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A role of intermolecular interaction modulating
thermal diffusivity in organosuperelastic and
organoferroelastic cocrystalsy

Subham Ranjan, 22 Ryota Morioka,” Meguya Ryu,® Junko Morikawa & *°

and Satoshi Takamizawa @ *@

Although the finding of superelasticity and ferroelasticity in organic crystals has been serendipitous, an
increasing number of organic crystals with such deformation properties have been witnessed.
Understanding the structure—property relationship can aid in the rational selection of intermolecular
interactions to design organic crystals with desired superelastic or ferroelastic properties. In this study,
we investigated the mechanical deformation in two cocrystals, prepared with the parent compound, 1,4-
diiodotetrafluorobenzene with two coformers, 1,2-bis(4-pyridyllethane and pyrene. The parent
compound and coformers were chosen to introduce distinct weak interactions such as halogen bonds
and C-H---F, and -1t interactions in the crystal structure. The two cocrystals exhibited different
mechanical deformations, superelasticity, and ferroelasticity, respectively. The single-crystal X-ray
diffraction and energy framework analysis of the crystal structure of the cocrystals revealed that both
deformations were caused by mechanical twinning. Interestingly, a difference in the extent of
deformation was observed, modulated by a combination of strong and weak intermolecular interactions
in the superelastic cocrystal, and only weak interaction in the ferroelastic one. In this comparison, the
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Introduction

Over the last decade, distinct mechanical deformation behavior
in organic molecular crystals has been reported, thereby
making them a prospective candidate as next-generation
structural materials for actuators," multi-stimuli responsive
sensors,” optical waveguides,® and soft robotics.* Organic
molecular crystals have been found to exhibit several mechan-
ical deformation behaviors such as elastic and plastic
bending,*” light-induced bending,®® superelasticity,'***
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Movie S1: shear stress-induced mechanical deformation on the (011) plane of
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other electronic format see DOI: https://doi.org/10.1039/d3sc03155a
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presence of symmetrical and relatively robust intermolecular interactions in the superelastic cocrystal.

ferroelasticity,">** superplasticity,'”” shape memory effect,'®"”
and many more. Superelastic and ferroelastic organic molecular
crystals stand out as excellent and superior candidates in
materials science due to their reversibility and diffusionless
transformation behavior. Although both superelastic and fer-
roelastic deformations exhibit diffusionless transformation, the
reversibility manner of the shape restoration differs. In
superelastic deformation, the shape recovery is simply attained
by removal of the applied force,' whereas in ferroelastic
deformation, the shape change due to spontaneous strain is
regained by application of force in the opposite direction to that
of the deformation direction.” Digging into the mechanism,
superelastic deformation is enabled by martensitic trans-
formation,'® whereas ferroelastic deformation is manifested by
twinning deformation.'® Recently, twinning has been found to
be the common cause for both superelastic and ferroelastic
deformation in organic crystals.*>*®

