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Phosphorescence energy transfer systems have been appliedin
encryption, biomedical imaging and chemical sensing. These
systems exhibit ultra-large Stokes shifts, high quantum yields and

are colour-tuneable with long-wavelength afterglow fluorescence
(particularly in the near-infrared) under ambient conditions. This
review discusses triplet-to-singlet PRET or triplet-to-singlet-to-singlet
cascaded PRET systems based on macrocyclic or assembly-confined
purely organic phosphorescence introducing the critical toles of
supramolecular noncovalentinteractions in the process. These
interactions promote intersystem crossing, restricting the motion of
phosphors, minimizing non-radiative decay and organizing donor-
acceptor pairsin close proximity. We discuss the applications of these
systems and focus on the challenges ahead in facilitating their further
development.

Multicolour afterglow painting Deep-tissue penetration imaging

Solid amorphous state E Aqueous solution state

slosuas AlpiwnyH

%y
o o

Soft hydrogel state

Cell labelling and discrimination Dynamic information encryption

Introduction

Solid supramolecular PRET
systems

PRET systems in aqueous
solution

PRET systems in hydrogels

Concluding section

'State Key Laboratory of Elemento-Organic Chemistry, College of Chemistry, Nankai University, Tianjin, P. R. China.
2These authors contributed equally: Xian-Yin Dai, Man Huo. [ e-mail: yuliu@nankai.edu.cn

Nature Reviews Chemistry | Volume 7 | December 2023 | 854-874

854


http://www.nature.com/natrevchem
https://doi.org/10.1038/s41570-023-00555-1
http://crossmark.crossref.org/dialog/?doi=10.1038/s41570-023-00555-1&domain=pdf
http://orcid.org/0000-0001-8723-1896
mailto:yuliu@nankai.edu.cn

Review article

Introduction

Organic room-temperature phosphorescence (RTP) exhibits unique
characteristics, including low toxicity, long emission lifetimes and
large Stokes shifts'”, which can be applied to many research fields,
suchasinformation technology®’, biology®’ and materials science' ™.
Numerous research activities have been devoted to the construction
of RTP materials to reveal their photoluminescence behaviours and
explore the applications. On the one hand, crystallization effectively
induces RTP owing to the physical constraints, as well as multiple
intermolecular interactions such as halogen bonding and hydrogen
bonding” . Onthe other hand, polymerization”*,incorporationinto
arigid polymer matrix***’ and host-guest interactions®***® have also
beenrecently devoted to the construction of RTP. However, achieving
high quantumyields and a tunable afterglow emission, especially in the
red or near-infrared (NIR) region under ambient conditions®*°, still
remains animportant challenge in organic phosphors owing to limits
imposed by the energy-gap law*. Therefore, thereis an urgent need to
find alternative and versatile methods to achieve adjustable afterglow
emission from purely organic chromophores. With the development
of RTP, the phosphorescence resonance energy transfer (PRET) has
received considerable attention, which addresses the above issues via
the triplet-to-singlet energy transfer process*>™*.

Singlet-to-singlet Forster resonance energy transfer (SS-FRET)
is allowed between singlet states in which the spin angular momen-
tum is conserved over the long-distance (1-10 nm) dipole-dipole
interactions**!, Dexter energy transfer, represented by triplet-triplet
energy transfer (TTET), is another spin-allowed photophysical
process within limited short-range distances (<10 A), which directly
exchanges electrons between molecules or intramolecular frag-
ments as electron shells overlap or donor and acceptor parts come
into contact®>®, These principles of TTET can be used to construct
high-efficiency phosphorescent materials in addition to resonance
energy transfer mechanisms***. Compared with SS-FRET and TTET,
the triplet-to-singlet FRET (TS-FRET, also referred to as phosphores-
cenceresonance energy transfer, PRET) is defined as the process when
energy is transferred from an excited triplet state (phosphorescence
donor) to an excited singlet state (fluorescence acceptor). This occurs
accordingto theinductive-resonant mechanismwithout conserving
the spin angular momentum when increasing spin-orbital coupling
interactions of the triplet and singlet excited states**™. Specifically,
anelectron-excited singlet donor generates an electron-excited singlet
acceptor in an SS-FRET process, such as 'D* +'A > 'D +'A*, whereas
PRET yields a long-lived singlet species from a triplet excited donor:
3D*+1A > D +'A*. Similarly, a triplet species is produced fromatriplet
excited donor during TTET: *D* +'A > D +3A*,

The following key factors typically need to be taken into consid-
eration when designing a new PRET system: (1) the strong oscillator
strength of the phosphorescence donor emission (strong spin-orbit
coupling and intense phosphorescence intensity), (2) the coincident
donor emission with acceptor absorption, (3) a suitable physical
donor-acceptor distance (1-10 nm) and (4) the approximately par-
allel orientation of the responsible transition dipole moments. The
PRET process guarantees that after a suitable organic fluorescent
dye with good spectral overlap as an energy acceptor is introduced,
the energy can be transferred from an excited triplet state of the
donor to an excited singlet state of the acceptor, ultimately yielding
red-shifted long-lived delayed fluorescence emission in macrocyclic
orassembly-confined conditions®®®'. Moreover, colour-tunable after-
glow fluorescence, especially long-lived NIR emission, can be readily

achieved by using different fluorescent dyes, which greatly circumvents
the tedious molecular design and synthesis process®> ®,

Generally, the design strategies for purely organic phosphores-
cence donorsinclude theincorporation of lone-pair electrons (hetero-
atoms or aromatic carbonyl groups) into functional groups according
to El-Sayed’s rule — which undergo an orbital-type change when spin
multiplicity changes — and the introduction of non-metallic heavy
atoms (chlorine, bromine, iodine and so on) to strengthen spin-orbit
coupling and RTP intensity®®®. The acceptors should also be highly
fluorescent dyes, possessing small Stokes shift to minimize spectral
energy loss in the triplet-to-singlet PRET process besides matching
spectrally and being at suitable distances from phosphorescence
donors®®®. Therefore, the first step in constructing such supramo-
lecular PRET systems is to achieve high-performance RTP with high
quantum yields and long phosphorescence lifetimes, ensuring that
the triplet-to-singlet transitions can acquire appreciable oscillator
strength under strong spin-orbit coupling. Not only does this make
the transition quantum-mechanically feasible, but it also facilitates the
non-radiative dipole-dipole interactions and consequent energy
transfer fromthe triplet excited state of the donor to the ground state of
theacceptor’® . Moreover, phosphorescence donors present efficient
spin-orbit coupling, thus having two potential FRET donor states; the
singlet-to-singlet energy transfer and triplet-to-singlet energy transfer
would simultaneously occur if the fluorescence spectrum of the donor
matches the absorption spectrum of the acceptor’™”. However, the
Dexter energy transfer between donor-acceptor triplets may happen
ifafluorescent acceptorisused asadopantinapure phosphorescent
donor with a proximity of less than 1 nm and overlapping molecular
orbitals. Such doping results in the effective loss of excitons when
theyreachtheacceptortriplet state owingto the extremely inefficient
phosphorescence effect of fluorescent acceptor dyes’. In this context,
macrocyclic or assembly-confined small-molecule phosphorescence
donors can prevent their aggregation and ensure that the donor-
acceptor distance exceed 1 nm; thus, the part played by Dexter energy
transfer is negligible.

Supramolecular assembly derived by the cooperative contribu-
tions of diverse noncovalentinteractions, such as electrostatic, hydro-
phobic,ion-dipole, hydrogen bonding and host-guestinteractions,
provides an attractive strategy for constructing PRET systems’”7’.
These assemblies immobilize phosphors’ motion, suppressing the
non-radiative decay to obtain high-efficiency RTP emission, while
concurrently creating a confined environment for subsequent
delayed sensitization process offering an available platform for
the development of PRET systems®*, Typically, macrocycles such
as cucurbit[a]urils (n=7 or 8), a-/B-cyclodextrins (a-/3-CD) and
amphiphilic lower-rim aliphatic-modified sulfonatocalix[4]arenes
(SC4A[n], n=4, 6 or 12) and functional polymers such as polyvinyl
alcohol (PVA), polyacrylamide (PAA), polymethyl methacrylate
(PMMA), polyvinyl pyrrolidone (PVP), modified hyaluronic acid (HA),
triblock copolymer poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol) (PEG-b-PPG-b-PEG, also named
F127) and Laponite clay (LP) are able to encapsulate or co-assemble
with guest compounds or host-guest complexes to enhance phos-
phorescence and undergo energy transfer process after introducing
suitable fluorescent acceptors (Fig. 1). In this Review, we discuss the
development of the one-step triplet-to-singlet PRET and stepwise
triplet-to-singlet-to-singlet cascaded PRET from macrocyclic or
assembly-confined purely organic phosphorescence. Specifically, we
discuss these PRET systems in the solid amorphous state, aqueous
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solution state and hydrogel state; we also discuss their potential appli-
cationsindynamicinformation encryption, colourful afterglow paint-
ing, deep-tissue penetrationimaging, celllabellingand discrimination,
photochemical catalysis, and reversible humidity sensors. Finally, we
offer our perspectives on the current challenges and potential future
directions of purely organic supramolecular assemblies of PRET,
providingaguide for the design and construction of more advanced
PRET systems with excellent properties to promote cross-fertilization
and rapid development of related disciplines.

