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A multifunctional molecular ferroelectric with a
high Curie temperature and electrical-thermal
double-switch coexistence: (CgH14NO)[FeCl, ]+

* Yu-Hui Tan, 2 * Yi-Ran Zhao, Jia-Ying Wang,

Yu-Kong Li, Hao Zhang, Ting-Ting Ying and Ming-Yang Wan

Quasi-spherical molecules are used to construct high-performance molecular ferroelectrics, but accu-
rately producing polar crystals with low symmetry remains a challenge. Herein, we report a novel high-

temperature multiaxial molecular ferroelectric (CgHi4NO)[FeCly] (1) (CgH14NO = 1-methyl-3-quinino-
cyclone). Dielectric and differential scanning calorimetry (DSC) measurements showed that compound 1
had a high Curie temperature of 341.8 K. It crystallizes in the Cmc2; space group at room temperature,

showing switchable SHG response, moderate spontaneous polarization (Ps = 0.24 uC cm™2), and clear
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Introduction

A ferroelectric material is a kind of crystalline material that
has spontaneous polarization and reverses or reorients under
an applied electric field."” It has important applications in
data storage, sensors, photoelectric equipment and so on.
Inorganic ferroelectric ceramics have been dominant in
research for a long time because of their outstanding piezo-
electric properties.>* However, traditional ferroelectric cer-
amics have little mechanical flexibility and require high
machining temperatures, and the increasing demand for flex-
ible and thin-film integrated devices poses challenges to tra-
ditional ferroelectric ceramics.>® Molecular ferroelectrics have
made remarkable progress in recent years, becoming a promis-
ing complement to traditional inorganic ferroelectrics due to
their advantages of structural tunability, low impedance,
environmental friendliness, mechanical flexibility and ease of
preparation.””® Among them, organic-inorganic hybrid metal
halide ferroelectrics have the advantages of both organic and
inorganic parts. They have not only rich structural diversity,
but also rich physical properties.'®*® At present, they receive
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ferroelectric domains. In addition,

DSC and dielectric cycling tests indicate that compound 1 can be used

as an excellent electric double-switch material. Notably, the distinct symmetry breaking, that is,
4/mmmFmm?, leads to a biaxial ferroelectric with four equivalent directions of polarization. This discovery
provides an effective approach for constructing multiaxial high-temperature molecular ferroelectrics.

wide attention in the exploration of multi-ferroelectrics, semi-
conductors, photovoltaics and other ferroelectric based multi-
functional materials."”'® The preparation of organic-inorganic
hybrid metal halides using organic amines and metal halides
is usually an effective strategy to obtain temperature-triggered
phase change materials, the mechanism of which is usually
the ordered and disordered motion of flexible organic
cations.'®' However, the phase transition temperatures of
most molecular ferroelectrics reported are very low, mostly
around or even below room temperature, such as those of
(C¢HsCH,CH,NH;),[Cdl,] (T. = 301 K),** (CH;);NHBr (T, =
286 K),”* (DMA),[Pblg] (T. = 252 K),>* and [(4-methoxyanili-
nium)(18-crown-6)][ReO,] (T. = 153 K),*® and a small number
of high temperature molecular ferroelectrics are affected by
uniaxial properties, such as (3-pyrrolinium)[MnCl;] (T, =
376 K),>® which seriously hinders their application potential.
Thanks to the multiaxial nature their ferroelectric and piezo-
electric properties can be optimized,”” and it is important to
explore molecular ferroelectrics with high Curie temperature
and multiaxial properties.

Hybrid metal halides with spherical organic molecules,
such as quinine, 1,4-diazocyclic [2.2.2] octane (dabco), and
(Me,N)", have low rotational energy barriers and can induce
structural phase transitions. However, due to the high sym-
metry, these spherical molecules usually crystallize in the
center symmetric space group. Xiong et al. proposed the
“quasi-spherical theory”,?® that is, through modifying spheri-
cal molecules the symmetry of molecules can be reduced, in
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order to promote crystallization in the polar space group that
is not highly symmetrical, which is beneficial for the ferro-
electric behavior. Recently, quasi-spherical molecules have
been used to construct high performance molecular
ferroelectrics.> ! For example, the molecular modification of
(Me,N)" cations, by substituting a methyl group with chloro-
methyl, iodomethyl, and hydroxyl groups, can successfully
reduce the symmetry of the molecule from point group T4 to
Csy. When these modified organic cations were assembled
with anions, molecular ferroelectrics (Me;NCH,Cl)[CdCl;],*
(MezNCH,I)[PbL;],** and (Me;NOH)[KFe(CN)o]** were obtained
successfully. Another example is the modification of dabco. A
methyl group is added to an N atom to break the symmetry
structure of dabco, thus reducing the molecular symmetry
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Scheme 1 (a) Synthesis flow chart of the organic cation [CgHi14NO]™*.
(b) Schematic diagram of the synthesis of compound 1.
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from Dy, to Cs,. (Mdabco)[RbI;]** was obtained by assembling
it with metal halides.

