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Zero-dimensional organic—inorganic hybrid
antimony bromide with efficient broadband orange
emission and nonlinear optical responset

Zhao Wang,? Xiaoxue Xi{2*2 and Xueli Chen (2 *P

The development of lead-free hybrid metal halides with multiple optical properties is essential for advancing
perovskite-based optical materials, though it remains challenging. Herein, we synthesized a zero-
dimensional (0D) hybrid antimony-based halide, [DMPZ],SbBrg Br-3H,O (DP-SbBr, DMPZ = N,N'-
Dimethylpiperazine), via precise molecular-level design, which exhibits both efficient photoluminescence
(PL) and nonlinear optical (NLO) properties. Notably, DP-SbBr crystallizes in the P2,2,2 chiral space
group, despite lacking chiral units, with isolated [SbBrel®~ octahedral units separated by organic
molecules, forming a typical 0D hybrid structure. This unique structure enables efficient orange light
emission with a 28.5% quantum yield. Additionally, DP-SbBr demonstrates a 0.32-fold second-harmonic
generation (SHG) signal relative to KDP, showcasing its potential as a NLO material. This work lays the
foundation for designing multifunctional hybrid perovskite-based optical materials at the molecular level.

Introduction

Three-dimensional (3D) halide perovskites, including CsPbX;
(X = Cl, Br, I), have attracted considerable interest for their
remarkable optoelectronic characteristics."” These properties,
such as tunable bandgaps, high defect tolerance, and extensive
photoluminescence (PL) spectra spanning from visible to near-
infrared, make them suitable for diverse applications like light-
emitting diodes (LEDs), solar cells, and X-ray detection.*”
However, 3D perovskites exhibit limitations due to the large
band dispersion in the corner-sharing 3D network, leading to
the facile separation of excitons into free charge carriers at
room temperature.®® Additionally, the rigidity and simple
chemical composition of the 3D cubic network restrict struc-
tural modulation at the molecular level, hindering further
optimization of their optical properties.*

To address these challenges, low-dimensional hybrid halide
perovskites have emerged as promising alternatives, becoming
a major focus of current research.”™ In particular, zero-
dimensional (0D) perovskites display enhanced optical proper-
ties and higher PL efficiency, owing to their unique quantum
confinement effects.’™® In contrast to 3D perovskites, 0D
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hybrid halides retain quantum confinement and significantly
enhance optical properties by incorporating wide-bandgap
organic cations that fragment the corner-shared [PbX;]™
network into discrete 0D units.*>** The absence of electronic
interactions among the spatially isolated lead halide polyhedra
in these 0D hybrid halides results in a flat-band configuration,
which effectively confines photoinduced exciton recombination
to promote strong electron-phonon coupling, resulting in
higher PL efficiency.”"** Moreover, the PL properties of 0D
perovskites are largely independent of crystal morphology and
size, offering superior spectral stability compared to 3D perov-
skites. These materials exhibit broad spectral emission and
high PL quantum yield (PLQY), making them ideal candidates
for a variety of optoelectronic applications, such as solid-state
lighting, X-ray scintillators and thermometers.>*">

Despite the outstanding optoelectronic performance of low-
dimensional perovskites, the environmental toxicity of lead
remains a significant challenge.”® Lead-free perovskites can
effectively mitigate the environmental risks associated with
lead, while also expanding their application range and main-
taining or enhancing optoelectronic properties.>” As a result,
numerous lead-free hybrid halides, including those based on
In*", sn*", Bi**, Mn>", Zn**, Cd** and Sb*", have been extensively
explored as ideal candidates for solid-state light-emitting
materials.**** Among these, Sb-based perovskites have
garnered attention due to their low toxicity, wide emission
spectrum and high PL efficiency. Notably, Sb>" possesses ster-
eochemically active lone pairs of electrons, which not only
promotes efficient PL but also imparts additional optical
properties to the material, holding great promise for applica-
tions requiring efficient emission and enhanced nonlinear
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optical (NLO) behavior.*”*® In this context, the integration of
NLO and PL functionalities within a single material is particu-
larly valuable. Such dual-functional materials not only exhibit
efficient light emission, but also respond to high-intensity light
through phenomena such as frequency doubling and optical
switching. This combination is crucial for the development of
compact and multifunctional photonic devices, including
tunable light sources, miniaturized lasers, and integrated
optical chips. Therefore, the exploration of 0D Sb-based halide
perovskites offer significant potential for the development of
advanced multifunctional optical materials.