Solid supramolecular PRET systems

For constructing solid supramolecular PRET systems, the first thing to
consideris to create efficient RTP emission by promoting intersystem
crossing and preventing the non-radiative relaxation through the con-
finement effect, as well as minimizing oxygen quenching of the excited
triplet excitons®®. The next step is to select energy level-matched
acceptor chromophores, while organizing and confining the donor
and acceptor chromophores appropriately to minimize the donor-
acceptor distance and align the dipole-dipole orientations between
the excited donor and ground-state acceptor. A series of ingenious
approaches have been developed such as using phosphorescent donors
or acceptors as dopants in rigid polymeric films through covalent or
noncovalent strategies or grafting phosphorescent functional groups
onto the polymer by copolymerization withacrylamide. These methods
effectively suppress non-radiative deactivation and reorient doped
molecules through weak secondary interactions, such as hydrogen
bonding andinteraction between donor, acceptor and the solid matri-
ces, toachieve efficient colourful afterglow emission in co-assembled
confinements with a variety of applications in painting, humidity
sensing and information encryption.

Polymer-mediated solid-state supramolecular assemblies

Water-soluble PVA contains multiple pendant hydroxyl functional
groups which can assemble directly with phosphors through nonco-
valent interactions such as ion-dipole or hydrogen bonding interac-
tions to form PVA-based solid-state supramolecular structures®*°
(Fig. 2a). A series of purely organic PRET systems with long phospho-
rescence lifetimes and high phosphorescence quantum yields have
beenderived fromthis strategy. For example, water-soluble coronene
tetracarboxylate salt (CS) incorporated into the rigid PVA polymer
matrixactsasatripletenergy donor aided by ion-dipole and hydrogen
bondinginteractions between the carboxylates of CS and the hydroxyl
groups of PVA, presenting greenish-yellow afterglow at 532 nm with
ultralong phosphorescence lifetimes (7) of 2.46 s and excellent RTP
quantum yield of 23.4% in air” (Fig. 2b). Further doping appropriate
fluorescent acceptor molecules whose absorption overlaps well with
the RTP emission —such as commercially available Sulpharhodamine G
(SRG, A,,,,=560 nm) and Sulpharhodamine 101 (SR101, A, = 610 nm) —
produces long, persistent, narrow-bandwidth and colour-tunable
delayed fluorescence of the otherwise short-lived singlet states of
the acceptor chromophores through the delayed sensitization pro-
cess. This is also accompanied with a good triplet-to-singlet energy
transfer efficiency (@ > 65%) for both fluorescent molecules.
The sulphonates and sulphonicacid groupsinSRG and SR101 ensure the
secondary interactions between the acceptor chromophores and
the PVA matrix, facilitating an efficient co-assembly and maintains a
close donor-acceptor distance, which results in an efficient energy
transfer process. In addition, this CS-SRG-PVA or CS-SR101-PVA assem-
blies canbe prepared on alarge-scale and exhibit high air stability while

Macrocyclic confinement
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Fig.1|Simplified Jablonski diagramillustrating the PRET or cascaded PRET
process owing to macrocyclic confinement and assembly confinement. The
macrocyclic confinement is based on various macrocycles including cucurbit[7]
uril, cucurbit[8]uril, a-cyclodextrin, B-cyclodextrin and sulfonatocalix[4]arenes
(SC4Al[n], n=4, 6,12), whereas the assembly confinement relies on different
functional polymers such as polyvinyl alcohol, polyacrylamide, polymethyl
methacrylate, modified hyaluronicacid (HA), triblock copolymer poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (F127) and
Laponite clay. The green, yellow and red colours represent the emission spectra
of room-temperature phosphorescence (RTP) donors, primary acceptors and
secondary acceptors, respectively. Abs., absorption; Fluo., fluorescence; FRET,
Forster resonance energy transfer; ISC, intersystem crossing; NIR, near-infrared;
S,, ground state of donor; S;, lowest singlet state of donor; S;*, lowest singlet
state of primary acceptor; S;**, lowest singlet state of secondary acceptor;

SS, singlet-to-singlet; T, lowest triplet state of donor; TS, triplet-to-singlet.

being self-standing, flexible and water processable, providing ideas for
fabricating PVA-based PRET systems in the future.

Moreover, introducing dual-interaction sites into phosphors
through molecular engineering that can interact specifically with
PVAtoincrease their electrostatic attraction canalsobe used tolead to
the construction of organic ultralong PRET systems. For example, the
fourindolocarbazole isomers, 5,11-1Cz, 5,7-1Cz, 5,12-1Cz and 11,12-1Cz**
(Fig. 2c), contain two N-H bonds each, adopt planar conformations
and can be simply embedded into the PVA matrix to generate a rigid
co-assembly with excellent RTP property (4., = 461 nm, 495 nm, 465 nm
and 460 nm, respectively) including ultralong lifetimes from 0.38 sto
2.04 s and high phosphorescence quantum yields from 5.5% to 44.1%.
The syn-isomer, 11,12-ICz, preferred to form two hydrogen bonds with
a single PVA chain — opposed to hydrogen bonding with different
chains — favouring the stabilization of triplet-state emission and was
conducive to formingrigid co-assemblies within the PVA matrix, thus
leading to the most efficient blue-colour RTP afterglows. Furthermore,
such indolocarbazole isomer-doped PVA systems can be adopted as
energy donors to achieve persistently colour-tunable delayed fluo-
rescence afterglows ranging from green to red by adjusting the type of
organic fluorescent acceptor dye — such as sodium fluorescein (Fluo,
Aem =534 nm), Rhodamine 6G (Rh6G, A.,, = 574 nm) and Rhodamine B
(RhB, A, =596 nm). These experiments established the structure-
property relationship based on the similarity of the indolocarbazole
isomers and revealed theimpact on RTP properties owing to the hydro-
gen bonding interactions with the PVA matrix, and also offered new
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Fig.2|Polyvinyl alcohol (PVA)-mediated solid-state supramolecular
assemblies for PRET by direct doping. a, Schematic representation of

how to fabricate solid PRET systems by directly doping phosphorescence
donors (blue rectangles) and fluorescence acceptors (red pentagons) into
aPVA matrix. b, Ambient afterglow fluorescence at 560 or 610 nm based on

the co-assembly of coronene tetracarboxylate salt (CS) and fluorescence
acceptors Sulpharhodamine G (SRG) or Sulpharhodamine 101 (SR101) in PVA,
respectively. ¢, Organic long persistent luminescence based on the co-assembly
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ofindolocarbazole (ICz) isomers and fluorescence acceptors such as fluorescein
(Fluo), Rhodamine 6G (Rh6G) and Rhodamine B (RhB) in PVA (A,,, = 534, 574 and
596 nm, respectively). d, Phosphorescence energy transfer photo-switch based
on the co-assembly of coumarin-24-crown-8 (C24C8), diarylethene dicationic
alkylammonium (OF-DDA) and RhB with PVA. TS-FRET is not allowed from C24C8
to the open form OF-DDA in the absence of RhB (indicated by X marks), whereas
triplet-to-singlet Forster resonance energy transfer (TS-FRET) from the C24C8 to
RhBis allowed in the presence of RhB under the same conditions.

guidelines for constructing afterglow materials. Nitrogen-containing
heterocyclic 5-amino-1,10-phenanthroline also exhibited RTP when
co-assembled with a PVA matrix, which gave a phosphorescence life-
time of up t0 229.4 ms and photoluminescence quantumyield (PLQY)
0f19.6%, and PRET process occurred when Rh6G or RhB was doped
into the PVA co-assemblies yielding afterglow colour ranging from
green and yellow to orange®. Pyridine-substituted triphenylamine

derivativesin PVAmatrices have also presented ultralong RTP, in which
the pyridine groups reduced the energy gap to enhance intersystem
crossing (ISC) efficiency, and formed hydrogen bonding interactions
with the matrix to stabilize triplet excitons whereafter multicolour
organic afterglows were obtained through PRET*. Interestingly, some
aromatic macrocycle crown ethers also exhibit considerable RTP
emission through crystallization or co-assembly with PVA matrices™.
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Coumarin-24-crown-8 (C24C8, Fig. 2d) emitted green afterglow RTP
at 516 nm with a lifetime of 528.03 ms after assembling with PVA. Its
ring binds tightly with the diarylethene dicationic alkylammonium
derivatives through hydrogen bonding of N-H---O and C-H---O to
achieve aphoto-switchable RTP afterglow with good reversibility under
alternatingultraviolet (UV) and visible lightirradiation. This switch can
function as the donor for TS-FRET with RhB acceptor (@; = 88.3%), in
whichahighly efficient RTP energy transfer process from C24C8to RhB
can be remotely dominated®. The photo-switched phosphorescence
material can be used in time-resolved information encryption and lays
the foundation for constructing afterglow PRET photo-switches via
host-guestinteraction.

Furthermore, the pendant hydroxyl groupsin PVA chains can form
covalent B-O bond linkages between polymer matrices and boronic
acid group-functionalized phosphors through simple dehydration
condensation reactions under alkaline conditions, which activates
highly efficient RTP emission”*®, The compound 1,1':3’,1”-terphenyl-
5’-boronicacid (DPP-BOH) canreact with PVA chains to emitblue RTP
at 475 nm with a corresponding lifetime of up to 2.43 s and phospho-
rescence quantum yield reaching 7.51%°° (Fig. 3Aa). The molecular
tightness of DPP-BOH can be controlled more effectively through
the covalent B-O bond than through hydrogen bonding interac-
tions (Fig. 3Ab). Moreover, benefiting from good spectral overlap
(Fig. 3Ac), DPP-BOH-PVA systems could serve as the energy donor
and co-assemble with an energy acceptor such as Fluo or RhB to
obtain Fluo-DPP-BOH-PVA or RhB-DPP-BOH-PVA, respectively, with
tunable afterglow colours from blue to green or orange and lifetimes
of 1.60 s at 533 nm (@ =13.85%) and 1.90 s at 581 nm (@ = 9.47%)
(Fig. 3Ad-f), respectively. The calculated oscillator strength of the
phosphorescence donor DPP-BOH-PVA was large enough (0.0078)
which could facilitate the dipole-dipole coupling with Fluo or RhB.
Furthermore, a humid environment would destroy the intra-chain
or inter-chain hydrogen bonding interactions of the PVA matrix —
originally stiff owing toitsinherent hygroscopicity —inwhich the PRET
process and afterglow phenomena could be reversibly controlled by
thealternating humidity and temperature (Fig. 3Ag). Examples of this
humidity responsiveness are the environmentally friendly phosphores-
cenceinks withwater-processable properties which have shown great
practical applicationinscreen printing, secondary anti-counterfeiting
and fingerprint record collection.

