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Rigid cationic ligands enable high-efficiency NIR-II
photoluminescence in copper(l) iodide hybrid
semiconductors
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Near-infrared (NIR) luminescent materials are pivotal for advanced optoelectronic and biomedical
applications, yet attaining efficient emission in the NIR-Il region (950-1400 nm) remains challenging.
Here, we introduce a ligand cationization strategy for designing copper(i) iodide-organic hybrid materials
that emit in the NIR-II region (920-1120 nm) with PLQYs up to 8.58%. By incorporating rigid cationic
ligands with Cul modules, we synergistically achieve bandgap narrowing (to 1.51 eV) and structural
rigidification via ionic-dative bonding, effectively suppressing non-radiative decay while extending
emission beyond 1100 nm. Coupled with solution processability—enabled by the successful synthesis of
nanometer-sized nanoparticles in various shapes—and excellent thermal stability (=210 °C), this work
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Introduction

Near-infrared (NIR) luminescent materials (700-1400 nm) have
emerged as essential components in advanced optoelectronic
technologies, including bioimaging, night vision, and optical
communication, due to their superior tissue penetration and
minimized background interference.”* While small organic
molecules, perovskites, and quantum dots have successfully
achieved emission in the NIR-I region (700-950 nm),* their
extension to the longer-wavelength NIR-II range (950-1700 nm)
remains challenging: organic systems are often limited by
complex synthesis and low photoluminescence quantum yields
(PLQYs),>® whereas inorganic counterparts struggle with
stability and bandgap tunability.”® Copper(i) iodide-based
hybrid materials (Cul-L), which integrate the structural modu-
larity of organic ligands with the chemostability of inorganic
motifs, present a compelling alternative due to their structural
diversity, high stability, and unique photophysical
properties.”™* However, existing Cul-L systems emit predomi-
nantly in the visible or short-wavelength NIR-I regions, with
limited exploration of their NIR-II potential.**™ This limitation
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establishes ligand cationization as a universal approach for designing efficient NIR-Il emitters.

arises primarily from the lack of efficient strategies for bandgap
narrowing and the suppression of non-radiative decay
pathways.

The photoluminescence of many Cul-L hybrids arises from
the excited states based on metal halide-to-ligand charge
transfer process [(M + X)LCT], which is heavily influenced by
ligand electronic states and structural rigidity.'®** Current
efforts to red-shift emission wavelengths rely on extending
ligand conjugation or introducing electron-withdrawing groups
(EWGS) to lower the energies of the lowest unoccupied molec-
ular orbitals (LUMOs) of ligands; however, these approaches
often compromise PLQYs due to exacerbated quenching as the
results of extended molecular vibrations and rotations, or fail to
sufficiently narrow the bandgap.'*'®'” This underscores the
need for a unified design strategy that simultaneously tailors
electronic structures and suppresses non-radiative losses
effectively.

Herein, we propose a “rigid cationic ligands” strategy to
engineer AIO-type'®*® copper(1) iodide-organic hybrids (AIO-Cul-
L) for tunable NIR-II photoluminescence. By incorporating
a rigid, conjugated cationic center to ligands with low-lying
LUMO energies, we tackle the two key challenges: bandgap
narrowing and exciton stabilization (Scheme 1). This is ach-
ieved through (1) bandgap reduction via the enhanced electron-
withdrawing effects of the cationic centers and (2) suppression
of vibrational quenching as a result of rigidified inorganic—
organic interfaces enabled by synergistic ionic-dative bonding.*®

Using methylpyridinium-functionalized benzothiadiazole/
benzoselenadiazole ligands, we succeed in synthesizing four
different AIO-Cul-L hybrid materials with emissions in the NIR-
II region (920-1120 nm) and PLQYs up to ~8.6%, surpassing
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Scheme 1 Schematic illustration of “rigid cationic ligand” strategy for
(a) band gap and (b) structure engineering of AlO-type Cul-L hybrid
materials.

previous Cul-L systems by over 5-fold. These emitters exhibit
high stability and solution processability, enabling the fabri-
cation of uniform nanoparticles. Assisted by comprehensive
optical characterizations coupled with density functional theory
(DFT) analysis, this work establishes a universal design prin-
ciple for functional hybrids, bridging molecular-level engi-
neering with macroscopic optoelectronic performance.

