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ABSTRACT: Crystals with significant length reduction at an accessible low
pressure are highly desirable for piezo-responsive devices. Here, we show a
molecular crystal [Ni(en);](ox) (en = ethylenediamine and ox = oxalate
anion) that exhibits an abrupt shape change with a contraction rate of ~4.7%

0.30 GPa

012 G‘Ra

Hydrostatic pressure

along its ¢ axis near the phase transition pressure of ~0.2 GPa. High-pressure

single-crystal X-ray diffraction and Raman spectroscopy measurements reveal
that this material undergoes a first-order ferroelastic transition from high-
symmetry trigonal P31c to low-symmetry monoclinic P2,/n at ~0.2 GPa.
The oxalate anions serve as unique components, and their disorder—order T ey e
transformation and rotation of 90° through cooperative intermolecular :
hydrogen bonding triggered unconventional anisotropic microsize contrac-
tion under compression, which can be appreciated visually. Such a prominent
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directional deformation at a low pressure driven by molecular motors of
oxalate anions provides insights for the design of novel molecular crystal-based piezo-responsive switches and actuators in deep-sea

environments.

M aterials with ferroelastic transition generally undergo a
change of point group with symmetry breaking and
demonstrate nonlinear elastic hysteresis of strain.' As a
mechanical analog of ferromagnetism and ferroelectricity,
ferroelasticity features two or more switchable orientation states
of spontaneous lattice strain and plays a key role in actuators,
piezoelectric sensors, and mechanical switches.””* Most
ferroelastic materials exhibit phase transitions between a low-
symmetry ferroelastic phase and a high-symmetry paraelastic
phase, and it is the most common characteristic of natural
materlals (e.g, oxides and minerals) in the Earth’s crust and
mantle.” For example, the mineral paratellurite TeO, adopts a
distorted rutile structure with P4,2,2 symmetry, and a
continuous ferroelastic transition (second order nature) occurs
at ~0.9 GPa (to an orthorhombic CaCl,-type structure) w1th an
expansion of the b axis (i.e., negative linear compressibility)."~

In contrast, the prototypic matenal lead phosphate Pb;(PO,),,
undergoes a reverse (improper) ferroelastic transition: the low-
symmetry monoclinic phase transforming to a rhombohedral
phase at ~1.8 GPa involves disordering of the dlsplacement of
Pb sites and correlated tilt of PO, tetrahedra.”

Ferroelasticity has also been found in a large number of hybrid
organic—inorganic materials with changes in the temper-
ature."'™"® The high-symmetry phase converts to the low-
symmetry phase with symmetry-breaking upon cooling, and
disordered cations are conventionally frozen at low temper-
atures; thereby, disorder—order transformation occurs during
the phase transition.'”~*' Meanwhile, the molecules within the
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crystals may undergo displacement and rotational motion,
resembling that of inorganic ferroelastics.”> For example, a
hybrid material (Me;NOH),[ZnCl,] undergoes a ferroelastic
transition at 373 K with symmetry change of P2,/n — Pnma, and
the cooperation of the order—disorder transition of the
(Me3sNOH)* cation and intermolecular interactions resulted
in large spontaneous strain.”® In these types of materials, all
studies have been performed with the temperature as the control
parameter, whereas the pressure is less intensively investigated.
In general, the anisotropy of strain by increasing pressure is very
similar to cooling. The documented examples of pressure-
induced ferroelectricity in metal complexes are very rare, with
most of them as inorganic minerals.””*® The molecular
framework compound Zn(CN), is one of the few examples; it
displays an improper first-order ferroelastic transition from the
cubic structure to a denser orthorhombic structure at 1.52 GPa,
and the rotations of connected pairs of Zn(C/N) tetrahedra lead
to an expansion of the crystallographic a axis.”®

In this work, using high-pressure single-crystal X-ray
diffraction together with in situ Raman spectroscopy, we show
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Phase | at 0.06 GPa

