M, ii, iv and vi).
Furthermore, part of the fluorescence coupled to the BPIN
crystal at the junction and was passively outcoupled at terminal
h, without any output at terminal f (Fig. 38M, ii, iv and vi). As
expected, the fluorescence spectra of OPICs recorded at term-
inal g of the BPIN (input at terminal c) reveal modulation of the
optical modes (Fig. 38N). This modulation demonstrates that
the variation of OPIC geometries affects the light electric-field
distribution.

6.6.4. Monolithic add-on and drop filters. Analogous to
silicon photonics, a monolithic add-on drop filter using three
flexible molecular crystals of DPIN, namely, OW1-OW3 was
fabricated recently (Fig. 380, inset).*’* The DPIN crystal
waveguide-cavity transduces a long pass filtered (reabsorbed)
fluorescence in the 525-580 nm region. At first, a ring resonator
(RR) with a diameter 58.6 pm was fabricated by joining the
terminals of the crystal, OW1. Later, two optical waveguide-
cavities (OW2 and OW3) were micromechanically aligned par-
allel and integrated with the RR. The ensuing circuit (Fig. 380)
possesses four ports (P1-P4). The fluorescence (signal 1A;
‘A’ stands for active) produced at either of the OW-3
crystal terminals (for example, P-4) actively propagates and
outcouples the (long pass) filtered signal with optical modes
at P-3 (signal-1A). Due to evanescent coupling of propagating
fluorescence with RR, the signal passively takes a clockwise
turn, and enters OW2 and finally outcouples at P-1 as -1P signal
(Fig. 38P). Unlike the isolated OW-3 waveguide-cavity, the
intensity and wavelength of these modes (at P-3) were different
for the same terminal. This result demonstrates the mode-
filtering effect of the circuit (Fig. 38Q). Also, these altered
modes can be routed either clockwise or counter-clockwise,
depending upon the excitation port.***

7. Crystals as actuators
7.1. Overview of crystal actuation

Mechanically responsive materials that can move macroscopi-
cally by application of external stimuli, such as light, heat,

This journal is © The Royal Society of Chemistry 2023
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electricity, and chemical reactions have been studied exten-
sively in materials chemistry over the past two decades. Such
mechanically responsive materials have the potential for appli-
cations in sensors, switches, actuators, and soft robotics.'®*
Although research on mechanically responsive molecular crys-
tals spans only about a decade, many mechanical crystals
displaying bending,**® twisting,>*° rotation,"*® jumping,®® and
locomotion'® have been reported. However, devices incorpor-
ating these crystals have not yet been realized. In contrast, the
much more extensive research on mechanical polymers has
led to the development of artificial muscles®® and soft
actuators.**® Most mechanical crystals developed to date are
based on photoisomerizations (including reversible photoche-
mical reactions) or phase transitions. However, the number of
crystals that undergo photoisomerization is limited. High
speed is required for practical applications, but the photo-
isomerization actuation speed is relatively slow, in the range
of seconds to minutes. Furthermore, only thin crystals of 20 pm
or less can bend via a photoisomerization mechanism. Most of
the crystals actuate with ultraviolet (UV) light; only a few actuate
with visible or infrared light. In addition, crystals that undergo
thermal phase transitions are less common than crystals that
undergo photoisomerization. At present, it remains challenging
to identify new phase transition crystals; these can only be
found serendipitously, or by searching the literature.

Thick crystals that bent quickly upon irradiation with UV or
visible light due to the photothermal effect were reported
recently.*”” In the past, although numerous photother-
mally driven actuators of liquid crystal polymers have been
reported,**®**° not much attention has been paid to crystal
actuation by photothermal effects. The photothermal effect is a
phenomenon by which thermal energy (heat) is generated by
nonradiative deactivation of the photoexcited state during a
photophysical process. Most of the crystals that absorb light
display their own photothermal effects, which suggests that
almost any crystal could be actuated by this mechanism. In this
section, mechanical crystals that have been used as actuators
over the past decade are reviewed. These are based on photo-
isomerizations, phase transitions, and photothermal effects.

