Published on 06 mis Hedra 2020. Downloaded on 30/10/2025 19:13:03.

' ROYAL SOCIETY
OF CHEMISTRY
Chem Soc Rev -

REVIEW ARTICLE View Article Online

View Journal | View Issue

W) Cheok for updates Martensitic transition in molecular crystals
for dynamic functional materials

Cite this: Chem. Soc. Rev., 2020,

49, 8287 Sang Kyu Park 2 and Ying Diao {2 *

Molecular martensitic materials are an emerging class of smart materials with enormous tunability in
physicochemical properties, attributed to the tailored molecular and crystal structures through
molecular design. This class of materials exhibits ultrafast and reversible structural transitions in response
to thermal and mechanical stimuli, which underlies fascinating properties such as thermoelasticity,
superelasticity, ferroelasticity, and shape memory effect. These dynamic properties are not widely
explored in molecular crystals and therefore molecular martensitic materials represent a new frontier in
the field of solid-state chemistry. In martensitic transitions, the materials not only exhibit substantial
shape changes but also remember the functions in the associated polymorphic phases. This suggests
promising applicability towards light-weight actuators, lifts, dampers, sensors, shape-/function-memory
and ultraflexible optoelectronic devices. In this article, we review characteristics, detailed transition
mechanisms, and potential applications of molecular martensitic materials. In particular, we aim to
Received 31st May 2020 describe transition characteristics by collecting cases with similar transition principles in order to glean
DOI: 10.1039/d0cs00638f insights into further advancement of molecular martensitic materials. Overall, we believe that molecular
martensitic materials are emerging as the next generation smart materials that have shown promise in
rsc.li/chem-soc-rev advancing a wide range of domains of applications.
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Fig. 1 (a) Schematic illustration of the shape memory effect of Ni—Ti alloy and its applications, e.g., superelastic stent and microwrapper. Reprinted with
permission from ref. 14 (Copyright 1999 Elsevier Science S. A) and ref. 12 (Copyright 1999 Elsevier Science B.V.) (b) Schematic illustration of
bacteriophage T4 and cooperative movement of gene product (gp) 18 proteins that constitute the contractile tail sheath. The cooperative displacement
and tilting of gp 18 proteins accomplish 60% contraction of the length of the tail sheath. Adapted with permission from ref. 9, copyright 2009 European

Molecular Biology Organization.

into the carbon supersaturated ferrite, namely martensite.
The transition represents a diffusionless first-order transition,
which is accompanied by rapid and cooperative displace-
ment of the atoms. Besides, structural transitions of shape
memory alloys and ceramics have manifested corresponding
characteristics.>® The representative example is Ni-Ti shape
memory alloys (Fig. 1a).” As shown in Fig. 1a, the Ni-Ti alloy is
capable of mechanical deformation at the low-temperature
martensitic phase, where the shape change is accomplished
through lattice reorientation (twinning - detwinning). In addition,
by heating the mechanically deformed Ni-Ti alloy above the
austenitic phase transition temperature, the shape can be restored
to the original state. Such thermo-mechanical transitions under-
lying the shape memory effect are accomplished by concerted
displacement of constituting atoms. Another intriguing example
is the contractile tail of bacteriophage T4 (Fig. 1b).*"° During
the viral genome delivery, the tail sheath of the bacteriophage
contracts by 60% and penetrates its non-contractile inner tube
through the outer membrane of the target bacteria. Similar to the
Ni-Ti alloy case, the significant shape change in the bacterio-
phage T4 virus is established through cooperative tilting and
displacement of the constituting protein, gene product 18 (gp18).
The above-described martensitic or cooperative transitions have
compelling technological importance and have been regarded as a
key element in the development of smart materials and devices that
can sense and actuate upon environmental stimulation - for
example stent, wrapper, gripper, and memristors to name a few
(Fig. 1a).>”"™ In the recent few years, the realm of martensitic
transitions has expanded into the molecular crystals.

Martensitic transitions are not yet widely known in molecular
crystals. Molecular crystals, in comparison to primary bonded
metallic alloys or ceramics, are constructed by weak secondary
bonding interactions. Their properties — from thermal, mechan-
ical to optoelectronic properties — strongly rely on the molecular
packings and molecular structures, which can be tailored
by molecular/crystal engineering approaches.'®" Although
structure-property correlation for organic martensitic transi-
tion is elusive to date, this class of materials has tremendous
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potential towards a new generation of smart devices that can
move, bend, or stretch in response to external stimuli, a.k.a.
“crystal adaptronics”.>*> The molecular crystals exhibiting
martensitic transitions with associating thermoelastic, thermo-
salient, superelastic, and shape memory properties have been
reported from the groups of Takamizawa,***® Naumov,*’ >
Diao,>*® and others®~®® (see summarized molecules in Fig. 2).
These fascinating properties, which were almost exclusively
found from the shape memory alloys and ceramics, have recently
been found in molecular crystals (Fig. 2), whose structural
transitions are facilitated by the cooperative rearrangements of
molecular packing and/or conformation. During the transitions,
distinct molecular mechanisms and peculiarities have been
discovered, deviating from those found in conventional shape
memory materials (ie., alloys and ceramics). Furthermore, intri-
guing applications have been demonstrated, such as a sensor,
soft actuator,>*”" lift,*® gas flow controller,”® and ultra-flexible
and shape memory optoelectronic device,”*” opening avenues
for next-generation smart material systems. To spur this emer-
ging research field, we herein summarize the characteristics
of the organic martensites published to date, classify them
according to molecular mechanisms underlying structural
transitions, and provide a bridgehead for material development
for the future.

In this review, we introduce molecular martensitic materials,
highlight their molecular mechanisms for transitions, and
summarize potential applications of this new class of smart
materials. In Section 2, we briefly introduce general charac-
teristics of martensitic transitions and associated thermoelastic,
superelastic, ferroelastic, and shape memory properties.
In Section 3, we introduce case by case molecular mechanisms
found in thermoelastic, superelastic, and ferroelastic molecular
martensitic materials. Section 4 highlights the potential appli-
cations discussed in recent reports. This review is intended to
catalyze further advancements in this research field not only
by introducing fascinating features of molecular martensitic
materials but also by providing insights to devise new materials
by summarizing structure-property correlations for cooperative

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Representative thermoelastic, superelastic and ferroelastic molecules. Parentheses: reported year of the paper that assigned each molecule as an

organic martensite for the first time. The reference number is denoted as tl

transitions elucidated in recent literature reports. For further
readings on related topics, we refer the readers to the following
excellent reviews: the review by Ahmed et al. that highlighted
various intriguing mechanical responses such as elasticity,
plasticity, super-, and ferroelasticity of selected molecular
crystals;** the review by Naumov et al. that comprehensively
summarized the mechanical effects of molecular crystals and
their mechanisms in response to external stimuli;>” and the
review by Reddy et al. on mechanical properties and structure—
property correlations of molecular crystals.®

2. Characteristics of molecular
martensitic materials

2.1. Martensitic transition vs. nucleation and growth
transition

Polymorphism, the ability of a single compound to adopt
distinct crystal structures, is a widespread phenomenon in
molecular crystals, which can largely modulate physical proper-
ties such as mechanical, thermal, optical, electrical, magnetic,
and ferroic properties.”””’* Between the polymorphic phases,
solid-state phase transition may occur by controlling the
thermodynamic variables (typically temperature and pressure),
where the equilibrium structure at given environmental condi-
tions is determined by relative stability between the phases.”
Broadly speaking, solid-state phase transitions can be classified
into nucleation and growth (reconstructive) and martensitic
transition;”®7® the fundamentals and characteristics of
these transitions are comprehensively described in the book by
Christian.”®

The nucleation and growth transitions in the solid state
include the nucleation stage that develops small particles of a

This journal is © The Royal Society of Chemistry 2020

he superscript. n equals to 15, 17, 19, and 21 in #17 molecules.

new phase which is an activated process, followed by the
growth stage once the nucleation barrier is overcome. Once
nuclei are formed typically at the defective sites, the transition
occurs by slow molecular diffusion across the transition inter-
face in a molecule-by-molecule fashion. Such transition is a
thermally activated process where the velocity exhibits a clear
temperature dependence. Typically, the transformed phase
induced by nucleation and growth transition shows a substan-
tial structural dissimilarity compared to its original phase.
Therefore, the transition is usually absent from lattice corre-
spondence or orientational relationships, and thus multiple
and randomly oriented transformed phase domains may be
created in the original matrix. As a result, a crystal that under-
goes such nucleation and growth transition may lose structural
integrity’®”°®! but not always. It should be noted that single-
crystal-to-single-crystal transitions based on the nucleation and
growth mechanism have been reported.®>®® Attributes of
nucleation and growth transitions are summarized in Fig. 3.
The martensitic transition is also a two-stage process. The
initiation stage of martensitic transition resembles nucleation
in that it is an activated process exhibiting 1st order
kinetics.”>**™®> In a typical 1st order martensitic transition,
the nucleation/initiation stage is followed by a propagation
stage that involves cooperative and displacive atomic/molecular
motions, often in a layer-by-layer manner,>*>*26:42:44:47,54,35,93,94
This is in stark contrast to the molecule-by-molecule transition
in the nucleation and growth mechanism. The transition also
features a fast propagation velocity of the phase front, theoreti-
cally at the speed of sound in the atomic systems, while it is
several orders of magnitude slower in the molecular systems
(10*-10” mm s~ ").>>>"3* Since the transition is accomplished by
cooperative molecular displacement to an extent that does not
require exchanging the nearest neighbors of the molecule,
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Fig. 3 General characteristics found in the nucleation and growth and martensitic transitions.

the transition is diffusionless in nature. The original and trans-
formed phases of the martensitic transition present an excellent
structural similarity and a specific orientation relationship
between the two phases. Specifically, the orientation of the
transformed phase is predetermined by the orientation of the
original phase, and vice versa. Such transition characteristics
enable ultrafast and reversible single-crystal-to-single-crystal
transition that preserves structural integrity and exhibits abrupt
crystal shape change in most cases, but not always. Due to the
first-order nature, changes in the volume, enthalpy, and entropy
upon these transitions are discontinuous at the transition
point. However, it should be noted that not all the martensitic
transitions exhibit 1st order kinetics in the initiation stage. For
instance, one of the thermally induced martensitic transitions of
#13 in Fig. 2 (I-1(b) transition) features a continuous 2nd order
transition absent from the initiation of a phase front.>*>’
In contrast to the 1st order transition, a 2nd order transition is
expected to exhibit continuous changes in the volume, enthalpy,
and entropy upon transition. As a result, the I-Ib transition is
continuous and absent from transition temperature hysteresis.
All molecules in the entire crystal displace/rotate continuously
and synchronously upon I-Ib transition, not presenting a nuclea-
tion stage and phase front sweeping. This is rarely observed
among martensitic organic materials. In sum, unique attributes of
martensitic transitions are summarized in Fig. 3 in comparison to
the nucleation and growth mechanism. Due to such charac-
teristics, martensitic transition is more appealing for stimuli-
responsive smart applications, which are dealt with in Section 4.

Martensitic transition engenders intriguing thermo-
mechanical properties, ie., thermoelasticity, superelasticity,
ferroelasticity, and shape memory effect. Thermoelasticity is
referred to as a continuous and reversible martensitic transi-
tion between crystal polymorphs driven by thermal energy;
it should be distinguished from elasticity which describes the
property of a material to resist deformation and thus enables
shape restoration upon stress removal. The transition occurs
over a narrow temperature range, exhibiting small transition
temperature hysteresis. Thermoelasticity is a prerequisite for
superelasticity and the shape memory effect, discussed in the
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next section. Meanwhile, thermoelastic transition between
polymorphs can also be accomplished by mechanical work,
i.e., superelasticity. By superelasticity a material is capable
of substantial deformation through a mechanically induced
martensitic polymorph transition, where a mechanical unloading
readily leads to a full, spontaneous shape recovery by the reverse
polymorph transition. In addition to mechanically induced poly-
morph transitions, mechanically induced reversible twinning is
another type of martensitic transition known as ferroelasticity.
Due to the equally stable twin domain formation, this process
does not spontaneously reverse until a reverse mechanical loading
induces a detwinning process to recover the shape of the
deformed crystal. Lastly, the shape memory effect is a combined
process of ferroelasticity and thermoelasticity. By ferroelasticity, a
crystal can be mechanically deformed through a twinning process;
shape recovery of the deformed crystal can then take place by a
heating induced polymorph transition (thermoelasticity) that
completely de-twins the crystal; subsequent cooling allows
the crystal to return to the original polymorph form. Such
intriguing phenomena are fascinating sources for devising
smart functional applications.>>?%*3°%51:5457 [ the following
subsections (Sections 2.2-2.5), we introduce fundamentals
of thermoelasticity, superelasticity, ferroelasticity, and shape
memory effect one by one.

