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Advances in organic room-temperature
phosphorescence: design strategies,
photophysical mechanisms, and
emerging applications

Yujie Yang,a Qianqian Li*b and Zhen Li *bc

Organic room temperature phosphorescent (RTP) materials have garnered significant interest due to their

potential applications in anticounterfeiting, biological imaging, and optoelectronic devices. This Chemistry

Frontiers paper comprehensively analyzes the photophysical processes underlying phosphorescence to

identify the key factors that facilitate phosphorescence emission. It critically evaluates the intrinsic

mechanisms of various construction strategies and explores the relationship between aggregated

structures and their properties. Detailed discussions on molecular arrangement, packing modes, and intra/

intermolecular interactions are presented, offering systematic design principles. Finally, it outlines the

current application areas of organic RTP materials, forecasts future advancements, and proposes

performance criteria and strategic design approaches to guide further progress in this field.

Introduction

Room-temperature phosphorescence (RTP) is a photolumines-
cence phenomenon, in which emission persists after removing
the excitation source. In 1939, Clapp reported a pivotal finding
that tetraphenylmethane, tetraphenylsilane, and their deriva-
tives exhibited a bright blue-green afterglow lasting up to 23 s.1

However, the development of organic RTP materials at that
time was still lagging because of unclear internal mechanisms.
Also, the intrinsic limitations of organic compounds, including
low spin–orbit coupling (SOC) coefficients, and dominant non-
radiative decay processes, restricted advancements in long-
lived RTP.

Fortunately, breakthroughs have emerged since Tang et al.
reported the ‘‘crystallization-induced phosphorescence’’ (CIP)
strategy to achieve RTP in aggregated states.2 From then on, an
increasing number of organic RTP materials have been
explored (Fig. 1a) with the dominated green afterglow, thanks
to the great efforts of scientists.3–8 The lifetimes have been
prolonged to 33 s (505 nm) with modulation of aggregated
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structures by our group in 2021.9 For full coverage of the whole
emission spectra, considerable efforts have been devoted to
addressing the challenges with stabilizing the high-energy triplet
excited states. An, Liu and Huang et al. have achieved the
emission wavelength blue-shifted to 380 nm with deep-blue
phosphorescence.10 Generally, with the wavelengths extended to
the red/NIR region, the non-radiative decays were usually acceler-
ated by the low energy gaps. Recently, through the host–guest
doped strategy, NIR phosphorescence was extended to 732 nm
with the lifetime of 102 ms,11 and the highest brightness under
physiological conditions (8.21 � 0.36 � 108 ps�1 cm�2 sr�1)
has been achieved using branched-luminogens with strong
hydrophobicity.12

These improved RTP properties show promising potential
in various applications, including optoelectronics,13,14 information

encryption,4,5 anti-counterfeiting,8,10 and biological imaging,6,9,11,12

which is largely attributed to their structurally tunable nature,
low costs, diverse emission spectra, extended luminescence,
and excellent biocompatibility. For instance, capitalizing on its
excitation-free capability and distinct photophysical properties
with large Stokes shifts and extended luminescence lifetimes,
phosphorescence bioimaging can effectively shield autofluor-
escence from biological tissues through time-resolved imaging
techniques. The captured afterglow imaging demonstrated
high quality and signal-to-noise ratios, representing a substan-
tial advancement in biological imaging techniques.11,12 These
properties primarily manifest in aggregated states, where mole-
cular arrangement, packing modes, and inter/intramolecular
interactions play a critical role in achieving high-performance
organic RTP materials.15–17

In this Chemistry Frontiers paper, we highlight a range of
construction strategies proposed to improve the RTP properties
by deeply understanding the fundamental relationships between
molecular structures, molecular aggregation, and the photophy-
sical properties, and underscore the design and fabrication
needs for advancing the field of organic phosphorescence.

