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Recent advances in room-temperature
phosphorescence metal—organic frameworks:
structural design, property modulation, and
emerging applications

C
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Room-temperature phosphorescence (RTP) has attractive features of large Stokes shifts, long-lived
emission, and diverse excited-state manifolds, yet its advancement is limited by the stringent
requirements of efficient generation and robust stabilization of triplet excitons. Metal-organic frame-
works (MOFs) present a particularly elegant platform to overcome this limitation: metal nodes/clusters
act as internal heavy atoms to enhance spin—orbit coupling, thereby promoting intersystem crossing,
while the rigid, porous architecture of the MOFs facilitates the immobilization of phosphors to suppress
non-radiative decay and enables the construction of a protective microenvironment that excludes
molecular oxygen. This review provides a timely and systematic overview of the advances in MOF-based
RTP systems over the past three years. We categorize the structural design strategies into two
archetypes: phosphorescent ligands as structural motifs and a host—guest approach. A detailed discus-
sion further elucidates how metal-node species, ligand engineering, guest/solvent environments, and
external stimulus modulate the RTP performance. Emerging applications in solid-state lighting, chemical
sensing, anti-counterfeiting, and high-security information encryption are also examined. Finally, current
challenges and future directions are outlined to guide the rational design of high-performance MOF-
based RTP materials.
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1. Introduction

Room-temperature phosphorescence (RTP) is a distinctive
photophysical phenomenon characterized by long-lived lumi-
nescence that persists from seconds to hours under ambient
conditions.! Owing to its large Stokes shift, prolonged emission
lifetime, and inherent time-gated capability—which collectively
enable effective elimination of background fluorescence inter-
ference—RTP has attracted intense interest for advanced appli-
cations such as anti-counterfeiting,” information encryption,’
chemical sensing,® and bioimaging.” Phosphorescence arises
from slow radiative transition from the triplet excited state (T,)
to the singlet ground state (S,). Therefore, the rational design of
efficient RTP systems must address two pivotal issues: (1)
enhancing intersystem crossing (ISC) by strengthening spin-
orbit coupling (SOC) and/or reducing the singlet-triplet energy
gap (AEgr). This can be achieved through the incorporation of
heavy atoms (e.g., Cl and Br)*’ or heteroatoms bearing lone-
pair electrons (e.g., N, O, and S),**° or by constructing charge-
transfer donor-acceptor (D-A) architectures;'! and (2) stabiliz-
ing the generated triplet excitons by suppressing nonradiative
molecular motions and shielding them from molecular oxygen,
which is achievable via crystal engineering'> or confining
phosphors within rigid hosts such as polymeric matrices'* or
porous organic frameworks."* Simultaneously satisfying these
two requirements remains a big challenge in developing high-
performance RTP materials, underscoring the need for innova-
tive material platforms to overcome this hurdle.
Metal-organic frameworks (MOFs) are crystalline porous
architectures formed by coordination-driven self-assembly of
metal nodes/clusters with organic linkers."”” Their intrinsic
long-range order, programmable topology, and permanent
porosity collectively satisfy the two above-mentioned prerequi-
sites for efficient RTP: the generation and stabilization of triplet
excitons.'®'” First, metal nodes, particularly closed-shell d*°
ions such as Zn>* and Cd*", act as heavy-atom perturbators that
can enhance SOC, thereby accelerating the ISC process and
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Fig. 1 Schematic illustration of MOF-based RTP materials: (i) structural
design strategies—phosphorescent ligands as structural motifs and the

host—guest approach; (i) regulation strategies—metal-node species,
ligand engineering, guest/solvent environments, and external stimulus;
and (i) emerging applications—solid-state lighting, chemical sensing,

anti-counterfeiting, and high-security information encryption. Repro-
duced from ref. 30 with permission from Wiley-VCH GmbH, copyright
2025. Reproduced from ref. 31 with permission from Wiley-VCH GmbH,
copyright 2025. Reproduced from ref. 32 with permission from American
Chemical Society, copyright 2023. Part of this figure has been published in
CCS Chemistry (2025); ‘Donor—Acceptor Metal-Organic Frameworks
Featuring Tunable Triplet States for Multistimulus Responsive Room-
Temperature Charge Transfer Phosphorescence’ is available online at
https://doi.org/10.31635/ccschem.024.202404116. Reproduced with
permission.

promoting triplet exciton formation.'® Second, the rigid frame-
work of MOFs can effectively immobilize chromophores,
thereby suppressing nonradiative decay pathways.'® Third,
the programmable pore size enables spatial isolation of emit-
ters from common environmental quenchers such as molecular
oxygen and water, while simultaneously accommodating guest
sensitizers/emitters to build cascaded energy- or electron-
transfer pathways.’>?! Leveraging these advantages, MOF-
based RTP systems have made rapid strides in recent years,
delivering quantum-yield-enhanced emitters,>> multicolor
(including white-light) phosphors,>*** ultralong-afterglow
materials,”® and stimuli-responsive phosphorescence triggered
by humidity,>" pressure,’® acid and base vapors,>” and light
irradiation.”® Compared with other crystalline porous materials
(e.g., covalent organic frameworks and hydrogen-bonded
organic frameworks), MOFs offer superior tunability through
metal-specific SOC modulation, distinctive cluster-based
photophysics, and modular chemistry that readily accommo-
dates host-guest confinement and defect engineering (e.g.,
missing-linker or linker halogenation), enabling precise control
over triplet generation, migration, and protection.'”**"3®
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Consequently, MOF-based RTP has emerged as a versatile
platform for advanced applications in solid-state lighting,
high-sensitivity sensing, and next-generation anti-counter-
feiting technologies.

Notwithstanding rapid advances in MOF-based RTP materi-
als, systematic and in-depth reviews remain limited. An early
survey’” on long-afterglow MOFs offered a preliminary overview
of RTP mechanisms and applications, but its scope was inevit-
ably constrained by the developmental stage of the field at that
time. More recent overviews focusing on metal-organic
hybrids*>?*® or crystalline porous organic frameworks®®** have
only touched on the phosphorescence properties of MOFs,
without in-depth analysis of their structural design and the
dynamic modulation of structure-property correlations. To
address this gap, this review highlights the latest advances in
MOF-based RTP materials from 2023 to present, integrating
contemporary design principles with performance-modulation
strategies to advance the field (Fig. 1). We meticulously eluci-
date how metal-node species, ligand engineering, guest/solvent
environments, and external stimulus govern phosphorescence
efficiency through enhanced SOC, optimized electronic struc-
tures, and tailored framework topology, thereby establishing
clear structure-emission relationships. These insights are then
connected to transformative applications in solid-state lighting,
chemical sensing, anti-counterfeiting, and information encryp-
tion. Finally, we outline the key challenges and emerging
opportunities and propose mechanism-grounded guidelines
to steer the rational design of next-generation high-
performance MOF-based RTP materials.

