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ABSTRACT: Pressure is a powerful tool to modulate hybrid metal NV

halides (HMHs), but its effects are often reversed upon decompression. po,""ﬁftf@mﬁo"

Here, using the unsaturated m-aminophenylacetylene (m-APA) cation, 3 2 g ==

we report pressure-induced polymerization (PIP) as a strategy for |

irreversible band-structure engineering in three heterostructures as r r r

HMH crystals: (m-APA),Pb;ls, (m-APA),PbBr,, and (m-APA)PbCl,. HN 8 RSN

Distinct polymerization pathways yield novel ambient-stable phases

with narrowed band gaps and reconfigured band alignments. The

resulting polymeric cations exhibit varied sp?/sp®-C ratios, which 74 4

significantly tune the electronic coupling across organic—inorganic (m)'(Af 'ﬁ)gfbé"*? Type | Reversed-
interfaces. Specifically, P-(m-APA),Pb,]; retains type I alignment with n=12. fveel

gap narrowing driven by chemical pressure on the inorganic sublattice,

while P-(m-APA),PbBr, undergoes a type I to type II transition, and P-(m-APA)PbCl, transforms from type II to reversed-type I via
organic band-edge reconstruction. This work demonstrates PIP as a novel and general approach to permanently tailor the electronic
structures of HMHs, enabling functional design through the controlled covalent transformation of organic cations under high
pressure.

B INTRODUCTION polymerization of organic cations,””*” and crystalline-glass

L2325 .
Hybrid metal halides (HMHs), comprising inorganic metal transformation. Pressure has emerged as a particularly

halide frameworks and organic cations, have garnered powerful tool, capable of continuously modulating interatomic

26—29

significant attention for their highly tunable optoelectronic distances, orbital overlaps, and bonding patterns. Recent
properties and structural versatility.'™* Their unique archi- advancements have enabled the precise and continuous control
tecture combines the ionic characteristics of inorganic lattices of band-edge states and charge distribution via pressure
. . . ) . . 30032 -
with the modularity of organic chemistry, allowing for band regulation. Yet, a major limitation of pressure-based
gap engineering through modifications on either sublattice.”® strategies is the reversibility of the induced changes, which
The type and magnitude of the band gap, as well as the spatial often vanish upon decompression due to the predominantly
distribution of charge carriers, can be manipulated to achieve ionic character of the HMH framework.>>~>° To overcome this
desirable properties for applications, such as light-emitting limitation, pressure-induced polymerization (PIP) has recently
diodes, solar cells, and so on.”~"* A key factor governing these been explored as a strategy to achieve irreversible trans-
applications is the band alignment between the organic and formations in hybrid materials.”> In PIP, reactive functional

inorganic components. Type I (or reversed-type 1) alignment
confines both electrons and holes within the same sublattice,
while type II alignment enables charge separation across the
hybrid interface.”> Most spacer cations in HMHs are
insulating, confining excitons to inorganic layers and producing
type I band alignment.® Enhancing 7-conjugation in organic
cations can shift band alignment among type I, reversed-type I,

groups within the organic cation, such as alkynes, are
covalently linked under high pressure, forming extended
polymeric structures within the crystal lattice.>”® This
covalent transformation can permanently alter the structure
and electronic properties of the material.

5— : =JACS
and type II, but synthetic challenges limit this approach.”>~"” Received:  September 12, 2025 JAC
Thus, effective band alignment tuning requires both suitable Revised:  November 20, 2025
conjugated cations and complementary modulation methods. Accepted: November 21, 2025

Beyond conventional synthetic approaches, solid-state Published: December 8, 2025

transitions offer alternative routes for tuning the structure
and properties of HMHs, such as pressure regulation, ®~°
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Figure 1. Crystal structures at ambient conditions: (a) (m-APA),Pb,I; viewed along the a-axis. (b) (m-APA),PbBr, viewed along the c-axis. (c) (m-
APA)PbCl, viewed along the b-axis. D; and D, represent the selected shortest distances between sp-C (alkynyl) and sp*-C (phenyl) atoms of
neighboring m-APA* cations, while D; and D, denote the shortest distances between adjacent sp-C (alkynyl) atoms of m-APA*. Hydrogen atoms

are omitted for clarity.

