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in ion-regulated organic room-
temperature phosphorescence
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Organic room-temperature phosphorescence (RTP) materials have attracted considerable attention for

their extended afterglow at ambient conditions, eco-friendliness, and wide-ranging applications in bio-

imaging, data storage, security inks, and emergency illumination. Significant advancements have been

achieved in recent years in developing highly efficient RTP materials by manipulating the intermolecular

interactions. In this perspective, we have summarized recent advances in ion-regulated organic RTP

materials based on the roles and interactions of ions, including the ion–p interactions, electrostatic

interactions, and coordinate interactions. Subsequently, the current challenges and prospects of utilizing

ionic interactions for inducing and modulating the phosphorescent properties are presented. It is

anticipated that this perspective will provide basic guidelines for fabricating novel ionic RTP materials and

further extend their application potential.
Introduction

Organic room-temperature phosphorescence (RTP), that is
persistent luminescence or aerglow emission,1–4 has drawn
extensive attention in optical and optoelectronic elds such as
data storage,5–7 sensors,8–11 and bioimaging,12–19 owing to its long
emission lifetime, large Stokes shis, and abundant excited
states.20–22 Currently, two critical factors are considered indis-
pensable to achieve RTPwith high efficiency (FP) and long lifetime
(sP).23–25 As shown in Scheme 1a, one of the factors is the facilita-
tion of the singlet-to-triplet intersystem crossing (ISC) to populate
the triplet state (FISC), and the other is themaximum inhibition of
the non-radiative relaxation pathways (knr) and oxygen quenching
of the excited states (kq).26–29 In the past decades, several effective
strategies, such as crystal engineering,30–33 H-aggregation,34–36

supramolecular assembly,37–39 polymerization,12,40–42 host–guest
doping43–52 and so on,53–55 have been proposed to develop highly
efficient RTP materials. Notably, numerous efforts have been
devoted to suppressing the non-radiative transitions by covalent
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37
bonding, hydrogen bonding, and van der Waals forces for the
realization of long-lived efficiency phosphorescence.28

During the last a few years, many classes of RTP materials
particularly organic or metal ions substances have been devel-
oped for long lifetime and high quantum yields.56–60 As a novel
class of photo-functional materials, ionic systems, compared to
ordinary organic neutral systems, could be promising RTP
candidates to achieve the aforementioned critical factors due to
the following advantages. Firstly, ionic systems could introduce
modiable metal centers and halogen units, enabling the
manipulation of the heavy-atom effect to augment spin–orbit
coupling (SOC) and, consequently, facilitating the ISC
process.61–63 Secondly, the rigid environment established
through the ionic or coordinate bonding in the ionic systems
could increase molecular conformational rigidity, which could
effectively inhibit the non-radiative transitions of the triplet
excitons.64–66 Finally, the excited states of ionic systems could be
more easily manipulated by modulating the ion species and
intermolecular interactions, thereby endowing ionic RTP
materials with abundant photophysical characteristics.67–69

Considering these advantages, ionic systems serve as an
essential and promising platform for creating novel RTP
materials and have attracted wide attention. Despite the large
scientic advances in the development of ionic RTP materials,
systematic summary for the emission mechanism and rational
design strategy still need to be made available.

Herein, we aim to elucidate the signicant impact of the
different types of ions and intermolecular interactions in ionic
systems for achieving and regulating high-performance RTP
materials. More specically, by analyzing the functional role of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (a) Simplified Jablonski diagram describing the photophysical processes of fluorescence and phosphorescence. (b) Classification of
intermolecular interactions in ion-regulated organic RTP materials. Reproduced with permission from ref. 79 (copyright 2022, John Wiley and
Sons), ref. 94 (copyright 2019, Springer Nature), and ref. 111 (copyright 2016, John Wiley and Sons).
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ions and their phosphorescent properties, we summarize the
recent progress in ion-regulated organic RTPmaterials from the
perspective of weak intermolecular interactions (ion–p inter-
actions), electrostatic interactions (in ionic crystals and ionic
polymers), and coordinate interactions (Scheme 1b). The
representative examples of ionic systems and their RTP prop-
erties are listed in Table 1. Please note that due to the intro-
duction of valence and conduction bands in the inorganic parts
altering the traditional RTP pathways, metal–organic
compounds, such as metal–organic frameworks, metal–organic
halides, and hybrid perovskites are not included in this
perspective. These materials are, however, discussed in recent
review articles which may be referred for detailed insights.70–73

Finally, we illustrate the main issues and challenges for future
developments in ionic RTP materials.

Ion–p interactions

Minimizing non-radiative transitions from the molecular
motions is the key to obtaining long-lived phosphorescence
(Scheme 1a, bottom).1,74 Non-covalent intermolecular interac-
tions, such as p–p interactions, n–p interactions, hydrogen
bonds, etc., are pivotal in organic neutral RTP systems, ensuring
a rigid molecular environment that effectively impedes the non-
radiative transitions of the excitons.28,75–77 In comparison, ion–p
interactions, a novel class of non-covalent bonding involving
ions and aromatic groups, have attracted increased attention in
the development of organic materials exhibiting high lumi-
nescence efficiency since their initial application in developing
aggregation-induced emission systems in 2017.78 Furthermore,
the introduction of heavy halide anions (Cl−, Br−, and I−) can
further promote the SOC, thereby enhancing phosphorescence
efficiency.79

In 2018, Tang et al. integrated the heavy-atom effect with
anion–p interactions, proposing a novel approach for
© 2024 The Author(s). Published by the Royal Society of Chemistry
constructing purely organic RTP materials.80 A series of highly
luminescent organic salts were prepared by simply exchanging
the counterions of TPO-P (Fig. 1a). In the solution state, all the
compounds exhibited only short-lived uorescence. However,
in the crystalline state, the TPO-I and TPO-Br with heavy halide
ions possessed long-lived phosphorescence with the lifetime of
48 ms and 706 ms and the quantum elds of 35.00% and 36.56%,
respectively, while the compounds lacking the heavy halide ions
only showed uorescent properties (Fig. 1d and e). Single-
crystal analysis and theoretical calculations revealed strong
heavy-atom-participated anion–p interactions in the crystalline
state for the TPO-I and TPO-Br (Fig. 1b and c). These interac-
tions allowed the heavy atoms to approach the luminescent core
closely, enhancing the SOC and charge transfer from the heavy
halide ions to the p-conjugated TPO. This feature effectively
increased the transition pathways between the singlet and
triplet states, while reducing the energy gap between them,
thereby boosting the ISC. Meanwhile, the short non-covalent
interactions restricted the molecular motion, resulting in the
efficient phosphorescence of the TPO-I and TPO-Br. Given the
blue uorescence-yellow phosphorescence dual-emission of the
TPO-Br, a balance between the uorescence and phosphores-
cence was achieved by incorporating the TPO-Br into various
polymers to successfully result in high-performance white-light
emission (Fig. 1f).

