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ABSTRACT: Preparing low-dimensional perovskite materials
with novel building units is highly desirable because such
materials have already been demonstrated to show unusual
physical properties. In this report, we firstly reported a new
and unusual two-dimensional perovskite framework

, constructed from novel Lindqvist-type
[PbeBryy]7- nanoclusters. The as-prepared material shows good
water-resistance and  chemical/heat stability. More
importantly, 1 has been proved to exhibit temperature-
/excitation-wavelength-dependent emission. The possible
mechanism has been provided.

As an emerging class of high-performance semiconductors,
organic-inorganic hybrid metal-halide perovskites have been
demonstrated to show unique optical, electrical and
mechanical properties.! Among all reported organic-inorganic
hybrid metal-halide perovskite materials, 3-dimensional (3-D)
structures have been widely used as active elements in solar
cells> with the power conversion efficiency more than 20%.2
However, 3-D perovskite materials have some intrinsic
drawbacks including heat stability, moisture sensitivity and
light stability, which have become the major challenge for
their applications in large area3 In order to address these
problems, scientists found that low dimensional structure is a
solution. Among all low-dimensional structures, two-
dimensional (2-D) metal-halide perovskites have received
huge attentions due to their superior thermal stability,
chemical stability, and moisture-resistance coupled with high
performance.+ Moreover, comparing to 3-D perovskites, 2-D
perovskites also offer more opportunities to tune their
structures for modulating their physical properties including
band gap, charge carrier dynamics and so on.5 Thus, it is not

surprising to witness recent surging researches in novel 2-D
metal-halide perovskite materials and their applications.®

Generally, 2-D metal-halide perovskites can be realized by
slicing the 3-D perovskites along different crystallographic
planes via interleaving large organic spacer cations such as
protonated aliphatic or aromatic ammonium/diammonium
species, and the as-prepared 2-D perovskites with corner-
sharing metal-halide octahedra can have the layer thickness
up to five.7 However, in the crystal lattices of these 2-D
perovskites, the metal-halide octahedra still maintain the
corner-sharing linking mode similar to the parent 3-D
perovskites, which might provide less chances to adjust the
structures and compositions of the inorganic 2-D layers. As we
know, the structures, compositions and the layer thickness of
the 2-D inorganic layer have great effect on their band gap,
exciton absorption energy, and the photoelectric
performance.® Thus, it is extremely important to construct
new 2-D perovskites with new building units and their
connecting modes.

Figure 1a) The synthetic route of 1. b-c) View of the crystals of
1 by naked eyes and under an optical microscope.

In this research, we introduced a rigid multi-imidazole
specie tetrakis(imidazolyl)borate [B(Im),]- (Im = imidazole,
Figure 1a) as a structure-directing agent to explore novel 2-D
perovskite materials, basically taking account of the following
reasons: 1) [B(Im),]" is a good precursor to generate spacer
cations when it is protonated; 2) the high-charge quantity of
the protonated [B(HIm),]3* may induce halogen anions and
Pb2* ions to form novel metal-halide clusters in situ; and 3)
protonated [B(HIm),]3* cations can serve as structure-



directing templates to direct the further assembly of in situ
formed clusters into novel extended architectures. Here, we
report an unprecedented 2-D  hybrid perovskite
[B(HIm),],PbsBrys  (1). Single crystal X-ray diffraction
(SCXRD) analysis reveals that the inorganic 2-D layer
structure of 1 is constructed from Lindqvist-type [PbeBrig]7-
nanoclusters linked by [PbBrs]4 octahedra, which is different
from that in generally-reported 2-D perovskites. It is
noteworthy that the Lindqvist-type metal-halide clusters are
quite rare in metal-halide chemistry. To the best of our
knowledge, 1 is the first 2-D perovskite material based on
Lindqvist-type metal-halide nanoclusters.