In addition, organic ligands play a pivotal role in modulating
the structural and optical properties of hybrid halides. As
structure-directing agents, they facilitate the isolation of metal
halide units, induce quantum confinement, and stabilize low-
dimensional structures, thereby enhancing the material's
overall PL performance. Notably, piperazine derivatives, such as
N,N'-dimethylpiperazine (DMPZ), offer distinct advantages due
to their ability to carry a dual charge. This characteristic not
only aids in the segregation of metal halide units, leading to the
formation of isolated halide species, but also facilitates the
incorporation of additional halide ions into lattice. The
combination of small, flexible organic ligands with isolated
halide units and additional halide ions can induce spatial
asymmetry, resulting in distortions within the octahedral
structure. Such asymmetry, along with enhanced structural
distortions, not only promotes stronger electron-phonon
coupling but also amplifies the dipole moment of the structure,
which in turn boosts PL efficiency and NLO behavior. Conse-
quently, piperazine-based cations are crucial for tuning the
photonic and NLO responses in Sb-based hybrid halides.

Based on the considerations above, we selected DMPZ as the
organic template and structure-directing agent to successfully

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(aand b) Schematics illustrating the preparation process and structural assembly of DP-SbBr, (c and d) structure packing modes of the DP-

construct a 0D hybrid antimony bromide of [DMPZ],SbBrs
Br-3H,0, abbreviated as DP-SbBr. Notably, DP-SbBr crystallizes
in the chiral P2,2,2 space group, featuring isolated [SbBre]*~
octahedral units that are effectively separated by organic
molecules, exhibiting significant quantum confinement effects.
Thanks to the structural distortion and quantum confinement,
the material efficiently promotes the formation of self-trapped
excitons (STEs), leading to efficient orange light emission with
PLQY of 28.5%. Additionally, the DP-SbBr also exhibits obvious
NLO responses, with a second-harmonic generation (SHG)
signal that is 0.32 times that of commercial KDP, indicating its
potential as a NLO material. Detailed experimental and theo-
retical studies were conducted to explore its PL mechanism,
revealing the profound impact of the structure on optical
performance. This work provides a typical example for the
design of multifunctional hybrid perovskite materials inte-
grating efficient PL and NLO activity, laying the foundation for
advancing the design and development of novel hybrid Sb-
based multifunctional optical materials (Fig. 1).

Results and discussion

The yellow block-like crystals DP-SbBr were prepared via a sol-
vothermal method in a mixed solution of ethanol and hydro-
bromic acid, with DMPZ as the organic amine and Sb,0; as the
metal source. X-ray single-crystal diffraction analysis revealed
that DP-SbBr crystallized in the orthorhombic P2,2,2 space
group, featuring OD [SbBrg]’~ halide anions, one charge-
balanced Br~, and three guest H,O molecules, with proton-
ated DMPZ acting as counter cations and template molecules,
facilitating structural regulation of the halide units. Specifically,
the Sb** ion is coordinated with six Br~ ions to form a distorted
octahedral structure of [SbBr¢]>”, with Sb-Br bond lengths
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ranging from 2.674 to 2.972 A, consistent with the reported
values for 0D antimony bromides.*® The isolated [SbBrg]*~
octahedra are arranged in layers, separated by insulating
organic walls, forming a typical 0D structural model. Due to the
filling of counterions and guest molecules, the adjacent 0D
[SbBre]’~ units are isolated, with the closest distance being 9.09
A, indicating weak electronic interaction between the anionic
species.* The electronic shielding and isolation effect of the
organic component on the inorganic units prevent the forma-
tion of electronic bands between the halide units, thereby
enhancing the quantum confinement effect and making it an
ideal low-dimensional halide PL material. Importantly,
although the molecular building blocks are themselves achiral,
the compound crystallizes in a chiral space group. This emer-
gent chirality is attributed to the directional hydrogen-bonding
network formed between the protonated DMPZ cations, isolated
H,0 molecules, and charge-balanced Br~ anions (Fig. S17).
These asymmetric supramolecular interactions not only break
local inversion symmetry but also induce distortion of the
[SbBre]*~ octahedra, collectively driving the formation of an
overall chiral and noncentrosymmetric crystal packing, which
represents a powerful approach to constructing non-
centrosymmetric materials from achiral precursors.