Introducing intramolecular/intermolecular charge transfer
(CT) states is another effective approach to achieve high-
efficiency phosphorescence.81–83 According to Kasha's exciton
model, the CT states can serve as intermediates for minimizing
the energy gap between the lowest singlet and triplet states
(DEST), thereby facilitating the ISC process.1 Based on this
strategy, in 2022, George et al. reported anion–p interaction-
induced dual RTP emission in pyromellitic diimide (PmDI)
derivative, BrPmDI.84 The compound was synthesized through
chemical modication of PmDI with bromine atom and iodide
Chem. Sci., 2024, 15, 4222–4237 | 4223
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Fig. 1 (a) Chemical structures of TPO-I, TPO-Br, TPO-Cl, TPO-F, and TPO-P. Anion–p interactions with distances for (b) TPO-I and (c) TPO-Br.
(d) PL spectra of TPO-I, TPO-Br, TPO-Cl, TPO-F, and TPO-P in the solid state. (e) Time-resolved PL decay of d TPO-I and TPO-Br (insets:
photographs of TPO-I and TPO-Br were taken under 365 nm UV irradiation). (f) PL spectra of the PEG film containing TPO-Br (2%, m/m) (insets:
photographs of 3D printed lampshades without (left) and with (right) TPO-Br taken under UV-LED lamps). (g) Chemical structures of BrPmDI with
different counterions. (h) Normalized PL emission spectra at different excitation wavelengths of 370 nm (cyan line) and 470 nm (orange line)
showing the contribution both LE and CT emissions. (i) Jablonski diagram showing various emission processes possible from the LE state of the
PmDI core and anion–p-induced CT states. Reproduced with permission from (a–f) ref. 80 (copyright 2018, Springer Nature) and (g–i) ref. 84
(copyright 2022, American Chemical Society).
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counterions (Fig. 1g). Notably, in the BrPmDI single crystals, I−

was found stabilized by anion–p interactions of 3.69 Å length
within the cationic p-conjugated layers. Meanwhile, the pho-
tophysical experiments and theoretical calculations further
conrmed the formation of anion–p interaction-induced
emissive CT states. Consequently, the researchers effectively
embedded the BrPmDI molecules into the supramolecular
scaffolding (LAPONITE®) effectively to stabilize the triplet
excited states, ultimately achieving dual solution-phase phos-
phorescence emission from the locally excited (3LE, 470 nm)
and the anion–p interaction-induced CT (3CT, 560 nm) triplet
states (Fig. 1h and i). This study further demonstrated the
feasibility of utilizing ion–p interactions in developing various
highly efficient RTP materials and modulating their properties.
Electrostatic interactions

Compared to ordinary neutral systems, organic ionic crystals and
polymers are constructed by ionic bonding and ionic cross-
linking, which are a kind of electrostatic interaction between an
anion and a cation.28 These strong interactions not only construct
a rigid environment to restrict molecularmotion, but also prevent
the quenching effects caused by oxygen and moisture, effectively
suppressing the non-radiative relaxation of the triplet excitons.
4226 | Chem. Sci., 2024, 15, 4222–4237
Moreover, the electronic structures of ionic systems are more
easily manipulated through charge-state adjustments, allowing
for exible molecular design and optimized RTP performance.
Organic ionic crystals

In ionic crystals, in addition to ion–p interactions, there is
a widespread presence of strong electrostatic interactions
known as ionic bonding. Compared with hydrogen bonding,
this type of interaction exhibits distinct properties such as
stronger bonds, lack of directional constraints, and non-
saturation. The strength of the ionic bonds surpasses that of
hydrogen bonds, providing a more rigid environment.85 Such
rigidity is crucial in minimizing the non-radiative decay of the
triplet excitons. In 2018, Huang et al. introduced a new class of
organic ionic crystals, which exhibited intense and ultralong
RTP under ambient conditions (Fig. 2a).86 The unique ionic
bonding in the organic salts promoted an ordered arrangement
to enhance molecular aggregation crucial for the RTP emis-
sions. More importantly, the study demonstrated that changing
the cations from NH4

+ to Na+, and K+ allowed for tunable
phosphorescence colors from yellow-green to sky blue, with
emission lifetimes over 586 ms (Fig. 2b–d). Additionally, the
research demonstrated the potential for reversible RTP through
alternate exposure to ammonia and hydrogen chloride gases,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Chemical structures of ionic compounds AHT, DST, and DPT. Molecular packing of (b) AHT, (c) DST and (d) DPT in dimer and the
photographs of the ionic crystals under 365 nm lamp off. (e) Chemical structures of ionic compounds TPP X (insets: the schematic illustration of
anion-regulated and size-dependent afterglow of tetraphenylphosphonium perchlorate crystals). (f) Schematic representation and single-crystal
structures for constructing color-tunable ionic cytosine complexes. Reproduced with permission from (a–d) ref. 86 (copyright 2018, John Wiley
and Sons), (e) ref. 88 (copyright 2019, Royal Society of Chemistry), and (f) ref. 89 (copyright 2022, American Chemical Society).
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suggesting applications in visual gas sensing. This strategy
allowed for the tuning of phosphorescence color and lifetime by
altering the counterions, which contributed to expand the range
of ultralong RTP materials as well as their applications. Using
the same strategy, Qian et al. also reported persistent phos-
phorescence regulated by anions with tetraphenylphospho-
nium (TPP+) cations (Fig. 2e).87,88 The strong ionic bonding
interactions between the TPP+ and anions were instrumental in
facilitating the aerglow generation. Moreover, TPP ClO4 also
exhibited size-dependent ultralong aerglow (Fig. 2e).

