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Topochemical photocycloaddition in two-
dimensional lead-halide coordination polymers
with tunable phosphorescence
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Topochemical transformation in which the parent structural motifs are preserved has become a powerful
strategy to access new advanced materials. Solid-state topochemical conversion in a single-crystal-to-
single-crystal (SCSC) fashion is particularly attractive as it provides design principles with unequivocal
structural details. Here, we report a series of two-dimensional (2D) lead-halide coordination polymers
with bipyridyl ethylene (bpe) ligands that can undergo quantitative SCSC [2 + 2] photocycloaddition. The
chemical and structural diversity of 2D lead-halide coordination polymers allows systematic modulation
of the rate of SCSC [2 + 2] photocycloaddition by changing the halide and bpe ligands. Our work reveals
the structure—property relationship in lead-halide coordination polymers during the dynamic [2 + 2]
photocycloaddition process. The photo-transformed coordination polymers with cyclobutane linkages
show drastically different properties in optical absorption and emission. We present a viable strategy to
modify the structure and properties of lead-halide coordination polymers by post-synthetic modification.

Introduction

Topochemical transformation of solid-state reactions within
confined crystal lattices offers a powerful strategy to access
complex molecules with chemoselectivities that are otherwise
unattainable with solution methods. When the conversion is at
the single-crystal-to-single-crystal (SCSC) level,"* the exact
structural change upon conversion can be unequivocally
determined by single-crystal X-ray diffraction (SCXRD), thus
offering an ideal system to probe chemical reactions at the
atomic level. These conversions are generally triggered by
external stimuli, such as heat or light.>* During the dynamic
conversion, new molecules and structural motifs are generated,
and the entire process can be arrested and probed by spectro-
scopic and structural techniques.

In particular, solid-state [2 + 2] photocycloaddition has
emerged as a versatile topochemical reaction owing to the
diverse substrates (e.g., diarylethene,”® cyanostilbene,®*® and
benzo-heterocycle'*?) and the (semi-)quantitative nature. The
main requirement for the solid-state photocycloaddition is
generally described by Schmidt's rule,” which defines the
longest distance of the neighboring parallel double bonds for [2
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+ 2] photocycloaddition to be 4.2 A. Specifically, [2 + 2] photo-
cycloaddition occurs efficiently only when molecules with
double bonds are packed in parallel within a distance of 4.2 A.
However, the complicated interplay between distance, geom-
etry, and morphology remains to be fully understood.**** SCSC
[2 + 2] photocycloaddition has been demonstrated in a variety of
organic polymers and hybrid materials, including metal-
organic frameworks (MOFs),"”*® covalent organic frameworks
(COFs),"?° and other coordination polymers (CPs),**>* enabling
new properties such as photochromism**>® and the photo-
salient effect.?”%*

Metal-halide coordination polymers (CPs) contain inorganic
metal-halide building blocks that are connected by organic
linkers through coordination bonds.**?*” The robust covalent
bonds grant metal-halide CPs outstanding structural rigidity
and stability when compared to conventional ionic metal-halide
perovskites. Furthermore, heavy metal halides display strong
spin-orbit coupling (SOC), which promotes the spin-forbidden
intersystem crossing (ISC), leading to long-lived phosphores-
cence.**** A number of metal-halide CPs, including zinc-
halide,**** bismuth-halide,* and lead-halide®**** CPs have been
shown to undergo quantitative [2 + 2] photocycloaddition, and
their structure and properties were modulated upon conver-
sion. However, the key structure-property relationship that
governs the rate and effect of photocycloaddition remains
unknown, stemming from the lack of a systematic study in
metal-halide CPs. Lead-halide CPs have recently attracted much
attention because of their interesting optoelectronic and
enhanced stability.*****>*¢ The Pb atoms have strong
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Scheme 1 Schematic illustration for the design of lead halide coordination polymers and their solid-state [2 + 2] photocycloaddition process.

coordination ability with N and O in the organic ligands,
enabling a large structural library for the hybrid lead-halide
CPs. Designing lead-halide CPs with photo-responsive bpe
ligands provides an unusual strategy to regulate their optical
properties by external stimuli.