The as-prepared 1 was obtained as light-yellow crystals by
reacting PbBr,, HBr and NaB(Im), under hydrothermal
condition (Figure 1). SCXRD structural study indicates that 1
belongs to trigonal space group P3,21 (Table S1), and its
asymmetric unit is composed of seven unique Pb?* ions,
nineteen Br- anions and two protonated [B(HIm),]3* cations
(Figure S1). All Pb** ions adopt a little distorted octahedral
coordination geometry. One of the most interesting structural
features in 1 is the presence of an uncommon Lindqvist-type
[PbeBry,]7 cluster (Figure 2a-b). The lindqvist-type clusters are
a type of classical polyoxometalate structures composed of
MOs (M = V, Mo, W, Nb, Ta) octahedral with formula of
[MgO,o]>7/8-, and their common structural characteristic is that
six M atoms are joined together through a ps-O bridging atom
to generate a [pu-OMsg] octahedron (Figure S2).9 In the
[PbeBryo]7 cluster, six Pb>* ions are connected together
through one pe-Br- anion, generating a [p-BrPbg] core. The
core is further stabilized by twelve p,-Br- bridges and six
terminal Br- ligands, leading to a Lindqvist-type cluster. The
bond distances for Pb-Br., Pb-Br, and Pb-Br (Brc = ps-Br; Bry,
= W,-Br; Br = terminal Br- ligand) are within the limit of 3.141
~3.301, 2.868 ~ 3.224, and 2.782 ~ 3.079 A, respectively, which
is comparable with those in the previously-reported
bromoplumbates.”® The whole size of the [PbeBri,]7 cluster is
about 1.23x1.23x1.23 nm3, which is much larger than the
Lindqvist-type metal-oxygen clusters in polyoxometalate
chemistry (Figure S2), probably due to the larger Pb-Br bond
distances than the M-O (M = Mo, W, V, Nb, Ta) bond lengths
(dm.o = 1.582 ~ 2.446 A). As far as we know, such a Lindqvist-
type [PbeBry]7 cluster is very scarce," although various
haloplumbate clusters have been reported so far.”

Figure 2 a-b) Structure of the [PbeBr,|7 cluster. c-d) The
coordination environment of [PbeBr,]7 cluster and Pb7 ion,
respectively. e-f) Top and side view of the 2-D layer structure.

The second fascinating structural feature in 1 is the further
assembly of [PbeBr,o]7" clusters. As depicted in Figure 2c, each
[PbeBry,]7" cluster connects to three Pb** (Pby) ions through

sharing three mutually adjacent vertexes of the [PbeBri,]7
cluster, forming a three-connected node. While, each Pb7 ion
connects six [PbeBr,]7 clusters through its six vertexes,
resulting in a six-connected fragment (Figure 2d). The linkage
of [PbeBr,g]7- clusters and Pby ions finally generates a 2-D layer
structure with the thickness of ~ 1.82 nm (Figure 2e-f). As far
as we know, such a Lindqvist-type cluster-based 2-D layer
structure has never been reported in metal-halide chemistry.
From the polyhedral point of view, the thickness of the 2-D
inorganic layer can also be considered as five times of a
recumbent lead-halide polyhedron (Figure S3). So far, the
record of inorganic layer thickness based on corner-sharing
metal-halide polyhedra in the reported 2-D lead-halide
perovskites with well-defined crystal structures is five.?
Therefore, 1 also represents a new member of 2-D lead-halide
perovskites which contains inorganic layers with record
polyhedral thickness.

Most noteworthy is the role of protonated [B(HIm),]3*
cations, which is the third interesting structural feature in 1.
All [B(HIm),]3* cations not only act as charge-balancing
cations for the anionic inorganic 2-D layers, but also serve as
templates to direct the construction of the final structure. As
depicted in Figure S4, each [B(HIm),]3* cation locates at the
central vacancy generated by three surrounded [PbeBri,]7
clusters, which is much different from those protonated
aliphatic or aromatic ammonium/diammonium spacer
cations in conventional 2-D perovskites usually locate at the
interspace between two inorganic layers.” The tetrahedral
[B(HIm),]3* cation matches well with the size and the shape
of the vacancy, which further testifies the template effect of
[B(HIm),]3* cations during the structure formation course. In
addition to the electrostatic interactions between the
[B(HIm),]3* cations and the inorganic 2-D layers, there are
abundant N-H---Br, C-H---Br hydrogen bonds in the structure
(Table S2), which may be helpful for enhancing the structure
stability. Finally, the 2-D layers adopt an A-B-C-A stacking
mode in the c axis, leading to the formation of the bulk crystals
(Figure Ss).

The as-prepared 1 is very stable in water, air, and ordinary
organic solvents such as acetone, ethanol, methanol and so on
(Figure S6). The good consistency between powder X-ray
diffraction (PXRD) pattern for the as-prepared sample and the
simulated one based on SXRD result indicates the phase
purity of 1 (Figure S7). Thermogravimetric analysis of 1
displays no weight loss in the temperature from 30 to 300 °C
(Figure S8), showing that 1 has a very good thermal stability.
Variable-temperature PXRD measurement (Figure S7) further
confirms that 1 can keep its crystallinity up to 300 °C.