In 2022, Yan et al. introduced a novel category of two-
component ionic crystals created through self-assembly of
cytosine (Cy) with phosphate (PO4

−) and halogens anions (Cl−),
named Cy-PO4 and Cy-Cl, respectively.89 The intermolecular
interactions of cytosine with the anions led to diverse energy
levels and crystal stacking modes, which controlled the molec-
ular aggregation (H-aggregation) and the excited-state inter-
molecular proton transfer (ESIPT) process. In the Cy-PO4 crystal,
cytosine molecules formed a coplanar dimer conguration (Cy-
dimer1, Fig. 2f, le) that enabled the ESIPT crucial for the keto–
enol transition. For Cy-Cl, face-to-face H-aggregated dimers (Cy-
dimer2, Fig. 2f, right), reinforced by p–p interactions, were
pivotal for the stabilization of the triplet excitons. Conse-
quently, the H-aggregation-induced green to yellow RTP for Cy-
Cl and ESIPT-dominated cyan RTP to deep blue thermally
activated delayed uorescence in Cy-PO4 can be achieved
through control of the excitation wavelength, time evolution,
and temperature. This work developed a new strategy for color-
tunable aerglow from static and dynamic perspectives and has
potential applications in information storage and anti-
counterfeiting technology.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Besides inorganic ammonium cations, organic ammonium
cations have been also applied as counterions in constructing
efficient RTP materials. In 2018, Duan et al. reported chiral
organic ionic crystals derived from terephthalic acid (TPA) and
chiral a-phenylethylamines (PEA) exhibiting persistent circu-
larly polarized phosphorescence.90 At room temperature, these
ionic crystals exhibited distinct green phosphorescence with
lifetimes of up to 862 ms (Fig. 3a). It is noteworthy that the TPA-
(R/S)-PEA crystals exhibited signicant circularly polarized
luminescence signals in both the uorescence and phospho-
rescence regions, with the asymmetry factor reaching z10−2.
Single-crystal analysis revealed that the strong intermolecular
interactions between terephthalic acid and chiral amines
produced asymmetric torsion angles, which favored the gener-
ation of chiral triplet excitons and, thus, exhibited distinct
persistent circularly polarized phosphorescence properties.
Following that, Lin et al. developed novel metal-free, two-
dimensional layered organic ammonium halide crystals
(Fig. 3b, HLB and HLC).91 The rigid laminates were composed
via various ionic bonding interactions between the ammonium
and halide ions. These interactions signicantly restricted the
molecular motion, which endowed it with signicant green
RTP. By introducing ammonium halides with diverse triplet
energies as guests into phenylethylamine salt hosts, full-color
including white persistent phosphorescence emission with FP

and lifetime up to 18.7% and 1.7 s was achieved, respectively.
This phenomenon can be attributed to an efficient Förster
energy transfer between the host and guest, and yielding highly
efficient RTP of guests (Fig. 3c). Meanwhile, the energy transfer
efficiency between the guest and the host in the dopedmaterials
strongly depends on the overlapping range of the absorption
Chem. Sci., 2024, 15, 4222–4237 | 4227
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Fig. 3 (a) Chemical structures of TPA-(R/S)-PEA organic ionic crystals (insets: images of TPA-(R/S)-PEA crystals in bright field, under UV irra-
diation and after excitation for different times). (b) Molecular structure of host and guest ammonium halides. (c) Structure diagram of the host–
guest system and afterglow photos of doped halides under a UV lamp. Reproduced with permission from (a) ref. 90 (copyright 2018, John Wiley
and Sons) and (b and c) ref. 91 (copyright 2021, Royal Society of Chemistry).
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band of the guest and the emission band of the host. Finally, the
authors applied it to various complex anti-counterfeiting and
dual-mode uorescent/phosphorescent chemical sensors.

It is noteworthy that the H-aggregation strategy in previous
works mainly focused on enhancing the RTP performance by
strengthening the p–p interactions within the crystal.34,92,93

While the strong p–p interactions between the adjacent phos-
phorescent chromophores can effectively stabilize the triplet
excitons, the substantial dissipation of excitons through the
triplet–triplet annihilation channel results in a lower RTP effi-
ciency and a bathochromic shi of phosphorescence.35 This
effect seriously impedes to develop deep-blue organic RTP
emitters. An et al. presented a strategy for achieving high-
efficiency blue phosphorescence by conning isolated chro-
mophores in ionic crystals.74 Pyromellitic acid and mellitic acid
Scheme 2 Chemical structure of the ionic crystals (TSP, TPP, HSM,
HPM and TNP).

4228 | Chem. Sci., 2024, 15, 4222–4237
with rich carboxyl groups were ionized by sodium hydroxide,
potassium hydroxide and alpha-methylbenzylamine to form
ionic crystals (Scheme 2). Taking tetrasodium pyromellitate
(TSP) crystal as an example, it exhibited intense blue phos-
phorescence at 450 nm with a quantum efficiency of 66.9%.
Single-crystal analysis revealed that the chromophores were
isolated by the surrounding Na+ through multiple ionic bonds,
forming a cage-like structure. This architecture not only sup-
pressed the molecular motion of the chromophores but also
segregated the chromophores with negligible inter-
chromophore interactions, thereby achieving high phospho-
rescence efficiency. Remarkably, tunable phosphorescence
colors from blue to deep blue withFP up to 96.5%were achieved
by altering the charged chromophores and their counterions.
Ionic polymers

Apart from organic ionic crystals, the strong ionic bonding and
ionic cross-linking interactions present in ionic polymers can
restrict the molecular motion, thus decreasing the non-
radiative decay of the triplet excitons. In 2019, Huang et al.
proposed a simple strategy to achieve ultralong phosphores-
cence in polymers via ionic cross-linking (Scheme 1b).94 They
initially constructed sodium polystyrene sulfonate (PSSNa) as
an ionic model polymer. As shown in Fig. 4a, under ultraviolet
(UV) light of 365 nm wavelength, PSSNa lm exhibited sky-blue
uorescence and yellow aerglow, closely related to the ionic
cross-linking of the sulfonate sodium substituents. Impres-
sively, multicolor long-lived phosphorescent emissions were
achieved by tuning the excitation wavelength, with the aerglow
colors adjustable from blue to orange at 77 K, originating from
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc06931a


