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One-dimensional (1D) metal halides have become promising white-
light-emitting materials because of their unique broadband emission.
Understanding the relationship between the optical characteristics
and crystal structures of 1D metal halides is crucial to advancing their
applications in the optoelectronic field. Here, we reported the
pressure-driven optical and structural responses of the 1D metal
halide (HMTA)sPb,Br; (HMTA = hexamethylenetetramine, CgH13N4*,
cations). The broadband emission enhancement was achieved by
applying mild pressure (<0.6 GPa), accompanied by a prolongation
of the carrier lifetime. Moreover, the band gap narrowed with
pressure, which was attributed to the enhanced orbital coupling
between the metal and halogen by lattice contraction. Our high-
pressure studies not only reveal the regulation mechanism of the
self-trapped exciton (STE) emission in 1D metal halides but also
indicate that pressure treatment can serve as a powerful strategy
to tune the emission of white-light materials.

Metal halides have many unique advantages, such as a tunable
crystal structure and extraordinary optical properties, making
them potential optoelectronic materials."” Organic metal
halides with low dimensionality can be obtained by the co-
crystallization of organic amines and metal halides, in which
large organic cations serve as spacers.® ! Given the separation
of building blocks in low-dimensional metal halides, they
display the inherent characteristics of single building blocks.
Low-dimensional metal halides can show pure white broad-
band emission covering the whole visible spectra with a high
photoluminescence quantum yield, which are expected to
become the forthcoming generation of solid-state illumination
candidates.'>*® Considering the quantum confinement and
strong electron-phonon coupling, self-trapped excitons (STEs)
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are widely assumed to be responsible for broadband emission."”>*

However, the efficient emission of low-dimensional metal halides
under ambient conditions is not yet ideal because of suboptimal
electron-phonon coupling strength. In implementing the efficient
broadband emission of low-dimensional metal halides, it is neces-
sary to enhance the understanding of the structure-property
relationships.

Pressure, as a clean and powerful tool, can validly tune the
optical properties and crystal structure of functional materials,
which enables numerous intriguing physical phenomena.>*™>*
In low-dimensional metal halides, the regulation of various
physicochemical properties including structural phase transi-
tion, band gap narrowing, metallization, and photolumines-
cence (PL) enhancement has been achieved by high-pressure
engineering.>> > In two-dimensional (2D) (HA),(GA)Pb,I,, the
trapping ability of the carrier is suppressed to produce a sig-
nificant pressure-induced PL enhancement.*! 1D CsCu,l; can
generate new defect-related localized exciton emission by
pressure-induced crystal structure phase transition.*” Zero-
dimensional (0D) Cs;3Bi,ly exhibits band gap narrowing and
pressure-induced metallization.”” High-pressure technology pro-
vides a comprehensive understanding of the dynamic mecha-
nism at the atomic level of matter, and it has shown great
application potential in material modification.**3*

Herein, we systematically study the optical characteristics and
the structural responses of the 1D metal halide (HMTA);Pb,Br, by
in situ high-pressure characterization methods. By carrying out
high-pressure PL, ultraviolet-visible (UV-vis) absorption, synchro-
tron X-ray diffraction, Raman experiments, and first-principle
calculations, we have achieved the precise modulation of the
broadband white-light emission and optical band gap in 1D
(HMTA);Pb,Br, (HMTA = hexamethylenetetramine, CeHy3Ny",
cations), accompanied by its lattice shrinkage. Our research
elaborates on the relationship between the lattice shrinkage and
optical characteristics of materials and presents the view for
understanding low-dimensional metal halides concomitantly.

In situ high-pressure optical micrographs and PL experi-
ments were performed to study the changes in the emission

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) High-pressure optical PL micrographs of the (HMTA)sPb,Br; crystal. (b) PL spectra of the (HMTA)sPb,Br; crystal measured under different
pressures. (c) Two-dimensional projection of the PL spectra under high pressure.

