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a b s t r a c t

The layered heterometallic halide perovskites, as a newly explored material, have attracted great scientific

attention. As one of the representatives of perovskite, lead-free or lead-substituted perovskite materials

are widely applied in photovoltaic, sensors, catalysis, detectors and other fields. Therefore, it is urgent to

carry out more systematic exploration and expand applicable preresearch, so as to make more interest-

ing discoveries in this new hot spot. As an interesting candidate, heterometallic compounds will introduce

more structural adjustability and novel physical properties, which is the main feature to be selected as

the research hotspot. Here, we reported a lead-free bilayer heterometallic Ruddlesden-Popper (RP) type

perovskite, [(MACH)2CsAgBiBr7] (MACH= cyclohexanemethylamine), which possesses a reversible phase

transition at 379.6 K/375.1 K during heating-cooling cycle. Besides, it exhibits reddish-brown light emis-

sion under 365 nm, meanwhile, CIE chromaticity coordinate is (0.32, 0.45) on the yellow side and corre-

lated color temperature is about 6000 K. Moreover, both the experimental data and theoretical calculation

results suggest that [(MACH)2CsAgBiBr7] shows indirect semiconducting characteristics. In summary, this

work will inspire the design of lead-free heterometallic perovskite materials for the application of sensors

and light-emitting diodes (LEDs) fields.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Two-dimensional (2D) layered organic-inorganic halide per-

ovskites [1–16] (OIHPs) have swept across many areas of the sci-

entific, such as dielectric [17–23], piezoelectric [24–30], ferroelec-

tricity [31–39], light-emitting diodes (LEDs) [40–47], photovoltaic

and photodetector. As a typical representative of lead-based per-

ovskites, MAPbI3’s excellent properties stem from its stable struc-

ture, tunable band gap, high absorption coefficient, strong carriers

and other outstanding physical properties. However, the disadvan-

tages of high toxicity and unfriendly environment limit the devel-

opment of lead-based perovskite materials [16,48–51], which are

mainly manifested in the harm to human body, animals and plants,

and the destruction of the environment. Therefore, lead-free or

lead-substituted perovskite materials have been rapidly developed.
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Based on lead-based perovskites, currently, a large number of

lead-free perovskites [3,52] have been reported for their struc-

tural characteristics. Particularly, Ruddlesden-Popper (RP) type per-

ovskites with the general formula (A2’An−1MnX3n+1) is one of

the most advantageous candidates, in which A is monovalent

cation (Cs+, formamidine (FA), methylamine (MA), dimethylamine

(DMA) and so on), A′ is organic amine cations (interlayer cations).

Moreover, there is also equally important Dion-Jacobson (DJ)

phase (A’An−1MnX3n+1) with divalent cations at A′-site. For ex-

ample, Luo’s group reported a bilayered two-dimensional hybrid

perovskite, (IA)2(DMA)Pb2Br7 (RP type, IA+ = isoamy-lammonium

and DMA+ =dimethylammonium) [10], which possesses a cage-

templated secondary cation, and it exhibits high efficiency pho-

todetection property. Moreover, Zhang’s group reported a DJ-

type lead-free halide double perovskite, [(3AMPY)2AgBiI8·H2O]

(3AMPY=3-(aminomethyl)pyridinium) [53], with an attractive nar-

row band gap of 1.86 eV and stable structure. However, the above

compounds reported only possess single property, and this will

make the potential applications to be limited. Therefore, design
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and synthesis have become significant links in the exploration of

multifunctional materials.

Herein, a new RP-type lead-free bilayer het-

erometallic halide perovskite, [(MACH)2CsAgBiBr7]

(MACH= cyclohexanemethylamine), was successfully synthesized.

Differential scanning calorimetry (DSC) shows that a reversible

phase transition occurs at 379.6 K, meanwhile, a dielectric respon-

sive of the compound also exhibits at about the same temperature.

Moreover, the compound possesses a charming reddish brown

light emission under 365 nm lamp. Based on above properties, an

important contribution of this work might provide new perspec-

tive for designing and synthesizing of lead-free multifunctional

materials.

Cs2CO3 (98%, Bide-Shanghai), Ag2O (99.7%, Alading-Shanghai),

Bi2O3 (99.9%, Meryer-Shanghai), hydrobromic acid (40 wt% in wa-

ter, Amethyst) and cyclohexanemethylamine (98%, Mreda-Beijing)

were purchased by commercial channel and used without further

purification.

Single crystals of [(MACH)2CsAgBiBr7] were collected by cooling

slowly of saturated solution. Mixture of Cs2CO3, Ag2O, Bi2O3 and

cyclohexanemethylamine with the molar ratio of 1:1:1:2. Then,

adding hydrobromic acid (20 mL) to the mixture and heating until

all dissolve under stirring. Orange block single crystals were ob-

tained via cooling slowly (1 K/day). The final yield is about 35%

(Based on organic).