In this work, we present such an investigation on the SCSC [2
+ 2] photocycloaddition by synthesizing a series of lead-halide
CPs. As shown in Scheme 1, three bipyridyl ethylene (bpe)
molecules, 1,2-bis(4-pyridyl)ethylene (44bpe), 1,2-bis(2-pyridyl)
ethylene (22bpe), and (E)-2-[2-(pyridin-4-yl)vinyl|pyridine
(24bpe), were selected for constructing lead-halide CPs, bpe-
PbX, (X = Cl, Br, I). Six lead-halide CPs, namely 44bpe-PbX, (X =
Cl, Br, I), 22bpe-PbBr,, 22bpe-Pbl,, and 24bpe-Pbl, were
synthesized. These CPs feature two-dimensional (2D) connec-
tivity with different inorganic frameworks. The lead-halide
framework acts as a template to arrange the packing of bpe
molecules, in which way the intermolecular distance of bpe and
packing geometry can be modulated via the Pb-N coordination
geometry. Our results show that both the intermolecular double
bond distance and the absorption can affect the photocyclo-
addition reactivity. Additionally, the different packing modes of
bpe molecules result in various stereoselective cyclobutane
products, indicating the potential for precise synthesis through
solid-state photocycloaddition. The SCSC topochemical trans-
formation was confirmed by solving the single crystal structures
of the photoproducts. More importantly, we show that the
quantitative [2 + 2] photocycloaddition further modulates the
optoelectronic properties of lead-halide CPs. Our work presents
a strategy to modify the structure and properties of these bpe-
based lead-halide CPs and unveils the structure-property rela-
tionships that govern the optical properties in this process.

Results

Synthesis and crystal structures of 2D lead-halide
coordination polymers

The bpe-based lead-halide CPs were synthesized by the ther-
mogradient method from a MeOH/H,O solution (Experimental
section). Six bpe-PbX, CPs were successfully synthesized,

© 2025 The Author(s). Published by the Royal Society of Chemistry

namely, 44bpe-PbX, (X = Cl, Br, I), 22bpe-PbBr,, 22bpe-Pbl,,
and 24bpe-Pbl,. Notably, five of them are reported for the first
time. 44bpe-PbBr, was previously reported;*” however, the SCSC
topochemical conversion remains unknown. Crystal structures
of these six compounds were determined by SCXRD (Fig. 1 and
S1). Crystallographic data and structure refinement information
appear in Table S1 (CCDC no. 2407139 and 2407230-2407233).
The phase purity of these CPs was further confirmed by powder
X-ray diffraction (PXRD) (Fig. S2).

In general, these lead-halide CPs display 2D connectivity
(Fig. 1) with rich structural diversity. The inorganic component
consists of 1D lead-halide chains, which are then crosslinked by
the bpe ligands through the Pb-N coordination bonds. Each
Pb** forms an octahedron with two N from the bpe ligands and
four halide ions. Different bpe isomers lead to different coor-
dination geometries and Pb-X chain structures. There are two
types of Pb-X chain structures in these bpe-PbX, CPs. Here, five
of these CPs (44bpe-PbX, (X = Cl, Br, I), 22bpe-PbBr,, and
24bpe-Pbl,) show 1D linear Pb-X chains, which consist of edge-
sharing [PbX,N,] octahedra (Fig. 1, type-I). However, 22bpe-PbI,
shows 1D corrugated Pb-X chains (Fig. 1, type-II). These 1D Pb-
X chains are then interconnected by the bpe ligands through the
Pb-N coordination bonds. These lead-halide CPs show superior
stability in air and solvent (Fig. S3).

Interestingly, the exact position of N in bpe isomers has
a direct impact on the coordination geometry and the 2D
framework structure. For instance, in 44bpe-PbX, series (X = Cl,
Br, I), each Pb*" is coordinated with four halides in the equa-
torial plane and two N in the axial position (Fig. 1a, e, and S1).
The crystal structure of 44bpe-PbX, shows a planar 2D struc-
ture, where 44bpe molecules are in parallel positions. The
distance between the adjacent double bonds is determined by
the Pb-*X-Pb distance in the 1D chain, which is shown to be
4.05, 4.19, and 4.36 A for X = CI, Br, and I, respectively. The
larger the halide ions, the longer the adjacent double bond
distance.

