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Ferroelastic materials, as a significant category of primary ferroic materials, have paved the way for the
development of shape memory, superelasticity, tunable electronics, MEMS and actuators. The ferroic
phase transition rules summarized by Aizu provide a theoretical guideline for material design. However,
ferroelectrics and ferroelastics are to some extent intertwined with each other. Decoupling these pro-
perties is essential for optimizing material performance and developing better theoretical models. By
modifying [(CH3)4N][FeCly], a typical molecular ferroelectric that is not ferroelastic, we synthesized
(MeEtNCH=CH,Cl)FeCly (DMCE-FeCly), an organic—inorganic hybrid compound that introduces ferroe-

Received 8th October 2024,
Accepted 9th November 2024

DOI: 10.1039/d4qi02527j

lasticity while maintaining ferroelectricity. DFT calculations reveal that the shape of the organic cations
contributes to ferroelasticity, while their dipole moments contribute to ferroelectricity. This work
advances the understanding of ferroic properties and their independent control, with implications for
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Introduction

Since ferroelasticity was first observed in Gd,(M0oO,); in 1969,
ferroelastic materials, notably BaTiO; and Bi,Ti;O;,, have been
extensively developed and utilized in many fields such as
shape memory, superelasticity, tunable electronics, microelec-
tromechanical systems (MEMS), and actuators.”® In recent
years, additional functionalities have been discovered in fer-
roelastic materials, including catalytic, controllable electronic
and phonon transport properties.”® Moreover, ferroelastic
domain walls possess unique advantages, as their emerging
properties are localized within domain walls, which are critical
for applications in superconductivity and neuromorphic
computation.'®™* Consequently, the design and development
of multifunctional ferroelastics are urgently required.

Over the past few decades, molecular materials have
attracted increasing attention because of their unique advan-
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reconfigurable memory devices and intelligent actuators.

tages, including ease of preparation, structural flexibility, and
high biocompatibility.”*'” Several high-performance mole-
cular ferroelastic materials have been found, such as
(cyclohexanemethylammonium),PbCl, with a fully ferroelec-
tric-full ferroelastic effect and high phase transition tempera-
ture'® and (Me;NCH,C1)CdCl; featuring fully-ferroelectric/par-
tially ferroelastic species with large ds3."° The adjustability of
components offers significant opportunities for chemical
design aimed at optimizing the performance of molecular
materials. However, most research actually aims at introducing
ferroelectric polarization, while ferroelasticity often emerges as
an incidental outcome.

From a theoretical perspective, ferroelectrics and ferroelas-
tics are to some extent intertwined with each other.
Ferroelectricity and ferroelasticity are both a consequence of
symmetry breaking in structural phase transitions.**>* Aizu
has cataloged the possible types of ferroelectric and ferroelas-
tic phase transitions.”**® Among the 94 ferroelastic tran-
sitions, 42 also belong to ferroelectric transitions. Therefore,
for most molecular materials, their ferroelectricity and ferroe-
lasticity have a high probability of coupling, which makes it
difficult to study the mechanism of each individual property
from the perspective of chemical design. Decoupling allows
for the independent optimization of multiple properties and
better theoretical models by reducing the complexity of
systems and understanding the individual contributions of
different variables.>**° Consequently, a new molecular
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material, with ferroelectric-ferroelastic decoupling, is urgently
needed to clarify the fundamental differences between ferroe-
lastic and ferroelectric properties.

Herein, we start with [(CH;),N][FeCl,],*"** a typical mole-
cular ferroelectric that is not ferroelastic. By modifying the
tetramethylammonium cation, we synthesized an organic-in-
organic hybrid semiconductor, (Me,EtNCH;CH,Cl)FeCl,
(DMCE-FeCly), which introduces ferroelasticity while retaining
ferroelectricity. The order-disorder motions of the [DMCE]"
cations are accompanied by two lattice evolutions:
DMCE-FeCl, experiencing a ferroelastic transition (6mmFmm2)
at 299.9 K (Tc,) and a ferroelectric transition (6/mmmFémm) at
409.2 K (Tcy). According to DFT calculations, the shape of the
organic cations contributes to the ferroelasticity, while the
dipole and displacement of the organic cations contribute to
the ferroelectricity. Through precise chemical design, the fer-
roelectricity and ferroelasticity can be regulated independently.
This work is anticipated to enhance our understanding of the
relationship between ferroelectrics and ferroelastics and to
inspire applications in reconfigurable memory devices, intelli-
gent actuators, and adaptive robotics.