The structure of the title single crystal was characterized by

single crystal X-ray diffraction (SC-XRD, Bruker D8 SPEX-III) with

equipping a Mo Kα radiation (λ=0.71073 Å) at request tem-

perature. The differential scanning calorimetry (DSC) curves was

recorded on a NETZSCH DSC 2500 equipment with heating/cooling

rate is 20 K/min under nitrogen atmosphere, and dielectric con-

stant of temperature dependence were tested on Tonghui instru-

ment under different frequencies. The solid UV-NIR-vis (UV-near-

Infrared-visible light) spectrum were measured on Agilent Cary

5000 spectrometer at room temperature. The solid-state fluores-

cences emission spectrum was test on Agilent Cary FLS 980 instru-

ments. The CIE coordination was calculated by 1931 CIE package.

Band structure and density of state of the title compound were cal-

culated based on structural film CIF by VASP software with density

functional theory (DFT). Hirshfeld surface and 2D fingerprint were

generated by CrystalExplorer package with HF functional.

Crystallographic data of the title compound were restored by

SPEX-III software, and absorption was corrected by multi-scan (ω)

mothed. Furthermore, the crystal structure factors were solved

by least squares. Meanwhile, structural factors were refined by

SHLXT and OLEX 1.2 software, and non-hydrogen atom are refined

and positioned by operation of anisotropy. The figures of the title

compound were carried out by DIAMOND package. Lastly, all detail

parameters of three phases crystal structure were listed in the

associated crystallographic information in Table S1 (Supporting

information).

To further understand the phase transition-induced struc-

tural changes, single crystal X-ray diffraction (SC-XRD) of the

[(MACH)2CsAgBiBr7] were characteristic at 300 K and 385 K,

respectively. Normally, the phase is named as low temperature

phase (LTP) that is below the phase transition point, conversely,

the high temperature phase (HTP) is considered to be the phase

that is above phase transition point. Interestingly, the LTP and HTP

structure of [(MACH)2CsAgBiBr7] both crystallized in orthorhombic

system. However, LTP architecture (Fig. 1a) grown in centrosym-

metric (CS) chiral P212121 space group (No. 19, 222 point group)

with a=8.029(2) Å, b=8.158(2) Å and c=44.535(9) Å. According

to the structural characteristics, [(MACH)2CsAgBiBr7] belongs to

Ruddlesden-Popper (RP) type perovskites with general formula

(A2
′An−1MnX3n+1), which A′ is cyclohexanemethylamine cation

(HMACH+), and A represents Cs+ ion, M are Ag+ and Bi3+ ions,

Fig. 1. Stacked structure of (a) [(MACH)2CsAgBiBr7] at LTP (300 K) and (b) HTP

(385 K). (c) Organic cation state at LTP (300 K) and HTP (385 K). Insert: Topography

and physical map of single crystal.

respectively, X is Br−. Bilayer inorganic frameworks with bimet-

als are crossed by octahedra in a slightly twisted configuration

[BiBr6]
4− and [AgBr6]

4−, [54], respectively. Meanwhile, the “per-

ovskitizer” Cs+ cations are located in the center of the cage-like

structure of the inorganic framework, neatly aligned twisted octa-

hedra ([BiBr6]
4− and [AgBr6]

4−) and perovskite mineralizers (Cs+)
together build 2D/3D structures of inorganic frameworks. However,

the slightly twisted octahedron makes the inorganic framework

a tortuous plane, parts of bond lengths and bond angles are

labeled in Fig. S1 (Supporting information). In addition, organic

amine cations are ordered, which like an unexpanded lantern,

and organic cations embedded in open cavities of [BiBr6]
4− and

[AgBr6]
4− via hydrogen bonding (N-H…Br) and van der Waals

forces. With the temperature rising above 380 K, HTP structure

(Fig. 1b) of [(MACH)2CsAgBiBr7] crystallize in Cmcm (No. 63, mmm

point group) with a=8.137(2) Å, b=45.096(11) Å, c=8.1359(18)

Å. Obviously, inorganic frameworks of bimetallic bilayers vary

from tortuous planar to fully planar structures, meanwhile, the

spatial coordinates of the Cs+ ions as perovskite are not shifted.