In the 22bpe-PbBr, CP (Fig. 1b and f), the coordination
geometry of 22bpe results in the formation of a wrinkled 2D
framework consisting of 1D linear Pb-Br chains interconnected

Chem. Sci., 2025, 16, 16004-16015 | 16005
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Fig. 1 Structures of bpe-based lead-halide CPs. (a—d) Front view of the 2D structures of 44bpe-PbX, (X = Cl, Br, 1), 22bpe-PbBr,, 24bpe-Pbl,,

and 22bpe-Pbl,. (e—h) Side view of the 2D structures of 44bpe-PbX,, 22bpe-PbBr,, 24bpe-Pbl,, and 22bpe-Pbl,. (i—

k) Parallel packing of 44bpe,

22bpe, and 24bpe. (1) Criss-cross packing of 22bpe. Green, blue, brown, purple, and dark spheres denote the Cl, N, Br, |, and Pb atoms,

respectively. Gray sticks denote the C atoms.

with the 22bpe ligands. The adjacent 22bpe ligands pack in
parallel with a double bond distance of 4.13 A, similar to that in
44bpe-PbBr,. This kind of wrinkled 2D structure is also formed
in 24bpe-Pbl, (Fig. 1c and g) with similar 1D linear Pb-I chains.
The 24bpe ligands also pack in parallel in the 24bpe-PbI, CP
with a double bond distance of 4.34 A.

However, the structure of 22bpe-Pbl, varies significantly
from other 2D CPs (Fig. 1d and h). In this structure, each Pb*" is
coordinated with two N at the adjacent equatorial position of
the octahedron, forming the corrugated [PbI,N,] chains. The
Pb-I chains are then connected by the 22bpe ligands to form 2D
frameworks. Here, the 22bpe ligands are criss-cross packed
within the 2D framework (Fig. 11).

In addition to the different inorganic frameworks, the
geometry of bpe ligands also varies significantly in these CPs.
For instance, in the type-I structure, all adjacent bpe ligands are
packed in parallel with tunable intermolecular distance and
packing geometry (Fig. 1i-k). The two adjacent bpe molecules
align face-to-face with different slippage angles. The degree of
overlapping can be described by £ C1-C2-C2*. This value is
between 58° and 60° in the 44bpe-PbX, series, which increased
to 68.0° and 79.3° in 22bpe-PbBr, and 24bpe-Pbl, CPs, respec-
tively. The larger the £C1-C2-C2*, the greater the orbital

16006 | Chem. Sci., 2025, 16, 16004-16015

overlapping in adjacent bpe ligands. In the type-II structure, two
adjacent bpe ligands are not packed in parallel, and the dihe-
dral angle £ C2-C1-C1*-C2* was measured to be 41° (Fig. 11).
To facilitate the [2 + 2] photocycloaddition, the bpe ligands
would need to twist and rotate in 22bpe-PbI, CPs. The adjacent
double bond distance and overlapping angles in all bpe-PbX,
CPs are summarized in Table 1. Therefore, the rich chemical
and structural diversity of these bpe-PbX, CPs provides an ideal
platform to investigate the impact of intermolecular bond
distance, overlapping angles, and packing geometry on the
SCSC [2 + 2] photocycloaddition reactions.

Table 1 Structure parameters of the packed bpe molecules

dei-ci+ (A) £ C1-C2-C2* (°) /£ C2-C1-C1*-C2* (°)
44bpe-PbCl, 4.05 58.4 0 (Parallel)
44bpe-PbBr, 4.19 59.7
44bpe-Pbl, 4.36 59.5
22bpe-PbBr, 4.13 68.0
24bpe-Pbl, 4.34 79.3
22bpe-Pbl, dcici+ = 3.68 A 74.7 1 (Criss-cross)

deocox = 3.97 A

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Quantitative single-crystal-to-single-crystal [2 + 2]
photocycloaddition

To study the SCSC [2 + 2] photocycloaddition in these lead-
halide CPs, we first characterized their optical properties. UV-vis
absorption spectra of lead-halide CPs are shown in Fig. 2a,
which show a continuous red-shift from the Pb-ClI to Pb-Br and
Pb-I series. This halide-dependent bandgap is ascribed to the
charge transfer from the halide ions to organic ligands, that is,
halide-to-ligand charge transfer (XLCT).>**>** When changing
bpe ligands within the same halide, e.g., Pb-Br or Pb-I series,
there is a red-shift of the absorption spectra from the 22bpe and
24bpe to 44bpe series. The smaller bandgap in the 44bpe-PbX,
series indicates that the planar 2D structures are more favorable
for the XLCT. The extended bandgaps into the visible range
further allow us to trigger the photoreaction with visible light
illumination, rather than UV excitation as reported in most
literature studies.”***** Meanwhile, the tunable bandgap of
lead-halide CPs offers an additional knob to modulate the
photocycloaddition rate.

