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In this study, we prepared a polar flexible single crystal of [Zn(4-ethylpyridine),(NCS),]. This material
shows unusually large anisotropic linear thermal expansion as the tetrahedral coordination geometry of
the complex can be modified in response to the thermal dynamic state of the ethyl group in 4-ethylpyri-
dine ligands. Correspondingly, a giant thermally controlled reversible shape change of 10% elongation/
contraction is observed in the rod-like single crystal along its long axis. Such a large thermal mechanical
deformation is among the largest values in the reported thermal dynamic single crystals. Because the
magnitude of dipole moment of uniaxially aligned molecules is varied by the large molecular structural
change, the polarization of the single crystal is switched and manifests as a continuous pyroelectric
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current, particularly in the vicinity of phase transition points where molecular geometries are largely
tuned. This study demonstrates that the large thermal expansion of flexible single crystals can be used to
control the polarization of materials, providing a promising strategy to prepare superior pyroelectric
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Introduction

Pyroelectric materials, whose internal polarization can be
switched in response to a variation in temperature,"* have
been increasingly pursued for their fascinating applications in
energy harvesting, heat sensing, and thermal imaging.>*° In
the past few decades, numerous pyroelectric materials includ-
ing triglycine sulfate (TGS), lithium tantalite (LiTaO;), stron-
tium barium niobate (SBN), lead zirconate titanate (PZT), poly-
vinylidene difluoride (PVDF), and their composites have been
developed.” Among the different pyroelectric materials, mole-
cule-based single crystals have attracted increasing attention
for their environmental benignness, mild fabrication tempera-
ture, mechanical flexibility, and unambiguous structures
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characterized by single-crystal X-ray diffraction.'®™® To date,
research on molecule-based pyroelectric materials mainly
focuses on molecular ferroelectrics.'®'*® Such materials typi-
cally generate substantial pyroelectric current in the vicinity of
phase transition temperature but minute at other tempera-
tures. Moreover, large polarization switching in ferroelectric
materials usually needs to be preliminarily polarized by an
external bias electric field because of crystal twinning, which
is inappropriate for the practical application of pyroelectric
properties. 117

The structural origin of polarization switching is derived
from the collective ionic displacement, molecular reorienta-
tion, and directional electron transfer.'®***82 In comparison
to inorganic oxide materials, molecule-based materials
possess intrinsic structural flexibility because their structures
are built from molecular species connected via intermolecular
interactions.>**® Recently, dozens of flexible single crystals
with giant thermal expansion, thermal-induced electron trans-
fer, or mechanical deformation have been developed.****7* If
the thermally induced significant structural transformation is
involved in the macroscopic polarization change of single crys-
tals, a large pyroelectric response could be expected.

To this end, we focus our efforts on a flexible molecular
crystal, [Zn(4-ethylpyridine),(NCS),] (1), that crystallized in a
polar space group Fdd2. In our previous report, we have found
that this single crystal shows outstanding plastic bending in
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response to external stress.’” In the crystal, uniaxially aligned
tetrahedral complexes underwent a substantial shape change
(scissor-like motion) in their molecular structures in response
to the thermal dynamic state change of ethyl groups. As the
reorientation of 4-ethylpyridine ligands changed the molecular
dimension, a large anisotropic linear thermal expansion that
manifests as a reversible 10% expansion/contraction of rod-
like single crystal was realized. Moreover, the molecular
scissor-like motion changed the macroscopic polarization of
single crystals, generating a continuous pyroelectric current
along the polar axis of single crystals.

Experimental
Synthesis of [Zn(4-ethylpyridine),(NCS),] (1)

According to our previously reported method,** the rod-like
single crystals of compound 1 were prepared by slow evapor-
ation of an ethanol solution containing Zn(ClO,),-6H,0,
NH,NCS and 4-ethylpyridine. Elemental analyses (%) caled for
1: 48.54, H, 4.58, N, 14.15. Found: C, 48.42, H, 4.61, N, 14.07.