In this work, we employ PIP to modify three HMH
heterostructures sharing the reactive organic cation m-amino-
phenylacetylene (m-APA*), whose alkyne and phenyl groups
make it possess frontier orbitals near the inorganic band edges.
We synthesize three HMHs: (m-APA),Pb,l;, (m-APA),PbBr,,
and (m-APA)PbCl;, and observe distinct polymerization
pathways under PIP, all resulting in irreversible band gap
narrowing. In situ high-pressure characterization and density
functional theory (DFT) calculations reveal divergent band
alignment evolutions governed by differences in polymer
skeleton conjugation. Specifically, (m-APA),Pb,l; maintains
type I alignment via a [4 + 2] cycloaddition pathway, yielding
highly sp’-hybridized carbon networks. In contrast, (m-
APA),PbBr, transitions from type I to type II due to medium
conjugation and a balanced sp’/sp>-C ratio, while (m-
APA)PbCl, shifts from type II to reversed-type I, forming
highly conjugated sp>-C frameworks. These alignment changes
correlate with the gaps between the lowest unoccupied
molecular orbital (LUMO) and the highest occupied
molecular orbital (HOMO) of the resulting polymers. This
work demonstrates that PIP offers a powerful strategy for
irreversible band structure engineering in HMH heterostruc-
tures, bridging high-pressure chemistry with functional materi-
al design.

B RESULTS AND DISCUSSION

Crystal Structures at Ambient Pressure. The PIP
reaction of unsaturated organic molecular crystals follows
kinetically driven pathways that expand molecules into
extended carbon skeletons. Notably, the specific reaction
route is dictated by the molecular alignment within the crystal
under high pressure, often indeg)endent of the thermodynamic
stability of the final product.’”® To extend this concept into
hybrid frameworks with functional tunability, m-APA is chosen
as the organic spacer due to its inherent polymerization
potential. The molecule features an aminobenzene backbone,
which functions both as a z—z stacking unit and a
polymerizable monomer. An unsaturated alkyne group, serving
as a second polymerization site, is introduced at the meta-
position of the aminobenzene backbone, and an amino group
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provides the protonation site (Figure la). Lead halides are
employed as the inorganic framework to direct the alignment
of m-APA" cations and to establish the band structure of the
inorganic lattice. By the layered solution crystal growth
method, crystallization occurs to yield three HMH hetero-
structures: (m-APA),Pb,l;, (m-APA),PbBr,, and (m-APA)-
PbCl; (synthetic details are provided in the Supporting
Information). Powder X-ray diffraction (PXRD) patterns of
all three samples match well with their simulated counterparts,
suggesting no impurity in the three samples (Figure S1).
Single-crystal X-ray diffraction (SCXRD) shows that (m-
APA),Pb,]; crystallizes in the space group P2 under ambient
conditions (cell parameters detailed in Table S1). The
[Pb;Is]*” octahedra are edge-shared, forming one-dimensional
triple chains along the b-axis with ribbon-like networks
(Figures la and S2). The m-APA" cations align parallel to
the b-axis and stack face-to-face via z—7x interactions,””
surrounding the inorganic chains. Terminal alkyne groups
align parallel to the b-axis and crosswise along the c-axis
(Figures la and S3). Considering the higher reactivity of
alkynes, due to their dual 7 bonds compared to the delocalized
7 bonds of phenyl rings, two sets of distances are defined: D,
and D, correspond to the shortest distances between sp-C
(alkynyl) and adjacent sp*-C (phenyl) atoms, while D5 and D,
correspond to the nearest distances between adjacent sp-C
(alkynyl) atoms (Figure 1a). In (m-APA),Pb,I,, D, and D, are
3.63 A and 4.12 A, while D, and D, are 3.94 A and 4.55 A.
Substituting iodine with bromide and chloride yields (m-
APA),PbBr,, and (m-APA)PbCl,, crystallizing in space groups
Pnma and P2,/c, respectively (cell parameters in Tables S2—
S3). In (m-APA),PbBr,, corner-shared [PbBr,]>~ octahedra
form a (010)-oriented 2D inorganic lattice (Figure 1b). The
m-APA" cations adopt an edge-to-face alignment between
[PbBr,]*” layers, mediated by Coulombic and 7z—oc inter-
actions (Figure $4).*” Terminal alkyne groups are arranged
parallel to each other. Selected distances D,/D, and D;/D, are
3.57/3.86 A and 3.81/3.89 A, respectively. In (m-APA)PbCl,,
corner- and edge-shared [PbCl;]™ decahedral units assemble
into a (100)-oriented 2D lattice (Figure 1c). The m-APA*
cations adopt a point-to-face alignment within the inorganic
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Figure 2. High-pressure IR spectra of (a) (m-APA),Pbsl,, (b) (m-APA),PbBr,, and (c) (m-APA)PbCl;. The (C=C—H) vibrational modes are
highlighted with red dotted lines. Pressure-dependent variation of interplanar spacing for (d) the (101) plane in (m-APA),Pb,l, (e) the (020)
plane in (m-APA),PbBr,, and (f) the (100) plane in (m-APA)PbCl;. Insets illustrate the corresponding crystallographic planes. The letter P
represents the pressure-treated sample measured under ambient conditions.