7.2. Actuation by photoisomerization

Dynamic crystals altered by photoisomerization are largely
restricted to typical photochromic crystals, such as diaryl-
ethenes, azobenzenes, salicylideneanilines, and anthracenes.
In this section, we summarize the photomechanical actuation
of crystals of azobenzenes, salicylideneanilines, fulgides, and
other compounds. The photomechanical effects of diarylethene
and anthracene crystals are presented in the other sections.
7.2.1. Azobenzenes. The azobenzenes are typical T-type
(thermally and photochemically reversible) photochromic
compounds that undergo trans—cis photoisomerization. Many
photoresponsive polymers, elastomers, and gels cross-linked
with azobenzenes have been reported.**>**® Koshima et al.
observed bending motion of azobenzene crystals based on
trans—cis photoisomerization.?>'”>'8! A thin (5 pm) plate-like
crystal of trans-4-(dimethylamino)azobenzene (trans-1) bent

This journal is © The Royal Society of Chemistry 2023
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quickly (within 0.5 s) away from a UV light (365 nm) source,
forming a curved shape (Fig. 39A)."7° After turning off the UV
light, the crystal returned to its initial flat shape within 30 s.
This bending motion was reversible for at least 100 cycles,
indicating high durability. This first observation was followed
by an attempt to generate twisting motion with a molecular
crystal. The focus was on chiral crystals made from chiral
molecules which may macroscopically deform in a specific
direction (i.e., by twisting). Thus, the photomechanical bending
of chiral crystals of trans-(S)-2 with an (S)-phenylethylamide
group was studied. When the front face of a thin (2 pm) crystal
was irradiated with UV light, the crystal bent away from the
light source with a left-handed twist (Fig. 39B)."®! After termi-
nating the UV irradiation, the crystal gradually returned to its
original straight shape. The optimized molecular geometry of
cis-(S)-2 revealed that photoisomerization led to an expansion
of the b axis (corresponding to the long direction of the crystal)
and contraction of the a axis (corresponding to the width of the
crystal), resulting in elongation of the top surface along the
diagonal direction, and bending away with a twist. Crystals of
azo dyes, such as methyl red, in which a strong electron-
withdrawing group is combined with a strong donor, also bend
with visible light."”” These bending motions are attributed to a
gradient in the extent of UV-induced trans-cis photoisomeriza-
tion as a function of light penetration. The photoisomerization
causes the surface of the irradiated crystal to expand, which
leads to the formation of a bent shape.

7.2.2. Salicylideneanilines and analogs. Salicylideneani-
lines and salicylideneamines (Schiff bases) are well-known
T-type photochromic compounds that exhibit enol-keto photo-
isomerization in the crystalline state.*”® These compounds
are of particular interest because the keto-to-enol back-
isomerization proceeds thermally and photochemically, and
many kinds of derivatives are readily synthesized and crystal-
lized. A thin (1 pum) plate-like crystal of a salicylideneaniline
derivative having a meta-nitro substituent in the enol form
(enol-3) bent away from a UV light (365 nm) source within 5 s
of exposure (Fig. 39C).>°® The bending motion was accompanied
by a color change from pale yellow to reddish-orange due to enol-
to-keto photoisomerization. The recovery took as long as 1400 s in
the absence of visible light due to the slow keto-to-enol thermal
back-isomerization (r = 42 days), whereas the straightening was
accelerated to 43 s due to the fast photochemical back-
isomerization (r = 63 s). The bending motion was observed over
200 cycles, indicating excellent durability. X-ray crystallographic
analyses revealed that after UV light irradiation, the length of the
a axis (longitudinal direction of the single crystal) increased
by 0.42% due to the formation of a trans-keto form (Fig. 39C),
which resulted in bending away from the light source.