Single-crystal X-ray diffraction

Variable-temperature single-crystal X-ray data of compound 1
at 90, 107, 150, 210, 260, 293, and 340 K were acquired using a
Rigaku Oxford XtaLAB PRO diffractometer with Mo Ka (4 =
0.71073 A) radiation. An Oxford Cryosystems Cryostream 800
apparatus was equipped to control the temperature with a
nitrogen gas stream. The disordered structures at different
temperatures were solved by a direct method and refined by
full-matrix least-squares on F> using the SHELX program
implemented in the Olex2 program with anisotropic thermal
parameters for all non-hydrogen atoms.**** All hydrogen atoms
were added geometrically at calculated positions and refined by
the riding model. Variable temperature crystallographic para-
meters for compound 1 are summarized in Table S1.7 The full
crystallographic data at different temperatures discussed in this
study have been deposited at the Cambridge Crystallographic
Data Centre (CCDC), under deposition numbers CCDC
2214726-2214732 and 2216171-2216174.F

Results and discussion
Crystal structure

In the crystal, Zn(u) ions are tetrahedrally coordinated by two
N atoms from NCS™ anions and two N atoms from 4-ethylpyri-
dine ligands (Fig. 1a). The metal centers lie in the crystallo-
graphic C, axis and the asymmetric unit contains half a Zn(u)
ion, one 4-ethylpyridine, and one NCS™. At room temperature,
the 4-ethylpyridine ligands are heavily disordered over two
positions as identified by the large thermal displacement para-
meters (Fig. S11). The neutral complexes are further connected
via weak n-n intermolecular interactions along the c-axis and
C-H---S interactions (Fig. S21), forming a three-dimensional
(3D) structure. As all the polar molecules are uniaxially aligned
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Fig. 1 Molecular structures of compound 1. (a) Schematic of 1. (b)
Molecular packing viewed along the a-axis at 293 K. The brown arrows
indicate the direction of spontaneous polarization. Colour code: Zn
(brown), N (blue), C (grey), and S (yellow). Hydrogen atoms are omitted
for clarity.

along the crystallographic c-axis, compound 1 crystallizes in an
orthorhombic polar space group Fdd2. Accordingly, spon-
taneous polarization emerges along the crystallography c-axis
(Fig. 1b).

Thermal expansion

In this compound, the ligands of 4-ethylpyridine are co-
ordinated in a disordered state, potentially actuating structural
transitions under the stimulation of temperature as a result of
disorder-order structural changes.'®**?%3> To determine the
molecular motion and its effects on the cell parameters, we
monitored the structural change in detail by variable-tempera-
ture single-crystal diffraction analysis. The data were collected
in heating mode between 90 and 340 K (Table S17), below the
melting point of 370 K (Fig. S3f). A comparison of the mole-
cular structures at different temperatures reveals that the thio-
cyanate anions are ordered in the measured temperature
range, but the 4-ethylpyridine ligands are always disordered.
As shown in Fig. 2, the ethyl group adopts two orientations.
The different orientations of terminal groups modify the inter-
molecular interactions and then affect the coordination geo-
metry of the complex. As a result, the aromatic plane of pyri-
dine ligands is disordered over two positions. The tempera-
ture-dependent isotropic temperature factors of C8 (carbon
atoms on the ethyl group) gradually increased from 90 to
340 K, indicating that the disorder of ethyl groups was
enhanced by heating the sample (Fig. S47). The variation in
the thermal dynamic state not only tunes the orientation of
the aromatic plane of pyridine ligands, but also changes the
site occupancy factors (SOFs) of part A and B. As shown in
Fig. 2 and S5,} the angle of C4(pyridine)-Zn-C4(pyridine)
(para-carbon atoms of pyridine ligands) shifted from 106°/
129° at 90 K to 106°/110° at 340 K, and the SOF of each dis-
ordered position, part A and B, significantly changed from
0.73/0.27 at 90 K to 0.43/0.57 at 340 K, respectively.
Consequently, the average angle of C4-Zn-C4 presents a
reversible change between 112° (90 K) and 108° (340 K). The
dynamic motion of 4-ethylpyridine modifies the coordination
sphere of the metal center. The angles of N(pyridine)-Zn-N
(pyridine) and N(NCS)-Zn-N(NCS) shrank form 118° and 123°
at 90 K to 112° and 120° at 340 K upon heating, respectively,
but the lengths of the Zn-N coordination bond are almost
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Fig. 2 Variation in the molecular structures and angles of C4-Zn—-C4 (para-carbon atoms of pyridine ligands) in compound 1 in the temperature
range of 90-340 K. The pink and deep blue atoms represent the structures of parts A and B in the disordered structure, respectively.

