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Organic—inorganic metal halides with tunable and state room-temperature phosphorescence (RTP)
properties in advanced luminescent materials have received broad interest. Herein, 2-(methylamino)
pyridine (MAP), 2-[(methylamino)methyllpyridine (MAMP), and 2-(2-methylaminoethyl)pyridine (MAEP)
were designed and hybridized with Zn®* and Cl7/Br~, yielding 11 hybrid materials. MAP-based
compounds, with a narrow bandgap (3.57 eV), exhibit limited RTP due to inefficient intersystem
crossing (ISC) and unstable triplet excitons. In contrast, MAMP (4.49 eV)- and MAEP (4.50 eV)-based
compounds achieve enhanced RTP through bandgap alignment with Zn halides, enabling efficient
energy transfer, ISC, and triplet exciton stabilization via strong hydrogen bonding and 7t-conjugation
effects. Covalent bonding in MAMP and MAEP compounds provides greater rigidity and exciton stability
than hydrogen-bonded systems, resulting in prolonged afterglow durations, while Br-bonding
enhances ISC and spin—orbit coupling (SOC), and the weak interactions increase non-radiative decay,
further reducing afterglow duration. Density functional theory calculations confirm the enhanced SOC
in MAMP and MAEP compounds, further improving RTP efficiency. This work demonstrates the precise
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1. Introduction

Room-temperature phosphorescent (RTP) materials have
attracted widespread attention due to their potential in opto-
electronic technologies.* Previously, inorganic persistent mate-
rials, such as transition metal and rare-earth ion-doped
gallates,” aluminates,>* and sulfides,>® have achieved after-
glow durations of several hours. However, challenges such as
difficulties in controlling morphology and particle size hinder
further development. In contrast, organic phosphorescent
materials offer multiple advantages such as diverse molecular
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structures and excellent bio-compatibility.”*® Recently,
organic-inorganic metal halides (OIMHs), combining the flex-
ibility of organic components with the stability of inorganic
components, have emerged as promising luminescent mate-
rials.’* As an example, Zn>"-based OIMHs with RTP properties
exhibit diverse photophysical properties influenced by molec-
ular interactions and halide effects. Yan's group reported
ZnCl,-BZT, ZnCl,-CBZT, and ZnBr,-BZT (BZT = 1H-benzo-
triazole; CBZT = 5-methyl-1H-benzotriazole), where strong
hydrogen bonding and m-m stacking significantly enhance
RTP.* Lei's group designed (BTPP),ZnCl, (BTPP = benzyl-
triphenylphosphonium), achieving efficient triplet-state activa-
tion through heavy-atom effects.’® Zhao's group developed
ZnCl,-R/S-2-MP (R/S = 2-methylpiperazine), utilizing N-H---Cl
hydrogen bonding to induce structural chirality and stabilize
triplet excitons.'” TBA,ZnCl, (TBA = 3,4,5-trimethoxybenzyl-
amine), explored by Fu's group, exhibited tunable RTP driven by
halide incorporation ratios, achieving white-light emission via
well-ordered molecular arrangements.*® Li's group highlighted
the role of strong m-m interactions in [Zn(impc),(H,0),]-2H,0
(Himpc = 5-(1H-1,2,4-imidazol-1-yl)nicotinic acid) in prolong-
ing phosphorescence lifetimes.” Kuang's group developed
BAPPZn,(Cl,Br;_,)s (BAPP = 1,4-bis(3-ammoniopropyl)
piperazinium; y = 0-1), demonstrating tunable afterglow life-
times via halide-induced heavy-atom effects, enabling simple
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visual detection.” These results collectively highlight the
versatility of Zn>"-based OIMHs in RTP applications, empha-
sizing the importance of organic-inorganic interactions and
halide substitution.

In different OIMH systems, the [ZnX,]*~ unit, characterized
by its wide bandgap and optical inertness, typically exhibits no
photoluminescence (PL). However, incorporating this inor-
ganic unit into hybrids with organic components effectively
preserves the photochemical activity of the organic moiety,
enabling enhanced luminescence performance. The inorganic
unit, through the heavy atom effect, markedly strengthens
spin-orbit coupling (SOC),** thereby substantially improving
intersystem crossing (ISC) efficiency.”> Additionally, the
formation of strong hydrogen-bonding networks between
inorganic and organic components effectively restricts molec-
ular vibrations and rotations, significantly suppressing non-
radiative decay of the triplet state.*® This mechanism has
been extensively investigated in pure organic RTP
materials.>*?®  Furthermore, stacking interactions
increase molecular rigidity, stabilizing aggregated triplet
excitons and contributing to improved RTP performance.*?’
These synergistic effects enable organic-inorganic hybrid
systems to exhibit exceptional phosphorescence properties at
room temperature, offering valuable insights for the design
and optimization of RTP materials. However, from a molecular
design perspective, achieving diverse RTP performance
through precise structural modulation remains a challenging
yet promising research field.