Solid-state photoreactivity in chiral crystals usually differs
from that in achiral crystals because the motion of molecules is
restricted in the crystal lattice, and the chiral environment is
retained during reactions.”>! The photomechanics and physical
properties of chiral crystals of the S-enantiomer of a salicylide-
neamine derivative in the enol form (enol-(S)-4) were compared
to those of achiral crystals (enol-(rac)-4) composed of a racemic
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Fig. 39 Photomechanical motions of the crystals driven by photoisomerization that occurs upon UV light irradiation. (A) Bending of a plate-like crystal of
azobenzene trans-1 by trans—cis photoisomerization.”® Adapted with permission from ref. 179 Copyright 2009, American Chemical Society. (B) Bending
with a twist of a plate-like crystal of chiral azobenzene trans-2.18! Adapted with permission from ref. 181 Copyright 2016, Wiley-VCH. (C) Bending and
photoinduced change in the crystal structure of a plate-like crystal of salicylideneaniline enol-3 by enol-keto photoisomerization.?%® Adapted with
permission from ref. 268 Copyright 2011, The Royal Society of Chemistry. (D) Photomechanical lifting work of a crystal cantilever of enol-(S)-4 by enol—
keto photoisomerization.*>? Adapted with permission from ref. 452 Copyright 2013, American Chemical Society. (E) Curling of a thin hexagonal crystal of
furylfulgide (E)-5 by photo-electrocyclization.??® Adapted with permission from ref. 223 Copyright 2012, The Chemical Society of Japan. (F) Two-step
bending of a plate-like crystal of dibenzobarrelene 6.%°® Adapted with permission from ref. 458 Copyright 2018, The Royal Society of Chemistry.

mixture of S- and R-enantiomers (Fig. 39D).*>* Both the chiral 7.2.3. Fulgides. Fulgides are classified as P-type (thermally

and achiral crystals bent reversibly toward the light source
under UV light irradiation due to contraction along the long
crystal direction by photoisomerization. The measured Young’s
modulus of enol-(S)-4 was 0.8 GPa, which is smaller than the
modulus of enol-(rac)-4 (2.6 GPa). Under UV light irradiation,
the crystal cantilevers lifted metal rings that were 50 and
300 times heavier than the cantilevers themselves for chiral
and achiral crystals, respectively, which demonstrated that the
achiral enol-(rac)-4 crystal was better than the chiral enol-(S)-4
crystal as a photomechanical material.

3152 | Chem. Soc. Rev,, 2023, 52, 3098-3169

irreversible but photochemically reversible) photochromic
compounds that undergo reversible photo-electrocyclic ring-
closure and ring-opening reactions.*”* A furylfulgide in its E
form ((E)-5) displayed reversible photoisomerization to the
closed form ((C)-5) in the crystalline state.*>® Thin (2 pm)
hexagonal crystal of (E)-5 curled upon exposure to UV light
(365 nm) from the upper right corner toward the light, reaching
maximum deflection after 2 s. This was accompanied by a color
change from pale yellow to red due to the formation of the (C)-5
form (Fig. 39E).>** The bending motion was repeatable over

This journal is © The Royal Society of Chemistry 2023
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200 cycles with alternating exposures to UV and visible light.
X-ray crystallographic analyses revealed that after two-photon
excitation at 742 nm, the b axis length of the unit cell, which
corresponds to the longitudinal direction of the single crystals,
decreased by 0.13% due to the formation of (C)-5 isomers that
have a nearly planar conformation.*>® Hence, accumulation of
the photoproduct (C)-5 contracted the crystal length near the
irradiated area, leading to bending toward the light source.

7.2.4. Dibenzobarrelenes. Dibenzobarrelenes are well-known
compounds that undergo various photochemical reactions in
crystalline state and solution. These reactions include tri-n-
methane rearrangement, di-n-methane rearrangement, Norrish
type II reactions, and [2+2] cycloaddition.*>® Photochromism of
the dibenzobarrelene derivative (6) in the crystal is caused by a
long-lived triplet biradical (7), formed by Norrish type II intra-
molecular hydrogen abstraction under UV light irradiation.*”
A thin (9 um) plate-like crystal of 6 exhibited two-step bending
upon exposure to UV light (Fig. 39F).**® In the first step, the
crystal quickly bent away from the direction of illumination
after 1 s, with a color change from colorless to purple due to
triplet biradical formation. In the second step, the crystal
gradually returned to its initial straight shape and then bent
in the opposite direction, with an additional color change to
light yellow after 50 s due to the formation of a mixture of stable
photoproducts under continuous UV exposure.

