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ABSTRACT: A two-directional ferroelastic deformation in organic crystals is
unprecedented owing to its anisotropic crystal packing, in contrast to isotropic
symmetrical packing in inorganic compounds and polymers. Thereby, finding
and constructing multidirectional ferroelastic deformations in organic com-
pounds is undoubtedly complex and at once calls for deep comprehension.
Herein, we demonstrate the first example of a two-directional ferroelastic
deformation with a unique scissor-like movement in single crystals of trans-3-
hexenedioic acid by the application of uniaxial compression stress. A detailed
structural investigation of the mechanical deformation at the macroscopic and
microscopic levels by three distinct force measurement techniques (including
shear and three-point bending test), single crystal X-ray diffraction techniques,
and polarized synchrotron-FTIR microspectroscopy highlighted that mechanical
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twinning promoted the deformation. The presence of two crystallographically equivalent faces and the herringbone arrangement
promoted the two-directional ferroelastic deformation. In addition, anisotropic heat transfer properties in the parent and the
deformed domains were investigated by thermal diffusivity measurement on all three axes using microscale temperature-wave
analysis (u-TWA). A correlation between the anisotropic structural arrangement and the difference in thermal diffusivity and
mechanical behavior in the two-directional organoferroelastic deformation could be established. The structural and molecular level
information from this two-directional ferroelastic deformation would lead to a more profound understanding of the structure—

property relationship in multidirectional deformation in organic crystals.

B INTRODUCTION

development of spontaneous strain caused by twinning.””’

0

Flexibility and shape change behavior of organic crystals induced
by various external stimuli such as mechanical stress,”?
temperature,” or light" has received immense attention in the
field of material science. The preconceived notion of such
mechanical behaviors, which are typically limited to inorganic
materials and polymers, is now shattered, and organic molecular
crystals are considered an alternative structural material with the
added benefits of low cost, easy processing, biocompatibility,
and environmental friendliness.” Various mechanical deforma-
tions in organic crystals, such as elastic,®™® plastic,g_12
superelastic,*™'¢ ferroelastic,'’’ ™" shape memory effect,”**
and various others”>”>’ have been explored. Among these
deformations, ferroelasticity exhibits ferroic properties in
response to mechanical stress, similar to ferroelectricity and
ferromagnetism. A ferroelastic crystal is characterized by the
presence of two or more stable orientational states/domains in
the absence of mechanical stress.”® The different orientational
states can be reverted to one another by the application of
mechanical stress, resulting in a reversible diffusionless phase
transformation. So far, it has been observed that different
domains in an organic ferroelastic crystal arise due to the
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Mechanical twinning or twinning caused by shear stress is
generated by the orientational change of the molecules, while
maintaining single-molecule-to-single-molecule correspond-
ence with the initial (mother) domain.'”*”*"** Thereby, the
reversible diffusionless transformation of ferroelastic crystals
differentiates it from irreversible plastic bending caused by
dislocation, defects, or activation of multiple slip planes. This
reversible trait of ferroelastic materials is exploited to develop
switchable materials for energy conversion, memory storage, and
mechanical switches.”***

The evidence is increasing that ferroelastic materials are
desirable candidates for switchable electronics, owing their
mechanical and thermal properties to the phase-changing
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Figure 1. (a,1) Molecular structure of trans-3-hexanedioic acid and (ii) its ORTEP view in the crystal of 1. (b) Schematic illustration of the crystal with
its face indexes and the corresponding deformation test. The orange, yellow, and green denote the application of shear force, compressional force, and a

three-point bending test, respectively.

