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Mechanically rigid 2D lead halide perovskite
(PMA),PbCl, with pressure-stable
broadband emission

Muhammad Azeem, (22 Jinhyuk Choi, 2 ° Yeonhak Jung 2@ and Yongjae Lee (2 *2

We present a combined experimental and theoretical investigation of the pressure response of the
chlorine-based two-dimensional perovskite (PMA),PbCl,. High-pressure synchrotron powder X-ray
diffraction (HP-PXRD), photoluminescence spectroscopy (HP-PL), and density functional theory (DFT)
calculations reveal that compression up to 5.45 GPa induces pronounced anisotropic lattice contraction
and partial amorphization, while decompression reveals phase reversibility. The PbClg octahedra remain
mechanically rigid, with distortions accommodated by octahedral tilts, flattening, and migration of
phenylmethylammonium cations (PMA*), leading to interlayer planarization and enhanced electron-pho-
non coupling. Elastic tensor analysis confirms moderate mechanical anisotropy and coexisting auxetic
and conventional elastic responses. HP-PL demonstrates a pressure-driven crossover between narrow
free-exciton emission (quenched by 1.84 GPa) and more resilient broadband self-trapped exciton
emission (persisting up to 7.8 GPa with its maximum intensity at ~4.5 GPa). Overall, the compression-
driven structure—property evolution maintains broadband emission, which leads to increased nonradia-

tive losses at higher pressures. The combined results establish (PMA),PbCl, as a mechanically robust,

rsc.li/frontiers-materials

Introduction

Two-dimensional (2D) hybrid organic-inorganic perovskites
(HOIPs) have emerged as versatile functional materials due to
their unique structural flexibility, environmental robustness,
and tunable optoelectronic properties."™ Amongst them, the
layered Ruddlesden-Popper -type structure, when composed of
corner-sharing PbXs octahedral sheets separated by organic
cations, forms natural quantum wells that enhance exciton
confinement and photoluminescence efficiency while simulta-
neously imparting superior moisture tolerance compared to its
three-dimensional counterparts.>® These attributes have posi-
tioned 2D HOIPs as promising candidates for photovoltaics,
light-emitting diodes (LEDs), photodetectors, lasing, and scin-
tillation devices.”® A particularly compelling feature of 2D
HOIPs is their ability to exhibit broadband emission (BBE)
from self-trapped excitons (STEs), which can be exploited for
low-cost, single-component, white-light sources.'®'" Unlike
conventional multiphosphor strategies, STE-driven emission
arises from lattice distortions and strong electron-phonon cou-
pling, providing a robust pathway for white-light generation.****
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pressure-tunable broadband emitter with strong potential for stable optoelectronic applications.

In this context, structural distortions of Pb—X octahedra, either
intrinsic or externally induced, play a pivotal role in stabilizing
STEs and enhancing radiative yield."® Pressure has emerged as a
powerful and chemically clean thermodynamic parameter to
tune the structural and optoelectronic properties of halide
perovskites.'® By altering lattice dimensions, octahedral tilting,
and interlayer coupling, compression can suppress free-exciton
emission (FEE) while activating broadband STE emission,
thereby inducing emissive states inaccessible under ambient
conditions.®™*® While extensive pressure-induced phenomena
such as phase transitions, amorphization, and symmetry break-
ing have been documented in 3D perovskites, systematic studies
of pressure effects in 2D HOIPs remain comparatively limited
despite their greater structural diversity and excitonic tunability.
Chlorine-based 2D perovskites, in particular, offer stronger Pb—
Cl bonding and additional noncovalent interactions compared to
their iodide or bromide analogues® suggesting enhanced
mechanical rigidity and distinctive excitonic responses under
pressure.'® Yet, their high-pressure structure-property relation-
ships remain underexplored.

Here, we report a comprehensive high-pressure study of
the chlorine-based 2D perovskite (PMA),PbCl,, integrating
synchrotron powder X-ray diffraction, photoluminescence
spectroscopy, and density functional theory calculations. By
correlating anisotropic lattice compression, octahedral tilting
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and flattening, and organic-inorganic coupling with excitonic
behavior, we reveal how pressure governs the crossover between
free-exciton and broadband self-trapped exciton emission. Our
findings not only uncover the structural and elastic origins of
mechanical rigidity and emission resilience in (PMA),PbCl, but
also establish a coherent structure—property pathway that links
compression-driven lattice distortions to pressure-tunable
luminescence. This work further provides critical insights into
designing mechanically stable, broadband-emissive halide per-
ovskites for next-generation optoelectronic applications.