behavior of (HMTA);Pb,Br,. Fig. 1 shows the emission properties
of (HMTA);Pb,Br; as a function of pressure. Under ambient
conditions, the (HMTA);Pb,Br; crystal showed a yellowish-white
broadband emission centered at 611 nm with a large full width
at half maximum (FWHM) of 190 nm, which was attributable to
STE radiation recombination.>® With the increase of pressure,
the emission of (HMTA);Pb,Br; was gradually enhanced until
reaching a mild pressure of 0.6 GPa. Upon further compression,
the emission intensity started to weaken, and it was nearly
quenched until the pressure reached 20.1 GPa (Fig. 1b). In
addition, the pressure effects on the emission intensity (Fig.
S3a, ESIT) and the position of the PL peak (Fig. S3b, ESIT) were
recorded for (HMTA);Pb,Br;, which intuitively shows the varia-
tion of the PL. The PL peaks exhibited a blue shift before 5.0
GPa, followed by a red shift upon further compression. The PL
photographs of the (HMTA);Pb,Br; single crystal exhibited color
changes from yellowish-white to white as a function of pressure
(Fig. 1a). In addition, we described the evolutionary trend of the
color rendering index (CRI) and correlated color temperature
(CCT) with pressure (Fig. S4, ESIt). The CCT at 1 atm is 2671 K
with a CRI of 79, which is defined as “warm” white light. With the
increase of pressure, the CRI initially decreases before reaching
5.0 GPa and then gradually increases. The CCT attains modula-
tion from warm white light to natural white light. Therefore, high
pressure can not only increase emission intensity but also adjust
emission chromaticity. Fig. 1c shows the pressure-induced 2D
projection of the emission spectra, demonstrating coordinated
variations in emission peak location and intensity. The emission
is reversible after decompression, which demonstrates a strong
memory effect of the crystal structure with soft organic cations
(Fig. S5, ESIY).>® Pressure-induced broadband emission enhance-
ment stemming from exciton self-trapping was achieved in
various low-dimensional metal halide perovskites, which have
a common feature. That is, a structural phase transition with
reduced symmetry is necessary for the activation of efficient
broadband emission by increasing inorganic octahedral distor-
tion and electron-phonon coupling strength, which leads to the
formation of stable STEs with enhanced optical activity (Table S1,
ESIt). Therefore, the continuous regulation of the STE properties
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of low-dimensional metal halides under mild pressure is condu-
cive to promoting the application and use of chemical strain
replacement under practical conditions.

The band gap changes of the material can reflect variations
in orbital coupling between the metal and halogen at high
pressure. Hence, we carried out UV-vis absorption experiments to
study the pressure effects on the band gap for the (HMTA);Pb,Br;,
single crystal (Fig. 2). As shown in Fig. 2a, the absorption edge was
located at 397 nm under ambient conditions. The absorption
edge manifests a sustained red shift from an initial 397 nm to
459 nm at 20.3 GPa, corresponding to large band gap narrowing.
The band gap was evaluated from the Tauc plot by plotting («/v)*
versus hv to extrapolate the intercept with the energy axis. The
band gap of (HMTA);Pb,Br; is 3.12 eV at 1 atm (Fig. 2b). The band
gap undergoes narrowing from the initial value of 3.12 eV to
2.70 eV at 20.3 GPa (Fig. 2¢), which indicates the flexible band gap
tunability of the 1D metal halide (HMTA);Pb,Br, by pressure
engineering.
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Fig. 2 (a) Evolution of the UV-Vis absorption spectra of the (HMTA)sPb,Br;

crystal at selected pressures. (b) The Tauc plot of (HMTA)sPb,Br; under

ambient conditions. (c) Demonstration of the band-gap narrowing in

(HMTA)sPb,Br; at high pressures.
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To investigate PL decay dynamics, high-pressure time-
resolved PL measurements of (HMTA);Pb,Br, were performed
at different pressures (Fig. S6, ESI{). A double exponential
function was used to fit the decay curves. The double exponential
corresponds to two decay channels, where the fast decay com-
ponent 7, and the slow decay component 7, refer to the recom-
bination of STEs.* During the compression process, the lifetime
first becomes longer before reaching 0.6 GPa and then gradually
shortens until 20.0 GPa (Table S2, ESIt). Notably, the pressure to
obtain the maximum lifetime is consistent with the pressure to
obtain the maximum emission strength. We further calculated
the evolution of the average PL lifetime for (HMTA);Pb,Br; under
high pressure. With the increase of the applied pressure, the
average PL lifetime becomes longer before reaching 0.6 GPa,
indicating that more STEs are trapped by distorted Pb,Bry®~
dimers.>” The trap-assisted exciton radiative process can
enhance PL emission. When the pressure exceeds 0.6 GPa, the
average PL lifetime begins to shorten. The high-pressure decay
kinetics further deepen the physical understanding of the pres-
sure effect on the optical properties of (HMTA);Pb,Br.