layers (Figure S5).*” Terminal alkynes align parallel along both
b and ¢ axes. Distances D;/D, and D;/D, are 3.63/3.82 A and
3.41/3.71 A, respectively. According to physical organic
principles, the spatial proximity and arrangement of reactive
groups govern the PIP pathways. The distinct spatial distances
and molecular orientations of m-APA" across the three HMHs
suggest differing PIP mechanisms. Notably, (m-APA),Pb.],
and (m-APA),PbBr, exhibit smaller D,/D, distances, favoring
alkyne—phenyl polymerization,””*" whereas (m-APA)PbCl,
features shorter D;/D, distances, promoting alkyne—alkyne
polymerization. 24’

Pressure-Induced Polymerization. High-pressure infra-
red (IR) spectroscopy is employed to track the pressure-
induced chemical evolution of the m-APA" cation, focusing on
the C—H stretching region ranging from 2700 to 3300
em™ L. * In (m-APA),Pb,], the distinct v(C=C—H) band at
~3286 cm™' diminishes and merges into a broad feature
centered at 3130 cm ™' above 13.8 GPa. Upon decompression,
the ¥(C=C—H) signal is absent (Figure 2a). For (m-
APA),PbBr,, the (C=C—H) band at 3295 cm™' vanishes
at 6.9 GPa, while the 1(C=C—H) signal at 3220 cm™'
intensifies, suggesting pressure-enhanced phenyl ordering.**
After releasing pressure from 16.5 GPa, the v(C=C-H)
signal remains absent (Figure 2b). In (m-APA)PbCl,, the
v(C=C-H) band at ~3290 cm™' disappears above 8.1 GPa,
accompanied by the emergence of a new band at 3110 cm ™,
attributable to v(C=C-H) vibrations (Figure 2c). The
disappearance of v(C=C—-H) signal in these three HMHs
suggests the occurrence of a chemical reaction. Due to the
limited spectral resolution under high pressure, detailed

polymerization mechanisms are further elucidated via solid-
state '*C nuclear magnetic resonance (NMR) spectroscopy in
the next section.

The irreversible structural evolution of these HMHs, caused
by chemical reactions under pressure, is systematically studied
using angle-dispersive X-ray diffraction (ADXRD). (m-
APA),Pb,I; keeps monoclinic symmetry below 13.7 GPa
(Figure S6). Upon compression below 13.7 GPa, all diffraction
peaks shift to higher angles (Figure S7), indicative of a lattice
contraction. At 13.7 GPa, the emergence of a new diffraction
peak at 3.15° indicates the onset of a structural transition,***°
Above 13.7 GPa, the (101) peak gradually shifts to lower
angles and broadens with increasing pressure up to 20.3 GPa,
suggesting an interchain expansion and partial amorphization.
The interchain distance initially contracts from 12.29 A to
10.82 A at 13.7 GPa, and then expands to 12.81 A (Figure 2d)
at 20.3 GPa. Remarkably, the recovered sample retains the
expanded spacing of 14.33 A. This permanent expansion is
attributed to the polymerization and structural reorganization
of the organic moiety, consistent with the phenomenon of
thermally induced polymerization in (DDA),PbBr,.*” (m-
APA),PbBr, keeps the orthorhombic phase up to 7.0 GPa
(Figure S8). The (020) peak shifts to higher angles below 7.0
GPa, reflecting a lattice contraction (Figure S9). A new peak at
2.41° appears at 7.0 GPa, suggesting a structural transition.
Above 7.0 GPa, the peak shifts to lower angles and broadens,
indicating an interlayer expansion. The (020) spacing contracts
from 15.17 A to 14.16 A at 7.0 GPa, then expands to 15.20 A
at 19.8 GPa, and reaches 16.61 A in the recovered sample after
pressure is released from 19.8 GPa (Figure 2e).
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Figure 3. Characterizations of samples before and after PIP under ambient conditions. The optical micrographs and solid-state '*C NMR spectra of
(a),(d) (m-APA),Pb,I; and P-(m-APA),Pb,l, (b),(e) (m-APA),PbBr, and P-(m-APA),PbBr,, and (c),(f) (m-APA)PbCl, and P-(m-APA)PbCl,.
Polymeric fragments of constructed polymerized structure models of (g) P-(m-APA),Pb;l;, (h) P-(m-APA),PbBr,, and (i) P-(m-APA)PbCl,.

