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AIE-inspired segregation and immobilization
strategies for achieving organic room
temperature phosphorescence

Yiteng Cai,a Jianbin Huanga and Yun Yan *ab

Organic room temperature phosphorescence (ORTP) has emerged as a powerful photophysical

phenomenon with applications in optoelectronics, bioimaging, and anti-counterfeiting technologies.

However, the practical realization of efficient RTP in organic systems has long been hindered by

challenges such as aggregation-caused quenching (ACQ), nonradiative decay by intramolecular motion,

and environmental quenching by oxygen and water. Inspired by the aggregation-induced emission (AIE)

mechanism, recent advances have introduced a transformative ‘‘segregation and immobilization

strategy’’ to overcome these limitations. This review highlights the principles and emerging roles

of spatially isolating luminophores within host–guest systems, crystalline frameworks, and polymer

networks, mimicking the restricted intramolecular motion (RIM) of AIE while simultaneously suppressing

p–p stacking-caused ACQ and environmental interference. We summarize representative examples

which enable RTP materials to have unprecedented quantum yields (up to 99%), long lifetimes (milli-

seconds to seconds), and broad emission wavelengths (deep blue to near-infrared). Finally, we address

current challenges to inspire future research and broader implementation of segregation and

immobilization based RTP materials in sustainable photonics and smart technologies.

1 Introduction

Organic room temperature phosphorescence (ORTP) has
emerged as a pivotal photophysical phenomenon due to its
distinctive properties, including long-lived emission lifetimes
and large Stokes shift.1–3 These characteristics position RTP
materials at the forefront of advanced applications such as
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optoelectronic devices,4,5 high-resolution bioimaging,6–8 and
anti-counterfeiting technologies.6,9–11 As the Jablonski diagram
illustrates (Scheme 1), the two key photophysical factors
of ORTP are the efficient intersystem crossing (ISC) and the
suppression of nonradiative decay of triplet states.12 While
phosphors with sufficient spin–orbit coupling (SOC) have been

well developed using methods like molecular design and heavy-
atom hybridization, the nonradiative decay process impedes
the practical realization of ORTP due to three critical difficul-
ties: (1) aggregation-caused quenching (ACQ) that suppresses
luminescence in solid-state environments, (2) nonradiative
decay caused by excessive molecular vibrations and rotations,
and (3) quenching effects of ambient oxygen and water mole-
cules by energy or electron transfer.3,13,14

Aggregation-induced emission (AIE), pioneered by Tang and
colleagues in 2001, refers to a phenomenon where certain
molecules exhibit significantly enhanced emission upon aggre-
gation, offering a revolutionary strategy to overcome ACQ
limitations.15–19 This unique behavior arises from restricted
intramolecular motions (RIM) of non-planar molecules in the
aggregated state,20–23 where two critical requirements for effec-
tive emissions are fulfilled simultaneously, namely, the non-
planar feature of the molecules prevents tight p–p interactions
between the luminophores, while their aggregation restricts
intramolecular rotation or vibration. Consequently, the non-
radiative transitions are suppressed, thus enabling efficient
radiative decay. Coincidentally, the RIM properties and non-
planar feature of an AIE system precisely offer a solution to
overcome RTP challenges. Therefore, AIE-based RTP materials
have been widely developed24–26 with excellent photophysical
properties and broad application potential. However, the lim-
ited phosphor selection within AIE molecules, which often
requires complicated organic synthesis, restricts the further
development of RTP systems.

Inspired by the AIE mechanism, recent studies show that the
conventional planar luminophores can be used to achieve RTP
through elegantly designed supramolecular methods (Fig. 1).
These methods usually involve spatially isolating and immobi-
lizing the luminophores in appropriate matrices. By segregat-
ing molecules, the difficulties of RTP can be well addressed.
First, spatial separation of luminophores effectively prevents
tight p–p stacking, thus avoiding ACQ. Second, confinement of
luminophores restricts the intramolecular rotation or vibration
and suppresses nonradiative pathways. Third, the segregation
matrices act as a barrier to prevent oxygen and water from
deactivating the triplet states via energy and electron transfer,

Scheme 1 A simplified Jablonski diagram illustrating fundamental photo-
physical processes, including the ground state (S0), the singlet excited state
(S1, Sn), and the triplet excited state (T1, Tn). Key transition processes
include absorption (Abs.), fluorescence (Fluo.), internal conversion (IC),
phosphorescence (Phos.), nonradiative decay (Nonrad.), and intersystem
crossing (ISC).12 Copyrightr2025 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.