The synthesized OIMHs underscore the pivotal role of
coordinated bandgap modulation between organic and inor-
ganic components in achieving RTP properties. Therefore,
this work elucidates how halide substitution and bonding
states influence RTP performance. By hybridizing 2-(methyl-
amino)pyridine (MAP), 2-[(methylamino)methyl]pyridine
(MAMP), and 2-(2-methylaminoethyl)pyridine (MAEP) with
Zn** and C17/Br~, 11 OIMHs were synthesized, including the
rare one-dimensional (1D) (MAP)ZnCl;. At 80 K, these cations
exhibited afterglow emission but lacked RTP properties. MAP-
based compounds, with a narrow bandgap (3.57 eV), dis-
played limited RTP due to ISC and unstable triplet excitons. In
contrast, MAMP- and MAEP (4.50 eV)-based compounds
demonstrated significantly enhanced RTP performance
through optimal bandgap alignment with Zn halides,
enabling efficient energy transfer, ISC, and stabilization of
triplet excitons via strong hydrogen bonding and m-conjuga-
tion effects. Covalently bonded Type-C structures exhibited
greater rigidity and exciton stability compared to hydrogen-
bonded Type-H structures, leading to prolonged afterglow
durations and superior thermal stability, with (MAMP)ZnCl;
retaining 50% of its initial emission intensity at 423 K. While
Br~ substitution enhanced ISC and SOC, it also increased
non-radiative decay, thereby shortening afterglow durations.
Density functional theory (DFT) and time-dependent density
functional theory (TD-DFT) calculations reveal that the
involvement of inorganic components in band-edge states,
coupled with significantly enhanced SOC effects in MAMP and
MAEP compounds, substantially improves RTP efficiency.
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This work underscores the potential of multi-modal modu-
lation in optimizing RTP properties and provides a compre-
hensive framework for the design of advanced OIMHs tailored
for optoelectronic and anti-counterfeiting applications.

2. Experimental

2.1. Chemicals

2-(Methylamino)pyridine (98% purity) was procured from Boer,
2-[(methylamino)methyl|pyridine (98% purity) from Beijing
Huawei Ruike Chemical Technology Co., Ltd, and 2-(2-methyl-
aminoethyl)pyridine (98% purity) from Aladdin. The synthesis
utilized high-purity chemicals, including zinc(u) chloride
(ZnCly; 99.95%, Aladdin), zinc(u) bromide (ZnBr,; 99.9%,
Aladdin), hydrobromic acid (HBr; 48 wt% in H,0, Aladdin), and
hydrochloric acid (HCl; 36-38 wt% in H,O, Sinopharm). All
chemicals were used as received without further purification.

2.2. Synthesis

The raw materials and synthesis conditions for the new
compounds are summarized in Table 1. Under reaction condi-
tions A, the mixture was heated to 90 °C with stirring until clear,
then naturally cooled to room temperature and stored at —4 °C
for 2 days. Under reaction conditions B, after being heated to
90 °C and stirred until clear, the solution was maintained at this
temperature for 200 minutes and then cooled to 20 °C at a rate
of .1°Ch™".

Type-H structures typically crystallized at —4 °C and required
alower initial concentration of hydrochloric acid, whereas Type-
C structures formed at room temperature and required a higher
hydrochloric acid concentration.

2.3. Characterization

Single-crystal X-ray diffraction (SCXRD) measurements were
performed using a Bruker APEX-II CCD diffractometer with Mo
Ka radiation. The structural analysis of the series of compounds
was carried out using Olex2 software.”**' A PANalytical Empy-
rean Series 3 diffractometer was employed to carry out powder X-
ray diffraction (PXRD) with a Cu Ko radiation source at 45 kV and
40 mA at room temperature. UV-Vis reflectance spectroscopy was
performed using a Shimadzu UV-3600 spectrometer with BaSO,
as the reference. Room temperature photoluminescence excita-
tion (PLE), PL spectra, PL decay curves and photoluminescence
quantum yield (PLQY) were collected using an FLS920 fluores-
cence spectrophotometer equipped with a PMT detector and
a 150 W Xe lamp. Low-temperature PLE spectra were obtained by
cooling the sample to 80 K in liquid nitrogen using an Oxford
Instruments attachment. Delayed phosphorescence spectra were
measured using a Nanolog spectrometer equipped with a 450 W
CW xenon lamp and an R928P photomultiplier tube detector,
covering the wavelength range of 200-900 nm.
The average decay lifetime is calculated using