2.2. Thermoelasticity

Temperature controlled reversible martensitic transition between
enantiotropically related high temperature (HT) and low tempera-
ture (LT) polymorphs is referred to as thermoelasticity.>* %>
Herein, the thermally-induced transition is considered ‘“elastic”
as the change in shape is reversible owing to the cooperative
nature of the transition. Thermoelasticity is of immense impor-
tance and serves as a prerequisite for superelasticity and the
shape memory effect.* As schematically described in Fig. 4a, the
volume fraction of the LT phase (Vi.1/V) increases (decreases) by
decreasing (increasing) temperature once a critical transition
temperature is surpassed. Such volume fraction change
usually occurs as a sharp phase front (i.e. habit plane) that
sweeps through the crystal.”® The forward HT to LT transition

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Schematic illustrations of solid-state phase transition in (a) ther-
moelastic, (b) superelastic, (c) ferroelastic, and (d) shape memory materials.
LT: low-temperature, HT: high-temperature, V| 1/V: volume fraction of the
LT phase, To: equilibrium temperature, T 1s: the LT starting temperature
upon cooling, Tirf: the LT finishing temperature upon cooling, Tyts: the

HT starting temperature upon heating, Tyt r: the HT finishing temperature

upon heating, ¢: stress, &: strain, ¢ ": critical stress for HT to LT phase

transition, "™ ~"T: critical stress for LT to HT phase transition.

(section a-b-c in Fig. 4a) begins at the LT phase starting
temperature (Tyrs) and completes at the LT phase finishing
temperature (Tirr). The LT phase starting temperature is
usually seen below the equilibrium temperature (7;), at which
the Gibbs free energies (G.) of the LT and HT phase become
identical (thus, AG. = AG™" T = G"T — G"T in Fig. 5a). Similarly,
the reverse LT to HT transition (section c-d-a) begins at the HT
phase starting temperature (Turs) and completes at the HT
phase finishing temperature (Tyrr). The HT phase start tem-
perature is usually seen above the equilibrium temperature.
Such undercooling (superheating) in the forward (reverse)
transition occurs due to the existence of an activation barrier
to nucleating the LT (HT) phase. Specifically, the Gibbs free

F = 0)
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>
2 8 (F=F)
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Fig. 5 (a) Schematic free energy curves for high temperature (HT, red)
and low temperature phases (LT, blue) of thermoelastic systems, showing
the enantiotropic relationship between the LT and HT phases. Low
temperature (T 1s) and high temperature phase starting temperatures
(Thts) as well as required undercooling (ATyc) and superheating (ATsy)
for transitions are indicated. (b) Schematic (elastic) Gibbs free energy
difference curves before (green) and after (purple) applying external work
(FALRT-LT F: force and AL"T™T: change in length by the HT-to-LT
transition), which leads to an equilibrium temperature shift from Tq to T(F).
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energy change during solid-state thermoelastic transition is
expressed as:*

AG = AGC + AGel + AGS

The activation barrier arises from the elastic energy (AG.;) and
the surface energy (AG;) terms in this expression that resist
forward and reverse martensitic transition, whereas the free
energy difference between the LT and HT phase (AG.) serves as
the driving force for martensitic transition. In the field of
metallurgy, the concept of thermoelastic equilibrium with
balanced driving force and resistive forces was illustrated by
Olson and Cohen.”® Assuming a nucleus of an oblate-ellipsoidal
shape for the LT phase (or martensite in metallurgy) - a shape
that minimizes the elastic and surface energy terms, the above
equation is further expressed as the following:>

4 4
AG = gnrchgc + gnrc2A +2n’e

where Ag. is the change in the Gibbs free energy per unit
volume, r and ¢ are the radius and the thickness of the nucleus
(r > ¢), A is the elastic constant, ¢ is the interfacial energy per
unit area, and Ac/r is the elastic strain energy per unit volume,
Ag...” The above equation defines a saddle-shaped Gibbs free
energy surface, and the lowest free energy is attained at a critical
undercooling Ty s.°>?*% During the growth of the LT phase
nucleus, it is assumed that if the radial (r) growth is seized by
any existing obstacle, transition proceeds to increase the thick-
ness (c¢) of the nucleus until it reaches a local equilibrium
defined as

OAG
0
dc '
which yields
Ag(T
Agy = -84

Therefore, by varying the temperature, the LT phase will grow
until its elastic strain energy per unit volume (Ag.) is equal to
half of the change in the Gibbs free energy per unit volume
(Age). At this point, half of the Gibbs free energy change
incurred in the transition is stored as elastic energy. By the
same token, further undercooling will advance the growth of
the LT phase until it reaches a new equilibrium at a given
temperature. This simple model explains how the driving force
is balanced with the resisting terms at a given temperature for
a particular nucleus geometry. Besides interfacial energy
and stored elastic energy, advancing the phase front requires
overcoming additional local energy barriers due to structural
defects, which gives rise to avalanche-like dynamics of the
phase front. Such frictional work is the source of thermo-
dynamic irreversibility, despite reversible macroscopic shape
and crystal structures.®®

Such thermoelastic transitions are also observed in mole-
cular crystals, which will be detailed in Section 3.2. In many
cases, transitions occur in a single-crystal-to-single-crystal fashion
displaying a single phase front.”® In such a scenario, the transition

Chem. Soc. Rev., 2020, 49, 8287-8314 | 8291
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may show only a small temperature gap between Tyrs and Tyr,
or even spontaneous propagation once the temperature reaches
Tirs”®*° This phenomenon can be attributed to minimized
morphological defects in single crystals which hinder the growth
of the LT phase nucleus.” Interestingly, instantaneous comple-
tion of the transition releases accrued elastic stress and thus leads
to intriguing crystal motility such as jumping, bending and
twisting motions, ie., thermosalient effects.*******” Further-
more, thermoelasticity in organic crystals underlies other fascinat-
ing properties such as superelasticity and shape-memory effect
like in the case of metal and metal alloys.”***>”

2.3. Superelasticity

Interestingly, thermoelastic transition can also be induced
mechanically under isothermal conditions, which is known as
superelasticity.”*® As illustrated in Fig. 4b, a superelastic
crystal of HT phase deforms upon shear loading, at the tem-
perature typically above the HT phase finishing temperature,
Tyrr wWhen the HT phase is thermodynamically stable in the
absence of stress. First, the stable HT phase elastically deforms
in section a-b. As the stress surpasses a critical value of "' =T
at point b, HT-to-LT phase transition ensues to accommodate
large strain deformation. Beyond point b, slight increase in the
shear stress causes abrupt increase in shape strain and extent
of transition (the volume fraction of the LT phase) until the
transition to LT phase is complete at point c. As the phase
transition serves as a stress-releasing mechanism, minimal
increase in shear stress occurs during large strain deformation.
This phenomenon manifests as a plateau in the stress-strain
curve between point b and c. Upon shear unloading, sponta-
neous shape recovery occurs which is another characteristic of
superelasticity. Specifically, LT phase elastically deforms in
section c-d until the shear stress decreases to a critical value
of ¢"TMT at point d when the reverse LT-to-HT phase transition
begins. As in the forward trace, the phase transition creates a
plateau in the stress—strain curve in section d-e, when the progres-
sion of LT-to-HT transition relieves stress during shape deforma-
tion. Once the transition is complete at point e, the strain recovery
is accomplished through linear elastic deformation of the HT
phase in section e-a. As depicted in Fig. 4b, superelastic transition
typically shows a characteristic stress-hysteresis (""" " — ¢ )
arising from the frictional work. Frictional work is a result of
structural defects that act as kinetic barriers for phase front
motion, like in the thermoelastic process.'*

How can a thermoelastic transition be triggered by mechan-
ical force? Application of mechanical force alters the Gibbs free
energy change of the HT-to-LT transition at constant pressure
described in Fig. 5b. The Gibbs free energy change shifts by the

1
amount of elastic work done by stress (—FAL or ——o¢) following
p

the relationship

AG = AH — TAS — FAL = AH — TAS — ¢,
p

where AH is enthalpy change, T is temperature, AS is entropy
change, F is applied force, AL is the length change along the

8292 | Chem. Soc. Rev., 2020, 49, 8287-8314
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force direction, p is density, ¢ is stress, and ¢ is strain.’®™®
Simply, the elastic work alters the thermodynamic equilibrium
properties and phase stability at a given temperature, thus
leading to stress induced HT-to-LT phase transition. Therefore,
thermoelastic transition can also be accomplished by applica-
tion of stress. The Clausius-Clapeyron type equation describes
the relationship between interchangeable independent vari-
ables, T and o (or F):

Ei _pAH
dT &7,

where ¢ is the stress applied for superelastic transition, T is
temperature, AH is the enthalpic change of transition, ¢ is
strain, and 7, is the equilibrium temperature for thermoelastic
transition.'®>'°* Since the terms in the right-hand side are
constant in a given condition, the stress and the temperature
are in a linear dependence. Such attributes in molecular
crystals are comprehensively studied by Takamizawa et al.
using single crystals of #10 and #17 (Fig. 2), which will be
detailed in Section 3.>®*? In addition to typical superelastic
transitions based on enantiotropic polymorphic transitions,
molecular crystals exhibit other unique superelastic transitions
based on shear induced phase formation,?® deformation
twinning,**>***! or even monotropic polymorphic transitions,*®
which are also detailed in Section 3.

2.4. Ferroelasticity

Besides thermoelasticity and superelasticity, ferroelasticity is also
observed in metals, ceramics, and molecular materials.’®*°” The
concept of ferroelasticity was established by Aizu,'%**** which is
deduced from the behavior of other ferroic systems showing
ferroelectricity and ferromagnetism. A ferroic material exhibits a
field-induced directional property that does not return to the
original after the field is removed. If the directionality is main-
tained, the property is said to be spontaneous. Such directional
properties arise from the symmetry-breaking process of the phase
transition - ie., from a higher symmetry structure without direc-
tional property to a lower symmetry structure with a directional
property. The symmetry-breaking process therein gives rise to
directional properties of two or more different orientations, the so
called orientation states. Another feature of ferroic materials is the
switchability between these orientation states, which is accom-
plished by directional control of the applied field. Such behavior
in ferroelectric materials can be explained by the fact that the
direction of electric polarization (or orientation states) can be
reverted by applying an electric field in the opposite direction.
This idea is successfully transferred to the ferroelastic crystal.

By Aizu’s definition of ferroelasticity, a crystal can be
referred to as ferroelastic, if the stress induced strained state
of the crystal is maintained even after the stress is removed,
where the crystal has domains of two or more orientations that
are mechanically interconvertible by exerting forward/reverse
stress onto it.'°*'%* Like in other ferroic materials, the for-
mation of these orientation states is a result of a symmetry-
breaking process from a structure of higher symmetry to a
structure of lower symmetry. The symmetry-breaking process

This journal is © The Royal Society of Chemistry 2020
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creates two or more ferroelastic orientation states that take the
form of twin domains. Since crystal structures are equivalent
but differ only in their lattice orientation, these states are
equally stable. Therefore, during the stress removal, stress-
induced twin domains do not undergo reverse transition. To
recover the shape strain, reverse shear stress is required and
thus the stress-strain curve manifests a notable mechanical
hysteresis. As illustrated in Fig. 4c, the ferroelastic crystals
show hysteresis in their stress-strain curve, resembling polari-
zation-electric field (P-E) curves of ferroelectric materials. Like
spontaneous polarization in the ferroelectric materials, ferro-
elastic materials exhibit spontaneous strain since they are
capable of forming equally stable orientational states. Specifi-
cally, surpassing the elastic deformation region of the pristine
state (section a-b), further application of force induces large
increase in shape strain (or the volume of orientational states)
achieved by twin domain formation in section b-c. Upon
removing external force, the structure slightly restores the
shape under a linear elastic regime (section c-d). However,
ferroelastically induced shape strain remains in place. Such
twinned structure and deformed shape can be fully restored to
its original state through mechanical detwinning by exerting
reverse shear in section d-e-f-a, where d-e and f-a correspond
to elastic deformation regimes. The molecular mechanisms of
ferroelasticity will be detailed in Section 3.