While many organic molecular crystals exhibiting supere-
lastic and ferroelastic deformation have been reported in recent
years, a rational approach for designing and obtaining the
desired superelastic and ferroelastic deformation is
lacking.'***?° For crystal structure designing with novel prop-
erties, a detailed understanding of various strong and weak
molecular interactions is essential to modify the strength and
geometry of intermolecular interactions. A thorough analysis
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showed that different crystal structures with polar space groups
and weak intermolecular interactions such as weak hydrogen
bonding, halogen bonding, and van der Waals interactions
contribute to superelastic or ferroelastic deformation.>*** The
influence of weak intermolecular interactions involving halogen
groups such as an aromatic C-F group,??® and halogen-
halogen®** and 7 stacking interactions®~* on directing the
crystal packing in the presence or absence of strong hydrogen
bonds has been extensively studied, and can serve as an excel-
lent tool for crystal designing. Li et al. suggested that such
crystals could be designed by considering the orientational
change of molecules caused by twinning in superelastic and
ferroelastic deformation.** They prepared a cocrystal composed
of 3,5-dimethylbenzoic acid and 4,4™-bipyridine bonded by an
acid-pyridine hetero-synthon and resembling an organic trimer,
which demonstrated a bidirectional superelastic deformation
through a 90° rotation of the aromatic plane of 4,4"-bipyridine.*?
In our previous report about the shape memory effect of 1,2-
bis(4pyridyl)ethane dodecafluorosuberate,'” we realized that the
introduction of weak dispersive interactions like C-F---m, and
C-H---F in the crystal structure changed the deformation
behavior from biased ferroelastic® to the shape memory effect
(interconversion of superelastic to ferroelastic). In this case, this
weak dispersion interaction combined with strong hydrogen
bonding N'-H---O~ contributed to the shape memory effect
with an increased critical forward stress value. Thalladi et al.
mentioned that C-H---F interactions could be exploited to
construct desirable organic crystals as compared to well-known
C-H:--O and C-H--'N interactions owing to their ability to
stabilize the crystal structures.*® Additionally, Jain et al
demonstrated the role of halogen bonds in synthesizing higher-
order cocrystals and further established that halogen bonds can
exhibit analogous behavior to hydrogen bonds.*® Mukherjee
and Desiraju previously indicated that the strength of halogen
bonds can manifest in elastic or plastic bending in organic
crystals.*® Thus, halogen bond-mediated/directed synthesis of
a supramolecular assembly could be a possible way to design
organic molecular crystals with desired superelastic and fer-
roelastic deformation. Variations in the strength of halogen
bonds with excellent directionality®” and other weak dispersive
interactions®® can manipulate the spontaneous strain genera-
tion required for ferroelastic deformation and spontaneous
shape recovery in a superelastic deformation.

In addition to developing the designing principles for
superelastic and ferroelastic deformation, studying the aniso-
tropic thermal transport properties of these materials such as
thermal diffusivity would be insightful owing to the range of
thermal management applications of these crystals.>**
Previous studies have reported that the anisotropic mechanical
properties of soft materials in response to high frequency can be
correlated with thermal diffusivity.*** Studying the anisotropic
thermal properties in ferroelastic and superelastic organic
crystals would be beneficial to understand the manner of heat
transport with respect to their structural order. Furthermore,
the reversible phase transition properties of these crystals in
response to mechanical stress can be utilized as thermal
switches.**** The micro-level miniaturization of the integrated
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devices demands efficient flexibility and thermal management,
which can be fulfilled by the controlled deformation behavior of
these crystals and used as wearable devices.***” It has been
demonstrated that inorganic ferroelastic materials can be
utilized for thermal management applications.*****" Sieradzki
et al. studied the changes in the thermal conductivity of Li,-
TiGeOs ceramics in the ferroelastic phase transition or domain
formation.’® Wang et al. reported the difference in thermal
conductivity values of layered PdSe, before and after ferroelastic
phase transition by uniaxial compression and demonstrated
that the high ratio of the switchable thermal conductivity value
between the two phases could be utilized for flexibility and
thermal management.** However, there is only one study con-
cerning the measurement of anisotropic heat transport prop-
erties in a superelastic organic crystal due to the limited
approaches/techniques to measure the thermal diffusivity of
organic crystals.*

Keeping these considerations in mind, we attempted to
prepare single crystals of two cocrystals consisting of a weak
halogen bond donor and acceptor, where 1,4-diiodotetra-
fluorobenzene served as the halogen donor. It produced coc-
rystals with the halogen acceptor 1,2-bis(4-pyridyl)ethane
(cocrystal 1) and pyrene (cocrystal 2), respectively. Different
deformation behaviors, ie., superelastic and ferroelastic
deformation, were observed in 1 and 2, respectively. The
anisotropic thermal diffusivity values of the two cocrystals were
measured by typical microscale temperature-wave analysis (-
TWA). A difference in the combination of relatively strong
halogen interactions (C-I---N) and weak interactions (C-H---F
and 7---7) in the crystal structure of the two cocrystals could be
responsible for the different mechanical deformations and
thermal diffusivity behaviors.