Tave = (A1717 + A1) (A7) + Ar12) 1)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Reaction raw materials and conditions for the compounds
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Compound Organic Ligand Solvent Crystallization pathway
(MAMP)ZnCl, 125 pL (1.0 mmol) 0.136 g ZnCl, (1.0 mmol) 0.5 mL HCl A
(MAMP)ZnBr, 125 pL (1.0 mmol) 0.450 g ZnBr, (1.0 mmol) 1.0 mL HBr A
(MAP)ZnCl; 210 pL (2.0 mmol) 0.585 g ZnCl, (4.3 mmol) 0.5 mL HCl A
(MAP),ZnBr, 210 pL (2.0 mmol) 0.540 g ZnBr, (2.4 mmol) 2.0 mL HBr A
(MAEP)ZnCl, 140 pL (1.0 mmol) 0.272 g ZnCl, (2.0 mmol) 0.5 mL HCl A
(MAEP)ZnBr, 140 pL (1.0 mmol) 0.518 g ZnBr, (2.3 mmol) 0.8 mL HBr A
(MAP)[(MAP)ZnCls] 630 pL (6.0 mmol) 0.408 g ZnCl, (3.0 mmol) 0.5 mL HCl B
(MAMP)ZnCl; 575 pL (4.6 mmol) 0.626 g ZnCl, (4.6 mmol) 0.83 mL HCl B
(MAMP)ZnBr; 450 pL (3.6 mmol) 0.810 g ZnBr, (3.6 mmol) 0.75 mL HBr B
(MAEP)ZnCl; 255 pL (1.8 mmol) 0.245 g ZnCl, (1.8 mmol) 0.33 mL HCl B
(MAEP)ZnBr; 570 pL (4.0 mmol) 0.900 g ZnBr, (4.0 mmol) 0.85 mL HCl B
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Fig. 1 (a)—(c) Protonated organic compounds MAP*, MAMP2*, and MAEP?*, with steric hindrance highlighted in red; (d) representative Type-H
compound (MAMP)ZnCly; (e) representative Type-C compound (MAMP)ZnCls; (f) rare 1D zinc-based compound (MAP)ZnCls, with an enlarged

view of its inorganic 1D chain.

where A4; and A, are constants extracted by fitting the decay
curves via a biexponential function. t; and 7, are the fitted fast
decay time and slow decay time, respectively.

PVC was fabricated into the desired shape, and relevant
phosphors were deposited at specific grids or locations. The
device was subsequently sealed with adhesive tape.

Second harmonic generation (SHG). The Kurtz-Perry
method was used to assess the SHG for (MAP)ZnCl;.** Initially,
the crystals of these compounds were ground into powders for
qualitative assessment. For SHG measurements, the samples
were irradiated with a 1550 nm semiconductor diode laser, with
KH,PO, (KDP) serving as the reference material.

All afterglow images were captured using a Xiaomi 12s Pro
smartphone.

2.4. Calculation

Using CrystalExplorer software, the organic components were
selected as the primary framework for surface construction. The

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

atomic environment within a radius of 3.80 A was expanded to
enable high-performance computational analysis.>***

DFT calculations. All calculations in this work were con-
ducted using the Vienna Ab initio Simulation Package (VASP)
within the framework of DFT coupled with the projector-
augmented wave (PAW) method. For the exchange correlation
functional, we utilized the Perdew-Burke-Ernzerhof general-
ized gradient approximation (PBE-GGA). The electronic wave
functions were represented by plane waves with a cutoff energy
set at 600 eV. Structural relaxations conformed to an energy
convergence criterion set at 10 > eV, ensuring that the
maximum force exerted on any atom did not exceed 0.02 eV
A71.3%7 In the orbital analysis, all calculations were based on
the crystal structure. SOC calculations were performed using
ORCA with the B3LYP functional and the cc-pVDZ basis set.
Vertical excitation energies were also calculated using the same
functional and basis set.

Chem. Sci., 2025, 16, 8291-8301 | 8293
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3. Results and discussion

The detailed structural parameters of the 11 compounds are
listed in Tables S1-S4F and crystal images are provided in Fig.
S1.1 Simulated diffraction patterns derived from SCXRD data
align well with experimental PXRD patterns (Fig. S2 and S37),
confirming the phase purity of the compounds. As shown in
Fig. 1a-c, protonation plays a critical role in modulating the
oxidation state of organic cations, significantly affecting their
structures and optical properties. The sp>-hybridized nitrogen
in the pyridine ring strongly attracts electron density, making it
prone to protonation or coordination with Zn>" to form
hydrogen or covalent bonds.*® Moreover, the protonation
behavior of the side-chain nitrogen is influenced by the
combined effects of the pyridine ring's electron-withdrawing
properties and steric hindrance from the side chain.** In MAP
(Ce¢HgN,), where the side-chain nitrogen is directly attached to
the pyridine ring (Fig. 1a), minimal steric hindrance and
a pronounced electron-withdrawing effect make the side-chain
nitrogen less prone to protonation, resulting in the formation
of monoprotonated MAP". Conversely, in MAMP (C,;H;,N,) and
MAEP (CgH;,Ny,), the side-chain nitrogen is separated from the
pyridine ring by a methyl or ethyl group, respectively (Fig. 1b
and c). This separation reduces the electron-withdrawing effect
and increases steric hindrance, facilitating protonation of both
the pyridine and side-chain nitrogens, thereby yielding dipro-
tonated MAMP>* and MAEP>".