Here, lead-halide CP microcrystals were irradiated under
a Xe lamp (350-850 nm) (Fig. S4 and S5) with a fixed power for
different durations, and the photocycloaddition process was
monitored by "H NMR. The products of the lead-halide CPs
(bpe-PbX,) are correspondingly denoted as bpe-PbX,-P. After
photoirradiation, the photocycloaddition products were
analyzed by dissolving the microcrystals in dg-DMSO. As shown
in Fig. 2b, the photoproducts of 44bpe-PbCl, show a decreasing
signal at 7.5, 7.6, and 8.6 ppm under illumination, corre-
sponding to the vinyl and pyridine groups of bpe, respectively.
Concurrently, three new peaks at 4.7, 7.2, and 8.3 ppm

View Article Online

Chemical Science

corresponding to the cyclobutane ring and pyridine groups on
the photocycloaddition product, ie., rctt-tetrakis(4-pyridyl)
cyclobutane (rctt-44-tpch), appear, suggesting a quantitative [2 +
2] photocycloaddition. The conversion yield can be readily
calculated by integration of the NMR peaks. Fig. S5 shows the
conversion yield as a function of time in different bpe-PbX, CPs.
Here we define the conversion rate as 1/t,,,, where 7,,, refers to
the time when the conversion yield reaches 50%. Fig. 2c and
d show the conversion rate as a function of the double-bond
distance and optical bandgap, respectively. In general, the
conversion rate roughly increases linearly with the decrease of
intermolecular distance, with the exception of type-II 22bpe-
PbI, crystals (Fig. 2c), which feature criss-cross packing of bpe
ligands. 44bpe-PbCl, exhibits the fastest photocycloaddition
rate due to the shortest double bond distance. This is in
agreement with the commonly reported Schmidt's rule. Mean-
while, the conversion rate increases with the decrease of band
gap (Fig. 2d). The bpe-Pbl, series shows a faster reaction rate
than the bpe-PbBr, series, as the broad absorption spectrum in
the bpe-Pbl, series is favorable for the absorption of visible
light. There is a competing effect between the distance and
bandgap on the photocycloaddition rate (Fig. S6). The photo-
cycloaddition rates in these 2D lead-halide CPs are still lower
compared to the reported 1D CPs,>»** as the 2D framework
possesses enhanced connectivity between bpe ligands and lead
halides, which restrains the movements of bpe ligands and
therefore slows down the photocycloaddition rate.

It should be noted that the generated tetrakis(4-pyridyl)
cyclobutane (¢pch) molecules have four steric isomers (Fig. S7).
Interestingly, "H NMR results indicate that when bpe ligands
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Fig. 2 (a) Absorption spectra of the bpe-PbX, CPs. (b) *H NMR spectra of 44bpe-PbCl, under different irradiation times. (c) Photocycloaddition
rates of the bpe-PbX, CPs with different double bond distances. (d) The relationship between the photocycloaddition rates and bandgap.
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are packed in parallel in the type-I structure (44bpe-PbX,,
22bpe-PbBr,, and 24bpe-Pbl,), the photocycloaddition products
are all in the rctt conformation (Fig. 3a and S8-S11). The
absolute configuration is further confirmed by the SCXRD result
(vide infra). However, the photocycloaddition product from the
type-II structure (22bpe-Pbl,) yields another conformation (Fig.
3b and S10b), that is the rtct-22-tpch product.*® This stereo-
selective synthesis of the cyclobutane photoproducts originates
from the packing mode of bpe ligands. The movement of bpe
molecules in lead halide CPs is constrained by the coordination
bond, resulting in a spatially closest transition state and
yielding stereoselective cyclobutane photoproducts (Fig. 3). The
stereoselectivity enabled by the tunable CPs represents a unique
opportunity for precision chemistry through the solid-state [2 +
2] photocycloaddition.