Based on the quasi-spherical theory, we used low symmetry
1-methyl-3-quininocyclone cations as polar components to
prepare a new multifunctional organic-inorganic hybrid ferro-
electric (CgH;4NO)[FeCl,] (Scheme 1). It shows an obvious
switchable nonlinear optical response, excellent ferroelectricity
(T = 345 K and moderate spontaneous polarization Ps =
0.24 pC cm™?) and clear ferroelectric domains. Specifically, 1 is
a multiaxial ferroelectric (Aizu notation: 4/mmmFmm2).
Therefore, the discovery of compound 1 enriches the high-
temperature multiaxial organic-inorganic hybrid ferroelectric
library, opening up the way for multifunctional ferroelectric
applications.

Results and discussion

Differential scanning calorimetry (DSC) and dielectric
properties

In order to determine the existence of reversible structural
phase transitions, the thermal anomalies of compound 1
during heating/cooling were tested by DSC in the temperature
range of 318-358 K (Fig. 1a). The endothermic and exothermic
peaks of compound 1 were 341.8 K and 328.7 K, respectively.
In addition, the wide reversible peak and the thermal hyster-
esis of 13 K in the DSC curve are consistent with the character-
istics of first-order phase transition.>®> We further calculated
that the entropy changes (AS) of compound 1 during heating
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Fig. 1 DSC analysis (a); temperature dependence of the real part of the dielectric constant (b); DSC cycle test of compound 1 (c) with a scan rate of
10 K min~%; and the dielectric switching cycle measurement of compound 1 (d).
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and cooling are about 37.92 J mol™* K and 37.39 J mol™’
K™, respectively. According to the Boltzmann equation AS =
nRIn N (where N represents the possible orientation), the esti-
mated N values of 95.679 and 89.747 are significantly greater
than 1, and the AS and N obtained in both phases are roughly
the same, suggesting that compound 1 undergoes a solid-state
reversible phase transition. These high Curie temperatures,
giant entropy changes and N values indicate that compound 1
has serious molecular disordered motion and structural defor-
mation during the phase transition. In addition, we conducted
DSC cycling tests on compound 1 using a scanning rate of
10 K min™" (Fig. 1c). The test results indicate that even after 6
cycles of endothermic and exothermic cycles, the phase tran-
sition can still maintain its initial endothermic and exother-
mic effects. This indicates that compound 1 can be used as an
excellent thermal switch material. The TG-DTA measurements
(Fig. S21) of compound 1 showed that the decomposition
began at 573 K, which is much higher than the structural
phase transition temperature (7, = 341.8 K), indicating that
compound 1 has good thermal stability.

The phase transition behavior of crystals is usually
accompanied by dielectric anomalies. The dielectric behavior
can be expressed by measuring the temperature dependence of
the real part of the complex dielectric constant ¢’ (where ¢ = ¢’
— ie" is the complex electric permittivity). In general, once a
structural phase transition occurs, it results in an abnormal
transition from a low dielectric state to a high dielectric
state.® In order to further confirm the structural phase tran-
sition of compound 1, the dielectric properties of compound 1
were measured by pressing it into a sheet. As expected, the
dielectric anomaly of compound 1 shows a perfect step shape
near the phase transition temperature during heating and
cooling, with the real part of the dielectric constant increasing
sharply at 336 K when heating and decreasing sharply at 331 K
when cooling (Fig. 1b). These results are consistent with those
of DSC measurements. As shown in Fig. 1d, the dielectric
switch of compound 1 showed no significant dielectric loss
after four consecutive cycles, demonstrating significant revers-
ible dielectric switching and fatigue resistance. In the dielec-
tric cycling test, the low and high dielectric constant states are
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similar to “off” and “on”, respectively.’” This indicates that
compound 1 can be used as an excellent electric switch
material.

