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Molecular dielectric switches constitute a type of intelligent materials that are highly coveted for their
distinctive advantages of switchable dielectric responses, lightweight, and mechanical flexibility. Two-
dimensional (2D) hybrid perovskites have demonstrated excellent promise for assembling dielectric
switches, in which the dynamic motions of organic moieties afford driving force to trigger switchable
dielectric phase transition. Here, we successfully assembled a new lead-free hybrid double perovskite,
(CHA)4CuBiBrg (1, CHA = cyclohexylammonium), adopting a typical 2D structural motif, which shows di-
electric anisotropy and bistable behaviors during the reversible phase transition near T. =378 K (the Curie
temperature). That is, its dielectric constants could be switched and tuned between high-dielectric and
low-dielectric states. Structure analyses reveal that the ordered-disordered transformation of the organic
CHA™ moiety and distortion of inorganic framework account for its phase transition. This result will stim-

Symmetry breaking

ulate further exploration of molecular dielectric switches in this 2D environmentally friendly family.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Dielectric switches, which enable the reversible switching of
the dielectric constants between high and low dielectric states,
are garnering significant interest because of their potential appli-
cation, such as data storage, signal processing and actuator [1-
6]. From a microscopic perspective, this variable dielectric permit-
tivity results from the reconfiguration of structural elements be-
tween the static and dynamic phases, which is possibly achieved
through a structural phase transition [7]. Recently, substantial
studies have been carried out on structural phase transitions
to explore molecular-based materials with remarkable switchable
dielectric properties, including pure organic crystals [8], crown
ether clathrates [9], and organic binary salts, etc. [10-13]. These
molecule-based phase transition materials with inherent superior-
ities in structural tunability and facile processability are booming
as the potential alternatives of dielectric switches. For instance,
the organic-inorganic hybrid complexes [CsHigNH,],BiX5 (X=Cl
and Br) exhibit the switchable dielectric behaviors from the low-
temperature low dielectric constant (¢’) state to high-temperature
high dielectric constant (&’) state, attributing to the structural
phase transition triggered by the dynamic motion of the cations
[14-16]. Interestingly, the dielectric switching properties of these
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hybrid compounds can be significantly improved by the compo-
nent regulation, such as phase transition temperature and switch-
ing ratio of dielectric constants. Therefore, it is promising to exploit
high-performance switchable functional materials by virtue of rea-
sonably assembling new dielectric switches associated with phase
transition.

Two-dimensional (2D) organic-inorganic hybrid perovskites
demonstrate distinctive chemical variability and accompanying
structural adaptability, rendering them highly attractive candidates
for novel switchable dielectric-active materials [17-23]. In particu-
lar, the onset of dielectric phase transition is intimately linked with
the order-disorder structure changes of organic cations, which con-
fer switchable dielectric responses between two distinct dielectric
states. Although 2D single-metal hybrid perovskites have achieved
great progress in the field of dielectric switches [24-31], most of
them contain toxic element of Pb2t cation, which hinders their
further practical applications. By contrast, the mainstream of the
metal-halide double perovskites with nontoxic heterovalent metal
cations is occupied by 3D systems, such as Cs,AgBiBrg [32-34],
Cs,AgSbBrg [35] and (MA),AgBiBrg [36], which are only compat-
ible with small-size cations, restricting the generation of structural
phase transition and affecting the acquisition of dielectric switch
materials. Consequently, it is extremely challenging and meaning-
ful to explore new 2D hybrid double perovskites, which combine
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Fig. 1. (a) The crystal photographs for compound 1, inset is the crystal morphology. AFM (b) 2D and (c) 3D images of the surface of single crystal.

the structural variability of flexible organic cations with the com-
position tunability of inorganic skeleton, possessing an inspiring
future for the creation of stable and environmentally favorable
molecular dielectric switches.