unchanged (2.026/1.930 A at 90 K, 2.093/1.911 A at 340 K,
Fig. S1f). The substantial shifts in the coordination angles
indicate the occurrence of a scissor-like motion at the mole-
cular level of complex 1 (Fig. 2). Due to the uniaxially packed
molecular structures and intermolecular interactions between
the complexes, the molecular-level structural change is trans-
duced into the unit cell of single crystals. As the temperature
increased from 90 K to 340 K, the shortest Zn---Zn distance
along the crystallographic c-axis increased from 4.8733(2) A to
5.3374(5) A, consistent with the closing motion of molecules
upon heating (Fig. 3a). The scissor-like structural transform-
ation of molecules was further supported by the contraction of
the shortest Zn---Zn distance along the crystallographic a- and
b-axes, i.e., from 19.4675(8) and 39.9414(14) A to 19.1290(2)
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Fig. 3 Thermal expansion behaviour of compound 1. (a) Temperature
dependence c-axis length. (b) Linear thermal expansion coefficients cal-
culated from PASCal.
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and 39.5670(5) A, respectively, as the temperature increased
from 90 K to 340 K (Fig. S67).

The isotropic temperature factor of C8 and the angle of C4-
Zn-C4 are almost linearly changed as the temperature varied.
However, an anomaly was detected below 150 K. Differential
scanning calorimetry (DSC) measurement was performed to
investigate the possible phase transition of 1 in the low temp-
erature range. As shown in Fig. S7 and S8, two exothermic
peaks at 112 and 99 K on the cooling process were detected in
the DSC curve, and the corresponding endothermic peaks at
113 and 104 K on the heating process confirmed the reversible
feature of the phase transitions. According to the single-crystal
structural analyses, the polar space group Fdd2 was main-
tained during phase transition. Therefore, the phase transition
should be ascribed to the structural deformation induced by
the thermal dynamic state of ethyl groups. As shown in
Fig. S5,1 an abrupt change was detected in the SOF of parts A
and B in the vicinity of phase transition point. The change in
the C4-Zn-C4 angle during 90-150 K was also faster than that
of variation during 150-340 K.

The change in the Zn---Zn distance manifests as a substan-
tial variation in the cell parameters, upon heating from 90 to
340 K, the crystallographic c-axis expanded from 4.8733(2) to
5.3374(5) A, whereas the a- and b-axes contracted from 19.4675
(8) to 19.1290(2) A and 39.9414(14) to 39.5670(5) A, respectively
(Fig. 3a, S9 and Table S1t), indicating ca. 9.5% expansion
along the c-axis, —1.7% shrinkage along the a-axis, and —0.9%
contraction along the b-axis. These changes exactly reflect the
variations in the coordination geometry upon heating.
Corresponding to the large expansion in the c-axial length, the
unit-cell volume of the single crystal enlarged by 6.6% as the
temperature increased from 90 to 340 K. The large volume
implies that disordered 4-ethylpyridine may take various
thermal dynamic states at the high temperature, particularly
in the direction of c-axis. The linear variations on the crystallo-
graphic axes suggest a positive thermal expansion for c-axis
and negative thermal expansion for a- and b-axes. As calcu-
lated from the program PASCal,*® the linear thermal expansion
coefficients along the principal axes of single crystals are 383 x
107° K™ (a)), =67 x 107° K" (ag), and =34 x 107° K" (a3),
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respectively, in the temperature range of 90 to 340 K (Fig. 3
and S107). Notably, no significant anomaly was detected in the
thermal expansion coefficients near the phase transition
points, implying that the abrupt variations in the SOF slightly
affect the global structure of 1. The thermal expansion coeffi-
cient of c-axis is much higher than those of typical ferroelec-
trics such as LiB;Os (66.4 x 107° K~)*” and Pb(Mgy;3Nb,,3)05-
0.3PbTiO; (3.4 x 107 K1), and similar to the values of some
reported giant thermal expansion materials such as organic-
inorganic hybrid complex ((Himd),[CuCly], @, = —38 x 107°
K™, a, = 568 x 107° K™, a, = —184 x 107® K™"),>® MOFs
(FJI-H11-Et, a, = —=33.2 x 10°° K", a, = 489.4 x 107° K"),*°
HOFs ((H,BPTC)-(BPE),, 125 x 107° < q, < 394 x 107°, —171 x
107°% < @, < —469 x 107°),** and organic crystalline material ((S,
S)-octa-3,5-diyn-2,7-diol, 156 x 10™° < a, < 515 x 107°, —32 x
107% < ap < —-85x107°% —48 x 107° < a, < —204 x 107%).**