Fig. 1 Schematic illustration of (a) aggregation-caused quenching (ACQ)
and (b) the segregation and immobilization strategy.
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thereby suppressing quenching and enhancing phosphores-
cence. This ‘‘segregation and immobilization strategy’’ holds
great significance for RTP material development and practical
applications, such as large-scale production and nontoxic
bioimaging.

In this review, we exemplify several representative segrega-
tion strategies and related RTP materials, elucidating their
construction methods, photophysical properties, luminescence
mechanisms and novel applications. We further discuss future
challenges to harness the full potential of this strategy in
bridging the gap between conventional and AIE luminescent
systems, beyond RTP.

2 Constructing RTP materials through
host–guest interactions
2.1 RTP generated in a classical host–guest system

Host–guest interactions usually refer to the confinement of a
molecule by another owing to the specific size or space match-
ing effect.27,28 Classical host–guest interactions involve macro-
cyclic molecules (hosts) encapsulating smaller molecules or
ions (guests) driven by the hydrophobic effect and structural
complementarity. Cyclodextrins (CDs) and cucurbiturils (CBs)
are the two most popular host molecules, which can easily
include the aromatic luminophores in their hydrophobic cavity.
These host–guest units may further assemble into aggregates
through hydrogen bonding between the hosts. Although CDs
and CBs have already been used as luminescent materials in
solution for more than 40 years,29,30 materials in the aggregated
state were only developed recently.31–49

Cyclodextrins are truncated cone-like structures composed
of 6, 7, or 8 glucose units. Plentiful hydroxyl groups on their
outer surface are able to form hydrogen bonds. Recently, Ma
and co-workers confined boric acid-based compounds into
g-CD by host–guest encapsulation, C–O–B covalent cross-
linking and hydrogen bonding, realizing RTP with a 4.65 s
lifetime and 32.8% quantum yield31 (Fig. 2). It is noticed that
the hydrogen bonds occur between adjacent CDs, leading to
precipitates composed of the network of g-CD. In this way, the
dyes encapsulated in their cavity not only are sufficiently
immobilized, but also are well isolated from oxygen and water,
thus yielding significant RTP.

When a guest is hosted in the cavity of CDs, extensive
hydrogen bonding may occur facilely between the host–guest
supramolecular units. This would result in crystalline self-
assembly.50–54 Using this strategy, Yan and co-workers obtained
deep-blue RTP32 (Fig. 3), where disodium terephthalate (DTPA)
chromophores are encapsulated in a-cyclodextrin (a-CD) cav-
ities and further locked in crystalline arrays via hydrogen bonds
and Na+ coordination. This dual confinement segregates DTPA
monomers, suppresses nonradiative decay, and enhances spin–
orbit coupling through restricted molecular motions, enabling
heavy atom-free deep-blue room temperature phosphorescence
(RTP) with a record 83.3% quantum yield and 215 ms lifetime.
Because this crystalline self-assembly can be facilely obtained
through water evaporation, scalable fabrication of phosphor-
escent displays and encrypted patterns is possible, showcasing
the potential of segregation for designing short-wavelength,
eco-friendly luminescent materials.

Cucurbiturils are composed of glycoluril units bridged by
methylene groups. With a symmetric drum-like shape and an
electron-rich cavity, CBs are able to strongly and specifically
bind positively charged luminophores. Because of the lack of
hydroxyl groups, CBs do not readily form networks in the solid
state. Nevertheless, in an aqueous environment, a CB–lumino-
phore host–guest system tends to aggregate to form colloidal
dispersion. Owing to the host–guest effect, the luminophores
are well segregated and protected from quenching by oxygen
and water, realizing fluorescence or phosphorescence with high
efficiency in an aqueous environment. In particular, the host–
guest complex of a CB luminophore is able to exhibit RTP in
water, which makes it very promising for generating robust
phosphorescent materials and applications in bioimaging.