2.5. Shape memory effect

As previously mentioned, thermoelastic materials generally
exhibit superelasticity when the specimen is sheared at
T > THT‘F.4 On the other hand, shear loading at T < Tirr
results in ferroelastic twinning-detwinning, which is the starting
point for the shape memory effect. We note that ferroelasticity can
occur in non-thermoelastic materials too, therefore we did not
specify a temperature requirement in Section 2.4. As schematically
illustrated in Fig. 4d, beyond the elastic deformation regime in
section a-b, the deformation of a pre-twinned structure is accom-
plished by ferroelastic detwinning (or further twinning depending
on the shear direction) in section b-c. Due to the ferroelastic
nature, the deformed shape (or shape strain) does not recover
upon unloading (section c-d), but can be restored by thermal
treatment (section d-e). It is depicted in Fig. 4d that shape strain

a) Mechanism 1. Molecular Gliding

Form IV

Fig. 6 Molecular mechanisms found in martensitic transitions, showing (a) molecular gliding,*® (b) conformational change,*

b) Mechanism 2. Conformational Change
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starts to decrease from the HT starting temperature (Tyrs) and
becomes zero at the HT finishing temperature (Tyry), accom-
plished by thermoelastic transition. Attaining the shape memory
effect requires the HT phase to have a higher symmetry compared
to the LT phase and to be non-ferroelastic. These requirements
allow the convergence of several different orientation states in the
twinned LT structure to a singly oriented state of the HT structure.
Interestingly, in the shape memory effect, restored shape at point
e is macroscopically maintained upon cooling (section e-a). This
is due to the self-accommodating characteristic of HT-to-LT phase
transition, meaning that the shape preservation is achieved by
the growth of twinned LT domains. In molecular crystals, only a
few crystals are reported to exhibit such conventional shape
memory behavior (#10 and #17, Fig. 2) which will be detailed in
Section 3.5.26%

3. Martensitic transitions in organic
crystals and their molecular
mechanisms

3.1. Classification of molecular mechanisms in martensitic
transitions

In Section 2, we discussed the characteristics of martensitic
transition by contrasting the characteristics of nucleation and
growth transition (Section 2.1), and introduced fundamentals
of thermoelasticity, superelasticity, ferroelasticity, and shape
memory effect (Sections 2.2-2.5). In the following, we shift our
focus to changes in molecular packing and conformation
underlying thermo-mechanical martensitic transitions. In the
molecular martensitic transitions, several types of molecular
motions can occur, such as (i) molecular gliding, (ii) conforma-
tional change, (iii) molecular rotation, and their combinations
thereof (Fig. 6). Molecular gliding in Fig. 6a, equivalent to
cooperative atomic displacement in shape memory alloys, is
seen in all thermo-mechanical martensitic transitions. In par-
ticular, such molecular motion is prominent during the ther-
moelastic transition of m-stacking crystals of rigid molecules,
exhibiting concerted molecular gliding along the n-plane.*®**°

In thermoelastic transitions of crystals consisting of
(partially) flexible molecules, conformational change can concur

C) Mechanism 3. Molecular Rotation

-

Form | Twin

_— Form Iil Intermediate
Form | Pristine

Form |

¢ and (c) molecular

rotation.>” Examples of each mechanism are depicted by structural changes in #5 (CCDC 103651 and 1013657), #8 (CCDC 1583404 and 1583405), and

#13 crystals (CCDC 1970910 and 1991343) of Fig. 2, respectively.
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with molecular gliding, and may even drive the martensitic
transition (Mechanism 2 in Fig. 6b). By this mechanism, the
intermolecular distance can be actively regulated by the remark-
able conformational change.*®*® In some cases, dynamic confor-
mational changes take place that can effectively fill the void of
the transformed structure, and lead to entropy gain.>**”%
Furthermore, in the twinning-detwinning based superelastic
molecular crystals bearing hydrogen bonding networks, confor-
mational changes confined at the transition interface have been
pointed out as the reason for spontaneous strain recovery.”*

In addition to molecular gliding and conformational
changes, concerted molecular rotation has been observed in
thermo-, super-, and ferroelastic transitions of molecular crys-
tals. For instance, thermoelastic transition of molecular crystals
with crisscross packing exhibits intriguing scissoring molecular
motion in addition to concerted molecular rotation and
displacement.*”*° Moreover, substantial molecular rotations
have been observed in super- and ferroelastic transitions of
molecular crystals.*®***” Ferroelastic transition of #13 (Fig. 2),
for example, is accomplished through ~40° rotation of the
molecules along the shear direction (Mechanism 3 in Fig. 6c),
allowing shape deformation up to ~60%.>” In the following
subsections, transition mechanisms of molecular martensitic
materials exhibiting thermoelastic, superelastic, and ferro-
elastic behaviors will be discussed in detail.

3.2. Thermoelasticity

3.2.1. Single crystals consisting of rigid molecules. Single
crystals of rigid molecules #1-3 in Fig. 2 have exhibited
reversible thermoelastic transitions (Fig. 7).****¢! Thermoelas-
tic transitions between structurally similar enantiotropic poly-
morphs of #1-3 crystals take place by cooperative interlayer
molecular gliding along the molecular plane, which follow
Mechanism 1 in Fig. 6a.

View Article Online
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Hexamethylbenzene (#1, Fig. 2) crystal is established by van
der Waals interactions such as n-n interaction, showing fasci-
nating mechanical compliance as well as thermoelastic transi-
tion capability (Fig. 7a).>° As described in Fig. 7a, molecular
packing of #1 adopts typical slipped co-facial stacking. Single
crystals of #1 undergo Form II to I transition occurring at
382-385 K upon heating, involving changes in the crystal
system from triclinic (@ = 5.32 A, b = 6.29 A, ¢ = 8.10 A,
o = 104.05°% f = 99.08° y = 99.34°) to orthorhombic structure
(a=7.52 A, b=16.12 A, c=9.13 A, «, f, y = 90°). The structural
change is ascribed to the molecular gliding along the phase
front (i.e., transition interface), which is parallel to the mole-
cular m-plane (Fig. 7a). Such molecular gliding results in
distance alteration between the adjacent n-stacking layers
(3.67 to 3.76 A) and subtle molecular tilting (1.04°) along the
¢ axis. The structural change leads to 5% elongation of the
crystal along the g-axis, with a transition velocity as high as
6.36 mm s " at 393 K. The crystals of #1 have been demon-
strated as organic actuators and their properties were compre-
hensively investigated, see Section 4.1.

A helical n-stacking [7]helquat cation and trifuloromethane
sulfonate anion (1:2 stoichiometry, #2, Fig. 2) molecular salt
crystal is a good example of showing both Mechanism 1 and 3
at the same time.** Molecular pairs of #2 co-assemble into
segregated columnal stacking in the o phase, where trifuloro-
methane sulfonate anions are placed in between neighboring
columns constructed by [7]helquat cations (Fig. 7b). Within the
[7]helquat columns, the molecules stack around a twofold
screw axis, while neighboring columns are symmetrically
inequivalent (see differently colored stacks in Fig. 7b). Upon o
to B thermoelastic transition occurring at ca. 404 K, slight
molecular gliding of [7]helquat cations takes place, while the
monoclinic P2; space group remains unchanged (o phase
at 400 K: @ = 12.01 A, b = 12.55 A, ¢ = 20.91 A, o = 90°,

anions
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Fig. 7 Structural changes in thermoelastic transitions of (a) #1, (b) #2, and (c) #3 crystals of Fig. 2. (a) The crystal of #1 undergoes heating induced Form
Il (red) to | (green) transition by collective molecular gliding along the (111) plane. Adapted with permission from ref. 50, copyright 2019 the Royal Society
of Chemistry. (b) The o phase crystal of #2 transform into B phase structure by heating, through molecular gliding of [7]helquat cations and reorientation
of triflate anions. Adapted with permission from ref. 42, copyright 2015 John Wiley & Sons, Inc. (c) Crystal of #3, exhibiting a crisscross packing structure,
undergoes DBOX-I to DBOX-II transition by molecular gliding as well as pantograph-like molecular rotation. Adapted with permission from ref. 61,

copyright 2019 American Chemical Society.
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B =90.12°, 7 = 90°; B phase at 410 K: @ = 11.48 A, b = 12.42 A,
c=12.49 A, o0 = 90°, f = 114.9%, y = 90°). In the B structure,
however, symmetrically independent [7]helquat molecules
in the o structure become symmetrical equivalents (Fig. 7b),
and columnal stacking becomes more linear. Moreover, triflate
anions between the cation columns reorient by 56° rotation,
thus exhibiting Mechanism 3 as well upon thermoelastic
transition.

Crisscross n-stacking 2-(5-(benzo[d]thiazol-2-y1)-1,3,4-oxadiazol-
2-yl)-5-(diethylamino)phenol (DBOX, #3, Fig. 2) crystals not only
show fluorescence based on an excited state intramolecular
proton transfer (ESIPT) process but also show thermoelastic
transition.®* DBOX-I is the stable phase at room temperature,
where DBOX-I to -II transition occurring at around 458 K exhibits
martensitic nature. Both DBOX-I and -II have a monoclinic P2,/c
symmetry, and molecules thereof exhibit co-planarity due to
intramolecular O-H- - -N hydrogen bonding interaction. In the
DBOX-I, co-planar molecules pack into one-dimensional columns
driven by n—r interaction, where adjacent stacks show antiparallel
arrangement by its inversion symmetry. The layers of m-stacked
columns are further arranged into a crisscross pattern (Fig. 7c).
In the case of the DBOX-II structure, the overall packing motif
of DBOX-I is well preserved, but exhibits dimer slip and tilting
in m-stacked columns and pantograph-like molecular action, see
Fig. 7c. The structural change results in an anisotropic volume
expansion by Aa = +2.1%, Ab = —6.1%, Ac = +5.4%, which
underlies a macroscopic ca. 6% contraction of the crystal.
In addition, disorder in the diehtylamine units is observed in
the reported structures, and thus the transition is apparently an
entropy driven process. Although the details of emission changes
due to the structural transition have not been studied, the

Thermosalient Effect

Mechanosalient Effect

Form Il
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research opens up the potential of molecular martensitic crystals
for smart emissive device applications.

Molecules #1, #2 and #3 can be classified as rigid molecules.
Single crystals of these molecules are constructed by the
common 7n-7 stacking motif, where #1, #2, and #3 molecules
arrange in a slipped co-facial stacking, helical stacking, and
crisscross stacking, respectively. Regardless of the packing
arrangements, upon thermoelastic transitions, they all exhibit
molecular gliding along the n-plane, which involves modula-
tion of the intermolecular distance and molecular tilting angle.
These attributes are also evident in the single crystals of #4-6
showing thermosalient effects.

Thermosalient crystals can be considered as a special case of
thermoelastic crystals that exhibit crystal motility such as
hopping, bending, and twisting due to self-actuation during
the phase transitions (see Fig. 8a for the hopping case of #9
crystals in Fig. 2).*' Transduction of heat into the crystal
momentum is the result of accumulation and abrupt release
of elastic strain and energy during the phase transition. The
thermosalient transition typically brings about highly anisotro-
pic structural change (#4-8, and #16, Fig. 2), but not necessarily
as revealed in the crystals of #9 and #14 (Fig. 2). Molecular and
structural mechanisms in thermosalient crystals are studied
in-depth by Naumov and others. Among the reported thermo-
salient cases, thermoelastic transitions of molecular crystals of
#4-6 are best described by Mechanism 1 in Fig. 6a.

