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Multifunctional materials play a crucial role in today’s social development, but current intelligent multifunctional
materials have the disadvantage of being unable to adjust their structure to meet diverse application needs.
Therefore, organic—inorganic hybrid perovskites are expected to become a promising intelligent multifunc-
tional material due to their inherent advantages in structural diversity. Here, the tetracadmium bromide
inorganic material is combined with the N-propyl-N-methylpiperidine bromide organic cation to obtain a
high-temperature reversible phase transition multifunctional material [CsH;oN(CH3)CH,CH,CH=],CdBry (1),
which has the high-temperature reversible phase transition property of 333 K phase transition temperature,
and crystallizes in the P1 space group at room temperature. In addition, through UV absorption spectroscopy
and first principles calculations, the optical band gap of compound 1 is 4.65 eV, indicating that the band gap
of compound 1 is determined by the determination of the organic and inorganic components. This work
provides ideas for discovering new high-temperature phase transition materials or researching new organic
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Introduction

With the rapid development of technology, inorganic materials
and organic polymer materials have also made great progress.'™
For example, metal halides have broad application prospects in
fields such as micro nano electronics,” energy storage,®’
photocatalysis,® optoelectronics”'® and photovoltaics."' However,
their structure cannot be adjusted as needed, which hinders their
development, especially in the field of multifunctional materials.
To address this issue, the functionality and flexibility of organic
components, along with the excellent electronic structure and
properties of inorganic components, are integrated into organic—
inorganic hybrid metal halide single crystal materials.">™* In
other words, combining the attractive characteristics of inorganic
and organic systems into their structures can yield new and
interesting properties.”® Therefore, the diversity of structures
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inorganic hybrid metal halide multifunctional materials.

and unique physical and chemical properties of organic-inor-
ganic hybrid metal halides can provide effective solutions for
the problem of the inability to adjust the structure of inorganic
materials and organic polymer materials as needed. For exam-
ple, [NH3CH,CH,F]; BiClg,'® methylphosphonium tin triiodide
(MPSnI;)"” and (per-fluorobenzylammonium),PbBr,."®

As a subclass of smart material, reversible phase transition
multifunctional materials can integrate multiple physical sig-
nals into one device," providing new opportunities for the
miniaturization of modern intelligent devices.?’ Reversible
phase transition materials can respond to external signals,
such as dielectric switch materials and thermochromism
materials,”* which can convert temperature signals into elec-
trical signals and color/display signals respectively.”> Some of
them exhibit tunable dielectric behavior due to reversible
structural phase transitions induced by dynamic cations.*
The dielectric switching characteristics of such materials are
very important, as they can promote the exploration and design
of multifunctional materials with multiple switching response
characteristics.>*® In particular, research on lead halide
hybrid perovskite with CH;NH;PbI; as the marker material is
very active.>””*® Due to its unparalleled electronic and optical
properties, lead halide perovskite has many fascinating appli-
cation directions in solar cells, lasers, detectors, ferroelec-
trics, light-emitting diodes, and other fields.>**" As is well
known, some phenomenological theories guide researchers in
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Fig. 1 The DSC curve of the heating cooling process of compound 1.

designing and synthesizing functional materials, such as ferro-
electrics, but the relationship between structure and intrinsic
properties needs further exploration.**>* Therefore, finding
suitable inorganic materials and organic molecules and synthe-
sizing them to obtain new organic-inorganic hybrid metal
halide multifunctional materials is still an important topic
for researchers.

Based on this, we successfully combined the tetra cadmium
bromide inorganic material with the N-propyl-N-methylpiperidine
bromide organic cation to obtain a high-temperature reversible
phase transition multi-functional material: [CsH;,N(CH;3)CH,CH,
CH;),CdBr, (1), which has the high-temperature reversible phase
transition property of 333 K phase transition temperature, and
crystallizes in the P1 space group at room temperature. In addition,
the optical band gap of compound 1 was calculated to be 4.65 eV
through UV-vis absorption spectroscopy and first principles calcula-
tions, revealing that the band gap of compound 1 is synergistic
between organic and inorganic components. This work has certain
guiding significance for exploring more lead-free multifunctional
materials with high-temperature phase transition and organic-inor-
ganic hybrid metal halides.

Results and discussion

Slow evaporation of an aqueous solution of CdBr, and
CsH;(N(CH;3)CH,CH,CH;Br salts was performed to obtain col-
orless crystalline compound 1. The presence of the organic
functional group of 1 was verified through infrared spectro-
scopy (Fig. S1, ESIt), and its purity was confirmed through
simulated PXRD and experimental PXRD curves (Fig. S2, ESIT).
Thermogravimetric analysis shows that 1 is stable below 553 K,
as shown by TGA in a nitrogen atmosphere (Fig. S3, ESIT).
Thermal analysis (DSC) shows (Fig. 1) that there is a pair of
exothermic/endothermic peaks at 333 K/325 K. Compound 1
undergoes a reversible phase transition with a phase transition
temperature 7. = 333 K and a thermal hysteresis of 8 K. For
convenience, we label the phases below T, as low-temperature
phases (LTP), and the phases above T. as high-temperature
phases (HTP). According to the temperature heating-cooling
curve of DSC, the enthalpy transition of the phase transition
process is calculated (AH) and the entropy change (AS). Using
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Fig. 2 The temperature heating—cooling dielectric constant diagram of
compound 1.

the Boltzmann equation AS = RIn(N), where R is the gas
constant, and the possible microstate N of 1 is 17.87 and
18.11, respectively. According to previous research, such a large
N value indicates that the structural transition of compound 1
is a first-order phase transition from ordered to disordered
states.