In general, the PL properties of halides are strongly influ-
enced by their structural distortion. A higher degree of distor-
tion, such as that observed in the [SbBrg]*~ octahedron, plays
a critical role in enhancing emission properties, particularly by
promoting the formation of self-trapped excitons (STE). To gain
a deeper understanding of this relationship, we quantitatively
assessed the distortion levels in the [SbBre]’~ octahedral units
by analyzing variations in the Sb-Br bond lengths and Br-Sb-Br
bond angles within the octahedral structure, using the
following formula:

1 < [d, —d? L
iP5 P BT D SR
n=1 n=1

where d, represents the length of a single Sb-Br bond, d is the
average bond length, and 6, is the bond angle for each Br-Sb-Br
unit. The results revealed that the average Ad value for [SbBrg]*>~
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a substantial degree of distortion. This increased distortion
leads to a more localized electronic environment, which is
crucial for the efficient emission of STEs, thereby enhancing PL
efficiency.*»** Additionally, the structural distortion signifi-
cantly influences the material's NLO properties. As the distor-
tion degree increases, the dipole moment of the [SbBre]*~
octahedron becomes more pronounced, that enhanced dipole
moment improves the material's interaction with external
electromagnetic fields, resulting in a stronger NLO response.
The purity of the DP-SbBr crystal was confirmed through
powder X-ray diffraction (PXRD) patterns, which closely aligned
with the theoretical values (Fig. S21). Thermogravimetric anal-
ysis (TGA) showed a 5.5% weight loss at 155 °C, attributed to the
release of three free water molecules (Fig. S31). Upon removal of
the host molecules, the compound retained stability up to 270 °©
C, demonstrating its excellent thermal stability.

Given that the space group of DP-SbBr belongs to a chiral
space group, we employed the Kurtz-Perry powder method to
evaluate its NLO behavior.®® As shown in Fig. 2a, DP-SbBr
exhibits a distinct NLO response under 1064 nm laser irradia-
tion, with an intensity approximately 0.32 times that of
commercial KDP. The SHG response of the compound is
comparable to those of organic-inorganic hybrid halides, such
as (1-Hhis),Sb,Clg (0.1 x KDP), (1-Hpro),CdsCl;, (0.2 x KDP),
(C¢H14N),SbCl; (0.3 x KDP), (C;H;oNO),SbCl; (0.12 x KDP), (R-
3-aminopiperidine)SbBr; (0.6 x KDP) (Table S3). Furthermore,
the NLO response of DP-SbBr with different particle sizes was
tested, and the results showed that the SHG intensity increased
with particle size in the range of 50-300 um, indicating its type I
phase matching behavior. In addition, theoretical calculations
show that the birefringence (An) is calculated as 0.04 at 1064 nm
for compound DP-SbBr, which is large enough for phase-
matching in the SHG process (Fig. S4T). The above results
show that DP-SbBr has the potential to become a NLO crystal
material.