7.3. Actuation by phase transitions

7.3.1. Thermal phase transitions. Thermal single-crystal-to-
single-crystal (SCSC) phase transitions of crystals cause crystal
bending,**° expansion/contraction,**® and jumping.*®* However,
locomotion of crystals rarely has been reported. As described
above, thin plate-like crystals of chiral azobenzene trans-(S)-2 bend
with twisting under UV light irradiation (Fig. 39B)."*" The trans-
(S)2 crystal also exhibits a reversible SCSC phase transition at
145 °C. The length of the crystal is shortened above the transition
temperature, which induces bending due to the temperature
gradient across the depth of the crystal. Walking and rolling
locomotion of the crystal caused by this thermal phase transition
has been demonstrated."®® Long plate-like crystals with a thick-
ness gradient in the longitudinal direction walked slowly, like an
inchworm, by repeated bending and straightening under heating
and cooling cycles near the transition temperature (Fig. 40A).
Furthermore, thinner and longer plate-like crystals with a width
gradient rolled much faster by tilted bending and then flipping
under only one heating or cooling process (Fig. 40B). The bending
motion was necessarily converted to walking and rolling locomo-
tion due to the asymmetric shape of the crystal. This finding
of crystal locomotion could lead to the development of a new
research field of crystal robotics.

7.3.2. Phototriggered phase transitions. The phototrig-
gered phase transitions provide opportunity to induce large
structural change using light."®®> Crystalline chiral salicylide-
neamine in the enol form (enol-(S)-8) undergoes enol-keto
photoisomerization (Fig. 41A). The crystal also exhibits a rever-
sible thermal SCSC phase transition at 40 °C upon heating and
cooling. The crystal transforms to an identical phase upon
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Fig. 40 Locomotion of crystals of chiral azobenzene trans-(S)-2. (A)
Inchworm-like walking of a long plate-like crystal with a thickness gradient
under repeated heating and cooling cycles. (B) Fast rolling locomotion and
the mechanism of a long, thin plate-like crystal with a width gradient under
only one process of heating or cooling. The scale bars in (A and B) are

1 mm.*%® Adapted with permission from ref. 106 Copyright 2018, Springer
Nature.

photoirradiation over the wide temperature range of —50 to
20 °C, which is lower than the thermal transition temperature
(Fig. 41B). The phototriggered phase transition is induced by
strain in the ¢rans-keto molecules generated by enol-keto
photoisomerization and propagates via a domino-like effect
through the entire crystal due to the presence of a small energy
barrier (Fig. 41C). The phototriggered phase is metastable and
returns to the initial stable phase via back-isomerization from
the trans-keto to the enol form. The phototriggered phase
transition differs from the well-known photoinduced phase
transition, which occurs via the excited state within femtose-
conds or picoseconds.*®® Stepwise bending with and without
twisting of a plate-like crystal of enol-(S)-8 was achieved by
combining the phototriggered phase transition and enol-keto
photoisomerization during and after illumination with UV light
(Fig. 41D). The phototriggered phase transition is a new
approach to the diversification of the mechanical actuation of
photoresponsive crystals.

7.4. Actuation by photothermal effects

A thick (240 pm) plate-like crystal of a salicylideneaniline
derivative having a p-benzoyl substituent in the enol form
(enol-9) bent quickly and reversibly due to a photothermal
effect upon UV light irradiation (Fig. 42A and B).**” In contrast,
a thin (5 pm) crystal did not exhibit significant bending, likely
due to a very low degree of enol-keto photoisomerization. The
photothermally driven bending, which occurred even during
exposure to visible light, is caused by a temperature gradient in
the thickness direction arising due to the heat conduction of
photothermal energy generated near the crystal surface (Fig. 42C).
High-frequency bending actuation (25 Hz) was achieved using
pulsed UV irradiation (Fig. 42D). The photothermal effect is a
phenomenon by which thermal energy (heat) is generated very
quickly (picoseconds) by nonradiative deactivation of a photo-
excited state of a photophysical process. Most crystals that absorb
light display their own photothermal effects. Actuation of most
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(A) Enol-keto photoisomerization of a chiral salicylideneamine, (S)-8. (B) Phototriggered phase transition based on the change of angle a.

(C) Mechanism of the phototriggered phase transition. (D) Stepwise bending of a thin plate-like crystal of enol-(S)-8 upon UV irradiation. Scale bar,
500 pm.*%2 Adapted with permission from ref. 462 Copyright 2019, Springer Nature.

crystals via a photothermal effect is conceivable; such actuation
cannot be realized by photoisomerization or phase transition. The
versatility and potential of crystals as actuation materials will
certainly increase in the near future.