behavior of ferroelastic materials under strain.””*>*® Under-
standing the structural aspect of organic crystals manifesting the
mechanical deformation property is critical for progressing to
the next step of the rational design of crystals with superior
deformation behavior. However, ferroelasticity in organic
crystals is limited to direction-dependent deformation, because
of anisotropic interactions and low symmetry space groups. On
the other hand, inorganic compounds and polymers with
isotropic bonding interactions and symmetrical space groups
exhibit direction-independent deformation behavior. The
flexibility requirements of electronic/optoelectronic devices
can be met by two-directional ferroelastic materials.”> Thus,
finding and studying the structure—property relationship in two-
directional ferroelastic organic crystals are highly warranted.
Only a handful of studies have been published on two-
dimensional or multidirectional mechanical deformations of
organic molecular crystals. Saha and Desiraju®® described a
strategy for designing two-dimensional (2D) elastic and plastic
crystals by manipulating strong hydrogen bonds and weak
halogen bonds in mutually orthogonal orientations. In line with
this research, we discovered that the 2D side-to-end synthon
generated by the halogen bond in one direction and the weak
hydrogen bond at its perpendicular end aided the 2D ferroelastic
deformation in our previous report of the two-dimensional
ferroelastic crystal of 4-iodoaniline.’” However, all of these
studies describe shear force-induced deformation, which allows
for the detection of just one directional deformation at a time.
Ferroelastic deformation in organic molecular crystals caused by
uniaxial compression has not yet been reported. Uniaxial
compression tests would provide information about the plastic
behavior of materials beyond their elastic limit, which is
important for practical applications such as optoelectronics,
mechanical/thermal switches, and energy storage devices.

On another note, ferroelastic materials are desirable
candidates for switchable electronics and mechanical and
thermal properties owing to the phase-changing behavior of
ferroelastic materials under strain. Controlling thermal transport
properties such as thermal diffusivity and thermal conductivity
through the phase change in ferroelastic materials can deepen
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the understanding of thermal management and helps in further
design and development of such materials.”**” As a con-
sequence, studying the anisotropic thermal transport properties
and their relationship with crystal structural interactions in
organic ferroelastic properties becomes of paramount impor-
tance.

On that account, we focused on finding two-directional
ferroelasticity in organic crystals, studying their thermal
transport properties, and understanding the underlying
mechanism through crystallographic analysis. Herein, we report
the first example of two-directional ferroelastic deformation
under uniaxial compressive stress in the organic crystals of trans-
3-hexanedioic acid (hereafter named as 1). On application of
uniaxial compressive stress, a unique two-directional ferroelastic
deformation with a scissor-like movement was observed. The
underlying mechanism of the two-directional deformation was
elucidated by single crystal X-ray diffraction analysis. Further,
the anisotropic thermal properties, i.e., thermal diftusivity values
on the three-principal axes, were measured at a microscopic level
by microscopic temperature wave analysis (u-TWA). The
relationship between mechanical and thermal properties was
elucidated by crystal packing and energy framework analysis.
Polarized synchrotron-FTIR microspectroscopy was applied to
analyze the domain structure of this ferroelastic crystal.

B RESULTS AND DISCUSSION

Preparation and Characterizations of Single Crystals.
The slow evaporation process of trans-3-hexanedioic acid from
its methanol solvent yielded block-shaped crystals of 1, which
were then used to examine the ferroelastic deformation
behavior. The single crystal of 1 exhibited a melting endotherm
at 198 °C in the differential scanning calorimetry (DSC)
thermogram (Figure S1, Supporting Information (SI)).
Negligible weight loss was observed prior to the melting point
in its thermogravimetric profile, confirming the thermal stability
at room temperature (RT). Thus, deformation tests and single-
crystal X-ray diffraction data of the obtained crystal of 1 (Figure
1a) were collected at RT.
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Figure 2. Snapshots of deformation by (a) shear stress, (b) compressional stress, and (c) three-point bending test on the respective planes of crystal 1.
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Figure 3. (a) Snapshots of deformed crystal upon application of compression test on the crystal face (010/ 010) and (b) the corresponding stress-
displacement curve. The critical coercive stress of the daughter domains (ap1, Ops. Apiby @pap) in the crystal upon compression stress is depicted by
parts ii, iii, iv, and v, respectively, in the stress-displacement curve.

Two-Directional Ferroelastic Deformation. The defor- respectively (Figure 1b). Distinct deformation behavior could
mation behavior of the single crystal of 1 was tested on the three be noticed through the application of shear stress or compres-
faces of the crystal (100), (010), and (001) through a shear sional stress or a three-point bending test (Figure 2; Movies S1,
stress test, compression test, and three-point bending test, S2,and S3, SI). The schematic illustration of the crystal 1 with its
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domains and ap, are colored in light blue, pink, and purple, respectively.

face indexes and the corresponding deformation behavior of the
single crystal of 1 upon each deformation test are illustrated in
Figures 1b and 2. The single crystal of 1 exhibited one-
directional ferroelastic deformation when shear stress was
applied on the (100/100) plane by tweezers as detected by a
polarized microscope (Figure 2a; Movie S1, SI). However, two-
directional ferroelastic deformation was observed when
compressional stress was applied on the (010/010) plane
simultaneously (Figure 2b; Movie S2, SI). The two-directional
ferroelastic deformation was accompanied by stress-induced
formation of daughter domains (ap; and ap,) from the initial
crystal phase (a, form) with a clear phase boundary line at a
bending angle of 65° clockwise in the ap, case as shown in
Figure 2b. The same bending angle was observed in the oy, case
but in the counterclockwise direction. In contrast, the crystal
exhibited a brittle nature during the three-point bending test by
tweezers when stress was applied on the (001) plane (Figure 2¢;
Movie S3, SI).