Phase Il at 1.55 GPa

Figure 1. (a) Crystal structure of phase I of [Ni(en);](ox) at 0.06 GPa viewed approximately along the [110] direction. (b) Structure of phase II at
1.55 GPa. The red dashed lines represent NH---O and CH:+-O hydrogen bonds. The disordered oxalate anions in phase I, which convert to an ordered

state in phase II with a rotation of 90°, are shown in the lower panels.

that the pressure induced a ferroelastic phase transition in a
molecular crystal [Ni(en);](ox) (en = ethylenediamine and ox =
oxalate anion) at a low pressure of ~0.2 GPa with symmetry
changing from trigonal P3lc to monoclinic P2,/n. The
dynamically disordered oxalate anions transform to an ordered
frozen structure with an unusual rotation of 90° through
cooperative intermolecular interactions, resulting in a large
shrinkage of the ¢ axis during the ferroelastic transition, which
can be clearly observed from the length change of the single
crystal.

The light purple single crystals of [Ni(en),](ox) were grown
by slow evaporation of an aqueous solution containing Ni(II)
oxalate and ethylenediamine at room temperature as described
previously.”” At ambient conditions, [Ni(en);](ox) crystallizes
in the trigonal symmetry with space group P31c (Z=2), denoted
as phase I. Previous variable-temperature single-crystal X-ray
diffraction measurements revealed that [Ni(en);](ox) under-
goes a phase transition to the monoclinic P2,/# structure (phase
IT) upon cooling at ~253 K with the disorder—order transition
of the oxalate anions, and such a transformation induced a large
anisotropic shape change of 5%.”” In the crystal structure of
phase I, each Ni** cation adopts distorted octahedral geometry
and is coordinated to six nitrogen atoms from three en ligands.
The disordered ox*~ anions with a paddlewheel-like shape are
parallel to the 3-fold rotation axis (c axis) and linked to the
[Ni(en),]** cations through NH--O hydrogen bonds (H:-O
distances range from 1.978 to 2.541 A; see Figure la). Hence,
from the crystal habit, the lattice parameter ¢ axis should be
parallel to the long axis of the rod-like pink single crystal.””

High-pressure single-crystal X-ray diffraction (SXRD) data of
[Ni(en);](ox) were collected at room temperature up to 3.1S
GPa (Table S1 of the Supporting Information). To ensure the
hydrostatic environment, a 4:1 mixture of methanol—ethanol
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(ME) was used as the pressure-transmitting medium (PTM).”*
In addition, synchrotron powder X-ray diffraction data were also
recorded up to 15.2 GPa at room temperature using silicone oil
as the PTM to investigate the effect of quasi-hydrostatic stress
on the compressibility behavior of [Ni(en);](ox) (Figures S1
and S2 and Table S2 of the Supporting Information). As shown
in Figure 2a, the lattice parameters of ambient-pressure phase I
shrink monotonically up to ~0.20 GPa, and above this pressure,
a discontinuous transition to phase II was observed. Phase II
crystallizes as the monoclinic space group P2,/n (Z = 4), which
is isostructural to the phase observed below ~253 K (upon
cooling) at ambient pressure.”> At ambient pressure (0.1 MPa),
the thermal hysteresis width of the first-order phase transition of
[Ni(en);](ox) is ~20 K.** As a result of the uncertainty of the
pressure measurement in the diamond anvil cell (DAC)
chamber (0.03—0.05 GPa), it is not possible to accurately
determine the transition pressure on the megapascal (MPa)
scale during the decompression process. The phase transition
pressure during decompression may be slightly different from
that during compression. Therefore, we could not exclude the
possibility of the existence of hysteresis according to the
pressure-induced phase transition. This material requires further
synchrotron X-ray experiments using a gas pressure cell (with
tens of megapascal step) under variable pressure and temper-
ature conditions to explore this possibility.

