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ABSTRACT

Zero-dimensional (0D) hybrid metal halides are under intensive investigation owing to their unique physical properties, such as the broadband
emission from highly localized excitons that is promising for white-emitting lighting. However, fundamental understanding of emission
variations and structure–property relationships is still limited. Here, by using pressure processing, we obtain robust exciton emission in 0D
(C9NH20)6Pb3Br12 at room temperature that can survive to 80 GPa, the recorded highest value among all the hybrid metal halides. In situ
experimental characterization and first-principles calculations reveal that the pressure-induced emission is mainly caused by the largely
suppressed phonon-assisted nonradiative pathway. Lattice compression leads to phonon hardening, which considerably weakens the
exciton–phonon interaction and thus enhances the emission. The robust emission is attributed to the unique structure of separated spring-like
[Pb3Br12]

6− trimers, which leads to the outstanding stability of the optically active inorganic units.Our findings not only reveal abnormally robust
emission in a 0Dmetal halide, but also provide new insight into the design and optimization of local structures of trimers and oligomers in low-
dimensional hybrid materials.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0058821

I. INTRODUCTION

Organic–inorganic hybridmetal halides are promisingmaterials
for use in advanced optoelectronics applications owing to their
unique structural and physical properties, such as soft lattices, ad-
justable bandgap, and high absorption coefficient.1–3 Dimensionality
engineering at molecular levels has been demonstrated to be an ef-
fective route for increasing the diversity of their architectures and
improving their stability as the optically active inorganic clusters are
tailored by hydrophobic cations.4–6 Recently, low-dimensional (low-
D) metal halides have drawn great interest for their outstanding
properties, including broadband emission from self-trapped excitons
(STEs), potential high emission efficiency, and large Stokes shift.7,8

Especially for the zero-dimensional (0D) metal halides, near-unity
photoluminescence quantum yield (PLQY) has been achieved by
optimizing compositions and local structures.9,10 Current research

focuses mainly on chemical tailoring, such as cation engineering,
which is limited by tunability and may introduce a variety of
influencing factors.11–13 A systematic understanding of how structure
tuning affects optical properties is still lacking, and there is therefore
an urgent need for the development of advanced methods for
regulation and in situ characterization.

It is well known that exciton emission properties depend
strongly on lattice and electronic characteristics, such as structural
distortions of polyhedral frameworks and the exciton binding
energy.14–16 Thus, the exciton emission can be effectively modulated
by controllably regulating the lattice and electronic features using
chemical methods or external stimuli like temperature and pres-
sure.17–19 The application of pressure is an effective and clean way to
tune the structures and properties of functional materials.20–23 Using
diamond anvil cells to apply high pressure, the bond distances and
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structural distortions of soft low-D metal halides can be effectively
adjusted and their photophysical process and optical properties can be
monitored in situ. There has recently been an increase in the number of
studies focusing on pressure-enhanced and/or induced emission in
low-D metal halides, although it is known that emission will be
quenched at higher pressures. So far, no system has been found that
can exhibit photoluminescence (PL) at pressures above 30 GPa.24,25

The microscopic origin of the enhancement also remains unclear.
In this work, we report pressure-induced, enhanced, and robust

emission up to 80 GPa in a 0D hybrid metal halide (C9NH20)6Pb3Br12,
hereinafter referred to as (bmpy)6[Pb3Br12] (where bmpy � 1-butyl-1-
methylpyrrolidinium), which possesses linear [Pb3Br12]

6− trimer
clusters (face-sharing octahedra) isolated by organic cations.13,26 Using
pressure regulation in combination with in situ structural and optical
characterization, we have systematically investigated pressure-
dependent photophysical properties. The pressure-induced emission
(PIE) is attributed to the largely suppressed phonon-assisted non-
radiative pathway. The exciton–phonon interaction is considerably
reducedowing to thephononhardening that occurs upon compression.
Impressively, the emission of (bmpy)6[Pb3Br12] is still observable even
at 80GPa, which is the highest-recorded emission pressure for any kind
of hybridmetal halidematerial. Such a robust emission ismainly due to
the stiffness of the spring-like [Pb3Br12]

6− trimers.

II. RESULTS AND DISCUSSION

To investigate the evolution of the emission properties of 0D
(bmpy)6[Pb3Br12] under high pressure, in situ PL measurements were
performed, as shown in Fig. 1. The emission is undetectable at ambient
pressure, and a pressure-induced emission (PIE) centered at around
650 nmwith a full width at half maximum (FWHM) of 175 nm can be
observed at 1.6 GPa [inset in the left panel of Fig. 1(a)]. Such a
broadband emission in this material originates from the excitons
resulting from the strong electron–phonon coupling in the completely
isolated individual [Pb3Br12]

6− trimer clusters. As the pressure in-
creases, the PL shows a remarkable enhancement and reaches a

maximum at around 26 GPa. Upon further compression, the PL
intensity gradually decreases with further compression [Fig. 1(a), right
panel]. Figure 1(b) shows the integrated PL intensity of
(bmpy)6[Pb3Br12] as a function of pressure. Strikingly, the emission can
still be detected even at 80 GPa [inset in the right panel of Fig. 1(a)], a
record pressure for emission in hybrid metal halides, indicating the
extraordinary structural stability of this hybrid system. Such anunusually
robust emission is likely due to the unique trimer clusters of this 0Dmetal
halide, which we will elaborate on later. Besides, the fluorescence
micrographs in Fig. 1(c) and in Fig. S1 in the supplementary material
clearly reveal pressure-induced PL variations.