Zn”**-based hybrid halide compounds containing [ZnX,]*~ (X
= Cl, Br) are defined as Type-H structures, where organic and
inorganic components are connected via hydrogen bonds. In
(MAP),ZnBr,, (MAMP)ZnX,, and (MAEP)ZnX,, the [ZnX,]*~ units
exist as isolated tetrahedra (Fig. 1d), consistent with previously
reported compounds such as (PMA),ZnBr, (PMA = phenyl-
methylammonium).** Research on zinc-based compounds
reveals that organic components can directly coordinate with
zinc centers, forming Zn-N bonds in Type-C structures. Here,
zinc atoms are coordinated by three halogen atoms and one
nitrogen atom from the organic ligand, creating covalently
bonded frameworks (Fig. 1e). A similar coordination pattern is
observed in [(pipda),Zn,Bry]-H,O (pipda = 2-piperidyl-
methylamine).**** Additionally, a rare one-dimensional chain
structure is identified in (MAP)ZnCl;, where [ZnCl,]*~ units are
linked via corner-sharing (Fig. 1f). The ordered arrangement of
Zn>" jons and ligands breaks centrosymmetry, as confirmed by
second harmonic generation measurements, which show an
intensity approximately 1.2 times that of KDP (Fig. S41). The
complete crystal structure details of the obtained compounds are
presented in Fig. S5 and S6.}

The organic compounds MAP, MAMP, and MAEP exhibit
visible afterglow durations exceeding 3 seconds under 365 nm
ultraviolet (UV) excitation at 80 K (Fig. S7at). Notably, MAP-
based compounds also display visible afterglow at 80 K but
lack RTP (Fig. S7b¥). In contrast, RTP is exclusively observed in
zinc-based compounds containing MAMP and MAEP cations,
with afterglow durations ranging from 0.1 seconds for (MAMP)
ZnBr, to 1.3 seconds for (MAMP)ZnCl; at room temperature

8294 | Chem. Sci,, 2025, 16, 8291-8301

View Article Online

Edge Article

(a) 03s

(MAMP)ZnCl,
(MAMP)ZnBr
(MAEP)ZnCl
(MAEP)ZnBr
MAMP)ZnC
(MAMP)ZnBr Type-H
(MAEP)ZnCl
(MAEP)ZnBr
(b) mar (MAP)(MAP)ZnCr,]| (C) [MAMP (MAMP)ZnCI,
Ex @430nm - - - Ex @430 nm Ex @440nm - - -Ex @480 nm
—— Em@ 340 nm ——Em@375nm ——Em @ 430 nm

= Em @ 375 nm

Abs

"

Intensity (a.u.)
Intensity (a.u.)

200 300 400 500 600 700 200 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

(d) waer (MAEP)ZnCT, (e)r 5 (MAP)(MAP)ZnCl;]
Ex @430nm - - -Ex @485nm Em @430 nmt=1.74 ns
——Em@3%0m  —Em@ 420:: § (MAMP)ZnCl,
= b = Em @ 480 nm t = 1.91 ns
3 A =0 o (MAEP)ZnCl,
- w!l b \\ Em @ 485 nm t = 1.62 ns|
3 % 2 2 Ex @ 375 nm pulsed laser
S ) " S %, Fluorescence lifetime
€ K £ i
£ ' = i
¢ L
o
Uy
200 300 400 500 600 700 O 50 100 150 200

Wavelength (nm) Time (ns)

Fig. 2 (a) Photographs of Zn-based halides with MAMP and MAEP
ligands under 365 nm UV light and their visually observed delayed
luminescence after the UV light is turned off. (b) (MAP)[(MAP)ZnCls]
and MAP, (c) (MAMP)ZnClz and MAMP, and (d) (MAEP)ZnCls and MAEP.
(e) Fluorescence lifetimes of (MAP)[(MAP)ZnClz], (MAMP)ZnClz, and
(MAEP)ZnCls.

(Fig. 2a). Furthermore, the consistent RTP durations observed
in both crystalline and powdered forms indicate that surface
defects have negligible influence on the afterglow behavior (Fig.
S8+). Moreover, Type-C compounds demonstrate longer RTP
durations compared to Type-H ones, with chlorides generally
exhibiting significantly longer afterglow times than bromides.
These findings highlight the critical roles of the organic cation,
the organic-inorganic bonding mode, and the halide compo-
nent in determining RTP performance.