The symmetry elements of phase I (E, 3C,, 2C;, 2Sg, i, and
30,) changing to phase II (E, C,, i, and 6;,) can be described by
the Aizu notation of 3mF2/m, among the 94 species of
ferroelastic transitions.”’ At the transition pressure, the formula
unit volume (V/Z) drops by ~2.2%, indicative of the first-order
phase transition. Such a phase transformation is associated with
the shrinkage of ~4.7% of the lattice parameter ¢ (positive
compressibility; see Figure 2a). The large change in sub-
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Figure 2. (a) Evolution of the lattice parameters of [Ni(en);](ox) with pressure. (b) Birch—Murnaghan equation of state fits to the formula unit
volume (V/Z) data. These lines are reference data for calculations of spontaneous strain and volume strain. The X-ray data collected from SXRD and
PXRD are plotted as full and unfilled symbols, respectively. The half-filled symbols are PXRD data collected during the decompression process. The
phase transition at ~0.20 GPa is indicated by the red dashed line in both panels a and b. The insets highlight the changes of lattice parameters before
and after phase transition. (c) Single crystal of [Ni(en);](ox) compressed in the ME mixture along the c axis. The length of the single crystal contracts
from 0.231 mm (at 0.12 GPa) to 0.218 mm (at 0.30 GPa), and the crystal length could be fully recovered after the pressure released to 0.1 MPa (see the
appearance of air bubbles). (d) Another single crystal was cut and loaded approximately along the ab plane. A few cotton fibers were used to stabilize
the single crystal during pressurization. The bottom images show the polarized microscopy images at 0.10 and 0.31 GPa, respectively. The red arrow
shows the appearance of diagonal stripes. The Miller indices of the crystal faces have been indicated in the upper panel.

nanometer size (~0.5 A) caused by large rotational motions of
the ox*~ anions can be directly reflected at the micrometer scale
of the single crystal. As displayed in Figure 2c, we observed that
the length shrinkage of the single crystal is about ~5.6% between
0.12 and 0.3 GPa, which is comparable to the contraction rate of
5% at ~254 K (0.1 MPa) during the phase transition.”” The
large linear compressibility [~353(3) TPa™'] is more than 2
times larger than that of the flexible Zn-based metal—organic
framework [145(9) TPa™!, caused by the negative area
compressibility of puckered quadrangular rings within the ab
plane].”® After pressure was released from 0.85 GPa to ambient
pressure, the length of the crystal could be fully recovered
without crystal breaking, indicative of the reversible nature of the
phase transition in the ME mixture. When silicone oil is used as
the PTM, we assume that the shape change of the single crystal
(ferroelastic transition) should be comparable to that in the ME
mixture (~0.2 GPa), because the transition pressure is in the
range of the hydrostatic limit of silicone oil (~1.0 GPa). When
the pressure exceeds ~1.0 GPa, different compression behaviors
of the [Ni(en);](ox) complex were observed between silicone
oil and the ME mixture as a result of the quasi-hydrostatic
environment created in silicone oil (see panels a and b of Figure
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2).*>" After the pressure exceeds 1.0 GPa, the deviatoric stress
generated by the quasi-hydrostatic environment causes the
powder X-ray diffraction patterns to become broader. As shown
in Figure S1 of the Supporting Information, the [Ni(en);](ox)
sample may partially lose its crystallinity after the pressure
reaches 15.3 GPa, which is evidenced by the lattice parameters
from the decompression X-ray data that could not be fully
recovered (see panels a and b of Figure 2). As shown in Figure
2d, clear stripe-shaped domains appeared at the ab plane at 0.31
GPa (phase 1I) under the polarized microscope, providing solid
experimental evidence of ferroelasticity. The magnitude of the
linear compressibility of the lattice parameter a(b) axis is
33.4(6) TPa™', while the c axis is more robust, with a magnitude
of 14.7(5) TPa™' from 0.1 MPa to 0.16 GPa throughout the
phase I region. When the pressure is increased to 3.15 GPa in
phase II, all of the lattice parameters a, b, and ¢ show positive
linear compressibility (PLC). The magnitude of the strain tensor
eigenvector f3; of 9.3(5) TPa™" is inclined by 12.6° to the c axis,
which is comparable to that along the b axis [, = 9.1(16)
TPa™']. The strongest PLC is approximately along the a axis
(inclined by 14.2°), and the corresponding coefficient 3, is equal
to 28.2(23) TPa™", which is about 3 times that of 3, (see Table
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Figure 3. Hirshfeld surfaces of ox* anions in (a) phase I at 0.16 GPa, (b) phase II at 0.35 GPa, (c) 1.55 GPa, and (d) 3.15 GPa. The color scale
describes distances longer (navy blue), equal (white), and shorter (red) than the van der Waals radii. The corresponding 2D fingerprint plots of H---O

are shown in the bottom panel.