Results and discussion
Structural description

We selected benzothiadiazole and benzoselenadiazole as core
ligands as they have appropriate LUMO energy levels and strong
coordination capability with Cul.® To further reduce the
bandgap of the resulting hybrid semiconductors and enable
NIR-II emission, an additional approach is necessary to further
engineer these ligands. DFT calculations reveal that conven-
tional modifications with either neutral EWGs or m-plane
expansion fail to sufficiently lower the LUMO energies of ben-
zothiadiazole and benzoselenadiazole (AEpymo < 0.5 €V). In
sharp contrast, introducing the cationic methylpyridinium
group substantially reduces their LUMO levels by ~1.5 eV
(Fig. S1 and S2), leading to narrow energy gaps of the resultant
Cul hybrid materials conducive to NIR-II emission. This
pronounced reduction of LUMO stems primarily from the
stronger electrostatic induction from the cationic center of the
methylpyridinium group, which redistributes the electron
density on the benzothiadiazole and benzoselenadiazole more
effectively than that from the partial charges on the EWGs or the
electron delocalization over the extended conjugation (Fig. S3).
Furthermore, the N atoms of the cationized ligands could retain
their coordination ability, forming synergistic ionic-dative
bonds with Cul modules. This bonding strategy has been
proven to enhance structural rigidity and stability.">*°

To verify the proposed strategy, we synthesized the above
rigid cationic ligands by a two-step process, and their purity was
confirmed with "H NMR (Fig. S4 and S5). Reactions of these
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ligands with Cul under different conditions yielded high-quality
single crystals of the four title compounds. Single-crystal X-ray
analysis revealed that their structures range from molecular
0D clusters to layered 2D networks with the formulas OD-
Cul4(Ls), (1), 0D-Cuyly(Lse), (2), 1D-Cugls(Ls), (3), and 2D-Cug-
Ig(Lse)2 (4), as depicted in Fig. 1a-d and S8. The crystallographic
data are summarized in Table S1. Notably, all compounds
maintain charge neutrality through balanced coordination
between cationic ligands and anionic Cu,,L,..»>~ modules, as
observed in other reported AIO compounds.'®*°

Compounds 1 and 2 share the same structure type and are
isostructural, where 0D-Cu,l,>~ dimeric clusters coordinate to
two ligands via Cu-N bonds. Compound 3 consists of 1D
anionic (Cuglg)”~ chains that are coordinated and charge-
balanced by terminal ligands. Compound 4 is a layered struc-
ture made of 1D anionic (Cuglg)®>~ chains interconnected via
bidentate ligands. The Cu-N bond lengths in all compounds are
found to be 2.03 to 2.07 A, similar to other reported hybrid CuX-
L compounds consist of Cu-N bonds.>>** In all compounds, Cu
atoms are tetrahedrally coordinated to either three I atoms and
one N atom from the ligand, or four I atoms. The coordination
numbers of I atoms range from 1 to 3.

Critical to emission performance, 7-m interactions between
adjacent ligands were observed across all title compounds, with
vertical distances (d) of 3.32-4.14 A and displacement angles (6)
of 14.97-34.02°. Interestingly, two different kinds of m-w
interactions were found in all compounds, as shown in Fig. 1e
and S9. Among them, compound 3 demonstrates the most
aligned m-m stacking, followed by compound 2. The subtle
geometric variations, arising from the ligand composition (S vs.
Se) and structural dimensionality changes of Cul motifs, are
anticipated to profoundly influence exciton dynamics—
a hypothesis validated in subsequent photophysical studies.