Design strategies

The luminescence mechanism of organic RTP materials is well
delineated by the Jablonski diagram (Fig. 2a). Initially, excitons
in the lowest singlet excited state (S1) are generated from the
ground state (S0) upon excitation. They may engage in inter-
system crossing (ISC) to the triplet excited states (Tn) and
undergo further internal conversion (IC) to the stable lowest
triplet excited state (T1). Phosphorescence can then occur as
excitons return to S0 through radiative decay. The quantum
mechanics theory suggests that the spin-forbidden transitions
from the singlet to triplet excited states, and then from triplet
excited states to the ground state, significantly prolong the
phosphorescence lifetime to the microsecond or millisecond
range or longer. According to the photophysical processes of
phosphorescence emission, the ISC process can be efficiently
promoted by enhancing the SOC and reducing the energy gap
between the singlet and triplet excited states, thereby generating
substantial triplet excitons for RTP emission. Furthermore, the
ISC process can be facilitated if the transition involves a change
of orbital types.18,19 Thus, the preferred singlet–triplet transi-
tions between n–p* and p–p* features enhance RTP emission by
promoting the generation of triplet excitons. The n–p* transi-
tions can be induced by incorporating functional groups bearing
lone pairs of electrons, including carbonyl, cyano, halogens
(F, Cl, and Br), other heteroatoms (S, Se, and P), etc. Meanwhile,
it is essential to stabilize the triplet excitons by creating a
rigid molecular framework to suppress non-radiative decay
and avoid quenching effects exerted by oxygen and water.
Drawing on these principles, some efficient strategies have been
explored, such as crystallization, doping into rigid matrices,
polymerization, supramolecular self-assembly, heavy-atom
effect, and deuteration.

Fig. 1 (a) Trends in RTP research from 2010 to 2024 as reflected in
scientific publications; (b) the emission wavelengths and lifetimes of
phosphorescence materials as reported in the representative literature;
and (c) chemical structures of RTP materials with blue, green, and red
afterglow as described in the representative literature.
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As to crystal engineering, Sun and Tang et al. made a pivotal
advancement by elucidating the principle of CIP in 2010
(Fig. 2b).2 The development of crystallization strategies to
stabilize triplet excitons and suppress non-radiative transitions
has since become a foundational approach, guiding the rational
design of efficient RTP materials.10,13,19–24 Crystalline systems
can be classified as pure organic single crystals, ionic crystals,
and co-crystals based on their composition. Intermolecular
interactions, including halogen bonding, p–p interaction, hydro-
gen bonding, and ionic bonding, have been employed to
improve phosphorescence intensities and lifetimes. In 2018,
our group investigated the impact of substituent modifications
on p–p interactions and found that stronger p–p interactions led
to the stabilization of triplet excitons and an increase in RTP
lifetimes from 88 ms to 410 ms.21 Recently, Li, Hu, Tang and

Phillips et al. demonstrated that strong hydrogen bonding networks
stabilized triplet excited states and suppressed non-radiative transi-
tions within cocrystals.22 The stabilization effect resulted in signifi-
cantly prolonged phosphorescence, extending the lifetime from
76 ms for uracil (U) to 530 ms for U–MA and 663 ms for U–B after
the formation of cocrystals between U and melamine (MA) or boric
acid (B). Furthermore, the presence of tight molecular packing with
strong intermolecular interactions is a pivotal factor in determining
the RTP performance not only in organic aromatic compounds, but
also in non-aromatic compounds. For example, in 2018, our group
reported that cyanoacetic acid (CAA) crystals displayed persistent
RTP with the lifetime of 862 ms, as the result of the strong
intermolecular hydrogen bonds.23 Also, the ‘‘cluster-triggered phos-
phorescence’’ (CTP) has been proposed by Tang and Yuan to explain
the RTP properties of various non-aromatic compounds.25