Compared with one-step triplet-to-singlet PRET, stepwise
triplet-to-singlet-to-singlet cascaded PRET can also be used to con-
struct longer-wavelength persistent luminescence, particularly
long-lived NIR emission. Typically, the triphenylene-2-ylboronic
acid (TP) was embedded into a PVA matrix yielding a persistent blue
phosphorescence system with an ultralong lifetime of 3.29 s and high
phosphorescence quantumyield of 33.1% in air'°® (Fig. 3Ba). The intro-
duction of boronic acid groups into triphenylene greatly enhances
ISCefficiency and triplet exciton populationin TP granting the strong
phosphorescence. TP-PVA canfirst be co-assembled with anintermedi-
atered dye acceptor RhB (A, = 590 nm) or Nilered (NiR, A, = 650 nm)
toformRhB-TP-PVA or NiR-TP-PVA, and then further co-assembled with
afinal NIRdye Cyanine 7 (Cy7,A., = 808 nm) to obtain Cy7-RhB-TP-PVA
or Cy7-NiR-TP-PVA. Taking Cy7-RhB-TP-PVA as an example, withincreas-
ing amounts of RhB up to 10 mol%, the original lifetime at 470 nm
gradually decreased from 3.29 to 1.78 s (Fig. 3Bc), and the delayed
RhB emission showed the highest persistent luminescent intensity at
590 nm with an ultralong lifetime of 0.86 s (Fig. 3Bb,d). Moreover, a
stepwise FRET process occurred as indicated by the emerging NIR peak

at 820 nm when the RhB-TP-PVA system was doped with up to 10 mol%
Cy7 (Fig. 3Be), in which the lifetime at 470 nm was further reduced to
0.90 s (Fig. 3Bf) and the lifetime at 590 nm of RhB decreased to 0.58 s
(Fig.3Bg). This ultimately achieved persistent NIR luminescence up to
0.16 s for Cy7-RhB-TP-PVA and was successfully applied in penetrating
NIR bioimaging'*° (Fig. 3Bg).

Whereas PVA has a considerable confinement effect towards
water-soluble phosphors when preparing solid supramolecular PRET
systems, most water-insoluble phosphorescence donors are more
inclined to co-assemble with organic phase polymer matrix, such as
PMMA, semi-crystalline syndiotactic polystyrene (sPS) and PVP, to
create amorphous purely organic PRET systems. Efficient singlet-to-
singlet FRET and triplet-to-singlet PRET occurred simultaneously
from both singlet and triplet states of one single photoluminescent
molecule when N,N’-di(naphtha-1-yl)-N,N’-diphenylbenzidine and
4-(dicyanomethylene)-2-tert-butyl-6-(1,1,7,7-tetramethyljulolidyl-9-
enyl)-4H-pyran were implanted into the rigid PMMA polymer matrix
asdonorand acceptor, respectively (Fig.4A). This systeminhibited the
depopulation of non-radiative triplet excitons and avoided the aggrega-
tion of small organic molecules, which promoted the singlet-to-singlet
and triplet-to-singlet energy transfer'”’. However, if molecules have
high-efficiency ISC and strong RTP emission with weak fluorescence
contribution, as well as the RTP emission possessing aninvalid spectral
overlapintegral with the acceptor absorption, singlet-to-singlet FRET
does not tend to occur. A conjugate of dibenzofuran phosphor and
dithienylbenzothiophene photo-switch formed a two-in-one photo-
luminescent molecule named o-BFT, which exhibited dual emission
of fluorescence (A, = 445 nm) and RTP (A, =530 nm) in vacuum
when present as a dopant in sPS polymer films owing to the molecu-
lar configuration locking, and reduced the non-radiative dissipation
of excited triplet excitons' (Fig. 4Ba). Intriguingly, o-BFT-sPS still
achieved reversible absorption changes before and after UV irradia-
tion (Fig. 4Bc). In addition, the green afterglow of o-BFT-sPS could
be reversibly quenched and recovered through a light-controllable
intermolecular triplet-to-singlet energy transfer process based on
thelight-activated photocyclization and decyclization of o-BFT when
exposedtoalternate UV and visible lightirradiation (Fig.4Bb,d). More-
over, the average lifetime of the 0-BFT-sPS film at 530 nmreduced dras-
tically from22.3 msto141.2 ps upon continuous irradiation at 365 nm
in vacuum (Fig. 4Be). The absent singlet-singlet FRET preserved its
inherent fluorescence emission and obtained a photo-reversible fluo-
rescence-RTP switch —aconvenient approach for photo-manipulation
of singlet-triplet luminescence behaviours. For polymer confine-
ment effects, PVP as a rigid matrix can not only avoid the quench-
ing effect caused by phosphor 6-chlorothiochroman-4-one (CTO)
self-aggregation but also suppress its non-radiative transition and
shieldits triplet state from oxygen quenching, achieving efficient cyan
phosphorescence emission at 470 nm'®* (Fig. 4C). Incorporating an
acceptor such as 4,4’-(hexane-1,6-diyl)bis(3H-1,2,4-triazole-3,5(4H)-
dione) (HTD, A.,, =570 nm) with visible light-decomposing features
into the phosphorescent CTO-PVP system led to low phosphores-
cence intensity owing to TS-FRET. However, the phosphorescence
signal gradually recovered because of a photodegradation process
of HTD caused by visible light. The design strategy of introducing
moleculeswith photo-degradation characteristics asacceptors broad-
ened the range of stimulus-responsive materials based on the PRET
process. Likewise, PMMA-based RTP materials doped with a series of
heteroatom-free or heavy atom-free polycyclicaromatichydrocarbons,
suchastruxene (A, = 480 nm) and coronene (4., = 565 nm), showed the
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Fig.3|Polyvinyl alcohol (PVA)-mediated solid-state supramolecular
assemblies for PRET through covalent B-O bonds. Aa, Stimulus-responsive
afterglows by introducing fluorescein (Fluo) or Rhodamine B (RhB) into the
matrix in which B-O covalent bonds form between 1,1":3’,1”-terphenyl-5’-
boronicacid (DPP-BOH) and polyvinyl alcohol (PVA). Ab, Dashed lines around
the OH groups refer to hydrogen bonding interactions between PVA chains.
Ac, Fluorescence spectra of DPP-BOH-PVA (DPP-BOH-PVA-F, A,,,, = 345 nm),
room-temperature phosphorescence (RTP) spectra of DPP-BOH-PVA
(DPP-BOH-PVA-P, A, = 475 nm) and UV-vis absorption spectra of Fluo and
RhB. Ad,e, Normalized RTP spectra and lifetimes of Fluo-DPP-BOH-PVA and
RhB-DPP-BOH-PVA at 533 and 581 nm, respectively. Af, Simplified Jablonski
diagramillustrating the PRET process (S,, S,and T, refer to ground, lowest singlet

and lowest triplet state, respectively; ISC, intersystem crossing). Ag, Photos

of DPP-BOH-PVA, Fluo-DPP-BOH-PVA and RhB-DPP-BOH-PVA before and after
heating and Commission Internationale de I'Eclairage (CIE) coordinates of the
afterglows. Ba, Near-infrared (NIR) persistent luminescence based on stepwise
energy transfer from triphenylene-2-ylboronic acid (TP), to intermediate dyes,
Nile red (NiR) or RhB, and finally to a NIR dye Cyanine 7 (Cy7). Bb-d, Delayed
spectra of RhB-TP-PVA with varied RhB concentrations, and their lifetimes
at470 and 590 nm. Be-g, Delayed spectra of Cy7-RhB-TP-PVA with varied

Cy7 concentrations, and their lifetimes at 470, 590 and 810 nm. Photos of
Cy7-RhB-TP-PVA emission were taken through a piece of mouse or pork skin.
Part Awas adapted fromref. 99 under a Creative Commons licence CC BY 4.0.
Part Bwas adapted with permission fromref. 100, Wiley.

degree of conjugation-dependant afterglows from blue to green with
alifetime of >5 sat ambient conditions'®* (Fig. 4D). Further co-doping
with a fluorescent dye, perylene red, can red-shift the wavelength of
afterglow up to 650 nm with alifetime of 2.8 s from the PRET process,
whichultimately achieved the full-colour afterglows and demonstrated
excellentresultsininformation storage, dynamic anti-counterfeiting
and oxygen sensing. The pure hydrocarbons with the weak spin-orbit
coupling can also produce long-lived phosphorescence owing to a
slow radiative ISC transition from first excited triplet state to the sin-
glet ground state. Besides, the triphenyl phosphonium containing
polymer acceptors canbe doped into the PMMA matrix with different
triphenylamine derivative donorsto create photo-induced long-lived
phosphorescence emission at ambient conditions, benefiting from the
donor-acceptorinteractions and the molecular oxygen consumption
features of PMMA'®,

Insolid supramolecular PRET systems, 4-methoxybenzophenone
(MeOBP)'°® (Fig. 4E), hydroxyl steroidal compounds (B-oestradiol)'*’
(Fig. 4F) and layered double hydroxide'*® (Fig. 4G) can also be used
as rigid host matrices to stabilize the excited triplet state through
the confinement effect and protect phosphors’ triplets from oxygen
quenching, ensuring the strength of the oscillator and RTP intensity
for effective PRET, thus resulting in efficient persistent afterglows.