Steady-state optical properties, including UV-visible diffuse
reflectance and PL spectra, were systematically analyzed and are
shown in Fig. S9 and S10.f Additionally, the PLQY of all
compounds was measured, with the results shown in Fig. S117
and all photophysical parameters summarized in Table 2. Type-
C compounds generally exhibit higher PLQY than their Type-H
counterparts, except that the PLQY of (MAMP)ZnCl; (Type-C,
6.54%) is slightly lower than that of (MAMP)ZnCl, (Type-H,
7.10%). This underscores the influence of bonding mode on
PLQY. Using Type-C chlorides as an example, the structure-
property relationships of their optical performance are
analyzed. (MAP)[(MAP)ZnCl;] exhibits a broad absorption peak
at 345 nm with a shoulder at 270 nm, corresponding to an
optical bandgap of 3.40 eV. Its PL spectrum reveals a single
excitation peak at 340 nm, consistent with the absorption
spectrum, and an emission peak at 430 nm (Fig. 2b). Further

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Photophysical parameters of the synthesized compounds
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Compound Absorption peaks (nm) Band gap (eV) Ex (nm) Em (nm) Stokes shift (eV) PLQY (%)
MAP 310 3.57 375 430 22.56 —
(MAP)[(MAP)ZnCl;] 345 (270) 3.40 340 430 13.79 9.59
(MAP)ZnCl; 345 3.36 359 390 40.02 8.00
(MAP),ZnBr, 345 (270) 3.37 352 385 37.60 13.89
MAMP 250 4.49 375 440 19.09 —
(MAMP)ZnCl, 255 (330) 4.39 430 (315) 480 24.81 18.05
(MAMP)ZnBr; 250 (430) 4.42 430 (345) 510 15.51 13.99
(MAMP)ZnCl, 255 (320) 4.36 395 485 13.79 2.30
(MAMP)ZnBr, 260 3.96 400 (310) 490 13.79 1.30
MAEP 220 (335) 4.50 390 430 31.02 —
(MAEP)ZnCl, 255 (430) 4.43 420 (325) 485 19.09 6.54
(MAEP)ZnBr;, 260 (430) 4.43 420 490 17.72 8.86
(MAEP)ZnCl, 255 (320) 4.33 397 485 14.10 7.10
(MAEP)ZnBr, 260 4.15 420 (315) 515 13.06 4.30
analysis shows that the excitation peak of (MAP)[(MAP)ZnCl;] [(MAP)ZnCl;] > (MAMP)ZnCl; > (MAEP)ZnCl; (Fig. S12c and df).

aligns with that of the organic cation MAP, with a fluorescence
lifetime of 1.74 ns (Fig. 2e). In contrast, the absorption spectra
of (MAMP)ZnCl; and (MAEP)ZnCl; are primarily concentrated
in the 200-290 nm range, corresponding to intramolecular
electronic transitions of the organic cations. Both compounds
exhibit prominent absorption peaks at 255 nm and weaker
broad absorption features in the 300-450 nm range, which are
attributed to charge transfer (CT) transitions between the
organic ligands and Zn>" centers.*** Their optical bandgaps are
determined to be 4.39 eV and 4.43 eV, respectively (Fig. S9b¥).
The PLE spectrum of (MAMP)ZnCl; exhibited a primary excita-
tion peak at 430 nm and a small excitation peak at 315 nm
(Fig. 2¢). PL with different excitation wavelengths ranging from
285 nm to 430 nm revealed that the emission peak remained
consistently stable at 480 nm (Fig. S12af). The fluorescence
lifetimes measured at 375 nm laser excitation and 430 nm
nanosecond pulsed light source excitation are 1.91 ns and 2.79
ns, respectively (Fig. 2e and S12bt). Similarly, the PLE spectrum
of (MAEP)ZnCl; exhibits a primary excitation peak at 420 nm,
corresponding to an emission peak at 485 nm, with a secondary
excitation peak at 330 nm contributing to this emission
(Fig. 2d). The fluorescence lifetime of (MAEP)ZnCl; is measured
to be 1.62 ns (Fig. 2e). Notably, the excitation peaks of (MAMP)
ZnCl; and (MAEP)ZnCl; exhibit significant overlap with the
emission peaks of their respective organic cations, indicating
efficient energy transfer between the organic and inorganic
components. This is further supported by CT transitions
observed in the 300-450 nm range, with subsequent theoretical
calculations providing additional confirmation. Additionally,
all three compounds exhibit fluorescence lifetimes in the
nanosecond range, confirming that the emission primarily
originates from the singlet state of the organic components.
Zn*" indirectly affects the luminescence behavior of hybrid
compounds by modulating the electronic states and excitation
energy levels of organic ligands through coordination, thereby
influencing their PL properties.*®*” PL spectral analysis under
identical conditions shows that pure organic ligands emit as
MAMP > MAEP > MAP, while hybrid compounds follow (MAP)

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

Although MAMP and MAEP exhibit stronger emission in their
pure forms, their hybrid compounds show lower emission
intensities compared to (MAP)[(MAP)ZnCl;] due to differences
in energy transfer mechanisms and the involvement of triplet
states. Analyses indicate that the incorporation of inorganic
components in (MAMP)ZnCl; and (MAEP)ZnCl; facilitates
singlet-to-triplet transitions but also leads to energy dissipation,
thereby reducing overall emission intensity.

