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Layered organolead halides are an emerging class of self-trapped emitters, in which the unique corru-
gated structures are critical to afford out-of-plane distortions for self-trapping. However, the labile corner
halide species are often more exposed in corrugated layers, posing the trade-off relationship between
structural corrugation and chemical robustness. Herein, we report a layered architecture consisting of in-
organic [Pb,CLJ?" slabs and interlamellar 4,5-imidazoledicarboxylate struts, exhibiting large Stokes-
shifted broadband emission originating from self-trapped excitons. The coordination-assembly hybrid
possesses both high structural integrity and heavily corrugated lead chloride layers, therefore affording
ultrastable and efficient self-trapped photoluminescence. The broadband emission is well retained after a
variety of chemical treatments and maintains the spectral profile for at least 168 h upon continuous UV
irradiation under ambient conditions, superior to conventional ionic structures for halide perovskites. The
photophysical carrier dynamics and the exciton self-trapping process of our layered material have been
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Introduction

Organolead halide hybrids are an emerging class of crystalline
materials with excellent photophysical properties, therefore
showing optoelectronic applications in light-emitting
diodes,"™ photovoltaic solar cells,*” and photodetectors.'®™>
Among them, a selected group of organolead halide perovs-
kites have attracted widespread attention for their unique
emissions from self-trapped excitons (STEs), which play the
role of defective excited states to afford a large Stokes shift and
broadband emission."®> Mechanistic studies indicate that the
formation of STEs originates from the structural distortion of
lead halide sublattices, especially the out-of-plane distortion of
halide species.* Therefore, a variety of studies have been per-
formed to enhance the lamellar corrugation of lead halide
layered structures, for example 2 x 2 and 3 x 3 “rooflike” corru-
gated (110)-oriented perovskites.">'® Besides tuning the layer
corrugation, lowering the inorganic dimensionality is another
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clarified by a variety of photophysical studies including ultrafast transient absorption spectroscopy.

widely used strategy to promote the structural deformation
and the formation of STEs."”"*®

Although strong layer corrugation increases the ratio of the
integrated intensities of the broad STE emission to the narrow
emission from free excitons, the corner halide species of wavy
lead halide slabs are often more exposed and are subject to
hydrolysis."® The corner-ending halides are susceptible to be
replaced by high-polar protic molecules, which is the key
origin of intrinsic structural instability for halide
perovskites.>>>' Therefore, the vast majority of corrugated
organolead halide perovskites have a low formation energy,
and are prone to undergo rapid degradation in the presence of
a protic environment including air moisture."® The formation
of all-inorganic perovskite structures is effective for enhancing
the structural stability, but the substitution of organoammo-
nium by inorganic Rb'/Cs" cations sacrifices the structural
tunability to regulate the corrugation of inorganic sheets.??
Therefore, it remains a great challenge to overcome the trade-
off relationship between the strong structural corrugation and
high chemical robustness in layered lead halide hybrids, in
order to realize long-term ultrastable STE emission for wide-
spread applications.

Our group focused on using organocarboxylates as the
interlamellar pillars to construct a family of layered organolead
halide coordination polymers, which exhibit high robustness
over a wide range of pH values and under aqueous boiling
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conditions.'®'*?*72° This is largely ascribed to the Pb**-carbox-
ylate coordination motifs in our layered architectures that
afford enhanced structural integrity, superior to the ionic
bonded structures for perovskites.'® In order to advance the
elastic deformation and the role of STEs, great efforts have
been made to decrease the inorganic dimensionality of lead
halide sublattices in the coordination networks.”” > It is
noticed that the out-of-plane distortion of halide species is
critical to the contribution of the broad STE emission and the
absolute photoluminescence quantum efficiency (PLQY) of up
to 72%.>° However, in this class of ultrastable layered coordi-
nation polymers, the vast majority of lead halide slabs possess
slight layer corrugation. Therefore, it is intriguing to manip-
ulate the distortion of lead halide layers and investigate the
structure-property relationship based on STEs.