2. Strategies of structural design

In the domain of MOF-based RTP materials, structural design
constitutes a governing factor for achieving high-performance
phosphorescent outputs. The fundamental objective centers on
orchestrating excitonic environments that concurrently:
(i) promote efficient ISC and (ii) suppress non-radiative decay
channels. Two dominant paradigms emerge to realize these
criteria: intrinsically phosphorescent motifs constituting struc-
tural frameworks and host-guest confinement strategies
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activating phosphorescence (Fig. 2). These orthogonal yet com-
plementary strategies—distinct in their mechanistic underpin-
nings but unified in harnessing crystalline rigidity—provide
versatile avenues to engineer triplet population dynamics and
emission properties in MOF architectures, as detailed in the
following subsections.

2.1. Phosphorescent ligands as structural motifs

The common and effective strategy for constructing MOF-based
RTP materials involves the direct coordination of intrinsically
phosphorescent ligands to metal centers. This approach
leverages the ordered rigidity of MOF frameworks for site-
selective immobilization while enabling precise modulation
of electronic coupling and intersystem crossing (ISC) path-
ways through tailored metal coordination.'®*"** Commonly
employed ligands include nitrogen or/and oxygen heteroatoms
(e.g., aromatic carboxylic acids, and nitrogen-containing het-
erocycles, Fig. 3A)."®*'™*® Their n-n* transitions and tunable
D-A characteristics accelerate SOC or reduce AEgr to enhance
ISC efficiency.”®*”*® Furthermore, the electronic structure and
coordination geometry of metal nodes can critically modulate
the SOC intensity and metal-ligand charge transfer (MLCT/
LMCT) involvement, thereby establishing an optimal balance
between ISC enhancement and preservation of ligand-centered
emission.

In 2024, Long et al.*® reported a Ca-MOF (CaL-3) assembled
from 2,3-pyrazinedicarboxylic acid (H,PZDC) and Ca(NO;),
4H,0 that exhibited orange RTP with emission maxima at
564 nm (298 K) and 556 nm (77 K), an ultralong phosphores-
cence lifetime (7;,) of 521 ms at room temperature, and a visible
afterglow of about 5 s. The persistent luminescence was attrib-
uted to two synergistic factors: enhanced SOC via lone-pair
electrons of O/N atoms in H,PZDC under the El-Sayed rule; and
rigidification-induced suppression of nonradiative decay
through coordination, intramolecular hydrogen bonding, and
dense packing. Critically, coordination to Ca®" increased the
phosphorescence intensity by roughly an order of magnitude
relative to the free ligand, illustrating metal-directed amplifica-
tion. Furthermore, coordination bond length directly governs
phosphorescence performance in ligand-centered MOF systems

(a) Phosphorescent ligands as structural motifs

/ Phosphorescent ligand

/ Metal node

B Metal node—enhanced SOC: facilitated ISC
B Structural rigidity-induced suppression of nonradiative decay

B Hydrophobic/inert cavity for quenching agent exclusion

(b) Host—guest confinement
/ Metal node

Phosphorescent-free ligand

or energy/electron receptor

Phosphorescent guest

or energy/electron donor

B Pore confinement-mediated restriction of intramolecular motion
B Hydrophobic pore-surface shielding & size-exclusion gating

B Energy/electron-transfer-mediated triplet sensitization

Fig. 2 Schematic of two MOF-based RTP structural strategies: (a) phosphorescent ligands as structural motifs and (b) host—guest confinement.
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Fig. 3 (A) Common phosphorescent ligands. (B) The structure and photophysical properties of base metal-based MOFs: (a) minimum asymmetric
coordination unit of IMU-101, IMU-102, and IMU-103; (b) photoluminescence emission spectra of IMU-101; (c) phosphorescence decay curves of
IMU-101, IMU-102, and IMU-103 at room temperature; (d) crystal photographs of IMU-101, IMU-102, and IMU-103 during and after irradiation by 365 nm
UV light, respectively. Reproduced from ref. 49 with permission from Springer Nature, copyright 2025. (C) The structure and photophysical properties of
FLZn, FLCd, and FLCd-DMF: (a), (d) and (g) asymmetric units of FLZn, FLCd, and FLCd-DMF. (b), (e) and (h) t—= stacking interactions within FLZn, FLCd and
FLCd-DMF, respectively; (c), (f) and (i) 3D supramolecular structures of three MOFs; (j) prompt and delayed spectra of FL, FLCd, FLZn, and FLCd-DMF;
(k) superimposed and normalized delayed spectra of FL and three MOFs; () phosphorescence lifetimes of FL, FLCd, FLZn, and FLCd-DMF. Reproduced
from ref. 50 with permission from American Chemical Society, copyright 2025.

by modulating the crystallographic structure. Ma et al.*® synthe-

sized an alkali-metal series of MOFs (IMU-101, IMU-102, and
IMU-103; IMU = Inner Mongolia University, Fig. 3B) using the
4,5-imidazoledicarboxylate ligand. IMU-101 (Li) delivered the
best performance, with a 525 nm phosphorescence lifetime
of 299 ms—exceeding IMU-102 (191 ms) and IMU-103
(141 ms)—and an afterglow discernible for 3 s. Crystallography
and density functional theory (DFT) calculations indicated that
ultra-short Li-N/O bonds (1.850-2.172 A) compacted the lattice
and rigidified the chromophore environment, lowering &, and
enabling efficient RTP without heavy atoms. In parallel,
Chen et al®® employed the rigid and halogenated ligand
5-fluoronicotinic acid (FL) to self-assemble three excitation-
dependent long-afterglow MOFs with ZnCl, or CdCl, (FLCd,
FLZn, and FLCd-DMF, Fig. 3C). These materials displayed
prompt and delayed emissions tunable from blue/cyan to green
and produced cool-white output under specific excitation
(340 nm for FLCd/FLZn; 280 nm for FLCd-DMF), with afterglow
modulated by the excitation wavelength and temperature.
Integrated crystallographic, photophysical, and computational

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026

analyses showed that multicolor afterglow arose from concur-
rent ligand-centered and aggregation-induced triplet emis-
sions, whereas phosphorescence enhancement stemmed from
the combined effects of heavy-atom perturbation (Cd and F/Cl),
coordination-enforced interlocking, and dense supramolecular
constraints (n-n stacking, C-H- - -O/F hydrogen bonding, halo-
gen bonding). Notably, despite a calculated increase in SOC
along FL < FLZn < FLCd < FLCd-DMF, FLZn exhibited the
longest lifetimes, underscoring the primacy of packing induced
rigidification and oxygen management over SOC alone. Lever-
aging these tunable afterglow features, the authors demon-
strated time-encoded information encryption/decryption.