CB[7] with a relatively small cavity is inclined to form a 1–1
complex with luminophores, which can further assemble into
colloidal aggregates. Liu and co-workers developed a series of
RTP systems with CB[7] assemblies. As phosphors are encap-
sulated into CBs and further assembled with amphipathic
SC4AD to form spherical nanoparticles, enhancement of phos-
phorescence lifetime and efficiency was observed34 (Fig. 4).
By doping dyes (DBT and RhB as acceptor I and NiB as acceptor II),
cascaded phosphorescence energy transfer can be realized from

Fig. 2 Design strategy and the structure of host–guest doped systems
with g-CD and aromatic boric acid derivatives.31 Copyrightr2025
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Fig. 3 (a) Chemical structures of DTPA and a-CD and schematic illustration
of DTPA@a-CD; (b) schematic illustration and images of comparison
between crystalline and amorphous states of the DTPA@a-CD complex.32

Copyrightr2024 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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450 nm to 800 nm emission. Furthermore, they fabricated a
supramolecular polymer with CB[7], b-CD grafted hyaluronic
acid (HACD) and a 6-bromoisoquinoline derivative, achieving
near-infrared emission with a lifetime of 0.581 ms by doping
dyes (NiB or TPPSS) and energy transfer, and successfully being
applied in targeted imaging of cancer cells.35

As for CB[8], the larger cavity is able to contain two lumino-
phores, which enables expedient charge transfer inside the
cavity. Liu and co-workers designed an anthracene-conjugated
bromophenylpyridinium guest to form a linear supramolecular
assembly with CB[8] in ‘‘head-to-tail’’ binding mode, achieving
enhancement of red fluorescence by host-stabilized charge
transfer.36 After photo-oxidation, the linear nanoconstructs
can be converted into homoternary inclusion complexes in
‘‘one host with two guests’’ mode, accompanied by the emer-
gence of strong green phosphorescence, which can be used to
track specific biospecies and physiological events in the living
cells. Ma and coworkers synthesized the binary phosphor TBP,
which can form dimer assembly in CB[8], promoting the charge
transfer state with yellow RTP under visible-light excitation.37

Besides, they designed a tetrahedral luminophore, TBBP, and
constructed a supramolecular organic framework by the ‘‘one
host with two guests’’ binding with CB[8]38 (Fig. 5). When
introducing anionic dyes into the framework, triplet to singlet
FRET in solution can be achieved to realize delayed fluores-
cence with a large Stokes shift.

In addition, a series of supramolecular pins were developed
by Liu39,40 and Ma41 groups, which can assemble with CB[8] in
‘‘one host with one guest’’ and ‘‘head to head’’ modes, promot-
ing intramolecular charge transfer, and perform well in red or
near-infrared phosphorescence applications (Fig. 6). These RTP
systems have unique properties such as high quantum yield (up

to 99.38%),39 two-photon absorption (an excitation wavelength
of up to 800 nm)40 and viscosity-activatable phosphorescence,41

which are successfully applied in high-resolution bioimaging.

2.2 Non-classical host–guest systems

Besides classical macrocyclic CDs and CBs, other structures
with cavities are suitable to encapsulate luminophores and
have been utilized to develop luminescent materials via the
segregation and immobilization strategy. Recently, novel cyclic
molecules have been developed and used to segregate lumino-
phores. Song and co-workers molecularly dispersed diverse
organic phosphors with a rigid hydrophobic microdomain by
cylindrical assembly of cyclic peptide–diblock copolymer
conjugates.55 By phosphorescence resonance energy transfer
(PRET) through co-assembling, room temperature phosphores-
cence with a 540 nm Stokes shift and 30.7% quantum yield in
an aqueous environment has been realized. Yan and co-workers
doped dyes into the cavity of metal–organic frameworks (MOF),
achieving excitation and time-dependent long afterglow and
fabricating a white-light light-emitting diode (LED) with a high
color rendering index of 88.456 (Fig. 7). However, despite that
the cavity size can be designed by molecular synthesis, the
complicated process of preparation limits the application and
large-scale production.

In order to avoid complicated synthesis, specific small
molecules are utilized to form supramolecular cavity structures

Fig. 4 Schematic illustration and chemical structures of the host–guest
systems with CB[7].34 Copyrightr2021 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.