Hydrogen atoms have been omitted for clarity.

Similarly, (m-APA)PbCl, exhibits a comparable behavior. It
remains in the monoclinic phase below 7.7 GPa (Figure S10).
The (100) diffraction peak shifts to higher angles below 7.7
GPa due to a lattice contraction (Figure S11). A new peak
appears at 1.85° indicating the onset of a structural transition
at 7.7 GPa. Above 7.7 GPa, the peak progressively shifts to
lower angles and broadens, indicating an interlayer expansion.
Correspondingly, the (100) plane spacing first contracts from
20.07 A to 17.59 A, then expands to 19.73 A (Figure 2f). Upon
decompression from 19.9 GPa, an expanded spacing of 20.65 A
is retained.

Together, the ADXRD and IR results reveal that covalent
bond reorganization within the organic moieties under high
pressure drives the observed irreversible structural trans-
formations. In particular, the cleavage of the C=C bond
indicates an addition reaction, wherein the resulting fragments
may recombine or react with phenyl groups that become
activated under high pressure.‘m’“’43 This reaction leads to a
spatial reconfiguration of the organic cations, thereby
expanding the distance between the inorganic layers or
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ribbons. The detailed polymerization pathways are proposed
in the following section.

Structural Analyses of the PIP Products. The PIP-
treated bulk samples are synthesized via a Paris—Edinburgh
(PE) press, which are denoted as P-(m-APA),Pb,l;, P-(m-
APA),PbBr,, and P-(m-APA)PbCl,. Distinct color changes are
observed in each case, indicating substantial chemical trans-
formation: from vyellow to brownish-black for P-(m-
APA),Pb;];, light yellow to brownish-yellow for P-(m-
APA),PbBr,, and white to brown for P-(m-APA)PbCl, (Figure
3a-c). PXRD patterns of the three products suggest structural
amorphization (Figure S12), consistent with the amorphiza-
tion trend observed in ADXRD.*"*** IR spectra (Figure S13)
show the disappearance of the characteristic v(C=C—H)
vibration (~3280 cm™") in all polymerized samples, coinciding
with the repeatability and irreversibility of the transformation
observed in diamond anvil cell (DAC) experiments (Figure 2a-
c). X-ray photoelectron spectroscopy (XPS) analysis reveals
preserved Pb coordination environments, with noticeable shifts
in Pb 4f binding energy to lower values after the PIP reaction
(Figure S14), which indicates an increased electron density

https://doi.org/10.1021/jacs.5c16046
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around Pb centers, resultmg from the weakened organic—
inorganic interactions.”