Fig. 4 (a) Molecular structure of PSSNa polymer (insets: photographs of PSSNa solids taken under a 365 nm lamp on and off). (b) Excitation
dependent phosphorescence spectra of PSSNa polymer at 77 K (insets show photographs taken after PSSNa polymer excited by 300, 330, 360,
390, 420, and 450 nm at 77 K). (c) Proposed mechanism for multicolor ultralong phosphorescence as the excitation wavelength changed. (d)
Molecular structures of PAANa, PMANa, and PMANa-co-PSSNa (insets: photographs of PAANa, PMANa, and PMANa-co-PSSNa polymers taken
before and after the irradiation of a 310 nm UV lamp). (e) Synthesis of the PVP-S polymer. (f) Ionization enabling ultralong organic phospho-
rescence in polymers. Reproduced with permission from (a–d) ref. 94 (copyright 2019, Springer Nature) and (e and f) ref. 95 (copyright 2019,
John Wiley and Sons).
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different phosphorescent centers (Fig. 4b). Experimental data
and theoretical calculations showed that introducing ionic
bonding interactions in polymers effectively inhibited the
molecular motion of the aromatic luminescent groups,
ensuring efficient emission from various phosphorescent
centers (Fig. 4c). Moreover, phosphorescence signals of the
PSSNa polymer could still be detected even at a temperature of
443 K, owing to strong ionic bonding interactions. This design
concept could be applied to both aromatic and non-aromatic
polymer systems, namely PAANa, PMANa, and PMANa-co-
PSSNa. With the chromophore variations, the RTP emission
colors were successfully tuned from yellow to blue (Fig. 4d).
Under ambient conditions, the lifetimes of blue RTP emission
band at 480 nm for PAANa were reaching up to 2139 ms (s4,
Table 1). The research enhanced the properties of traditional
polymer materials and had great application prospects in elds
like exible displays, lighting, data encryption, and biomedi-
cine, due to the wide availability and low cost of polymeric
materials. Following this study, to further demonstrate the
universality of color-adjustable phosphorescence via ionic
bonding cross-linking strategy, they investigated the effects of
sulfonation on the photophysical properties of another amor-
phous polymer poly(4-vinylpyridine) (PVP) (Fig. 4e).95 Aer
ionization with 1,4-butanesultone, the PVP-S phosphor exhibi-
ted an ultralong organic phosphorescence lifetime of 578.36
ms, which was 525 times longer than that of the unmodied
PVP (Fig. 4f). Additionally, excitation-dependent color-tunable
phosphorescence was also observed at both room temperature
and 77 K, with emission colors ranging from blue to red. The
facile and feasible chemical ionization strategy opened up new
avenues for the development of organic smart RTP polymers.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Similar to the aforementioned strategy, Deng et al. achieved
ultralong RTP emission in bio-based non-conjugated polymers
through a simple hydrolysis process (Fig. 5a).96 The bio-based
polymer was synthesized via free radical solution copolymeri-
zation using biomass phenylpropenes and maleic anhydride as
monomers. This as-prepared polymer with no traditional
luminescent groups could emit blue uorescence. It is note-
worthy that the polymer, aer undergoing hydrolysis in
a sodium hydroxide solution, exhibited signicant enhance-
ment in its uorescence and aerglow, with a lifetime of 401 ms
(Fig. 5a). Furthermore, the type of metal cations in the carbox-
ylate notably affected the phosphorescent properties of the
hydrolyzed product.

Unlike the traditional organic conjugated luminescent
molecules with extended p-structures, non-traditional lumi-
nescent molecules are non-conjugated compounds with
electron-rich subunits and have drawn increasing attention in
recent years.97 Owing to the enhancement of SOC by hetero-
atoms, these non-traditional luminescent molecules, charac-
terized by clustering-triggered emission characteristics, are
potential materials for realizing RTP.98–100 Among these, cellu-
lose, a naturally occurring renewable resource known for its low
toxicity and environmental friendliness, has gained widespread
interest.101 However, due to the lack of conjugated groups, the
cellulose exhibits weak absorption and low luminescence
quantum yields. In 2022, Tian et al. proposed an effective
method to enhance the phosphorescence of cellulose
(Fig. 5b).102 By doping halide salts into cellulose, the absorption
transition from halide anions to polysaccharide chains was
induced, along with an increase in the ISC via the external
heavy-atom effect. Moreover, the inclusion of divalent metal
ions within cellulose effectively minimized the non-radiative
Chem. Sci., 2024, 15, 4222–4237 | 4229
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Fig. 5 (a) Schematic illustration and the photographs for preparing biomass copolymers. (b) Total luminescence and phosphorescence quantum
yields of dried cellulose doped with salts. (c) Chemical structure, processability, and performance of the cationic cellulose derivative with RTP
property. (d) Schematic showing the preparation of room temperature phosphorescent C-wood from natural basswood. (e) Photographs of C-
wood under bright field (left), UV irradiation (middle), and after switching off the UV light (right), and the lifetime of C-wood prepared using
different salts. Reproduced with permission from (a) ref. 96 (copyright 2021, American Chemical Society), (b) ref. 102 (copyright 2022, American
Chemical Society), (c) ref. 103 (copyright 2022, Springer Nature), and (d and e) ref. 105 (copyright 2023, Springer Nature).

Fig. 6 (a) Structure of chitosan. (b) Luminescence imaging of dried
chitosan doped with different metal halide under a UV lamp (365 nm)
on and off. Reproduced with permission from ref. 106 (copyright 2023,
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relaxations via electrostatic interactions. Consequently, the FP

of MgBr2-doped dry cellulose could reach up to 5% (Fig. 5b).
Zhang et al. developed a cationic phosphorescent cellulose
derivative by introducing ionic moieties, such as cyano-
methylimidazolium cations and chloride ions into the cellu-
lose chains (Fig. 5c).103 The cyano group and nitrogen atoms in
the imidazolium cations facilitated the ISC process. Further-
more, the multiple interactions between the cyano groups,
chloride ions, and cellulose's hydroxyl groups, through
hydrogen bonding and electrostatic forces, effectively sup-
pressed the non-radiative transitions, leading to excellent RTP
performance with a maximum FP and lifetime of 11.81% and
158 ms, respectively. Additionally, adding a small amount of
glutaraldehyde to the cationic cellulose solution could form
a stable dual cross-linked structure, resulting in phosphores-
cent patterns with superior antimicrobial and water-resistant
properties (Fig. 5c). More recently, they also successfully con-
structed tunable excitation-dependent and visible-light-excited
ultralong RTP materials by manipulating the aggregated state
of anionic cellulose trimellitates.104

Chen et al. demonstrated a sustainable method to create RTP
materials from natural wood using external chloride anion
treatment (Fig. 5d).105 Specically, treating wood with MgCl2
aqueous solution at room temperature resulted in wood con-
taining chloride ions (named C-wood, Fig. 5d), where the halide
chloride ions could enhance the SOC and increased the phos-
phorescence lifetime. The C-wood consequently exhibited
intense RTP emission with a lifetime of 297 ms, which was
nearly 17 times longer than that of the natural wood (Fig. 5e).
Similarly treated with various other chloride anion salts, the
treated woods exhibited prolonged phosphorescence lifetimes
in comparison to the untreated form (Fig. 5e).
4230 | Chem. Sci., 2024, 15, 4222–4237
In non-aromatic resources, aside from cellulose, chitosan is
a highly biocompatible polymer composed of aminoglucose
monomers that was extensively utilized as a hydrophilic matrix
due to its easily accessible (Fig. 6a).101 The chemical structure of
chitosan facilitates easy physical or chemical modications.
Moreover, the incorporation of functional groups such as
amino, hydroxyl, and carbonyl within the chitosan structure
promotes the generation of oxygen clusters, which are advan-
tageous for RTP emission. In 2016, Zhang et al. demonstrated
Elsevier).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Structures of the polymers (PAB and PAC) and the dopants: NpA, S-BN, HCM, QN, RhB and PF. (b) Illustration of the general strategy. (c)
Structures of the aromatic sodium carboxylates and SA. (d) Luminescence photographs of single-component-doped, co-doped, and TS-FRET
SA films with multicolor andmulti-tunable afterglows. Reproduced with permission from (a and b) ref. 107 (copyright 2021, JohnWiley and Sons)
and (c and d) ref. 108 (copyright 2022, John Wiley and Sons).
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that N-substituted naphthalimides conjugated with chitosan
exhibited RTP properties and found practical application in
time-resolved bioimaging.81 In 2023, Tian et al. also investigated
the enhancement and control of chitosan's RTP properties by
physically mixing halide salts (Fig. 6b).106 Notably, the RTP
characteristics of the chitosan could be precisely adjusted by
altering the concentrations and types of halide salts. The pres-
ence of cations in the halide salts enhanced RTP by binding
with hydroxyl groups, minimizing the distance between halide
ions and the emissive clusters, thus boosting the external heavy-
atom effect. Moreover, this interaction could also increase the
rigidity of the matrix, favorably inuencing RTP emissions.