Crystal structure analysis

In order to reveal the ferroelectric transformation mechanism
of compound 1, the single crystal structure of compound 1 was
measured at 300 K (RTP) (RTP = room temperature phase).
Under RTP, compound 1 crystallizes in the non-centro-
symmetric space group Cmc2; (orthorhombic system, point
group mm2 with four symmetric elements (E, C,, and 20,))
with cell parameters a = 9.1323(5) A, b = 10.3481(6) A, ¢ =
14.8559(8) A, @ = f = y = 90°, V = 1403.91(14) A3, Z = 4
(Table S1t). As shown in Fig. 2a, the asymmetric unit of com-
pound 1 at RTP consists of a protonated (CgHy4,NO)" cation
and a twisted [FeCl,]” anionic tetrahedron, consistent with
charge conservation, and double disorder of organic cations
can be seen. The bond lengths and angles are shown in Tables
S2 and S3.1 The distance range of the Fe-Cl bond is 2.1746(18)
A-2.1954(10) A, and the angle range of Fe-Cl-Fe is 107.68(7)°-
113.20(10)°. From the packing structure along the b-axis, as
shown in Fig. 2c, the disordered (CgH;4,NO)" organic cations
and [FeCl,]” inorganic anion tetrahedra are arranged alter-
nately, forming a zero-dimensional framework that provides
more freedom for the movement of organic cations, resulting
in ferroelectric phase transitions. It is worth noting that in the
molecule, organic cations are distributed in the upper left or
upper right direction. This arrangement results in a net polar-
ization along the c-axis. (Fig. 2b).*®

Because the crystal quality of compound 1 is affected by
high temperature, the diffraction data of a single crystal at
high temperature are poor, and the complete crystal structure
of compound 1 cannot be obtained. Fortunately, the reversible
structural phase transition of compound 1 can be confirmed
by thermostatic PXRD. At 298 K, according to the single crystal
structure, the PXRD patterns were in good agreement with the
simulated results (Fig. S371), indicating a high purity of com-
pound 1. As shown in Fig. 3a, the diffraction peak of com-
pound 1 does not change significantly when heated from
298 K to 338 K, indicating that the structure remains relatively

Fig. 2 The asymmetric unit of compound 1 (a) (the green atoms represent disordered carbon atoms). Packing view of 1 at 300 K viewed along the
a-axis (b). The red arrows represent the direction of polarization. Packing view of 1 at 300 K viewed along the b-axis (c).
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Fig. 3 Variable-temperature PXRD patterns of 1 (a). Structural refinement results of PXRD data for compound 1 at 358 K (HTP) (b).

stable over a wide temperature range below T.. With the
increase of temperature, the number of diffraction peaks at
348-358 K decreases obviously, indicating that the crystal
structure changes from low symmetry to high symmetry. When
the temperature was cooled down to 298 K, these reduced
peaks reappeared and returned to the original state, indicating
that compound 1 had undergone a reversible structural phase
transition, which was consistent with the results of DSC tests.
At the same time, Le Bail refinement was performed on PXRD
data at HTP (HTP = high temperature phase) to further under-
stand the structural information at high temperature (Fig. 3b).
The PXRD data after Le Bail refinement at 358 K provide cell
parameters of the high temperature phase: a = 10.1902 A, b =
10.1902 A, ¢ = 3.3976 A, a = y = = 90°, V = 352.8 A®. Based on
the related physical properties, it is speculated that the high
temperature phase of compound 1 may adopt the 4/mmm
point group, of which the most likely space group is P4/mmm.
More specifically, this symmetry breaking occurs in the Aizu
notation 4/mmmFmma2.

SHG response and ferroelectric properties

The second harmonic generation (SHG) method is the most
direct method to detect the symmetry of crystals. The SHG
signal is very sensitive to the transition from a non-centro-
symmetric structure to a centrosymmetric structure, and the
structural phase transition can be verified. Variable tempera-

ture SHG signal measurement is an effective method to detect
the symmetry breaking of a crystal structure.*>*® Compound 1
crystallizes in the polar non-centrosymmetric space group
Cmc2,. Therefore, the variation of SHG signal intensity with
temperature was measured. As shown in Fig. 4a, below T, a
clear SHG signal can be observed, and its strength is stable
around 0.60 (a.u.). When the temperature rises to about 336 K
(HTP), the SHG signal strength drops sharply to close to 0 (a.u.).
The strong SHG intensities below T, and zero SHG intensi-
ties above 7. indicate non-centrosymmetric and centro-
symmetric phases, respectively, corresponding to the phase
transition from the non-centrosymmetric space group Cmc24
in the low temperature phase to the central space group P4/
mmm in the high temperature phase. At the same time, the
trend of temperature-dependent SHG signal intensity confirms
the first-order phase transition in compound 1. Meanwhile,
SHG intensity dependence on particle size was analyzed
according to the Kurtz-Perry method; however, compound 1
did not display phase matching (Fig. 4b). This nonphase-
matching behavior is well consistent with that reported by
Kurtz and Perry and may be attributed to the value of L/7
(where L represents the powder-layer thickness and 7 rep-
resents the average particle size).*"™*?