Results and discussion

(PMA),PbCl, crystallizes in the orthorhombic space group
Cmc2, under ambient conditions, with unit cell parameters of
a=33.4497(2) A, b = 7.8376(1) A, and ¢ = 7.7501(1) A, and a cell
volume of 2031.80(3) A®. The structure consists of terminal
(PbCl,)>~ layers separated by bilayers of benzylamine or phe-
nylmethylammonium (PMA") cations.'® These organic cations
cap the inorganic sheets on both sides, resulting in a quasi-two-
dimensional monolayer with a thickness of ~1.75 nm. Adja-
cent monolayers are held together by weak van der Waals forces
along the crystallographic a-axis, as illustrated in Fig. S1 (SI).
The phase purity under ambient conditions is illustrated in
Fig. S2, exhibiting good agreement with the reported data.® In
contrast, the iodide analogue HOIP (PMA),Pbl, crystallizes in
the orthorhombic Phca space group, with a thinner monolayer
(~1.44 nm) yet a larger unit cell volume (V = 2301.5(5) A%).?
High-pressure powder X-ray diffraction (HP-PXRD) reveals that
(PMA),PbCl, remains stable up to 5.45 (+ 0.4) GPa, with a
systematic shift of diffraction peaks to higher angles accom-
panied by gradual peak broadening (Fig. 1a). Unlike the iodide
counterpart, which undergoes a phase transition near
1.12 GPa,’ the chloride phase persists, in part, attributable to
stronger Pb-Cl and Cl-Cl bonding and additional noncovalent
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interactions. The observed peak broadening and intensity loss
by ~5.45 GPa indicate the onset of partial amorphiza-
tion, though less pronounced compared with the iodide
analogue, consistent with the intrinsic softness of the HOIP
frameworks.>?° Pressure-dependent unit cell volume and axis
lengths were driven using Le-Bail whole-profile fitting,* which
were then subjected to fitting to a third-order Birch-Murna-
ghan equation of state (BM-EOS) (eqn (1))*? using EosFit7-GUI**
(Fig. 1b and Fig. S3), to quantify pronounced anisotropic
compression behaviors, i.e., the a-, b-, and c-axes contract by
~13.4%, ~4.8%, and ~ 3.8%, respectively, corresponding to
linear compressibilities of ~24.85, ~8.49, and ~6.79 TPa '

(eqn (1):

While the unit cell volume decreases by ~20.7% over the
entire pressure range, leading to a volumetric compressibility
of 37.25 TPa ™', the linear compressibilities (Fig. S4) calculated
using a freely available webtool (PASCal) for Principal Axis
Strain Calculations,** highlight strong directional rigidity, with
compression dominated by collapse along the a-axis, where van
der Waals gaps accommodate structural densification. The
resulting bulk modulus of (PMA),PbCl,, K, = 15.31 (+ 1.3) GPa,
falls within the 7-28 GPa range typical of 2D HOIPs but
surpasses that of its iodide analogue (11.4-14.8 GPa),’ reflect-
ing stronger Pb-Cl and CI-Cl bonding reinforced by Cl.--H
interactions.® Compressibility anisotropy analysis (Fig. S4)
reveals that the inorganic framework dominates lattice rigidity,
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Fig. 1 High-pressure structural evolution of (PMA),PbCly. (a) In situ synchrotron PXRD patterns collected upon compression up to 5.45 (+ 0.4) GPa.
(b) Fitting the normalized lattice parameters and volume through third-order BM-EOS using EosFit7-GUI.
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Fig. 2 High-pressure evolution of the (PMA),PbCl, crystal structure
derived using DFT calculations. (a) The layered structure viewed along
the b-axis. (b) In-plane and out-of-plane distortions by bridging and
terminal Cl atoms. (c) Schematic diagrams of Pb—Cl bonds and Pb-Cl-Pb
angle configurations.