Fig. 5 Schematic illustration of a 3D cationic phosphorescent supra-
molecular organic framework with TBBP and CB[8].38 Copyrightr2024
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Fig. 6 Structure and illustration of the RTP system of supramolecular pins
and CB[8] with viscosity activatability.41 Copyrightr2025 Science Press.
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via hydrogen bonds or dynamic covalent bonds and serve as
hosts. Ma and co-workers57 and Wang and Yan and co-
workers58,59 (Fig. 8), respectively, utilized the cavity formed by
dehydration and hydrogen bonding of boric acid to encapsulate
luminophores, achieving high-temperature resistant afterglow
(up to 125 1C). Cai and co-workers encapsulated organic
phosphors within rigid hydrogen-bonded organic frameworks
constructed using melamine and cyanuric acid60 (Fig. 9), realiz-
ing room temperature phosphorescence with a lifetime of
493.1 ms in water and even acidic or basic solution.

3 Constructing RTP materials using a
crystal lattice

A crystal lattice is a periodic rigid framework and thus is
suitable for molecularly segregated luminophores. By doping
or co-crystallization, the conventional ACQ luminescent mole-
cules can be successfully incorporated into a crystal lattice,
which effectively prevents intense p–p stacking and confines
intramolecular motions, prohibiting nonradiative transition.
Huang and co-workers confined isolated chromophores in
ionic crystals, achieving blue phosphorescence with a super-
high 96.5% efficiency and a 184.91 ms lifetime61 (Fig. 10a). The
high-density ionic bonds segregate molecular arrangement and
prevent inter-chromophore interactions. Yan and co-workers
fabricated the crystals of phosphor cations and 0D metal-halide
anions, achieving phosphorescence without thermal quenching
at 320 K62 (Fig. 10b). This is because the Cd2Cl6

2� cluster reduces
the molecular vibration of the phosphor cation by the expansion

of the crystal lattice at high temperature, accompanied by a
strong heavy-atom effect on phosphorescence.

Special inorganic materials have a 2D orderly crystalline
interface and are able to restrictively include luminophores in
the interlayer nanogallery. Yan and co-workers used graphene-
like layered double hydroxide (LDH) to accommodate aromatic
carboxyl acids such as isophthalic acid (IPA), achieving well-
defined up-conversion phosphorescence, due to the ordered
arrangement and H-aggregation of carboxyl acid within the
confined LDH matrix63 (Fig. 11a). By doping the energy accep-
tor Eosin Y, highly efficient phosphorescence energy transfer is
achieved due to the spatial and energy confinement effects of
the LDH layer. Furthermore, relying on the spatial confinement
of LDH matrices to stabilize triplet excitons, they successfully
applied the aromatic acid/LDH system as the NIR-activated

Fig. 7 Schematic illustration of a host–guest system with a MOF.56

Copyrightr2023 Science China Press.

Fig. 8 Schematic illustration, photographs and chemical structure of a
high-temperature resistant afterglow host–guest system with boric acid
and HPBT/Pphen.58 Copyrightr2025 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.

Fig. 9 Schematic illustration of a RTP system of hydrogen-bonded
organic frameworks with melamine and cyanuric acid.60 Copyrightr2024
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Fig. 10 Chemical and lattice structures of (a) a chromophore–ionic
crystal system61 and (b) a 0D Cd halide system.62 Copyrightr2020–
2021 Springer Nature.
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photosensitizer in efficient two-photon photodynamic therapy
for effective singlet oxygen generation64 (Fig. 11b).

Similarly, luminophores are doped into 2D perovskites to
achieve highly efficient emission. Lin and co-workers doped a
common fluorophore, 1,8-naphthalimide (NI), into 2D-layered
perovskites to achieve RTP65 (Fig. 12a). Lam and co-workers
doped a series of novel cation dyes into 2D-layered perovskites
to develop multicolor RTP66 (Fig. 12b). The triplet excitons
derive from energy transfer of perovskite’s Wannier excitons
and intersystem crossing of dopant’s singlet excitons. The
intrinsic cation of perovskite effectively segregates doping
cations and prevents triplet excimer formation, thus ensuring
highly efficient RTP.

