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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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>
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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
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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
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N
-

1ol 1eyskio

L

K

—

Mechanical Stimulus

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)

(001)  (100) 377988
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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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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 