Results and discussion
Single crystal synthesis and characterization

For cocrystal preparation, a halogen bond donor, 1,4-diiodote-
trafluorobenzene was selected as the parent compound. In
previous studies, 1,4-diiodotetrafluorobenzene has been
utilized to prepare supramolecular structures owing to its
ability to form a range of interactions, including C-I---N, C-H:--
F, and 7---1.** Such weak C-H---F, C-F--- interactions can
form crystal packing even in the absence of strong hydrogen
bonds.*> Furthermore, the C-I---N interactions have been
demonstrated to be strong and directional to facilitate the self-
assembly of a 1D infinite network, and other interactions such
as C-H---F and -7 enable the formation of a 3D network.” In
addition, Corradi et al. noted that the halogen bonding of 1,4-
diiodotetrafluorobenzene was significantly accountable for the
supramolecular structure formation with 1,2-bis(4-pyridyl)
ethane and hydroquinone compared to hydrogen bonding.*
In order to manipulate the weak interactions in the crystal
structure, two coformers of 1,2-bis(4-pyridyl)ethane and pyrene
were selected on the basis of halogen bond acceptor strength.
1,2-Bis(4-pyridyl)ethane acts as a strong halogen acceptor due to
the electron rich nitrogen atom, while pyrene acts as a weak

© 2023 The Author(s). Published by the Royal Society of Chemistry
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halogen acceptor due to the absence of an electron rich group in
its structure.

The colorless block shape single crystals of cocrystal 1 were
obtained by slow evaporation of a dichloromethane solution of
1,4-diiodotetrafluorobenzene  and  1,2-bis(4-pyridyl)ethane
mixed at a molar ratio of 1:1.%* The single crystal of cocrystal
1 crystallizes in a triclinic crystal system with space group P1.
The molecules formed an infinite 1D chain via the C-I---N
(4.898(4) A, 175.6°) halogen bonds with d(I1--N1) = 2.795(3) A
in an ABAB manner along the a axis. Furthermore, weak C-H:--F
hydrogen bonds connect the nearby 1D chains to create a three-
dimensional crystal structure along the bc plane (Fig. 1 and
Table S1, ESIT).

On the other hand, the colorless block-shaped single crystals
of cocrystal 2 were obtained by slow evaporation of an ethanolic
solution of 1,4-diiodotetrafluorobenzene and pyrene mixed in
a molar ratio of 1:1.°> The single crystals of 2 crystallize in
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a monoclinic crystal system with space group P24/c. The single
crystal of cocrystal 2 formed a column-like structure via -7
stacking in an A---B---A---B--- face-to-face manner along the
a axis with an interplanar distance of 3.450 A. Furthermore, the
adjacent columns are linked together by C-I---1-C (3.812(6) A)
interactions along the b axis (Fig. 1 and Table S1, ESI}). The
shortest C-H---F interactions (2.56 A, 145.05°) were found along
the c axis, stabilizing the crystal structure of 2. The structures of
cocrystals 1 and 2 along with their deformation behaviors are
illustrated in Fig. 1.

Microscopic observation

For studying the shear deformation behavior at a macroscopic
level, mechanical shear stress on both the single crystals of 1
and 2 was applied independently at room temperature under
a polarized microscope on the (011) plane and (001) plane,
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(a) Molecular structures and formation of cocrystals 1 and 2, (b) illustration of the difference in the mechanical deformation of interest, and

(c) crystal structures of (i) cocrystal 1 along the bc plane and (ii) cocrystal 2 along the a axis.
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Fig.2 Microscope observation with tweezers at room temperature: (a) superelastic deformation of cocrystal 1 and (b) ferroelastic deformation

of cocrystal 2.

respectively (Fig. 1(b)). An application of shear stress on the
(011) plane of single crystals of 1 caused a superelastic defor-
mation (Fig. 2(a)). The superelastic deformation was initiated by
the appearance of a stress-induced twinning domain («p)
generated from the mother crystal () with a distinct boundary
line at a bending angle of 11°. The deformed crystal was
recovered to its original shape after the applied force was
removed. On the other hand, single crystals of 2 showed a fer-
roelastic deformation on the application of shear stress on the
(001) plane (Fig. 2(b)). A bending angle of 43° was demonstrated
with the growth of daughter domains (ap) from the mother
domain (ay) in the single crystal of 2, and a spontaneous strain
was accumulated as residual strain until the removal of the
force. Furthermore, on application of reverse force on the (001)
plane, the daughter domain returned to its initial orientation,
confirming the ferroelasticity.