Fig. 2 (a) A simplified Jablonski diagram illustrating the photophysical processes involved in room-temperature phosphorescence (RTP) emission,
emphasizing the key factors required to achieve effective phosphorescence performance. (b) The crystallization strategy for achieving rigid packing
includes the formation of single crystals, ionic crystals, and co-crystals. The inset shows an example involving single crystals to demonstrate
phosphorescence emission, highlighting the C–H� � �O and C–H� � �X interactions. (c) The doping strategy is to dope phosphors into the rigid matrix
directly. The inset shows an example of doping a phosphor into polymethyl methacrylate to minimize the nonradiative deactivation and achieve efficient
RTP. (d) The polymerization strategy to effectively achieve phosphorescence emission with a rigid environment. (e) The supramolecular self-assembly
strategy provides a rigid environment to stabilize the triplet excitons using hosts such as cyclodextrins (CDs), cucurbiturils (CBs), and other macrocyclic
molecules. (f) The strategy of introducing the heavy-atom effect to facilitate the ISC process through both internal and external heavy-atom effects. The
inset shows an example of the materials displaying high-efficiency phosphorescence due to the introduction of bromine atoms. (g) The deuteration
strategy to achieve RTP emission. The inset shows an example of deuteration to lower the C–H stretching vibration energy and decrease the Franck–
Condon factor.
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For the doping strategy, the crystalline samples as hosts can
create a rigid environment for guest molecules to suppress non-
radiative transitions of triplet excitons (Fig. 2c).11,26 For example,
4,40-dibromobiphenyl crystals establish a rigid environment
through intermolecular C–Br� � �Br–C, C–H� � �p, and C–H� � �Br
interactions, effectively restricting the molecular motions of
guests.26 The doping strategy is an effective and simple strategy
to achieve high-efficiency RTP materials. Also, polymers have
been employed as effective rigid matrices to promote RTP
properties for creating a rigid environment through molecular
chain entanglement and interactions between functional
groups.8,27,28 In 2013, a significant advancement in amorphous
metal-free organic phosphorescence was achieved by doping
phosphors into a glassy polymethyl methacrylate (PMMA)
matrix.27 It was demonstrated that the polymer matrix could
effectively restrict molecular motions and reduce triplet deacti-
vation. Similarly, polyvinyl alcohol (PVA), bearing hydroxyl units
with high density, can form hydrogen bonding with guest
molecules bearing active hydrogens, promoting RTP properties
by the strong restriction effect and excellent oxygen barrier
properties.29–31 Also in 2022, our group achieved ultralong RTP
with the lifetime of 2.43 s by promoting the hydrogen bonding
between arylboronic acids and PVA after the removal of H2O.29

Polymerization has been utilized to further strengthen the
rigidity of systems by forming covalent bonds between polymer
chains and luminogens, which can further suppress non-
radiative transitions (Fig. 2d).7,32–34 The tunable luminogens in
various regions of linear polymers—such as in the side chains,
main chain, or at the terminal and bridge positions—enable the
modulation of both emission wavelengths and lifetimes of
phosphorescence emission. In 2023, Ma, Huang, and Zhao
et al. prepared a series of RTP polymers by integrating phosphor-
escence moieties into the polymer backbone.33 The P1 polymer
demonstrated color-tunable phosphorescence ranging from 474
to 506 nm when excited at 300 nm and 360 nm, respectively,
along with lifetimes of approximately 1050 ms (at 474 nm) and
261 ms (at 507 nm). The excitation wavelength-dependent RTP
resulted from the various molecular conformations stabilized by
the polymer chains, indicating the potential for achieving multi-
color emitting RTP in aggregated states by altering the molecular
conformations of monomers. Moreover, the restriction of
molecular rotations can be further strengthened through cross-
linking between luminogens and polymer chains.35,36 For
instance, in 2015, Kim et al. demonstrated that cross-linking
between phosphors and polymer matrices could significantly
improve phosphorescence properties.35 These covalent bonds
not only established a rigid environment that suppressed non-
radiative decay and optimized the luminescence properties, but
also highlighted the significance of modulating molecular
motions in aggregated states to influence non-radiative decay
pathways. The cross-linked system exhibited a high phosphor-
escence quantum yield, which was 2.5 times higher (13%) than
that of the blend system (5%). In comparison with the crystal-
lization strategy, the strategies involving amorphous polymers,
which can be fabricated as thin films for practical applications,
demonstrated better processability and flexibility, and various

organic luminogens can be incorporated by simple doping or
covalent linkage to realize the RTP emission by the rigid
environment constructed using a polymer matrix. For the crystal-
lization strategy, more requirements are needed to form the
organic crystals/co-crystals, which are related to the rigidity of
molecular structures, the crystal growth technologies, the com-
patibility of multiple components, etc.