Moreover, a combination of two luminophores as donor–
acceptor pairs with charge transfer in crystals can also segre-
gate molecules to achieve RTP. The charge transfer leads to the
formation of complexes in excited states, which endows mate-
rials with thermally activated delayed fluorescence (TADF),67

room temperature phosphorescence (RTP),67–74 long persistent
luminescence68 or low-loss optical waveguides.75 For example,

Liu and co-workers achieved TADF and red RTP with cocrystals
of pyrene and NPYC467 (Fig. 13). The intermolecular interac-
tions and precise arrangement in the cocrystal significantly
weaken the p–p stacking and reduce the energy gap between S1

and T1 states of Py, thereby stabilizing the excited triplet
excitons and activating red phosphorescence from Py. Ma and
co-workers doped phosphors into the benzophenone crystal
and achieved near-infrared RTP with a lifetime of 216 ms
utilizing energy transfer by triplet exciton formation.69 Huang
and An and co-workers used dibenzo-heterocyclic analogues to
create a series of doped crystals and achieved color-tunable
phosphorescence with a superhigh efficiency of up to 98.9%.70

The adaptive structural deformation of the ‘‘guest’’ can change
to fit the ‘‘host’’ lattice vacancy, thereby strongly boosting the
phosphorescence. Yan and co-workers developed a series of
molecular cocrystal alloys with pyrene, fluoranthene and elec-
tron acceptors, realizing a low optical loss waveguide and an
optical logic gate by virtue of all-color luminescence through
multiple energy level structures and the Förster resonance
energy transfer process.75 Yang and co-workers doped phos-
phors such as 4-bromo-1,8-naphthalic anhydride (NPA) into the
aromatic hydrogen-bonded organic frameworks (HOFs) pre-
pared using trimesic acid (TMA) and melamine (MA), achieving
cascade-enhanced RTP.76

The crystallization strategy is used to construct RTP materials
with long-range periodicity and a rigid lattice structure, which
attain higher efficiency of energy transfer and luminescence
while showing poorer adjustability and flexibility.

4 Constructing RTP materials using a
polymer network

Polymers with chemical cross-linking, topologic entanglement
or supramolecular assembly can form networks and thus are
ideal candidates for segregating luminophores. Polymer chains
and functional groups can interact with luminophores through
hydrogen bonding, electrostatic interactions, hydrophobic
effects, etc. (Note: luminophores covalently bound to polymer
backbones are not discussed in this review.) With more free
volume, RTP materials with polymer networks are softer and
more flexible than crystals and macrocyclic aggregates and have
more potential applications such as flexible display devices,
luminescent adhesive labels, etc. Accordingly, they require

Fig. 11 Schematic illustration of (a) an IPA/LDH system showing up-
conversion phosphorescence63 and (b) the aromatic acid/LDH system as
a NIR-activated photosensitizer.64 (a) Copyrightr2017 Royal Society of
Chemistry. (b) Copyrightr2018 Springer Nature.

Fig. 12 Structural illustration of (a) a NI doped perovskite65 and (b) a TTMA
doped perovskite.66 (a) Copyrightr2018 Royal Society of Chemistry. (b)
Copyrightr2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Fig. 13 Schematic illustration of a cocrystal with red afterglow.67 Copy-
rightr2024 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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delicate design and precise control of the molecular structure
and arrangement. Polymers with plenty of functional groups
are able to interact with luminophores by noncovalent inter-
actions, such as hydrogen bonding and dipole interaction,
which restrict the intramolecular motion and prevent intense
p–p stacking and permeation of oxygen,77–103 achieving excel-
lent luminescence performance.

Polyvinyl alcohol (PVA) has plenty of hydroxyl groups, which
can form a dense network by hydrogen bonding and interact
with luminophores by hydrogen bonding and H–p interactions.
Huang, An and co-workers doped various carboxyl dyes into
PVA matrices, achieving phosphorescence with a lifetime77 of
3.16 s (Fig. 14). They analysed the correlation between structure
and performance, proving the significance of intense repulsive
interactions between –OH and –COOH in suppressing intra-
molecular motion. Similarly, both the Huang group78 and the
Tang group79 doped sulfonate dyes into PVA, achieving color-
tunable photoactivated phosphorescence. Besides, luminophores
including carbazole derivatives (Zhao, 2021;80 Cao, 202481), diphe-
nol dyes (Zhao, 202182), benzoate derivatives (Ma, 202483), thio-
chroman derivatives (Ma, 202184), chiral luminophores (Yuan,
202485), and donor–acceptor pairs (George, 202086) can be doped
and well distributed in PVA matrices to achieve phosphorescence
ranging from deep blue to red color with a lifetime of up to
seconds and an efficiency of up to 50%. Moreover, the PVA-based
luminescent materials mostly exhibit high transparency and
flexibility, indicating the broad application potential.