Dielectric anomaly refers to a significant change in the slope
of the dielectric constant curve with temperature near 7., which
has become reliable evidence of phase transition.** When the
static-crystal structure undergoes a dynamic transformation, it
results in a sudden change in dielectric constant.>**% As shown
in Fig. 2, there are obvious stepped dielectric anomalies during
the heating and cooling processes. At the same time, the
dielectric constant of the compound at 1 MHz was calculated,
and the real part of the complex dielectric constant of com-
pound 1 was calculated ¢'. Starting at around 12 (LTP), there is a
sharp jump that ends at 21 (HTP), maintaining a stable
increase as the temperature increases. During the cooling
process, the similar curve is consistent with the heating curve,
with a thermal hysteresis of 8 K, corresponding to the thermal
measurement curve. The reversible transition between the high
and low dielectric states indicates that compound 1 undergoes
a first-order reversible phase transition consistent with the DSC
experimental results.>%*

The use of single crystal X-ray diffraction helps to under-
stand the mechanism of thermally driven structural transfor-
mation of compounds at the microstructural level. In order to
understand the structural phase transition mechanism of
compound 1, we measured the single crystal structure of
compound 1 at 293 K (LTP). Under LTP, compound 1 crystal-
lizes in the orthogonal ferroelectric space group P1 (point group
1 with two symmetric elements (E, 7)), and the unit parameters
are a = 16.8749(14) A, b = 19.2139(15) A, ¢ = 19.8184(15) A,
« = 118.783(2)°, f = 92.300(2)°, y = 103.276(2)°, Z = 4 and
V = 5395.1(7) A%. The specific cell data are shown in Table S1
(ESIT). As shown in Fig. 3a, the asymmetric unit of compound 1
in LTP consists of two [CsH,;,N(CH3) CH,CH,CH;]" cations and
one [CdBr,]* tetrahedral anion, which satisfies the conserva-
tion law. At the same time, it can be seen from the stacking

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Asymmetric unit diagram of compound 1. (b) Stacking diagram

diagram (Fig. 3b) that compound 1 is stacked through a zero
dimensional stacking method, and the organic cation
[CsH1oN(CH;)CH,CH,CH;]" is orderly embedded into the tetra-
hedron of the inorganic anion [CdBr,]*~, which is connected
together only by intermolecular force, which provides more
freedom for the movement of organic cations, leading to the
occurrence of structural phase transition.**?

Then, we conducted single crystal measurements at 340 K
(above T¢) to detect the structure in HTP. Due to crystal quality
reasons, it is difficult to determine the single crystal structure at
high temperatures.*®**** In addition, the slight sublimation of
the crystals also led to the failure of crystal data collection. To
further determine the structural phase transition, we con-
ducted temperature dependent PXRD measurements within
the range of 300 K-345 K. The experimental PXRD pattern
matches well with the simulated pattern of the single crystal
structure at room temperature (Fig. S2, ESIT), indicating a high
crystallinity and purity of the corresponding phase. As shown in
the dashed box in Fig. 4, the peaks at 17.58°, 21.19°, and 25.83°

300 K
320 K|
335K

345K
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335 K

300 K]

20 (°)
Fig. 4 Temperature dependent PXRD diagram of compound 1.
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of compound 1.

in 1-LTP disappear, and then reappear when returning to
1-LTP, revealing the existence of reversible phase transition at
T.. The results are consistent with those shown in the
DSC curve.

Organic compounds in organic-inorganic hybrid metal
halides can affect the electronic band structure by influencing
the geometric parameters of the inorganic components.*® The
dual advantages of fixed lattice and adjustable chemical com-
position make the configuration a promising new structural
prototype with diverse and customizable optoelectronic
properties.*® As shown in the UV-vis absorption spectrum in
Fig. 5a, compound 1 has a steep absorption edge at the
wavelength of 239 nm, corresponding to the optical band gap
of 4.65 eV derived from the Tauc equation (illustrated in
Fig. 5a). In order to further explore the wide bandgap properties
of compound 1, the wide bandgap properties are closely related
to structural assembly. The density of states of compound 1 was
calculated based on first-principles theory, as shown in Fig. 5b.
The PDOS plot of compound 1 shows a band gap of 3.99 eV,
which is smaller than the value obtained through UV-vis
spectroscopy due to theoretical limitations. In addition, it can
be concluded that the conduction band of the band gap of
compound 1 is affected by elements C and H, and the valence
band is affected by Cd and Br, indicating that the band gap of
compound 1 is jointly determined by the organic cation
[CsHN(CH;)CH,CH,CH;]" and the inorganic anion [CdBr,]*".
The wide bandgap properties of compound 1 provide favorable
empirical evidence for the effectiveness of the combination
scheme of organic and inorganic components.

Conclusions

In summary, we have successfully synthesized a new zero
dimensional organic-inorganic hybrid metal halide multifunc-
tional material: [CsH;oN(CH3)CH,CH,CH;],CdBr, (1), which
has the high-temperature reversible phase transition property
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Fig. 5

at 333K phase transition temperature and crystallizes in the P1
space group at room temperature. In addition, the optical band
gap of compound 1 is 4.65 eV through the UV absorption
spectrum and calculation, which reveals that the band gap of
compound 1 is determined by organic and inorganic compo-
nents. This new type of organic-inorganic hybrid metal halide
high-temperature phase transition multifunctional material
can promote the development of more excellent organic-inor-
ganic hybrid multifunctional materials.
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