12998 | Chem. Sci., 2023, 14, 12995-13006

Mechanical deformation analysis

The stress-strain relationship between cocrystals 1 and 2 was
investigated by using a custom-designed setup: the shear force
was applied with a jig to the specific crystal plane of the crystal
fixed to a glass plate with epoxy glue. In a single crystal spec-
imen of 1, the ap, domain started to grow from the ay; domain at
an applied stress of 0.27 MPa on the (011) plane. At a critical
stress of 0.27 MPa, the stress-induced twinning phase trans-
formation (ap) propagated, and the stress-strain curves dis-
played a characteristic plateau resembling a superelastic
deformation (Fig. 3(a)). The original shape was regained by
decreasing the stress in depicting the typical superelastic
stress—strain hysteresis loop, validating the superelastic defor-
mation. On the other hand, with the gradual increase of stress
on the (001) plane of the single crystal of 2, the ap domain was
generated at a coercive stress of 0.58 MPa, which was fairly

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Shear-strain test: (a) the superelastic hysteresis loop of the cocrystal of 1 (i) and snapshots during measurement (ii) and (b) the ferroelastic

hysteresis loop of the cocrystal of 2 (i) and snapshots (ii).

steady. Furthermore, by applying a shear stress of 0.57 MPa
force from the opposite direction, the ap, domain was reverted
to the ay; domain with the corresponding release of the spon-
taneous strain. The hysteresis loop was established in the shear
displacement graph, which is the confirmatory indicator of
ferroelastic deformation (Fig. 3(b)). The observed stress
strengths are similar to those of organosuperelastic/
organoferroelastic crystals previously reported.***°

Thermal diffusivity studies

Thermal diffusivity is a specific property of materials related to
the rate of thermal energy transfer through it. Determination of
the thermal diffusivity value of the crystals would aid in
understanding the heat transfer properties and their applica-
bility in thermal management. In addition, it can also assist in
understanding the changes in the thermal properties due to the
structure, phase transitions, defects, etc. The anisotropic
thermal diffusivity measurement of single crystals 1 and 2 were
performed by p-TWA measurements*® along its longer, wider,
and thinner axis. The frequency change in the phase delay of the
temperature wave was obtained for the three crystallographic
axes of the crystals (Fig. 4, S1, S2, and Tables S2, S3, ESIt).

© 2023 The Author(s). Published by the Royal Society of Chemistry

From the measured data, the slope of the high-frequency
region, which was decided according to the linearity of both
phase and amplitude data, was used to determine the thermal
diffusivity. In single crystals of 1, the measured thermal diffu-
sivity was found to be the highest 6.30 x 107" m” s~ " along the
[011] direction followed by, 2.04 x 10~7 m” s ' along the [011]
direction, and 1.12 x 1077 m?® s~ ' along the [100] direction
(Fig. 5, S1, and Table S2, ESI}). In contrast, the thermal diffu-
sivity of the ferroelastic crystal was similar along the [010]
direction and [100] directions (0.93 x 10”7 m> s~ '). However,
a lower thermal diffusivity was observed along the [001] direc-
tion (0.69 x 1077 m” s ') which is the shear stress deformation
direction of cocrystal 2 (Fig. 5, S2, and Table S3, ESIt). The
highest obtained thermal diffusivity along the [010] direction in
the ferroelastic crystal was almost 7-fold lower compared to that
of superelastic crystal along the [011] direction. In addition, the
thermal diffusivity value of both the crystals was low in the
direction of applied shear stress along [011] of 1 and [001] of 2
compared to their orthogonal directions. Furthermore, the
thermal diffusivity values in the daughter domains of cocrystals
1 and 2 were found to increase by 17% (7.38 x 10"’ m*s™ ') and
7% (0.99 x 107 m” s~ ') along the [010] and [011] directions of 1

Chem. Sci., 2023, 14, 12995-13006 | 12999
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and 2, respectively (Fig. S3, Table S4, ESIf). The switchable
thermal diffusivity values of the mother and daughter domains
indicate the potential for a thermal switch application of these
crystals.