Compared to chemical modication, direct doping of chro-
mophores into ionic polymers is considered a more straight-
forward and quantiable method for preparing RTP materials
and modulating their properties.27 The presence of a robust
ionic bonding network in polymers is considered highly effec-
tive for stabilizing excited triplet excitons, thereby facilitating
the generation of RTP emission. Ma et al. constructed a series of
organic doped RTP systems by incorporating commercial uo-
rescent dyes into ionic polymer matrix with external heavy-atom
effects and rigid ionic bonding network (Fig. 7a and b).107 This
poly-diallyldimethylammonium bromide (PAB) matrix contain-
ing bromide ions facilitated the ISC process via an external
heavy-atom effect in the doped systems, leading to the genera-
tion of excited triplet states. Concurrently, a rigid ionic bonding
network formed between the bromide anions and the quater-
nary ammonium cations in the polymer played a crucial role in
reducing the non-radiative deactivation, contributing to the
generation of effective RTP emissions. This work offered
a practical approach for developing purely organic RTP poly-
mers without the use of complex processes. Based on the same
strategy, Yuan et al. developed amorphous sodium alginate (SA)
doped with various aromatic sodium carboxylates, which
allowed for easy and fast fabrication of exible, transparent, re-
dissolvable polymer lms with multi-tunable aerglow colors,
© 2024 The Author(s). Published by the Royal Society of Chemistry
ranging from blue to red and even white (Fig. 7c).108 The
formation of strong hydrogen and ionic bonds between the SA
chains and the doped phosphors impeded the molecular
motion. Furthermore, the excitation- and time-dependent
aerglows could be achieved and controlled by adjusting the
doping concentration, co-doping, and utilizing the triplet to
singlet Förster resonance energy transfer (Fig. 7d). This inno-
vative approach demonstrated potential in advanced multi-
mode anti-counterfeiting applications, offering a signicant
advancement in the eld of smart luminescent materials.
Coordinate interactions

Coordinate bonding, a unique type of covalent bond, where only
one atom provides the electron pairs for bonding, is prevalent in
organometallic compounds.109 Strong coordinate bonding
interactions create rigid architectures for the chromophores,
which are crucial for reducing the non-radiative decay of triplet
excitons.110 Meanwhile, the coordinate inorganic metals can
facilitate the SOC due to the heavy-atom effect, thereby
extending the phosphorescence lifetime and enhancing the
phosphorescence efficiency.111 Moreover, manipulation of the
metal centers and ligands allows tuning of the photophysical
properties, including the emission wavelength and lifetime.

Coordination polymers, differ from purely organic materials,
being formed through coordinate bonding between organic
ligands and metal coordination ions. Due to their tunable and
stable characteristics, coordination polymers have been used in
various applications like sensors, displays, and bioimaging.70 In
2016, Yan et al. demonstrated a signicant enhancement in long-
lived RTP properties of aromatic acids through coordinate
bonding interactions with commonmetal ion, like Zn2+.112,113 The
coordinate bonding formed between Zn2+ and terephthalic acid
(TPA) played a crucial role in reducing the non-radiative deacti-
vation. As shown in Fig. 8a, the TPA molecules were tightly
encapsulated within the Zn-based rigid framework, effectively
Chem. Sci., 2024, 15, 4222–4237 | 4231
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Fig. 8 Crystal structures of (a) Zn-TPA and (b) Zn-IPA. (c) Time-resolved emission decay curve (484 nm) for Zn-IPA under ambient conditions. (d)
Preparation of Zn-L and RB-doped SGs, and photos of the obtained Zn-L and RB-doped SGs taken under the sunlight, and before and after UV-
light turned off. (e) Multicolored CPA emissions from chiral SGs. Spiral lines represent circularly polarized afterglow-active signals. (f) C2H2-type
zinc finger motif. (g) Schematic representation of the SGs assembly. Reproduced with permission from (a–c) ref. 112 (copyright 2016, JohnWiley
and Sons) and (d–g) ref. 114 (copyright 2023, Springer Nature).

Fig. 9 (a) The synthetic procedure of glasses compared to the basic
Si–O–Si building unit in classical inorganic zeolites. (b) Schematic
mechanism of highly efficient RTP of glasses highlighting the rigid
molecular environment for inhibiting non-radiative relaxation and the
enhanced ISC process for harvesting triplet excitons. (c) Photographs
of the glasses taken before and after turning off the UV light (365 nm
and 395 nm). Reproduced with permission from ref. 115 (copyright
2022, John Wiley and Sons).
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inhibiting the non-radiative transitions and boosting the RTP
emission.112 Moreover, the organic–metal coordination polymers
displayed tunable phosphorescence by varying the metal ions
and aromatic ligands, achieving an RTP lifetime of up to 1.3 s
(Fig. 8b and c). This work offered a cost-effective way to produce
high-performance RTP metal–organic hybrid materials without
relying on noble or rare-earth metals, which can be favorable to
illumination and sensor applications. Recently, they designed
and prepared a series of supramolecular glasses (SGs) based on
zinc-L-histidine complexes using an evaporation-induced self-
assembly strategy (Fig. 8d).114 The formation of SGs was
primarily driven by the synergistic effect of strong coordinate
bond and hydrogen bond among Zn2+, L-histidine, and H2O
(Fig. 8g). These interactions endowed the SGs with color-tunable
circularly polarized aerglow ranging from blue to red with an
asymmetry factor as high as 9.5 × 10−3 and a lifetime of up to
356.7 ms (Fig. 8e and f). This work not only presented the SGs
with broad tunability in the aerglow and signicant circular
polarization but also introduced an evaporation-induced self-
assembly approach for the macroscopic self-assembly of chiral
organic–metal hybrids for photonic applications.