Terephthalic acid molecules (#4, Fig. 2) form mechanically
compliant crystals that exhibit compelling thermally- and
mechanically-induced martensitic transitions.*” The #4 mole-
cules establish a two-dimensional hydrogen bonding network
in the crystals, consisting of the one-dimensional hydrogen

Annow e3shin

Thermal Stimulus
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Fig. 8 (a) (i and ii) Heating induced thermosalient effect showing crystal hopping (#9 crystals in Fig. 2), relying on the crystals’ facets contacting the
temperature-controlled surface. (i) Cooling-induced thermosalient jump of the remaining crystal which lies on its (010) facet. Reproduced with
permission from ref. 41, copyright 2015 American Chemical Society. (b) Thermosalient transitions of #4 crystals in Fig. 2 upon (i) heating and (ii) cooling
processes. (iii) Mechanosalient transition of the #4 crystal with supercooled Form | structure. Reproduced with permission from ref. 44, copyright 2016

American Chemical Society.
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bonding tapes of symmetric dimers that are strongly interacting
based on O-H:--O interactions. Adjacent tapes are stitched by
C-H---O interactions and the neighboring two-dimensional
sheets atop each other are held by co-facial - interaction
(Fig. 9a). Single crystals of #4 undergo Form II-to-I phase transi-
tion occurring at 345-358 K upon heating, where the triclinic P1
system is preserved upon the polymorphic transition (Form II:
a=5.04A, b=536A, c=7.014A, a=71.99° f=76.09°,y=87.20°%
Form I: a = 3.78 A, b = 6.48 A, ¢ = 7.41 A, « = 82.94°, f§ = 81.01°,
y = 88.98°). The structural transition gives rise to thermosalient/
mechanosalient effects (Fig. 8) and also underlies non-destructive
plastic deformation based on bimorphic structure formation
(detailed below).

Thermosalient effect of #4 crystal is achieved by substantial
contraction of the crystal long axis (26%), which is attributed to
the Form II to I polymorph transition featuring massive mole-
cular gliding, i.e., Mechanism 1 (Fig. 6a). By undergoing Form II
to I polymorph transition, a hydrogen bonded sheet glides
cooperatively atop the adjacent sheet (Fig. 9a), thus main-
taining overall packing motifs such as O-H---O and C-H---O
interactions within the two-dimensional network. Resultantly,
the packing changes in terms of the distance between neigh-
boring two-dimensional sheets (II: 5.038 A; I: 3.779 A, measured
as the distance between ring centroids, Fig. 9a) as well as
the molecular slip angle (II: 134°%; I: 106°). Meanwhile, upon
cooling, it was reported that some of the crystals did not
spontaneously recover their structure and shape, thus under-
cooled Form I crystals can be obtained under ambient tem-
perature conditions. Interestingly, these undercooled crystals
can undergo I-II transition in response to a mechanical
trigger (soft poking), which is accompanied by a prominent
crystal reshaping and leaping - i.e., mechanosalient effect

(Fig. 8b(iii)).
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Furthermore, single crystals of #4 represent remarkable
plastic deformability without losing their structural integrity.*’
Upon bending Form II crystals, the mechanically compressed
concave part of the crystal transformed into Form I phase,
revealed by single crystal X-ray diffraction study. The molecular
mechanism is unprecedented, considering that typical plastic
deformation of molecular crystals is based on delamination
and gliding of the molecular layers rather than polymorph
transition.'”* """ In addition to the plastic deformability of #4
crystals, the bent crystals exhibited shape memory properties.
Upon heating I/II bimorphic bent crystals, they re-straighten back
by a complete transition to the Form I structure. The memorized
bent shapes are recovered by cooling, which regains the
bimorphic structure of the bent crystal. It should be herein noted
that the overall behavior is distinct from the conventional shape
memory effect, which is based on ferroelastic deformation and
thermoelastic transition induced shape recovery by increasing
temperature, where the recovered shape is maintained at a low
temperature.

Thermosalient effect of (phenylazophenyl)palladium hexa-
fluoroacetylacetonate (#5, Fig. 2) based on rapid and reversible
o~y transition also exhibits similar interlayer molecular gliding
motions (Mechanism 1, Fig. 6a) along with apparent conforma-
tion changes at the same time (Mechanism 2, Fig. 6b).*>"112
The o~y transition occurs at 342-355 K upon heating, entailing
strongly anisotropic expansion of the unit cell. Although the
transition does not lead to alteration in the space group
(triclinic, P1), the cell constants are substantially changed
(a-phase: a = 8.46 A, b = 13.24 A, ¢ = 15.76 A, « = 86.96°,
f=86.45° y=84.67° y-phase: a=4.27 A, h=13.56 A, c=14.80 A,
o = 83.31°% 1 =93.96° 7 = 76.84°). In the o phase, #5 molecules
construct a co-facial slipped stack showing weak intermolecular
interactions (C-F- - -F-C, C-F- - -C); neighboring stacks (interstack)
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(353-368K) (298-313K)
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Fig. 9 Structural changes found in thermosalient transitions of (a) #4 and (b) #6 crystals in Fig. 2. (a) Changes in the crystal dimension of #4 are
accompanied by Form Il to | transition. Adapted with permission from ref. 44, copyright 2016 American Chemical Society. (b) The crystal of #6 exhibits
heating induced Form 1 to 2 transition which entails molecular gliding along the nt-plane and a subtle alteration of the crisscross angle. Reproduced with

permission from ref. 47, copyright 2018 John Wiley & Sons, Inc.
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arrange in a head-to-head fashion. By the y phase formation, the
overall packing motif is maintained yet strained markedly.
The structural change is ascribed to shear-like molecular
displacement in the stack (3.78 A and 4.82 A in the «, and
4.27 A in the y structure, measured by intrastack Pd---Pd
distance), see Fig. 6a. Therefore, the transition gives rise to slip
angle alteration from ca. 61.8° to ca. 52.5°, and increased
intermolecular distance between head-to-head arranged inter-
stack molecules (11.82 A in the o, and 12.81 A in the y structure,
measured by interstack Pd- - -Pd distance). Moreover, the phenyl
ring exhibits torsional angle change from 36.7° and 41.4° in the
symmetrically inequivalent molecules of the o structure to 87.8°
of the vy structure, and thus occupies the space resulting from
the molecular gliding process, see overlaid molecular structure
in Fig. 6a. Such cooperative molecular displacement renders
unusually large positive thermal expansion of the o phase along
the a-axis, which is in part compensated by negative thermal
expansion along the c-axis.

A single crystal of 2:1 cocrystal of probenecid and
4,4’-azopyridine (#6, Fig. 2) is another example of the thermo-
salient crystal exhibiting impressive crystal twisting, accompa-
nied by interlayer molecular gliding during Form I to II
transition (at 332-338 K upon heating).*” In the Form I struc-
ture, the 2:1 complex of probenecid and 4,4’-azopyridine
establishes a co-facial hydrogen-bonded (O-H---N and C-H---O)
trimer as a basic building block. These trimers construct one-
dimensional columns based on co-facial slipped n-stack, where
the parallel neighboring columns are closely packed and form a
two-dimensional layer. The layers are further stacked via
C-H---O interaction in a crisscrossed manner (Fig. 9b). The
Form II structure basically retains all packing motifs that
appeared in the Form I structure, while slight changes in
crisscross angles from 89.3° to 85.4° and 84.7° to 87.4° are
found, measured between interplanar angles of benzene rings of
probenecid and interplanar angles of azopyridine, respectively.
Such packing rearrangement resulted from the molecular gliding
of hydrogen-bonded trimers like in the case of #3 crystal which
also exhibit crisscross packing. The transition accompanies
changes in the space group from monoclinic P2,/c to triclinic
P1, with an anisotropic volume expansion by Aa = +5.2%,
Ab = +1.6%, Ac = —2.8%. The authors attributed reversible
twisting of the crystal to the non-uniform strain generated upon
phase transition. In addition to Mechanism 1 type structural
changes, conformational changes in the n-propyl chains of
probenecid molecules are found, thus exhibiting Mechanism 2
as well upon I to II transition.

Molecules #4, #5 and #6 in Fig. 2 can be classified as
(partially) rigid molecules. Like in the cases of #1-3, single
crystals of these molecules exhibited n-r stacking motifs, where
#4 and #5 show a typical co-facial arrangement while #6 shows a
crisscross arrangement. In these cases, the capability of coopera-
tive interlayer molecular gliding can be attributed to the for-
mation of m-stacking layers that serve as easy gliding planes.
Upon gliding, crystals exhibit molecular tilting (#4 and #5) and
relative molecular orientation change in the crisscross packing
(#6), thus manifesting Mechanism 3 as well during the transition.

This journal is © The Royal Society of Chemistry 2020
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3.2.2. Single crystals consisting of conformationally flexible
molecules. While Section 3.2.1 discusses displacive motions
(Mechanism 1) in crystals of rigid molecules (#1-6, Fig. 2), in
this section we shift our focus to crystals of flexible molecules
(#7-13, Fig. 2). Flexible molecules can also realize thermosalient
effects due to significant changes in molecular conformations
and intermolecular distances, i.e., Mechanism 2 in Fig. 6b. In the
crystals of #7-10 (Fig. 2), drastic conformational changes of
molecules and simultaneous packing rearrangements are pointed
out as the molecular mechanism for their thermosalient effects.

The single crystal of oxitropium bromide (#7, OXTB, Fig. 2)
exhibits thermosalient effect during its OXTB-A to OXTB-B
phase transition occurring at ca. 318 K upon heating.*® Both
phases are based on the orthorhombic P2,2,2, space group,
with significant alterations in the cell constants during transi-
tion (Aa = 0.8%, Ab = 10.9%, Ac = —7.5%). From the resolved
crystal structures of OXTB-A and OXTB-B, it was shown that
the transition is accompanied by conformational changes in
oxitropium cations (depicted in Fig. 10a by overlaying mole-
cules of OXTB-A and -B polymorph) and by a rigid-body wagging
motion of the phenyl substituent attributed to flexible ester
linkage in the molecular structure (Fig. 10a).

A single crystal of naphthalene-2,3-diyl bis(4-fluorobenzoate)
(#8, Fig. 2) is another case of thermosalient effect, where the
pincer-like molecular motion is pinpointed as the primary
molecular basis for its thermosalient structural transition.*
Thermosalient effect of this material is accompanied by Form I
to IV occurring at 441-443 K upon heating, where both phases
are based on a monoclinic C2/c structure. In both Form I and IV
phases, #8 molecules establish columnar stacks along
the twofold screw axis, where the p-fluorobenzoyl groups of
molecules stacked in a zigzag fashion, see Fig. 6b. The struc-
tures are stabilized by weak intermolecular interactions such as
C-H---0,C-H- - F, C-H- - ‘m, and n-r interactions. Interestingly,
the molecular conformation and the distance between
p-fulorobenzoyl arms largely vary depending on the poly-
morphic phases, see Fig. 6b. This attribute is evident in Form
I and IV; for instance, intramolecular arm-to-arm distance
between fluorine atoms changes from 7.68 A (Form I) to 4.95 A
(Form IV). Moreover, the centroid-to-centroid distance between
n-n interacting 4-fluorobenzene rings is altered from 4.01 A to
4.31 A, giving rise to significant anisotropic volume reduction
(Form I: @ = 15.82 A, b = 13.17 A, ¢ = 9.69 A, o = 90°, § = 101.81°,
y = 90% Form IV: @ = 13.85 A, b = 14.99 A, ¢ = 9.87 A, o = 90°,
f = 105.90°, 7 = 90°). Such significant structural transition is
mainly driven by conformational change (Mechanism 2, Fig. 6b)
giving rise to thermosalient jumping of the crystals.

Single crystals composed of hydrogen-bonded chiral t- or
p-pyroglutamic acid molecules (#9, Fig. 2) are capable of
thermosalient effects based on the a-to-B structural transition
(at 338-340 K and 336-338 K, for the 1- and p-pyroglutamic
acid crystals, respectively). Significant torsional motion of the
molecules occurs during the process (Fig. 10b), and thus we
assign this transition to Mechanism 2.*" Structural analysis
based on variable-temperature in situ SC-XRD revealed high
extent of structural similarity of o and f polymorphs,
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Fig. 10 Structural and molecular conformation changes found in thermoelastic/thermosalient transitions of (a) #

7, (b) #9, (c) #11, and (d) #12 crystals involving

flexible molecules (Fig. 2). (a) The structural changes during thermally induced martensitic transition between OXTB-A and -B of #7. Adapted with permission
from ref. 38, copyright 2010 American Chemical Society. (b) The structural changes during a-to- thermosalient transition of #9. Adapted with permission from
ref. 41, copyright 2015 American Chemical Society. (c) The crystal of #11 undergoes thermoelastic polymorph transition, exhibiting cooperative molecular gliding
triggered by alkyl chain rotation. Adapted with permission from ref. 60, Copyright 2015 Springer Nature. (d) Thermoelastic transition of the #12 crystal between
low temperature (LT) and high temperature (HT) polymorphs. Adapted with permission from ref. 54, copyright 2018 Springer Nature.

preserving both the hydrogen bonding network and the ortho-
rhombic P2,2,2; space group upon transition. Only minor
changes in the cell constants are observed, e.g., Aa = +1.58%,
Ab = —1.57%, Ac = 0.55%, AV = +0.53% in the r-pyroglutamic
acid crystal. On the other hand, significant changes were
observed in molecular conformation with subtle adjustments
in molecular positions. In addition to the conformational
changes of the pyrrolidine rings, the torsional angles of
carboxylic acids in three conformers in the o polymorph
(—19.89°, —0.85° and 1.34°) converged to that in a single
molecular conformer (—8.62°) in the B polymorph (Fig. 10b).
The thermosalient effect in the crystals of #9 was reported to be
perpetually repeatable without structural degradation, which is
attributed to the small structural changes as well as fully elastic
nature of strain accumulation and dissipation behavior engen-
dered by a low-dimensional hydrogen bonding network.
Molecules #7-10 in Fig. 2 can be classified as flexible
molecules, particularly in their linkage or substituents.
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The transitions of #7-10 crystals are promoted by noticeable
conformation changes (the transition of #10 crystal will be
detailed in Section 3.5). Such changes in molecular conformation
modulate the volume exclusion interactions and the centroid-to-
centroid distance; thus these systems exhibit Mechanism 1 and 2
simultaneously.