while the organic spacer layer accommodates deformation.>®
The c-axis exhibits a greater stiffness due to the uninterrupted
corner-sharing Pbls octahedral layer, whereas the b-axis exhi-
bits comparable stiffness with enhanced Young’s modulus as
strong Pb-Cl bonding concentrates electron density. Such
directional compression hierarchy, i.e., the most rigid c-axis,
the moderately stiff b-axis, and the most compressible g-axis,
highlights the cooperative role of inorganic connectivity and
organic flexibility in governing the overall anisotropic mechan-
ical response, consistent with the theoretical predictions out-
lined below. Given the structural complexity and a large
asymmetric unit, Rietveld refinement was deemed impracti-
cal;*® therefore, DFT calculations were employed using
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experimentally determined lattice parameters at selected
pressures.”*® The optimized structures at 0, 2.74, and 4.30 GPa
reveal a systematic reduction in interlayer spacing, with the
corresponding layer thicknesses decreasing from ~1.75 nm to
~1.48 nm. These structural models are presented in Fig. 2a
and Fig. S1, confirming the progressive densification, which
highlights the collapse of the layered perovskite structure
under compression. Notably, (PMA),PbCl, exhibits only
~1.54% reduction in the monolayer thickness, compared with
~3.5% reduction for (PMA),Pbl, over a similar pressure
range,’ indicating that the Cl-based HOIP is significantly less
compressible. DFT analysis of the representative octahedral
cluster reveals progressive flattening under compression to
4.30 GPa: selected / Pb-Cl-Pb bridging angles, e.g., centers
Pb1-Pb1’ and bridges Cl1'-Cl1", increase by up to ~2.2%,
while inter-octahedral Pb-Pb separation shrinks by 3-4%,
reflecting anisotropic compression along the b- and c-axes
compared to the g-axis (Fig. S5 and S6). In contrast, the / Cl-
Pb-Cl bond angles involving bridging chlorine atoms exhibit a
consistent trend of either slight expansion (ranging from 0.4%
to 1.0%) or notable contraction (up to 1.7%). However, the
/. Cl-Pb-Cl angles formed between bridging and terminal
chlorine atoms demonstrate modulated overall variation, with
approximately 75% of these angles contracting by less than
~1%, while the remaining 25% show an increase of ~0.93%
(Table S2). These collective changes drive the cooperative tilt
along the a-axis and rotations about the b- and c-axes (Fig. 3 and
Fig. S5-S8). Importantly, the tilting responses of the symmetry-
related octahedra mirror each other, producing alternating
increases and decreases in tilt rather than unidirectional rota-
tions. Such distortions arise from the anisotropic compressi-
bility of the lattice and are further modulated by interactions
with the organic cations displaced toward the inorganic sheet
(Fig. S9). Moreover, the in-plane and out-of-plane distortions
contributing to the overall distortion of the octahedral layer are
characterized by the in-plane angles (£ Pb-X-Pb) and by the
shift of the axial Pb-X bonds from the normal to the plane of
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Fig. 3 Pressure-dependent structural evolution of (PMA),PbCly: (a) variations of bridging bond angles centered at Cl atoms, Pb-centered angles
between terminal and bridging Cl atoms, and /£ N-C-C. (b) Pressure-induced changes in Pb—Cl bond lengths within two adjacent octahedra.
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Pb atoms, respectively.® Similarly, the octahedral tilting in
(PMA),PbCl, exhibits both in-plane and out-of-plane distor-
tions. Specifically, the Pbi- and Pbil-centered octahedra tilt
out-of-plane along the [011] direction and exhibit in-plane
distortions along the [100]® direction. The out-of-plane distortion is
characterized by angle / 1, while the in-plane distortion is repre-
sented by angles / 2 and / 3. These in-plane angles are supple-
mentary and can be defined as £ 2 + £ Pb1-CI"-Pb1" = 180°
and £3 + £ Pb1™-ClI"-Pb1" = 180°. The distortion angles
decreased by ~1.4%, ~7.1%, and ~2.3%, respectively
(Fig. 2b and Fig. S7 and Table S2). Concurrently, equatorial
Pb-Cl bonds contract significantly over 0-4.30 GPa compres-
sion, with reductions ranging from ~2.3% to ~6.2% (Fig. S8
and Table S2), confirming anisotropic mechanical behavior
governed by rigid Pb-Cl bonding and intermolecular interac-
tions within the inorganic sheets (Fig. 3).® Beyond octahedral
distortions, the PMA" spacer cations undergo marked pressure-
driven reconfiguration, e.g., the C-C distances shorten by
0.5-1.9%, while the / N-C-C angle decreases by 4.6%, indicat-
ing bending of the benzene ring toward the nitrogen and opposing
motions of the carbon subgroups (Fig. S10 and S11). Terminal
N-Pb distances contract by ~ 6.3-8.6%, evidencing inward migra-
tion of the organic cation into the inorganic framework (Fig. S12
and Table S2). This cooperative motion, combined with octahedral
tilting, drives pronounced collapse along the a-axis, where the rigid
Pb-ClI bonds align parallel to cation displacement. The asymmetric
interplay of inorganic rigidity and organic flexibility highlights the
critical role of host-guest interactions in dictating the observed
high-pressure structural evolution.