Here, we designed a new 2D lead-free hybrid double perovskite
(CHA)4CuBiBrg (1, CHA=cyclohexylammonium). Structurally, the
order-disorder transformation of the organic CHA* moiety coop-
erating with the distortion of the inorganic framework give rise
to its striking dielectric bistable and anisotropic behaviors around
the phase transition temperature of 378 K. Particularly, 1 exhibit
a stable transition between the high and low states over multi-
ple cycles, indicating its excellent durability of dielectric response.
Such unique characteristics arouse the potentials of 1 in dielec-
tric switch fields and would promote the development of “green”
switching devices.

All chemical reagents used were of analytical reagent grade,
for which the purity was greater than 99%. Firstly, compound
(CHA)4CuBiBrg was synthesized from hydrobromic acid solution
containing cyclohexylamine, Cu,0 and Bi,O3 with the stoichio-
metric ratio of 8:1:1. In order to obtain large-size single crystals,
we controlled the solution temperature with the cooling rate of
1K per day, and large red crystals were easily obtained after two
months (Fig. 1a). The powder X-ray diffraction (PXRD) pattern of
1 at ambient temperature (Figs. S1 and S2 in Supporting informa-
tion), was found to closely match with the calculated data based
on the crystal structure at 298 K, confirming the phase purity and
stability of as-grown crystals.

The supporting information provides a thorough explanation of
the techniques for single-crystal X-ray diffraction, PXRD, dielectric,
differential scanning calorimetry (DSC), thermogravimetric analysis
(TGA), and optical measurements.

Block red crystal of 1 was obtained by cooling the precursor
solution from 353K to 300K. Moreover, its crystal morphology co-
incides with the predicted result from its single-crystal structure
(Fig. 1a). Additionally, the AFM experiment was used to examine
the surface microstructure of 1. The smooth surface of the crys-
tal has no apparent holes, as shown in the 2D image, clearly re-
vealing its monocrystalline characteristics (Fig. 1b). It is not diffi-
cult to see that cationic and inorganic layers are arranged alter-
nately to form a 2D monolayer structure along the a-axis. Interest-
ingly, the 3D image of crystal surface shows that there is a step-
like growth morphology, which just fits in with the layered growth
of 2D organic-inorganic hybrid perovskite, and the crystal grows
along the step (Fig. 1c).

During differential scanning calorimetry (DSC) measurement,
the endothermic and exothermic peaks of the heating and cooling
cycles are indicative of a reversible phase transition. As shown in
Fig. 2a, the temperature profiles during heating and cooling show
a pair of reversible peaks, that is, the endothermic and exothermic
peaks observed at 388 and 378K, respectively. Such DSC results
solidly demonstrate the reversible phase change of 1. Interestingly,
the phase transition temperature is higher than room temperature,
but far from its decomposition point ~563 K (as shown in the TGA
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Fig. 2. (a) DSC curves of 1 in heating-cooling runs. (b) Temperature-driven &’
switching of the crystal during heating and cooling at a frequency of 1MHz. (c)
Dielectric properties along different axes at 1 MHz upon cooling. (d) Cycles of tran-
sitioning between the high and low dielectric states of ¢’ at a frequency of 1 MHz.

curve, Fig. S3 in Supporting information). This high phase tran-
sition temperature might benefit its potential applications in the
high-temperature condition. Subsequently, we designate the tem-
perature range prior to the phase transformation as the low tem-
perature phase (LTP), and the temperature range subsequent to the
phase transformation as the high temperature phase (HTP).

Phase transitions with the dielectric variations provide a po-
tential platform for exploring switchable dielectrics. A crucial
characteristic of phase transition materials is the variable dielec-
tric constant (¢’). Fig. S4 (Supporting information) depicts the
temperature-dependent permittivity of powder for compound 1 at
different frequencies. Below 380K, the &’ value keeps a slow in-
crease at the frequencies of 300kHz, 500kHz and 1MHz. Upon
heating to 390K, a remarkable step-like anomaly manifests the
phase transition. The &’ result encounters a plateau with a modest
enhancement with the temperature raising further. Fig. 2b shows
the temperature-driven switching of &’ values under the frequency
of 1MHz by heating and cooling of the crystal. These two sepa-
rate dielectric states for 1, the low-dielectric phase (below T¢) and
the high-dielectric phase (above T.), suggest the characteristic of
dielectric switches.