Apart from hydrogen bonding networks, van der Waals
interactions are sometimes strong enough to assist lumines-
cence. Tang, Xiong and co-workers embedded electron-rich
organic phosphors into electron-deficient matrix polyacrylo-
nitrile (PAN), achieving phosphorescence with excellent water
resistance, which is mainly attributed to the strong dispersion
interactions between PAN and phosphors87 (Fig. 15).

Polyelectrolytes with an ionic network are able to segregate
and protect luminophores. Yuan and co-workers doped carb-
oxylate dyes into a sodium alginate matrix to build transparent,
flexible, water-processible phosphorescent films, achieving

multicolor afterglows ranging from deep blue to red88 (Fig. 16a).
Ma and co-workers constructed a general poly-diallyl dimethylam-
monium bromide (PAB) network for RTP by doping common dyes
like rhodamine B and 1,8-naphthalimide89 (Fig. 16b). PAB not
only supplies the rigid ionic matrix, but also enhances the spin–
orbit coupling by the heavy-atom effect of Br.

The highly entangled polymer network can spatially segre-
gate luminophores and inhibit intermolecular motions, even
though there are no obvious strong interactions between poly-
mers and luminophores. Ma and co-workers studied the photo-
luminescence behaviour of a vibration-induced emission (VIE)
luminophore, DPC in polycaprolactone (PCL),90 poly(styrene-b-
butadiene-b-styrene) (SBS) and poly(methyl methacrylate) (PMMA)91

(Fig. 17). The VIE luminophore’s luminescence wavelength corre-
lates with molecular conformation, and thus it is an ideal candidate
for investigating the rigidity of the polymer network. They found out
that a more rigid network leads to more stable and monochrome
phosphorescence, which indicates the stronger oxygen barrier effect
and intramolecular rotation suppression.

Moreover, a rigid polymer is able to form a well-organized
structure by precisely controlled co-assembly with other

Fig. 14 Illustration of interactions in the carboxyl dye–PVA system.77

Copyrightr2022 Springer Nature.

Fig. 15 Chemical structures of electron-rich organic phosphors in an
electron-deficient polymer PAN matrix.87 Copyrightr2021 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.

Fig. 16 Chemical structures of (a) carboxylate dyes doped into the
sodium alginate matrix88 and (b) dyes in the PAB rigid ionic network.89

Copyrightr2021–2022 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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molecules, achieving special luminescence properties, in
particular, circularly polarized luminescence (CPL). Tang
and co-workers controlled the assembly of cellulose nano-
crystals, benzo indole (BI) and glucose, constructing a film
with 2.04 s lifetime RTP and �0.749 g-value CPL92 (Fig. 18).
The strong hydrogen bond among BI, glucose and cellulose
makes sure the restriction of molecular motion, creating a
well-organized chiral region, and efficient transfer of energy
and chirality for CPL.

Multiple polymers can interact with each other and form a
network structure by cross-linking and entanglement, which is
obviously the candidate for encapsulating luminophores. How-
ever, due to the inherent disorder of multiple polymer systems,
the network size and uniformity require to be guaranteed by
subtle structure design and well-controlled assembly. Yan and
co-workers constructed a densely woven solid polymeric net-
work by SPMSA of anionic polyacrylamide (APAM) and poly-
hexamethylene biguanidine (PHMB). With appropriate distri-
bution of biguanidine, amide and carboxylate groups, as well as

feasible hydrogen bonds and electrostatic interactions, APAM
and PHMB tend to crosslink and entangle, forming a network
with 1 nm tiny meshes, which is exactly suitable for a lot of
common dyes. The APAM–PHMB complex itself exhibits CTE-
RTP and can achieve multicolor emission through PRET by
doping dyes101 (Fig. 19a). Furthermore, a special dye Y5 with
blue emission as a monomer and yellow emission as an
aggregate is doped into the network. Upon blocking aggrega-
tion in the solid phase by a polymer network, the ratio between
monomers and aggregates can be accurately controlled, finally
leading to white emission102 (Fig. 19b). Moreover, an energy
transfer donor–acceptor pair of dyes, that is, NDA with blue
emission and DBF with yellow emission, is doped into the
network. Because of the constrained effect of the densely woven
network, the partial PRET occurs and the mix of blue and
orange afterglow is achieved. By tuning the molar ratio of the
pair, white afterglows along the blackbody radiation line can be
achieved owing to the energy supply of the CTE network103

(Fig. 19c). The densely woven network offers a general platform
to construct solid luminescent materials by a segregation and
immobilization strategy and has broad prospects for future
development.