In the crystals of #11-13 (Fig. 2), dynamic rotational motions
of the molecular substituents are pinpointed as the molecular
mechanism for their thermoelastic transitions.>**”*° In these
cases, ordered molecular substituents become dynamically
disordered and trigger thermoelastic transitions, which can
be assigned as Mechanism 2 with intriguing dynamicity. However,
polymorphic transitions in these crystals did not give rise to
thermosalient effects. This is most likely due to slow transition
kinetics and insufficient power generated to move the crystals.

The crystals of #11 (Fig. 2) present order-disorder transition
of an n-butyl unit, causing cooperative polymorphic transitions.*
Within the structure, #11 molecules stack to form one-dimensional
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columns along the c-axis, where the structure is stabilized by n-r,
shape-complementary van der Waals, and C-H---O hydrogen
bonding interactions. Both low- and high-temperature polymorphs
showed a monoclinic space group P2,/c. Their unit cells differ
by Aa = 0.059 A, Ab = —1.480 A, Ac = 0.630 A, Af = 0.308°,
resulting in ca. 6-7% elongation along the long-axis of the
crystal (c-axis) upon low-temperature to high-temperature
phase transition occurring at ca. 243 K. Overall, structural
similarity between these polymorphs is found, where the struc-
tural change is mainly ascribed to interlayer molecular gliding
triggered by conformational change (anti to gauche) of the
n-butyl unit (Fig. 10c, about 100°, depicted by purple arrows)
and its dynamic disorder. Therefore, the transition can be
assigned as Mechanism 2 with dynamic nature. Such rotational
isomerization (occupying more space) results in repulsive inter-
action between neighboring molecules and is suggestive of the
driving force for the observed structural changes, such as
increase in the stacking distance from 3.32 A to 3.55 A and
decrease in the slip angle from 61.65° to 60.25°.

Single crystals of high performance p-channel semiconduc-
tor, di-tert-butyl[1]benzothieno[3,2-b][1]benzothiophene (#12,
Fig. 2), are a representative case of thermoelastic transition
triggered by order-disorder transition of rotational side-
chains.’® #12 molecules pack into a layered herringbone struc-
ture with a monoclinic P2,/c space group in its LT form, which
undergoes reversible LT to HT phase transition, showing sharp
phase boundaries upon transition (see polarized microscope
images in Fig. 10d). The variable temperature single crystal
X-ray diffraction result revealed that the HT form adopts the
same space group with slight changes in the cell constants,
Aa: 3.2%, Ab: 2.8%, Ac: —2.2%. The transition entails coopera-
tive interlayer gliding of the molecules, which results in
increased herringbone angle from 53.4° to 55.4° (Fig. 10d)
and increased molecular tilting angle (LT: 51.2°, HT: 54.8°).
In-depth studies of single crystal X-ray diffraction, nuclear
magnetic resonance and molecular dynamics simulations
revealed the occurrence of order-disorder transition in the
tert-butyl side chains during the transition; intermolecularly
correlated dynamic rotation of the side chain triggers coopera-
tive displacement of an entire molecular plane during the
transition, see multiple conformational states in the HT form
in Fig. 10d. Like in the case of #11, the transition is entropy
driven and is assigned as Mechanism 2 with dynamic nature.
A detailed mechanism of molecular cooperativity has been
further addressed, where careful optical microscope experi-
ments showed that the creation and propagation of the transi-
tion interface occurs by the cooperative structural transition in
a stepwise manner, ie., breaking the weakest intermolecular
interaction during the initiation step followed by breaking the
intermediate and the strongest intermolecular interaction in
the second and third propagation step.””

The significance of order-disorder transition of rotational
side-chains for cooperative transition is further corroborated by
comparing #12 and its molecular analogue, bis(trimethyl-
silyl)[1]benzothieno[3,2-b][1]benzothiophene (diTMS-BTBT).>®
In the diTMS-BTBT molecule, the carbon atom is replaced by
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silicon and thus has bulkier side-chains than #12. Although
diTMS-BTBT molecules pack into a similar layered herringbone
structure (triclinic, P1 space group), stronger intra- and inter-
layer interactions associated with the side-chains restricted
their rotational motions. This resulted in irreversible nuclea-
tion and growth type structural transition, losing structural
integrity upon the polymorph transition.

Molecules #11-13 in Fig. 2 consist of rigid molecular back-
bone and rotator substituents. Upon surpassing the transition
temperature, entropy gain due to dynamic rotational motions
of rotators drives structural changes such as cooperative mole-
cular displacement or tilting (transition of #13 will be discussed
in Section 3.5). Significant conformational disorder in the
substituent is also observed in the #3 crystal, which is sugges-
tive of a similar molecular mechanism as in the cases of #11-
13. Given that not only bulky rotator side chains of #12 and #13
but also a typical alkyl side chain of #11 and #3 can engender
such transitions, the molecular structures of this class of
molecules sheds light on molecular design rules for developing
organic martensitic materials featuring rigid m-conjugated
backbones. Meanwhile, as the literature revealed, even a single
atom substitution can fundamentally alter the polymorph
transition mechanism,>® and it will require precise molecular/
crystal engineering as well as further structure-property corre-
lations to rationalize the design of martensitic crystals.

3.2.3. Single crystals consisting of rotating molecules.
Displacive motions (Section 3.2.1) and (dynamic) conforma-
tional changes (Section 3.2.2) are prominent mechanisms of
thermoelastic transitions for molecules discussed above. For
crystals of #14-16 (Fig. 2) discussed in this section, remarkable
(dynamic) rotation of the entire molecule serves as the mole-
cular mechanism of their thermoelastic transitions. Thermo-
salient transition of 1,2,4,5-tetrabromobenzene (#14, Fig. 2)
crystal represents Mechanism 3 in Fig. 6¢, which shows evident
rotational motions of the entire molecule. The reversible
thermosalient effects of n—n stacking crystals of #14 are accom-
plished through the P to y phase transition occurring at
ca. 46 °C upon heating.>>'*? variable temperature single crystal
X-ray diffraction revealed that the transition induces only
minuscule changes in the molecular packing - both structures
are based on the space group of P2,/a with slight but aniso-
tropic changes of cell constants (Aa = —0.323 A, Ab = 0.475 A,
Ac=0.052 A, A =1.44°). The structural change of #14 is mainly
ascribed to the twisting-like rotation of the molecules (Fig. 11a),
where the angle between the n-planes of two distinctly oriented
molecules changed from 22.6° to 13.7°. However, concurrent
molecular gliding is minute in this case, giving rise to centroid-
to-centroid distance changes from 4.02 A to 4.07 A. Because the
molecule #14 is rigid, the molecule does not exhibit conforma-
tional change, while the structural change is mostly accommo-
dated by the elastically modifiable Br---Br and Br---H
interactions."* ™" The correlation between its polymorphic
transition and lattice vibrational modes was examined as well,
which revealed a specific rotational vibration mode corres-
ponding to the gateway for the transition.*® Moreover, intri-
guing observations were reported that lattice vibrational mode
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Fig. 11 Thermoelastic transition involving rotation of molecules. (a) Thermosalient transition of #14 crystal in Fig. 2 results from cooperative molecular
rotation. Adapted with permission from ref. 39, copyright 2013 American Chemical Society. (b) Structural changes and crystal length alteration found in
thermally induced HT-LT phase cooperative transition of #15 crystal (Fig. 2). Adapted with permission from ref. 59, copyright 2014 Springer Nature.
(c) Trimeric building block of #16 amphidynamic supramolecular crystal and structural changes upon thermosalient transition (Fig. 2). Adapted with

permission from ref. 52, Copyright 2019, Elsevier Inc.

softening followed by their rigidification upon transition is
responsible for the thermosalient effects of #14."'® These vibra-
tional spectroscopy studies elucidate not only the molecular/
structural mechanisms but also the origin for stress accumula-
tion in the long-term studied thermosalient crystal of #14.

On the other hand, the co-assembled crystals based on the
#15 and #16 pairs (Fig. 2) exhibited dynamic rotations of one of
the molecular entities (i.e., rotator). Upon warming the crystals
of [Ni'(en);](ox) complex (#15) (en: ethylenediamine; ox>":
oxalate anion), a fast and reversible structural transition is
observable at about 270 K, resulting in a 5% elongation of
the crystal (see images of the crystal in Fig. 11b).>* Upon
transition, the crystal symmetry changes from monoclinic
P24/n of the LT phase to trigonal P31c of the HT phase. Variable
temperature single crystal X-ray diffraction also revealed that in
addition to the gliding motion of the molecules, an intriguing
90°-rotation of the entire oxalate anions and their dynamic
rotational motions around the C-C bond (order-disorder) are
concurrent (Mechanism 3 with dynamicity, Fig. 6¢), suggesting
that the transition is an entropy driven process (Fig. 11b).
Despite the unusual 90°-rotations of the oxalate anions, the
structure preserves N-H- - -O hydrogen bonds, which is indica-
tive of the molecular origin for a strong cooperative effect - i.e.,
synchronous oxalate anion rotations.

A multi-scale dynamic supramolecular crystal composed of
carbazole and 1,4-diazabicyclo[2.2.2]octane (DABCO) with 2:1
stoichiometry (#16, Fig. 2) was reported by Colin-Molina et al.
The crystal exhibited (i) a thermally-activated dynamic rotation
of DABCO units, (ii) a reversible thermosalient effect accom-
panied by a phase transition, and (iii) an anomalous change
in the dynamic DABCO rotation upon phase transition.>>
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Amphidynamic crystals are an exotic class of materials that
represent the long-range molecular ordering of single crystals;
however, at the same time, they contain dynamic elements
that rotate within their structures."'”"'® In general, they are
designed to have rigid frameworks and sufficient free volume to
allow the rotational motion of the rotator. Therefore, it is
difficult for amphidynamic crystals to achieve a thermosalient
effect, requiring a distortion of its rigid frameworks (stators).
This issue is resolved in the #16 crystal by utilizing a supra-
molecular stator based on the carbazole unit. The thermo-
salient effect of #16 is engendered by Form I to II transition
mediated crystal reshaping, occurring at 332-338 K upon heat-
ing, where overall molecular packing motifs are well main-
tained during the transition. As a basic building block, the
N-H---N interaction induced 2:1 carbazole: DABCO trimer is
produced (Fig. 11c), showing an interplanar angle of 82.5° and
90° between two carbazole units in the trimer for Form I and II
structures, respectively. Between the neighboring building
blocks, a T-shape arrangement of the carbazole units based
on the C-H---m interaction is created, and it encases the
DABCO unit in the cavity produced by four neighboring carba-
zole molecules (Fig. 11c). The Form I to II transition, leading to
a symmetry alteration from a P2,/c to a I4,/a space group by
molecular displacement, also results in a realignment of the
rotator and a reshaping of the cavity, causing changes in the
dynamics of the DABCO rotation.