Since the photoconversion is carried out in a SCSC fashion,
the detailed structural change of CPs upon photocycloaddition
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can be precisely determined by SCXRD. The crystal structures of
five photoproducts from type-I CPs, namely, 44bpe-PbX,-P (X =
Cl, Br, I), 22bpe-PbBr,-P, and 24bpe-Pbl,-P, were successfully
solved (Table S2, CCDC no. 2407234-2407238). However, the
crystal structure of the photoproduct from type-II CPs cannot be
solved with high fidelity, likely due to the complicated distor-
tion of the organic ligands. The PXRD data confirm their phase
purity after photocycloaddition (Fig. S12). In general, crystal
structures of photoproducts display a significant disorder in the
organic cyclobutane components (Fig. S13). To better illustrate
the structure change, we extracted one set of organic compo-
nents. As shown in Fig. 4, all bpe molecules are transformed
into the corresponding cyclobutane products upon irradiation,
indicating a quantitative SCSC photocycloaddition. The abso-
lute configuration of the cyclobutane products can be
unequivocally determined as rctt, consistent with their NMR
data. We have carried out reciprocal space reconstructions (rsr)
on 44-bpe-PbCl, before and after irradiation to monitor the
dynamic photocycloaddition process (Fig. S14-S17). It indicates
that the initial phase will gradually transfer to the intermediate
twin-like cell and to the fully converted photoproduct at the end.

Interestingly, most CPs display minimal changes in their
inorganic subunits after photocycloaddition, with the exception
of 44bpe-PbCl,-P. In this case, the photocycloaddition induces
a spatial shift of the bpe ligands, altering the coordination
geometry of the Pb-Cl chains. Specifically, two pyridine units in
the ¢pch ligands move between two adjacent Pb ions (Fig. 4a),
resulting in an elongated Pb-N distance of 2.83 A. This signif-
icant structural change arises from the rotation and reorgani-
zation of the bpe ligands during the photocycloaddition
process. As a result, 44bpe-PbCl,-P exhibits a pronounced
photosalient effect (Fig. 4a), causing the crystals to split or bend
upon photoirradiation. In contrast, no notable photosalient
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Fig. 4
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effect was observed in the other CPs (Fig. S18). The relatively
slow photocycloaddition process allows these crystals to
accommodate the strain while keeping the crystal shape.

The thin layers of 44bpe-PbCl,-P can be exfoliated and
characterized by AFM (Fig. S19). The thickness lies in the range
from 4 nm to 50 nm, which confirms that a layered structure
was formed in the 2D coordination polymer. Considering the
crystallographic layer with a thickness of about 8 A, the 4 nm
thin layer consists of about 8 layers of 2D polymers. Thermal
gravimetric analysis (TGA) suggests that photocycloaddition
products of CPs display an enhanced stability (Fig. S20).

Despite the topochemical conversion nature, the space
group of photo-irradiated CPs generally shows a higher
symmetry compared to the bpe-based CPs (Fig. 4). For instance,
the triclinic P1 space groups of 44bpe-PbCl, and 44bpe-PbBr,
transforms into monoclinic C2/c and C2/m space groups after
photocycloaddition, respectively. Similarly, 22bpe-PbBr, crys-
tallizes in the monoclinic P2/c space group, while 22bpe-PbBr,-P
transforms into the orthorhombic Pnnm space group. This
suggests that the SCSC photocycloaddition process is
a symmetry-increasing process. We attribute this symmetry-
increasing phenomenon to the enhanced structural symmetry
of tpch molecules compared to the bpe molecules. It should be
noted that this type of photo-induced phase transition in long-
range ordered hybrid materials has rarely been observed.** In
these 2D lead halide CPs, the connectivity based on coordina-
tion bonds renders the structural frameworks sensitive to
perturbations from the organic ligands during photocyclo-
addition. This sensitivity can lead to significant alterations in
the material's properties and behaviors, highlighting the
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intricate relationship between the organic components and the
inorganic framework in these hybrid systems.