In addition to typical aromatic acids, other organic
compounds are also viable as organic ligands for constructing
coordination polymers with RTP performance. In 2022, Yan
4232 | Chem. Sci., 2024, 15, 4222–4237 © 2024 The Author(s). Published by the Royal Society of Chemistry
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et al. developed transparent bulk glasses with an extended
phosphorescence lifetime of 630.15 ms and a high photo-
luminescence quantum yield of up to 75% at ambient condi-
tions via the bottom-up supramolecular coordination self-
assembly strategy (Fig. 9a).115 These glasses, comprising metal
ions (Zn2+ and Cd2+) and imidazolate-based ligands, featured
a structure resembling the random network SiO2 glasses
(Fig. 9a). The study revealed that these hybrid glass materials
possessed a high Young's moduli and hardness, providing
a rigid network that reduced the non-radiative transitions of
triplet excitons, thereby enhancing the phosphorescence effi-
ciency (Fig. 9b). Moreover, the luminescence of these hybrid
glasses was not a mix of uorescence and phosphorescence but
a full phosphorescent emission directly originating from
various triplet state energy levels, demonstrating a high utili-
zation rate of triplet excitons in the materials (Fig. 9c).

Dynamic coordinate bonds are a type of bonding used in
coordination chemistry.109 These form between metal ions and
organic ligands, but unlike traditional coordination bonds,
dynamic coordination bonds can form and break rapidly and
Fig. 10 (a) Themolecular structures of crown ethers with different ethyle
understanding the performance of crown ether-based tunable RTP in th
based on K+ “activated” persistent phosphorescence strategy. (d) Schem
dynamic manipulation of RTP properties. (e) Molecular structures of the d
materials composed of 5-QL/BP and various metal salts under 365 nm
(copyright 2019, John Wiley and Sons), (d) ref. 120 (copyright 2023, John
Society).

© 2024 The Author(s). Published by the Royal Society of Chemistry
reversibly. This dynamic nature is crucial in the processes of
self-assembly, self-healing, responsive polymers, and the design
of smart materials.116–118 In 2019, Tang et al. discovered that
a series of crown ethers with different ethylene glycol chains
exhibited RTP in the crystalline state (Fig. 10a).119 The exible
glycol chains of crown ethers imparted characteristic ionic
selectivity, which combined with the crystallization tendency,
allowed for morphological control of the crystalline state,
enabling tunable phosphorescence. When K+ was integrated
into crown ethers, the phosphorescence lifetime could increase.
The mechanism of K+ response was related to the strong coor-
dinate interaction between the multiple oxygen atoms in the
crown ether and K+, suppressing non-radiative relaxation
(Fig. 10b). Additionally, the phosphorescence lifetime of crown
ethers complexed with K+ increased with the length of the glycol
chain. Utilizing this “activated” phosphorescence, the authors
constructed an advanced multi-level information encryption
system in the solid state, where the inherent guest responsive-
ness of crown ethers allowed for precise design and fabrication
of more intelligent luminescent materials (Fig. 10c).
ne glycol chains. (b) Theoretical models based on Jablonski diagram for
e solid state. (c) Photograph shows advanced-encryption application
atic diagram and molecular structures of host and guest molecule for
ifferent components and the photographs of three-component doped
UV light on and off. Reproduced with permission from (a–c) ref. 119
Wiley and Sons), and (e) ref. 121 (copyright 2022, American Chemical
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In 2022, Dong et al. introduced an effective approach by
incorporating dynamic metal–ligand coordination into host–
guest doped systems, offering a means to fabricate regulated
RTP materials with controlled properties (Fig. 10d).120 The
addition of a minimal amount of Zn2+ in the three-component
doped system demonstrated remarkable phosphorescence
performance. Through single-crystal analysis and theoretical
calculations, it was revealed that the coordinate interactions
signicantly augmented the SOC of the guest, leading to an
elevated ISC rate and phosphorescent radiative rate. By
manipulating the Zn2+ counterions and adjusting the doping
ratio of the guest, facile modulation of luminous color and FP

could be achieved. Additionally, the reversible nature of metal–
ligand coordinate interactions enabled dynamic manipulation
of coordination-activated and dissociation-deactivated RTP
(Fig. 10d). Employing a similar approach, a series of three-
component doped systems were assembled by introducing
phenylquinoline isomers (n-QL) as the guest molecules and
seven metal ions (Al3+, Cu+/2+, Zn2+, Ga3+, Ag+, Cd2+, and In3+) as
the third component into benzophenone (Fig. 10e).121 The
coordination between the guest molecules and the metal ions
resulted in a comprehensive enhancement of phosphorescence
properties, encompassing the phosphorescence efficiency,
wavelength, and lifetime, in the dopedmaterials (Fig. 10e). Both
studies presented a straightforward, efficient, and universally
applicable strategy for ne-tuning the phosphorescent charac-
teristics of doped materials.

Summary and outlook

Numerous efforts have been devoted to suppress the non-
radiative transitions and enhance the phosphorescence effi-
ciency by creating ionic interactions. In this perspective, we rst
illustrated that utilizing ionic compounds as organic RTP
materials offers several advantages: enhanced phosphorescence
efficiency due to strong SOC facilitated by heavy atoms,
increased rigidity in the molecular architecture which can
reduce non-radiative decay, and the possibility for tunable
emissions by varying the ionic components. Subsequently, we
systematically explored the inuence of various intermolecular
interactions in ionic systems, including the ion–p interactions,
electrostatic interactions, and coordinate interactions on the
phosphorescence properties at ambient conditions. In
summary, ionic compounds provide greater exibility of their
molecular design and control, contributing to the optimization
of RTP.

For further developments in ion-regulated organic RTP
materials, the following issues and challenges need to be
considered. Firstly, we need to deeply understand the functions
and roles of ionic interactions in the phosphorescence emis-
sion, to achieve effective manipulation of the RTP performance
including the phosphorescence color, lifetime, and quantum
yield. Secondly, compared to classical inorganic systems, the
long luminescence lifetimes in the studied ionic systems are
signicantly shorter. Moreover, high-performance materials of
simultaneously possessing both ultra-long phosphorescence
lifetimes and high phosphorescence efficiency in ionic systems
4234 | Chem. Sci., 2024, 15, 4222–4237
are rare, and need to be further enriched. Thirdly, the inherent
rigidity of ionic crystals results in poor processability, which
severely hinders their practical applications in exible elec-
tronics. Thus, considerable attention needs to be paid to the
development of amorphous ionic RTP materials for easy pro-
cessing. Fourthly, most of the reported ionic RTP materials
exhibit short absorption and emission wavelengths, which
impede their utility in vivo applications due to the limited tissue
penetrability. Developing ionic RTP materials with infrared or
near-infrared phosphorescence emission will be crucial to
extend their applications in vivo. Finally, introducing functional
groups to develop stimuli-responsive ionic RTP materials will
endow them with more functionalities and support much wider
applications.