The two-directional ferroelastic deformation was further
analyzed by measuring the stress-displacement curve. With the
increasing compressive stress on the (010/010) plane, a two-
directional ferroelastic deformation was initiated. The nuclea-
tion and growth of daughter domains (ap,,, p,,) were observed
at coercive stresses averaging 4.6 and 4.5 MPa, respectively
(Figure 3; Movie S4, SI). Further, the appearance of the
daughter domains (ap,y,, @pyp) Was observed at coercive stresses
averaging 3.9 and 3.85 MPa, respectively (Figure 3).
Interestingly, the pair of daughter domains (ap;, and apyy,
app and ap,,) at either end exhibited a bending angle of 65°,
making an isosceles triangle by the two daughter domains. This
resulted in consecutive isosceles triangle-shaped daughter
domains resembling a unique scissor-like movement in this
two-directional ferroelastic deformation. The reversal of
deformation by extension could not be recorded because the
shear force was less effective than the tensile force. The critical

shear stress was almost identical, independent of the interfacial
directional differences in ferroelastic deformation. To the best of
our knowledge, this is the first example of two-directional
ferroelastic deformation in organic crystals generated through a
compression test. In addition, the obtained higher forward shear
stress was approximately 7 times higher than our first report of
ferroelastic organic crystal 5-chloro-2-nitroaniline'* and other
organoferroelastic crystals.

Furthermore, the stress-displacement graph was recorded by
the application of a shear test. With increasing the shear stress on
the (100) and (100) planes of the single crystal of 1, it deformed
with the formation of stress-induced daughter domains, a; and
Qpy, from the mother domain (ay;) at critical shear stresses of 0.7
and 0.75 MPa, respectively at RT (Figure S2, Movie S5, SI). The
stress—strain curves showed a forward typical plateau corre-
sponding to the propagation of the stress-induced daughter
forms in the ferroelastic deformation (Figure S2). On removal of
the stress, spontaneous strain was developed. As a result, the
crystal could not be returned to its original shape, depicting a
ferroelastic deformation.

Eventually, a three-point bending test on a universal testing
instrument was used to determine the mechanical strength by
measuring the elastic modulus of the crystal (Figure S3,
SI).”*** The single crystal was subjected to a 14 MPa stress
on the face (001/001) in the three-point bending test at RT
(Figure S3, Movie S6, SI). The elastic modulus was calculated
from the slope of the stress—strain curve of the single crystal
(data conversion based on eq S1 and S2, SI). With the increase
of stress on the face (001/001), the crystal was sustained until
the stress of 14 MPa. In contrast to the (100/010) plane, the
crystal exhibited elastic behavior, followed by breaking beyond
the yield point on applying stress. The elastic modulus of crystal
1 was determined in the range of 1.7—3.23 GPa (Table S1). The
different mechanical behavior on different planes is clearly due
to the anisotropic interactions in the organic crystal.
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Crystallographic Studies. In order to unravel the structural
mechanism responsible for the compressive induced two-
directional ferroelasticity in crystal 1, a detailed structural
investigation by crystallographic studies and energy framework
analysis was executed (Figures 4 and 7; Figures S10—S12, SI).
Crystal 1 crystallizes in the monoclinic system with the P2,/n
space group at RT, hereby referred to as the initial mother form
(ap; Table S2, SI). The crystal structure was similar to the
previously reported one.”” Single-crystal XRD analyses of the
bent crystal of 1 revealed that the deformation is caused by
mechanical twinning, which can be observed in the reciprocal
lattices system (Figure S4, SI). The daughter domains formed at
the upper and lower ends of the crystal are described as the first
daughter ap, and second daughter ap,, respectively (Figure 4).
According to crystal structure analyses and face indexing of the
twinned crystal, the two-directional ferroelasticity is based on
180° rotational mechanical twinning attributed to the molecular
movement (Figure S5, SI). Upon application of compressional
force on the (010/010) plane, the crystal bent by 64.05° by
pushing the (100) @y face along the (110)ay plane with the
conversion of the ay domain into an ap; domain via
reorientation of crystal 1. In this deformation, a 64.10° tilt
along its acidic moiety resembling a clockwise molecular
movement in the 2D sheet was observed (Figure 4). However,
the ap, formation proceeded exactly in an opposite manner. The
crystal also bent by 64.05° but by pushing the reverse plane
instead of the former, i.e., the (100) @y, face along the (110)ay
plane on the application of the compressional stress on the
crystal face (010/010) or excess compressional stress on the
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(010/010) plane. The conversion of the a; domain into the ap,
domain was also the same via reorientation, i.e., 64.10° tilts
along its acidic moiety, but it resembles a counterclockwise
movement in the 2D sheet (Figure 4). The twin domains of ay,
ap; and ap,, are related by a 180° rotation about the twin axis
that is perpendicular to the twin interface of (110)ay//
(110)ap, and (110)ay//(110)ap,, respectively. The similar
deformation and molecular movement about these twin axes
imply that the two faces are crystallographically equivalent in the
present monoclinic system. Based on the crystallographic
analysis, a bending angle of 64.10° between a); and twin
domains (ap; and ap, in clockwise and counterclockwise
manner) at their respective twin interfaces (110)ay//(110)ap,
and (110)ay//(110)ap, could be anticipated. This is
corroborated with the 65° bending angle observed by optical
microscopy (Figure 3b).