Supramolecular assemblies can also be utilized to effectively
restrict the vibrational motions of RTP luminogens through non-
covalent interactions, offering precise control over molecular
orientation and packing. Host molecules such as cyclodextrin
(CD), cucurbituril (CB), and other macrocyclic compounds have
been selected to support the guest molecules as emissive sources
(Fig. 2e).37–40 As early as 1982, Turro et al. reported a host–guest
assembly-based RTP material in a nitrogen-purged aqueous
solution by doping 1-bromonaphthalene or 1-chloronaphthalene
into b-CD.41 This pioneering work paved the way for development
of supramolecular assembly-induced RTP systems. CBs also serve
as ideal host materials due to their strong binding affinity for
positively charged guests, and the multiple carbonyl groups can
facilitate intermolecular interactions, such as C–H� � �OQC inter-
actions, to promote phosphorescence emission. Accordingly, a
high phosphorescence quantum yield of 81.2% with the lifetime
of 5.40 ms has been achieved by grinding CB[6] with the pyridi-
nium derivative PYCl, while that of PYCl was only 2.6% with the
lifetime of 5.76 ms.39 This was mainly attributed to the strict
encapsulation by host–guest interactions, which helped to sup-
press non-radiative relaxation and promote ISC. This principle of
supramolecular self-assembly presents a convenient method for
enhancing RTP performance, where the binding constant
between host macrocyclic molecules and phosphor guests is a
critical factor. Moreover, this strategy effectively addresses the
challenge of poor water solubility of organic materials, thereby
broadening their potential applications in biological fields. Most
recently, the quantum yield of 18.5% was achieved using aqueous
organic red/NIR RTP probes in a highly viscous solution.40 It was
accomplished through the supramolecular assembly of CB[8] with
pyridinium derivatives, which were successfully employed in two-
photon phosphorescence imaging of lysosomal viscosity and
time-resolved in vivo imaging for lipopolysaccharide-induced
inflammation diagnosis.

Heavy atoms, such as bromine (Br), iodine (I), selenium (Se),
and tellurium (Te), significantly enhance the SOC between
singlet and triplet excited states, due to the high nuclear charge,
thus leading to a fast phosphorescence radiative decay rate (kp)
and boosting the phosphorescence emission by facilitated ISC
processes (Fig. 2f).42–44 The heavy atom effect is broadly classi-
fied into two types based on the nature of bonding: the internal
heavy atom effect, which is mediated through covalent bonds,
and the external heavy atom effect, facilitated by non-covalent
interactions such as ionic or halogen bonding. In 2011, Kim
et al. introduced the key design principles that enabled the
development of bright RTP materials by incorporating heavy
atoms.42 The presence of halogen bonding in these crystals
directly enhanced ISC and minimized vibrational losses, thereby
activating phosphorescence emission. As a result, the high RTP
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quantum yield of up to 55% was achieved. Particularly, the
external heavy atom effect with multiple non-covalent interac-
tions in aggregated states has garnered significant scientific
interest in inducing phosphorescence emission without necessi-
tating complex and multi-step chemical synthesis.45,46 In 2021,
Ma et al. developed a general strategy for amorphous RTP
materials by doping fluorescent dyes into a polymer matrix with
bromide ions (PAB).45 Compared to the polymer with chloride
ions, the phosphorescence emission intensities in PAB greatly
enhanced for the external heavy atom effect, while the lifetimes
decreased by an order of magnitude due to the increase of kp.

Deuteration can also enhance the spin prohibition factor by
inducing spin configurational and nuclear alterations during
the transition from the S1 to T1 state, and thus facilitating the
ISC process.47–49 Moreover, deuteration can result in reduced
vibrational frequencies due to the greater mass, which conse-
quently diminishes the rate of non-radiative decay processes
and prolongs the triplet lifetime for RTP emission (Fig. 2g).
The underlying principle of deuteration lies in the differences
in vibrational energy levels between hydrogen and deuterium. It
has been demonstrated by Hirata et al. in 2014 that the selective
deuteration of aromatic hydrocarbons significantly lowered the
C–H stretching vibration energy, as described by the Franck–
Condon principle, thereby extending the RTP lifetimes.47 Com-
bined with the increased ISC rates by deuteration, the high RTP
quantum yield of 6.2% with an extended RTP lifetime of up to
1.36 s was achieved. Recently, researchers have explored the use
of deuterated reagents or deuterated small molecules to
enhance phosphorescence emissions in the solid state, achiev-
ing higher efficiency and longer phosphorescence lifetime. For
instance, the increased phosphorescence quantum yields from
1.70% to 27.04% have been obtained by our group through the
deuteration process of the OH group in phenothiazine deriva-
tives, due to the lower vibrational frequencies of O–D bonds.49

Furthermore, the integration of deuteration strategies
with supramolecular assembly or host–guest interactions holds
promise for the development of highly efficient and versatile
phosphorescent systems.