2.2. Host-guest approach

MOFs provide an ideal host platform for guest-derived RTP
by integrating three critical functions: (1) confinement-
engineered exciton management through high-surface-area
nanocavities that enforce spatial isolation of phosphors—
suppressing triplet-triplet annihilation while restricting intra-
molecular motions to minimize non-radiative decay;**>">

Mater. Chem. Front., 2026, 10, 522-537 | 525
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(2) oxygen/water exclusion via hydrophobic pore walls or size-
selective apertures that physically block molecular oxygen and
moisture;> and (3) programmable energy cascades enabled by
crystalline-directed host-guest alignment, facilitating energy/
electron-transfer-mediated triplet sensitization.>"***® These
attributes collectively address the core challenges of RTP—
enhancing ISC efficiency, extending triplet lifetimes, and
directing exciton migration—while enabling atomic-level struc-
ture—property correlations.

Recent advances have converged on two dominant host-
guest design paradigms for MOF-based RTP systems: the
first leverages nanoconfinement of phosphorescent guests
within precisely engineered framework cavities to promote
confinement-driven triplet generation and protection.>® A
representative example was a lutetium-based framework (Lu-
MOF) that employed formic acid as the sole linker and furn-
ished 1D channels for dye confinement.>” Encapsulating 4,4'-
bipyridine in these channels could activate its phosphores-
cence (no phosphorescence in the solid or in formamide).
Under 365 nm excitation, the composite showed blue fluores-
cence at 435 nm (Fig. 4A). After the excitation was turned off, it
produced a broad green afterglow centered at 545 nm, with a
phosphorescence lifetime of 110.1 ms and a naked-eye

View Article Online
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persistence of 0.7 s. Mechanistically, the rigid, spatially confin-
ing channels suppressed molecular rotations and vibrations,
reduced nonradiative loss, enabled ISC, and stabilized triplet
decay. Moreover, partial substitution of Lu*" with Eu*" modu-
lated the emission color and established graded control over
afterglow intensity, thereby providing a route to multilevel,
time-encoded optical outputs. Beyond spatial confinement,
MOF hosts can also amplify triplet populations in guest
phosphors through sensitization mechanisms: framework-
generated triplets (or those from co-encapsulated sensitizers)
undergo ISC, and then transfer to guests via triplet-triplet
energy transfer (TTET), thereby enhancing RTP efficiency.
Zhang et al*' engineered chiral MOFs (DCF-12 and LCF-12)
as host matrices for pyrene-derived phosphors, revealing that
the T; state of the TPE ligand occupies an intermediate energy
position between the S; and T, states of guests DMP and R/S-
PEPCA. This strategic energetic alighment enables the TPE
ligand to mediate cascade energy transfer: energy migrates
from the S; state of DMP and R/S-PEPCA to the T; state of
TPE, followed by subsequent transfer to the T; states of the
guest phosphors. This sequential energy relay effectively
reduces AEgr, thereby facilitating the ISC process and enhanc-
ing RTP behavior (Fig. 4B).
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(A) The RTP mechanism and photophysical properties of Lu-MOFs-bipy: (a) the schematic illustration of Lu-MOFs-bipy green RTP mechanism;

(b) the fluorescence spectra of Lu-MOFs and Lu-MOFs-bipy in the solid state; (c) the RTP spectra of Lu-MOFs-bipy; (d) decay curve of the
phosphorescence monitored at 545 nm for Lu-MOFs-bipy. Reproduced from ref. 57 with permission from the Royal Society of Chemistry, copyright
2025. (B) Schematic illustration of (a) encapsulation of guest molecules into chiral MOFs and (b) energy levels of guest and ligand molecules. Reproduced
from ref. 31 with permission from Wiley-VCH GmbH, copyright 2025. (C) Composition and photophysical properties of the D—A MOF system: steady
state and delayed spectra of Al, A2, and A3 at (a)-(c) room temperature and (d)-(f) 80 K; (g) Lifetime decay curves, (h) CIE coordinate, and
(i) luminescence photographs of A1-A3. Part of this figure has been published in CCS Chemistry (2025); ‘Donor—Acceptor Metal-Organic Frameworks
Featuring Tunable Triplet States for Multistimulus Responsive Room-Temperature Charge Transfer Phosphorescence’ is available online at https://doi.

org/10.31635/ccschem.024.202404116. Reproduced with permission.
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In addition to spatially confining phosphorescent guests,
RTP can be activated by engineering D-A channels that mediate
charge and triplet energy transfer between MOFs and guests.”!
A seminal study by Geng et al.** demonstrated an Mg-based
donor-acceptor platform using the electron-deficient triazine
carboxylate linker H;TATB as the acceptor and encapsulating
electron-rich acridone derivatives—10-phenyl-9(10H)-acridone
(Ph-Ac), 2-bromo-10-phenyl-9(10H)-acridone (Ph-Ac-Br), and
2,7-bromo-10-phenyl-9(10H)-acridone (Ph-Ac-2Br)—via solvo-
thermal synthesis to generate D-A composites A1-A3
(Fig. 4C). Through-space charge transfer (TSCT) between the
host NKU-Mg-2 and guest molecules narrowed AEgr, thereby
facilitating ISC and enabling tunable RTP. Specifically, A1 (Ph-
Ac@NKU-Mg-2) exhibited solely fluorescence at 438 nm at
room temperature, with phosphorescence emerging at
479 nm only under cryogenic conditions (80 K); A2 (Ph-Ac-
Br@NKU-Mg-2) displayed dual room-temperature emission
(fluorescence: 449 nm; RTP: 520 nm, 7, = 1.60 ms); and A3
(Ph-Ac-2Br@NKU-Mg-2) delivered further enhanced RTP
(tp = 3.35 ms), attributed to heavy-atom-induced SOC amplifi-
cation and increased ISC efficiency. The platform also exhibits
responsiveness to multiple- stimuli (X-rays, temperature, and
oxygen), underscoring MOF-programmed TSCT and SOC engi-
neering as a precise strategy for triplet-state manipulation in
RTP materials.

3. Regulation of RTP properties

The phosphorescence performance of MOF-based RTP materi-
als is governed by three intrinsically coupled elements:**>%°"
(i) metal nodes/clusters dictating coordination geometry, elec-
tronic coupling, and MLCT/LMCT pathways; (ii) organic linkers
encoding excited-state landscapes through conjugation, het-
eroatom integration, and rigidity; and (iii) guest/solvent envi-
ronments modulating microenvironmental polarity and rigidity,

View Article Online

Materials Chemistry Frontiers

oxygen permeability, and energy/electron transfer processes.
Complementing these intrinsic elements, external stimuli (e.g.,
pressure and temperature) serve as a dynamic fourth dimen-
sion to reconfigure triplet energy-level alignment, modulate
exciton migration rates, and suppress non-radiative decay path-
ways. This synergistic quadripartite framework enables precise
tuning of emission color, lifetime, photoluminescence quan-
tum yield (®p1), and afterglow duration while imparting multi-
functionality (Table 1).