To further characterize the polymerized products, a solid-
state '*C NMR experiment is conducted, which serves as an
indicator of polymer formation for further corroborating the
structural reconfiguration. In the three original HMHs, the
signals of sp-C in alkynyl span a 70—100 ppm frequency range,
and the signals of sp>-C in aromatic carbon span a 120—140
ppm frequency range (Figure S15). After the PIP reaction, new
peaks centered around 142 and 40 ppm appear, which are
assigned to sp>-C and sp>-C environments, respectively.’'
Specifically, the new sp-C peaks are centered at 142.8 ppm for
both P-(m-APA),Pb,l; and P-(m-APA),PbBr,, and at 141.6
ppm for P-(m-APA)PbCl,, corresponding to the sp*>-C bonded
to three carbon atoms (Figure 3d-f)."' The sp>-C peaks are
centered at 43.5 and 45.4 ppm for P-(m-APA),Pb;I; and P-(m-
APA),PbBr,, and at 36.8 ppm for P-(m-APA)PbCl,,
corresponding to the sp>-C atoms bonded to three and four
carbon atoms, respectively.”' These series of results indicate
that P-(m-APA),Pb;l; and P-(m-APA),PbBr, undergo similar
polymerization paths, whereas P-(m-APA)PbCl; follows a
distinct one. Additionally, the larger integrated area in the sp3-
C signal range of P-(m-APA),Pb,I; and P-(m-APA),PbBr,
shows relatively higher sp®-C content compared to P-(m-
APA)PbCl;, suggesting deeper polymerization between alkynyl
and phenyl groups. In contrast, P-(m-APA)PbCl; retains a
dominant sp>-C content, indicative of polymerization primarily
between adjacent alkynyl groups. The appearance of a small
amount of sp>-C bonded to four carbons is possibly due to
secondary polymerization after the alkynyl—alkynyl polymer-
ization.

Based on the lattice arrangements and solid-state '*C NMR
analyses, the polymerization pathways and corresponding
structural models are proposed. Pressure-dependent intermo-
lecular distances (D;—D,) are optimized from the ambient
structure by using DFT calculations (Figure S16). For (m-
APA),Pb,l;, D, is the shortest distance at ambient pressure
and decreases most rapidly upon compression, indicating
preferential polymerization between sp-C (alkynyl) and sp>-C
(phenyl) along D;. D, represents the secondary bonding site,
as inferred from its faster contraction (Figure S16a).
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Considering the parallel stacking and molecular orientation,
the most probable polymerized structure is modeled via a [4 +
2] cycloaddition pathway along D, and D,, yielding a denser
cationic framework within the [Pb,lg]*~ chains (Figure
3g).>¥*** The model contains no residual sp-C and is
dominated by sp>-C and sp>-C, including newly emerged sp*-C
and sp>-C, consistent with the solid-state *C NMR results.
The experimental results of P-(m-APA),Pb,l; are consistent
with the simulated NMR results based on the models (Figure
3d). The detailed cell parameters of the model are listed in
Table S4. For (m-APA),PbBr,, D; and D, also contract faster
than D, and D, (Figure S16b). Combined with the *C NMR
results, the most probable polymerized P-(m-APA),PbBr,
model is likewise constructed along D, and D, (Figure 3h).
Similar to P-(m-APA),Pb;I;, the model is dominated by sp*-C
and sp>-C, in agreement with the experimental spectra.
Similarly, the experimental results of P-(m-APA),PbBr, are
also consistent with the simulated NMR results (Figure 3e). In
(m-APA)PbCl,, we propose the most probable alkyne—alkyne
chain polymerization model. The polymerization preferentially
occurs along D; and D, to form an addition-type polymeric
cation (Figure 3i), as evidenced by the dominant sp>-C in the
3C NMR spectra and the shortest D3/D, distances in Figure
S16¢c. The experimental results of P-(m-APA)PbCl; are
consistent with the simulated NMR results (Figure 3f).
Furthermore, the simulated PXRD patterns of the three
polymerized models match the main low-angle peaks in the
experimental diffraction patterns of the PIP products (Figure
S17), further supporting the rationale of the proposed
structural models.