7.5. Outlook

Crystal actuation has been accomplished based on photo-
isomerization, phase transitions, and photothermal effects. It
is important to develop and discover new principles (mechan-
isms) of crystal actuation. An essential requirement for the
dynamic crystals is reversibility, which enables repeated actua-
tion; crystals that irreversibly actuate by external stimuli during
only one cycle are of little use. The number of crystals that
undergo photoisomerization and phase transitions is limited,
which is a significant disadvantage for the development of
novel actuators. In contrast, most crystals that absorb light
exhibit their own photothermal effects. Hence, the photother-
mal effect has great potential for crystal actuation, however, the
crystal deformations are too small (typically, less than 1°) for
practical applications.

Molecular crystals, having regular, three-dimensional struc-
tures, can actuate faster, and with greater output force than
polymers. Sensors, switches, actuators, and soft robots are
some of the promising applications for mechanical crystals
that can be moved autonomously by external stimuli. However,
it may be impractical or difficult to apply a single crystal as an

3154 | Chem. Soc. Rev,, 2023, 52, 3098-3169

actuator for soft robotics. Hybridization of single crystals with
polymers provides an opportunity to create actuators with more
realistic movements. Indeed, light-driven crystal-polymer
hybrid actuators, in which photomechanical crystals are
aligned in polymer films by application of a magnetic field or
rubbing, bent reversibly under photoirradiation and demon-
strate the advantages of combining molecular crystals (fast
response time) and polymers (large size).****®* Extensive basic
research on mechanical polymers has already led to the devel-
opment of artificial muscles and soft actuators.'®® Although
current research on mechanical crystals is mostly limited to
fundamental studies, future practical application in sensors,
switches, actuators, and soft robots is envisioned.

8. Mechanical properties of molecular
crystals for pharmaceutical
applications

8.1. Relevance to pharmaceutical manufacturing

Molecular crystals are ubiquitous in the manufacturing of phar-
maceutical products of small-molecule active pharmaceutical
ingredients (APIs) since crystallization is a major means for
isolating and purifying APIs. Because of their higher physical
and chemical stability, the crystalline solids are still preferred
before the final dosage form is manufactured even for drugs given

This journal is © The Royal Society of Chemistry 2023
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Fig. 42 Fast bending of a crystal of enol-9 by the photothermal effect.
(A) Thick plate-like crystal viewed from the side under UV irradiation.
(B) Time dependence of the bending angle and the irradiated surface
temperature. (C) Schematic diagram of the possible mechanism of crystal
bending caused by the photothermal effect. (D) High-frequency photo-
thermally driven bending (25 Hz) of the crystal by pulsed UV laser
irradiation.**” Adapted with permission from ref. 447 Copyright 2020,
The Royal Society of Chemistry.

to patients as a liquid or amorphous solid. As such, the mechan-
ical properties of pharmaceutical crystals have a critical role in the
manufacturing of most drugs. This is important to recognize as
the mechanical properties of molecular crystals can vary over a
wide range (Fig. 43).”

8.2. Importance of size reduction by milling

API crystals often need to be milled to reduce the size and
achieve more uniform distribution in drug products, especially
for potent APIs that are delivered at low doses.**®*¢” Efficient
delivery of APIs to the deep lung by inhalation requires particles
with aerodynamic diameters less than 5 pm.*®® For parenteral
delivery, API crystals need to be sufficiently small to avoid
ischemia.*®® The dissolution rates of smaller API crystals are
higher because of their larger surface area.*”® For poorly soluble
APIs, which account for approximately 40% of the marketed drugs
and 80% of the new chemical entities in the development
pipeline,””>*”* the nanosized API crystals have the added advan-
tage of enhanced solubility.*”?

For a fixed milling process, the size distribution of the
resulting powder depends on the mechanical properties,

This journal is © The Royal Society of Chemistry 2023
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Fig. 43 Elastic modulus (E) and indentation hardness (H.) of molecular
crystals vary over a wide range. Adapted from ref. 27. Copyright 2020, The
Royal Society of Chemistry.

including yield strength (Y), hardness (H), Young’s modulus
(E), and fracture toughness (Kic) or fracture energy (R), as
they affect the breakage by influencing the formation and
propagation of cracks in crystals.*”**’® In fact, sufficiently
small particles undergo plastic deformation instead of brittle
fracture when they are subjected to mechanical impact. The
critical size corresponding to the plastic yielding-brittle frac-
ture transition, d., can be calculated using eqn (12) from E, Y,
and R of the crystals.”””