High-quality single crystals and powder samples of all
compounds were used for various characterizations, with their
phase purity verified by powder X-ray diffraction (PXRD) anal-
ysis (Fig. S10). FT-IR spectroscopic study further validated the
coordination-induced structural rigidification. As shown in
Fig. 1f, taking compounds 2 and 4 as examples, the signals of
the coordinated ligands remain characteristic of free ligands
while showing marked attenuation of selenadiazole-related
vibrations, including the N-Se-N scissoring at 720 cm ™, and
the B(C-H) of the phenyl-ring at 1020 and 1230 cm ™. Concur-
rently, intensified peaks observed at 810 cm ™', 1340 cm ™’
(pyridine ring B(C-H)), and 3000-3100 cm ™" (methyl v(C-H)).
These spectral evolution trends, which are also consistently
observed in compounds 1 and 3 (Fig. S11), arise from distinct
bonding environmental changes during the Cu-N bond
formation: Free ligands exhibit vibrational constraints from
coulombic interactions between I anions and pyridinium
cations, whereas coordinated ligands experience enhanced
rigidity through ionic-dative synergy—Cu-N bonds restrict sele-
nadiazole motions, while charge redistribution stabilizes
conjugated backbones. These results demonstrate that ligand
cationization not only modulates electronic structures but also
imposes steric constraints to mitigate non-radiative decay
pathways.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Crystal structures of compounds (a) 1, (b) 2, (c) 3, and (d) 4. (e) Two different t—7 packing modes within compound 1, color scheme: cyan:
Cu; purple: [; gray: C; blue: N; yellow: S; red: Se. All H atoms are omitted for clarity. (f) Experimental IR spectra of free ligand Ls (black) and

compounds 2 (red) and 4 (blue). The absorbance is normalized to the phenyl-ring stretching band v(C=C) around 1610 cm

Photophysical study

The optical absorption spectra of all compounds were collected
at room temperature using diffuse reflectance spectroscopy
(Fig. 2a). Their optical band gaps range from 1.51 to 1.62 eV,

(a)

-1

estimated from the absorption edges using the Tauc method.

The narrow band gaps are also reflected by the black colors of
the samples, indicating strong visible light absorption. Room
temperature photoluminescence spectroscopy reveals that

upon excitation under 450 nm irradiation, all compounds
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(a) Optical absorption (dotted) and photoluminescence emission (solid) spectra of all compounds (e, = 450 nm). Excitation-dependent

PL spectra of compounds (b) 2 and (c) 4. (d) PLQY for different NIR emitters in relation to their emission wavelength, detailed values and data
sources can be found in Table S11. (e) The correlation between relative values of kp with the k, and k., values of all title compounds.
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demonstrate broadband low energy emissions in the NIR-II
region. The emission maxima are 970, 1020, 920 and 1120 nm
for compounds 1-4, respectively, well in trend with their esti-
mated band gaps. Remarkably, this represents the first set of
CuX-based materials that emit in the NIR-II region, surpassing
the previously reported 1D-(mgx),Cu,l, which exhibits the
longest emission wavelength peaked at 875 nm." The emission
peaks and spectral shapes of all four compounds remain
unchanged with varying excitation energies (Fig. 2b, c and S12),
indicating a single excitation process governs their photo-
luminescence.”® The fullwidth at half-maximum (FWHM)
values of all four compounds are ~250 meV, implying the
charge transfer characteristics of their excited states, similar to
other reported hybrid NIR emitters.'***>¢

The photoluminescence quantum yields (PLQYs) of all four
compounds were determined at room temperature (Fig. S13 and
S14) under 450 nm excitation, as listed in Table 1. Notably,
compound 4 achieved an impressive PLQY of 8.58%, with an
emission peak centered at 1120 nm—setting a new record for
metal-halide hybrids with simultaneously the longest emission
wavelength and highest efficiency reported to date in the NIR-II
region (Fig. 2d and Table S11). This dual optimization clearly
outperforms conventional CuX systems (e.g., PLQY of 1.7% at
875 nm),"* underscoring the effectiveness of the “rigid cationic
ligand” strategy.