Optical responses under high pressure depend on structural
changes. We carried out high-pressure angle-dispersive X-ray
diffraction (ADXRD) and Raman measurements to comprehen-
sively understand the relationship between the crystal structure
and physicochemical properties of (HMTA);Pb,Br,. At ambient
pressure, (HMTA);Pb,Br; has a hexagonal crystal structure with
a space group of P6;/m, which is well consistent with previous
reports (Fig. S7, ESIT).>® The left panel of Fig. 3b exhibits arrays
of organic metal halides, with an individual inorganic unit
(Fig. 3b, middle panel). The upper and lower right panels of
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Fig. 3b show the face-sharing lead bromide dimers [Pb,Bro]’~
and HMTA cation C¢H, 3Ny, respectively. Fig. 3a displays the
ADXRD patterns at different pressures. The diffraction peaks
shifted to higher diffraction angles with the application of
pressure. During the compression process, no diffraction peaks
appeared and disappeared, which indicated the continuous
shrinkage of the lattice with constant symmetry. In addition,
(HMTA);Pb,Br, did not show amorphization under high pressure
and the main diffraction peaks still existed, although the pressure
reached 20.0 GPa, indicating a stable structure. The diffraction
peaks recovered to their initial positions as the pressure returned
to 1 atm, showing that the changes in the crystal structure were
reversible, which was consistent with the reversibility of optical
properties (Fig. S8, ESIT). High-pressure Raman spectra are shown
in Fig. S9 (ESIY), and no phase transition was observed as pressure
increased, which further supported the results of ADXRD.

Fig. 3c shows the pressure-induced evolution of lattice
parameters for (HMTA);Pb,Br,. Under ambient conditions,
the cell parameters of (HMTA);Pb,Br, are a = 24.51 Aand ¢ =
9.79 A. The cell parameters gradually decreased with increasing
pressure, indicating that the lattice axes were compressed.
High-pressure compressibility can be regarded as a parameter
to evaluate the pressure sensitivity and the capacity of the
structure to contract in a specific direction.®® Fig. $10 (ESIt)
shows the compressibility of the a and ¢ axes of (HMTA);Pb,Br;
at different pressures. During the compression process, the
compressibility decreased with the increase of pressure because
of more compact structures at high pressure. Notably, the
compressibility of the g-axis was lower than that of the c-axis,
which indicated that the c-axis is more susceptible than the
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Fig. 3 (a) ADXRD spectra at different pressures. (b) Crystal structure of (HMTA)3zPb,Br,. (Magenta: Pb; red: Br; orange: N; white: C; turquoise polyhedra:
PbBrg octahedra and Pb,Brg dimers; H atoms have been omitted.) (c) The changes in cell parameters upon compression. (d) Pressure-dependent

evolution of unit-cell volumes.
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a-axis to pressure, showing intriguing mechanical anisotropy
derived from the unique tubular structure of (HMTA);Pb,Br,.
Fig. 3d displays the variations in the volume of the cell unit
upon compression. The cell volume continuously shrank with
the increase of pressure, confirming that no phase transition
occurred. The bulk modulus is 35.16 GPa by fitting the
pressure-dependent unit-cell volume to the third-order Birch-
Murnaghan equation of state, indicating relatively low com-
pressibility compared with three-dimensional (3D) organic-
inorganic hybrid perovskite materials (Table S3, ESIt), which
offered a great way to modify optical properties in a large
pressure range.

To obtain an in-depth understanding of the electronic
structure and optical response of (HMTA);Pb,Br,, we carried
out first-principles calculations on the band structures. Fig. 4a
depicts the calculated band structures, which show a direct
band gap of 2.84 eV for (HMTA);Pb,Br; at atmospheric pres-
sure. Given the organic molecules located at the deep energy
level, the band edge is mainly derived from the inorganic PbBr,
octahedral framework. The valence band maximum is mainly
formed by Pb 6s orbitals and Br 4p orbitals, whereas the
conduction band minimum is dominated by Pb 6p states,
which can be observed from the density of states diagrams.
Fig. 4b shows the variation trends of the calculated band gap
under high pressure. The band gap narrows gradually during
the compression process, which is consistent with the changing
trend in the experiment.