Herein, we have employed 4,5-imidazoledicarboxylate
(imdc®”) as the interlamellar coordinating linker to pillar
[Pb,Cl,J** layers, endowing a lead halide coordination polymer
with an inorganic lamellar structure. Interestingly, the result-
ing layered architecture exhibits both high chemical stability
and strong corrugation in [Pb,Cl,J** layers, affording broad
photoluminescence ranging from 400 to 650 nm and a large
Stokes shift of 183 nm. Importantly, our layered coordination
material exhibits excellent long-term emission stability under
continuous UV-irradiation conditions, superior to convention-
al corrugated (110)-oriented layered perovskites.*' The intrinsic
structural distortion of layered [PbZClz]2+ sublattices enables
strong interactions between excitons and phonons, thus pro-
moting the formation of STEs. A variety of photophysical
experiments, including temperature-dependent steady-state
and transient-state PL studies and ultrafast transient absorp-
tion (TA) spectroscopy, give a deep mechanistic understanding
of the exciton self-trapping and detrapping dynamics.

Experimental section
Materials

All starting reagents and solvents were purchased from com-
mercial sources and used without further purification, includ-
ing lead chloride (PbCl,, 99.0%, Aladdin), 4,5-imidazoledicar-
boxylate (CsH4N,0,, >97.0%, Aladdin), hydrochloric acid (HC],
38%, SCRC), lead acetate trihydrate (Pb(Ac),-3H,0, 99.5%,
Aladdin), 1-(3-aminopropyl)imidazole (97%, TCI), acetonitrile
(CH3CN, >99.0%, Adamas), N,N'-dimethylformamide (DMF,
>99.5%, Adamas), ethanol (EtOH, >99.5%, Adamas), dichloro-
methane (DCM, >99.5%, Adamas) and perchloric acid (HCIOy,,
70% in H,0, Adamas). Deionized water was obtained from a
Barnstead Pacific RO water purification system.

Synthesis

[Pb,CL]**(imde®”) (TJU-19). A mixture of 0.250 g of PbCl,
(0.9 mmol), 0.047 g of 4,5-imidazoledicarboxylate (0.3 mmol),
150 pL of perchloric acid (HCIO,, 1.8 mmol) and 8 mL of sol-
vents of H,O/MeCN (2:1 v:v) were added into a 15 mL Teflon-
lined autoclave, followed by 15 min magnetic stirring for

2646 | Inorg. Chem. Front., 2023, 10, 2645-2652

View Article Online

Inorganic Chemistry Frontiers

sufficient dispersion. The autoclave was then sealed into a
stainless-steel vessel and heated statically at 120 °C for 72 h.
Upon the autoclave cooling to room temperature, colorless
plate-like crystals were isolated by vacuum filtration, rinsed
with EtOH, and then dried at 60 °C for 10 h (yield: 128 mg,
~45% based on Pb). Elemental analysis: calculated C, 9.39%;
H, 0.31%; N, 4.38%; found C, 9.38%; H, 0.29%; N, 4.35%.

N-(3-Aminopropyl)-imidazole tetrachlorolead perovskite (1).
The material is synthesized according to a previous literature
study with slight modifications.*’ Pb(Ac),-3H,0 (3.79 g,
0.01 mol) and 1-(3-aminopropyl)-imidazole (1.25 g, 0.01 mol)
were added into an aqueous HCI solution (38%, 150 mL) in a
clean 500 mL round-bottom flask. Clear solutions were
obtained after 50 min of heating. After 12 h, colorless single
crystals were isolated by slowly evaporating the solvent at
40 °C.

Single-crystal X-ray crystallography

Single-crystal data of TJU-19 were collected on a Bruker D8
Venture diffractometer equipped with a Photon III detector.
Further details of the crystallographic data and structural
refinement are summarized in Table S1.7 Diffraction data were
processed using the APEX3 software package, integrated using
SAINT, and corrected for absorption effects using SADABS. The
space group was determined by systematic absences,
E-statistics, agreement factors for equivalent reflections, and
successful refinement of the structure. The structure was
solved by direct methods and expanded routinely, and refined
by full-matrix least-squares analysis of F> against all reflections
using the SHELXTL software package. All non-hydrogen atoms
were refined with anisotropic thermal displacement para-
meters. Thermal parameters for hydrogen atoms were tied to
the isotropic thermal parameter of the atoms to which they are
bound.