S3 of the Supporting Information). The f angle increases by
about 1.0° to ~3.0 GPa and then decreases slightly by ~0.8% as
the pressure is increased to 15.2 GPa (Figure S3 of the
Supporting Information).

According to —3mF2/m of the Aizu notation, the magnitude
of the total spontaneous strain &, of [Ni(en);](ox) is given as &
= (2w? + 2,7 + 26,3% + 26,,2) %, where w = 0.5(ey, — £,).”
The calculated total spontaneous strain & is equal to 0.784 (see
the Supporting Information for specific details). The volume
strain V, is defined as V, = (V — V,))/V,,, where V'is the molecular
volume of the low-symmetry phase II (P2,/n) and Vj is the high-
symmetry phase I (P31¢) at the transition pressure of ~0.2 GPa.
From the extrapolation by equations of state of both phases, the
calculated volume strain V is —2.12%, which is more than 10
times larger than that of the prototypic mineral Pbs(PO,),
(=0.13%)* but about 40% of the magnitude of the molecular
framework Zn(CN), (—5.44%).”° The significant difference in
the volume strain between [Ni(en);](ox) and Zn(CN), during
the ferroelastic transition is most likely due to the hydrogen-
bonding constraints of the rotational motions of the ox’~ anions
during the symmetry breaking in [Ni(en);](ox). In contrast,
only rotations of connected Zn(C/N) tetrahedra occur in the
molecular framework Zn(CN),.*

The unit cell volume of phase I can be well-fitted to the
second-order Birch—Murnaghan equation of state with the zero-
pressure bulk modulus B, of 12.4(16) GPa and its pressure
derivative B’ fixed at 4, revealing the soft nature of the
[Ni(en);](ox) crystal, which resembles most organic molecular
crystals.”* In phase II, the second-order Birch—Murnaghan
equation of state gives B, of 15.6(5) GPa and B’ of 4, which
shows that phase II is slightly harder than phase 1. However, in
our powder X-ray diffraction (PXRD) measurements using
silicone oil as the PTM, the second-order Birch—Murnaghan
equation of state demonstrates B, of 27.9(9) GPa with B’ of 4.0
in phase II, which is almost 2 times larger than that in the PTM
of the ME mixture, implying that the [Ni(en);](ox) single
crystal is extremely sensitive to the hydrostatic environment.
Such character has been observed in most of the soft materials,
such as coordination polymers***® and hybrid perovskites.””

In the monoclinic high-pressure phase II, the trigonal
symmetry is broken, the oxygen atoms of the ox*~ anions are
crystallographically ordered, and the whole anions undergo
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significant rotation of 90° in accordance with the ¢ axis, whereas
the packing arrangements of the [Ni(en);]*" cations are hardly
modified (Figure 1b). The C—C bonds within the ox*~ anions
are approximately parallel to the ab plane, with a slight deviation
angle of ~2.2° (Figure 1b). The main difference between phases
I and IT is that the ox*~ anions transform from a “standing up” to
“lying down” position and give rise to new CH:--O hydrogen
bonds (Figure 1 and Table $4 of the Supporting Information).**
In contrast to the temperature, the external hydrostatic pressure
triggers large systematic responses in the phase II structure. For
example, the ox’~ anions possess a nonplanar conformation, and
their torsion angles of 02—C7—C8-03 and O1-C7-C8-04
are 171.8(18)° and 168.2(17)° at 0.35 GPa, respectively, and
these magnitudes gradually decrease under compression (Figure
S4 of the Supporting Information). Such conformational
changes are most likely arising from the enhanced directional
NH---O and CH-+-O hydrogen bonds under compression. In the
[Ni(en);]** cations of phase II, the Ni—N bond lengths
demonstrate a subtle reduction under compression. For
example, the Nil—N2 bond distances decrease slightly from
2.14(1) A (at 0.35 GPa) to 2.08(2) A (at 3.15 GPa) (see Figure
SS of the Supporting Information). The NH--O and CH:--O
intermolecular interactions of phase II are gradually reduced
with increasing the pressure (Table S4 of the Supporting
Information). The changes of intermolecular contacts during
the ferroelastic transition from phase I to phase II can be clearly
illustrated from the differences of Hirshfeld surfaces and two-
dimensional (2D) fingerprint plots (Figure 3).* The dis-
ordered—ordered and orientational changes of ox*~ anions yield
different Hirshfeld surfaces. In phase I, the disordered ox*~
anions generate large red spots around the oxygen atoms,
indicative of strong H---O bonding (Figure 3a). In phase II, the
H--O contacts became shorter under compression, which is
characterized by larger red spots on the Hirshfeld surfaces at
3.15 GPa (panels b—d of Figure 3). In contrast to the large
reductions of H---O interactions in organic molecular crystals
under pressure,”' the relative contributions of H--O contacts in
phase II reduce subtly under compression, i.e., 89% (0.35 GPa)
versus 88% (3.15 GPa).