Macroscopic mechanical response

The large anisotropic thermal expansion may induce a signifi-
cant variation in the single crystal shape.>***?%3%>74¢ Hence,
we monitored the deformation of a single crystal in response
to the temperature change. The macroscopic shape change of
a single crystal of 1 was examined using a microscope
equipped with a heating-cooling temperature controller. On
the basis of the face index of the single crystal, the long axis of
the single crystal is parallel to the crystallographic c-axis
(Fig. S111). As shown in Fig. 4 and the ESI Videos S1 and S2,}
the rod-like single crystal of 1 extended from 0.70 mm at 90 K
to 0.77 mm at 340 K along the crystal long axis, and the ther-
mally induced shape change can be recovered to its original
shape upon cooling to 90 K. Notably, the reversible elongation/
contraction of the single crystal can be repeated 10 cycles
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Fig. 4 Photographs of the crystal deformation of 1. (a) Expansion and
shrinkage of the rod-like single crystal in the temperature range of
90-340 K. According to the result of face index, the long axis of the
single crystal is parallel to the crystallographic c-axis. The crystal length
increased from 0.70 to 0.77 mm upon heating. (b) Fatigue resistance test
of the crystal-shape change.
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without any fracture detected in the single crystal surface,
implying a good fatigue resistance of the large shape change.
The good reproducibility of this single crystal should associate
with the saddle stacking of the complexes along the c-axis,
which can maintain the crystal lattice during the scissor-like
motion, while the tension in the perpendicular directions was
alleviated by the weak intermolecular interactions around the
1D molecular column. The ca. 10% elongation/contraction of
single crystals is consistent with the variation in the crystallo-
graphic c-axial length in response to the temperature variation.
The remarkably large shape of 1 is comparable to the large
deformations of single crystals such as [Ni'(en);]ox (5%),>*
(Himd),[CuCl,] (10%),*® 6,13-bis(triisopropylsilylethynyl)pen-
tacene (10%),”> and 2,7-di([1,1-biphenyl]-4-yl)-fluorenone
(18%) reported in the literature.*> The materials with large
temperature-dependent shape change are particularly useful
for the development of precise thermomechanical actuators
and sensors.*"*7*

Pyroelectric effect

The thermally activated structural variation in the polar mole-
cules leads to a change in molecular dipole moment. Due to
the uniaxial molecular packing along the crystallographic
c-axis, the variation in the molecular polarization can transmit
to the macroscopic polarization change of bulk single crystals.
To investigate the change in the polarization of 1, the pyroelec-
tric measurement was performed using a Keithley 6517B elec-
trometer equipped with a Quantum Design MPMS XL7
working as a temperature controller (Fig. S12 and S137).