Furthermore, the single-crystal sample was used to study the
exceptional anisotropy along the various crystallographic axes. The
temperature-dependent permittivity obtained by applying voltage
along different axes of crystal 1 at the frequency of 1MHz (Fig.
2c). Emphatically, along b- and c-axis directions, the permittivity
is larger than that of a-axis direction, which suggests an intrin-
sic anisotropy for 1 along different axes. Compound 1 has the po-
tential to be a switchable dielectric material due to its dielectric
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Fig. 3. The crystal structure of 1 at (a) 300K and (c) 378 K. Optical axis in (b) LTP
and (d) HTP.

switching characteristics between the states of high and low di-
electric. A crucial measurement for assessing performance is the
switching repeatability. For 1, numerous cycles with the reversible
switching of dielectric constants were also carried out to demon-
strate the stability of the conversion from the high dielectric state
to low dielectric state. A small rise of around 14 is maintained in
the HTP, which is consistent with the high dielectric state. There
is almost no time delay as the temperature drops, while the &’
quickly drops from 14 to 12, signifying the low dielectric state. The
dielectric signals in Fig. 2d exhibit a stable transition between the
high and low states over multiple cycles, even with the passage of
time and consistent temperature changes. These important findings
demonstrate that 1 possesses certain advantages in terms of stabil-
ity, indicating its potential for application in temperature-sensitive
systems.

At 300K (LTP, CCDC: 2256278) and 388 K (HTP, CCDC: 2256895),
single-crystal X-ray diffraction experiments were performed to ex-
plore the mechanism of the phase transition of 1. From the pack-
ing structure (Figs. 3a and c), the metal-halide BiBrg and CuBrg
octahedra spread along the bc plane, thus constructing a 2D in-
organic perovskite framework. There are double layers of cyclo-
hexylamine cations between the monolayer inorganic framework,
which adopts a typical Ruddlesden-Popper layered structure. Com-
pared with the single-metal perovskites, double perovskite struc-
tures show different structural adjustability. The coordination of
its perovskite framework can be regulated by assembling differ-
ent kinds of heterovalent metal cations to improve physical prop-
erties, such as phase transition temperature, optical absorption and
band gap [37-39]. From the structure viewpoint, the N-H groups
of organic CHA* cations form N-H---Br hydrogen bonds with the
Br~ ions of inorganic CuBrg and BiBrg octahedra. The close prox-
imity of CHA™ cations to CuBrg and BiBrg octahedra facilitates the
formation of such hydrogen bonds with the lengths ranging from
3.3A to 3.5A (Fig. 3 and Table S6 in Supporting information). These
hydrogen bonding interactions play an important role to stabilize
the crystal structure of 1 [40,41]. During phase transition, the ob-
vious changes in its crystallographic data can also be used to un-
derstand these striking distinctions between LTP and HTP struc-
tures. Specifically, in the LTP, 1 crystallizes in the monoclinic space
group C2/c (Fig. 3a), but undergoes a phase transformation into the
orthorhombic system with the space group Pmna (Fig. 3c). Under
a polarizing microscope, the optical axis clearly demonstrates the
evolution from biaxial nematic phase (Fig. 3b, LTP) to the uniax-
ial phase (Fig. 3d, HTP), being consistent with a structural phase
transition from 2/m to mmm. Meanwhile, with the crystal chang-
ing from an optically biaxial condition to a uniaxial state, the color
variation of 1 has been directly observed during this process (Fig.
S5 in Supporting information).
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Fig. 4. The asymmetric unit of 1 in the (a) LTP and (b) HTP, and (c, d) symmetry
transformation of 1 during the phase transition.