Results and discussion

By modifying the tetramethylammonium cation, we syn-
thesized an organic compound (dimethylchloroethylethyl)
ammonium chloride (Fig. 1a). Yellow-green transparent crys-
tals of DMCE-FeCl, were synthesized from a concentrated
hydrogen chloride solution by employing a 1:1 molar ratio of
FeCl; and (dimethylchloroethylethyl)Jammonium chloride, fol-
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lowed by slow evaporation (see the ESI{). The powder X-ray
diffraction (PXRD) patterns recorded at 303 K correlate well
with the results simulated from the single-crystal structure at
303 K, indicating the phase purity of DMCE-FeCl, (Fig. S17).
Thermogravimetric analysis shows that the decomposition
temperature of DMCE-FeCl, can reach up to 590 K (Fig. S27).
The crystal structures of DMCE-FeCl, were determined by
single crystal X-ray diffraction at 263 K, 303 K and 423 K. At
263 K, DMCE-FeCl, crystallizes in an orthorhombic non-
centrosymmetric space group of Pca2; (point group mm2),
with unit cell parameters of a = 13.9417 A, b = 7.5995 A, ¢ =
13.4141 A, a = 90°, # = 90°, and y = 90° (Table S1t). The asym-
metric unit of DMCE-FeCl, is formed by a [DMCE]" cation and
a [FeCl,]™ anion. As illustrated in Fig. 1b, the framework of the
[FeCl,]” anion adopts a tetrahedral geometry. The Fe-Cl bond
lengths range from 2.183(3) to 2.195(2) A, while the C-Cl bond
length within the [DMCE]" cation measures 1.758 A (Fig. S3a
and S3dt). As the temperature rises to 303 K, DMCE-FeCl, crys-
tallizes in a hexagonal non-centrosymmetric space group of
P63mc (point group 6mm), characterized by the unit cell para-
meters of a = b = 8.0036 A, ¢ = 13.3130 A, a = f = 90°, and y =
120°. At this temperature, the [DMCE]" cations exhibit dis-
order, and the C-Cl bond length in the [DMCE]" cation is
1.70 A (Fig. 1b). The framework of the [FeCl,]” anion still
adopts a tetrahedral geometry, with Fe-Cl bond lengths
ranging from 2.192(9) to 2.199(6) A. Notably, the ethyl group is
positioned on the mirror plane and all the C-Cl bonds are
orderly arranged along the crystallographic c-axis, resulting in
spontaneous polarization along the [001] direction of the
crystal (Fig. S3b and S3et). With further structural determi-
nation at 423 K, DMCE-FeCl, crystallizes in a hexagonal centro-
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Fig. 1 (a) Design strategy of the molecular ferroelectric DMCE-FeCl, with multiple ferroic phase transitions. Perspective views along the c-axis at
(b) 263 K, (c) 303 K, and (d) 423 K. H atoms bonded to the C atoms are omitted for clarity.
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symmetric space group of P6;mmc (point group 6/mmm), with
the unit cell parameters of a = 13.9417 A, b = 7.5995 A, ¢ =
13.4141 A, and @ = = y = 90°. At this temperature, [DMCE]"
cations exhibit strongly disorder, with carbon atoms and chlor-
ine atoms distributed across multiple equivalent orientations,
rendering them indistinguishable (Fig. 1c). Similarly, the
[FeCl,]” anions exhibit highly disordered states along the
6-fold and 3-fold rotation axes to satisfy the crystal symmetry
(Fig. S3c and S3ff). Variable-temperature PXRD measurement
was conducted on DMCE-FeCl, from 303 K to 413 K (Fig. S471).
Upon heating from 303 to 393 K, the PXRD patterns show no
obvious change. However, upon further heating above 403 K,
most of the diffraction peaks disappear. The few remaining
diffraction peaks suggest a higher crystal symmetry, consistent
with the P6;mmc space group. Overall, the ferroelectricity of
DMCE-FeCl, is attributed to an order-disorder mechanism.
Crystal structure analysis reveals a phase transition at 299.9 K
corresponding to the Aizu species 6mmFmm2, indicative of a
ferroelastic phase transition, as well as a phase transition at
409.2 K associated with the Aizu species 6/mmmF6mm, which
is linked to the ferroelectric phase transition.