The differences in C—C bond lengths between C1—C2
(1.498 A), C2—C3 (1.491 A), and C3—C3 (1.312 A) in C
atom catenation indicate that C1—C2 and C2—C3 are single
bonded and C3—C3 is double bonded ethylene C atoms, as
inferred by the half-molecule in the asymmetric unit. The
twisting of the carboxylic acid groups may have facilitated the
deformation of the entire molecule, leading to a severe twist of
the carbon chain resulting in the zigzag chain shape of the crystal
(1). These acid groups also helped to stabilize the structure by
generating eight-membered cyclic dimers with the R,* (8)
graph-set motif. The lateral molecules are connected end-to-end
by the carboxy dimer motifs, creating an endless chain of
hydrogen bonds along the ¢ axis. In the crystal of 1, infinite
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strong H-bonded 1D tapes are formed via two strong and
equivalent intermolecular O—H--O interactions (2.67 A,
177.78°) along the [001] direction. However, along the
compressional direction, intermolecular sheets interacted via
two evenly balanced and weak C—H---O interactions (3.334 A/
122.02° and 3.34 A/114.96°) in a side-to-end manner (Figure
S6, SI). The overall crystal structure was similar to the two-
dimension side to end synthons satisfying the required criteria to
obtain more than one-dimensional bending, as mentioned by
Saha and Desiraju.”® They emphasized that the herringbone
arrangement could be a prerequisite for accomplishing more
than one-dimensional bending. However, this two-directional
ferroelastic deformation differs from our previously reported
two-dimensional ferroelastic deformation in two mutually
orthogonal planes in 4-iodoanlinine crystals. In this two-
directional ferroelastic deformation of crystals of 1, similar
daughter domains with the same bending resembling a scissor
like movement were generated on application of simultaneous
stress on opposite planes. In contrast, distinct daughter domains
were generated with different bending angles in the two-
dimensional ferroelastic deformation of 4-iodoanlinine. As a
result, the prerequisite structural conditions hold true for this
case also.