Thus, the design strategies and intrinsic mechanisms of
organic RTP materials have been progressively refined over the
years. Moreover, the energy transfer mechanisms to facilitate
the development of phosphorescent materials are mainly
Förster resonance energy transfer (FRET) and Dexter energy
transfer (DET). FRET is a non-radiative energy transfer process
that occurs through the dipole–dipole interactions between mole-
cules, resulting in the transfer of energy from the excited state of
the donor to acceptor.50 The generation of resonance energy
transfer relied on the extent of spectral overlap. The emission
spectrum of the donor should overlap with the absorption spec-
trum of the acceptor. It has also been proven as an effective design
strategy for constructing near-infrared (NIR) afterglow materials
with high brightness. For instance, when FRET occurs from the
excited triplet states of organic RTP materials with visible after-
glow to the excited single states of the NIR emissive materials with
matched properties, NIR afterglow can be realized, which is hard
to achieve by the single components of organic RTP materials.

DET occurs through exchange interaction rather than dipole–
dipole coupling. This mechanism is often utilized in systems
involving triplet–triplet energy transfer (TTET), which enhances
the triplet exciton population and therefore increases phosphor-
escence emission. It demonstrates the strong dependence of
Dexter couplings on the electronic structure of the donor and
acceptor and becomes more efficient when the donor and accep-
tor are in close proximity (typically less than 1 nm), with the donor
and acceptor molecules having similar electronic states. For
example, once efficient TTET has been observed between phtha-
limide and 1,8-naphthalimide derivatives, the RTP lifetime can
largely enhance by B100 ms compared to those without TTET.51

Such advances in RTP materials hold significant promise for
applications across various fields, including optoelectronics,
anticounterfeiting, sensing, and bioimaging.

Applications and outlook

Compared to fluorescent materials, organic RTP materials are
distinguished by their prolonged emission lifetimes in aggre-
gated states, which render them highly attractive for applica-
tions in anticounterfeiting8,10,21 and bioimaging.6,7,11,12,20 In
the field of anticounterfeiting, organic RTP materials can be
strategically employed to develop time-dependent security
features that encode, conceal, and reveal information over
predetermined durations. As depicted in Fig. 3a, organic RTP
materials are employed as inks to print patterns, and the
information can be further encrypted by phosphorescence
modes, while fluorescence signals act as false information.

Besides, triplet excitons, which are sensitive to molecular
aggregates and environments, offer a fascinating opportunity
for the development of stimuli-responsive phosphorescent
materials, and the stimuli include temperature, force, light,
pH, or the presence of certain species (Fig. 3b).52–55 This
tunability is achieved by facilitating or hindering the ISC or
by altering the microenvironment surrounding the phospho-
rescent centres, which is always associated with the modulation
of aggregated structures. For example, photo-induced phos-
phorescence of single organic crystals, as first reported by our
group, could be attributed to enhanced p–p interactions,21

while force-induced phosphorescence could be related to the
variations in molecular conformations.54 Wu, Yu, and Tang
et al. have explored a photo-thermo-induced phosphorescence
mechanism, which arises from the molecular rearrangements
following photoirradiation.56 Additionally, the chemical struc-
tures of organic RTP materials can also be changed upon acid/
base exposure, ion addition, or photochemical reactions, allow-
ing precise control over RTP emission intensity and color.57

Consequently, these structural and environmental modifica-
tions result in dynamic changes in the phosphorescence prop-
erties of the materials, such as color shifts, intensity variations,
changes in lifetime, and modifications in quantum yield.

There is a growing interest in developing stimuli-responsive
phosphorescence materials due to their remarkable reversible
sensitivity, rapid response, and ease of control. These materials
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facilitate the creation of multi-level anti-counterfeiting mea-
sures that are challenging for counterfeiters to reproduce.58–60

For instance, temperature-dependent RTP materials with time-
resolved RTP emission can be incorporated into labels,
enabling genuine products to display distinct time-dependent
phosphorescence characteristics, such as specific colors and
intensities with different patterns at various temperatures.
Also, stimuli-responsive phosphorescent materials can be used
to monitor the low concentration of oxygen and humidity due
to their quenching effect on excited triplet states.