In the differential scanning calorimetry (DSC) curves of
DMCE-FeCl,, two distinct pairs of peaks are observed at
299.9 K and 409.2 K during the heating process. DMCE-FeCl,
exhibits a ferroelastic phase transition at 299.9 K and a rela-
tively high ferroelectric phase transition at 409.2 K (Fig. 2a).
Thermal hysteresis values of 10.8 K and 15.6 K occur at the
phase transitions, which is characteristic of a first-order phase
transition. For convenience, the three solid phases of
DMCE-FeCl, are referred to as the low-temperature phase
(LTP), intermediate-temperature phase (ITP) and high-temp-
erature phase (HTP). During the heating process, the accompa-
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nying entropy changes (AS) for the phase transitions are about
22.57 J mol™* K™' and 12.67 J mol™ K', respectively.
According to the Boltzmann equation, AS = R In(N), where R is
the gas constant and N represents the possible orientation, the
calculated N values are 15.09 and 4.59, respectively. These
larger N values are related to the order-disorder motion of the
[DMCE]" cation. Additionally, the temperature-dependent real
part (¢') of the dielectric permittivity of DMCE-FeCl, displays a
step-like dielectric anomaly near T¢; and T, (Fig. 2b), further
confirming the occurrence of a phase transition in
DMCE-FeCl,.

The symmetry variation accompanying the phase tran-
sitions in DMCE-FeCl, was further investigated through the
temperature dependence of the second harmonic generation
(SHG) response. This method is effective for detecting the
change from non-centrosymmetric to centrosymmetric inver-
sion symmetry. As illustrated in Fig. 2c, DMCE-FeCl, exhibits
SHG active behavior with an obvious signal below 409.2 K,
indicating that its ITP crystallizes in a non-centrosymmetric
space group, which aligns with the results of its structural ana-
lysis. As the temperature increases, the SHG signal rapidly
diminishes to zero at 409 K, signifying a transition from a non-
centrosymmetric structure to a centrosymmetric structure. In
addition, the SHG intensity of DMCE-FeCl, exhibits anisotropy
(Fig. 2d).

The ferroelectric polarization reversal was directly con-
firmed through measurements of the typical polarization—
voltage (P-V) hysteresis loop. A thin film of DMCE-FeCl, was
prepared using the drop-coating method on an indium tin
oxide (ITO)-coated glass substrate (ESI Scheme 1}). The thin
film of DMCE-FeCl, has a thickness of about 30 pm. The P-V
hysteresis loops were obtained from the current density—
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Fig. 2 (a) DSC curves of DMCE-FeCly upon heating and cooling. (b) Variable-temperature PXRD measurement of DMCE-FeCly. (c) Temperature-
dependent SHG response of DMCE-FeCly. (d) Polarization-dependent SHG plots collected for DMCE-FeCly. (e) P-V hysteresis loop of DMCE-FeCl,
at room temperature. (f) UV—-vis absorption spectra of DMCE-FeCl, (inset: Tauc plot; the estimated bandgap is 2.51 eV).
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voltage (J-V) curves using the double-wave method. Based on
the current accumulating data, a well-shaped P-V hysteresis
loop is obtained, with a saturated polarization (P;) and coercive
voltage (V) of 5.5 pC em™> and 70 V, respectively (Fig. 2e).

To investigate the optical properties of DMCE-FeCl,, UV-vis
absorption spectra were recorded in the solid state at room
temperature. As demonstrated in Fig. 2f, DMCE-FeCl, exhibits
a steep absorption edge at around 500 nm, characteristic of
direct bandgap semiconductors. The optical bandgap of
DMCE-FeCl, was determined to be 2.51 eV using the Tauc plot
(Fig. 2f, inset). This value is notably lower than those observed
in several typical Pb-based and Cd-based molecular ferroelec-
trics, such as  ((CH;);NCH,I)Pbl;  (2.82  eV),*?
(benzylammonium),PbCl, (3.65 €V),>* and (6-HBA),CdBr,
(4.10 eV),*® and even comparable with those of inorganic ferro-
electric BiFeO; (2.7 eV)’® and Cs;Bily (2.0-3.5 eV).”’
Therefore, this provides an ideal nominator for the develop-
ment of eco-friendly ferroelectric semiconductor devices.