Ultraviolet–visible (UV-vis) absorption spectroscopy was uti-
lized to elucidate the bandgap evolution of (bmpy)6[Pb3Br12] under
high pressure [Fig. 2(a) and Fig. S2 in the supplementarymaterial]. At
ambient pressure, a sharp absorption edge can be found at around
350 nm upon UV irradiation. During compression, the absorption
edge exhibits a continuous red shift up to 80 GPa. The bandgap
evolution of (bmpy)6[Pb3Br12] is presented in Fig. 2(b), fromwhich it
can be seen that the bandgap narrows from its initial value of
3.55–2.56 eV at 80GPa. Density functional theory (DFT) calculations
of electronic structures confirm the highly localized electronic states
of isolated [Pb3Br12]

6− trimer clusters and the pressure-induced
bandgap narrowing (Fig. S3 in the supplementary material) due to
the increased overlapping of Pb and Br electron clouds with the
shortening of Pb–Br bonds.27 The highest occupied crystal orbital is
contributed by the Pb-6s and Br-4p states, while the lowest unoc-
cupied crystal orbital consists mainly of Pb-6p and Br-4p states.28 By
linearly fitting the pressure-dependent bandgaps, the bandgap can be
tuned by less than 12.1meV/GPa, which is lower than for the reported
0D metal halides as well as typical 3D, 2D, and 1D compounds
[Fig. 2(c)], indicating a less compressible nature of the optically active
inorganic unit. Optical micrographs show the color changes of the
sample during compression [inset in Fig. 2(b) and Fig. S4 in the
supplementary material].

FIG. 1. In situ emission measurements of (bmpy)6[Pb3Br12] under high pressure. (a) PL spectra at selected pressures. The insets show the pressure-induced emission at 1.6 GPa
and the robust emission at 80 GPa. The small kinks at around 2.25 eVare caused by the dichroic beam splitter (FF376-Di01, Semrock) in our measurement system. (b) Integrated
PL intensity as a function of pressure. (c) Fluorescent images at selected pressures.
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To better understand the pressure-induced, enhanced, and robust
emission of thismaterial, in situ x-ray diffraction (XRD)measurements
were performed up to 80 GPa. Under ambient conditions,
(bmpy)6[Pb3Br12] crystallizes in a trigonal structure with space group
R3 andunit cell parametersa� 17.31 Å and c� 22.51 Å.26 The [Pb3Br12]

6−

oligomers are composed of three face-sharing [PbBr6]
4− octahedra,

and the adjacent inorganic clusters are completely isolated from each

other by the surrounding large hydrophobic N-alkylpyrrolium cat-
ions [Fig. 3(a)]. XRD patterns at selected pressures are shown in
Fig. 3(b) and in Fig. S5 in the supplementarymaterial, where all Bragg
diffraction peaks shift to higher two-theta angle with increasing
pressure owing to the lattice contraction. Impressively, two main
diffraction peaks, which belong to the (−1,1,1) and (−1,2,0) planes,
can still be observed even at 80 GPa. No amorphization is found at

FIG. 2.Bandgap evolution of (bmpy)6[Pb3Br12] under high pressure. (a) UV-vis absorption spectra at high pressures. (b) Bandgap as a function of pressure. The insets show optical
micrographs at selected pressures. (c) Bandgap evolution of (bmpy)6[Pb3Br12] compared with other hybrid metal halides, where the data are collected from the literature.29–36

FIG. 3. In situ structural characterizations of (bmpy)6[Pb3Br12] under high pressure. (a) Schematic crystal structure of (bmpy)6[Pb3Br12] along different crystallographic axes and
the [Pb3Br12]

6− trimer cluster. (b) XRD patterns at selected pressures. (c) Lattice constants and a/c ratio as a function of pressure. (d) Evolution of unit-cell volumes.
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such high pressures, indicating an extremely tough structure with low
compressibility of the trimer clusters.

The crystal structures under high pressure were refined using the
Rietveld method (Fig. S6 in the supplementary material).37 The vari-
ations of the lattice constants are shown in Fig. 3(c) and in Table S1 in
the supplementary material, and they indicate anisotropic compress-
ibility and three-step variation during compression. With increasing
pressure, the a/c ratio increases rapidly below 2GPa, which is caused by
the highly compressible organic parts and the relatively low packing
factor along the c axis. Further increases in pressure induce an identical
compression owing to the similar compressibility of the organic cations
and the Pb–Br oligomers between 2 and 12 GPa. Above that, the a/c
ratio continues to increase because of the different compressibilities of
the octahedra along the stackingdirection and thoseperpendicular to it.
Using the Birch–Murnaghan equation of state (EoS), the pressure-
dependent unit-cell volume yields bulkmoduliK0 of 13.8 and 80.8 GPa
for the low- and high-pressure ranges, respectively [Fig. 3(d)].38 Such a
high bulk modulus is unusual compared with the reported values for
high-pressure phases of other metal halides, such as the 0D hybrid
(bmpy)9[ZnBr4]2[Pb3Br11] (25 GPa) and the 1D inorganic CsCu2I3
(63 GPa).35,39 The relatively high stiffness of (bmpy)6[Pb3Br12] at high
pressure is presumably due to the mechanical spring-like behavior of
the [Pb3Br12]