32ER

dcri = 3y
e

(12)

The plastic yielding-brittle fracture behavior was experi-
mentally demonstrated and the predicted d..;; was confirmed
by experiments using polystyrene (Fig. 44)."”” However, it is
applicable to crystals because the model only depends on
mechanical properties and surface energy.

This is supported by the common observation that size
reduction by milling tends to be inefficient for a highly plastic
API crystal, because of the large d.;, corresponding to a low
Y. A brittleness index, defined as the ratio of H to K¢, has been
used to predict the milling performance of pharmaceutical
crystals.””>*% As expected, the fracture of anisotropic mole-
cular crystals during milling is also anisotropic because cracks
can propagate more easily along the weaker -cleavage
planes.””>*8! 1t should be mentioned that, along with the size
reduction, milling can potentially cause a loss of crystallinity or
polymorph change. Thus, milled API powders need to be care-
fully characterized for possible phase change, and milling
parameters should be optimized to minimize or even eliminate
phase changes. This is important for avoiding unexpected
changes in stability and dissolution performance of the
APL**>*% In this regard, harder API crystals tend to be more
resistant to the generation of structural disorders.***
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Adapted with permission from ref. 477 Copyright 1978, Nature Publishing
Group.

8.3. Importance for tableting

Mechanical properties also have a major role in the success or
failure of the pharmaceutical tableting process by affecting the
transmission of stress through the powder bed (Fig. 45A)*®> and
deformation of crystals during die compaction (Fig. 45B).*%°
A powder consisting of more plastic crystals transmits axial
compaction stresses in the radial direction (die wall stress)
more effectively during loading but the residual die wall stress
is usually lower.*®” This explains why tablets of softer materials
can be more easily ejected out of the die after compression.
According to the bonding area and bonding strength inter-
play model, the mechanical strength of a compressed tablet
positively correlates with the total inter-particulate bonding
area in the tablet.**®*® Under a given set of compression
conditions, the bonding area is determined from mechanical
properties, where permanent plastic deformation and fragmen-
tation contribute to the development of the bonding area, while
reversible elastic deformation does not (Fig. 45B).**%*%° There-
fore, the poor tableting performance of an API is generally
caused by the fracture and elastic deformation being energeti-
cally preferred over crystal slip (plasticity). This problem can be
effectively overcome by engineering crystals to access the API
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crystalline forms with higher plasticity for use in tablet
formulation.**°™*** It is useful to point out that, while elastic
deformation is detrimental to tableting performance, 1D or 2D
elastically bending molecular crystals should not be rejected on
the grounds of expected poor tabletability. This is because the
one-dimensional stress applied to bend a crystal is funda-
mentally different from the pseudohydrostatic stress during
die compression. Plastic deformation of crystals, through a slip
among crystallographic planes, along even one direction, is
sufficient for developing a large bonding area between API
crystals, because of their random orientation in the powder
bed.***

8.4. Importance for punch sticking

While enhancing API crystal plasticity is effective in solving the
poor tabletability problem, higher plasticity also correlates with
a higher tendency of punch sticking during tableting.*>®> When
punch sticking occurs, the tableting process must be stopped
as the contaminated punch causes a change in tablet weight
and defective tablet surfaces. If not resolved, these issues can
lead to the rejection of an entire batch.*®® The higher punch
sticking propensity of more plastic crystals arises from the
development of a larger area of contact with the punch surface
during compression, which makes it more difficult to separate
the API crystals from the punch surface (Fig. 46).**” Therefore,
to avoid the punch sticking problem of an API, a crystal form of
the API with lower plasticity may be designed through crystal
engineering to mitigate or eliminate the problem.****°® Such
an effort can be significantly facilitated by engaging available
computational tools to predict crystal plasticity.***