Crystallographic studies

The underlying mechanism behind the different deformation
behaviors of cocrystals 1 and 2 were investigated by single-
crystal XRD analyses of the deformed crystals of 1 and 2. The
cocrystal of 1 crystallizes in a triclinic crystal system with the
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space group P1. On the other hand, the cocrystal of 2 crystallizes
in a monoclinic crystal system with space group P2,/c. Both the
crystal structures were similar to the previously reported
one.”>* XRD investigations of 1 and 2 using face indexing
revealed that the shear-induced twinning deformation initiated
the development of the daughter crystal domain («p) from the
mother crystal domain () upon application of shear stress on
the (011) and (001) planes, respectively (Fig. 6, 7, S4 and Table
S1, ESIf). According to crystallographic investigations, the
twinning interfaces of cocrystals 1 and 2 are located at (100)a,/
(100)ap and (101)a/(101)ap, respectively, which are perpen-
dicular to the stacked column. A 180° rotation about the rota-
tion axis was associated with the mother domain and daughter
domains. This relationship is attributed to the polar P1 and P2,/
¢ point group symmetry, which caused the molecules to tilt by
41.81° of the 1,4-diiodotetrafluorobenzene molecule and 7.81°
of 1,2-bis(4-pyridyl)ethane molecule in the case of cocrystal 1,
and 57.48° of the 1,4-diiodotetrafluorobenzene molecule and
63.48° of the pyrene molecule in the case of cocrystal 2, instead
of the actual 180° rotation (Fig. S4, ESIt). 1,4-diiodotetra-
fluorobenzene interacted through C-I--*N and C-H---F inter-
actions with the nearby molecules in crystal structure 1, where it
is surrounded by four 1,2-bis(4-pyridyl)ethane molecules in
a rhomboid configuration with sides of 10.401 A and 7.379 A
(Fig. 6(b)(ii)). 1,4-diiodotetrafluorobenzene was rotated by
41.81° in relation to its mother domain configuration due to the
twinning orientational change. As a result, the crystal structure
is balanced and has a configuration analogous to a rhomboid
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Fig. 6 (a) Estimated connecting manners of the ay domain and ap domain based on the X-ray diffraction measurements of single crystal 1. (b)
Face indexing of the superelastic bent crystal used for SCXRD (i) and estimated twinning manners of the ap domain based on the ap domain (ii).
(c) Estimated molecular movements at the interface at (100)apm//(100)ep (light blue and light green colored molecules indicate the ay and ap
domains, respectively).
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arrangement rotated by 90° in the daughter phase with sides of
7.384 A and 10.403 A. Similar observations were seen for coc-
rystal 2, which also resembled a tunable rhomboid structure
with sides of 10.016 A and 7.694 A in the mother domain and
7.684 A and 10.014 A in the daughter domain (Fig. 7(b)(ii)).
Although mechanical twinning manifested superelastic and
ferroelastic deformations in both crystals, the deformation
produced a different bending angle and dissipated energy (Eq).
A bending angle of 10.53° between ay; and ayp, can be anticipated
based on crystallographic results in cocrystal 1, and this angle
aligned well with the 11° bending angle that was measured by
optical microscopy. However, the bending angle was higher by
32°in the case of cocrystal 2 compared to cocrystal 1, which was
estimated to be 42.16° by crystallographic analysis and 43° by
optical microscopy. Due to the molecular movement by such
a large angle, significant coercive stress was observed during the
daughter domain development in ferroelastic deformation.
Furthermore, the lower tilt angle of molecules in the case of
molecule 1 could be due to the presence of relatively strong and
ordered C-I---N (4.898(4) A, 175.6°) halogen interactions, and
the stable twisted chair form of bipyridine moieties which
would stabilize the crystal during the application of stress.

13002 | Chem. Sci,, 2023, 14, 12995-13006

In cocrystal 1, the strong C-I---N halogen bond is clarified by
the shorter I-N (2.795(3) A) distance compared to other
bipyridine-based halogen bonded complexes, relating to the
two distantly placed twisted chair forms of the bipyridine rings
in the structure. The strong C-I---N halogen-bonded interac-
tions and weak C-H---F (3.528(3) A, 141.98° (F1---H6a (2.71 A)))
hydrogen-bonded interactions in cocrystal 1 can make its
crystal packing robust compared to cocrystal 2 (Fig. 8(a)).