Stability studies

Chemical stability. ~100 mg of the as-synthesized TJU-19
crystals were incubated under aqueous conditions (pure de-
ionized water, a HCI solution of pH = 3, and a NaOH solution
of pH = 11) and organic solvents (including DCM, EtOH and
DMF) at room temperature for 24 h. Then, the samples were
isolated by centrifugation, followed by PXRD and photo-
physical measurements.

Photostability. The as-synthesized TJU-19 crystals and
layered perovskite 1 crystals were irradiated continuously using
a 365 nm UV lamp (14 mW cm™?) under ambient conditions
(~60% relative humidity, room temperature) for 7 days, and
were monitored by PXRD and photophysical measurements.
Moreover, TJU-19 crystals were irradiated using a 300 W Xe
lamp for 12 h, followed by PXRD and photophysical studies.

Instrumental characterization

Unless otherwise stated below, TJU-19 for instrumental charac-
terization is in the form of manually ground powders. Powder
X-ray diffraction (PXRD) analysis was performed on a Bruker
D2 Phaser X-ray diffractometer equipped with a Cu sealed tube
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(A =1.54184 A) at 30 kv and 10 mA with a scan speed of 1 s per
step, a step size of 0.02° in 26, and a 26 range of 5-40°.
Elemental analysis (EA) for C/H/N was performed using a
Varian EL III element analyzer. TGA was carried out on a TGA
Q5000 differential thermal analyzer. The samples were heated
in a N, stream from 25 to 800 °C with a heating rate of 10 °C
min~'. Ultraviolet-visible (UV-vis) absorption spectroscopy
was performed on a Shimadzu UV-2600 ultraviolet-visible
spectrophotometer equipped with an integrating sphere, using
100% BaSO, as the reflectance standard for all measurements.
Femtosecond TA spectroscopy was performed on a Helios
pump-probe system (Ultrafast Systems LLC) combined with an
amplified femtosecond laser system (Coherent), by dispersion
of TJU-19 powders in ethylene glycol.

Photoluminescence measurements

The excitation and emission spectra, PLQYs, temperature-
dependent emission spectra, and time-resolved PL decay were
recorded on a Horiba Fluorolog setup (Fluorolog-3C-111) in
reflection mode. The emission spectra were obtained under
337 nm excitation, using a 1 nm scan step and 5 nm slit width.
For PLQY measurements, samples were excited at 340 nm light
output from a 450 W Xe lamp with an integrating sphere
(BaSO, coating) in a single-photon counting mode. The PLQYs
are reported based on the average of multiple independent
samples. The PLQYs were calculated using the equation: ¢ =
kilk,, in which k; and k, are the number of emitted and
absorbed photons, respectively. Excitation light with a specific
wavelength (340 nm) for the time-resolved emission was pro-
vided by an EPL-340PS pulsed diode laser, and the monitored
emission wavelength was 520 nm.

Computational methods

First-principles calculations based on density functional
theory were performed. The band structure and DOS of TJU-19
were calculated using VASP,***’ where the Perdew-Burke-
Ernzerhof generalized gradient approximation (GGA) method
is applied.** The electrical conductivity and the Seebeck coeffi-
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cient with respect to charge carrier density were calculated
based on the Boltzmann transport theory as implemented in
BoltzTraP.*® The cut-off energy for the plane wave basis was set
to 450 eV. A T'-centered Monkhorst-Pack®® 4 x 4 x 4 k-mesh
was adopted to sample the Brillouin zone. For electrical trans-
port calculations, the k-mesh was further increased to 9 x 9 x
9. All the systems were fully relaxed before the calculations of
electronic structures, in which spin-orbit coupling effects were
included.