Although the thermosalient transition of the #14 crystal is
assigned as a Mechanism 3 induced case, the pantograph-like
motion in the crisscross packing crystals (#3 and #6, Fig. 2) also
exhibits corresponding attributes. In these crystals, thermo-
elastic transitions clearly entail change in the interplanar angle
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between molecules of different orientations. Upon the reorien-
tation of the molecules, subtle or large adjustments in inter-
molecular distance occur, accomplishing an anisotropic
volume change. Meanwhile, transitions in the crystals of #15
and #16 represent similar attributes found in #11-13 crystals,
while the rotation of the whole molecular entity or changes in
the dynamics occurred in these cases. The crystals of #15 and
#16 are comprised of stator and rotator entities resembling a
supramolecular design of amphidynamic crystals. To achieve a
corresponding phase transition behavior, the crystal should be
engineered to involve a certain amount of free volume, which
promotes the entropy driven rotational motion of the rotator at
the transition temperature.

In this subsection, the molecular mechanisms of thermo-
elastic and thermosalient transitions in the representative
molecular crystals are summarized. In all cases, structural
changes exhibited subtle or even substantial cooperative mole-
cular displacements, without losing structural integrity. The
capability of cooperative interlayer molecular gliding in the
crystals of rigid molecules (#1-6, Fig. 2) can be attributed to the
formation of n-stacking layers that serve as easy gliding planes.
Crystals consisting of partially or entirely soft and flexible
molecules (#7-17, Fig. 2) presented much richer molecular
motions in their structural transitions. In the crystals of #7-9,
the structural transitions can be accompanied by remarkable
conformation changes, while the transitions of #11-16 are
promoted by dynamic rotational motions of rotator substitu-
ents or whole molecules. The thermoelastic crystals comprising
the #10, #13 and #17, all exhibiting thermo-, super- and
ferroelasticity, will be discussed in Section 3.5.

3.3. Superelasticity

As we discussed in Section 2.3, superelasticity is known as a
mechanical analogue to thermoelasticity, i.e., high temperature
(HT) to low temperature (LT) phase transition by mechanical
loading. However, superelasticity in organic crystals can be
attained through multiple structural pathways. For instance,
the single crystals of #10, #13 and #17 in Fig. 2 are cases of
manifesting superelasticity based on a shear-induced poly-
morph transition between enantiotropic phases. Because these
crystals exhibit rich (thermo-)mechanical transition capabilities
based on thermoelasticity, superelasticity and ferroelasticity,
the molecular mechanisms thereof are detailed in Section 3.5.
In addition to superelasticity between enantiotropic phases,
novel shear induced phase formation (#18, Fig. 2), twinning
transitions (#19-22 and 24, Fig. 2), or even a transition between
monotropic phases (#23, Fig. 2) are pointed out as the structural
pathways for superelastic processes.

A single crystal of terephthalamide (#18, Fig. 2) is an inter-
esting example of a superelastic organic crystal, transition of
which is not based on enantiotropic polymorphism but is
realized through the emergence of a novel shear-induced
phase.*? #18 molecules bear two symmetric amide units, which
establish a two-dimensional hydrogen bonding network. In the
thermodynamically stable o phase, N-H:---O—C hydrogen
bonding interactions are presented along both molecular
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long- and short-axis directions, rendering N---O distances of
2.932 A (long-axis) and 2.912 A (short-axis), forming a unit two-
dimensional sheet. Along this unit sheet normal, slipped co-facial
molecular stacking is presented, likely by a direct substituent
interaction."*® The « crystal presents a triclinic system with a P1
symmetry based on symmetrically equivalent molecules. In the
metastable B phase, which is obtained through shear loading
exerted on the (010) plane of the o phase, the two-dimensional
N-H-: - -O=C hydrogen bonding network is maintained but with
subtle changes in the N---O distances (long-axis: 2.943 A and
2.918 A; short-axis: 2.965 A and 3.007 A). The P crystal exhibits
the same crystallographic system (triclinic, P1 space group);
however, it consists of two asymmetric molecules. In the 3
structure, the arrangement of phenyl rings becomes largely
altered, giving rise to a herringbone type arrangement in the 8
phase, which is accompanied by a significant torsional twisting
of amide substituents (from 24.07° in the o phase to 17.46° and
30.25° in the B phase), as shown in Fig. 12a. This is a represen-
tative case of Mechanism 2 (Fig. 6b), which adopts a new
conformational state through a phase transition, while the
contribution of molecular displacement and rotational motions
is non-negligible. Through this mechanism, the #18 crystal can
endure 11.34% of shear strain. The transition interface was
analyzed to be (100),//(001)g, giving rise to an areal ratio of
0.989, thus rendering interfacial stress by a lattice mismatch,
which underlies the spontaneous recovery of a shape strain
under the superelastic process.

Aside from the novel shear-induced phase formation (#18),
the majority of superelastic transitions in molecular crystals is
based on deformation twinning (#19-22 and 24, Fig. 2). In the
structural transition, molecules present significant torsional
twisting and/or rotation, thus exhibiting Mechanisms 2 and/or
3. A single crystal of 3,5-difluorobenzoic acid (#19) is the first
discovered example presenting a deformation twinning mediated
superelasticity. At first glance, the twin-induced superelasticity
is expected to be difficult to achieve due to the insufficient
interfacial stress for a spontaneous shape recovery by the absence
of an areal difference at the interface.>* In the crystal of #19,
molecules dimerize through strong O-H:---O—C interactions.
These dimers further interact based on weak C-H: - -O—C inter-
actions and establish a 2D hydrogen bonding network. Between
the adjacent layers, the dimers are stacked by n—m interaction.
The structure is monoclinic with a P2,/c space group, which is
composed of four asymmetric molecules. Upon applying shear
stress onto the (011) surface, the crystal largely deforms, presen-
ting a maximum shear strain of 52.7%. In addition to molecular
displacement, it was revealed that twinning occurs based on a
180° rotation around [111] that is parallel to the (110) twinning
interface (i.e., type II twinning), the equivalent structure of
which is in fact achieved mainly by conformational and slight
orientational changes of the molecules. Therefore, the lattice
reorientation exhibits Mechanisms 1-3 simultaneously. It should
be noted that there are two differently aligned dimers - one
oriented along [111] (red molecules in Fig. 12b) and the other
along [111] (blue molecules in Fig. 12b) - the 180° rotation of the
former dimer about the [111] axis will readily retain the hydrogen
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bonding interaction, while the 180° rotation of the latter dimer
will lead to a cleavage of this bond. The authors raised a plausible
speculation that the preservation of hydrogen bonds in the latter
dimer through conformational changes would result in a suffi-
cient driving energy for the shape recovery process despite the
fact that there is no surface area difference between the pristine
and twinned domain, as shown in Fig. 12b. To preserve the
O-H---O—C interactions at the interface, the dihedral angle
between the carboxylic acid and the phenyl ring is adjusted
(the torsional angle of ca. 16-17° is estimated in the reported
structure), causing a distortion energy of about 1.7 x 10™*J m™>
(estimated from the analogue benzoic acid case). This distortion
energy surpasses the energy required for the detwinning process
(6.5 x 10~* ] m™?); therefore, the superelasticity of #19 based on
twin-detwinning is facilitated.

The crystal of N,N-dimethyl-4-nitroaniline (#20, Fig. 2) is
another superelastic crystal based on deformation twinning.*
#20 molecules construct monoclinic crystals with a P2, space
group. Within the ab plane, a co-facial herringbone packing
motif is observed - m-r interaction along [100], while a mole-
cule interacts with four other neighboring molecules by
C-H- - -n. Along the [101] direction, the layers stack in a head-
to-tail fashion based on N=—=O---H-C hydrogen bonding
interaction. In the (001) planes, head-to-tail joint molecules
establish 1D nanogrooves parallel to [100]. The single crystal of
#20 exhibits not only superelasticity but also superplasticity.
The superelasticity of #20 single crystals originates from a
180°-rotation of the lattice along the normal vector of the twin
interface, (201),//(201), achieved by exerting shear stress on
the (001) face (thus, type I twinning). The twinned structure is
achieved by ca. 10° tilting of the molecule and molecular
displacements, thus exhibiting both Mechanism 1 and 3,
exhibiting a theoretical shear strain of ca. 37%. More interestingly,
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the superplasticity of #20 - i.e., extremely large plastic deformation
(strain over 500% in the case of #20) accomplished through a
multi-layer slip in the crystalline materials, is the first example
observed in organic crystals. Attributed to a nanogroove created in
the molecular assembly, a well-regulated concerted molecular slip
is facilitated along [100] and [100], where the [100] slip (with
respect to the pristine crystal) is accompanied by a twinning
transition at the beginning. This exotic feature suggests an extreme
workability of functional molecular crystals without losing
structural integrity.

4,5,7,8,12,13,15,16-Octafluoro[2.2]paracyclophane (#21, Fig. 2)
forms a superelastic crystal, whose reversible mechanical deform-
ability is attained by a twinning-detwinning process.>* Upon
exerting shear on the (101) face of the crystal, a twin domain
formation is observed, resulting in a maximum shear strain of
29.2%. The twinned lattice is reoriented from the pristine
lattice by a 180° rotation around the normal vector of the twin
plane, (010)\//(010)p, thus exhibiting type I twinning. The
single crystal structure of #21 shows a triclinic system with a
P1 space group, involving two symmetrically inequivalent mole-
cules (Z' = 0.5 + 0.5), called Z1 and Z2 molecules, respectively.
Molecular packing inside exhibits a two-dimensional
brickwork-like motif with C-F- - -H-C interactions between four
neighboring molecules. Upon shear-induced twin formation,
which results in crystal bending of ca. 16.3° the Z1 and Z2
molecules are converted into the Z2 and Z1 across the twin
interface by a ca. 26° molecular rotation, respectively. Such
interconversion between symmetrically inequivalent molecules
resembles the case of #13 (Section 3.5), which exchanges the
primary and secondary n-stacking axis of the two-dimensional
brickwork packing upon deformation twinning.

The single crystal of [Cu(u),(bza)(pyz)]. (bza: benzoate; pyz:
pyrazine) (#22, Fig. 2) also accomplishes superelasticity by
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deformation twinning.”> The mechanical twinning of #22 is
observed when applying shear onto the (001) surface of the
crystals, forming a twinned domain based on (100)p//(001)y
interfaces, giving rise to an interfacial area ratio of 0.953. The
maximum strain achievable through twinning was evaluated to
be ca. 26%. Such a large reorientation of the lattice is in fact
accomplished by the systematic conformational changes of the
ligands as well as a slight displacement of the one-dimensional
chains of #22, thus manifesting the molecular motions of both
Mechanisms 1 and 2. In the pristine structure of #22, 1D
complex chains are stacked side-by-side and uniaxially aligned
along the b-axis of the structure. Upon twinning, benzene rings
undergo about 32° rotation, and a slight rearrangement of the
columns is anticipated to accommodate the rotated unit cell
that exchanges the habit plane between (100) and (001). More
interestingly, this lattice reorientation converts the direction of
the 1D nanoporous channels that develop along the [001],
which are harnessed to realize a microfluidic channel for
a mechanically controlled gas flow system (see Section 4 for
details).

The single crystals of 7-chloro-2-(2’-hydroxyphenyl)imidazo-
[1,2-a]pyridine (#23, Fig. 2) are a special case of a molecular
superelastic crystal.*® The single crystals of #23 not only manifest
photoluminescence changes upon phase transition (yellow-green
to orange) but also accomplish superelasticity based on the
structural transition between monotropic phases. The YG-phase
of #23 is based on a herringbone packing structure with a
monoclinic P2,/n system, while the structure of the shear-
induced YO-phase is based on co-facial herringbone packing with
a monoclinic P2,/n system. Both polymorphic crystals are achiev-
able through recrystallization from an ethanol solution; however,
they are not interconvertible by thermal energy before the melting
point (i.e., monotropic). Upon the shearing of YG-phase crystals,
molecules are rotated by 68° and displaced about 1.9-2.0 A
to establish the YO-phase structure, thus exhibiting both
Mechanisms 1 and 3. Interestingly, the authors provided
varying-temperature stress-strain curves that did not change
the forward and the reverse shear stress due to temperature.
This result does not support the Clausius-Clapeyron relation-
ship, which is attributed to the monotropic character of the
shear-induced structure.

Superelasticity is based on a structural transition upon the
shear loading and a spontaneous recovery of shape strain upon
the unloading process. Unlike the single crystals of #10, #13
and #17, which represent mechanically-induced polymorphic
transitions between enantiotropic phases, other structural ori-
gins can also engender the spontaneous shape recoverability of
molecular crystals. Such recoverability is granted for the #18
crystal, which creates the unstable mechanically induced struc-
ture formation, while the spontaneous recoverability of the #22
crystal is engendered by interfacial stress in the twinning plane
predictable by the surface area difference. Although the spon-
taneous shape recoverability of #19-21 crystals is still elusive, it
is likely due to interfacial stress attributed to torsional twisting
of the strong hydrogen bonding synthons at the twinning plane
(#19), or to unstable structure formation induced by molecular
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misorientation at the twinning interface (#20 and #21). Moreover,
superelasticity based on monotropic polymorphs, as found in #23
crystal, which is unprecedented in shape memory alloys, opens up
a new horizon to devise superelastic (or martensitic) molecular
crystals.