3.1. Metal-node species

The electronic structure and ligand-field environment of metal
nodes critically determine the SOC strength and the degree of
MLCT/LMCT, thereby governing key RTP parameters, including
the ISC rate constant (kisc), AEsr, emission color, and
lifetime.> Rational variation of the metal identity, coordination
number, and coordination geometry provides a direct handle to
modulate RTP performance. Among available metal nodes,
closed-shell d*° ions (e.g., Zn*" and Cd>") have been favored
as photophysically “inert” scaffolds that support ligand-
centered emission: their fully occupied d manifolds suppress
quenching via d-d transitions, while the internal heavy-atom
effect enhances SOC and promotes ISC.>* As a representative
example, Zhang et al.®” synthesized Zn-binc and Cd-binc MOFs
using 2-(1H-benzoimidazol-1-yl)nicotinic acid (Hbinc) via site-
selective coordination. Zn>" coordinated to three Hbinc sites
(imidazole N, pyridyl N, and carboxylate O) and CI~ to form a
2D layered network with bimodal porosity, whereas Cd*>* bound
two Hbinc sites, generating a 1D chain; both architectures
further assembled through intermolecular hydrogen bonding.
The distinct coordination preferences dictated Hbinc torsion
angles and packing density, thereby promoting ISC and sup-
pressing nonradiative decay. Crucially, Cd-binc exhibited a
smaller AEgr value than Zn-binc, affording a longer RTP life-
time (188 ms at 534 nm versus 123 ms at 541 nm) and a shorter

Table 1 Photophysical properties of representative MOF-based RTP materials

Modulation MOF designation
mode Modulation strategies (as reported) Jp (nm)  Dpp (%) Py (%) 1, (ms)  Ref.
Metal-node  Metal identity Zn-binc 541 123 62
Cd-binc 534 188
Metal precursor LIFM-130 485 36 93 63
LIFM-131 490 16 47
LIFM-132 480 24 22
Ligand Ligand modification CAU-10-H 495 25.2 638 64
CAU-10-CH; 507 7.7 101
CAU10-OCH; 536 4.4 1.5
MOF-a 548 28.7 188 68
MOF-b 588 24.9 1.1
Guest Solvent-induced polymorphism 1 485 11.94 264.6 70
2 495 5.77 0.083
Solvent-guest-mediated microenvironment tuning  IMOF-DMF 500 12.27 206 71
IMOF-DEF 514 1.76 173
Other Solvent stimulation Eu-BPIPA2 = CB[8] 500 5.34 2.79 1.01 72
Eu-BPIPA2 — CB[8]/MeOH 500 10.20 1.26 0.603
Thermal stimulation LIFM-SHL-3b 572 8 1.7 0.01 73
LIFM-SHL-3c 594 7.5 2.5 0.47

Ap: phosphorescence emission wavelength; @p;: photoluminescence quantum yield; @,,: phosphorescence quantum yield; and z,: phosphorescence

lifetime.
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Fig. 5 (A) Crystal structures of SUST-WJ-12 and SUST-WJ-13: asym-
metric units and coordination environments of (a) Cd and (e) Zn ions;
(b) dinuclear Cd cluster and (c) metal ribbon in SUST-WJ-12; self-assembly
formed the 2D framework structure of (d) SUST-WJ-12 and (g) SUST-
WJ-13; (f) 1D metal chain in SUST-WJ-13. (B) RTP properties of H,L, SUST-
WJ-12 and SUST-WJ-13: prompt and delayed spectra of (a) H,L, (b) SUST-
WJ-12, and (c) SUST-WJ-13; (d) superposition of delayed spectra, (e) CIE
coordinates, and (f) the lifetimes. Reproduced from ref. 44 with permission
from Elsevier, copyright 2023.

fluorescence lifetime, demonstrating metal-dependent control
over triplet-state dynamics.

Transitioning from mononuclear nodes to multinuclear
clusters can afford greater leverage over RTP regulation in
MOFs by simultaneously rigidifying ligand conformations
and amplifying SOC. Wang et al.** engineered two cluster-
based MOFs—SUST-WJ-12 (Cd, binuclear clusters, Fig. 5A)
and SUST-WJ-13 (Zn; trinuclear clusters)—assembled with
2-hydroxynicotinic acid (H,L). Both architectures exhibited
excitation-dependent blue-to-green chromatic tuning and
room-temperature RTP with lifetimes of 69.92 and 63.22 ms,
respectively, together with bright long-persistent luminescence
visible for 2-3 s after cessation of UV irradiation (Fig. 5B).
Steady-state/delayed spectra and theoretical calculation ana-
lyses confirmed ligand-centered emissions while revealing
cluster-mediated SOC enhancement at metal-ligand interfaces.
Synergistic contributions from cluster nuclearity and hydrogen-
bonded dense packing collectively stabilized triplet excitons
and reduced AEsr, enabling programmable afterglow color
modulation.

Moreover, anions from metal salt precursors critically tune
MOF phosphorescence by entering the coordination sphere as
terminal or bridging ligands to form metal-halide clusters. Mo
et al.®®> demonstrated this by constructing three MOFs from
identical ligands but different metal salts: LIFM-130 (CdCl,),
LIFM-131 (Cd(NO;),), and LIFM-132 (Zn(NOs),). LIFM-130
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exhibited cyan-to-green emission with the strongest RTP per-
formance: a room-temperature lifetime of 93 ms, a quantum
efficiency of 36%, and a bright yellow afterglow persisting 2-3 s
post-UV. In contrast, LIFM-131 and LIFM-132 showed blue/cyan
emission with shorter lifetimes (47/22 ms) and shorter quan-
tum efficiencies (16%/24%). Periodic DFT analyses attributed
the emission primarily to ligand-centered n-n* (and m-7m*)
transitions with MLCT contributions, while only LIFM-130
displayed an additional halogen-to-ligand charge-transfer
(CLCT) channel. The coordinated chloride in the Cd-Cl clusters
enhanced SOC and compacted the framework via stronger
noncovalent interactions, rationalizing its superior RTP
performance.