Results and discussion

The solvothermal synthesis of PbCl, and Hzimdc in H,O/
MeCN affords colorless plate-like crystals of [Pb,Cl,]*"(imdc>7),
which we denote as TJU-19 (TJU = Tongji University). The
addition of perchloric acid during the synthesis is essential,
which acts as a strong acid to tune the pH as well as a minera-
lizer for hydrofluoric acid in zeolite synthesis.’” The high
phase purity of TJU-19 is confirmed by a good matching
between experimental powder X-ray diffraction (PXRD) and the
simulated pattern from the single-crystal data (Fig. S1t). X-ray
crystallography reveals that TJU-19 crystallizes in the triclinic
crystal system, consisting of cationic [Pb,Cl,]** layers that are
coordinatively pillared by interlamellar imdc®>~ linkers
(Fig. 1a). The cross-sectional crystallographic view of the
[Pb,CL,]*" layers shows stronger corrugation along the b-axis,
which has not been observed in our previous layered coordi-
nation polymers (Fig. S31). Each corrugated slab has a corruga-
tion amplitude of 4.94 A, and consists of an array of 1D lead
chloride [Pb,Cl,]*" chains with three Pb atoms wide. The new
1D structural motif occupies a distorted square-grid-type Pb-
Cl-Pb structure in a quasi-flat manner (Fig. 1b). An array of 1D
chains are connected by interchain Pb-Cl bonds with bonding
distances of 3.157 A, forming corrugated [Pb,Cl,J** layers
(Fig. 1b). The layer corrugation in TJU-19 is analogous to the
assembly of an array of [Pb,Clg]*~ chains in 2 x 2 corrugated
(110)-oriented perovskites with a corrugation amplitude of
4.04 A (Fig. 1c and Fig. S31). The three or four adjacent Pb*"

Fig. 1 (a) Crystallographic view of TJU-19 along the a-axis. (b) Cross-sectional view of a single [Pb,CL,]** layer in TJU-19 (top) and the top view of a
single chain from the [Pb,Cl,]?* layer in TJU-19 (bottom). (c) Cross-sectional view of a single [Pb,Clgl>~ layer in a 2 x 2 corrugated (110)-oriented
perovskite 1 (top) and the top view of a single chain from the [Pb,Clg]?~ layer in perovskite 1 (bottom). Pb: purple, Cl: green, C: gray, N: dark blue, O:

red, H: white.
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sites residing in each [Pb,CL,]** layer of TJU-19 form a nearly flat
layer, while the four crystallographic independent chlorides
result in ps/p,-bridging to afford an average out-of-plane distor-
tion of 39° (Fig. $121). Meanwhile, each lead chloride [Pb,Cl,]**
sheet is coordinatively pillared by the imdc®*~ ligands, which
reside in the interlamellar spacings (Fig. 1a). Notably, one car-
boxylate in imdc®~ bridges the adjacent [Pb,CL,]>* layers with
two oxygens coordinated with the Pb>* centers in different
layers, which afford a small interlayer spacing of ~6.38 A. Based
on C/H/N elemental analysis, the imidazole nitrogens of the
organic component are protonated in TJU-19.

Ultraviolet-visible (UV-vis) diffuse reflectance spectroscopy
confirms that the material has an absorption edge of up to
347 nm, affording the estimated band gap energy (E;) of 3.64 eV
(Fig. 2a). Owing to the analogous absorption behaviors, the
clear absorption tail probably originates from the imdc®~
ligands (Fig. S11t). The Tauc plot analysis confirms the direct
band gap (Fig. S97), which agrees with the DFT calculations of
band structures that suggest the valence band maximum (VBM)
and conduction band minimum (CBM) at the T point (Fig. 2b).
The experimental band gap is slightly larger than the calculated
value of 3.47 eV, owing to the well-known underestimation of
the band gap by GGA functionals.?® An isolated and narrow flat
band is noticed near the CBM of TJU-19, which readily favors
charge localization and promotes the formation of electron and
hole polarons.*® The calculated projected density of states
(pDOS) of TJU-19 shows that the VBM is equally contributed by
the Cl 3p orbitals and the imdc®~ ligands (Fig. 2¢ and Fig. S131).