In addition, we calculated the electronic band structure and
partial density of states (PDOS) according to DFT. The energy
band diagram reveals that the conduction band minimum
(CBM) and the valence band maximum (VBM) are located at
the same position in the Brillouin zone, confirming the pres-
ence of a direct bandgap (Fig. S5at). This conclusion is con-
sistent with the results obtained from UV-vis absorption spec-
troscopy. Due to the limitations inherent in DFT calculations,
the bandgap was calculated to be 2.05 eV. As shown in
Fig. S5b,7 it is evident that the VBM primarily originates from
the non-bonded CI-3p orbitals, while the CBM mainly arises
from the unoccupied Fe-3d and Cl-3p orbitals. Consequently,
the bandgap of DMCE-FeCl, is determined by the inorganic
[FeCl,]” framework.

The piezoresponse force microscopy (PFM) technique is an
indispensable technique that enables nondestructive imaging
and manipulation of ferroelectric domains at the nanoscale.
We obtained vertical and lateral PFM amplitude and phase
images of the thin films of DMCE-FeCl, (Fig. 3a). As shown in
Fig. 3b and c, the results reveal distinct phase contrasts and
domain walls. In the PFM phase image, domains colored in
purple and yellow exhibit a 180° contrast, indicating that the
polarization directions of each domain are opposite. Notably,
the irregular domain patterns did not align with the topogra-
phy of the thin film. By comparing the PFM phase and ampli-
tude images obtained in the lateral and vertical directions, it is
inferred that DMCE-FeCl, behaves as a uniaxial ferroelectric,
which is consistent with the results from crystal structure
determination (Fig. 3b, c, e and 3f). The scanning SHG image
corresponds well to the ferroelectric domain pattern, as shown
in Fig. 3g, with the SHG signal at the domain wall being rela-
tively weak. To further substantiate the ferroelectricity of
DMCE-FeCl;, we examined ferroelectric domain switching
through PFM. We performed PFM switching spectroscopy at
selected points on the thin film of DMCE-FeCl,. The typical
butterfly-shaped amplitude and hysteretic phase loops provide
compelling evidence of ferroelectric switching in DMCE-FeCl,
(Fig. 3i). Additionally, a 50 pm x 50 pm region of the film was
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chosen to visually verify polarization switching. As depicted in
Fig. 3g and f, when an external voltage of —30 V was applied to
the central region, the polarization was successfully switched.
Conversely, by applying a bias of +30 V, the domain can also
be flipped back (Fig. S6t1). Importantly, during this domain
manipulation, the surface morphology of the thin film
remained unchanged, indicating that polarization switching is
not influenced by the surface morphology (Fig. S61). The
results of the PFM measurement strongly confirm that
DMCE-FeCl, possesses stable and switchable polarization.

The symmetry breaking of 6mmFmm2 species in T¢; indi-
cates that DMCE-FeCl, may be a ferroelastic -crystal.
Ferroelastic phase transitions are typically accompanied by
alterations in ferroelastic domains. A prevalent technique for
investigating these domains is polarized light microscopy.
Ferroelastic domains, when analyzed under orthogonally
polarized light, exhibit distinct birefringence properties due to
their different orientations, resulting in patterns characterized
by alternating bright and dark regions. As illustrated in Fig. 3j,
the thin film exhibits clear stripe-like ferroelastic domains
within the ferroelastic phase, and the strip-shaped patterns are
independent of the morphology of the thin film. During the
heating process, the domain pattern remains stable in LTP.
However, once the temperature exceeds T¢,, the ferroelastic
domain pattern vanishes abruptly. This phenomenon occurs
due to the paraelastic phase symmetry, which renders the
crystal non-birefringent. Upon subsequent cooling, the crystal
reverts to the ferroelastic phase, regaining its birefringence.
Furthermore, the morphology of the crystal remains stable
throughout this continuous heating and cooling process. In
repeated cycles of high and low temperatures, ferroelastic
domains can consistently disappear and reappear.
DMCE-FeCl, is classified as a ferroelastic crystal belonging to
the orthorhombic Aizu species 6mmFmm2. Spontaneous-strain
components were calculated from the lattice parameters, yield-
ing a significant spontaneous strain value of 0.0514. Details of
the calculation process are provided in the ESL.{