When organic RTP materials are fabricated into nanoparticles,
which are then injected into the dorsal region of animals like
mice, the long-lasting phosphorescence emission significantly
reduces background noise with fluorescence emission, thereby

enhancing high-resolution imaging in vivo.6,9,11,12 Through utiliz-
ing phosphorescent materials with specific responses in physio-
logical environments, researchers can achieve highly controlled
bioimaging in both spatial and temporal dimensions. Moreover,
the development of efficient near-infrared (NIR) RTP materials
has opened new avenues for deep tissue imaging. Recently, four-
branched luminogens with strong electronic pull–push properties
have been reported by our group with ultrahigh afterglow bright-
ness in the red/NIR region, mainly due to the shielding effect
against oxygen and water and strong intermolecular interactions
of branched structures. They enabled tissue penetration up to the
depth of 35 mm, and in vivo phosphorescence imaging of organs
with high signal-to-background ratios has been achieved, marking
a significant advancement in bioimaging technologies.12

Fig. 3 (a) Schematic diagram of the utilization of phosphorescent materials in anticounterfeiting and in vivo imaging applications. (b) The characteristics
of stimuli-responsive intelligent phosphorescent materials and the underlying mechanism of their responsiveness, which results in observable
phenomena such as color shifts, intensity variations, and changes in lifetime. (c) Schematic diagram of the utilization of stimuli-responsive intelligent
phosphorescent materials for future clinical applications, highlighting the necessary advancements and integration strategies required to realize their full
potential in drug delivery systems.
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Moreover, organic RTP materials hold the potential for non-
invasive monitoring of biological processes in response to
physiological changes, such as oxidative stress or pH variations
(Fig. 3c). They can be delivered into the body through various
methods, such as pH-responsive encapsulation, injectable
devices, or microneedle patches. Ultimately, employing time-
gated technology enhances the visualization of drug release and
enables precise detection and tracking of tumors or other
biomarkers without interference from background signals.
The modulation of aggregated structures by rational molecular
design offers effective guidance for balancing triplet exciton
stabilization with responsiveness to stimuli. To increase speci-
ficity for disease areas or biomarkers, targeted ligands such as
antibodies or peptides can be introduced, guiding the phos-
phorescent probes to selectively bind to target cells or tissues
and thereby amplify the signal within the intended area.

In addition, organic long-persistent luminescence (LPL)
materials with charge-separation mechanisms and thermally-
activated delayed fluorescence (TADF) emitters are other types
of organic luminescent materials with long lifetimes.61–64 For
LPL involving charge-separation mechanisms, photoexcitation
leads to the generation of charge-separated states (typically
electron–hole pairs). These charge carriers are trapped in deep
traps or defect states of organic materials. Over time, the
trapped charges recombine to release energy in the form of
luminescence, which can last for seconds to hours. While the
mechanisms underlying RTP have been extensively studied, the
trapping and recombination process of charge carriers in defect
states of LPL materials remains less well understood. Further
research is required to provide universal design principles for
the development of efficient LPL materials. TADF involves
emission from a singlet excited state with a delayed compo-
nent, which relies upon reducing the energy gap between
singlet and triplet states, so that thermal energy can promote
reverse intersystem crossing from the triplet to singlet state.
Until now, many highly efficient OLED devices have been
fabricated using TADF emitters.

In conclusion, extensive scientific efforts have driven signifi-
cant advancements in organic RTP materials, including broad-
ening of emission wavelengths from deep blue to NIR, an
enhancement of lifetimes from microseconds to seconds, and
efficiencies reaching up to 96.5%. The wavelengths and lifetimes
of RTP materials are determined by a complex interplay of
molecular configuration, electronic structure, and environmental
factors. Generally, the emission wavelengths are primarily con-
trolled by the electronic structures of organic luminogens and the
possible electronic coupling at aggregated states, which can
determine the energy levels of excited triplet states. The RTP
lifetimes are strongly related to the stabilization of excited triplet
states, which can be affected by the SOC of singlet and triplet
states and the rigidity of the environment. Generally, strong SOC
can promote the intersystem crossing but usually shorten the RTP
lifetimes for the facilitated decay processes. In rigid environ-
ments, such as crystalline solids or polymer matrices, the non-
radiative transitions as the competitive process can be suppressed
largely, which is beneficial for the extension of RTP lifetimes.

The development of RTP materials represents a substantial
leap toward their applications across diverse fields. However,
with the aim to meet the requirements for practical applica-
tions, further enhancement of RTP sensitivity and responsive-
ness is essential. A deeper investigation into the ‘‘molecular
uniting set identified characteristic (MUSIC)’’ concept, as
proposed by our group, will offer a strategic framework for
optimizing molecular design.13–15 Continued exploration of the
MUSIC-guided molecular design and other innovative
approaches will be crucial for advancing RTP materials toward
real-world applications, ultimately bridging the gap between
laboratory research and practical implementation.
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