To quantitatively assess their emission efficiencies, total
radiative rates (k) and non-radiative decay rates (k) were
estimated based on eqn (1) and (2),%*® where np,, is the PLQY
value and 7py, is the average PL lifetime.

neL = kr/(kr + knr) (1)

(2)

Note that the temperature used for PLQY and PL lifetime
measurements are slightly different (RT and 278 K, respec-
tively). Hence, the k, are expected to be slightly underestimated
and the k,, are slightly overestimated. As demonstrated in
Fig. 2e and Table 1, despite minor variations in &, (1.2-3.3 x 10*
s~ 1), their k. differ significantly (29.2-70.3 x 10* s~ '), primarily
governing PLQY differences. Such non-radiative deactivation of
the photogenerated excitons can be attributed to the short-
range Dexter energy-transfer process mediated by the overlap
of two adjacent ligand wavefunctions, which is dominant in
many NIR luminescent materials.”**> The energy transfer rates
of Dexter coupling modes, kp, can be estimated based on eqn (3)

TpL = 1/(kr + knr)
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and are listed in Table S2, where d (vertical -7 distance), 6
(displacement angle), and w (dihedral angle) define the inter-
molecular coupling geometry between two 1 planes.?*3*

kp o« cos(f)-cos(w)-e™? (3)

Fig. 2e correlates kp with the &, and k,, values of all four
compounds. The simultaneous increase of kp and k,, from
compounds 1 to 3 (made of Lg) validates our above analysis that
the enhanced - interactions within the structures can lead to
severe non-radiative relaxations via Dexter energy transfer, thus
reducing the PLQYs of the compounds.*>*® For the same reason,
the kp and k,,, decrease from compounds 2 to 4 (made of Lg).
Notably, compound 1 demonstrates a kp, value comparable to 2
and higher than 4, yet its k,, remains lower than both 2 and 4.
This ligand-dependent divergence may be attributed to the van
der Waals radius differences of $ and Se atoms (1.80 A and 1.90
A, respectively),”” as well as the significantly larger spin-orbit
coupling (SOC) of Se atom, which causes apparent under-
estimated kp, for Lg. system relative to Lg system.

Temperature-dependent PL spectroscopy and
measurements were carried out at various temperatures for all
title compounds, as shown in Fig. 3 and S15-S17. All title
compounds demonstrate little to no emission peak shifts and
FWHM changes across a temperature range of 78 K to 287 K,
indicative of suppressed electron-phonon coupling. Quantita-
tive analysis through temperature-dependent FWHM evolution
(eq. (4)) yielded Huang-Rhys factor (S) and photon frequency
(hwphoton),*® while the exciton binding energies (Ey,) were derived
from the Arrhenius plots of the PL thermal quenching (eqn
(5)),* as depicted in Fig. 3¢ and S15-S17.

_ ha)photon
FWHM = 2.36V/Shwphoton | / coth uT

I

1+Aexp(—kE—bT)
B

where kg is the Boltzmann constant, T is the temperature, I(7) is
the integrated PL intensity at a specific temperature T, I, is the
integrated PL intensity at 0 K, and A is a constant.

Owing to the unique coordination chemistry featuring
strongly bonded cation-anion pairs, the title compounds
demonstrate enhanced structural rigidity and strong exciton
localization effects compared to many other CuX based hybrid
materials,*>*! enabled by the rigid ionic-dative frameworks. The

lifetime

(4)

1= )

Table 1 Important photophysical properties of compounds 1-4
B. G.
Compound (eV) Aem (nM) PLQY* (%) Lifetime” (us) ke (x10% s7h) kar (x10% s7Y) T4 (°C)
1 1.60 970 6.45 + 0.15 9.6 2.0 29.2 210
2 1.56 1020 4.01 + 0.79 2.7 2.7 64.0 265
3 1.62 920 1.61 £+ 0.46 1.7 1.2 70.3 255
4 1.51 1120 8.58 + 0.96 2.9 3.3 35.1 275

@ Jex = 450 nm, data obtained at RT. ? Data obtained at 278 K. ¢ Ty: decomposition temperature.
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(a) Temperature-dependent PL spectra, (b) PL decay curves and (c) Huang—Rhys factor (S) and exciton binding energy (Ey) fittings of

compound 1. (d) Calculated projected density of states (PDOS) of compounds 1 and 2. (e) Calculated frontier crystal orbitals and (f) energy level

diagram and SOC constant of compound 1.

relatively smaller E, values of compounds 2 (27.1 meV) and 3
(79.5 meV) may be attributed to their pronounced 7-7 inter-
actions as described above.