The Evolution of Band Gaps. Given the significant
impact of polymerization on the band gap, in situ ultraviolet—
visible (UV—Vis) absorption measurements under compres-
sion are performed.” Band gap values at specific pressures are
calculated using the Tauc plot method (Figure S18). At
ambient conditions, (m-APA),Pb,l; exhibits a yellowish color
with a band gap of 2.85 eV (Figure 4a). Upon compression to
19.5 GPa, the band gap continuously decreases to 1.33 eV,
accompanied by a color change from yellow to black (Figure
4b). After decompression from 19.5 GPa, the recovered sample
retained a narrowed band gap of 2.27 eV, representing a 20.3%
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reduction relative to the initial state. The irreversible structure
corresponds to the polymerized structure discussed in Figure 3.
A critical pressure of approximately 10.0 GPa is identified for
the onset of irreversible band gap changes (Figure S19a—c).
Notably, this critical pressure is lower than the transition
pressure of ADXRD (13.7 GPa), likely owing to the
nonhydrostatic conditions of powder samples in ADXRD
measurements conducted without a pressure-transmitting
medium.”* Below this threshold, recovered band gaps remain
near 2.85 eV, whereas pressures above 10.0 GPa induce
permanent band gap reductions of varied degrees. For (m-
APA),PbBr,, the band gap decreases gradually up to 4.0 GPa
(Figure 4c). Beyond this pressure, it undergoes an abrupt drop,
accompanied by a color change from bright yellow to tangerine
(Figure 4d). Further compression leads to a slower band gap
reduction, followed by slight oscillations above 13.6 GPa. After
decompression from 20.3 GPa, the recovered sample retains a
narrowed band gap of 2.29 eV, representing a 23.6% decrease
relative to the initial state. This irreversibility also corresponds
to the polymerization discussed in Figure 3. A critical pressure
of 5.0 GPa is identified, below which the recovered band gap
remains stable, whereas pressures above this value cause
irreversible narrowing (Figure S19d—f). Similar to the case for
(m-APA),Pb.I;, this critical pressure (5.0 GPa) in (m-
APA),PbBr, is also lower than the transition pressure in
ADXRD (7.0 GPa). In (m-APA)PbCl,, the ambient absorption
spectrum shows a main peak with a tail, which characterizes
charge transfer absorption (Figure S18i).> The band gap,
determined from the charge-transfer absorption onset, is 3.50
eV. The band gap decreases sharply from 3.50 to 3.15 eV
below 4.8 GPa. It undergoes an abrupt drop in 4.8—5.5 GPa,
accompanied by the crystal color change from transparent to
yellow (Figure 4e-f). Above 6.8 GPa, the band gap reduces
slowly and remains nearly constant beyond 13.0 GPa. Upon
decompression from 20.7 GPa, the recovered sample exhibits a
narrowed band gap of 3.05 eV, corresponding to a 12.9%
reduction compared to the starting material. The irreversible
reduction is also affected by the polymerization. A critical
pressure threshold of 5.5 GPa is identified for the onset of
irreversible band gap changes, below which the recovered band
gap remains stable, and above which it decreases irreversibly
(Figure S19¢g—i). Similarly, the irreversible band gap change
(5.5 GPa) is lower than the onset of expansion in ADXRD (7.7
GPa). Moreover, SCXRD patterns collected before and after
the critical pressure show distinct diffraction spots below the
critical pressure and broad diffraction rings above it (Figure
S20) and therefore these are pressure-induced amorphization
from PIP (Figure 2a—c).*"** While deviatoric stress is indeed a
critical factor in high-pressure studies,”"” the primary driver is
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the material’s inherent structural polymerization and electronic
rearrangement in our case.

Therefore, the three HMH samples exhibit partially retained
band gap narrowing after pressure release beyond the
threshold. This observation indicates that the PIP reaction,
which involves m-APA" cations, induces a permanent change
in electronic structure and reconstructs the crystal framework.
In addition, the abrupt band gap drops observed in (m-
APA),PbBr, and (m-APA)PbCl, correspond to the onset of
the PIP reaction. In contrast, the gradual and uniform band
gap decrease in (m-APA),Pb;]g shows no apparent inflection
during the PIP reaction, suggesting that further investigation of
the electronic structures and energy levels is required to clarify
this difference.

Transition on the Band Alignments. The distinct
pressure responses of the organic and inorganic components
lead to a reconfiguration of the band structures upon PIP. The
organic cations undergo covalent bond cleavage and formation
to produce polymeric frameworks, whereas the inorganic
skeleton remains relatively intact. DFT calculations are
performed to analyze the band structures and projected
density of states (PDOS) of (m-APA),Pb,l;, (m-APA),PbBr,,
and (m-APA)PbCl,, respectively, thereby elucidating the
evolution of their electronic structures (Figures S21—23).
The calculated band gaps are 2.58, 2.62, and 3.39 €V for (m-
APA),Pb,l;, (m-APA),PbBr,, and (m-APA)PbCl,, lower than
the corresponding experimental values of 2.85, 3.00, and
3.50 eV, due to the common underestimation of band gap in
DFT.>® The (m-APA),Pb;l and (m-APA),PbBr, display type
I band alignments. Their valence band maximums (VBMs)
consist of I Sp or Br 4p orbitals, and the conduction band
minimums (CBMs) are composed of Pb 6p orbitals. The (m-
APA)PbCI, exhibits type II alignment. The VBM derives from
Pb 6s/Cl 3p orbitals, and the CBM from C 2p orbitals. These
observations of band-edge composition align with the trends of
reported HMHs.*” ™" The valence and conduction band edges
of the three compounds are further extracted to track the
evolution of band-edge compositions before PIP (Figure Sa-c
and Table SS).