Steady-state optical data (Table 2) highlight that (1) Type-H
compounds exhibit larger Stokes shifts compared to Type-C
compounds. The greater structural rigidity in Type-C
compounds enhances their resistance to thermal quenching.
This is evidenced by (MAMP)ZnCl; retaining approximately 50%
of its room-temperature PL intensity at 432 K, significantly
higher than the 365 K observed for (MAMP)ZnCl, (Fig. S13%)
and (2) bromides exhibit a significant red shift in PL emission
compared to chlorides, attributed to bandgap narrowing and
enhanced spin-orbit coupling, consistent with the heavy-atom
effect.'®*®

The MAP-based compounds lack RTP due to their narrow
bandgap (3.57 eV), which restricts ISC efficiency and prevents
the formation of stable triplet excitons. In contrast, the optical
bandgaps of MAMP (4.49 eV) and MAEP (4.50 eV) exhibit better
alignment with those of the inorganic components (ZnCl,: 3.98
eV and ZnBr,: 3.92 eV), promoting enhanced energy transfer
and facilitating efficient ISC (Fig. S9%). This alignment enables
the stabilization of triplet excitons, significantly improving RTP
performance. The matching relationship between the organic
and inorganic components in Zn-based compounds has been
extensively discussed by Zhou's Group.*’ Overall, the narrower
bandgap of MAP restricts ISC efficiency, hindering the forma-
tion of stable triplet excitons. In contrast, the optimized
bandgap alignment in MAMP- and MAEP-based compounds
facilitates efficient energy transfer and stabilizes triplet
excitons.

The difference in afterglow duration between Type-C and
Type-H structures is linked to rigidity and exciton stability.
Type-C structures with strong covalent bonds stabilize triplet

Chem. Sci., 2025, 16, 8291-8301 | 8295
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excitons, extending afterglow duration, while weaker hydrogen
bonds in Type-H structures allow easier exciton relaxation and
faster decay. Although Br~ promotes SOC through a heavy-atom
effect, its larger atomic radius and weaker ion-lattice interac-
tions reduce exciton stability, increasing non-radiative decay
and limiting its impact on phosphorescence intensity and
afterglow duration. Previous research consistently shows that
these factors shorten the afterglow in bromides.***

Taking (MAMP)ZnCl; as an example, its phosphorescence
emission behavior was thoroughly researched. Excitation at
375 nm (the optimal excitation wavelength for the organic
component) resulted in an emission spectrum featuring a minor
peak at 430 nm and a major peak at 480 nm (Fig. 3a). The life-
times of these peaks were 1.75 ns and 1.91 ns, respectively,
indicating their origin from the singlet state of the organic

View Article Online
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component. Further research revealed that excitation at 430 nm
(the optimal excitation wavelength for the compound) allowed
energy absorption by the inorganic component, which facilitated
emission from both the singlet and triplet states via a CT
mechanism. In the delayed phosphorescence spectrum (0.5 ms),
two prominent emission peaks were observed at 470 nm and
537 nm (Fig. 3b), with lifetimes of 0.46 s and 0.42 s (Fig. 3c),
characteristic of triplet state emissions with significantly longer
decay times. Fig. S13at shows that the relative intensity of the
537 nm peak increases with decreasing temperature, further
validating this observation. Notably, the normalized fluorescence
and phosphorescence spectra overlap significantly in the 470-
480 nm region, likely due to the small energy gap (AEgy) between
the singlet (S;) and triplet (Ty) states, which facilitates efficient
energy transfer and emission processes.

(a) ——wmamPizno,|  (Db)[MAMP)ZnCT, Prompt @ 430 nm ()= (MAMP)ZnCT,
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Em@537nmt=042s
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Fig. 3
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(a) PL spectrum of (MAMP)ZnCls under 375 nm excitation. (b) Delayed PL spectrum of (MAMP)ZnCls. (c) Phosphorescence lifetime of