To quantify this behavior, the second-order elastic tensor was
computed at 0 GPa via DFT. The derived bulk modulus agrees
with the experimental values (Table 1), and all elastic stability
criteria for orthorhombic systems are satisfied, confirming the
mechanical robustness of (PMA),PbCl, under compression.**

Cyy > 0,Cyh > 0,C35 > 0,Cyy > 0, (2)

C55 > 0, C66 > 0, CZZ + C33 - 2C23 > 0, (3)
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Cy1 + Gy — 2C15 > 0, Cyy + C33 — 2C43 > 0, (4)

Cy1+ Cop+ Cs3+2(Cyp+ Cyz+Cy3) > 0 (5)

The bulk modulus derived from the elastic tensor, 13.22 (+ 2.6) GPa,
is in close agreement with the HP-PXRD-derived value of
15.31 (£ 1.3) GPa, validating the computational approach.
Furthermore, the elastic property maps (Fig. 4) confirm pro-
nounced anisotropy, e.g., Young’s modulus (E) reaches
26.1 GPa along (011) but falls to 8.5 GPa along (010), yielding
an anisotropy ratio (Ag) of ~ 3.1, approximately 1.6 times lower
than that of its bromide analogue. The shear modulus spans
3.8-9.5 GPa, giving Ag = 2.5, about half the value reported for
(BA),PbBr,.”° On the other hand, Poisson’s ratio is distributed
over 0.11-0.60, reflecting both brittle and anisotropic responses
under strain (Fig. $13-515).*>*° Velocity surface plots (Fig. 4d
and Fig. S15) further illustrate the anisotropic character, ie.,
longitudinal velocity is the lowest along [100], consistent with
the highest compressibility of the a-axis, and highest along
[001], where the most stiff c-axis resists deformation. The
complementary slowness surfaces (s = 1/v) emphasize the
observed axial contrast, bulging along the compliant a-axis
and contracting along the rigid c-axis (Fig. 13 and $15).**

Collectively, these results demonstrate that elastic rigidity
and acoustic propagation in (PMA),PbCl, are strongly direc-
tional, with maximum softness aligned to the most compres-
sible axis and robustness retained along the least compre-
ssible direction. In situ high-pressure photoluminescence
(HP-PL) measurements reveal a pressure-induced crossover in
(PMA),PbCl, from narrow free-exciton emission (FEE) to broad-
band self-trapped exciton (BBE) emission (Fig. 5a). FEE red-
shifts are fully quenched at ~1.84 GPa, whereas BBE persists
up to ~7.8 GPa, peaking in intensity near 4.5 GPa (Fig. 5c). The
anti-correlated intensity and FWHM trends confirm enhanced
self-trapping at moderate pressures (<1.84 GPa) followed by
nonradiative losses at higher pressures (>4.48 GPa). The driv-
ing force is attributed to the pronounced anisotropic lattice

Table 1 Comparison of reported bulk moduli for two-dimensional hybrid organic—inorganic perovskites from various studies, distinguished by the