Structural Analysis by Polarized Synchrotron-FTIR
Microspectroscopy. The spatial distribution of the molecular
structure in the crystal was also analyzed under phase transition
(deformation) by polarized synchrotron-FTIR microspectro-
scopy in transmission mode, using four-an§le polarization (4-
pol) setup similar to our previous studies.”” *® The superior
characteristics of high photon flux and diffraction-limited spatial
resolution achieved by synchrotron-FTIR microspectroscopy
allowed molecular characterization of the single crystal to be
mapped and visualized at a high spatial resolution directly on the
mother and daughter domains in the (001) plane usinga S ym X
S pm pixel size without interrupting the crystal. The imaging
with four angle polarization is sensitive to the in-plane
orientation of the transition dipole moment (TDM). The
orientation of TDM in a molecule is related to the orientation of
the entire molecule, so that the method can estimate the
reorientation of the molecule from IR spectrum change. The
change in the orientation of the TDM upon deformation was
utilized to illustrate and compare the molecular level changes in
the crystal domain. In particular, the orientation of the v(C=0)
stretching band at 1725 cm™ and 5(O—H) bending at 1241
cm™' were monitored. It is worth noting that the orientation
TDM of the daughter domain O—H changes with respect to the
mother domain. This change can be expected because of the
molecular movement of the twinned daughter domain with
respect to the parent mother domain by a 64.10° tilt along its
acidic moiety in the crystal structure. The orientation function of
each TDM (frpy) obtained from the mother and daughter
domain v(C=O0) stretching and §(O—H) bending bands,
respectively, were distinct (Figure 5) as a length and the
direction of the frpy vector. Additionally, the orientation
function of the dipole moment of v(C=C) stretching band
detected at 1666 cm™" changes to a lesser extent than the v/(C=
O) stretching and 6(O—H) bending band (Figure S7). This
significant deviation of the TDM orientation in the mother and
daughter domain confirms the reorientation of crystal 1
molecules and transformation in the two-directional ferroelastic
deformation.

Investigation of the Anisotropic Thermophysical
Properties. The thermal diffusivity of the single crystal was

measured by means of y-TWA. The sensor and heater were
attached on opposite faces of a single crystal to determine the
thermal diffusivity along three axes of the crystal. Figure 6 shows
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Figure 6. Frequency dependence of the phase delay measured for (a)
sample 2 along the a axis, (b) sample S along the b axis, and (c) sample 8
along the ¢ axis by y-TWA, further details in Figure S8 and Table S3.
The inset shows the optical image of each sample under the crossed
polarized microscope (top view). A TC-type microsensor (20 m X 20
pum) was attached on each face of the single crystal. The heater (0.25 X
1 mm) is made of ITO thin film so that it is not visible in the pictures.
(d) Cross-sectional schematic view of the experimental system. The
periodic heating and detection of the periodic temperature response
from the sample were determined by the synchronized function
generator and the lock-in amplifier.

the measured frequency dependence of the phase delay of the
temperature wave for different directions in the sample. A high-
frequency approximation was applied to the measured data, and
the thermal diffusivity was estimated from the slope in the high
frequency region. Measurements were performed for several
samples for each crystal axis, and the average value for each
crystal axis was used for the analysis. The determination of the
thermal diffusivity from the phase delay is robust, as it is less
affected by the thermal contact conductance (TCC) between
the sensor, heater, and sample surface. As a result, the error is less
than the standard deviation of the analysis. The measured
thermal diffusivities are listed in Figure S8 and Table S3 together
with the effective distance between the sensor and heater. The
measured thermal diffusivity is not dependent on the distance/
length, confirming that the measurement is also independent of
the system dimensionality, and the effect of TCC is minor. The
measured averaged thermal diffusivities are highly anisotropic
and were 1.04, 1.38, and 4.46 X 1077 m? s™! for the direction
along the g, b, and ¢ axes, respectively. It implies that crystal 1
transmits heat more effectively along the c-axis than on the other
axis. This highly anisotropic thermal diffusivity was seen due to
the anisotropic nature/intermolecular interaction of single
crystals of 1, which could be helpful in designing the efficient
thermal management in microlevel miniaturization devices. The
error range shown in the table is a 95% confidential region of
each linear fit. The average of the range is less than 3%.
Furthermore, the thermal diffusivity values of the daughter
domains of the crystal were examined: ap; (4.68 X 1077 m*s™")
and ap, (3.61 X 107" m*s™") along the [001] directions (Figure
S9, Table S4, SI). The thermal diffusivity values of the mother
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and daughter domains were comparable and were within the
range of experimental errors. The detailed values and errors of
the measurements of the daughter domains of the crystal are
presented in Table S4. These results could be attributed to the
molecular movement via rotational mechanical twinning, where
molecules are reoriented in the plane perpendicular to the
direction of thermal diffusivity measurement.