5 Summary and perspectives

The segregation and immobilization strategy represents a
transformative leap in addressing the long-standing difficulties

Fig. 17 Schematic illustration of DPC in PCL, SBS, and PMMA systems
with different luminescence.91 Copyrightr2021 American Chemical
Society.

Fig. 18 Schematic illustration of an RTP-CPL system with cellulose
nanocrystals.92 Copyrightr2025 American Chemical Society.

Fig. 19 Schematic illustration of (a) an APAM-PHMB densely woven
polymer network,101 (b) a Y5@APAM-PHMB white fluorescent system,102

and (c) an NDA-DBF@APAM-PHMB PRET system.103 (a) and (c) Copy-
rightr2022–2024 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
(b) Copyrightr2023 Elsevier B.V.
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of room temperature phosphorescence (RTP). By spatially iso-
lating and locking luminophores within matrices such as host–
guest assemblies, crystalline frameworks, or polymer networks,
the segregation and immobilization strategy mimics the
restricted intramolecular motion (RIM) mechanism of AIE
while simultaneously mitigating p–p stacking and environmen-
tal quenching, endowing materials with extraordinary RTP
properties. Notably, RTP materials formed by the segregation
and immobilization strategy have demonstrated exceptional
performance not only in RTP applications, but also in phos-
phoresce resonance energy transfer (PRET), circular-polarized
phosphorescence and multi-responsive optical systems, with
applications spanning optoelectronics, bioimaging, and data
encryption. These achievements underscore the potential of the
segregation and immobilization strategy to bridge the gap
between ACQ-prone conventional dyes, AIE-based materials
and room temperature phosphorescence, unlocking new pos-
sibilities for sustainable and efficient photonics.

As for the three typical segregation and immobilization
methods, that is, constructing a host–guest system, a crystal
lattice and a polymer network, each has advantages and dis-
advantages. The construction of a host–guest system is the
most effective way to segregate luminophores without extra
charge transfer, which thus can emit afterglow at small wave-
lengths, even deep blue. Moreover, a host–guest system can
more easily respond to external stimuli and can be used to
develop multi-responsive materials or dynamic adjustable RTP
materials. A crystal lattice has the most rigid and periodic
structure, which is advantageous for energy transfer with high
efficiency, and has applications in near-infra red emission or
optical waveguides. A polymer network is the most flexible
system as an elastomer or a hydrogel and may be utilized to
fabricate flexible devices for broader applications.

Looking forward, several key challenges and opportunities
emerge. First, optimizing matrix–luminophore interactions to
fine-tune emission properties (e.g., wavelength, lifetime, and
efficiency) remains critical. The exact quantitative effect of the
matrix needs to be modelled by systematic theories. Thus, the
luminescence properties of newly designed materials can be
accurately predicted. Second, scalable fabrication methods—
such as solution-processable polymers or template-directed
crystallization—are essential for translating lab-scale successes
into commercial applications like energy-efficient lighting or
wearable sensors. Third, although the segregation and immo-
bilization strategy takes full advantage of eco-friendly matrices
such as cyclodextrins and polysaccharides, excellent lumines-
cence properties still rely on complex luminophores, which
usually require costly organic synthesis. Fourth, the applica-
tions of next-generation luminescent materials with novel
properties (e.g., thermally activated delayed fluorescence, elec-
troluminescence and up-conversion luminescence) developed
by the segregation and immobilization strategy offer consider-
able scope for further research.

In conclusion, the segregation and immobilization strategy
represents a paradigm shift in RTP materials design, offering a
universal platform for conventional luminophores to unlock

novel photophysical phenomena. As interdisciplinary colla-
borations between chemistry, materials science, and engineer-
ing deepen, the segregation and immobilization strategy is
poised to revolutionize next-generation optoelectronics, biome-
dicine, and beyond.
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