3.2. Ligand engineering

Because long persistent luminescence in most MOF-based RTP
materials originates from organic ligands, the structural and
electronic properties of these organic components play a deci-
sive role in phosphorescence tuning.®® Our previous work
installed electron-donating groups (-CH;z/~OCHj;) on isophtha-
lic acid (IPA) and achieved lifetime modulation from 6 to
638 ms in heavy-atom-free CAU-10 MOFs (Fig. 6A).>”> TD-DFT
(time-dependent density functional theory) analyses revealed
that electron-donating substitutions redistribute the HOMO
electron density from carboxylates to methyl/methoxy groups
and the benzene ring, narrowing the S,-T; energy gap and red-
shifting the phosphorescence from green to yellow. Similarly,
Xue et al.®® achieved a lifetime enhancement (from 103.94 to
264 ms) with 2 s afterglow in a fluorinated nicotinic acid-based
MOF (5FCa-MOF), reinforcing ligand electronic engineering as
a general optimization route. Ligand engineering with a D-A
topology enables dual phosphorescence in MOFs through con-
current ligand-centered and metal-to-ligand charge transfer
(MLCT) emission. Exemplifying this, Wang et al.®® synthesized
a Cu(1) cluster-chain MOF (SUST-WZ3) using the D-n-A-n-D
ligand 1,4-bis(4-(1H-tetrazol-5-yl)phenyl)naphthalene (Tz-Nap).
The appropriate energy levels of the ligand D-n-A-n-D struc-
ture, coupled with Cu-cluster-enhanced SOC and dense pack-
ing, promoted efficient ISC while suppressing nonradiative
dissipation. This yielded dual emission: near-infrared RTP
(Zem = 705 nm, 7, = 1.85 ms at 298 K; 25.16 ms at 77 K) and
MLCT luminescence (450-505 nm, 7, = 1.07-5.38 us). Modulat-
ing their intensity ratio generated white light, with naked-eye-
visible near-infrared afterglow at cryogenic temperatures.
Mixed-ligand strategies expand RTP tunability in MOFs by
incorporating secondary organic linkers. Zheng et al®’
observed in ZnIDC frameworks (assembled from 1H-
imidazole-4,5-dicarboxylate and Zn>*) that introducing auxili-
ary ligands 4,4'-bipyridine (bpy) or trans-1,2-bis(4-pyridyl)-
ethylene (bpe) formed three isostructural compounds, but
longer auxiliary ligands sterically blocked hydrogen-bonded
energy transfer pathways, reducing afterglow durations from
3 s to less than 0.1 s. Secondary ligands decisively modulate
RTP by dictating the orientation and spacing of primary chro-
mophores within MOF frameworks. Using 4'-(4'-(1H-tetrazol-5-
yD)-[1,1’-biphenyl]-4-y1)-2,2":6’ ,2"-terpyridine (HTzDPTpy) as the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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Fig. 6 (A) Schematic diagram of the mechanism for regulating lumines-
cence through ligand functionalization. Reproduced from ref. 32 with
permission from American Chemical Society, copyright 2023. (B) Sche-
matic diagram of the mechanism and spectra for achieving redshifted
emission by constructing ligand D-A pairs using the mixed-ligand strategy.
Reproduced from ref. 68 with permission from American Chemical
Society, copyright 2025.

emissive ligand and phthalic acid (PA) or terephthalic acid
(TPA) as auxiliary linkers, Mo et al. constructed PA-TPY and
TPA-TPY.* Both frameworks exhibited red afterglow originat-
ing from HTzDPTpy after photoexcitation. Crucially, PA
enforced a denser packing motif in PA-TPY, extending phos-
phorescence lifetimes to 10.63 ms at 550 nm and 12.04 ms at
660 nm, in contrast to the shorter lifetimes observed for TPA-
TPY. Beyond packing effects, interligand energy/electron trans-
fer in mixed-ligand systems tuned the frontier-orbital energy
gaps. In our previous work, an electron-deficient pyridyl sec-
ondary ligand was introduced to form robust donor-acceptor

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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pairs with TPA in a dualligand MOF, activating ligand-to-
ligand charge transfer (LLCT, Fig. 6B).°® The resultant triplet
charge-transfer (*CT) state was stabilized below the T1 level of
single-ligand MOFs, yielding a bathochromic shift from 510 nm
to dual emissions at 548 and 588 nm with lifetimes of 180 ms
and 1.1 ms, respectively.

3.3. Guest/solvent environments

Beyond metal nodes and organic linkers, guest species—
including residual or coordinating solvents—critically gov-
erned RTP by reshaping intermolecular contacts and crystallo-
graphic packing. Zhang et al’® synthesized two Cd-MOFs,
[CdA(L)(DMSO),] (1) and [CAL(H,O)(DMF), 5(DMSO) s]-DMF (2),
from 4-(5,7-dioxo-5,7-dihydroimidazo[4,5-f |isoindol-6(1H)-yl)-
benzoic acid using different poly-solvents (DMSO/DMF/EtOH/
H,O0 for 1; DMSO/DMF/H,0 for 2). Although the metal-ligand
composition was identical, the solvent environment imposed
distinct packing architectures: 2 adopted an interpenetrated
framework with pronounced edge-to-face interactions that sta-
bilized triplet excitons, but simultaneously incorporated high-
frequency O-H oscillators (notably coordinated H,0) that
enhanced vibrational quenching. As a result, 2 displayed a
lower @py, value (5.77% vs. 11.94% for 1) and a dramatically
shortened lifetime (83 ps vs. 264.6 ms), highlighting solvent-
directed trade-offs between exciton stabilization and nonradia-
tive dissipation.

Even when solvents do not participate in coordination,
they can persist as pore guests in MOFs and modulate
RTP. Wu et al®® constructed two isoreticular ionic MOFs
(IMOF-DMF and IMOF-DEF) by coordinating Zn with 2-(3,5-
dicarboxyphenyl)nicotinic acid (H,L) and leveraging the in situ
decarbonylation of DMF/DEF. The size disparity between
encaged cations ((CH;),NH," vs. (CH;CH,),NH,") governed
pyridyl-ring rotational freedom: the smaller (CH;),NH,"  in
IMOF-DMF enforced a larger dihedral angle (¥ = 59.88°) than
in IMOF-DEF (¥ = 56.99°), diminishing n-conjugation. This
attenuated conjugation synergistically strengthened SOC (¢ =
2.12 cm™ ') while narrowing AEgr (0.34 eV), thereby establishing
a dual-facilitated ISC mechanism. As a consequence, IMOF-
DMF delivered a higher phosphorescence quantum yield (®p,
12.27% vs. 1.76% for IMOF-DEF) and a longer lifetime (206 ms
at 500 nm vs. 173 ms at 514 nm for IMOF-DEF), accompanied
by a bright afterglow visible for approximately 3 s after UV
cessation.

Beyond crystallographic packing, solvent guests can also
tune the electronic structures of MOFs. Liu et al.”" synthesized
two topologically analogous Cd-MOFs (Cd-DMF and Cd-
CH;CN) from Cd*" and 4,5-imidazoledicarboxylic acid, confin-
ing DMF or CH;CN within channels (Fig. 7A). The structurally
ordered Cd-CH;CN exhibited weak green afterglow at 505 nm
(tp = 88.5 ms) from ligand-centered emission. In contrast,
guest-induced distortion in Cd-DMF reinforced C-H- - -r inter-
actions, opening multiple LLCT pathways that populated mani-
fold triplet states.