Notably, accompanying the phase transitions, strong symmetry

restoring appears in HTP structure with chirality disruption along

the [001] direction. Meanwhile, the transition of organic cations

(Fig. 1c) from an ordered structure to a 4-fold disordered structure

is accompanied by the phase transition occurring, which 4-fold

disordered organic amine cations like spinning lantern. According

to Fig. S3 (Supporting information), despite the different mor-

phologies of the ligands in the high-temperature phase structure

(the reason is that the positions of two organic ligands with

different morphologies are different from the relative positions of

the symmetry operation planes), the occupancy rate of all carbon

atoms is 0.25, and the occupancy rate of nitrogen atoms also are

0.25. In addition, symmetric operations (Fig. S2 in Supporting

information) are also increased from [E, C2, 2C2′] (LTP) to [E,

C2, 2C2′, i, 3σ ] (HTP). Parts of important bong lengths and bond

angles are listed in Table S2 (Supporting information).

To investigate the process of reversible structural phase transi-

tion of the title compound, DSC and dielectric contant (ε′, Fig. 2a)
of [(MACH)2CsAgBiBr7] was executed under nitrogen atmosphere.

The results indicate (Fig. 2b) that a pair of distinct thermal anoma-

lous peaks are observed at 379.6 K and 375.1 K under heating

and cooling process, respectively, and a thermal hysteresis of 4.5 K

can preliminarily determine that the compound has undergone a

first-order phase transition process. Meanwhile, the corresponding

entropy changes (�S) for [(MACH)2CsAgBiBr7] is calculated as

4.79 J K−1 mol−1 during the phase transition. Moreover, dielectric

constant of temperature dependence was also performed (Fig. 2c,

1 MHz) that two obvious dielectric anomalies are found at about

380 K during heating and cooling process (this is in agreement

with the DSC, further confirming the occurrence of a temperature-

triggered reversible phase transition), and the value of real part

(ε′) dielectric constant increases gradually with the increase of
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Fig. 2. (a) Schematic diagram of dielectric test of polycrystalline tablet. (b) DSC

curves of the [(MACH)2CsAgBiBr7]. (c) The value of real part (ε′) dielectric constant

under 1 MHz. (d) The dielectric constant of frequency dependence under different

frequency.

Fig. 3. Hirshfeld surface and related 2D fingerprint plot of [(MACH)2CsAgBiBr7]. (a)

Hirshfeld surface of two cations in LTP cell. (b) Related 2D fingerprint plot of cation-

1. (c) Related 2D fingerprint plot of cation-2.

temperature from ca. 4.5 to ca. 7.0 below 380 K, and a step-like

jump of dielectric constant appears when temperature is up to

380 K. Thereafter, the value of ε′ gradually decreases and plateaus.

Meanwhile, dielectric constant of frequency dependence (500 Hz,

1 kHz, 5 kHz, 10 kHz and 100 kHz) were also recorded (Fig. 2d)

that the dielectric constant has the same increasing trend at differ-

ent frequencies, and the value of the dielectric constant increases

with decreasing frequency about from 4 to 20. What is more, the

dielectric cycles of [(MACH)2CsAgBiBr7] was measured at 1 kHz.

As shown in Fig. S4 (Supporting information) that the dielectric

constant of [(MACH)2CsAgBiBr7] can maintain the stability after

heating-cooling dielectric cycles of high-low state switching (ca.

18 and 4, respectively). Thus, the stable dielectric cycling suggests

this compound may be a potential thermal sensors and switches.

Therefore, the [(MACH)2CsAgBiBr7] might be a potential dielectric

responsive material.

To further investigate the change of weak force during the

phase transition of the compound, Hirshfeld surface and related

2D fingerprint plot were generated based on CIF files (LTP) with

structure factors by CrystalExplorer program using HF functional

theory. As shown in Fig. 3a, the forces of the two organic amine

cations are slightly different in the minimal asymmetric unit,

the red regions represent relatively strong interactions between

different asymmetric units, which induces the directional orien-

tation of single molecule (such as two cations in the LTP cell).

The intermolecular interactions between bromine atom and H on

the cyclohexanemethylamine were demonstrated in the Hirshfeld

surface as the red areas in Fig. 3a, and the bright red spots are

corresponding to C-H…Br interactions, and the Br…H-N/N-H…Br

intermolecular interactions appear as distinct spikes in the 2D

fingerprint plot (Figs. 3b and c). The proportion of Br…H-N/N-

H…Br interactions comprises 27.6% and 27.9% of the total Hirshfeld

surface, respectively, which shows the strong interactions are

mainly contributed by C-H…Br, confirming the critical role of the

synergistic effect of organic and inorganic components. From the

Hirshfeld surface analysis, the results are well consistent with the

single-crystal structure determinations.