Author contributions

Prof. Zhengxu Cai and Dongpeng Yan conceived the project.
Wenbo Dai and Yitian Jiang conducted the literature review.
Wenbo Dai carried out the concepts, design, denition of
intellectual content, and manuscript preparation. Prof.
Zhengxu Cai and Dongpeng Yan revised and nalized the
manuscript. All authors contributed to the nal version of the
manuscript.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The authors acknowledge the National Key Research and
Development Program of China (2018YFA0901800), The
National Natural Scientic Foundation of China (Grant
number: 22222501, 22175023), and the Natural Science Foun-
dation of Beijing Municipality (2232022). This work was also
supported by BIT Research and Innovation Promoting Project
(Grant no. 2023YCXZ016).

Notes and references

1 W. Zhao, Z. He and B. Z. Tang,Nat. Rev. Mater., 2020, 5, 869–
885.

2 S. Hirata, Appl. Phys. Rev., 2022, 9, 011304.
3 M. Fang, J. Yang and Z. Li, Prog. Mater. Sci., 2022, 125,
100914.

4 J. Gu, Z. Li and Q. Li, Coord. Chem. Rev., 2023, 475, 214872.
5 Y. Lei, W. Dai, J. Guan, S. Guo, F. Ren, Y. Zhou, J. Shi,
B. Tong, Z. Cai, J. Zheng and Y. Dong, Angew. Chem., Int.
Ed., 2020, 59, 16054–16060.

6 S. Guo, W. Dai, X. Chen, Y. Lei, J. Shi, B. Tong, Z. Cai and
Y. Dong, ACS Mater. Lett., 2021, 3, 379–397.

7 N. Gan, X. Zou, Y. Zhang, L. Gu and Z. An, Appl. Phys. Rev.,
2023, 10, 021313.

8 X. Wang, H. Shi, H. Ma, W. Ye, L. Song, J. Zan, X. Yao, X. Ou,
G. Yang, Z. Zhao, M. Singh, C. Lin, H. Wang, W. Jia,
Q. Wang, J. Zhi, C. Dong, X. Jiang, Y. Tang, X. Xie,
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc06931a


Perspective Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

02
5/

11
/8

 5
:2

8:
50

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Y. Yang, J. Wang, Q. Chen, Y. Wang, H. Yang, G. Zhang,
Z. An, X. Liu andW. Huang, Nat. Photon., 2021, 15, 187–192.

9 F. Li, M. Wang, S. Liu and Q. Zhao, Chem. Sci., 2022, 13,
2184–2201.

10 H. Sun and L. Zhu, Aggregate, 2022, 4, e253.
11 Y. Zhang, W. Zhang, J. Xia, C. Xiong, G. Li, X. Li, P. Sun,

J. Shi, B. Tong, Z. Cai and Y. Dong, Angew. Chem., Int. Ed.,
2023, 62, e202314273.

12 G. Zhang, G. M. Palmer, M. W. Dewhirst and C. L. Fraser,
Nat. Mater., 2009, 8, 747–751.

13 X. Zhen, Y. Tao, Z. An, P. Chen, C. Xu, R. Chen, W. Huang
and K. Pu, Adv. Mater., 2017, 29, 1606665.

14 Q. Dang, Y. Jiang, J. Wang, J. Wang, Q. Zhang, M. Zhang,
S. Luo, Y. Xie, K. Pu, Q. Li and Z. Li, Adv. Mater., 2020, 32,
2006752.

15 W. Dai, Y. Zhang, X. Wu, S. Guo, J. Ma, J. Shi, B. Tong,
Z. Cai, H. Xie and Y. Dong, CCS Chem., 2022, 4, 2550–2559.

16 F. Xiao, H. Gao, Y. Lei, W. Dai, M. Liu, X. Zheng, Z. Cai,
X. Huang, H. Wu and D. Ding, Nat. Commun., 2022, 13, 186.

17 Y. Zhao, J. Yang, C. Liang, Z. Wang, Y. Zhang, G. Li, J. Qu,
X. Wang, Y. Zhang, P. Sun, J. Shi, B. Tong, H.-Y. Xie,
Z. Cai and Y. Dong, Angew. Chem., Int. Ed., 2023,
e202317431.

18 Y. Si, Y. Zhao, W. Dai, S. Cui, P. Sun, J. Shi, B. Tong, Z. Cai
and Y. Dong, Chin. J. Chem., 2023, 41, 1575–1582.

19 Y. Zhang, J. Li, J. Zhao, X. Li, Z. Wang, Y. Huang, H. Zhang,
Q. Liu, Y. Lei and D. Ding, Angew. Chem., Int. Ed., 2023,
e202313890.

20 Q. Li and Z. Li, Acc. Chem. Res., 2020, 53, 962–973.
21 W. Shao and J. Kim, Acc. Chem. Res., 2022, 55, 1573–1585.
22 H. Shi, W. Yao, W. Ye, H. Ma, W. Huang and Z. An, Acc.

Chem. Res., 2022, 55, 3445–3459.
23 L. Gu, X. Wang, M. Singh, H. Shi, H. Ma, Z. An and

W. Huang, J. Phys. Chem. Lett., 2020, 11, 6191–6200.
24 Q. Peng, H. Ma and Z. Shuai, Acc. Chem. Res., 2021, 54, 940–

949.
25 Z. Xu, Y. He, H. Shi and Z. An, SmartMat, 2023, 4, e1139.
26 C. C. Kenry and B. Liu, Nat. Commun., 2019, 10, 2111.
27 J. Guo, C. Yang and Y. Zhao, Acc. Chem. Res., 2022, 55, 1160–

1170.
28 S. Cai, X. Yao, H. Ma, H. Shi and Z. An, Aggregate, 2023, 4,

e320.
29 Y. Zhang, C. Xiong, W. Wang, W. Dai, Y. Ren, J. Xia, G. Li,

J. Shi, B. Tong, X. Zheng, X. Shao, Z. Cai and Y. Dong,
Aggregate, 2023, 4, e310.

30 W. Z. Yuan, X. Y. Shen, H. Zhao, J. W. Y. Lam, L. Tang, P. Lu,
C. Wang, Y. Liu, Z. Wang, Q. Zheng, J. Z. Sun, Y. Ma and
B. Z. Tang, J. Phys. Chem. C, 2010, 114, 6090–6099.