8.5. The current status of this research field and future
perspective

Temperature rises during prolonged milling or compaction
because of the high energy input inherent to these processes.
A temperature rise may affect the mechanical properties of an
API, which can consequently cause unexpected problems dur-
ing large-scale manufacturing. It has been shown that the API
crystals become softer at higher temperatures.>**° This would
explain the common observation that punch sticking problems

a©
ES
&
compression decompression
0/

Fig. 45

T N

) Transmission of an axial stress (o,) to the radial die wall (¢,) during die compression of a powder, creating a pseudohydrostatic stress

environment and (B) effects of particle mechanical properties on bonding area formation during a powder compression cycle. More plastic particles can
undergo more permanent plastic deformation than less plastic particles. Pure elastic deformation does not contribute to bonding area. Adapted with
permission from ref. 485 and 507 Copyright 2009, 2022, Elsevier.
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Fig. 46 Effects of mechanical behaviors of API crystals on punch sticking
propensity. (A) Plastic crystals undergo extensive deformation so that
larger areas of contact with the punch surface are developed, leading to
severe sticking; (B) brittle and (C) elastic API crystals only develop small
areas of contact with the punch surface at the end of the compression
cycle so that they can easily detach from the punch surface after com-
pression, leading to low sticking propensity. Adapted with permission from
ref. 495. Copyright 2017, Elsevier.

can either become aggravated over time or unexpectedly appear
during large-scale tablet manufacturing.

It was also shown that more plastic polymorphs of curcumin
and sulfathiazole exhibit higher solubility.’*® A globally positive
trend between plasticity and solubility of polymorphs is reason-
able because they both correlate with weaker intermolecular
interactions and lower lattice energy. If broadly applicable, this
relationship offers a way to rank-order the solubility of API
polymorphs based on their mechanical properties. When the
amount of an API is insufficient for conducting solubility
experiments or when the solubility of a polymorph cannot be
easily measured due to a facile phase conversion during the
solubility experiment, their solubilities can still be rank ordered
based on the mechanical properties attained through nanoin-
dentation. However, a predictive model to reliably predict
solubility from hardness of drug crystals must incorporate
the factor of hardness anisotropy. To this end, more systems
must be thoroughly investigated to provide sufficient data for
developing such a model. It may also be useful to incorporate
mechanical properties calculated from their crystal structures.

Similar to metallic crystals, the mechanical properties of
molecular crystals can be modified by dislocations. For exam-
ple, omeprazole crystals are hardened when the percentage of a
tautomer in the crystals increases.®" The incorporation of
molecular impurities at a low concentration initially lowers
the elastic modulus of uric acid crystals by creating dislocations
to promote plastic deformation through slip. However, the
crystals become harder when the impurity level surpasses a
specific threshold.>® This line of research deserves more atten-
tion because it may give us the ability to fine-tune mechanical
properties for optimal performance in pharmaceutical manu-
facturing.

The mechanical responses of pharmaceutical crystals are
diverse, from being highly elastic®'**%*~°% to highly plastic.?**>%¢
Therefore, it is possible to effectively solve several pharmaceu-
tical problems through the modulation of crystal mechanical
properties by applying various crystal engineering approaches.
Such efforts are most effective when they are based on a clear

This journal is © The Royal Society of Chemistry 2023
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understanding of the crystal structure, mechanical properties,
and performance relationship.’®” However, despite the signifi-
cant recent progress, a broadly applicable theoretical frame-
work for reliably predicting mechanical properties of molecular
crystals from their structures remains elusive. Therefore, con-
tinued research in this direction is strongly encouraged. The
first step towards achieving this goal is to expand the list of
molecular crystals for which the mechanical properties have
been carefully characterized and structural origin has been
understood. The analysis of a high-quality database containing
a large number of crystals, aided by machine learning and other
techniques, will then enable the development of a theoretical
framework that can be used to accurately predict the properties
and performance of interest from their crystal structures.