(MAMP)ZNnCls. (d) FTIR spectra of (MAP)[(MAP)ZnCls], (MAMP)ZnCls, and (MAEP)ZnCls. (e) Analysis of intermolecular interactions. (f)—(h) T—m
distances and stacking overlap area analysis for (MAP)[(MAP)ZnCls], (MAMP)ZnCls, and (MAEP)ZnCls, respectively.
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Moreover, strong hydrogen bonding and significant -
conjugation effects in MAMP and MAEP compounds further
stabilized triplet excitons, promoting phosphorescence
behavior. Fourier-transform infrared spectroscopy revealed
characteristic vibrational modes of organic components,
including N-H, C-H, and C-N stretching vibrations at 3200-
3500 cm ™! and 2800-3000 cm ™}, while Zn-Cl and Zn-N vibra-
tions appeared in the 400-600 cm ™~ and 500-700 cm ™" regions,
respectively. In (MAP)[(MAP)ZnCl;], the N-H stretching vibra-
tion peak was observed at 3325 cm ™', while in (MAMP)ZnCl,
and (MAEP)ZnCl;, these peaks shifted to 3015 cm ' and
3062 cm !, respectively, indicating that protonation enhanced
hydrogen bond strength and reduced vibrational frequency
(Fig. 3d).** CrystalExplorer analysis revealed that the proportion
of intermolecular H-CI interactions increased from 49.3% in
(MAP)[(MAP)ZnCl;] to 58.3% in (MAMP)ZnCl; and 58.0% in
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(MAEP)ZnCls, further confirming the enhancement of hydrogen
bonding strength (Fig. 3e). The specific contributions of
different chemical bonds to intermolecular interactions are
detailed in Table S5, while the corresponding two-dimensional
fingerprint plots are presented in Fig. S14.F

For m-m stacking, the overlap area of adjacent 7 rings
increased from 58% in (MAP)[(MAP)ZnCl;] to 82% and 100% in
(MAMP)ZnCl; and (MAEP)ZnCl;, respectively. In terms of
stacking distances, adjacent m rings in MAP were non-parallel,
with a dihedral angle of 3.53° and distances of 3.44-3.47 A,
while the closest parallel 7t rings had a much larger separation
of 6.88-6.91 A, indicating weak stacking interactions. In
contrast, (MAMP)ZnCl; and (MAEP)ZnCl; exhibited parallel
stacking, with stacking distances of 3.51-3.81 A and 5.62 A,
respectively (Fig. 3f-h).*> These results indicate that in the
MAMP and MAEP systems, stronger hydrogen bonding and
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(@a)—(c) The TD-DFT-calculated SOC coefficients and energy level diagrams for the compounds (MAP)[(MAP)ZnCls], (MAMP)ZnCls, and

(MAEP)ZnCls; insets display the charge distributions of the LUMO and HOMO. (d) Summary of the AEst values and the SOC coefficients for
transitions between S; and Ty, and Ty and S for this series of compounds. (e) The proposed emission mechanism for (MAMP)ZnCls.
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enhanced w7 conjugation effectively suppress non-radiative
decay, significantly enhance SOC efficiency, and promote ISC,
thereby stabilizing triplet excitons. These synergistic effects
ultimately enable RTP in MAMP- and MAEP-based
systems.>' %2

To gain a deeper understanding of the PL behavior, DFT and
TD-DFT calculations were conducted. The results reveal that the
band gaps of (MAP)[(MAP)ZnCl;], (MAMP)ZnCl;, and (MAEP)
ZnCl; are 2.80 eV, 3.48 eV, and 3.83 eV, respectively, slightly
smaller than their corresponding optical band gaps (Fig. S15a-
ct). This underestimation issue primarily arises from disconti-
nuities present in the exchange correlation energy.**-” In (MAP)
[(MAP)ZnCl;], the valence band maximum (VBM) and conduc-
tion band minimum (CBM) are primarily governed by the
organic component, indicating that the optical properties are
dominated by the organic moiety. In contrast, in (MAMP)ZnCl;
and (MAEP)ZnCl;, the CBM is mainly derived from the organic
component, while the VBM is primarily contributed by the p-
orbitals of Cl, highlighting the synergistic interaction between
the organic and inorganic components in determining the
optical behavior (Fig. S15d-f}).

Additional TD-DFT calculations and SOC coefficient analyses
demonstrate that the AEgr values between the S; and T, states
are minimal, measuring 0.0022 eV, 0.0058 eV, and 0.0064 eV for
(MAP)[(MAP)ZnCl;], (MAMP)ZnCl;, and (MAEP)ZnCl;, respec-
tively, which facilitates efficient ISC. The £(S;, T,) coefficients
for these compounds are 0.36 cm™*, 1.19 cm ™', and 2.00 cm ™ *,
while the £(Ty, So) coefficients are 1.29 cm™*, 19.51 cm ™, and
12.45 cm ™', respectively. These findings indicate that MAMP-
based and MAEP-based compounds exhibit significantly

a)

365 nm lamp
S

E“c.t\]v\e;\
; Taxkem :
(b) Input A (d)

Information 1

>
N,\Yes
Loutput 1) Output O

B (MAMP)ZnCl,

Fig. 5
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stronger SOC effects compared to MAP-based compounds,
particularly in the &(T;, S,) transition. The enhanced SOC in
MAMP-based and MAEP-based compounds increases the
probability of phosphorescence emission by improving the
transition efficiency from the triplet state to the ground state
(Fig. 4a-c).”®® As a result, MAMP-based and MAEP-based
compounds display pronounced afterglow at room tempera-
ture, owing to their superior SOC effects that effectively promote
phosphorescence emission.