In cocrystal 2, C-1/I-C (d(I-1) 3.812(6) A) interactions hold the
parallel-placed columns together. The connectivity between
columns appears to be strengthened by C-I---7 (3.468(6) A)
halogen bonding and C-H:F (3.367(5) A, 145.05°) interactions
d(F1---H19) = 2.56 A to maintain the 3D crystal structure

(Fig. 8(b)).

Correlation of anisotropic structural arrangement with
mechanical behavior and thermal diffusivity

Since cocrystals 1 and 2 have a diversity of contacts, including
halogen, 7---7, and C-H---F interactions, it can be anticipated
that the forces retaining them are diverse in strength. Hirshfeld
surface analysis was utilized to evaluate the relative efficacy of
the competing weak hydrogen bonding, -7, and halogen-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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bonding interactions (Fig. S5, ESIf). Short interactions were
discovered to be distinct in the mother phase of cocrystals 1 and
2. In cocrystal 1, the F---H (34.6%) interaction was found to be
the highest interaction supporting the three-dimensional
structure, followed by I---H (9.8%), C---I (9.1%), and I---N
(4.7%) interactions. Nevertheless, the contributions of all
interactions changed in cocrystal 2. However, F---H (23.4%)
interaction was also seen to be the highest in cocrystal 2 fol-
lowed by I---H (15.3%) and C---C (11.8%) interactions. It can be
inferred that the halogen and weak hydrogen bond interactions
play a significant role in determining the crystal structure of 1.
On the other hand, weak hydrogen bonds and -7 interac-
tions play a crucial role in maintaining the crystal structure of 2.
Furthermore, energy framework analysis suggests that the C-
I---N halogen interaction in cocrystal 1 is a strong, electrostat-
ically dominant interaction with an energy of —21.1 k] m ™" that
holds the structure together with weak C-H---F interactions
(Fig. 8(a) and S6, ESIT). In contrast, weak electrostatic C-1/C-I
interactions were found to be accompanied by the presence of
the dispersion-dominated C-H---F and -7 interactions in
cocrystal 2, which have a —8.6 k] mol ! energy along the ac
plane (Fig. 8 and S7, ESIf). The comparatively stronger inter-
actions such as C-I---N, C-1, and C-H:--F in cocrystal 1 could
have promoted the superelastic deformation rather than fer-
roelastic deformation. Furthermore, the C-I---N halogen inter-
action tapes that make 2D sheets with the help of C-H---F
interactions grow along the [011] direction in a symmetrical
stack in cocrystal 1. This could be the reason for the highest

© 2023 The Author(s). Published by the Royal Society of Chemistry

thermal diffusivity along the [011] direction where the robust,
strong, and electrostatically dominated C-I---N halogen bonds
determine the thermal diffusivity value. In contrast, dispersion
dominated C-I/C-I and -7t interactions contained in coc-
rystal 2 resulted in its lower thermal diffusivity than that of
cocrystal 1.

Conclusions

In conclusion, we presented two cocrystals consisting of (1,2-
bis(4-pyridyl)ethane and 1,4-diiodotetrafluorobenzene), and
(pyrene and 1,4-diiodotetrafluorobenzene), which are denoted
as 1 and 2, respectively. Cocrystals 1 and 2 demonstrated
superelastic and ferroelastic deformations, respectively. From
the crystal structure analysis, the underlying cause of the
deformation was found to be mechanical twinning. The differ-
ence in the deformation behavior was discussed through the
distinct combination of strong halogen bonds, such as C-1--*N
and C---I, and weak interactions, such as C-H---F and -7t
interactions in the cocrystal structures. The thermal diffusivity
measurements on the ferroelastic and superelastic crystals
showed the axial-dependent anisotropic thermal diffusivity of
the cocrystals. A 7-fold difference in thermal diffusivity was
observed in superelastic crystal 1, the highest in the orthogonal
plane to the shear-induced direction, whereas in crystal 2 the
axial dependence was less pronounced. This study provides
insights into the interplay with the variation of inter-molecular
interactions in organosuperelastic and organoferroelastic

Chem. Sci., 2023, 14, 12995-13006 | 13003
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behavior and the way for further design and regulation of
functional organic solids with thermo-mechanical properties.
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