The photophysical properties of DP-SbBr were systematically
investigated using ultraviolet-visible (UV-vis) absorption spec-
troscopy, steady-state PL spectroscopy, and time-resolved PL
spectroscopy. The UV-vis absorption spectrum reveals that DP-

octahedra is 1.52 x 10~° with o> being 19.76, indicating SbBr exhibits broad absorption from 200 to 500 nm, with
. . )
a cutoff wavelength at 450 nm (Fig. 5a). Using the Tauc formula,
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Fig.2 (a) The oscilloscope trace of the SHG signals of DP-SbBr and KDP at 1064 nm, (b) size-dependent SHG intensities of DP-SbBr and KDP at
1064 nm.
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Fig.3 The photophysical characterizations of DP-SbBr. (a) Photographs of the crystals under both sunlight and UV lamp irradiation, (b) excitation
and emission spectra measured at room temperature, (c) CIE chromaticity coordinates, (d) PL decay curves at room temperature, (e) 3D PL
emission spectra as a function of excitation wavelength, and (f) excitation power dependence of the PL intensity.

ahy = A(hy — Eg)%

where A is the proportionality constant, E, is the band gap, & is
Planck’'s constant, « is the absorption coefficient, and » is the
optical frequency and the optical band gap was calculated to be
2.82 eV, corresponding to the color of the crystal, and indicating
its broadband semiconductor property (Fig. S5b¥). As shown in
Fig. 3a, the crystal of DP-SbBr emits a bright orange light under
365 nm ultraviolet illumination. The PL excitation spectrum
shows a peak excitation wavelength of 400 nm, closely corre-
sponding to the strongest absorption peak. Upon excitation
with UV light at 400 nm, DP-SbBr displays a broad Gaussian-
shaped emission spectrum, peaking at 646 nm with a full
width at half maximum (FWHM) of 175 nm and a Stokes shift of
246 nm (Fig. 3b). The calculated Commission Internationale de
I'Eclairage (CIE) chromaticity coordinates are (0.55, 0.43),
indicating orange light emission (Fig. 3c). Importantly, the peak
emission wavelength, FWHM, and Stokes shift of DP-SbBr are
notably larger compared to most previously reported 0D anti-
mony halides, highlighting the significant role of the highly
distorted 0D structure in determining the PL properties of the
metal halide units. More importantly, due to the strong
distortion and twisting within the octahedral environment, DP-
SbBr achieves a high PLQY of 28.5% at room temperature
(Fig. S61). This remarkable broadband emission efficiency not
only originates from the strong quantum confinement effect of
the organic matrix but is also closely related to its own
substantial distortion.*” While the PLQY is lower than the
highest reported values, it remains competitive among lead-free
materials with integrated NLO activity, which may be related to
non-radiative decay promoted by dynamic hydrogen bonding
between isolated water molecules and flexible organic cations.

© 2025 The Author(s). Published by the Royal Society of Chemistry

To further reveal the photophysical process of broadband
orange emission, time-resolved PL spectroscopy was conducted
at room temperature to monitor the peak emission wavelength.
As illustrated in Fig. 3d, the PL decay curve was fitted to a single
exponential function, yielding a lifetime of 0.14 ps, which is
comparable to that of reported 0D antimony halides.** To
investigate the intrinsic properties of the orange emission of
DP-SbBr, the excitation wavelength-dependent 3D emission
spectrum was recorded over the range of 240 to 440 nm. As
depicted in Fig. 3e, a single emission center was observed across
the entire excitation range, with no noticeable shift in peak
position or change in shape. This indicates that the broadband
light emission arises from the radiative relaxation of a single
excited state. Additionally, the relationship between the PL
intensity and excitation power was examined at room temper-
ature, revealing a linear dependence, which further supports
the idea that the broadband emission of DP-SbBr is intrinsic to
its properties, rather than being due to surface defects
(Fig. 3f).** In conclusion, the broadband PL of DP-SbBr is
attributed to the radiative recombination of STEs, as evidenced
by the large emission wavelength, considerable structural
distortion, wide FWHM and substantial Stokes shift.*®

To further investigate the underlying mechanism of broad-
band emission, temperature-dependent emission spectroscopy
was conducted in the range of 300 to 80 K. As shown in Fig. 4a,
with decreasing temperature, only a single emission peak of
broadband orange light was observed without emission split-
ting, indicating that the broadband orange emission of DP-SbBr
is not attributable to multiple radiative mechanisms. However,
the maximum emission wavelength experiences a slight
redshift, shifting from 646 to 680 nm during the cooling
process. Typically, such a shift in the emission peak with