3.4. Ferroelasticity

Besides superelasticity, ferroelasticity also imparts reversible
deformability to single-crystalline materials, albeit not sponta-
neous and requiring reverse mechanical loading. As described
in Section 2.4, the structural foundations of organo-
ferroelasticity are deformation twinning, except for #17 in
Fig. 2. Upon twinning, in addition to layer-by-layer molecular
displacement, concerted molecular rotations and/or conforma-
tional changes are concurrent that replicate the molecular
arrangement of the type I/II transformed twinned lattice
(i.e., 180° rotation of the lattice around twin plane normal
and shear direction, respectively). Such rich molecular motions
are attributed to a less symmetrical shape of the molecules
compared to the atoms in shape memory alloys. Specifically, in
the case of the twin operation of alloys, the 180° rotation of
the lattice has no effect on the atomic orientation due to
their spherical shape, and hence a structural change can be
expressed simply by atomic displacements. However, in the
case of molecular crystals, such a lattice reorientation can lead
to massive molecular reorientation as well. Therein, the 180°
rotation of whole molecules in the close packed structure is
not valid, while a corresponding molecular orientation can be
realized through a systematic conformational change and a
rotation of the molecules. Below, we detail molecular and
structural mechanisms found in the representative cases of
ferroelastic molecular crystals.

In the pristine single crystal of 5-chloro-2-nitroaniline (#25,
Fig. 2), the molecules primarily interact through N-H---O=N
hydrogen bonding, establishing an infinite one-dimensional
supramolecular tape.?” In addition, adjacent tapes are weakly
bound by a halogen bonding interaction (Cl. - -Cl) thus forming
two-dimensional unit layers, which are stacked together based
on interlayer n-m interactions. By exerting shear stress onto the
(101) facet of the crystal, deformation twinning occurs by a 180°
rotation of the lattice along the (101) plane normal (type I
twinning). The twinned domain is interfaced with a pristine
domain through (101)y//(101)r. As shown in Fig. 13a, this
twinning transition is accomplished by a substantial
58.7°%-rotation and a displacement of the molecules, therefore
clearly exhibiting Mechanisms 1 and 3, as shown in Fig. 6. The
theoretical recoverable strain was evaluated to be 115.9%,
which is much higher than the maximum strain of ca. 41%
afforded in the deformation twinning of FCC-structured metallic
crystals.'*°

A herringbone packing single crystal of 1,4-diethoxybenzene
(#26, Fig. 2) is a fascinating example of a ferroelastic material
that deforms almost freely, enabled by multiple twinning
planes/modes.”® In the crystal structure of #26, no hydrogen
bonding interaction is observed, but relatively strong electro-
static intermolecular interactions are presented together with
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C-H:---m interactions from the herringbone configuration.
When shear stress is applied on the (010) or (010) planes, the
crystal is deformed by deformation twinning across the twin-
ning interfaces of (n10), where the reorientation of the twinned
lattice is explained by a 180°-rotation along the [110] shear
direction with n = 1, 2, 3.... Thus, type II twinning occurrs in
this material, as shown in Fig. 13b. Upon deformation twin-
ning, the crystals bend by 6 (ie., angle between (010)p and
(010)r) and twinned structures can be achieved by a 180 - 26
degree rotation of the molecules (Mechanism 3 in Fig. 6c). In
addition to showing different twinning modes with n of 1-5, the
study demonstrated that several different modes of twinning
can occur at the same time, allowing the crystal to be freely
deformed like an accordion. Theoretical shear strains are
intriguingly large, ie., 144%, 83%, 57%, 43%, and 35% for
n = 1-5, respectively.

A single crystal of 4,4'-dicarboxydiphenyl ether (#27, Fig. 2)
is a ferroelastic material, whose lattice reorientation in the
twinning-detwinning is accomplished by intriguing conforma-
tional changes resulting from the innate flexibility of #27.>°
Attributed to two carboxylic acid units at the para-position of
the benzene rings, the #27 molecules establish a 1D hydrogen
bonding supramolecular network, where C-O- - -H-O hydrogen
bonding interactions penetrate the twinning plane, (111).
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By applying shear loading onto the (011) face, deformation
twinning takes place based on the 180° rotation along the (111)
habit plane normal (i.e., type I twinning). This orientational
relationship between the lattices does not essentially require a
180° rotation of the entire molecule, but the corresponding
molecular geometry can be achieved by conformational
changes due to the flexibility of #27 (i.e., flipping of the phenyl
rings by ca. 30.2° thus Mechanism 2 in Fig. 6b). Meanwhile, as
mentioned, C-O- - -H-O hydrogen bonding interactions across
the twin plane are expected to show a 20.1° distortion. Thus, a
ca. 0-20° rotation of the carboxylic acid unit is proposed, which
would preserve hydrogen bond planarity and relieve interfacial
stress, thus causing a spontaneous strain in this case. The
ferroelastic transition of the #27 crystal rendered a theoretical
shear strain of 15%, which is relatively small compared to the
#25 and #26 cases but still noticeable.

Except for the case found in the #17 crystals detailed in
Section 3.5, ferroelasticity in molecular crystals is all based on
deformation twinning. Drastic crystal deformations are accom-
panied by cooperative displacements (Mechanism 1) as well
as concurrent conformational changes and/or molecular
rotations, i.e., Mechanisms 2 and 3, respectively. Remarkable
recoverable shear strains even beyond 100% are achievable in
these crystals, which implies a myriad of potential applications,
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Fig. 13 (a) Ferroelasticity found in a #25 crystal (Fig. 2). (i) Shear induced twinning and reverse shear induced detwinning is shown, which is resulted by
(i) substantial molecular rotation upon the twinning—detwinning process. Adapted with permission from ref. 27, copyright 2017 John Wiley & Sons, Inc.
(b) Ferroelasticity found in #26 crystals (Fig. 2). (i) The crystals are capable of undergoing multiple different modes of deformation twinning with (n10) twin
plane, where molecular rotation by 180 — 260 degrees about the [1n0] axis is anticipated upon transition. (ii—v) Optical micrographs of twinned crystals
based on different twinning modes, i.e., n = 1, 2, 3, and 4, respectively. Adapted with permission from ref. 28, copyright 2018 John Wiley & Sons, Inc.
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such as single crystalline flexible optoelectronics. To establish
such an intriguing property in a target crystal, unlike super-
elastic cases, a twinning interface with negligible stress is
required. However, it is elusive still which packing motifs
or supramolecular synthons would promote super- or ferro-
elasticity. To further advance this promising research field,
it is required to establish molecular/crystal engineering
perspectives and in-depth structure-property correlations sup-
ported by theoretical studies based on molecular dynamics
simulation for example.

3.5. Molecular crystals demonstrating versatile
(thermo)mechanical transitions

As pointed out in Section 3, there are fascinating molecular
martensitic materials that exhibit multiple (thermo-)mechan-
ical transition capabilities (#10, #13 and #17 in Fig. 2) as well as
an interconvertibility of mechanical deformation phenomena
(#24, Fig. 2). An organoionic salt crystal composed of tetrabutyl-
n-phosphonium tetraphenylborate (#10) is the first organic
system that exhibits shape memory alloy-like behaviors, as
reported by Takamizawa et al.>® Since the shapes of both ionic
components are spherical to some extent, like atoms in alloys,
the thermomechanical properties of #10 are expected to provide
thermo-mechanical transition capabilities resembling shape
memory alloys. Unlike plastic crystals, which are also made
up of spherical molecules, the single crystal of #10 presents
diffusionless transitions in response to thermal and mechan-
ical stimulation. First, it is demonstrated that shear loading on
the (101) face of the o phase crystal results in ferroelastic
twinned domain formation (Fig. 14a) with the (103),.//(103),_
transition interface (a+ and o— denote the o phase with
different lattice orientations). The maximum strain achievable
through the ferroelasticity of the #10 crystal is 21.6%. Upon
heating, it was discovered that the mechanically deformed
twinned crystals recover to a straight shape through the thermo-
elastic o (triclinic P1) to P (triclinic P2,/n) transition. In this step,
the twin interfaces (103),.//(103),_ all disappeared, forming a
singly-oriented f structure across the (205),//(313)p phase transi-
tion boundary. The subsequent cooling of the 3 crystal produces
the o crystal with a single orientation via a reverse thermoelastic
transition, as shown in Fig. 14a, indicating the shape memory
effect of #10 crystals. The transitions are accompanied by slight
molecular displacements and orientational changes but with
apparent conformational changes. Furthermore, it was demon-
strated that shear loading in the temperature range at which the 8
phase stabilizes showed superelasticity based on the reversible 3
to o phase transition. The observed behaviors are essentially
identical to the shape memory effect of alloys (see Section 2).
Intriguing (thermo-)mechanical transitions of high-
performance p-channel semiconductor material, 6,13-bis(triiso-
propylsilylethynyl)pentacene (#13, Fig. 2), were revealed by us.””
The #13 molecules establish a two-dimensional brickwork
packing structure in the Form I polymorph (triclinic, P1 space
group) at a temperature below ca. 121.5 °C. A single crystal of
#13 undergoes three reversible thermally induced phase transi-
tions based on four polymorphic phases, namely I-Ib, Ib-II,
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and II-III transitions, where I-Ib exhibits a second-order nature,
while Ib-II and II-III are first-order thermoelastic transitions.
Upon thermoelastic transitions, molecules glide along the (210)
plane, which is parallel to the direction of the conjugated core,
resulting in a remarkable extension of the crystal length (I-II:
Aa=—2.1%, Ab=+10.8%, Ac = +1.7%; II-II: Aa = 0%, Ab = +4.8%,
Ac = +0.2%). The transitions can also be mechanically-induced by
exerting [100] shear onto the (100) facet of Form II and III crystals,
leading to superelastic II-I and III-II transitions (Fig. 15a), which
are accompanied by a concerted molecular rotation of 12° and 8°,
respectively. The theoretical recoverable shear strains of super-
elastic II-I and III-II transitions were evaluated to be 17.3 and
13.1%, respectively.

In addition to the thermo- and superelastic transitions, the
crystals of #13 can undergo two different modes of deformation
twinning with ferroelastic natures. By applying [100] shear
loading onto the crystals, they are significantly deformed by
twin domain formation (type I, 180°-rotation along the (010)
plane normal with the (010)p//(010)y interface). The mechanical
transition occurs in all polymorphic structures, giving rise to a
recoverable strain of 59.9%, 25.5% and 0.3% in Form I, II and
III structures, respectively. As the polarized Raman study
revealed, in addition to the molecular displacements, the
transition entails a substantial 42°-rotation of the molecules
in the Form I structure (Fig. 15b). Moreover, it was concluded
that a substantial strain is resulted from the n-stacking axes
switching in the two-dimensional brickwork packing - i.e.,
a reversible exchange of the main n-stacking axis and the
secondary m-stacking axis, which forms along the [010] and
[110] vectors, respectively. Furthermore, the molecular dynamics
simulation results not only verified the structural details observed
in the experiments but also suggest an intermediate Form III
structure formation at the transition interface. The latter was
pinpointed as the mechanism for alleviating interfacial stress
incurred from the colossal molecular rotation upon twinning.
It is schematically summarized in Fig. 6¢ that between the pristine
(blue) and the twinned domain (green), the intermediate Form III
structure (red) is established.

In addition to [100] shear induced deformation twinning,
[010] tension engenders type II twinning, which reorients the
lattice by a 180°-rotation along [120], which is parallel to the
(210) twinning plane (Fig. 15c). This type of transition also
occurs in all polymorphic structures with n-stacking axes
switching behaviors, giving rise to a recoverable strain of 59.9%,
25.5% and 0.3% in Form I, II and III structures, respectively.
Similarly, the molecular dynamics simulation result indicated inter-
mediate Form III structure formation at the twinning boundary.
However, unlike the [100] shear induced twinning case, the mole-
cular mechanism in this case is mainly ascribed to the concerted
molecular displacement along the [120] direction.