Similarly, DFT calculations are also conducted to elucidate
the electronic structures of P-(m-APA),Pb,l;, P-(m-
APA),PbBr,, and P-(m-APA)PbCl,. These structure models
are proposed based on comprehensive experimental (XRD,
Raman, IR, and NMR) analyses in Figures 2—3. For P-(m-
APA),Pb,[;, the band structure still exhibits a type I alignment,
with the VBM derived from I Sp orbitals and the CBM
dominated by Pb 6p and I Sp orbitals (Figure $24). Compared
with the calculated band gap of pristine (m-APA),Pb,lg
(2.58eV), the band gap of P-(m-APA),Pb;l; narrows to
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1.84 eV. The shortened Pb;,—I bond and the compressed Pb;—
I-Pb, angle are identified as the primary structural factors
responsible for this intriguing band gap reduction, with the
raised valence band edge and lowered conduction band edge
(Figure $25).%% In this scenario, the polymer backbone exerts
chemical pressure on the inorganic framework, accordingly
causing the reduction in the band gap of P-(m-APA),Pb,I;.%
Furthermore, the type I alignment remains unchanged during
compression (Figure Sa), explaining that the band gap
evolution of (m-APA),Pb,l; exhibits a continuous reduction
(Figure 2a). Meanwhile, the abrupt band gap transition in P-
(m-APA),PbBr, and P-(m-APA)PbCl; (0.560 and 0.280 eV/
GPa) denotes the occurrence of band alignment transition
after PIP (Table S6), since the influence of inorganic
polyhedral deformation on band edges is commonly between
0.017 and 0.100 eV/GPa.”*

For P-(m-APA),PbBr,, the theoretical band gap value is
calculated to be 1.51 eV. The VBM is composed of Pb Ss/Br
4p orbitals, and the CBM derives from C 2p orbitals, exhibiting
a type II band alignment (Figures Sb and $26). Compared
with (m-APA),PbBr,, the LUMO of conjugated polymeric
cations in P-(m-APA),PbBr, drops below the CBM,
accordingly inducing the transition of band alignment from
type I to type II (Figure S27). The sp>-C connections in
polymeric cations originate from the [4 + 2] cycloaddition in
P-(m-APA),Pb;I;, disrupting the conjugation extension. In
comparison, the chain-addition polymeric cations in P-(m-
APA),PbBr, exhibit higher conjugation than those in P-(m-
APA),PbsI; because the sp*>-C connections in P-(m-
APA),PbBr, are more localized (Figure 3g-h). The highly
conjugated polymeric cations lower the LUMO below the
CBM after PIP, accordingly narrowing the band gap in P-(m-
APA),PbBr, (Figure 4b). For P-(m-APA)PbCl,, the theoreti-
cal band gap value is 2.04 eV. The VBM and CBM are both
composed of C 2p orbitals, forming a reversed-type I
alignment (Figure S28). The alkyne addition polymerization
generates an extended 7-conjugated framework that surpasses
the conjugation observed in P-(m-APA),Pb;I; and P-(m-
APA),PbBr,. The resulting 7-conjugation lowers the LUMO
and raises the HOMO energy, thus modifying the initial type II
alignment to reversed-type I (Figures Sc and $29).