This produced dual phosphorescence comprising the ligand
self-emission at 530 nm (r, = 196.0 ms; Fig. 7B) and LLCT
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Fig. 7 (A) Structural comparison of Cd-CHsCN (upper) and Cd-DMF
(bottom). (B) Luminous properties of Cd-DMF: (a) emission spectra and
corresponding photographs before and after turning off the UV lamp at
different excitation wavelengths; (b) prompt spectra at different excitation
wavelengths; (c) normalized spectra in prompt and delayed modes;
(d) normalized delayed spectra under different excitation wavelengths;
(e) normalized RTP emission spectra at different delayed time; (f) phos-
phorescence-excitation mapping at different excitation wavelengths;
() photographs taken after turning off a white-light LED lamp. Repro-
duced from ref. 71 with permission from Springer Nature, copyright 2023.

emission at 560 nm (7, = 187.0 ms). The afterglow underwent
bathochromic evolution from green to yellow to orange, tun-
able by the excitation wavelength (270-470 nm) and delay time,
and displayed pronounced time-varying afterglow under white-
LED excitation.

3.4. External stimulus

Owing to the environmental sensitivity of triplet excitons, the
RTP of MOFs can be finely tuned by external stimuli (thermal,
mechanical, or chemical). For example, Ni et al.>® showed that
exposure to water switched on green phosphorescence in MOF-5
by transforming it into a denser ZnBDC-xH,O phase. Water
molecules confined in the pores formed extensive hydrogen-
bond networks that suppressed ligand vibrations and stabilized
triplet states. The authors further exploited this water-induced
restructuring as a host-guest doping strategy to create water-
activated phosphors (P@ZnBDC-xH,0). These materials
exhibited higher quantum yields than P@MOF-5, emission
tunable from green to orange-red, and persistent afterglow
lasting 3-6 s. Notably, the lifetime remained 11.37 ms after
six weeks of water immersion, enabling aqueous-triggered
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Fig. 8 (A) Schematic diagrams: (a) construction of Ln-MOFs and (b, c)
their reversible dynamic switching mechanism between RTP and fluores-
cence. (B) The photoluminescence behavior of crystals Ln-BPIPA, = CBI8]:
excitation/emission/delayed spectra of (a) Eu-BPIPA,<=CBI8], (b) Eu-
BPIPA, = CBI[8]/MeOH and (c) Gd-BPIPA, = CB[8]; decay curves monitored
at (d) 500 nm, (e) 616 nm, and (f) 393 nm of Eu-BPIPA,=CBI8] and Eu-
BPIPA, = CB[8]/MeOH. Reproduced from ref. 72 with permission from
Elsevier, copyright 2025.

information encryption. Similarly, Niu et al’ fabricated
cucurbit[8Juril (CB[8])-mediated Ln-MOF single crystals by
encapsulating an isophthalic acid-functionalized 4-(4-bromo-
phenyl)pyridine salt (H,BPIPA) in CB[8] cavities, followed by
Ln*" coordination (Fig. 8A). In water, only weak electron
transfer occurred from the inclusion T; to the *D, emitting
level of the Eu®"; in methanol, electron transfer was strength-
ened and the non-radiative transition of Eu*" was suppressed,
enabling reversible switching between RTP and Eu®* emission.
Accordingly, Eu-BPIPA,@CB[8] exhibited intensified green RTP
(tp = 1.01 ms, @, = 2.79%) with quenched Eu®’ emission,
whereas methanol-treated Eu-BPIPA,@CB[8]/MeOH displayed
attenuated RTP (r, = 0.603 ms at 500 nm), enhanced Eu®’
lifetime at 616 nm (Fig. 8B). These colorless crystals served as
stimulus-responsive anti-counterfeiting inks, exhibiting water/
methanol-triggered chromism (pale yellow — red) via reversi-
ble electronic-state modulation. Moreover, temperature stimuli
can induce crystal conformational distortions, dynamically
modulating phosphorescent properties. Sun et al.”® synthesized
4,4'-((2,5-dicyano-1,4-phenylene)bis(sulfanediyl))dibenzoic acid
(DPSD) with rotatable C-S-C bonds, and then coordinated it
with Cd to obtain the stimulus-responsive LIFM-SHL-3a.
The torsionally labile C-S-C linkages enabled a temperature-
driven conformational rearrangement, yielding reversible
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single-crystal-to-single-crystal conversions to LIFM-SHL-3b
(350 K) and LIFM-SHL-3c (375 K). This structural dynamism
modulated noncovalent interactions and singlet-triplet energy
gaps, facilitating a switchable emission mechanism from fluores-
cence to RTP upon thermal actuation. Mechanical stimuli typi-
cally induce crystalline-to-amorphous transitions in MOFs. Sun
et al”® prepared a Cd-MOF (LIFM-SHL-2) from 4,4',4" 4""'{((3,6-
dicyanobenzene-1,2,4,5-tetrayl)tetrakis(oxy))tetrabenzoic acid
(DTOT) that displayed multilevel stimulus responsiveness. The
LIFM-SHL-2 crystal exhibited green RTP at 298 K (Zep = 498 nim,
®@p;, = 2.5%) and a markedly enhanced afterglow at 77 K (z, =
162 ms). Grinding 5 min triggered amorphization and switched
the emission to blue fluorescence (427 nm, 7, = 1.4 ns).
Conversely, DMF immersion or NH; exposure restored crystal-
linity and recovered green RTP with an extended lifetime
(tp = 49.6 ps). This reversible switching was attributed to
competitive modulation of AEsy and nonradiative decay: the
crystalline lattice leveraged Cd-O cluster-mediated heavy-atom
effects and dense supramolecular interactions to promote ISC
and stabilize triplets, whereas amorphization disrupted these
pathways, favoring singlet emission.

4. Advanced applications of
MOF-based RTP materials

MOF-based RTP materials have emerged as transformative
candidates in solid-state lighting, chemical sensing, anti-
counterfeiting, and information encryption due to their
millisecond-scale afterglow, high quantum yields, tunable
emission profile, and stimuli-responsive phosphorescence
switching. These attributes address critical limitations of con-
ventional phosphors—ambient quenching, fixed chromaticity,
and poor stimulus adaptivity—through atomically precise
triplet-state engineering. The following sections showcase
state-of-the-art applications of MOF-based RTP materials via
representative research.