All title compounds exhibit PL lifetimes at microsecond-
scale across the studied temperature range (78-278 K), con-
firming the phosphorescence nature of their NIR emissions.
Biexponential decay fittings resolved two distinct radiative
pathways with amplitude ratios show little temperature-
dependence (Fig. 3b, S15-S17 and Tables S3-S6). In conjunc-
tion with the observed subtle thermochromism of their emis-
sions, these results suggest the coexistence of two weakly
coupled triplet excited states (T; and T,) with near-degenerate
energies, which have been seen in previous studies on d'°
metal complexes.*>** This phenomenon potentially arises from
the different charge transfer dynamics of the differently over-
lapped frontier orbitals, induced by the two distinct =
interactions observed within the structures.***

Phosphorescence mechanism

To gain insights into the role of structural features in regulating
the photoluminescence mechanisms, we performed DFT
calculations to study the phosphorescence mechanism of title
compounds. The projected density of states (PDOS) computed
with PBEO hybrid functional show dominant contributions of
Cu 3d and I 5p orbitals in the valence band maximum (VBM)
and ligand orbitals (e.g., p orbitals of C, N, S, Se) in the
conduction band minimum (CBM), as depicted in Fig. 3d and
S15. We computed the singlet and triplet excited states with

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

time-dependent DFT (TDDFT) calculations including SOC for
all title compounds, with detailed data summarized in Tables
S7-510. Fig. 3e and S16-519 illustrate the frontier crystal
orbitals participating in the electronic transitions. While the
highest occupied crystal orbital (HOCO) comes from inorganic
Cul modules, and the lowest unoccupied crystal orbital (LUCO)
centers on the organic ligands. These results confirm that both
absorption and NIR emissions of all title compounds are asso-
ciated with the excited states generated from the metal halide-
to-ligand charge transfer processes [(M + X)LCT], which
enables facile optical tuning through ligand
modifications.'***

In compound 1, the two distinct w—7 stacking configurations
in the crystal structures (Fig. 1e and S9) lead to closely spaced
low-lying singlet (1.30 and 1.31 eV) and triplet (1.24 and 1.25 eV)
states. The narrow energy gap between S, and S, facilitates
ultrafast internal conversion to populate S; after photoexcita-
tion. The S;-T; and S;-T, energy gaps are 0.05 and 0.06 eV,
respectively. Analysis of the SOC matrix element (SOCME)
reveals significantly stronger S;-T; coupling (52.94 cm )
compared to S;-T, (12.46 cm ™), suggesting a faster intersystem
crossing (ISC) from S; to T; than T,. In contrast, the S,-T; and
So-T, couplings (100.10 and 129.41 cm ', respectively) are
comparable, which could lead to similar non-radiative rate
constants. The singlet triplet SOC introduces two low-lying spin
states dominated by T; and T,, responsible for two phospho-
rescence decay pathways. The oscillator strengths are 2.1 x 10™*
and 2.6 x 10~* for the T, and T, featured spin states, respec-
tively, implying comparable radiative decay rate constants from

Chem. Sci., 2025, 16, 17417-17425 | 17421
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Reaction time

(a) SEM image of the prepared nano-sized spheres of compound 2. (b) TEM and elemental mapping images of isolated nano particles. (c)

The size distribution of prepared nano particles of compound 2. (d) PXRD patterns of two nano-sized samples of compounds 1 and 2 along with
the simulated patterns. (e) SEM image of the prepared nano-rod of compound 2 with elongated reaction times. (f) The progressive morphology
transformations from nanoparticles to nanoflowers as a function of time.