The photophysical properties of TJU-19 were first studied by
steady-state and transient-state PL spectroscopy. Upon 337 nm
excitation, TJU-19 exhibits broadband yellow emission span-
ning from 400 nm to 650 nm with the emission maxima at
520 nm (2.38 eV), covering the majority of the visible spectrum
(Fig. 3b). The strong broadband emission can be clearly
observed using a 365 nm commercial UV light source (Fig. 3b,
inset). Both the Stokes shift and the full-width at half-
maximum (FWHM) of the broadband emission are determined
to be 183 nm (1.29 eV) and 106 nm (0.51 eV), respectively
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(Fig. s8f). The large Stokes shift affords almost no overlap
between the absorption spectra and emission spectra of
TJU-19, suggesting the single-component broadband photoe-
mitter overcoming the self-absorption problem. The color
temperature and the CIE chromaticity coordinates are calcu-
lated to be 8800 K and (0.23, 0.45), respectively, corresponding
to the yellowish green emission (Fig. 3c). Importantly, the
PLQY of the broadband emission from TJU-19 is determined
to be ~13%, which is largely ascribed to the structurally trans-
mutable [Pb,Cl,] sheets which will be discussed later. This
value is higher than that of the vast majority of our previously
reported layered lead halide coordination materials'®?>*® and
(110)-corrugated lead halide perovskites (e.g. 1.5% of
(N-MEDA)[PbBr, ¢Cl; ,],"® 9% of (EDBE)[PbBr,],"° 1.05% of
(2meptH,)PbCl, ** and 4.84% of [DAPMA],Pb;Cl;,-2H,0%*).
Given the efficient broadband emission from TJU-19, we
sought to investigate its long-term stability under various
chemical conditions. First, the high crystallinity and phase
purity have been largely retained after the incubation of
TJU-19 in a variety of aqueous solutions over a wide range of
pH values (3-11) and in a variety of organic solvents including
high-polar protic solvents, evidenced by PXRD and negligible
loss in mass balance (Fig. 3a, d and e). However, a significant
loss in mass balance is observed by incubation of the corru-
gated layered perovskite 1 in pure water for 24 h (Fig. S6t).
Thermogravimetric analysis (TGA) indicates the high thermal
stability of TJU-19 up to 200 °C (Fig. S57). Indeed, we have per-
formed the photophysical studies after incubating TJU-19 in
aqueous solutions (Fig. 3d and g) and under organic con-
ditions (e.g., DMF, EtOH, and DCM) for 24 h (Fig. 3e and h).
Intriguingly, no obvious change in both emission intensity
and emission maxima was noticed. Moreover, the high photo-
stability of TJU-19 was investigated by continuous UV
irradiation (365 nm, 14 mW cm™?) in air (~60% relative
humidity) at room temperature for a total of 168 h. The struc-
tural integrity and the broadband emission were largely main-
tained, as monitored by PXRD and photoluminescence
studies, respectively (Fig. 3f and i). Importantly, the (110)-

a 30 — Total
5
-~ / \ 0 /\W
al/ | 5 8 _Cls
- | 4 —Cl-p
8 X 347 nm Jy e M
5 ™ 3 4 5 0
o Y Energy (eV) 2 _ Ligand-s
o ] — Ligand-
3 ' kY 6 gand-p
< ! b 0
H o Y 8 — Pb-s
. : . . \.\\\.' 4 P/WW
200 300 400 500 600 700 800 o
Wavelength (nm) 5

Engrgy (eV)

Fig. 2 (a) UV-vis diffuse reflectance spectroscopy of TIU-19. The inset shows the estimated band gap according to the Tauc plot. (b) The calculated

band structure of TJU-19. (c) pDOS of TJU-19.
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Fig. 3 (a) Image of TJU-19 in pure deionized water after 24 h. (b) Photoluminescence spectra of the cm-sized single crystals (red) and pm-sized
microcrystals (blue) of TIU-19 upon 337 nm excitation. The inset shows an image of TJU-19 under 365 nm UV light. (c) CIE chromaticity coordinates
of TJU-19. (d and e) PXRD and (g and h) emission spectra of TIU-19 before and after chemical treatments. (f) PXRD of TJU-19 and (110)-oriented
perovskite 1 before and after continuous illumination (14 mW cm™2, 365 nm UV lamp) for 7 days in air. (i) Normalized emission intensity of TJU-19
and perovskite 1 under continuous illumination (14 mW cm™2, 365 nm UV lamp) for 7 days in air (~60% RH, room temperature).

oriented layered perovskite 1°' was employed as the control
material to perform the photostability studies under identical
conditions. An ~17% decrease in the emission intensity was
observed after irradiation of 1 in air for 24 h, and merely
~27% of the emission intensity was retained after continuous
irradiation for 7 days (Fig. 3i). The photoluminescence
quenching of 1 is attributed to the structural degradation evi-
denced by PXRD after 7d irradiation (Fig. 3f). Indeed, TJU-19
retains the structural integrity and the photoluminescence
intensity even after continuous irradiation using a 300 W
xenon lamp for 12 h (Fig. S157). All these studies indicate that
both the efficiency and the stability of STE-based emission
from TJU-19 exceed those of the vast majority of (110)-oriented
layered organolead halide perovskites, ascribed to the high
corrugation of [Pb,Cl,]*" layers and the stable Pb-carboxylate
coordination motif, respectively.