As shown in Fig. 5a and S13,7 the pyroelectric current of
compound 1 showed a non-zero value upon cooling and fea-
tured two sharp peaks in the vicinity of phase transition points
along the polar axis of the single crystal. The continuous pyro-
electric current above 130 K is ascribed to the gradual scissor-
like motion of the coordination geometry that modifies the
dipole moment of polar molecules. The calculated pyroelectric
coefficients with values of ca. 1.5 nC K~* em™> above 130 K and
23.7/35.8 nC K™ cm ™ near the phase transition points are in
the same order of magnitude as the well-known pyroelectric
materials such as PVDF,"*° and some molecule-based crystal
materials.”® To obtain the change in polarization, the inte-
gration of the pyroelectric coefficient with respect to tempera-
ture was analysed. As shown in Fig. 5b, the polarization change
(AP) gradually increased to 0.45 pC cm™> upon further heating,
with a two-step abrupt change found in the temperature range
between 90 and 130 K. The polarization change of 1 is compar-
able to non-ferroelectric molecular compounds such as spin-
crossover (SCO) molecular crystals ([Fe(L),(ClO,),] (L = propyl-
2,6-di(1H-pyrazol-1-yl)isonicotinate), AP = 0.45 uC cm™2).>!

To support the structural origin of the pyroelectric current,
we investigated the variation in the molecular dipole moment
corresponding to the scissor-like motion with density func-
tional theory (DFT) calculations. The calculation results
revealed that the dipole moments of part B in the disordered
structure are 14.877 D (90 K) and 16.020 D (260 K) (Fig. 5c),
and the dipole moments of part A are 16.454 D (90 K) and
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Fig. 5 Pyroelectric effect of compound 1. (a) Pyroelectric coefficient
(p). (b) Polarization change (AP). (c) Dipole moment of the structure of
part B, in which the red area represents the negative charge and the
blue area represents the positive charge.

16.989 D (260 K) (Fig. S14}). When the SOF of parts A and B
was taken into account, a total polarization change of ca.
0.18 pC cm™ can be obtained, suggesting that the constant
pyroelectric coefficient is coupled with the gradual scissor-like
motion of the complex. The calculated value is smaller than
the experimental result, implying a substantial contribution of
the secondary pyroelectric effect in the material.’

To further verify the influence of the scissor-like motion
on the pyroelectric effect, two analogous compounds,
namely, [Zn(4-isopropylpyridine),(NCS),] (2) and [Zn(4-tert-
butylpyridine),(NCS),] (3) were investigated. These isostruc-
tural compounds crystallize in the polar Fdd2 space group, too
(Table S2%). As shown in Fig. S15,f compounds 2 and 3
showed a slight structural change as the temperature changes.
The crystallography c-axis expanded from 5.6808(5) A (2) and
5.8157(2) A (3) at 120 K to 5.8551(3) A (2) and 5.9561(2) A (3) at
340 K, indicating ca. 3.0% (2) and 2.4% (3) expansion along
the c-axis, respectively. As a result, small thermal expansions
with linear thermal expansion coefficients of 68 x 107° K" (2,
Fig. S161) and 82 x 107° K™* (3, Fig. S177) were detected along
the polar axis, and no substantial pyroelectric current can be
found in these compounds (Fig. S187). These results further
confirm that the giant anisotropic thermal expansion along
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with the macroscopic polarization change of compound 1 is
associated with the scissor-like motion of the complex.

Conclusions

In summary, we demonstrated that a flexible Zn(u) single
crystal shows giant anisotropic thermal expansion associated
with a macroscopic polarization change. Detailed structural
analyses disclosed that these unusual properties are associated
with the scissor-like motion of the polar complex induced by a
thermal dynamic state change of 4-ethylpyridine ligands. The
molecular level structural changes are directly transmitted to
the bulk materials due to the uniaxially aligned molecules in
the polar crystal. Consequently, a remarkably large reversible
shape change (ca. 10% along the long axis of the rod-like
single crystal) associated with a pyroelectric current with a
peak value of 35.8 nC K™' cm™> at the phase transition point
was detected. The thermally driven obvious shape change and
pyroelectric current in this non-ferroelectric molecular crystal
suggest that 1 may find many applications in sensor elements.
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