Tuning photophysical properties via topochemical
photocycloaddition

To explore the impact of photophysical properties of lead-halide
CPs upon topochemical [2 + 2] photocycloaddition, we
measured their UV-vis absorption and photoluminescence
spectra. In general, photo-irradiated CPs display a red-shifted
absorption spectrum compared to their parent CPs (Fig. 5). This
is particularly obvious in 44bpe-PbCl,-P, 22bpe-PbL,-P, and
24bpe-Pbl,-P, where an absorption tail extending the bandgap
is observed. This absorption feature is attributed to the cyclo-
butane derivative radicals,*** which are induced by the electron
transfer from halides to organic ligands. The presence of radi-
cals is further confirmed by the electron paramagnetic reso-
nance (EPR) spectrum (Fig. S21). Furthermore, the radical on
44bpe-PbL,-P can be quenched upon heating in the air
(Fig. S22). It suggests that the ¢pch molecules can promote the
generation of radical species through XLCT. Meanwhile, the
optical bandgap of lead-halide CPs displays a slight increase
upon photoirradiation (Fig. 5a, b, d and S22), in agreement with
the decreased conjugation of ¢pch ligands compared to the bpe
ligands.>*

In addition to the modulation of absorption spectra, solid-
state [2 + 2] photocycloaddition shows a profound impact on the
emission properties of lead-halide CPs. Before photo irradia-
tion, four CPs, ie., 44bpe-PbX, (X = Cl, Br, I) and 24bpe-Pbl,,
exhibit similar red emission spectra with three distinct vibronic
structures centered at around 570, 620, and 750 nm,

(a) (b) (c

~1.0F ---44bpe-PbCl, | T 10F 44bpe-PbBr, P | 1.0 44bpe-Pbl, P
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Fig. 5 Absorption spectrum changes in bpe-PbX, CPs after photocycloaddition. (a) 44bpe-PbCl,. (b) 44bpe-PbBr,. (c) 44bpe-Pbl,. (d) 22bpe-

PbBr». (e) 22bpe-Pbls. (f) 24bpe-Pbl,.
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Fig. 6 Photocycloaddition-induced PL spectrum changes in 44bpe-PbCl, (a), 44bpe-PbBr; (b), 44bpe-Pbl; (c), 22bpe-PbBr; (d), and 24bpe-

Pbl, (e). (f) PL lifetime of the bpe-PbX, CPs.

respectively (Fig. 6). These emission peaks are consistent with
a previous report on lead-chloride CPs,* which is attributed to
halide-ligand charge transfer (XLCT). The PL spectra suggest
strong vibronic coupling at the excited states, akin to many
organic chromophores. Their photoluminescence (PL) lifetime
was measured by time-resolved PL, which gives an averaged
lifetime of 1.9, 94, 32, and 7.2 ps in 44bpe-PbCl,, 44bpe-PbBr,,
44bpe-Pbl,, and 24bpe-Pbl,, respectively (Table S3). The
microsecond lifetime indicates that the emission is attributed
to phosphorescence, which is promoted by the strong SOC in
the lead halides CPs. In contrast, 22bpe-PbBr, and 22bpe-Pbl,
are notably non-emissive at room temperature.

Interestingly, the sharp vibronic PL features of the emissive
bpe-PbX, CPs become blue-shifted broadband emission after
UV irradiation. For instance, 44bpe-PbCl,-P displays a broad-
band emission spectrum ranging from 400 nm to 850 nm, with
a peak centered at ~570 nm (Fig. 6a). The emission color is
changed from red (CIE coordinate: 0.53, 0.43) to white light (CIE
coordinate: 0.37, 0.40) (Fig. S23). The overall PL intensity
increases by around two-fold after photocycloaddition. The
broadband emission was also observed in 44bpe-PbBr,-P,
44bpe-Pbl,-P, and 24bpe-Pbl,-P, but the PL intensity was
decreased compared to the parent structure (Fig. 6b-e, also see
photoluminescence quantum yields (PLQYs) in Table S3).
Surprisingly, we found that the non-emissive 22bpe-PbBr, CP
exhibits a yellowish emission with a broadband spectrum from
400 to 900 nm (Fig. 6d) after photocycloaddition. The average
emission lifetimes of 44bpe-PbCl,-P, 44bpe-PbBr,-P, and 22bpe-
PbBr,-P were measured to be 2.7, 34, and 171 us, respectively
(Fig. S24), suggesting a phosphorescence mechanism.