material compositions and measurement methods

Formula Organic cation Method Bulk-mod. (GPa) Ref.
(BTa),Pbl, L,C16HaoNo " 3rd-BM-EOS 10.3 27
(F,BTa),Pbl, Fy1,C16H gNo" 3rd-BM-EOS 12.3 27
(BA),PbI, C¢H,CH,NH," 3rd-BM-EOS 11.4 3
(CIPMA),Pbl, CIC4H,CH,NH," 3rd-BM-EOS 16.8 26
(BA),PbBr, C¢HsCH,NH;" 2nd-BM-EOS 10.0 20
(PEA),PbI, C¢H-C,H,NH," DFT 12.0 28
(FPEA),PbI, FC¢H,C,H,NH," DFT 13.6 28
(BA),PbI, CH;(CH,);NH;" DFT 11.5 28
(BZA),PbI, C¢HsCH,NH;" DFT 12.7 28
(PEA),PbCl, C¢H;C,H,NH;" DFT 14.1 28
(CIPMA),PbI, ClC¢H,CH,NH;" DFT 15.0 26
(CeH5CH,NH;),PbI, C¢HsCH,NH;" DFT 11.9 19
(BA),PbL, CH;(CH,);NH;" DFT 6.4 19
(BA),PbI, CH;(CH,);NH;" DFT 7.3 29
(5-AVA),PbI, HOOC(CH,),NH;" DFT 8.1 30
(C¢H5CH,NH;3),PbCl, C¢HsCH,NH;" Nano-indentation 10.5 19
(PMA),PbCl, C¢H,CH,NH," 3rd-BM-EOS 15.3 (% 1.3) This work
(PMA),PbCl, C¢HsCH,NH;" DFT 13.2 (+ 2.6)
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Fig. 4 Three-dimensional anisotropy maps of the mechanical proper-
ties of (PMA),PbCl,. (a) Young's modulus E. (b) Shear modulus G.
(c) Poisson'’s ratio v. (d) Sound velocity v. In (b)-(d), the translucent outer
shell denotes the maximum values, with the opaque inner shell denoting
the minimum values.
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compression, i.e., ala, = 13.4% > b/by = 4.8% > c/cy = 3.8%,
and volume collapse near 5.45 GPa, which stiffens the c-axis
and softens the a-axis. The DFT models then show progressive
interlayer planarization (thickness reduction from 1.75 to
1.48 nm from ambient to 4.30 GPa), octahedral flattening and
tilting, and shorter Pb-Cl bonds—distortions that enhance
electron-phonon coupling and stabilize self-trapped excitons.
Elastic and acoustic maps corroborate this anisotropy, showing
suppressed longitudinal velocity along the compliant g-axis and
the fastest propagation along the rigid c-axis, conditions favor-
able for polaron localization within the inorganic layers.>®> The
rapid quenching of FEE is thus attributed to pressure-driven
self-trapping of excitons and activation of nonradiative path-
ways, while the persistence of BBE arises from radiative recom-
bination of stabilized STE states.>® Above ~4.5 GPa, further
densification promotes multiphonon relaxation and defect
formation (evidenced by PXRD amorphization), narrowing the
emission window and reducing intensity.>” Control measure-
ments, including ruby-calibrated pressures, silicone-oil PTM,
and reversibility checks,*® confirm the intrinsic origin of the
observed behavior without significant chemical degradation.
This FE to STE emissive reconfiguration mirrors previous
reports on other 2D HOIPs, where low dimensionality and
octahedral distortions enhance exciton binding and broadband
emission under hydrostatic stress.** Comparable pressure-
activated BBE plateaus followed by quenching in bromide
and iodide analogues support the same distortion-assisted
self-trapping mechanism. Overall, Fig. 5 encapsulates the
coherent structure-property pathway: anisotropic compression
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Fig. 5 Pressure-dependent photoluminescence behavior of (PMA),PbCly. (a) PL spectra obtained from ambient to 7.81 GPa, with the inset depicting the
evolution of FEE. (b) Schematic diagram of FEE and BBE due to free excitons and self-trapped excitons. (c) Intensity and FWHM under compression.
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drives octahedral tilting, layer flattening, and interlayer cou-
pling, strengthening electron-phonon interactions, suppres-
sing FEE, enabling BBE dominance, and ultimately leading to
nonradiative loss at higher pressures. Furthermore, the PL
spectrum of the recovered sample matches that observed under
ambient conditions prior to compression, indicating the struc-
tural reversibility of (PMA),PbCl, (Fig. S16). As a result, the CIE
1931 plot locates the chromaticity coordinates at (0.402, 0.467)
(Fig. S17), which lie near the warm-white region (CCT = 4076 K)
and slightly above the blackbody locus (Duv = 0.0316), consis-
tent with the pressure-stabilized broadband STE emission in
this 2D HOIP.** A moderate color-rendering index (CRI = 76)
but low R9 (~1) reflects limited deep-red content despite a
wide spectral envelope.”* The corresponding SPD spans
~450-800 nm with a plateau centered in the green-yellow
(~520-620 nm) region and a long red tail, capturing the
characteristic wide, featureless BBE band discussed above.*?