A comparison of the SOC results for the Type-C structure of
(MAMP)ZnCl; and the Type-H structure of (MAMP)ZnCl, reveals
that the Type-H structure exhibits stronger SOC effects during
the singlet-to-triplet transition, whereas the Type-C structure
demonstrates stronger SOC effects during the triplet-to-ground
state transition. This distinction results in enhanced phos-
phorescence emission in the Type-C structure (Fig. 4b and
S16at). Although (MAMP)ZnBr; exhibits a stronger SOC effect,
the heavier atomic effect of the bromide ion compared to
chloride enhances non-radiative transitions, thereby suppress-
ing phosphorescence emission and significantly shortening its
afterglow duration (Fig. 4b and S16b¥). The configurations of
singlet and triplet excited states for five representative
compounds, determined through TD-DFT calculations, are
summarized in Tables S6-S10.F

Using (MAMP)ZnCl; as an example, its RTP mechanism is
proposed as follows: upon excitation at 375 nm, electrons
transition from the ground state to the excited singlet state (S*),
followed by non-radiative relaxation to a lower excited state. The
system then relaxes radiatively to the ground state, emitting
fluorescence at 430 nm with a lifetime of 1.75 ns. This 430 nm

UV off Prompt

Information 2

UV off Delayed 0.2 s

Information 3

B (MAMP)ZnBr, (MAP)[(MAP)ZnCl,]

(a) and (b) Structural diagram of the system, illustrating the integration of various phosphorescent materials and the operational logic. (c)

Decoding process displaying ASClI-encoded characters at different time intervals with the UV on and UV off. (d) Anti-counterfeiting application

for numerical data.
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emission subsequently excites the inorganic component,
transferring energy via CT to the singlet state of the organic
component, resulting in fluorescence emission at 480 nm with
a lifetime of 1.91 ns. This process further facilitates ISC,
populating the triplet state. After a 0.5 ms delay, significant
phosphorescence emissions are observed at 470 nm and
537 nm, with lifetimes of 0.46 s and 0.42 s, respectively. The
small AEg allows for the simultaneous observation of fluores-
cence and phosphorescence within the 470-480 nm range
(Fig. 4e).

The phosphorescence-based encryption model enables
multi-layered anti-counterfeiting by encoding information
under UV excitation, where emitted light signifies “1” and its
absence denotes “0”. Fig. 5a and b show the system'’s structure
and material arrangement for encoding. Upon removing the
light source, the device decodes information sequentially, dis-
playing corresponding characters or data. Using ASCII encod-
ing, long-RTP (MAMP)ZnCl;, short-RTP (MAMP)ZnBr;, non-RTP
(MAP)[(MAP)ZnCl;] and BaSO, (control) are precisely positioned
on the substrate (Fig. 5¢). When UV is turned on/off at intervals,
decoded outputs include “wwuj,” “ustb,” and “USTB” and
numerical data such as “888,” “463,” and “151” (Fig. 5d). This
work highlights the potential of phosphorescent materials in
anti-counterfeiting and offers insights into optimizing
phosphorescence-based encryption for advanced photonic
materials and authentication solutions.

4. Conclusion

In this work, we investigate the critical influence of organic
ligands, organic-inorganic bonding states, and halide substi-
tution on modulating the photophysical properties of Zn**-
based hybrid halides, thereby achieving efficient RTP with
tunable afterglow durations. Our findings show that MAP-based
compounds lack RTP due to smaller optical bandgaps and
inefficient ISC, leading to the absence of stable triplet excitons.
In contrast, MAMP- and MAEP-based compounds, with larger
bandgaps better aligned with the inorganic components,
improve energy transfer and ISC efficiency, enabling
pronounced RTP. Furthermore, Type-C structures, character-
ized by covalent Zn-N bonds, enhance exciton stability and
prolong afterglow durations, while Type-H structures, con-
nected via hydrogen bonds, exhibit faster exciton relaxation and
shorter afterglow times. Halide substitution also significantly
influences RTP; bromides, while enhancing SOC, suffer from
increased non-radiative decay, which limits afterglow intensity.
By integrating the experimental results and theoretical analyses,
this work establishes robust structure-property relationships
and demonstrates the potential of these materials for multi-
layered anti-counterfeiting applications, providing valuable
insights for the design of advanced photonic materials with
customizable optical properties.
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