Correlation of Anisotropic Structural Arrangement
with Thermal Diffusivity and Mechanical Behavior.
Overall, two crystallographically equivalent faces and the
herringbone arrangement could be the reason behind the two
directional ferroelasticity in the crystal of 1 during compres-
sional stress on the (010/010) plane. The weak C—H---O
interactions in the crystal structure could be held accountable for
increased forward stress in the single crystal, which is in
agreement with our previous findings that weak dispersive
interactions facilitated the superelastic—ferroelastic intercon-
version shape memory cocrystal with an increased forward stress
value."”

To unveil the relationship between the different thermal
diffusivity values along with distinct mechanical deformation
with crystal structure anisotropy, the interaction strengths and
percentages on all three axes were investigated (Figure 7;
Figures S10, S11, and S12, SI). The strong O—H---O
interactions along the ¢ axis could reduce the desired mechanical
softness, thereby leading to a brittle nature in this direction.
Strong cyclic H interactions constrain the molecular movement,
and as a result, the crystal undergoes elastic behavior followed by
breaking beyond the yield point with the application of stress on
the face (001/001) in the three-point bending experiment. On
the other hand, molecules are arranged via weak C—H:--O
interactions in a side-to-end manner along the b axis, which
provides the space for molecular movement in the direction of
two crystallographically equivalent faces. As a result, two-
directional ferroelasticity was observed during compressional
stress on the face (010/010). On the other hand, one directional
ferroelastic deformation on the application of the shear test on
the face (100/100) was evident owing to the presence of weak
C—H:---O interactions along the a axis and the application of
shear stress at only one crystallographically equivalent face.

The obtained interaction of the O—H by the crystal explorer
software was the highest, which is 51.9%, whereas the C—H and
C—O interactions were found at 9.5% and 3.0%, respectively
(Figure S10, SI). Additionally, the molecules strongly interacted
via electrostatically dominated O—H:--O hydrogen bonds with
atotal aggregate interaction energy of —69.1 k] mol ™' along the ¢
axis (Figures S11 and S12c, SI). It could be the reason for the
highest thermal diffusivity along the ¢ axis, where the robust,
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strong, and electrostatically dominated O—H---O hydrogen
bonds determine the thermal diffusivity value. The stronger
hydrogen bond has a shorter intermolecular distance, which
could lead to increased interatomic forces across the
intermolecular interface, and thus higher thermal diffusivity
was perceived. Stronger intermolecular interaction and shorter
molecular distance along the ¢ axis increase the mean free path
(MFP) and group velocity of phonons along this direction and
increase the time constant of the structural relaxation process.
Such an increase of thermal diftusivity or thermal conductivity
was also reported and interpreted in the case of the liquid crystal
(LC). In the case of LC having a dipole interaction along a
specific direction, the increase in thermal diffusivity was
observed, and from the molecular dynamics simulation, the
effective increase in thermal diffusivity due to the dipole—dipole
interaction was about 0.1 W/m/K.*’ In contrast, dispersion
dominated C—H--O interactions along the a/b axis can provide
the molecular movement and absorb/keep the mechanical strain
due to weak and longer intermolecular distances with total
aggregate interaction energy —12.8 and —11.2 kJ mol ™" (Figures
S11 and S12¢, SI). Thereby, the lowest thermal diffusivity was
observed in this direction, and high molecular movement was
like two-directional ferroelasticity. The contrast in molecular
aggregate interaction energy strongly affects the total thermal
diffusivity, so the aggregation state of the molecule plays an
important role even in the case of heat diffusion in a molecular
base material.

B CONCLUSIONS

This study depicts the first example of a two-directional
ferroelastic deformation in organic crystals of trans-3-hexane-
dioic acid by the application of compressive stress. The distinct
deformation behavior on the three faces of the crystal was clearly
illustrated by various force measurement techniques, namely,
shear stress, compression test, and three-point bending test. On
application of compressive stress on (010/010), two-directional
ferroelastic deformation with a unique scissor-like movement
reflected by the appearance of two daughter domains generated
from the initial mother domain was observed. The underlying
mechanism was elucidated by comprehensive crystallographic
studies and was attributed to mechanical twinning. The presence
of two crystallographically equivalent faces and the herringbone
arrangement could be the reason for the detection of two-
directional ferroelasticity during the compressional stress on the
(010/010) plane. In addition, a relationship between the
thermal diffusivity values, mechanical deformations, and the
anisotropic interactions along the three axes were confirmed.
O—H--O interactions with a shorter intermolecular distance
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manifested higher thermal diffusivity. In contrast, relatively weak
C—H--O interactions resulted in low thermal diffusivity while
the side-to-end arrangement with weak C—H:--O interactions
contributed to the two-directional ferroelasticity. The structural
mechanism indicated in this study would be insightful not only
for the design and development of flexible organic molecular
crystals but also for thermally controllable material under the
mechanical stress.