6− trimers, which is similar to what occurs for nanohelices
and the pTPE-AN dimer with antiparallel π–π stacking.40,41 The claw-
shaped spring frames play a role of buffering and damping, suppressing

excessive deformation of the [Pb3Br12]
6− clusters and stabilize the

inorganic units.
To the best of our knowledge, almost all the hybrid metal halides

possess soft lattices, which impart a highly compressible structure
whether they are 3D, 2D, 1D, or 0D in nature. When the pressure
exceeds a certain threshold, the structure can no longer hold, resulting in
amorphization. The emission will quench during crystalline structural
damage. To date, no emission from these materials can survive above
30 GPa. As is summarized in Fig. 4(a) and Table I, the PL quenching
pressure value of (bmpy)6[Pb3Br12] is as high as 80 GPa, far higher than
that of any other low-D metal halide.14,24,35,39,42,43 Such a robust PL of
(bmpy)6[Pb3Br12] could be attributable to its relatively high structural
stability discussed above.

To obtain the local bonding information under high pressure,
in situ Raman spectra were collected, as shown in Fig. S7 in the
supplementary material. Under ambient conditions, a Raman-active
mode at around 129.4 cm−1 can be observed, which is associated with
the symmetric stretching vibration of Pb–Br bonds. With increasing
pressure, the right shift of the Raman peak indicates hardening of the
phonon modes. We calculated the corresponding phonon energy as a
function of pressure [Fig. 4(b)], which shows a continuous increase
upon compression, suggesting reduced exciton–phonon coupling.46,55

The strong exciton–phonon coupling gives rise to localized excitons
and leads to thebroadbandemission in low-Dmetal halides.However, an
overly strong exciton–phonon coupling would lead to overlap between

FIG. 4. (a) PL emerging and quenching pressures of (bmpy)6[Pb3Br12] in comparison with those of other 0D and 1Dmetal halides. (b) Stokes shift and phonon energy as functions
of pressure. (c) Schematic of pressure-induced emission from excitons. GS and ES indicate the ground state and excited state, respectively.
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the excited-state (ES) curve and the ground-state (GS) one, resulting in
phonon-assisted nonradiative recombinationof the excited electrons and
holes.15 As has been reported, a relatively large Stokes shift exists in the
low-D metal halides with face-sharing octahedra compared with the
edge-sharing and corner-sharing compounds.12,13,56–58 As shown in
Fig. 4(b), (bmpy)6[Pb3Br12] exhibits a large Stokes shift of 1.7 eV at
1.6 GPa, which decreases rapidly during compression. DFT calculations
on electronic structures of (bmpy)6[Pb3Br12] reveal higher dispersive
frontier orbitals under high pressures, which indicates reduced exciton
localization (Fig. S3 in the supplementary material). The mechanism of
pressure-induced emission is illustrated in Fig. 4(c). The severe structural
distortion of the face-sharing frameworks brings strong exciton–phonon
interaction in (bmpy)6[Pb3Br12] at ambient conditions, raises the GS
energy, and thus results in crossover between the ES and the GS.
Consequently, the excitons can easily annihilate by the phonon-assisted
pathway, leading to a highly nonradiative energy transfer and unde-
tectable PL under ambient conditions. Upon compression, the lattice
contraction leads to phonon hardening, which considerably weakens the
exciton–phonon interaction and thus reduces the wavefunction overlap
between the ES and the GS. Therefore, the phonon-assisted nonradiative
loss is greatly suppressed, giving rise to exciton emission under certain
high pressures.

III. CONCLUSION

In summary, pressure-induced emission has been revealed in the
0D hybrid metal halide (bmpy)6[Pb3Br12], with PL emerging at around
1.6 GPa and surviving to a record high pressure of 80 GPa among all

kinds of hybrid metal halides. Through comprehensive in situ high-
pressure characterization and first-principles calculations, the pressure-
induced emission has been demonstrated to be caused by suppression of
the phonon-assisted nonradiative pathway. Lattice compression hardens
the phonons and reduces the exciton–phonon interaction. The robust
emission is attributed to the tough sublattice of optically active spring-like
trimers [Pb3Br12]

6−, indicated by the low compressibility with a relatively
high bulk modulus K0 � 80.8 GPa and the slow bandgap decrease
(12.1 meV/GPa). Our findings provide new insight into the design and
optimization of trimers and oligomers in low-D metal halides with the
aim of achieving high performance in optoelectronics applications.

SUPPLEMENTARY MATERIAL

See the supplementarymaterial for the experimental section and
supplementary figures and tables.
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