Copolymerization-constructed solid-state supramolecular
assemblies

Different from doping polymer matrices with phosphor, the copolymer-
assembly confinement by grafting phosphorescent molecules into the
polymer insitu forms adense hydrogen-bonded network of amino and
carbonyl groups. These networks caninhibit the non-radiative relaxa-
tion of phosphorescent molecules by the rich presence of hydrogen
bonding interactions leading to highly efficient RTP emission'*>"°,
Specifically, the covalent integration of phosphors into the PAA
chains via copolymerization can substantially prompt singlet-to-
tripletintersystem crossing and inhibit non-radiative deactivation of
phosphors, and simultaneously create amicroenvironment toisolate
phosphorescence quenchers. For example, water-soluble amorphous
poly(acrylamideco-N-vinylcarbazole) (PAACz) prepared through a
binary radical copolymerization of acrylamide and vinyl carbazole™
(Fig. 5A) showed blue afterglow emission along with ultralong RTP
lifetime of 4.2 s. Inlight of the large spectral overlap between the phos-
phorescence spectrum and absorption spectra of fluorescent guests
such as sodium 3,9-perylene dicarboxylate (A, =502 nm), sodium
fluorescein (A, = 560 nm), Rhodamine 123 (Rh123, A, = 575 nm) and
Rhodamine B (A.,, = 618 nm), as well as effective dipole-dipole coupling,
full-colour organic afterglow including blue, green, yellow and red was,

respectively, obtained by phosphorescence sensitization strategy after
dopinginto the above blue polymeric matrix. Particularly, white after-
glow could alsobe acquired by regulating the doping weight concentra-
tion of Rh123. These full-colour afterglow polymers with water-soluble
characteristics can act as environmentally friendly printing inks for
time-resolved multicolour security printing. This study offered an
insightful guideline on producing full-colour afterglow materials with
on-demand modulation. Additionally, the current organic afterglow
materials always suffered frominsufficient colour purity (broad emis-
sion peak) and low photoluminescence quantum efficiency. Func-
tional copolymer, polyacrylamide quinolino-3,2,1-deacridine-5,9-dione
(PAAQA), emits bright-green emission (A, = 504 nm) with high PLQY of
88.9% and high-efficiency hyperafterglow at half-maximum of 38 nm
by covalently anchoring multi-resonance, thermally activating delayed
fluorescence chromophores with acrylamide'. Further combination
with afterglow host PAACz (PAACzQA) can prolong the lifetime of this
hyperafterglow emission to 1.64 s based on the efficient energy trans-
fer. Strikingly, the pure-green hyperafterglow emission of PAACzQA
canbe further modulated to pure red (A, = 636 nm) with a lifetime of
1.16 s by using a red narrowband emitter as guest, which were used in
hyperafterglow light-emitting diode and display panels and revealed
anew design method for constructing hyperafterglow materials based
on PRET process.

In order to extend the RTP performance of copolymerization-
constructed solid-state supramolecular assemblies, macrocyclic hosts
areintroducedtointeract withthe phosphorescence units onthe poly-
mer leading to synergistic confinement phosphorescence emission.
Aseries of host-guest RTP systems with controllable phosphorescence
lifetime ranging from 0.9 s to 2.2 s were successfully constructed by
virtue of the intense host-guest interactions between macrocyclic
cucurbit[7]uril (CB[7]) and 4-phenylpyridium derivatives-grafted
acrylamide polymers (P-R)™ (Fig. 5B). CB[7] can effectively improve
the original RTP performance of P-R owing to the further macrocyclic
confinement effect. Organic dyes such as Eosin Y (EY) (A, =568 nm)
or SR101 (A,,,,= 620 nm) have great UV-vis absorption overlap with RTP
emissions of CB[7]-phosphorescent copolymers (Fig. 5Da), and they
can serve as energy acceptors in highly efficient PRET processes with
long-persistent polychrome delayed fluorescence. P-CN/CB[7]-SR101
exhibits two delayed emissions located at 504 nmand 620 nm, respec-
tively (Fig. SDb), the latter of these emissions (620 nm) is consistent
with the fluorescence emission of SR101in PAA also located at 620 nm,
confirming the delayed fluorescence nature (Fig. 5Dc). It can also be
applicableto afterglow paints and encryption, and granted an effective
approach for developing various ultralong-lifetime RTP materials and
high-performance multicolour persistent luminescence materials.
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Moreover, the simultaneous covalent embedding of a purely organic
phosphor donor and energy acceptor into the matrix of a polymer
via ternary radical copolymerization is another tactful strategy to
generate effective phosphorescent emission and perform PRET. To
thisend, aseries of amorphous acrylamide copolymers were prepared
by copolymerizing an energy phosphorescent donor di(but-3-en-1-yl)
terephthalate (DT, A., =425 nm) and acceptor dimethyl 2,5-bis((2-
(pent-4-enoyloxy)ethyl)amino)terephthalate (DEAT, A, = 580 nm)
with a single benzene and precise spectral overlap. This copolymer

(P-DT-DEAT) displayed a tunable afterglow emission, especially ambi-
ent white emission with a quantum yield of 27.2% by adjusting the
different ratios through the TS-FRET" (Fig. SE). Notably, this donor-
acceptor copolymerizationstrategy can be effective inimproving the
energy transfer efficiency owing to the shorter molecular distance
between donor and acceptor from the copolymerization process.
Such simple-structured single-benzene-based copolymers provided a
new perspective onthe design and construction of ambient afterglow
materials.
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Fig. 4| Alternate rigid polymer matrix-mediated solid-state
supramolecular assemblies for PRET. A, Simultaneous singlet-

singlet and triplet-singlet emission from N,N’-di(naphtha-1-yl)-N,N"-
diphenylbenzidine (NPB) and 4-(dicyanomethylene)-2-tert-butyl-6-(1,1,7,7-
tetramethyljulolidyl-9-enyl)-4H-pyran (DCJTB) in polymethyl methacrylate
(PMMA). Ba, Photo-reversible fluorescence-RTP switching with ultraviolet
(UV) and visible light based on a conjugate of dibenzofuran phosphor and
dithienylbenzothiophene photo-switch (o-BFT) and semi-crystalline
syndiotactic polystyrene (sPS) in vacuum. Bb,c, Fluorescence and afterglow
photos of 0-BFT-sPS before and after 365 nm irradiation in vacuum, and their
UV-vis absorption spectra. Bd, Photoluminescence spectra of o-BFT-sPS in
air and vacuum, after UVirradiation in vacuum, and their phosphorescence
intensity (A, = 530 nm) switching. Be, Lifetimes of o-BFT-sPS in vacuum
before and after UVirradiation. C, Photoactivated organic RTP based on the

6-chlorothiochroman-4-one (CTO) and 4,4’-(hexane-1,6-diyl)bis(3H-1,2,4-
triazole-3,5(4H)-dione) (HTD) in polyvinyl pyrrolidone (PVP) (A, = 570 nm).
(‘X" indicates that TS-FRET is not allowed.) D, Full-colour ultralong afterglows
based on heteroatom-free hydrocarbons such as truxene (Tru, blue
afterglow, A, =480 nm) or coronene (Cor, green afterglow, A, = 565 nm) and
perylenered (PR, red afterglow, A, = 650 nm) in PMMA. E, Small-molecule
4-methoxybenzophenone (MeOBP)-mediated solid PRET system based on
Corand Rh6G. F, Amorphous -oestradiol-mediated solid PRET system based
on triphenylamine derivative (TPA) with an amino-conjugated substituent.
G, Layered double hydroxide (LDH)-mediated solid PRET system based on
isophthalic acid (IPA) and Eosin Y (EY). Part B adapted with permission from
ref. 102, Wiley. Fluo., fluorescence; FRET, Forster resonance energy transfer;
LP, Laponite clay; PRET, phosphorescence resonance energy transfer;

RTP, room-temperature phosphorescence; TS-FRET, triplet-to-singlet FRET.

Consequently, by implanting functional moieties with photo-
chromic properties as energy acceptors into acrylamide phos-
phorescent copolymers, the occurrence of PRET can be achieved
by remote photo-control, thus realizing non-invasive dynamic
reversible modulation of the emission behaviour of supramolecular
phosphorescent materials. Based on photochromic spiropyran (SP,
Aem =625 nm), benzaldehyde (BA, A., = 510 nm) and 2,5-dihydroxy
terephthalate (DhT, A, = 520 nm), three polyacrylamide polymers
have been designed by copolymerizing BA and SP (P-BA-SP), DhT
and SP (P-DhT-SP), and BA, DhT and SP (P-BA-DhT-SP), respectively,
in which the blue-green phosphorescence gradually declined and
turned to orange-pink under 365 nmirradiation owing to PRET from
phosphorescent donors to the fluorescent merocyanine state of SP'
(Fig.5C). Long-lived multicolour conversions with favourable revers-
ibility and fatigue resistance related to photoluminescence intensity
were achieved upon the alternating exposure of 365 nm UV and vis-
ible lightirradiation and explored for light-printing or light-erasing
todecryptorencryptinformation. Besides, the unique feature of SP
responsive to temperature also endowed the multicolour emissions
of SP which involved these three polymers at various temperatures.
These systems showing tunable multicolour emissions by integrating
red, green and blue pave the way to acquire smart displayed materials
viaanon-invasive photo-controlled manner. Additionally, the fabrica-
tion of light-responsive purely organic RTP-assembled systems with
ultrahigh emission quantumyields has been fraught with challenges.
Similarly, copolymerized 4-(6-bromonaphthalenyl)pyridine deriva-
tives with acrylamide as a new supramolecular building block can
construct solid-state supramolecular tunable, ultra-strong white
light-emitting system with PLQY of 83.9% quantum yield"¢ (Fig. 5F).
Distinct from the classical host-guest encapsulation with cyclodex-
trins, the negatively multi-charged sulfobutylether-f-cyclodextrin
electrostatically interacted with positively charged 4-(6-bromon-
aphthalenyl)pyridine copolymer, thereby further improving
the phosphorescent quantumyield from 64.1% to 71.3% owing to the
assembly-confined effect. Next, the photochromic nonfluorescent
diarylethene derivatives as copolymer units were attached to the
mentioned binary supramolecular system, and the reversible phos-
phorescence emission was achieved by efficient light-controlled PRET
with the phosphorescence quenching efficiency reaching 55.3%. Using
the excellent photo-switchable luminescence behaviour and multicol-
our tunable properties of the system, the supramolecular system was
successfully created for applications in white light-emitting diodes,
stimuli-responsive phosphorescentinks and information encryption.