B MATERIALS AND METHODS

Materials. trans-3-Hexenedioic acid (1) was procured from Tokyo
Chemical Industry Co., Ltd. and was used without being purified
further.

Preparation of Single Crystals. Block-shaped single crystals of 1
were obtained from a methanol solution of trans-3-hexenedioic acid
with a slow evaporation technique.

Microscopic Observation. The mechanical deformation of
crystals was carried out by tweezers and was recorded using an optical
microscope (SZ61, Olympus Co.) with built-in polarizing plates and a
digital camera.

Force Measurements. Shear Test. The shear test at room
temperature was conducted by using a universal testing machine. A
crystal was bonded to a glass base and then sheared using a glass jig
attached to a load cell at a displacement rate of 3 yum s™! on the crystal
face (100/100), and the deformation behavior was observed using a
polarized light microscope.

Compressional Test. The compression test was performed by using
a universal testing machine. A crystal was fixed to a glass base and then
compressed using a flat glass metallic jig attached to a load cell at a
displacement rate of 3 yum s™' on the crystal face (010/010), and the
deformation behavior was observed using a polarized light microscope.

Three-Point Bending Test. The three-point bending test experiment
was accomplished using a universal testing machine coupled with a
polarized light microscope. A single crystal was put on two-point
support, and a metal-blade jig was used to apply stress to the crystal
(Figure S3). At a displacement rate of 3 um s, the jig was pushed on
the crystal face (001/001) downward (press). The sharp breaking point
was detected after the elastic limit, and the deformation behavior was
observed by using a polarized light microscope. Further calculation
details are mentioned in the Supporting Information.

Single-Crystal X-ray Structure Analysis. Single-crystal X-ray
diffraction (SCXRD) data of the parent (ay) and deformed daughters
(ap; and ap,) of the obtained 1 single crystal were collected and solved
based on diffraction patterns on a Bruker D8 VENTURE (PHOTON
III 14) using graphite monochromated Mo Ka radiation (1 = 0.71073
A) at room temperature (rt). Intrinsic phasing methods (SHELXT)*®
were used to solve the structure, and full-matrix least-squares
calculations on F? (SHELXL)* were used to refine it. A Bruker
APEX3 (2019) was used to index the facets of the parent and twinned
domains based on the obtained data. Cell Now (Sheldrick, 2008) was
used to examine the orientational link between the parent and twinned
domains. Non-hydrogen atoms were refined anisotropically, while
hydrogen atoms were fixed at calculated positions using a riding model
approximation. Mercury CSD was used to measure Miller plane
interplanar angles.

Hirshfeld Surface Analysis. The Hirshfeld surface study of the
single crystal of 1 was conducted using the CrystalExplorer 21.5
package based on the crystal geometry. CrystalExplorer 21.5 was used
to generate 2D fingerprint plots and energy frameworks.

Thermal Analysis. Differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) profiles of 1 crystal were measured
on DSC-60 and DTG-60 instruments (Shimadzu Co.), respectively.
For the DSC and TGA analyses, about 5 mg of the sample was heated to
a temperature range of 25—250 °C and 25—400 °C at a heating rate of
°C min~" under a nitrogen gas flow (50 mL min™").

Thermal Diffusivity Analysis. The directional thermal diffusivity
of the single crystal of 1 was measured by the y-TWA method. The
single crystal having a size of approximately 100 ym X 100 gm X 100
um (thickness) was sandwiched between a micro heater (1 mm X 250
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um) and a micro thermocouple (TC) type sensor (20 ym X 20 ym).
The periodic Joule heating was applied from the heater and detected by
the micro-TC heater. The detailed configuration of the measurement
can be found in previous work.*® The detected signal was analyzed
based on the principle of temperature wave propagation. Especially, the
thermal diffusivity was estimated from its phase delay between the
heater and sensor surfaces. The phase delay of the periodic temperature
response can be written as follows.

o+ tanl{

—(1 = b)* exp(—20) sin 26

A6 5 )
(1 +b)" = (1 —b)” exp(—20) cos 20

Here, a is the thermal diffusivity along the thickness direction, d is
the thickness of the sample, fis the frequency of the applied temperature
wave, e is the thermal effusivity of the sample, and e, is the thermal
effusivity of the substrate. At sufficiently high frequency (6>>1), the first
term of the equation becomes dominant, and frequency dependence of
the phase delay data can be analyzed by a linear function with the slope
correlated to the thermal diffusivity along the thickness direction. The
frequency of temperature wave was typically set between the 10 Hz to
10 kHz range for the measurement of frequency dependence of the
phase delay.