Subsequently, the dynamic transformation of organic cation and
inorganic skeleton during phase transition is analyzed in detail. In
the LTP, all of the cyclohexylamine atoms are in an ordered form
(Fig. 4a). All the atoms are distributed in the exclusive occupations,
and the C-C bond lengths and bond angles are homogeneous. It is
clear that the metal-halide CuBrg octahedra have an obvious distor-
tion, as deduced from the Cu-Br bond lengths and Br-Cu-Br bond
angles at LTP. For instance, the Cu-Br-Bi bond angle is 162.434°, re-
vealing the small-angle tilting motion. As depicted in Fig. 4b in the
HTP, the C and N atoms appear helically symmetrical in two planes
from two directions, and the C atoms become strikingly disordered
and occupy two equivalent disordered positions. Moreover, ther-
mal ellipsoids of N atoms at HTP are much larger than that at LTP,
and the Br-Cu-Br and Br-Bi-Br bond angles change to be equiva-
lent. These variations indicate that the symmetry of the CuBrg and
BiBrg octahedra anion were elevated with the temperature increas-
ing from the LTP to HTP. The crystallographic symmetry of 1 breaks
from the highly-symmetric point group mmm to the low symme-
try of 2/m, namely, symmetry breaking. As a result, the number of
symmetric components is reduced by half from eight (i, C3, 2Cy, E,
op, 20y) to four (E, i, G, o), which corresponds to the Landau
phase transition theory (Figs. 4c and d) [42-44].

Based on the layered structure of 2D hybrid double perovskite,
we measured the ultraviolet-visible (UV-vis) diffuse reflectance of
1 (Fig. 5a). The optical absorption spectrum shows a sharp cutoff at
480 nm, from which its optical bandgap was deduced as 2.58 eV by
fitting the Tauc equation. To better understand the semiconductor
characteristics of 1, density functional theory (DFT) was utilized to
calculate the electronic band structure and partial density of states
(PDOS). Fig. 5b illustrates that the maximum valence band value
and the bottom of the conduction band value are coercively po-
sitioned at the G-spot, proving that 1 is a direct band-gap mate-
rial. As well, the calculated band gap of 1 according to the DFT is
about 2.54 eV [45], which is in good agreement with the experi-
mental result. This value is significantly less than that of other in-
organic semiconductors, such as Cr,03 (3.5eV), ZnO (3.2eV), and
GaN (3.39eV), comparable to other 2D organic-inorganic hybrid
perovskites [46]. Additionally, the PDOS suggest that Bi 6p orbitals
dominate the conduction band minimum, and both Cu 4s and Br
4p states account for the valence band maximum (Fig. 5c). It is
clear that the inorganic framework primarily controls the opti-
cal bandgap and electronic structure of 1, which is additionally
confirmed by its highest occupied molecular orbitals (HOMO) and
lowest unoccupied molecular orbitals (LUMO) (Fig. 5d). Further,
we also measured the photoelectric response of compound 1. As
shown in Fig. S7 (Supporting information), 1 shows weak photo-
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Fig. 5. (a) The UV-vis absorption spectra of 1, with the band gap deduced from
the Tauc plot indicated in the inset. (b) Calculated band structure and (c) partial
density of states (PDOS) of 1. (d) Charge-density isosurfaces calculated for HOMO
and LUMO orbitals of 1.

electric response to light illumination, which are similar to other
reported 2D double perovskites, such as (C3HgNI)4AgBilg [47] and
(C5H]6N2)2CUBilg [48]

In summary, we have successfully designed a lead-free hybrid
double perovskite of (CHA)4CuBiBrg that serves as the molecular
dielectric switch material. It undergoes an invertible phase transi-
tion at 378K induced by ordered-disordered transformation of the
organic CHA* moiety and distortion of inorganic framework, which
gives rise to excellent dielectric switchable performance. That is, its
dielectric constants could be switched and tuned between high-
dielectric and low-dielectric states. The dielectric signals transi-
tioned between the high and low states without any degradation
after multiple cycles indicate its excellent durability. These findings
shed light on the further design of molecular dielectric switches in
the family of hybrid double perovskites.
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