This work provided an inspiring design strategy for high-efficiency
purely organic phosphorescent materials at ambient conditions and
with unprecedentedly high quantumyields.

As demonstrated in Supplementary Tables 1and 2, PVA confine-
ment and acrylamide copolymerization played a major partin PRET
for polymer-mediated solid-state supramolecular assemblies and
copolymerization-constructed solid-state supramolecular assemblies,
respectively. Therich hydrogen bondinginteractionsinside the doped
polymer systems and acrylamide copolymer systems help to stabilize
the molecular conformation and protect phosphors from quenchersto
obtain high-efficiency RTP with ultralong seconds-level lifetimes. They
alsoguarantee the effective colour-tunable and red-shifted afterglow
outputs, especially NIR emission, viathe PRET process in such confine-
ments. In view of the excellent solution processability and ambient
stability of these solid-state afterglow assemblies, the applicationsin
multicolour dynamic information encryption with printing technol-
ogy and anti-counterfeiting technology were developed, which pro-
vided important guidance on exploring high-performance afterglow
materials for further optoelectronic applications.

PRET systems in aqueous solution

Unlike the solid phosphorescence supramolecules for PRET, the triplet
excitonsinaqueous mediaare more susceptible to quenching by water
molecules and dissolved oxygen”"8, Thus, the phosphors should be
isolated from water and molecular oxygen'’, and at the same time,
the donor-acceptor groups should keep an ordered spatial organiza-
tion (suitable orientation, close distance within 10 nm) to reduce the
potential energy losses'>*'?, At present, PRET systems operating in
aqueous solutionare formed by co-assembling phosphors with macro-
cyclic compounds such as CB[n] (n=7, 8), a-/pB-CDs and amphiphilic
molecules such as SC4A[n] (n=4, 6 or12) and triblock copolymer F127,
whichrendered synergistic hydrophobic shielding and confined rigidi-
fication effects, as well as loading fluorescent dyes to conduct PRET
process, possessing great application potential in biomedical imaging.

Amphiphilic macrocyclic cascaded assemblies

Amphiphilic macrocycles are used as assembly units to perform
cascaded assembly to overcome triplet excitons being quenched by
water molecules and dissolved oxygen in aqueous solution'”?. The
cascaded assembly strategy was proposed to prevent quenching
based on the synergistic electrostatic and hydrophobic interactions
between CB[n]-mediated host-guest complexes and amphiphilic
macrocycliccompounds (Fig. 6A). This strategy restricted the motion of
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Fig. 5| Copolymerization-constructed solid-state supramolecular
assemblies for PRET. A, Schematic representation of a polymeric
polyacrylamide (PAA) PRET systems by copolymerizing phosphorescence
donors (green hexagons) and the fluorescence acceptors (red pentagons) shown
intheinset: sodium 3,9-perylene dicarboxylate (PDB, A.,,, = 502 nm), sodium
fluorescein (Fluo, A, = 560 nm), Rhodamine 123 (Rh123, A,,,, = 575 nm) and
Rhodamine B (RhB, A, = 618 nm). B, Multicolour second-level phosphorescence
assemblies based on 4-phenylpyridium derivatives-grafted acrylamide polymers
(P-R), cucurbit[7]uril (CB[7]) and Eosin Y (EY, A, = 568 nm) or Sulpharhodamine
101 (SR101, A, = 620 nm). C, Irradiation (ultraviolet (UV), 365 nm and visible
light) and heat-responsive multicolour conversion owing to copolymerization
of photochromic spiropyran (SP, A, = 625 nm), benzaldehyde (BA, A, = 510 nm)
and 2,5-dihydroxy terephthalate (DhT, A,,, = 520 nm) with acrylamide (AM),
including P-BA-SP, P-DhT-SP and P-BA-DhT-SP. Da, UV-vis absorption spectra

of PAA containing SR101 or EY and phosphorescence spectra of P-R/CBJ[7].

Db, Delayed spectra of P-CN/CB[7] with varying SR101 concentrations. Dc, Excitation
and photoluminescence spectra of PAA containing SR101 and a delayed spectrum
of P-CN/CB[7]-SR101, combined indicating PRET processes. E, Tunable afterglows
constructed from donor di(but-3-en-1-yl)terephthalate (DT) with blue-violet

RTP emission (A, =425 nm) and acceptor dimethyl 2,5-bis((2-(pent-4-enoyloxy)
ethyl)amino)terephthalate (DEAT) with orange fluorescence (A, = 580 nm)
through AM copolymerization at different feeding ratios (yielding P-DT-DEAT).

F, Tunable ultra-strong white-light emission from sulfobutylether-f-cyclodextrin
(SBE-B3-CD) and the copolymerization of 4-(6-bromonaphthalenyl)pyridine
derivatives (BrNp) with diarylethene monomers (DAE) and AM (yielding P-BrNp-
DAE) (‘X' indicates that TS-FRET is not allowed.). Part D adapted with permission
fromref. 113, Wiley. Abs., absorption; FRET, Forster resonance energy transfer;
MC, mecrocyanine; Phos., phosphorescence; PRET, phosphorescence resonance
energy transfer; TS-FRET, triplet-to-singlet FRET.

phosphors, reduced non-radiative decay, and generated a hydrophobic
environment to protect phosphors from water or dissolved oxygen
species, thus achieving the highly efficient phosphorescence emis-
sionin solution state. SC4A[n] (n =4, 6 or 12) — the most commonly
used class of multi-charged amphiphilic macrocycles — is composed
of rigid cyclic pre-organized cavities, which allowed multiple func-
tional units to assemble into compact supramolecular aggregates
in which their structure and function were precisely controlled. The
host-guest recognition of macrocyclic compounds can provide bind-
ing sites for energy donors or acceptors, improve the efficiency of
energy transfer, and provide a convenient method for the construc-
tion of light-harvesting systems. In 2022, a unique supramolecular
phosphorescence-capturing system via cascaded co-assembly taking
advantage of CB[8] and SC4A6 under the macrocyclic and assembly
confinementwas reported'” (Fig. 6B). CB[8] induced ‘molecular fold-
ing’ of bromonaphthalene-connected methoxyphenyl pyridinium salt
(G, in which the bromonaphthalene moiety folds back onto itself
and stacks with the methoxyphenyl pyridinium moiety owing to the
hydrophobic effects, ion-dipole interaction and m-mstacking interac-
tion, resultinginal:1foldamer-like G,cCB[8] complex withan emerg-
ing RTP emission at 530 nm with a lifetime of 130.2 ps. Furthermore,
G,cCB[8] secondarily assembled with SC4A6 to give the G,cCB[8]@
SC4A6 aggregate viaelectrostatic interactions between cationic guests
and negatively charged sulfonic group and hydrophobicinteractions
mediated by the amphiphilic molecule of SC4A6. The formed aggregate
exhibited adramaticenhancementbothin RTP emissionintensity and
lifetime (430.3 ps). Benefiting from the fantastic RTP performance of
G,CCB[8]@SC4AS6, light-capturing platform canbe created by loading a
smallamount of organic dyes such as Nile Red or Nile Blue (NiR and NiB,
respectively) into the hydrophobiclayer. The acquired RTP-capturing
systems (G,cCB[8]@SC4A6/NiR and G,cCB[8]@SC4A6/NiB) with high
efficiency (@; = 84.4% and 76.3%, respectively) and antenna effect (AE,
289.4 and 119.5, respectively) displayed delayed NIR emissive perfor-
mance (635and 675 nm, respectively). The phosphorescence-capturing
system reveals the delayed NIR photoluminescence self-assembled
structure in aqueous solution, which opens up for a feasible pathway
for targeted NIR bioimaging in living cells.