RSC Adv, 2025, 15, 25854-25862 | 25857
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Fig. 4 The temperature-dependent PL characteristics of DP-SbBr. (a) 3D emission spectra as a function of temperature, (b) temperature-
dependent evolution of emission energy, highlighting the contributions of thermally activated emission (TE) and exciton—-phonon (EP) inter-
actions, (c) integrated PL intensity plotted against the reciprocal temperature, and (d) temperature dependence of the FWHM, accompanied by

theoretical fitting for DP-SbBr.

temperature is ascribed to the combined effects of thermal
expansion (TE) and electron-phonon (EP) interactions.*” To
model the temperature dependence of the emission energy,
E,(T), a single-oscillator model is used, assuming a linear rela-
tionship between thermal expansion and temperature. The
evolution of the emission energy with temperature can then be
fitted using the following equation:

2

hw
e(kBT) —1

where E, is the unrenormalized band gap, hw is the average
optical phonon energy, kg is Boltzmann constant, Arg and Agp
are the coefficients representing the contributions of thermal
expansion (TE) and electron-phonon (EP) interactions, respec-
tively. The TE interaction weakens with decreasing temperature,
resulting in a narrowing of the energy gap between the
conduction band and the valence band, which leads to
a reduction in the band gap. Consequently, the slight redshift
observed in the emission energy is primarily attributed to the
TE interaction (Fig. 4b).”* As the thermally activated non-
radiative decay weakens during cooling, the emission inten-
sity gradually increases. The temperature-dependent emission
intensity was fitted using an Arrhenius-type model:

I

Ey(T) = Ey + Arg + Agp +1

= —%
1+ Ae *T

25858 | RSC Adv, 2025, 15, 25854-25862

I and Ip;, represent the integrated emission intensities at 0 K
and at different temperatures (7), respectively, while E, denotes
the activation energy and kg is the Boltzmann constant. The
activation energy E, is determined to be 229 meV, which is
significantly higher than the thermal energy of free excitons at
room temperature (26 meV). This suggests that stable STEs can
be formed effectively suppressing thermal quenching
(Fig. 4c).*® At the same time, due to enhanced electron-
phonon coupling, the emission FWHM narrows considerably as
the temperature decreases. This temperature-dependent
behavior of FWHM can be evaluated by fitting the data using
the following model:

EvolksgT —1 —FEy/kgT
F(D = FO + thonon(e LRt — 1) + Finhomoe e

In this model, I'y represents the FWHM at 0 K, E; o is the energy
of longitudinal optical phonons, E}, denotes the average binding
energy of trap states, and I'phonon and I'inhomo describe the
inhomogeneous broadening caused by electron-phonon
coupling and trap states, respectively. As illustrated in Fig. 4d,
the best fit indicates that the broadband emission is mainly
attributed to electron-phonon coupling, with a I'phonon value of
16.15 meV. Furthermore, the phonon energy E o is calculated to
be 24 meV, which matches the Sb-Br stretching frequency
(117 cm ") observed in the raman spectrum, thereby providing
additional evidence of strong electron-phonon interaction
within the [SbBrs]>~ octahedron (Fig. S71).3*%* These findings
underscore the enhancement of electron-phonon coupling in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a and b) The calculated band structure and orbital-resolved density of states of DP-SbBr, (c and d) electron maps of HOMO and LUMO, (e)

the proposed PL mechanism illustrated in the configuration coordinate diagram of DP-SbBr.

the flexible 0D lattice, further supporting the STE-based nature
of the broadband emission.