As demonstrated in Fig. 4a, the orange polycrystalline pow-

der of [(MACH)2CsAgBiBr7] possess reddish-brown emission un-

der 365 nm lamp. Furthermore, solid-state photoluminescence (PL)

spectroscopy (Fig. 4b) of the compound is characterized at room

temperature, the results indicate that the maximum excitation

wavelength is 369 nm, and the corresponding maximum emission

wavelength is 522 nm, meanwhile, a weaker emission peak ap-

pears at 647 nm, and the Stokes shifts corresponding to the two

emission peaks are 153 nm and 278 nm, respectively. According

to the compounds with similar structure reported in the litera-

ture [55–57], the photoluminescence effect of the compound is at-

tributed to the quantum confinement effect caused by the twisted

octahedral structure, electronic transitions at the top of the va-

lence band. As shown in Fig. 4c, the CIE chromaticity coordinates

(1931) of the compound are calculated and drawn to be (0.32,

0.45), which is located on the yellow side, and correlated color

temperature is about 6000 K. Moreover, PL decay time (Fig. 4d)

was measured that the resulting lifetime (τ ) was obtained and cal-

culated as 4.06 ns. Thus, this material might be a potential candi-

date in the light-emitting diodes (LEDs) field.

To understand the semiconducting properties of

[(MACH)2CsAgBiBr7], optical UV-NIR-vis absorption spectrum

was performed. The results reveal that the maximum relatively

sharp absorption edge reaches approximately 600 nm, suggesting

indirect band gap semiconductor. The optical band gap (Fig. S5

in Supporting information) was calculated as 2.08 eV by the Tauc

equation (hv·F(R∞))1/n =A(hv - Eg) [58]. Moreover, the band struc-

ture, correlated density of states (DOS) and theoretical band gap of

[(MACH)2CsAgBiBr7] was also calculated based on structural film

CIF by VASP software with density functional theory (DFT). The

calculation results show that the relative positions of the valence

band maximum (VBM,) and the conduction band minimum (CBM)

in space are misaligned, which [(MACH)2CsAgBiBr7] can be further

identified as indirect bandgap semiconductor. Meanwhile, the

theoretical band gap was also considered as 1.991 eV. In addition,

the correlated density of states (DOS) was also recorded, it shows

that the valence band maximum (VBM) and conduction band

minimum (CBM) of the compound are mainly contributed by the

inorganic network part (Ag-s, Ag-p, Ag-d, Bi-s, Bi-p, Bi-d and Br-s,

Br-p), moreover, H-s, C-p and N-p states widely overlap in organic

section, suggesting a strong interaction. What’s more, the results

of partial density of state (PDOS, Fig. S6a in Supporting informa-

tion) further suggest that the conduction band was contributed by

Ag-sp, Bi-sp and a little Cs-sp, and the valence band was mainly

formed by Br-sp, C-sp, H-s and a little N-sp. As demonstrated in

Fig. S6b (Supporting information) that frontier molecular orbitals

(FMO-HOMO and LUMO) of [(MACH)2CsAgBiBr7] are located in

inorganic framework part, thus, the FMO indirect prove that the

energy band was contributed by inorganic skeleton. The compound

is an outstanding indirect narrow bandgap semiconductor with

band gap as 2.08 eV. Therefore, it may show potential photo-
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Fig. 4. (a) Synthesis process schematic of [(MACH)2CsAgBiBr7] and photoluminescence physical map. (b) UV absorption and photoluminescence emission spectra. (c) CIE

chromaticity coordinates (1931) of [(MACH)2CsAgBiBr7]. (d) PL decay time of [(MACH)2CsAgBiBr7].

voltaic characteristics and provide new candidates in subsequent

exploration [59,60].

In summary, a new lead-free bilayer bimetallic

Ruddlesden-Popper (RP) type perovskite, [(MACH)2CsAgBiBr7]

(MACH= cyclohexanemethylamine), was successfully synthesized

via cooling slowly of saturated solution, and large-sized single

crystals are obtained by the apical growth method. The compound

exhibits a reversible phase transition at 379.6 K/ 375.1 K during

heating and cooling, therefore, the dielectric switching was clearly

indicated by the steady-state switchable dielectric cycling. Mean-

while, it displays a reddish-brown light emission under ultraviolet

light, and CIE coordinate of [(MACH)2CsAgBiBr7] is (0.32, 0.45),

moreover, the correlated color temperature is about 6000 K. In

addition, both the experimental data and theoretical calculation

results suggest that [(MACH)2CsAgBiBr7] shows indirect semi-

conducting characteristics. Moreover, thermogravimetric analysis

(TGA) of the compound shows that the material possesses good

thermal stability of chemical structure. In short, this compound

might be a potential candidate in sensors, dielectric responsive,

light-emitting diodes (LEDs) and semiconductors fields. This

work might provide a new perspective for designing of lead-free

metal-halide perovskite materials.
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