Along withthe development of phosphorescence energy transfer,
RTP-based cascaded FRET has been put forward. To our knowledge,
the photosynthetic light-harvesting systems usually involve a multi-
step sequential singlet-singlet energy transfer process (cascading),
rather than a one-step energy transfer. Cascaded FRET is a feasible

method to obtain larger Stokes shift and larger bathochromic-shift
emission, which requires two energy transfer steps. The exploration
of RTP-based cascaded FRET is greatly valuable for the development of
more red-shifted long-lived NIR luminescence systems, which can be
achieved by continuously introducing primary and secondary accep-
tors whenthere isamismatchin the absorptionspectrumbetween sec-
ondary receptors and the emission spectrum of the RTP energy donors.
The successful fabrication of an ultrahigh supramolecular cascaded
RTP-capturing system via the multivalent co-assembly strategy has
beenreported™ (Fig. 6Ca). Specifically, the initial dibromophthalimide
derivative (G,) produced very weak RTP emission at 505 nminduced by
the host-guestinteraction with CB[7]under the hydrophobicinterac-
tionand cation-dipole interactions. The cavity of CB[7] boosts ISC and
reduces non-radiative transitions by restraining the vibration of G,.
Inview of theinherent amphiphilicity, the resultant G,cCB[7] complex
further co-assembled with the amphipathic SC4A12 to prepare ter-
nary supramolecular assembly of G,cCB[7]@SC4A12 with homogene-
ously spherical topology. Notably, the lifetime of G,cCB[7]@SC4A12
increased to1.13 ms, and at the same time, the RTP emission intensity
at 505 nm strengthened by 40-fold (Fig. 6Cb). After introducing the
primary acceptor, RhB or 4,7-di(2-thienyl)-2,1,3-benzothiadiazole
(DBT), energy transfer from the triplet of the phosphor to the singlet
of the organic dyes took place with high @, and AE. The microsec-
ond lifetime of the organic dyes also indicated the occurrence of the
TS-FRET process. Moreover, the efficient long-lived emission of pri-
mary acceptors provided the possibility for the second-stage energy
transfer. With the addition of Cyanine 5 (Cy5) or NiB into G,cCB[7]@
SC4A12/RhB or G,cCB[7]@SC4A12/DBT systems (Fig. 6Cc,d), an energy
transfer process occurred from the singlet of the primary acceptor
to the singlet of final acceptor in the assembly, ultimately yielding
long-lived photoluminescence (83.4 ps for G,cCB[7]@SC4A12/RhB/
NiB, 83.1 s for G,cCB[7]1@SC4A12/RhB/CyS5, 92.5 s for G,cCB[7]@
SC4A12/DBT/NiB and 86.3 ps for G,cCB[7]@SC4A12/DBT/Cy5). The
systemswere obtained inaqueous solution owing to the highly efficient
cascaded PRET process. The multivalent supramolecular assembly with
multicolour long-lived lifetime was shown to serve as a time-resolved
fluorescent maker for cell imaging. To further extend the long-lived
NIR emissive wavelength, they designed and synthesized the racemic
1,2-diaminocyclohexan-derived 6-bromoisoquinoline (G;), which
generated a yellow phosphorescence emission at 555 nm confined by
CBI[8]" (Fig. 6F). Further co-assembly with SC4A12 enhanced its origi-
nal phosphorescence emission intensity, and the phosphorescence
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lifetimeincreased from 21.3 ps to 364 ps. Then, the G;cCB[8]@SC4A12 825 nminaqueoussolutionwere achieved, which was the firstexample
assembly served as the energy donor to create the cascaded PRET sys-  of phosphorescence energy transfer system possessing long-emission
tem viasuccessively introducing the primary acceptor, Cy5orNiB,and  wavelength (over 800 nm). The excellentlong-lived NIR emission paved
the secondary acceptor, heptamethine cyanine (IR780). Based onthis,  the way for developing phosphorescent supramolecular systems for
the ultra-large Stokes shift (=525 nm) and long-lived NIR emission at  imaging living cells in biological studies.
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Fig. 6| Amphiphilic macrocyclic cascaded assemblies for PRET.

A, Representation of cascaded PRET systems assembled by guests (G) with
cucurbit[n]uril (CB[n], n=7 or 8) and sulfonatocalix[4]arene (SC4A[n],
n=4,60r12).B,Phosphorescence-capturing systembased on the
bromonaphthalene-connected methoxyphenyl pyridinium salt (G,), CB[8],
SC4A6 and Nilered (NiR, A, = 635 nm) or Nile blue (NiB, A, = 675 nm).

Ca, Supramolecular cascaded RTP-capturing system based on dibromophthalimide
derivative (G,), CB[7], SC4A12, primary acceptor 4,7-di(2-thienyl)-2,1,3-
benzothiadiazole (DBT, A.,,= 575 nm) or Rhodamine B (RhB, A, = 585 nm), and
secondary acceptor NiB or Cyanine 5 (Cy5, A, = 675 nm). Cb, Phosphorescence
spectra of G,cCB[7] with different SC4A12 concentrations in water, and
photographs of G,, G,cCB[7] and G,cCB[7]@SC4A12 at 320 nm irradiation.
Cc,d, Phosphorescence spectra of G,cCB[7]@SC4A12/RhB/CyS5 or G,cCB[7]@
SC4A12:DBT:CysS at different donor-acceptor ratios. Intensity values: 1k =1,000.
D, Reversible supramolecular light switch for near-infrared (NIR) PRET based

on 4-(4-bromophenyl)-pyridinium connected to the open form of diarylethene
via propyl (DAE-C3), CB[8] and N-hydroxysuccinimide-modified Cy5 (Cy5-
NHS). E, Phosphorescence-fluorescence supramolecular switchbased ona
dodecyl chain-modified 6-bromoisoquinoline derivative (G,), CB[7], SC4A4 and
photochromic SP. Disallowed PRET is owing to absorption of non-fluorescent
SP with no overlapping RTP emission of G,cCB[7]@SC4A4 (indicated by ‘X’).

F, Ultra-large Stokes shift (=525 nm) phosphorescence-capturing system based
onracemicl,2-diaminocyclohexan-derived 6-bromoisoquinoline (G;), CB[8],
SC4A12, primary acceptor (NiB or Cy5) and secondary acceptor heptamethine
cyanine (IR780, A, = 825 nm). G, Phosphorescent energy transfer supramolecular
switch based on 6-bromoisoquinoline-conjugated 4-(4-methylthiophenyl)
pyridinium (Gs), CB[8], SC4A12, acceptor dyes (NiB or Cy5) and diarylethene
derivative in its open form (OF-1) and closed form (CF-1). Part C adapted with
permission from ref. 124, Wiley. Fluo., fluorescence; FRET, Forster resonance
energy transfer; NIR, near-infrared; SS-FRET, singlet-to-singlet FRET.

The above research mainly focused on the manufacture of static
organic phosphorescence energy transfer. Dynamic energy trans-
fer has attracted much attention owing to its stimulation response
and reversibility. The spiropyran and diarylethylene derivatives — as
excellent optical molecular switches — have been utilized to construct
dynamically reversible co-assembly supramolecular PRET systems. The
construction of a photoresponsive PRET system is a crucial research
topic for realizing tunable long-lived multicolour emissionin aqueous
solution. In 2022, a high-efficiency phosphorescence-fluorescence
supramolecular switch was reported based on the cascaded assembly
of dodecyl chain-modified 6-bromoisoquinoline derivative (G,)'*
(Fig. 6E). G, was used as the energy transfer donor, which showed
an RTP emission signal at 540 nm under the confinement effect of
CBI[7]. Subsequently, the assembly-confinement effect mediated by
SC4A4 greatly formed tight spherical nanoparticles and aided the RTP
emissionintensity and prolonged the phosphorescence lifetime from
50.1 psto1.80 ms. A photochromic SP derivative, as the photo-switch
moiety, was loaded into the supramolecular nanoparticles. Nonfluo-
rescent close-ring SP achieved light-controlled reversible conversion
tothe fluorescent open-ring mecrocyanine (MC) formunder alternat-
ing UV and visible photo-irradiation. When exposed to UVirradiation,
the efficientlight-driven PRET process occurred from the donor to the
MC, resultingin adelayed red fluorescence at 635 nm with a lifetime of
83.8 us. Whenthe MC was transformed to the SP state whenirradiated
with visible light (>420 nm), the system displayed the original RTP
emission at 540 nm. This phosphorescence and fluorescence supra-
molecular switch system was successfully applied for photo-controlled
multicolour cell imaging. Moreover, the direct addition of the phos-
phorescent group onto the photo-switch moleculeis another method
to obtain photo-controlled PRET. By connecting the phosphorescent
unit 4-(4-bromophenyl)-pyridinium with a photo-switching diaryle-
thene skeleton in its open form via propyl (DAE-C3)'” (Fig. 6D), the
obtained DAE,-C3 can produce phosphorescent emissioninaqueous
solution by CB[8] confinement in a dual-fold mode (DAE-C3cCB[8]).
Of note, the DTE,-C3cCB[8] showed efficient, reversible phospho-
rescence by the photochromism of the diarylethene unit form, its
open form, to closed form (DAE-C3cCBI[8]) with a high phospho-
rescence quenching efficiency (99%). The phosphorescence switch
could serve as the donor to transfer triplet energy to the organic dye
N-hydroxysuccinimide-modified Cy5, achieving the photo-controlled
energy transfer process and, thereby, rendering it suitable for infor-
mation encryption and bioimaging. Additionally, diarylethene can

be introduced into the co-assembly to fabricate a phosphorescent
light-harvesting supramolecular switch™® (Fig. 6G). On the basis of the
cascaded assembly confinement, the co-assembly composed of CB[8]
encapsulating 6-bromoisoquinoline-conjugated 4-(4-methylthiophe-
nyl) pyridinium (G;) and SC4A12 can serve as the phosphorescence
energy donor centred on 605 nm. High spectral overlap between the
phosphorescence emission of the above assembly G;cCB[8]@SC4A12
and the absorption of the NiB and CyS5 enabled the efficient TS-FRET
process. The doping of diarylethene derivatives (OF-1or CF-1) triggered
the photoluminescence quenching after irradiation by 365 nm light,
which was restored when irradiated by 4 450 nm light. This concept
has been applied to targeted imaging in HeLa cells and information
encryption.