To further confirm the PL mechanism, we performed first-
principles calculations on DP-SbBr to gain deeper insight into
its electronic structure and photophysical behavior. As shown in
Fig. 5a, the calculated band structure reveals a direct band gap
of 3.01 eV, which corresponds well with the optical band gap
derived from UV-vis absorption spectroscopy. The total and
partial density of states (DOS) analysis indicates that the
conduction band minimum (CBM) and valence band maximum
(VBM) are predominantly composed of Br-4p, Sb-5p, C-2p, and
N-2p orbitals, primarily contributed by the anionic metal halide
units and organic cations. Specifically, the VBM is dominated by
hybridized Sb-5p and Br-4p states, with minor contributions
from the C/N 2p orbitals of the organic moiety, while the CBM is
mainly derived from Sb-5p orbitals (Fig. 5b). To better under-
stand the excited-state behavior, we visualized the spatial
distribution of the HOMO and LUMO (Fig. 5c and d), both of
which are highly localized within the inorganic [SbBre]>” units.
This suggests that the photoexcited electrons and holes are
confined within the same metal halide cluster, favoring local-
ized exciton formation rather than long-range charge separa-
tion. Such confinement is consistent with the zero-dimensional
structural nature and supports the formation of STEs through
strong electron-phonon coupling. The detailed PL mechanism
is illustrated in Fig. 5e. Upon UV light excitation, electrons
transition quickly from the ground state ('S,) to the excited
state. This photoexcitation is accompanied by structural
deformation due to the strong electron-phonon coupling effect,
which facilitates the formation of STEs via intersystem crossing
from the singlet state (‘P,) to the triplet state (°P,,). Ultimately,
radiative decay from the lowest P, state to the ground state
leads to broadband orange light emission, characterized by
a large Stokes shift.>>?

Furthermore, we evaluated the structural and optical
stability of DP-SbBr under various extreme conditions to assess
its suitability for practical applications. The results indicate that

© 2025 The Author(s). Published by the Royal Society of Chemistry

after one week of exposure to a humid environment, both the
PXRD patterns and PL emission spectra remain identical to
those of the freshly synthesized sample (Fig. S81). In addition,
after 24 hours of continuous exposure to intense ultraviolet
light, only a slight reduction in emission intensity was observed,
suggesting the material exhibits robust photophysical stability,
further corroborated by the PXRD patterns with no significant
changes before and after irradiation (Fig. S91). These findings
confirm that DP-SbBr demonstrates excellent structural integ-
rity and luminescent stability, making it highly resilient to
varying environmental conditions and suitable for practical
applications.

To verify the suitability of the material for solid-state LED
devices, we fabricated a white light LED by combining our DP-
SbBr sample with commercially available BaMgAl,,0;,:Eu*"

-~
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Fig. 6 Characterizations of white LED fabricated on a UV LED chip: (a)
photograph of fabricated WLED, (b) the EL spectra at 20 mA drive
current, (c) the CIE chromaticity coordinates, (d) the operating time
dependent luminous efficiency.
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(blue) and (Sr,Ba),SiO4:Eu (green) phosphors. As shown in
Fig. 6a, the resulting white light LED emits bright white light at
a current of 20 mA. The electroluminescence (EL) emission
spectrum of the white light LED spans the entire visible light
region, with a correlated color temperature (CCT) of 5086 K and
CIE color coordinates of (0.34, 0.37) (Fig. 6b and c). Its color
rendering index (CRI) reaches 91.2, significantly higher than the
of conventional fluorescent phosphor materials
(approximately 65) and is close to that of natural white light.
Moreover, the luminous intensity and efficiency remain stable
after continuous operation for 200 minutes, demonstrating the
excellent optical stability of the WLED (Fig. 6d).

values

Conclusions

In conclusion, we successfully synthesized a 0D hybrid Sb-based
halide of DP-SbBr through precise molecular-level design,
which exhibits both efficient PL and NLO properties. The
unique 0D structure of DP-SbBr, composed of isolated [SbBre]*~
octahedral units separated by organic molecules, induces
quantum confinement effects that efficiently promote STE
formation, resulting in a high PLQY and NLO, highlighting its
potential as multifunctional optical material. Structural anal-
ysis, supported by both experimental and theoretical studies,
reveals the crucial role of molecular design in enhancing optical
performance. This work presents a novel example of multi-
functional hybrid perovskite materials that combine efficient PL
and NLO properties, laying the foundation for the development
of advanced Sb-based hybrid optical materials for various
applications in photonics and optoelectronics.
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