In order to further investigate the mechanism of broadband
emission from TJU-19, variable-temperature steady-state photo-
luminescence and transient-state photoluminescence have

This journal is © the Partner Organisations 2023

been studied. First, the bulk single crystals and manually
ground microcrystalline powders of TJU-19 showed analogous
emission intensity and a spectral shape, agreeing with the
intrinsic nature of emission and ruling out the contribution
from the surface defects (Fig. 3b). Moreover, TJU-19 shows
nearly identical emission profiles upon excitation at various
wavelengths from 300 to 330 nm (Fig. S10t), suggesting the
broadband emission originating from the single-source photo-
luminescence center. Temperature-dependent steady-state
emission spectra indicated more intense and narrower emis-
sive behaviors with temperature decreasing from 377 to 277 K,
suggesting strong electron-phonon coupling in the lattice
(Fig. 4a). Photoluminescence decay suggested an average short
lifetime of 1.29 ns at room temperature and a long lifetime of
671.70 ps in 78 K for TJU-19 (Fig. 4b and c), again supporting
the claim of the STE mechanism based on electron-phonon
coupling in the deformable lattice. This is because the cryo-
genic temperature may limit the detrapping process of STEs,
while the thermal equilibrium between the free excitons and
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Fig. 4 (a) Temperature-dependent emission spectra of TJU-19 from 227 to 377 K. (b and c) The photoluminescence decay curve and the fitting plot
of TJU-19 at 298 K (b) and 78 K (c). (d) The two-dimensional pseudo-color TA plot of TIU-19. (e) TA kinetics of TJU-19 at 450 nm. (f) Schematic
illustration of photoexcited exciton dynamics in TJU-19. ES: excited state; FE: free exciton; GS: ground state.

STEs is present at room temperature.”® Ultrafast transient

absorption (TA) spectroscopy (the pump laser is set as 337 nm,
above the band gap, and the range of the probe wavelength is
400-700 nm) was employed to provide deep insight into the
photophysical carrier dynamics of TJU-19. The pseudo-color
TA spectra of TJU-19 showed broad positive photoinduced
absorption ranging from 420 to 600 nm, providing direct evi-
dence for STE formation (Fig. 4d).>** Since the registered TA
kinetic profiles show no essential variation at different probe
wavelengths within 420-600 nm (Fig. S147), the TA dynamics
of TJU-19 at 470 nm is studied and fitted by the biexponential
function equation. The two time constants are determined to
be 7; of 20.31 ps and 7, of 259.60 ps, respectively (Fig. 4e).
Among them, the time component 7, is attributed to the trap-
ping of free excitons, which is consistent with earlier STE
studies.*> Meanwhile, the time component 7, agrees with the
non-radiative recombination of STEs, based on the short
photoluminescence decay of 0.68 ns.*® The above-mentioned
photophysical studies suggest the overall carrier dynamic
process of TJU-19, as shown in Fig. 4f.

Conclusions

In summary, we introduced an ultrastable member of layered
organolead chloride with strong layer corrugation, in which
the corrugation amplitude reaches 4.94 A. Moreover, the
coordination architecture demonstrates high robustness in a

2650 | /norg. Chem. Front., 2023, 10, 2645-2652

variety of chemical conditions as well as upon continuous UV
irradiation, superior to the (110)-oriented layered perovskites.
Therefore, our material features long-term stable broadband
emission under ambient conditions, which originates from
the exciton self-trapping process that is investigated by a
variety of photophysical studies. This work reveals the coordi-
nation-assembly as a viable synthetic strategy for organolead
halides to retain the intriguing structural features but over-
come the lability problems. The broadband STE-based emis-
sion and excellent stability make this class of metal halide
coordination polymers promising candidates for next-gene-
ration solid-state luminescence materials.
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