Polymer-based co-assemblies
Another feasible strategy of assembly confinement was polymer-based
co-assembly with GcCB[7] or GcCB[8] complex, which diminishes
the triplet non-radiative decay rate by creating a rigid environment
with limited molecular vibration. Hence, some water-soluble poly-
mers such as F127 and HA are used as the assembly units for inducing
supramolecular self-assembly in aqueous solutions through nonco-
valentinteractions such as electrostatic and hydrophobicinteractions,
effectuatingtheimproved RTP emission (Fig.7a).In 2020, aphospho-
rescence nanoprobe was made with delayed NIR emission based on
PRET between N,N-bis(4-methoxyphenyl)-3-methyl-4-(4,4,5,5-tetrame-
thyl-1,3,2-dioxaborolan-2-yl) aniline (mTPA) and a NIR fluorescent dye —
silicon 2,3-naphthalocyanine bis(trihexylsilyloxide) (NCBS) — by
leveraging the amphiphilic character of F127 through hydrophobic
interactionsand taking advantage of the top-down approach' (Fig. 7b).
By transferring the short-wavelength RTP emission of mTPA to NIR
fluorescent NCBS, the long-lived NIR afterglow at 780 nm was obtained.
Afterglow images of living mice was captured with this phosphores-
cence nanoprobe with a high signal-to-noise ratio, effectively avoiding
thebiological auto-fluorescence, which provided a universal strategy
to build afterglow probes with NIR emission for deep-tissue imaging.
Compared with the neutral amphiphilic copolymer F127, HA is
a considerable negatively charged polysaccharide featuring good
biocompatibility and cancer cell-targeted capacity, which directly
co-assembles with cationic host-guest complexes via multiple inter-
actions, and can be modified with functional guest molecules or
macrocycles for further assembly to create high-performance RTP
emission for PRET". For example, a purely organic light-harvesting
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Fig.7|Polymer-based co-assemblies for PRET. a, Schematic representation
of the fabrication of polymer-based co-assembled PRET systems with
GcCB[n] (cucurbit[n]uril, n =7 or 8) complex and polymers such as modified
hyaluronicacid (HA) or poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol) (F127). b, Phosphorescence nanoprobe
(mTPA-N, blue sphere) with delayed NIR emission based on N,N-bis(4-
methoxyphenyl)-3-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)
aniline (mTPA), silicon 2,3-naphthalocyanine bis(trihexylsilyloxide) (NCBS)
and F127. Fluorescence (Fluo.) and phosphorescence (Phos.) spectra of mTPA
crystals, as well as their lifetimes (1), and afterglow spectra of mTPA and
mTPA-N nanoparticles. ¢, Light-harvesting PRET based on 4-(4-bromophenyl)-
pyridine-modified B-cyclodextrin (CD-PY), CB[8], Rhodamine B (RhB) and
adamantine-modified HA (HA-ADA). d, Noncovalent polymerization-activated

PRET assembly based on dodecyl chain-bridged 6-bromoisoquinoline derivative
(G¢), CB[71, B-CD-modified HA (HA-CD) and NiR or tetrakis(4-sulfophenyl)
porphyrin (TPPS). Phosphorescence spectra of G,cCB[7]@HA-CD with

different NiB (left) or TPPS (right) concentrations in water, normalized to the
phosphorescence emission peak at 540 nm (D:A, ratio of donor to acceptor).

e, Insitu pH-activated PRET based on bromophenylpyridine derivative

(BPPY), CB[8] and RhB-grafted HA (HAR). f, Ultralong PRET based on
4-(4-bromophenyl)-pyridine-modified HA (HA-Br), CB[8], Laponite clay (LP)

and RhB or Sulpharhodamine 101 (SR101), in which HA-Br-CBI[8]-LP presented
aphosphorescence lifetime of up to 4.79 ms in water. Part b adapted with
permission fromref. 129, Wiley. Part d adapted with permission from ref. 132, Wiley.
PRET, phosphorescence resonance energy transfer; TS-FRET, triplet-to-singlet
Forster resonance energy transfer.

PRET system in the aqueous solution was successfully constructed
from adamantine-modified HA (HA-ADA), 4-(4-bromophenyl)-
pyridine-modified B-cyclodextrin (CD-PY) and RhB"' (Fig. 7c). In
this system, the CB[8] was used to confine CD-PY for achieving the
RTP emission as the energy donorinthe aqueous solution, and then
the acceptor RhB and HA-ADA were continuously introduced for
further improving the photoluminescence intensity through supra-
molecular assembly confinement. In this co-assembly, RhB could be
encapsulated by the cavity of CD, which further reduced the distance
between donors and acceptors to promote TS-FRET, and HA served
as the cancer-target agent. Additionally, the macrocycle-modified
HA, such as 3-CD-modified HA (HA-CD) can also be used to acti-
vate the TS-FRET process in aqueous solution via noncovalent
polymerization®? (Fig. 7d). Specifically, a dodecyl chain-bridged
6-bromoisoquinoline derivative (G4) and CB[7] can form a stable
1:2 complex with the weak RTP emission (59.0 ps) at 540 nm under
the macrocyclic confinement effect of CB[7]. Furthermore, the
co-assembly between the 1:2 stable complex and HA-CD could exploit
the secondary confinement effect because of electrostaticinteraction
which enhanced the original RTP emission with a prolonged life-
time to 581 ps. Upon doping with two types of organic dyes, NiB and
tetrakis(4-sulfophenyl)porphyrin, the energy transfer process took
place within the supramolecular confinement assembly G,cCB[7]@
HA-CD. Along-lived NIR-emitting system was prepared vianoncova-
lent polymerization, which was successfully applied in NIR imaging
of living tumour cells. Moreover, PRET can be activated in situ by
using a pH-responsive RhB as an acceptor to image cancer cells and
discriminate from normal cells” (Fig. 7e). The bromophenylpyri-
dine derivative co-assembled stepwise with CB[8] and RhB-grafted
HA through noncovalent interactions, which formed a multivalent
supramolecular assembly for the occurrence of TS-FRET. Interest-
ingly, benefiting from the cyclolactam ring on-off reaction of RhB,
and the targeting ability of HA, the TS-FRET process was activated in
cancer cellsunder acidic pH conditions presenting red delayed fluo-
rescence,and showed green RTP in normal cells, hence the effective
discrimination of different types of cells. Additionally, the functional
4-(4-bromophenyl)-pyridine-modified HA can form a multivalent
supramolecular assembly with CB[8] and Laponite clay (LP), which
emitted a RTP emission with the ultralong lifetime up to 4.79 msin
aqueous solution®*. By doping the above assemblies with organic
dyes, such as RhB or SR101, efficient energy transfer was achieved
with high transfer efficiency and ultrahigh antenna effect (Fig. 7f).
Thus, a wide-range long-lived spectrum and white-light emissions
inaqueous solution was obtained.

Other co-assemblies

Phosphorescent carbon nanodots (CNDs) with ultralong lifetimes have
attracted extensive research interest because of their low toxicity,
smallsize and superior optical properties, and areideal candidates as
long-lived donors for PRET">"*°, A water-soluble red afterglow nano-
composite has beenreported based on the TS-FRET process between
phosphorescent CNDs and RhB in a silica encapsulation layer. Ben-
efiting from the long lifetime of phosphorescent CNDs (1.8 s) in the
aqueous solution, RhB as the energy acceptor could produce ared
afterglow via a delayed sensitization process, and a lifetime 0f 0.9 s —
yielding a time-resolved in vivo afterglow imaging technique'”. Simi-
larly, a cascaded FRET system was constructed featuring multicolour
long afterglow from green to yellow, to orange and then to red using
the phosphorescent CDs and fluorescent dyes, which exhibited great
potential intime-resolved and multicolour informationencryptionand
bioimaging"*®. Additionally, on the basis of the PRET process between
phosphorescent CNDs and Hg*"-responsive RhB derivatives, a propor-
tional phosphorescent probe was established with high selectivity and
sensitivity for Hg?" detection™.

As illustrated in Supplementary Tables 3 and 4, effective phos-
phorescence energy transfer platforms can be established inaqueous
solutionbased on amphiphilic macrocycles or polymers. Firstly, macro-
cycliccompounds enhance ISC process and induce phosphorescence
emission from the guests. Furthermore, owing to the stability of the
triplet-state excitonsin the hydrophobic microenvironment, the phos-
phorescence performance was notably improved by co-assembling
with amphiphilic macrocycles or polymers. Additionally, the organic
dyestendtobeloadedinto the hydrophobiclayer of the assembly, pull-
ing the donor and acceptor closer together, providing the necessary
conditions for PRET. The obtained aggregates possessed long-lived
NIR emissions, which presented great potential in the NIR targeted
imaging and even afterglow imaging in cells and tissues.