These proposed band alignments are further determined
experimentally using ultraviolet photoelectron spectroscopy
(UPS), XPS, and cyclic voltammetry (CV). UPS spectra of (m-
APA),Pb,l;, (m-APA),PbBr,, and (m-APA)PbCl,, provide
their work functions (Figure $30).°>°° Combining the valence
band spectrum in XPS mode that avoids the disturbance of
charge accumulation (Figure S31), the VBM values of (m-
APA),Pb;I;, (m-APA),PbBr,, and (m-APA)PbCl, relative to
the vacuum level are determined to be —5.61, —5.66, and
—6.18 eV, respectively. Based on the analyses of optical band
gaps (Figure S18) and calculated exciton binding energy,
which cannot be ignored in low-dimensional HMHs, the CBM
values of (m-APA),Pb,I,, (m-APA),PbBr,, and (m-APA)PbC,
are estimated to be —2.70, —2.55, and —2.14 eV for the three
compounds, respectively (Table S7).°”°® Furthermore, the
HOMO energy level of m-APA is measured to be —6.19 eV by
CV (Figure $32),°* and its LUMO level is determined to be
—2.33 eV according to the binding energy and optical band
gap (Figure S$33). Additionally, for (m-APA)PbCl; with
calculated type II alignment, the CBM of the inorganic part
is calculated to be —1.92 eV. The resulting experimental band
alignments (Figure $S34) are consistent with the calculated type

L, type I, and type II band alignment for (m-APA),Pb;l;, (m-
APA),PbBr,, and (m-APA)PbCl,, respectively.

Band alignments of polymerized products P-(m-APA),Pb;I,
P-(m-APA),PbBr,, and P-(m-APA)PbCl; are investigated
experimentally. Similarly, the XPS valence band spectra and
UPS spectra are collected to determine the VBM of the three
polymerized samples (Figures S30—S31). The VBMs of P-(m-
APA),Pb,I,, P-(m-APA),PbBr,, and P-(m-APA)PbCl, are
estimated to be —4.50, —5.13, and —5.54 eV, respectively.
The corresponding CBMs are thus estimated to be —2.57,
—3.49, and —3.24 eV, respectively (Figure S34). In the
resulting band alignment diagrams, the dotted lines represent
the relative positions of organic and inorganic energy edge
levels that are inferred from the relative position of DFT
calculations. P-(m-APA),Pb,]; retains a type I alignment, with
both VBM and CBM offset from the polymeric frontier orbitals
(Figure S34a), whereas P-(m-APA),PbBr, adopts a type II
alignment, which is contributed by the more z-conjugated
chain polymer, upshifting the HOMO of the cation and the
CBM of the [PbBr,]*~ framework (Figure S34b). The P-(m-
APA)PbCI, exhibits a reversed-type I band alignment is due to
the highest degree of 7-conjugation in the polymeric cations.
The CBM and VBM are offset relative to the polymeric
LUMO and HOMO (Figure S34c). These results demonstrate
that PIP offers a viable strategy for band-edge engineering and
electronic structure redistribution. Through PIP, P-(m-
APA),Pb;]; maintains type I alignment. In contrast, P-(m-
APA),PbBr, exhibits the transition of band alignment from
type I to type II, and P-(m-APA)PbCl, exhibits the transition
from type II to reversed-type 1. The modulation of band
alignment is governed by how PIP reconstructs the z-
conjugated framework of the organic cations and by intrinsic
electronic structure differences among the inorganic polyhedra.
The PIP effectively tunes the stacking configurations and
interfacial charge distributions in hybrid heterostructures,
offering a previously inaccessible route to controlling their
optoelectronic properties.

B CONCLUSION

In summary, by introducing the PIP reaction into three Pb-
based HMH heterostructures, (m-APA),Pbsls, (m-
APA),PbBr,, and (m-APA)PbCl;, we demonstrate the
irreversible modification of the energy levels of the organic
and inorganic building blocks and successfully reconfigure their
band alignments. Distinct polymerization pathways govern the
band alignment evolution, (m-APA),Pb;I; retains a type I
configuration, driven by sp*-hybridized carbon bonding after
[4 + 2] cycloaddition, while (m-APA),PbBr, transitions from
type I to type II, and (m-APA)PbCl; shifts from type II to
reversed-type I due to conjugated structures via different chain
addition reactions. First-principles calculations and exper-
imental results together confirm the band alignment
reconstruction mechanisms. This work establishes PIP as an
innovative strategy for engineering polymerized HMHs with
programmable band structures, offering a transformative
approach to material design and a framework for optimizing
electronic devices, advancing next-generation optoelectronics.
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