4.1. Solid-state lighting

White-light-emitting diodes (WLEDs) are cornerstone solid-
state lighting technologies with substantial potential for energy
savings and carbon-emission mitigation.”*”> However, conven-
tional multicomponent routes—phosphor blends or hybrid
packages—readily suffer from intrinsic color imbalance, reab-
sorption losses, and device complexity.”® By contrast, single-
phase emitters offer spectral stability and enable device
miniaturization.”” MOF-based RTP phosphors are compelling
candidates: their long-lived triplet emission and tunable chro-
maticity can deliver white light within a single-crystalline,
monophasic framework, inherently suppressing phase segrega-
tion and supporting stable, efficient illumination for next-
generation photonics. For instance, Wang et al.”® employed
one-pot reaction of 15-crown-5 ether with CdX, (X = Cl, Br, and I)
to obtain three metal-halide MOF hybrids (15-5-CdCl,, 15-5-
CdBr,, and 15-5-Cdl,). Under 340 nm excitation, all three
emitted near-white light at 298 K with CIE coordinates of
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Zn-1PA MOFs: (a) Jablonski diagrams for Zn-IPA at ambient pressure and
pressure-released states from 11.0 GPa and 20.8 GPa; (b) and (c) emission
spectra of Zn-IPA-11 at different operating currents; (d) and (e) emission
spectra of Zn-1PA-20 at different operating currents; (f) phosphorescence
of pc-LED devices (Zn-IPA series) post-excitation. Reproduced from
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(0.28, 0.32), (0.31, 0.39), and (0.30, 0.34), respectively, and
displayed excitation-dependent color tuning (blue/cyan —
green/yellow). Notably, 15-5-CdCl, and 15-5-CdBr, showed
bright, color-tunable afterglow (1-2 s) attributed to crown-
ether confinement that rigidified triplet states and heavy-
atom-assisted intersystem crossing. In 2025, Yang et al’®
reported high-performance white-light emission in Zn-IPA via
pressure-managed triplet exciton management. At 20.0 MPa,
pressure-induced metal-ligand asymmetrical chelate coordina-
tion generated an emergent electronic state that narrowed AEgr
and accelerated intersystem crossing, boosting phosphores-
cence intensity while modulating singlet/triplet density-of-
states (Fig. 9). This yielded broadband white emission
(350-800 nm) with a high @y value of 81.3% and CIE coordi-
nates of (0.29, 0.37). Crucially, optimized compression at
11.0 MPa enhanced C-H- - -r rigidification in Zn-IPA-11, syner-
gistically amplifying blue emission and extending a phospho-
rescence lifetime from 0.91 s to 1.01 s. Fabricated time delay
phosphor-converted LEDs exhibited 7 s persistent lumines-
cence post-excitation, demonstrating viable solid-state lighting
applications.

4.2. Chemical sensing

Optical sensing provides distinctive advantages, including
ultrahigh sensitivity, rapid response kinetics, noninvasive
operation, and inherent biocompatibility.®* MOF-based RTP
systems are particularly compelling due to their exquisite
environmental responsiveness—where perturbations selec-
tively modulate singlet/triplet exciton dynamics. This enables
precision engineering of stimulus-responsive phosphorescence
switching, wherein analyte-gated intensity changes generate
quantitative optical readouts for smart sensing platforms.
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Fig. 10 Stimulus-responsive photophysics of amino-functionalized
MOFs: (a) and (b) temperature-dependent emission spectra of VB4-1D
and VB4-2D; (c) and (d) temperature-dependent lifetime histogram of
VB4-1D and VB4-2D; (e) and (f) delayed spectra of VB4-1D and VB4-2D;
() and (h) time-dependent delayed spectra and corresponding photo-
graphs of VB4-1D and VB4-2D; (i) and (k) fluorescence and time-gated
spectra of VB4-1D for HCl and NH3z fuming for 30 s, respectively; (j) and ()
fluorescence and phosphorescence quenching and recovery upon cycling
between HCl and NH3z fuming; (m) changes in the long persistent lumi-
nescence of VB4-1D and VB4-2D before and after fumigation. Repro-
duced from ref. 27 with permission from American Chemical Society,
copyright 2024.

As a paradigm for acid/base optical sensing, Wang et al.”’

synthesized two amino-decorated MOFs (VB4-2D and VB4-1D)
by self-assembling CdCl,, N-heterocyclic 6-aminopurine, and
terephthalic acid. Both displayed excitation-dependent fluores-
cence and phosphorescence from blue to green and from cyan
to green (Fig. 10). Their amino-functionalized porous frame-
works enabled analyte-specific interactions, affording a rever-
sible acid/base response. In VB4-1D, HCI vapor (30 s) induced
protonation, causing a 25 nm hypsochromic shift from 445 nm
to 420 nm with a fluorescence enhancement; subsequent 30 s
NH; vapor effected deprotonation and fully restored the emis-
sion, repeatable over five cycles. Concurrently, the phospho-
rescence intensity provided an orthogonal channel: HCI
quenched the long persistent luminescence by disrupting
triplet excitons, whereas NH; reinstated it via structural recon-
struction, yielding a visibly reversible cycle.

In addition, MOF-based RTP platforms have been applied to
other important species sensing such as water and antibiotics.
For example, Yu et al.®' developed a water-stable 2D lanthanide
MOF (NIIC-2-Tb) that detected ultra-selectively ofloxacin via
luminescence quenching, achieving a detection limit of 1.1 X
10~° M with a response of 6 s. For real-time monitoring, NIIC-2-
Tb was embedded in a carrageenan hydrogel (NIIC-2-Tb@CRG),
coupling luminescence transduction with mechanical flexibil-
ity to enable on-site visual quantification of ofloxacin residues
in meat through stimulus-gated emission switching. In 2025,
Mollick et al.®” engineered polymer/MOF hybrids via bottom-
up covalent integration, where tunable alkylamine incorpora-
tion during synthesis optimized green RTP performance
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(tp = 359 ms at 298 K; 592 ms at 77 K, @, = 28%). The covalent
architecture conferred excellent solution processability, enabling
the fabrication of flexible RTP-emitting fibers (r, = 408 ms) and
films (z, = 613 ms at 77 K). These hybrids exhibited pronounced
selectivity for water over alcohols, positioning them as versatile
candidates for wearable humidity sensors.