Thermo-mechanical transition behaviors of soft, super- and
ferroelastic shape memory materials composed of saturated
fatty acids were also investigated.®” Saturated fatty acids with
long alkyl chains (#17 in Fig. 2; n: 15-21) establish hydrogen
bonded dimers, which construct a lamellar 2D stacking structure,
lacking strong intermolecular interactions between hydrogen
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bonded dimers. Previous research on polymorphism of the
fatty acids identified three major structures, A, B, and C
(even-numbered fatty acids) and A/, B/, and C’' (odd-
numbered fatty acids).">" The tilt angle of the dimer increases

in the order of A-C, where the tilt angle between the same

8306 | Chem. Soc. Rev., 2020, 49, 8287-8314

category is nearly identical (e.g., A and A’) regardless of the
chain length. The authors corroborated that the B’ crystals of
odd-numbered fatty acids transform into A’ by compression,
while an inverse transition spontaneously occurs by removing
applied stress (i.e., superelasticity). A structural analysis on the
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pentadecanoic acid (C15) crystal revealed that the transition
boundary is (127)g//(217)a. It also revealed that the transition
is accomplished through molecular gliding along the molecular
long axis (which lies parallel to the interface) and molecular
reorientation. Meanwhile, even-numbered fatty acid crystals are
absent from martensitic transition induced deformability. This
is attributed to the significant conformational difference at the
dimerizing junction of A and B phases, which inhibits the facile
molecular conformation and packing alteration required for
transition.

In addition to the martensitic phase transition induced
superelasticity (B’-A’, T higher than 306-307 K for C15), ferro-
elasticity on the same structural basis is achievable at a lower
temperature condition (284 K < T < 306 K). Undercooled B’
crystals at this temperature range can undergo a B'-A’ transition
through mechanical loading. However, the inverse transition
(A’-B’) through the unloading process is precluded since B’ is
metastable under these temperature conditions. Furthermore,
such ferroelastically deformed crystals can recover their shape
through the subsequent heating procedure (A’-B’ transition).
See Fig. 14b for schematic drawings and optical micrographs

This journal is © The Royal Society of Chemistry 2020

illustrating the process. As the authors suggested, martensitic
transition-induced deformation and temperature-controlled
shape recovery is mechanistically new, given that the shape
memory effect of alloys is based on the combination of deforma-
tion twinning and thermally-induced phase transition.

A single crystal of 1,4-dicyanobenzene (#24, Fig. 2) is a
peculiar case of a superelastic material that can interconvert
between superelasticity and ferroelasticity through a cold aging
process (Fig. 14c).>" A single crystal of #24 belongs to the
triclinic P1 space group. Along the g-axis direction, the mole-
cules are stacked based on the n-m interaction, where neigh-
boring columns are bound based on C-N---H-C interactions.
Upon loading shear stress onto the (001) facet of the crystal, it
deforms by 18.6° (i.e., recoverable strain of 33.7%) accompa-
nied by twin domain formation (type II twinning with the twin
plane of (201)p//(201)y). The structural change is ascribed to the
slight reorientation and small displacement of molecules,
and it is expected that molecules in the interface would adopt
the orientation of either a pristine or a twinned structure.
If the crystal has not undergone the aging process, upon
unloading, the twinned domain spontaneously restores the
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lattice orientation of the pristine structure (i.e., superelasticity,
red domain in Fig. 14c). On the other hand, if the deformed
state is held for several tens of hours (i.e., cold aging), the
twinned crystal does not recover its shape by simply unloading
shear stress. Depending on the aging time, this domain can be
detwinned by exerting opposite shear stress (green domain
in Fig. 14c) or can act as a reverse superelastic domain (blue
domain in Fig. 14c). Finally, the crystal with reverse superelastic
domain can be retransformed to have an entirely pristine lattice
orientation, by holding the crystal straight with an opposite
shear stress. Although the molecular mechanism for the time-
dependent interconversion between superelasticity and ferroelas-
ticity is yet to be elucidated, the shape-rememorization capability
found in the molecular crystal via the cold aging method will
extend the mechanical workability of molecular crystals in a
single-crystal-to-single-crystal fashion.

4. Potential applications

In the previous sections, we discussed characteristics of
molecular martensitic materials (Section 2) and summarized
structural and molecular mechanisms for thermoelastic, super-
elastic, and ferroelastic transitions found in various types of
molecular crystals (Section 3). These non-destructive, fast and
reversible structural transitions show promise for stimuli
responsive materials and smart devices. In this section, several
potential applications of molecular martensitic materials are
highlighted.

4.1. Light-weight actuators

Recently, the Naumov group demonstrated actuators by har-
nessing the crystals of #1 and #5 in Fig. 2 and thoroughly
investigated their mechanical properties. The #1 crystal, upon
thermoelastic transition, elongates ~ 5% in its total length with
an expansion rate of ~6.36 mm s .°° Actuator stress was
evaluated to be ~10°> kPa with an actuator strain of 5%.
Such performance is comparable to those from nanomuscles,
electrostatic actuators and voice coils. More interestingly, due
to the light weight and the density of molecular crystals, the
force-to-weight ratio was measured to be on the order of 10*
which outperforms that of an ant (10%). As shown in Fig. 16a, #1
crystal was strong enough to push a stainless-steel ball (110 mg).

Naumov and colleagues also utilized thermosalient crystals
of #5 as actuators and closely explored their properties depending
on the size and shape of the crystals. The crystals were classified
into type 1 and 2 by their shapes, where the average length-to-
thickness ratio was 2.67 and 5.48, respectively.’’ These crystals
exhibited linear dependence of the exerting force on the crystal
mass or length, with a measured 6.5 + 1.5 mN along the length
and 1.8 = 0.4 mN along the thickness direction for type 1 and
80 + 6 mN along the length and 17 + 2.5 mN along the thickness
direction for type 2 crystals. When the actuator performances are
expressed by volumetric power density (VPD), #5 crystals exhibited
VPD of 1.3-2.7 MW m™>. Given strain values of 0.3-1.6 x 10> by
thermosalient transition of #5, the actuator performance was
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evaluated to be comparable to shape memory actuators which
are applied in the industry. Further advantages of organic
martensite include light weight of molecular materials as well
as high reversibility; due to the latter it does not require a
mechanically coupled system to reset to their original state.

4.2. Thermosalient electrical fuse

In addition, Naumov et al. utilized silver nanoparticle coated
thermosalient crystals of #14 in Fig. 2 to demonstrate electrical
fuses that can find applicability in low-voltage driven circuits
(Fig. 16b).** Upon supplying voltage onto the electrical circuits
composed of silver coated crystals, current flows due to the
metallic conductivity afforded by silver nanoparticles. However,
at the voltage condition that resistive heating of the silver
nanoparticle layer surpasses the temperature condition for
thermosalient transition (39-46 °C), the circuits readily break
by the rapid motion of the crystals (i.e., movement, fracture, or
explosion). The maximum current that can be endured by silver
coated crystals differs by the size and heat capability of the
crystals. Therefore, the response time and the maximum cur-
rent can be fine-tuned by controlling the crystal sizes.

4.3. Thermo-mechanically driven lift

By utilizing the shape memory effect of #10 crystals in Fig. 2,
Takamizawa and collaborator demonstrated a shape-memory
lift that can raise the weight more than 10> times heavier than
the crystal itself.>®* When SUS weights (1 g, 10 g and 100 g)
are applied at temperatures below the HT phase starting
temperature (Tyrs), mechanical deformation due to ferroelas-
tic transition occurs. Heating above the HT phase finishing
temperature (THT,F), ferroelastically deformed crystals straighten
back, thereby lifting much heavier weights than the crystals
themselves. In particular, it was clearly shown that higher tem-
perature is necessary to lift heavier weight, owing to linear
dependence of Tvs. o for superelastic transition (see Section 2.3).

4.4. Shape and function memory electronics

Molecular martensitic crystals with semiconducting charac-
teristics have been mostly discovered by our group. One of their
intriguing demonstrations was shape- and function-memory
behaviors of this class of materials. Crystalline thin films of
#12 and #13 (Fig. 2) fabricated by a meniscus guided coating
method were harnessed for organic field-effect transistor (OFET)
applications. Intrinsic charge carrier mobility of OFETs is
regulated by thermoelastic transitions.”* For instance, OFETs of
#12 exhibited hole mobility ~1.9 em®> V™' s in the saturation
regime at low temperature, which decreased by 217% upon
thermoelastic transition. The mobility change was attributed to
the alteration in its charge transfer integral - 44 and 51 meV of the
low temperature polymorph to 35 and 49 meV of the high
temperature polymorph for the herringbone and mn-n pairs,
respectively. The thermoelastic transition and accompanied
electronic property changes were highly reversible, without dama-
ging the crystalline thin films or metal-semiconductor contact.
This example demonstrates the potential utility of martensitic
organic semiconductors as shape- and function-memory devices.

This journal is © The Royal Society of Chemistry 2020
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4.5. Ultraflexible single crystal electronics

Our group and collaborators further demonstrated ultraflexible
devices composed of ferroelastic single crystals of #13 (Fig. 2).”
Upon bending the devices beyond the elastic limit, the crystals
exhibited formation and evolution of the twinned domain
without fracturing the devices. As shown in Fig. 16c, the devices
could tolerate more than 13% tensile strain, which reduces
mobility by ~50% and 30% in single crystal devices of Form I
and Form Ib polymorphs, respectively. Furthermore, we
demonstrated reversibility of conductivity in the strain range
of 1.3-2.5%; beyond 2.5% strain, flexible substrates supporting
the devices underwent plastic deformation. We attributed
strain-resilient conductivity to n-stacking axes switching during

This journal is © The Royal Society of Chemistry 2020

ferroelastic transitions. As we discussed in Section 3.5, ferro-
elastic transition of #13 entails axes switching behavior - ie.,
exchange between the main n-stacking pair and the secondary
n-stacking pair (Fig. 16c). Furthermore, due to the 2D carrier
transport nature of the 2D brickwork system, the conductivity
change with strain is gradual.

4.6. Crystal membrane for spatiotemporally controlled gas
flow

Takamizawa et al. devised a crystal membrane capable of
controlling gas flow in a spatiotemporal manner by using
superelastic microporous crystals of #22 (Fig. 2).>® As discussed
in Section 3.3, this material exhibits superelasticity based on
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deformation twinning, which leads to substantial lattice
reorientation. This observation is corroborated by alteration
of the habit plane from (001) to (100). Such orientational
change gives rise to mechanical reorientation of 1D micro-
porous channel direction. As shown in Fig. 16d, the amount
and permeability of CO, gas flow could be mechanically con-
trolled by changing the microchannel direction via superelastic
transitions. Specifically, gas flow is only allowed along the
horizontal (vertical) direction before (after) shear loading; see
blue (red) schematic drawings and curves.

5. Summary

In this review, we introduce molecular martensitic materials
covering recent progress in molecular discoveries, molecular
mechanisms, and potential applications. Distinct from the
conventional metallic martensites, cooperative transitions in
organic crystals exhibit rich molecular motions to accommodate
structures of the transformed phase. Moreover, novel phenomena
have been frequently observed in molecular martensites, such as
thermosalient effects due to abrupt, large change in the crystal
structures,*®*® superelasticity based on transition between mono-
tropic polymorphs or twins,***® and interconvertibility between
super- and ferroelasticity.*! Molecular martensitic materials show
promise for realizing smart functional materials thanks to their
(i) rapid/reversible shape and function switching behaviors,
(ii) excellent mechanical deformability while maintaining struc-
tural integrity, (iii) light weight, (iv) solution processability, and
(v) facile tunability of the material chemistry and functions by a
judicial molecular design. Molecular mechanisms of martensitic
transitions summarized in this review offer perspectives for
designing molecular martensites, which remains elusive to date.
Specifically, martensitic transitions in molecular crystals can be
enabled by molecular features such as (i) existence of easy gliding
plane by forming slipped n—r stacking or herringbone structure,
(ii) triggerable dynamic motions of a substituent or the entire
molecule, (iii) adaptability of supramolecular synthons to mole-
cular motions by introducing torsionally flexible functional
units, and (iv) presence of a shared rotation axis for directional
cooperative molecular rotation, enabled by uniaxial alignment of
molecules either along the short or long-axis of the molecule. The
advancement of molecular martensitic materials has just begun.
Molecular martensitic materials have ample room for further
innovations, from molecular/crystal engineering perspectives to
practical applications.
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