To further understand the mechanism of PL modulation, we
performed first-principles DFT calculations on 22bpe-PbBr, and

16010 | Chem. Sci, 2025, 16, 16004-16015

22bpe-PbBr,-P to explore the changes in the electronic states
during the photocycloaddition process. The calculated band
gap is increased after photocycloaddition (Fig. S25), which
agrees well with our absorption and PL measurements. For
22bpe-PbBr,, the band structure shows flat valence and
conduction bands, and the band-decomposed partial charge
density (Fig. 7) indicates that the electron is localized on the
ligand orbitals (CBM), while the hole is from the extended Pb-
Br framework (VBM). This results in minimal spatial overlap
between the wavefunctions associated with the VBM and CBM;
according to Fermi's Golden Rule, such lack of overlap leads to
a low probability for radiative transitions, accounting for the
absence of PL emission in this structure. After photocyclo-
addition, the ligands with antibonding ©* orbitals come closer,
increasing their energy and facilitating hybridization with the
Pb 6p-Br 4p antibonding states. In 22bpe-PbBr,-P, the
conduction band becomes much more dispersed, and the CBM
is delocalized over both the organic ligand and the Pb-Br
framework. This increased spatial overlap between the relevant
orbitals enhances the probability of radiative recombination,
which is consistent with the observed PL emission. This inter-
pretation is also supported by our time-resolved PL data, where
bpe-PbX,-P CPs exhibit exponential (radiative) decays (Fig. S24),
while bpe-PbX, CPs show linear decays (Fig. 6f), indicative of
trap-assisted recombination or carrier separation. Similar
behavior has been reported in other materials such as Cs;Cu,Xs
(ref. 53) and Cs,AgInCle.** Therefore, we propose that the
modulation of PL arises from changes in the ground-state
electronic structure of the coordination polymers during
photocycloaddition, which influences the spatial overlap of the
relevant orbitals and thus the likelihood of radiative versus non-
radiative recombination pathways.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Band decomposed partial charge densities of 22bpe-PbBr; (top panel) and 22bpe-PbBr,-P (bottom panel) at VBM (left and middle panels)

and CBM (right panel), respectively.

The longer PL lifetime and enhanced PLQY in 44bpe-PbCl,-P
compared to the initial structure both indicate the suppressed
non-radiative decay and a dominant radiative process in it.
However, the topochemical conversion nature might distort the
inorganic subunits during the photocycloaddition, resulting in
a more distorted inorganic lattice. This can lead to enhanced
electron-phonon coupling and non-radiative relaxation
through the inorganic channels.>»*® We attribute the decreased
PL intensity in 44bpe-PbBr,-P, 44bpe-Pbl,-P, and 24bpe-Pbl,-P
to the increased inorganic distortion after photocycloaddition
(Fig. S26). We demonstrate that the post-synthetic photocyclo-
addition strategy can largely tune the optical properties of these
bpe-based coordination polymers. The photo-responsive phos-
phorescence shows potential in information encryption.***”>

Conclusion

In summary, we have synthesized a series of bpe-based 2D lead-
halide CPs and studied their photocycloaddition process.
SCXRD results demonstrate the topochemical SCSC trans-
formations in the CPs. We show that lead-halide CPs are
a highly tunable platform to study structure-property relation-
ships by modulating the intermolecular packing geometry and
the halide composition. Our results show that the reaction rate
of topochemical [2 + 2] photocycloaddition depends on the
packing geometry, intermolecular distance, and the optical
bandgap of CPs. Meanwhile, the stereochemistry of [2 + 2]
photocycloaddition products can be readily controlled by the
coordination geometry of CPs. Moreover, the photophysical

© 2025 The Author(s). Published by the Royal Society of Chemistry

properties of CPs can be modulated by the solid-state photo-
cycloaddition. The modulation of electronic structures results
in enhanced room-temperature, broadband phosphorescence
in 44bpe-PbCl,-P and 22bpe-PbBr,-P. This work demonstrates
that solid-state [2 + 2] photocycloaddition as an effective
strategy to regulate the molecular structures and optoelectronic
properties of bpe-based lead-halide CPs with rich chemical and
structural diversity.

Experimental section

Synthesis of lead halide coordination polymers

PbBr,, Pb(CH;COO),, KCl, KBr, and KI were purchased from
Aladin. PbBr, was purchased from Macklin. MeOH was
purchased from Scharlau. 1,2-bis(4-pyridyl)ethylene (44bpe),
1,2-bis(2-pyridyl)ethylene (22bpe), and (E)-2-[2-(pyridin-4-yl)
vinyl]pyridine (24bpe) were purchased from TCI. All the chem-
icals were used as received without further purification.