Optical property of 1 has been investigated by steady-state
ultraviolet-visible (UV-Vis) and photoluminescence (PL)
spectroscopy. In the case of semi-infinite medium, where
multi-reflection and interference effects can be safely
neglected, the absorbance (A) directly correlates with
transmittance (T;) and reflectance (R) as A =1 - T;- R (Figure
S9). While T, and R are taken from the UV-Vis experiments,
the absorbance profile can be derived and presented as a
function of photon energy, by the blue curve in Figure 3a.
From low- to high-energy side, the absorption is almost null
at energies below ~ 2.5 eV, then increases dramatically, and
eventually saturates at energies above 3.0 eV. The absorption



onset determines the optical bandgap (E,), which is defined as
the minimum energy required for an interband transition
from the highest-occupied-molecular-orbital (HOMO) to the
lowest-unoccupied-molecular-orbital (LUMO) state.
Furthermore, the sharp increment resembles the absorption
edges of direct-bandgap semiconductors (e.g., GaAs, CdTe),
and differs from those of indirect-bandgap semiconductors
(e.g., Si, Ge).3 Therefore, our result suggests the direct nature
of the bandgap transition in 1. Quantitatively, the optical
bandgap can be estimated from the typical Tauc plot for a
direct-bandgap semiconductor (Figure Si0) as E; = 2.7 €V,
which is comparable to II-VI semiconductors (CdS, ZnSe?),
lead-halide perovskite'® and organic semiconductors.?

Figure 3. a) Normalized optical spectra, absorption (blue) and
photoluminescence (orange). In PL measurements, excitation
energy of Egw ~ 3.82 eV (Agxe = 325 nm) was used (purple
arrow). Inset: simplified energy scheme describing the
emission mechanism. b) Photoluminescence excitation (PLE)
profile that agrees with the absorption spectrum in a). ¢) PL
spectra taken at selected temperatures.

In addition, the crystal of 1 exhibits strong
photoluminescence signal (Figure 3a, orange curve) when
using excitation energy of 3.82 eV (Agx = 325 nm). The
emission peak is centered at Epy. = 2.0 eV, which is about 0.7
eV smaller than the optical bandgap. Such large energy
deviation between E; and Epy, is unlikely to stem from the
interaction between the photoexcited carriers and vibrational
(phonon) modes of the crystal lattice, which normally causes
a much smaller energy shift of about o.1 eV.® Hence, we
attribute the origin of the PL emission of compound 1 to mid-
gap (MG) states. An electron, originally residing at the HOMO
state, can be excited to LUMO state by absorbing a high-
energy photon (i.e. Eaps = Eg). As a result of fast relaxation
processes to the MG states, a PL signal arises at the energy Epr,
(inset in Figure 3a). Under external stimuli, such as
temperature or pressure, the luminescence from these MG
states may vary accordingly with the bandgap. We conducted
photoluminescence excitation (PLE) experiment at T = 80 K,
where the PL spectrum is monitored by varying the laser
wavelengths and varying powers at each wavelength. The PL
intensity coefficient « is extracted from the power law I = a*P#
(Figure Sn) and plotted as a function of excitation energy
(Figure 3b). In the case of fast relaxation, PLE profile should
reflect the absorptivity of the crystal. The PL intensity is weak
when the excitation energy is smaller than the bandgap (Egxc

=2.33 eV) and even at the PL spectral position (Eex =1.96 eV).
On the other hand, the emission is very strong by using above-
bandgap excitation energies (Egx = 3.82 eV, 2.81eV). The good
agreement between the PLE (Figure 3b) and the absorption
(Figure 3a) profile, therefore, strongly supports for the afore-
proposed emission mechanism. The response of the PL
emission (Agx = 325 nm) to temperature is depicted in Figure
3c. The PL spectra at selected temperatures are normalized for
comparison. Intriguingly, the PL spectral peak shifts to higher
energies (blue-shift) as the temperature increases. This
temperature-induced blue-shift is opposite to conventional
semiconductors® and is the fingerprint of lead halide
semiconductors with perovskite lattices.2c Moreover, the PL
peak shift in response to temperature is reversible.

In conclusion, an unprecedented 2-D perovskite, which
shows several distinct structural charactersitics, has been
successfully  prepared. The deliberate choice of
tetrakis(imidazolyl)borate as a structure-directing agent is
key for the generation of the 2-D material. The optical
investigation indicates that 1 is a direct-bandgap
semiconductor with bandgap of about 2.7 eV. Importantly, the
strong broadband emission of 1, covering the visible-near
infrared region of the electromagnetic spectrum, promotes
itself as potential candidate for solar photovoltaic, sensing
applications. Furthermore, the massive energy shift from
near-ultraviolet absorption to visible-near infrared emission
can optimize the reabsorption efficiency that is advantageous
for a luminescence light concentrator. This finding will not
only enrich the structural multiplicity of 2-D perovskite
materials, but also present a new outlook for the development
of novel haloplumbates with unique photoelectronic
properties.
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