The ferroelastic phase transition was further confirmed by in
situ high-pressure Raman spectroscopy. Figure 4 shows the
pressure-dependent Raman spectra of [Ni(en);](ox) using the
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Figure 4. (a) Selected Raman spectra of [Ni(en);](ox) upon compression to ~10.0 GPa and (b) evolution of Raman modes during compression.

ME mixture as the PTM. When the pressure increased to 0.28
GPa, the Raman spectra of the sample exhibit substantial
changes, demonstrating the occurrence of the phase transition
(Figure S6 of the Supporting Information). For example, the
modes v, (1446.7 cm™', CH, bending) and v, (3184.0 cm™,
NH, stretching) from the en ligand at 0.1 MPa show blue shifts
to 1431.7 and 3172.6 cm™" at 0.28 GPa, respectively (Figure S6
and Table SS of the Supporting Information). These features
indicate that the breakage and reconstruction of hydrogen
bonding (rotation of oxalate anions) slightly alter the
conformations of the en ligands during the phase transition.
Meanwhile, a large red shift of the v5 band (C=O0 stretching
mode) with magnitude of ~12 cm™' was observed with the
pressure increased from 0.1 MPa to 0.28 GPa, revealing the
modifications of the vibrations of the ox*~ anions. Such
character is well-consistent with the disorder—order transition
of the ox’” anions as revealed by the single-crystal X-ray
diffraction. In the high-pressure phase II, all of the bands show a
red shift under compression, and the symmetric NH, stretching
vy, band displays the largest dv/dp coefficient (11.50 cm™/
GPa), which is almost 6 times larger than of the NH, bending
mode s (2.03 cm™'/GPa). Moreover, some bands split into
doublets or triplets at 5.0 GPa; e.g., the vy band (CH, symmetric
stretching) at 2984.6 cm™" splits into 2947.8 and 2964.4 cm™
doublets, respectively (Figure 4b). The splitting and appearance
of the new modes demonstrate the low-symmetry structure and
enhanced directional hydrogen bonding under pressurization.
In summary, we report that dynamically disordered single-
crystal [Ni(en);](ox) undergoes a ferroelastic transition with a
large shape change in response to the external hydrostatic
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pressure of ~0.2 GPa. Systematic structural analyses reveal that
the disorder—order transformation and uncommon rotation of
90° of ox*” anions via cooperative intermolecular hydrogen
bonding are responsible for the abnormally large contraction
rate of the single crystal. Furthermore, the ferroelastic transition
from high-symmetry P31c to low-symmetry P2,/n was system-
atically studied by X-ray diffraction and Raman spectroscopy as
well as Hirshfeld surface analyses. This study provides a new
approach for triggering a pronounced shape change of the single
crystal by modulating the orientations of the components of the
crystal under pressure. Such a concept could be applied to other
molecular crystals for designing and developing potentially new
functional piezo-responsive hybrid materials with exceptional
physical properties.
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