The synthesis of the lead halide coordination polymers was
modified from the previously reported branched tube method.*

Synthesis of 44bpe-PbX, (X = Cl, Br, I): The 44bpe ligand (0.5
mmol) and a mixture of Pb(CH;COO), (0.5 mmol) and KX (X =
Cl, Br, I) (1 mmol) were placed in the bottom of the main arm in
a branched tube. MeOH was carefully added to fill both arms.
The tube was sealed, and the main arm was immersed in an oil
bath at 60 °C while the branched arm was kept at ambient
temperature. After 3-5 days, suitable single crystals were
deposited in the cooler arm due to the thermal gradient. The
crystals were taken out and dried at 60 °C overnight.
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Synthesis of 22pe-PbBr,, 22bpe-Pbl,, and 24bpe-Pbl,: The
22bpe/24bpe ligand (0.25 mmol) and PbBr,/Pbl, (0.25 mmol)
were placed in the bottom of the main arm in a branched tube.
A mixed solution of MeOH : H,O (3 : 1) was carefully added to fill
both arms. The next procedure is the same as that for 44bpe-
PbX,.

Photocycloaddition experiment

Polycrystalline samples were uniformly placed in a small vial
and irradiated under a 300 W Xe lamp for different durations of
time. At each time, a portion of the sample was taken out and
dissolved in (CD3),SO for the NMR test. The single crystals were
irradiated overnight to get the complete photocycloaddition
products for further SCXRD, absorption and PL spectra
characterization.

'"H NMR spectrum

"H NMR spectra were recorded using a BRUKER AVII 400 NMR
spectrometer.

Powder X-ray diffraction

The powder X-ray diffraction data were collected on a Rigaku
MiniFlex powder X-ray diffractometer with a Cu K,,/K,, source
(A = 1.54051/1.54433 A).

Single crystal X-ray diffraction

Single-crystal diffraction data were collected on a Rigaku
SuperNova Atlas CCD diffractometer at low temperature (173 K)
using Mg Ko radiation (2 = 0.71073 A). The structures were
solved by using Olex2, with the SHELXT structure solution
program using Intrinsic Phasing, and the SHELXL refinement
package using least squares minimization.

UV-vis absorption spectroscopy

The UV-vis absorption spectra were collected in optical diffuse
reflectance mode using a UH5700 spectrophotometer with a 60
mm diameter integrating sphere. BaSO, was used as the 100%
reflectance background. The crystalline samples were ground
into powder and adhered to BaSO, for measurement. The
Kubelka-Munk equation, /S = (1 — R)*/(2R), where R is the
reflectance, « is the absorption coefficient, and S is the scat-
tering coefficient, was applied to convert the reflectance to the
absorption data.

PL spectroscopy

Temperature-dependent PL emission spectra were measured
under vacuum in a sealed quartz chamber, which is cooled by
liquid nitrogen. Temperature was monitored and controlled by
a thermocouple connected to a temperature controller. The PL
spectra were collected using a NOVA spectrometer through
a confocal microscope. The sample was excited by a 365 nm UV
lamp.

16012 | Chem. Sci,, 2025, 16, 16004-16015
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TRPL

The PL lifetimes were measured on an Edinburgh FLS980
photoluminescence spectrometer with excitation at 360 nm.

PLQY

Photoluminescence quantum yields (PLQYs) were measured
using an integrating sphere on an Hamamatsu Quantum Yield
Spectrometer C11347 Quantaurus. Data were collected three
times, and the average values were reported. The PLQY was
calculated using the following equation:

‘[Isample(/{) - ‘[Iref(/l)d/\
.[ETEf()\) - J‘ES'dmp]e(A)dA

where “I” indicates the measured intensity of the emitted light,
“E” indicates the measured intensity of the excitation light,
“sample” indicates measurements of samples, and “ref” indi-
cates measurements of a reference (without samples).

PLQY =

Electron paramagnetic resonance (EPR) spectrum

EPR spectra (9.35 GHz) were recorded on a Bruker EleXsys E500
spectrometer equipped with a super-high Q resonator
(ER4122SHQE) at room temperature.

Thermal analysis

Thermogravimetric analysis (TGA) was conducted on a TGA 7
PerkinElmer. The scanning rate was 10 °C min~'. The test was
conducted under a nitrogen atmosphere.
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