The Pb-Br skeleton of metal halides has a great impact on
optical characteristics.>® Fig. 4c and Table S4 (ESIt) show the

View Article Online
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pressure-dependent Pb-Br bond lengths and Br-Pb-Br bond
angles for (HMTA);Pb,Br;, which verify the reason for the band
gap reduction during compression. As observed, the Pb-Br
bond lengths continuously decreased and the Br-Pb-Br bond
angles showed small changes with increasing pressure. In
addition, the adjacent [Pb,Br,]>~ dimers became closer, leading
to an enhancement of the electrostatic interaction. These varia-
tions will reinforce the overlap of Pb and Br orbital electron
clouds, enhancing the electronic band dispersion.>”*>*' The
decreased Pb-Br bond length and Br-Pb-Br bond angle increase
the coupling of Pb 6s and Br 4p orbitals at the VBM. The increase
of the VBM changes the energy level, resulting in a reduction of
the band gap during the compression process (Fig. 4d and e).
The broadband STE emission with a significant Stokes shift
is related to inorganic lattice distortion and electron-phonon
coupling.**™** Here, we discuss the photophysical mechanism
of (HMTA);Pb,Br, under high pressure. Pressure can modulate
the inorganic lattice of (HMTA);Pb,Br;, thereby regulating
electron-phonon coupling. Under ambient conditions, the
broadband STE emission of (HMTA);Pb,Br; is mainly domi-
nated by the inorganic unit [Pb,Bro]’~ dimers. Based on our
high-pressure PL and absorption experiments, we evaluated the
pressure-dependent FWHM and Stokes shift of (HMTA);Pb,Br.
We found that the FWHM of (HMTA);Pb,Br, crystals showed
a decreasing trend before reaching a mild pressure (<1.0 GPa)
and subsequently increased in the higher pressure region (Fig.
S11a, ESIf). With the increase of pressure, the Stokes shift of
(HMTA);Pb,Br, decreases (Fig. S11b, ESIf), indicating the
decreased electron-phonon coupling strength upon compression,

[ Jota | b
[_|Pb-s 2.8
[ _1IPb-p
[_erp
— 1 at =~ 4
S _a m % 26
° Eg=2.84 eV g
{= ©
w = 5
———— | o241
T T T T 22 T T T T T
100 200 300 400 0 3 6 9 12
DOS (eV™") Pressure (GPa)
Cc & pPo1ar1 | d o e
314 & Pb2-Br3 & . CBM: Pb 6p
=< RS~ > Pb1-Brd f 3
= o & Pb2-Br4 ) / &
g m\ c
= S ke E Eg
= CBM: Pb 6p 7] g 9
] 3
aQ & B et o et et i - -
] 6&“{# g £ T
) S 3 o
. & N
< VBM: Pb 6s + Br 4p

Pressure (GPa)

Br
VBM: Pb 6s + Br 4p

Fig. 4 (a) DFT calculated band structures and projected density of states (DOS) of (HMTA)zPb,Br; under ambient conditions. (b) Calculated band gap
evolution of (HMTA)sPb,Br; under high pressure. (c) Calculated Pb—Br bond length evolution as a function of pressure. (d) Models of band gap narrowing
upon compression. (e) Diagram of the VBM and CBM evolution upon compression.
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thereby suppressing the non-radiative transition and enhancing
the broadband emission in the low-pressure region.

In summary, the pressure subtly modulates the broadband
STE emission of the 1D metal halide (HMTA);Pb,Br;, and
elaborates the source of the regulation of STE emission and
band gap properties. The pressure-induced lattice contraction
of the inorganic unit [Pb,Br,]>~ dimers effectively decreases the
electron-phonon coupling, thereby reducing the non-radiative
transition and enhancing the emission, accompanied by the
regulation of CCT. Meanwhile, we have achieved pressure-
induced band gap narrowing. This work offered a comprehensive
understanding of the structure and luminescence characteristics of
1D metal halides and an effective method for regulating electron-
phonon coupling in various low-dimensional metal halide
materials.
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