Polarized Synchrotron-FTIR Microspectroscopy. The synchro-
tron-FTIR measurement was performed on the Infrared Micro-
spectroscopy (IRM) Beamline at the Australian Synchrotron (Victoria,
Australia), using a Bruker Vertex 80v spectrometer coupled with a
Hyperion 3000 FTIR microscope and a liquid-nitrogen-cooled narrow-
band mercury cadmium telluride (MCT) detector (Bruker Optik
GmbH, Ettlingen, Germany). The mapping measurement was
performed on the single crystal, which was placed onto a clean BaF,
window, in transmission mode using an identical pair of 36X objectives
and condensers (NA = 0.50), a projected aperture of 5.6 ym in
diameter, and eight coadded scans per spectrum. Background spectra
were acquired on the clean surface of the same BaF, window using 128
coadded scans. The polarizer used in this study was a wire-grid KRS-5
(Pike Technologies Inc., Madison, WI). All of the synchrotron-FTIR
spectra were recorded within a spectral range of 3800—700 cm™" using
4 cm™' spectral resolution. Blackman-Harris 3-Term apodization,
Mertz phase correction, and a zero-filling factor of 2 were set as default
acquisition parameters using the OPUS 8 software suite (Bruker Optik
GmbH, Ettlingen, Germany).
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Movie S1. Shear stress based mechanical deformation a,,
— ap, transformations by tweezers on (100/100) plane
(MPG)

Movie S2. Compressional stress based mechanical
deformation ay; — ap, and ap, transformations by
tweezers on (010/010) plane (MPG)

Movie S3. Three-point bending test by tweezers on (001/
001) plane (MPG)

Movie S4. Compression stress-displacement test on
(010/010) plane at room temperature (MPG)

Movie S5. Shear stress-displacement test on (100/100)
plane at room temperature (MPG)

Movie $6. Three-point bending test on (001/001) plane
at room temperature (MPG)
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charge via www.ccdc.cam.ac.uk/data_request/cif, or by email-
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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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236-0027, Japan. E-mail: staka@yokohama-cu.ac.jp

*Department of Materials Science and Engineering, School of Materials and Chemical
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T Electronic supplementary information (ESI) available: Detailed information
about the experimental section, and thermal and crystallographic studies (pdf).
Movie S1: shear stress-induced mechanical deformation on the (011) plane of
cocrystal 1 by using a pair of tweezers. Movie S2: shear stress-induced
mechanical deformation on the (001) plane of cocrystal 2 by using a pair of
tweezers. CCDC 2256404-2256407. For ESI and crystallographic data in CIF or
other electronic format see DOI: https://doi.org/10.1039/d3sc03155a

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

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

Chem. Sci., 2023, 14, 12995-13006 | 12995
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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---v 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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— \ /N
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1,2-bis(4-pyridyl)ethane
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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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A

|
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\
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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 («y) 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 o, 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 10~7 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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Fig.4 The frequency dependency of the phase delay measured for cocrystals 1 and 2 (a) schematic depiction of the experimental setup from the
(i) cross-sectional view and (i) top-view. The synchronized function generator and the lock-in amplifier determined the periodic heating and
detection of the periodic temperature response from the sample as a phase delay. (b) (i), (i), and (iii) cocrystals of 1 placed along its longer, wider
and thinner axes corresponding to the [100], [011] and [011] directions, respectively, and (c) (i), (i), and (jii) cocrystals of 2 placed along its longer,
wider and thinner axes corresponding to the [100], [010], and [001] directions, respectively. The inset shows the optical image of each sample
under a crossed-Nicols with a sensitive plate (530 nm wave plate) taken by using a polarized microscope (top view).
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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 («y) 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 rthomboid 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 ay 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
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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 oy, 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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dispersion energy, respectively.

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 w---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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