The symmetry breaking diagram of compound 1 is shown
in Fig. 5; compound 1 clearly undergoes a paraelectric-to-ferro-
electric phase transition belonging to the 4/mmmFmm2 type
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Fig. 4 Variable-temperature SHG signal of 1 (a). Dependence of the SHG intensity of 1 on the particle size at 1064 nm (KDP samples as references)

(b). P—E hysteresis loop of 1 measured at room temperature (c).
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Fig. 5 The equatorial plane projection (a) and spatial symmetry operation diagram (b) of 1-HTP and 1-RTP.

according to the Aizu rule. The paraelectric point group
4/mmm and the ferroelectric point group mm2 have 16 and 4
symmetry elements, respectively, which reveals a multiaxial fer-
roelectric with 4 equivalent polarization directions, corres-
ponding to 2 equivalent ferroelectric axes. Interestingly, most
organic-inorganic hybrid ferroelectrics exhibit uniaxial ferro-
electric properties. The multi-axis property of 1 will simplify
the preparation of polycrystalline films.

The polarization electric (P-E) field hysteresis loop test pro-
vides direct evidence to prove whether the crystalline material
has ferroelectric properties. In order to confirm the ferroelec-
tric properties of compound 1, the polarization electric (P-E)
field hysteresis loop was measured. A well-shaped P-E hyster-
esis loop was obtained using the Sawyer-Tower circuit method
(Fig. 4c), and the measured saturation polarization value (Ps)
was about 0.24 pC cm™?, which is much higher than that of
molecular ferroelectrics [(CH;3);NCH,CHCH,][FeCl,] (0.18 pC
em™?),” (formamidine);[Biyls] (0.04 pC cm™>),** and (tetra-
methyl-phosphonium);[Sb,Cls] (0.05 pC ecm™>).*> The spon-
taneous polarization of compound 1 is smaller than that of
[(CH;)4N][FeCl,] (3.3 puC cm™2),*® (CeHsCH,CH,NH;),[Cdl,]
(0.36 pC cm™?),”> and (DMA),[Pbl] (0.36 pC ecm™>),>* but its
Curie temperature (7. = 341.8 K) is much higher than
theirs. Our subsequent work will focus on exploring mole-
cular ferroelectrics with high phase transition temperature,
large spontaneous polarization, and high piezoelectric
properties.

This journal is © the Partner Organisations 2023

To further confirm the ferroelectric behavior of compound
1, its films were measured by piezoelectric response force
(PFM) microscopy, which is the most powerful method for
characterizing ferroelectric materials.”” Vertical and lateral
PFM imaging can detect the out-of-plane and in-plane com-
ponents of polarization, respectively. Fig. 6a and b, respect-
ively, show the lateral amplitude and phase diagrams of com-
pound 1, and Fig. 6¢c and d, respectively, show the corres-
ponding vertical amplitude and phase diagrams at the same
position. The lateral and vertical phase diagrams show distinct
non-180° domains and are separated by domain walls, exhibit-
ing a multi-axial property. At the same time, a typical butterfly
loop (Fig. 6e) and a hysteresis loop (Fig. 6f) further confirm
that compound 1 films have good ferroelectric switching
properties.

The most essential characteristic of ferroelectrics is that
they can realize spontaneous polarization under the action of
an applied electric field. In order to verify the switchable spon-
taneous polarization of compound 1, PFM tip polarization
experiments were carried out to clearly show the domain
switchable process in compound 1 thin films, with a selected
region of 4 pm x 4 pm.*® After +60 V tip bias is applied at the
yellow point to polarize the film surface for 1 second, as
shown in Fig. S5,7 the polarization direction of the region
marked with the yellow dashed ellipse is redirected (Fig. S5b¥).
Then, an opposite tip bias of —60 V is applied at the green dot
for 1 second, and the direction of polarization of the region

Inorg. Chem. Front., 2023, 10, 4881-4888 | 4885
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marked with the green dashed ellipse is redirected (Fig. S5c¥).
These PFM measurements strongly demonstrated the presence
of stable and switchable polarization in compound 1 films.
The switchable spontaneous polarization makes it a potential
storage material.

Conclusions

In conclusion, we have successfully synthesized and character-
ized a multifunctional organic-inorganic hybrid metal halide
ferroelectric (CsH4NO)[FeCl,]. By using single crystal structure
measurement and variable temperature PXRD, it is revealed
that the compound undergoes a reversible structural phase
transition. Notably, it shows multiaxial ferroelectricity (Aizu
notation: 4/mmmFmm2) and ferroelectric-paraelectric phase
transition at 341.8 K. This discovery provides a new way to
explore molecular ferroelectrics with multiaxial properties and
high phase transition temperature, especially in electrical-
thermal double switch and other applications.
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