4.3. Anti-counterfeiting

MOF-based RTP systems can provide millisecond afterglow,
stimulus-gated color switching, and host-guest program-
mability to create security markers that surpass static anti-
counterfeiting technologies.”® By exploiting triplet-state
dynamics, they enabled naked-eye time-resolved verification,
light/solvent/pressure/thermal-triggered chromism, and spa-
tially encoded Iluminescent patterns—yielding multilevel
authentication without specialized equipment.®® In 2023, Gao
et al.>* encapsulated acridine (Ar), pyrene, 9,10-Bis(phenylvinyl)
anthracene (BPEA), and coronene in MOFs (DCF-12) to form
host-guest hybrids. Pyrene@DCF-12 exhibited excitation-
dependent afterglow tunable across 400-620 nm, with color
shifting from yellow to orange to red and emission red shifting
from 550 to 670 nm (Fig. 11). Under 365 nm irradiation, it
showed green emission (518 nm), followed by naked-eye-visible
red afterglow (t, = 340 ms) persisting >2.5 s post-irradiation,
attributed to a reduced S;(Pyrene)-T,(host) gap that promoted
ISC. For anti-counterfeiting, a tree-trunk pattern was fabricated
using phosphorescent Pyrene@DCF-12 (red afterglow) and
non-phosphorescent BPEA@DCF-12 (prompt decay). Under
365 nm UV, both showed yellow/green fluorescence; post-UV,
only Pyrene@DCF-12 emitted red afterglow. Solvent-gated
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Fig. 11 Photophysical and chiral characteristics of pyrene@DCF-12:
(a) excitation-dependent emission spectra; (b) excitation-dependent
mapping; (c) CIE chromaticity coordinates at varying excitation wave-
lengths; (d) proposed guest-to-host energy transfer model; (e) energy
level alignment of TPE host and guest emitters; (f) the response mecha-
nism of benzyl alcohol toward phosphorescence; (g) multi-level anti-
counterfeiting applications. Reproduced from ref. 54 with permission from
Wiley-VCH GmbH, copyright 2023.
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on the time-resolved anti-counterfeiting system. Reproduced from ref. 35
with permission from Elsevier, copyright 2025.

reversibility was demonstrated: heating removed benzyl
alcohol to quench afterglow, while re-adsorption restored red
emission—enabling multi-cycle authentication through vapor-
responsive triplet-state switching. Subsequently, Shi et al®*
established a scalable gram-scale synthesis of high-quality
CaL-1 and CaL-2 crystals using 4,5-imidazoledicarboxylic acid,
both exhibiting intense RTP at 552 nm and 566 nm with
afterglow visible for 13 s. Leveraging this persistent lumines-
cence, they engineered a Python-based dynamic coding algo-
rithm that translates time-resolved phosphorescence patterns
into unforgeable security tags. This platform technology was
readily extensible to diverse long-persistent luminescent mate-
rials for multilevel anti-counterfeiting applications.

4.4. Information encryption

MOF-based RTP materials enable high-security information
encryption by harnessing orthogonal stimulus-responsive
dimensions: time-gated persistent luminescence creates tem-
poral barcodes decodable via delayed detection; excitation-
wavelength-dependent emission allows spectral multiplexing
within a single material; and host-guest programmable erasure
generates transient patterns via solvent-induced triplet quench-
ing. These synergistically produce physically unclonable crypto-
graphic functions—demonstrated in Morse-code dynamic
displays, logic gates, and self-erasing security inks—where
triplet excitons serve as reconfigurable information carriers
resistant to physical replication. Wang et al®® fabricated
MOF-dye gel films that responded to acid/base stimuli. Immer-
sion in artificial sweat (pH 4.7, 20 min) produced distinct
chromatic states under 365 nm UV: the left “1” appeared pale
red, the center “3” blue, and the right “6” lavender. After UV
was switched off, center “3” retained yellow-green phosphor-
escence, whereas right “6” intensified owing to partial por-
phyrin protonation. The weak acidity of sweat preserved
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residual red fluorescence, keeping “1” legible, while strong
acid alone fully quenched emission. This stimulus-gated
decryption—where phosphorescence persistence authenticates
messages against pH-manipulated decoys—established dual-
channel chemical encryption.

Additionally, as a representative case, Wang et al>® engi-
neered two MOFs by self-assembling a charge-transfer ligand
(TPP) with lead halides, affording PJJ-1 (PbCl,) and PJJ-2 (PbCl,/
Br). Under 380 nm excitation, both showed broadband emis-
sion, and PJJ-2 delivered cold-white light (CIE: 0.31, 0.46) via
dual-channel luminescence from both the organic linkers and
inorganic secondary building units. Their phosphorescence
latency displayed excitation/temperature-dependent chromatic
evolution (cyan — green — yellow/orange), enabling temporal
barcoding for information encryption. Millisecond-scale life-
time offsets enabled (Fig. 12): (1) 3 x 8 dot matrices using PJJ-2/
TPP/PbCl, decoded by binary-to-ASCII conversion; (2) time-
resolved writing (I/ ¥ /SUST), where ““ ¥ SUST” appeared within
1 s, while only “%” was still visible after >2 s; and (3)
multilevel steganography in which a true “7” hidden beneath
a decoy ““8” was retrievable only after UV cessation >2 s—
premature (<2 s) or delayed (>3 s) viewing yielded a false “9”
or null output. This self-destructing temporal encryption har-
nessed MOF-based RTP exciton dynamics for physically unclon-
able security.

5. Conclusions and outlook

MOF-based RTP has evolved from proof-of-concept emitters to
versatile platforms synergizing atomic-precision triplet engi-
neering with programmable host-guest dynamics. Strategic
manipulation of metal nodes—particularly closed-shell d'°
centers and halide-rich clusters—combined with heteroatom-
enriched ligand architectures (including D-A systems and
electron-rich chromophores), guest/solvent programming, and
external stimuli collectively satisfy dual RTP requisites:
enhanced ISC via heavy-atom/charge-transfer mediation and
robust triplet stabilization through framework-conferred rigid-
ity. This paradigm has delivered high-efficiency phosphors,
single-phase white emitters, LED-activatable persistent
luminescence, and intelligent stimulus responses spanning
humidity, pressure, and acids/bases. Critically, emergent
structure-emission relationships—linking spin-orbit coupling,
charge-transfer character, framework topology, and host-guest
interactions—now provide crystallographic blueprints for next-
generation solid-state lighting, chemical sensing, anti-
counterfeiting, and information encryption technologies.
Despite significant advances, MOF-based RTP systems still
present key avenues for development. Firstly, deeper mecha-
nistic quantification through multimodal in situ spectroscopy
and exciton-dynamics simulations is essential to deconvolute
the relative roles of LLCT/LMCT/MLCT pathways, host-guest
energy/electron transfer, framework rigidification, and O,/H,0
quenching—thereby enabling the rational design of phosphors
with @p, > 50% and 1, > 1 5. Secondly, many high-performing
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systems rely on Zn/Cd-containing nodes or high-precision
lattices, which hampers device integration and biocompatibil-
ity. Efforts should be intensified in key strategies such as
covalent polymer-metal-organic framework hybridization,
hydrogel encapsulation, printable phosphorescent inks, and
additive manufacturing to achieve deviceization while main-
taining the crystal integrity and RTP performance. Further-
more, the spectral coverage is largely confined to the visible
light region. To extend the emission to the NIR-I/II band
(> 800 nm) for meeting the requirements of biological imaging
applications, more D-A ligands, lanthanide sensitization, and
host-guest energy transfer cascading are required. With atom-
ically precise triplet-state engineering, MOF-based RTP is
poised to enable disruptive platforms in solid-state lighting,
chemical sensing, anti-counterfeiting, and encryption. Over-
coming these challenges will accelerate the transition from
laboratory prototypes to industrial technologies.
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