The relationship between the structure and properties of
matter is inherently intertwined. The origin of the ferroelasti-
city in DMCE-FeCl, is quite fascinating. Phase transitions in
other similar systems usually follow the law of ferroelectric
phase transitions but not ferroelastic phase transitions.'*>3*38
Clarifying the origin of phase transitions will help us design
both ferroelectric and ferroelastic materials. By comparing the
crystal structures of DMCE-FeCl,, [(CH;),N][FeCly],>" [N
(C,H5);CH;][FeCL]*® and [(CHs)sNCH,CI][FeCl,],"”” we found
that this type of material, overall, is an organic molecule sur-
rounded by 8 [FeCl,]™ tetrahedral frameworks. In HTP, the
cations rotate in the gaps of the [FeCly]™ tetrahedral frame-
works and are highly disordered. In LTP, the organic mole-
cules become ordered or partly ordered. To investigate the
interaction forces between molecules and [FeCl,]” frameworks,
we carried out an analysis using non-covalent interaction (NCI)
calculations.?>*® The scattered graph was generated by plot-
ting sign(4,)p against the reduced density gradient (RDG). The
following regions were defined based on the values of sign(4,)

This journal is © the Partner Organisations 2025
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Fig. 3 Domain structure and domain switching of the DMCE-FeCl, thin film. (a) Topography image. Image size: 90 x 90 um. (b) Lateral PFM ampli-
tude and (c) phase images. (d) Scanning SHG image corresponding to ferroelectric domains. (e) Vertical PFM amplitude and (f) phase images in the
same region. (g) Initial state of the lateral PFM phase image. Image size: 50 x 50 pm. (h) State after the first switching induced by poling with a DC
tip bias of —30 V. (i) Phase hysteresis loop (up) and amplitude butterfly-shaped curve (down). (j) The evolution of the ferroelastic domain during the

continuous heating and cooling process; the scale bar is 100 pm.

and p. Strong interactions, corresponding to halogen and
hydrogen bonds, are characterized by p > 0 and 4 < 0. Van der
Waals interactions correspond to p = 0 and 4 = 0. And strong
repulsion, associated with the steric effect, correspond to p > 0
and 1 > 0. The NCI analysis, as shown in Fig. 4c-f, indicated
that the vast majority of the forces between the organic mole-
cules and inorganic frameworks are van der Waals forces,
regardless of whether there is halogen modification. The most
obvious difference is that there are more steric hindrance
effects and weak attraction in the organic molecules of
DMCE-FeCl, than the others (for the contribution of each
spike, see Fig. S71). The sphericity*' (S) values of the organic
molecules are 0.923, 0.898, 0.908 and 0.864, respectively. As
shown in Fig. 4g, the sphericity is positively correlated with
the RDG minimum, indicating that the [DMCE]" cation, with
smaller sphericity, has a stronger steric effect. Notably, the fer-

This journal is © the Partner Organisations 2025

roelasticity did not correspond to the volume of each organic
molecule (Fig. 4h).

Based on the above discussion, we propose that the shape
of the molecule played an important role in the formation of
the ferroelastic material. The steric hindrance effects caused
the organic molecule to maintain asymmetry at a relatively
high temperature. In contrast, quasi-spherical molecules can
provide a certain polarity in an ordered state, which helps
induce ferroelectricity in materials. However, due to their
high symmetry, it is difficult to cause anisotropic defor-
mation of the skeleton during the phase transition from HTP
to LTP (Fig. 4a). Meanwhile, ellipsoidal molecules also
approximate a spherical form in HTP, but as the temperature
decreases, their inherent disorder is reduced. This reduction
in disorder can readily trigger anisotropic stress within the
lattices (Fig. 4b). Consequently, the material demonstrates
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ferroelasticity, aligning with the characteristics of a ferroelas-
tic phase transition.

Conclusion

In summary, by employing ferroelectrochemistry design strat-
egies, we aimed to develop and synthesize materials exhibiting
multiple ferroic phase transitions. The introduction of chlor-
ine atoms and the ethyl group, in comparison with (Me,N)
FeCly, not only reduces the symmetry of the cations but also
induces a steric effect between the cations and the anion
frameworks. Based on this approach, we synthesized an
organic-inorganic hybrid molecular ferroelectric DMCE-FeCl,,
which undergoes reversible ferroelectric and ferroelastic phase
transitions at 299.9 K and 409.2 K, respectively. These tran-
sitions are primarily attributed to the thermal motion of
[DMCE]" cations and the distortion and deformation of the
[FeCl,]” anion framework. The presence of switchable ferro-
electric and ferroelastic domains strongly corroborates the
existence of both ferroelectricity and ferroelasticity in this
material. Furthermore, regarding magnetic properties, we
predict that DMCE-FeCl, will exhibit magnetic rearrangement

566 | /norg. Chem. Front, 2025, 12, 561-568

phenomena at very low temperatures. This work aims to
achieve ferroic regulation through temperature, thereby advan-
cing the exploration of multifunctional materials capable of
multi-channel storage.
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