Experimental
Synthesis

All chemicals and solvents were of reagent grade and were used
as received without further purification. In a typical synthesis,
lead chloride (PbCl,) and phenylmethylammonium chloride
(PMACI = C¢H5CH,NH;Cl) were dissolved (1:2 molar ratio) in
5 mL of DMF in a glass vessel. Subsequently, PbCl,-PMACI-DMF
was mixed with continuous magnetic stirring for 24 hours at
room temperature, and the solution was filtered to remove
undissolved particles. The vessel was left undisturbed in a fume
hood at room temperature for 72 hours. After this period,
white, plate-like single crystals formed at the bottom of the
vessel. These crystals were collected by filtration and washed
with chilled diethyl ether to remove residual reactants.*

High-pressure synchrotron XRD

In situ HP-PXRD was performed using a diamond anvil cell
(DAC) with a culet diameter of 500 pm and a stainless-steel
gasket of 40 um thickness. Synchrotron radiation (1 = 0.6884(1) A)
was focused on a 36 x 12 um? spot through Kirkpatrick-Baez
mirrors to collect data using a Pilatus 2 M detector, which was
processed via the FIT2D suite of packages** at the 3D beamline
at Pohang Light Source II (PLS-II) at Pohang Accelerator
Laboratory (PAL).*> A well-ground powder sample was loaded
into a hole of the above-mentioned stainless-steel gasket
(220 um in diameter) with a few ruby balls. The ruby chips
were used for pressure calibration, while silicone oil was added
as a pressure-transmitting medium in the DAC. The pressure
was determined by the ruby fluorescence method inside the
DAC with an error of ~0.1 GPa.’®"” The unit cell parameters
for different pressures were refined by the Le-Bail method using
the GSAS-II program.*®

High-pressure photoluminescence

The HP-PL spectra were recorded using a Raman spectrometer
(Horiba, LabRam Aramis) equipped with a 325 nm He-Cd laser
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(3 mW) as the excitation source, operated in reflection mode at
the Yonsei Center for Research Facilities at Yonsei University.>®
A long working distance 40x microscope objective focused the
excitation beam onto the sample mounted inside the DAC. The
emitted PL signal was dispersed using a 600 lines per mm
diffraction grating (centered at 750 nm) and collected with a
single accumulation, using an exposure time of 5 seconds. The
applied pressure and its calibration were conducted following
the same procedures as described in the aforementioned
methods.”

First-principles calculations

First-principles calculations were carried out using the CASTEP
code (CAmbridge Serial Total Energy Package),”® a plane-wave
pseudopotential total energy package based on DFT*® to per-
form structural geometry optimizations. The Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional within the
generalized gradient approximation (GGA) was employed,
along with on-the-fly generated (OTFG) ultrasoft pseudo-
potentials.”® A plane-wave cutoff energy of 570 eV was used,*®
and Brillouin zone sampling was performed using a Mon-
khorst-Pack k-point grid of 2 x 2 x 1, corresponding to a
k-point spacing finer than 0.04 A~*.** Geometry optimizations
were conducted using the Broyden-Fletcher-Goldfarb-Shanno
(BFGS) minimization algorithm in the reciprocal space.>® To
account for long-range dispersion interactions, Grimme DFT-
D3BJ correction parameters were applied.>* Atomic positions at
pressures of 0, 1.19, 2.74, 4.30, and 5.45 GPa were optimized
using experimentally-determined lattice parameters at the
corresponding pressures.

Conclusions

This study reveals the high-pressure structural and photophy-
sical response of (PMA),PbCl,, establishing a coherent struc-
ture-property pathway that links anisotropic compression to
excitonic reconfiguration. The material remains phase-stable
up to 5.45 GPa owing to the rigid Pb—Cl bonded octahedral layer
and cooperative inorganic-organic distortions. These distor-
tions suppress free-exciton emission while stabilizing self-
trapped excitons, resulting in resilient broadband lumines-
cence with a peak intensity near 4.5 GPa. Mechanical analyses
reveal moderate elastic anisotropy and coexistence of auxetic
and conventional responses, while photoluminescence results
confirm robust excitonic tunability. Collectively, (PMA),PbCl,
emerges as a mechanically robust, pressure-tunable broadband
emitter and provides a possibility for exploiting anisotropy and
lattice distortions in 2D HOIPs for durable optoelectronic
applications.
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