31 Y. Gong, G. Chen, Q. Peng, W. Z. Yuan, Y. Xie, S. Li,
Y. Zhang and B. Z. Tang, Adv. Mater., 2015, 27, 6195–6201.

32 E. Hamzehpoor and D. F. Perepichka, Angew. Chem., Int.
Ed., 2020, 59, 9977–9981.

33 S. Garain, S. S. N. Ansari, A. Kongasseri, B. C. Garain,
S. K. Pati and S. J. George, Chem. Sci., 2022, 13, 10011–10019.

34 Z. An, C. Zheng, Y. Tao, R. Chen, H. Shi, T. Chen, Z. Wang,
H. Li, R. Deng, X. Liu and W. Huang, Nat. Mater., 2015, 14,
685–690.
© 2024 The Author(s). Published by the Royal Society of Chemistry
35 L. Gu, H. Shi, L. Bian, M. Gu, K. Ling, X. Wang, H. Ma,
S. Cai, W. Ning, L. Fu, H. Wang, S. Wang, Y. Gao, W. Yao,
F. Huo, Y. Tao, Z. An, X. Liu and W. Huang, Nat. Photon.,
2019, 13, 406–411.

36 S. Li, L. Fu, X. Xiao, H. Geng, Q. Liao, Y. Liao and H. Fu,
Angew. Chem., Int. Ed., 2021, 60, 18059–18064.

37 X. Ma, J. Wang and H. Tian, Acc. Chem. Res., 2019, 52, 738–
748.

38 X. K. Ma and Y. Liu, Acc. Chem. Res., 2021, 54, 3403–3414.
39 G. Wu, F. Li, B. Tang and X. Zhang, J. Am. Chem. Soc., 2022,

144, 14962–14975.
40 H. Gao and X. Ma, Aggregate, 2021, 2, 38.
41 Z. Huang, Z. He, B. Ding, H. Tian and X. Ma, Nat. Commun.,

2022, 13, 7841.
42 B. Ding, X. Ma and H. Tian, Acc. Mater. Res., 2023, 4, 827–

838.
43 Y. Lei, W. Dai, Y. Tian, J. Yang, P. Li, J. Shi, B. Tong, Z. Cai

and Y. Dong, J. Phys. Chem. Lett., 2019, 10, 6019–6025.
44 Y. Wang, J. Yang, Y. Gong, M. Fang, Z. Li and B. Z. Tang,

SmartMat, 2020, 1, 1006.
45 W. Dai, T. Bianconi, E. Ferraguzzi, X. Wu, Y. Lei, J. Shi,

B. Tong, B. Carlotti, Z. Cai and Y. Dong, ACS Mater. Lett.,
2021, 3, 1767–1777.

46 C. Chen, Z. Chi, K. C. Chong, A. S. Batsanov, Z. Yang,
Z. Mao, Z. Yang and B. Liu, Nat. Mater., 2021, 20, 175–180.

47 X. Chen, W. Dai, X. Wu, H. Su, C. Chao, Y. Lei, J. Shi, B. Tong,
Z. Cai and Y. Dong, Chem. Eng. J., 2021, 426, 131607.

48 W. Dai, X. Niu, X. Wu, Y. Ren, Y. Zhang, G. Li, H. Su, Y. Lei,
J. Xiao, J. Shi, B. Tong, Z. Cai and Y. Dong, Angew. Chem.,
Int. Ed., 2022, 61, e202200236.

49 X. Yan, H. Peng, Y. Xiang, J. Wang, L. Yu, Y. Tao, H. Li,
W. Huang and R. Chen, Small, 2022, 18, e2104073.

50 G. Li, W. Dai, Y. Lei, J. Shi, B. Tong, Z. Cai and Y. Dong,
ChemPhotoChem, 2022, 7, e202200198.

51 Y. Ren, W. Dai, S. Guo, L. Dong, S. Huang, J. Shi, B. Tong,
N. Hao, L. Li, Z. Cai and Y. Dong, J. Am. Chem. Soc., 2022,
144, 1361–1369.

52 Y. Lei, W. Dai, G. Li, Y. Zhang, X. Huang, Z. Cai and Y. Dong,
J. Phys. Chem. Lett., 2023, 14, 1794–1807.

53 B. Wang, Z. Sun, J. Yu, G. I. N. Waterhouse, S. Lu and
B. Yang, SmartMat, 2022, 3, 337–348.

54 K. Wang, L. Qu and C. Yang, Small, 2023, 19, e2206429.
55 E. Hamzehpoor, C. Ruchlin, Y. Tao, C. H. Liu, H. M. Titi and

D. F. Perepichka, Nat. Chem., 2023, 15, 83–90.
56 X. Liang, X.-F. Luo, Z.-P. Yan, Y.-X. Zheng and J.-L. Zuo,

Angew. Chem., Int. Ed., 2021, 60, 24437–24442.
57 X. Xu, Z. Chen, Y. Lei, X. Sun, M. Liu, H. Wu and X. Huang,

Chem. Commun., 2022, 58, 11143–11146.
58 I. Partanen, O. Al-Saedy, T. Eskelinen, A. J. Karttunen,

J. J. Saarinen, O. Mrozek, A. Steffen, A. Belyaev, P. T. Chou
and I. O. Koshevoy, Angew. Chem., Int. Ed., 2023, 62,
e202305108.

59 F. Nie, B. Zhou and D. Yan, Chem. Eng. J., 2023, 453, 139806.
60 Y. Liu, Y. Ma, X. Fang, T. Chen, F. Nie and D. Yan, J. Mater.

Chem. C, 2023, 11, 15855–15860.
61 P. She, Y. Yu, Y. Qin, Y. Zhang, F. Li, Y. Ma, S. Liu, W. Huang

and Q. Zhao, Adv. Opt. Mater., 2019, 8, 1901437.
Chem. Sci., 2024, 15, 4222–4237 | 4235

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc06931a


Chemical Science Perspective

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

02
5/

11
/8

 5
:2

8:
50

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
62 S. Liu, Y. Lin and D. Yan, Sci. Bull., 2022, 67, 2076–2084.
63 J. Wei, M. Zhu, T. Du, J. Li, P. Dai, C. Liu, J. Duan, S. Liu,

X. Zhou, S. Zhang, L. Guo, H. Wang, Y. Ma, W. Huang
and Q. Zhao, Nat. Commun., 2023, 14, 4839.

64 S. Liu, X. Fang, B. Lu and D. Yan, Nat. Commun., 2020, 11,
4649.

65 B. Zhou, G. Xiao and D. Yan, Adv. Mater., 2021, 33,
e2007571.

66 G. Xiao, X. Fang, Y. J. Ma and D. Yan, Adv. Sci., 2022, 9,
e2200992.

67 O. Pajuelo-Corral, A. Rodŕıguez-Diéguez, G. Beobide,
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