T; and T, to Sy. Since the phosphorescence decay is a product of
both singlet-to-triplet ISC and triplet radiative transitions, the
stronger SOC of T; with S; accelerates the overall phosphores-
cence decay relative to T,. These computational findings,
consistent across all title compounds, provide a possible
explanation for the experimentally observed biexponential
phosphorescence decay.

Thermal stability and processability

Thermal stability of all title compounds was assessed by ther-
mogravimetric analysis (TGA). As shown in Fig. S20, all
compounds exhibit remarkable structure robustness and
remain stable up to 210 °C, with compound 4 demonstrating
the highest decomposition temperature of 275 °C. In general,
compounds containing Se-based ligands are more stable than
those with S-based ligands, attributed to their more electron-
rich coordination sites. Building extended networks to
increase structural rigidity enhances stability as well, consistent
with previous findings on related coordination systems.®***
Notably, the title compounds demonstrate significantly
improved thermal stability compared to Cul-L hybrid structures
made of charge-neutral benzothiadiazole/benzoselenadiazole

17422 | Chem. Sci, 2025, 16, 17417-17425

ligands (T4 = 150 °C).** This substantial enhancement under-
scores the synergistic stabilization effect of ionic-dative
bonding nature.

To meet the practical demands for NIR related applications,
we carried out a comprehensive study to evaluate the solution
processability and to develop nano-sized synthesis strategy for
the title NIR emitters. The compounds demonstrate intriguing
solubility in DMSO, despite their structural rigidity, evidenced
by the "H NMR spectra of dissolved compounds (Fig. S6 and S7).
Consistent with previous studies, the dissolved species were
identified as small fragments of anionic Cul clusters remaining
coordinated to cationic ligands,***® and the reversibility of this
dissolution process was confirmed by recrystallizations. Besides
this solution processability, we further synthesized nano-sized
samples with high dispersibility. Taking compound 2 as an
example: Uniformly shaped nanoparticles were formed upon
rapid injection of ligand solutions into a Cul/KI/PVP colloidal
mixture at 70 °C. Scanning electron microscopy (SEM) revealed
spherical nanoparticles (~210 nm in diameter, Fig. 4) with
smooth surfaces, while TEM-EDS elemental mapping further
confirmed the homogeneous spatial distribution of constituent
elements (Cu, I, N, Se) within individual nanoparticles. The
phase purity was validated by well-matched experimental and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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simulated PXRD patterns, retained FT-IR vibrational signatures,
and consistent UV-Vis absorption edges, as shown in Fig. 4 and
S21. Interestingly, progressive structural transformations from
initial nanospheres (~210 nm) to elongated nanorods (~3 pm),
followed by centrally constricted intermediates (~5 um), and
ultimately hierarchical nanoflowers (15-20 pwm) were observed
through timed reaction processes (Reaction time: 15,5 s, 15 s
and 1 min, respectively). Similar size/morphology progression
was also observed for compound 1 (Fig. S22), enabling cus-
tomizable light-matter interactions for targeted applications,
vig nanostructure tuning.

Conclusions

In this work, we have designed and synthesized a series of four
narrow bandgap Cul-based hybrid semiconductor materials
made of anionic Cu,l,.,”~ and cationic ligands. All compounds
emit in NIR-II region (920-1120 nm) with PLQY up to 8.58%.
The cationic centers induce a strong electron-withdrawing
effect to the coordination core, thus lowering the LUMO
energy of the ligands and reducing the bandgap effectively,
while the rigid ionic-dative bonding network suppresses non-
radiative decay by restricting molecular vibrations. This dual
functionality renders those materials efficient photo-
luminescence in NIR-II region. Coupled with processability for
nano structural control (210 nm nanoparticles to 20 pm nano-
flowers), and thermal resilience (=210 °C), this cationization-
driven bandgap engineering provides a new possibility for
high-performance NIR-II materials.
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