9. Final remarks

The deformations of solid bodies are grounded in their char-
acteristic mechanical properties. If the center of mass or the
rotational inertia of a body changes over time, deformations
become translations and rotations, i.e., motion. In crystals
made from molecules, the aforementioned dynamic processes
can be controlled or even programmed into the component
compounds but this control can only be realized once we
reckon systematically with the scarcity of data on the funda-
mental mechanical properties of organic crystals. Our poor
intuition with regard to the mechanical properties of, and
mechanical effects displayed by, molecular crystals is likely a
result of the compartmentalization of research communities
whose common interests are only now coming into focus. The
solid-state chemistry research community has traditionally
emphasized X-ray crystal structure elucidation of monoliths
from which correlations with solid-state reactivity and crystal
growth (crystal engineering) were drawn. The broader mechan-
ical engineering community, on the other hand, has hardly
considered molecular crystals as a viable class of engineering
materials, quoting their small size, pronounced softness,
and proneness to wear and tear as some of their drawbacks.
It is encouraging to see that the cross-talk between these two
communities has been already initiated at multiple levels, and
it already underpins some notable progress in understanding
of molecular crystals, tying fundamental structural studies with
applications in photonics, electronics, and soft robotics.

The key to the understanding of the mechanical effects of
crystals is the relationship between structural details such as
the strength, abundance, and directionality (anisotropy) of inter-
molecular interactions, rigidity and conformational flexibility of
molecules, material symmetries and the mechanical property pro-
file. This particular aspect requires reliable high-throughput experi-
mental methods that can provide data from a suite of crystal
samples with varying chemical and crystal structures. The experi-
mental techniques used to characterize mechanical effects should
be complementary—structural, spectroscopic, microscopic, and
thermal—to provide sufficient supporting evidence in conjunction
with mechanical characterization.
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As the amount of data increases, so does the necessity for
systematic investigations that would establish molecular crystals
in the global material property space. As in many contemporary
scientific endeavors of scientific exploration, computational
methods will play an increasingly important role in gaining
deeper understanding of mechanical properties and effects of
molecular crystals. Modeling is particularly important for
the emerging dynamic properties of molecular crystals. Once
reliable theoretical protocols have been established, computa-
tional methods could be used to not only explain the experi-
mental data, but also to predict mechanical properties and even
dynamic mechanical effects in molecular crystals. This latter
goal would necessarily require combined simulation approaches,
where phenomena that occur on very different scales—both in
length and time—are tackled by atomistic classical and quantum
chemical methods as well as by coarse-grained modelling. The
results from such concerted research efforts, based on experi-
mental data and supplemented by robust computational techni-
ques, will accelerate the application of molecular crystals. In these
efforts, one needs to think outside the chemistry-physics
dichotomy that has entrenched science and engineering training,
and be cognizant of the virtues of modes of analysis—as well as
of their limitations—that each complementary community has
developed in isolation.

Concurrent with these developments, there are efforts aimed
to demonstrate that molecular crystals can act as simple devices
that are able to move objects, progress through space, transmit
light, reshape, self-heal, conduct electricity, or transmit information.
These examples should go beyond mere replication of engineering
devices analogous to those that are available with other materials;
they should instead capitalize on the true assets of molecular
crystals being anisotropic, light, ordered materials and provide
realistic quantifiable parameters to assess their performance.

Couplings between the molecular-scale changes that occur
under the effect of external stimuli and their translation and
amplification to macroscopic scales are multifaceted phenomena.
Researchers thus resort to either the ‘molecular approach’ or to
the general mechanical theory, which in most cases suffices to
explain simple observations and to make correlations with physi-
cal data. Going beyond those semiempirical and increasingly
quantitative approaches, however, requires concerted efforts from
researchers working on various aspects of mechanical properties
and effects of molecular crystals, as is the exemplary case of this
review article which combines contributions from various experts.
Such collaborative efforts will likely enhance the understanding of
the underlying phenomena, provide realistic performance para-
meters for assessment of various assets of molecular crystals, and
will eventually facilitate the translation of these exciting materials
from the crystallographic laboratory to the prototyping stage and
finally to real-world implementations and applications.

Molecular crystals, typically monocomponent, uniform
structures, are not obviously like multicomponent hierarchical
machines whether evolved as in biology or constructed in the
machine lab. Nevertheless, they embody sufficient complexity
that they can sometimes mimic the functions of those objects
designed to be animated. Once we learn to ‘pull the levers’ of

3158 | Chem. Soc. Rev,, 2023, 52, 3098-3169
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molecular crystalline machines with greater fidelity through
the cooperative studies outlined here, the greater will be the
mimicry that emerges in the near future.
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