PRET systems in hydrogels

Supramolecular hydrogels are three-dimensional cross-linked systems
containing large amounts of water and composed of polymers through
noncovalent interactions™*'*, Compared with a solution, phospho-
rescent molecules can be directly involved in the gel formation, which
canimmobilize molecules and effectively isolate quenchers such as
oxygen'?¢ Studies have shown that supramolecular hydrogels canbe
used as new matrices for phosphorescence and then aid in the energy
transfer from phosphorescent molecules, which is of importance for
further development of soft materials. PRET systems in hydrogels are
developed with LP as scaffold to anchor phosphors, orinsitu phosphors
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Fig.8|Supramolecular hydrogels for PRET. A, Light-harvesting supramolecular
phosphorsinsolution and hydrogels based on cationic phthalimide derivative
(CPthBr), Laponite clay (LP), and Sulpharhodamine G (SRG) or Sulpharhodamine
101 (SR101). B, Photo-controlled reversible phosphorescence supramolecular
pseudopolyrotaxane based on benzene-modified polyethylene glycol (BPEG)
derivatives and naphthalene-modified polyethylene glycol (NPEG) derivatives,
a-cyclodextrin (a-CD) and a diarylethylene derivative. C, Double-network
confined phosphorescence light-harvesting system for photocatalysis based on
the copolymerization (P-G,) of dicationic vinylbromo-phenyl pyridine derivative
(G,) with acrylamide, cucurbit[8]uril (CB[8]), hydroxypropyl-B-CD-modified

HA (HA-HP-B-CD) and Eosin Y (EY). Da-d, Photoluminescence titration study of
CPthBrwith cucurbit[7]uril (CB[7]) or LP and the corresponding lifetime decay

plots. Ea,b, Normalized gated emission spectra of CPthBr-LP with different SRG
concentrations (part Ea) and their lifetime decay plots at 490 nmin water (part
Eb). Ec, Delayed fluorescence lifetimes for CPthBr-SRG-LP and CPthBr-SR101-LP
inwater (instrument response function (IRF)). Inset: photographs of CPthBr-SRG-
LP and CPthBr-SR101-LP emission. Ed, Normalized gated emission spectra of
CPthBr-LP with different SR101 contents. Ee,f, Normalized gated emission spectra
(part Ee) and delayed fluorescence lifetimes (part Ef) for CPthBr-SRG-LP and
CPthBr-SR101-LP in hydrogels. Inset: photographs of hydrogel structures

and letters under visible light and 254 nmirradiation. Parts D and E adapted with
permission from ref. 149, Wiley. HA, hyaluronic acid; TS-FRET, triplet-to-singlet
Forster resonance energy transfer.

copolymerize with acrylamide. Both methods can provide confined
microenvironment and allow the ordered assembly of donor-acceptor
molecules to undergo PRET, which was applied for boosting the
photocatalytic cross-coupling reaction and long-lived multicolour
light-emitting soft material.

Supramolecular hydrogels by noncovalent polymerization

Water-soluble LP nanoplates can serve asrigid scaffolds to control the
molecular organization and stabilize triplet excitons owing to their
unique structure and charge distribution with negatively charged sur-
faces and positively charged edges'*"**%, This allows them to provide
anchor points and confined environments for organic molecules with
complementary charges through electrostatic interactions. Such an
organic-inorganic supramolecular scaffolds have been examined in
order to induce the aqueous RTP emission of cationic phthalimide
derivatives (CPthBr) and adjust the concentration to obtain supramo-
lecular hydrogel materials'’ (Fig. 8A). In contrast to the host-guest
complexation of CPthBr with CB[7] showing relatively weak RTP
emission (7=104 ps) (Fig. 8Da,b), the negatively charged surface of
LP nanoclays could anchor the cationic CPthBr to further improve
its phosphorescence performance (r=1.62 ms) (Fig. 8Dc,d). Subse-
quently, negatively charged acceptor molecules (SRG and SR101) were
anchored to the edge of the LP, and delayed fluorescence from the
acceptor molecule in both aqueous solution and the hydrogel state
was achieved by effective PRET (Fig.8Ea,b,d,e), possessing average life-
times 0f 163.5 psand 60.4 psinsolution (Fig. 8Ec) and 162 ps and 55 ps
for hydrogels (Fig. 8Ef). This work provided anew approach to design
multicolourlong-lived phosphorescent amorphous hydrogel materi-
als, especially for soft hydrogel. A polypseudorotaxane hydrogel has
been prepared with only blue fluorescence by host-guest interactions
between polyethylene glycol chain-modified bromophenylaldehyde
derivatives and a-cyclodextrin (a-CD), and a polypseudorotaxane
xerogel with white-light emission was also prepared because the fluo-
rescence-phosphorescence dual emission property was obtained
after lyophilization™°. The rigid structure of the polypseudorotaxane
xerogel network with hydrogen bonding and hydrophobic interac-
tions could effectively suppress the non-radiative relaxation process
of phosphor togiverise to efficient RTP emission. In addition, owing to
the quenching effect of water, this polypseudorotaxane xerogel could
be used in humidity sensing based on the reversible photoluminescence
switchbetween white-light emission and blue fluorescence emission.
Along this line, another two phosphorescent solid supramolecular
pseudopolyrotaxanes were reported based on the host-guest inter-
action between benzene-modified or naphthalene-modified poly-
ethylene glycol derivatives (BPEG or NPEG, respectively) and a-CD.

The host molecule, a-CD, interacts with the guest molecules BPEG or
NPEG to form ordered channel-type crystalline pseudopolyrotaxane
structures through hydrogen bondingand hydrophobicinteractions,
suppressing molecular vibrations and non-radiative decay, while pro-
moting RTP emission and showing excitation-dependent multicolour
afterglows"™' (Fig. 8B). Moreover, the diarylethylene derivative can be
used to reversibly switch the long-lived phosphorescence on or off
based onits photoisomerization process over several cycles under
254 nmand visible (>420 nm) irradiation in which the energy transfer
occurred from phosphorescence to the closed form of DAE, proving
its use in secure information storage and anti-counterfeiting.

Insitu copolymerization of supramolecular hydrogels
Another effective strategy for preparing phosphorescent supramolecu-
lar hydrogelsis through in situ copolymerization™2. For example, NIR
RTP emissive supramolecular gels can be conveniently prepared by in
situ copolymerizing acrylamide with iodine-substituted BODIPY dyes,
ureidopyrimidone (UPy) and N,N’-methylenebisacrylamide, in which
the self-complementary dimers formed by UPy moieties owing to the
strong quadruple-hydrogenbondinginteraction endowed the gels with
excellent self-healing properties'®. The synergistic effect of covalent
and quadruple hydrogenbonds withinthe polymer gel provided arigid
confined environment for the phosphor and also helped shield it from
the quenching effect of oxygen molecules. Also, a double-networked
supramolecular PRET system was created based on the synergistic
confinement of CB[8], encapsulating the dicationic vinylbromo-phenyl
pyridine derivative (G,) through in situ copolymerization with acryla-
mide and hydroxypropyl-B-CD-modified HA (HA-HP-3-CD). This not
only extended the phosphorescence lifetime from 442 psup to 5.17 ms
but also lead to delayed fluorescence emission of EY when photosen-
sitized by the phosphorescence™* (Fig. 8C). In particular, HP-B-CD
can bind with the EY acceptor through host-guest interactions, thus
promoting the efficient energy transfer from the triplet phosphores-
cencetothesinglet EY. Benefiting from the long-lived photosensitizer,
such systems exhibit anapproximately 1.9 times enhancementin activ-
ity by cross-coupling reactions between benzothiazole and diphenyl
phosphine oxide — in comparison with EY alone — which exhibited
the promising potential of PRET systems for photochemical catalysis.
As summarized in Supplementary Tables 5 and 6, in contrast
to solid and aqueous supramolecular PRET systems, the variety of
the hydrogel-state supramolecular PRET systems should be further
enriched, and their phosphorescent performances should also be
even further improved. The reported methods for constructing
hydrogel-state supramolecular PRET systems mainly include the non-
covalent polymerization enabled by electrostatic interactions of LP or
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host-guestinteractions of cyclodextrins, and in situ copolymerization
with acrylamide and phosphorescent monomers. These methods
display millisecond-to-microsecond-level long-lived lifetimes and
holds great application promises in advanced luminescent materials,
photocatalytic synthesis and sensing fields.

Concluding section

In this Review, we have systematically presented research advances
regarding the purely organic supramolecular triplet-to-singlet PRET
andtriplet-to-singlet-to-singlet cascaded PRET in the solid amorphous
state, aqueous solution and hydrogel, followed by a detailed discus-
sion of their fabrication strategies, energy transfer mechanisms and
wide range of applications such asinformation encryption, biomedical
imaging and photocatalysis. The current supramolecular PRET systems
mainly include the following construction approach; (1) polymer-
mediated or copolymerization-constructed solid-state supramolec-
ular assembilies, (2) aqueous amphiphilic macrocyclic cascaded or
polymer-based supramolecular co-assemblies and (3) noncovalent
polymerization or in situ copolymerization-constructed supramolecu-
lar hydrogels. The first strategy mainly utilizes the amorphous rigid
polymer matrices (particularly PVA and PAA) through noncovalent
or covalent interactions based on the direct incorporation of phos-
phorescent donors and fluorescent acceptors, or copolymerization
withacrylamide. The second strategy is to leverage the water-soluble
amphiphilic polymer, F127, or the macrocyclic hosts, SC4A[n], which
assemble with phosphorescent donors by multivalent interactionsin
aqueous environments, and simultaneously provide a hydrophobic
environment for loading fluorescent acceptors to promote the PRET
process. The third strategy is to use the noncovalent polymerization
based on multiple electrostatic interactions of LP scaffolds and host-
guestinteractions of CDs, as well asthe in situ covalent copolymeriza-
tionbased onacrylamide and phosphors, producing self-standing soft
supramolecular hydrogels with PRET behaviour. The mechanistic dif-
ferences betweenthe strategies are macrocyclic confinement caused by
thetightinclusionand covalent or noncovalent assembly confinement
for phosphorescence expansion, inhibiting non-radiative deactivation
of phosphorescent molecules and protecting phosphorescence from
external water or oxygen quenching. These steps also provide a con-
fined environment for subsequent PRET. But, at the same time, other
supramolecular assembly strategies still need to be developed based
onthereported macrocycles and new various macrocycliccompounds,
amphiphilic polymers and in situ copolymerization initiated by light
and pH to promote their application in material design, information
security and biomedicalfields. Acrylamide has been a popular choice
for copolymerization with functional groups to construct PRET systems
owingtothe water-soluble characteristic of PAA whichis beneficial for
large-area and large-scale production. Other monomers based onionic
liquid, zwitterionic or acrylic acid can be explored to further enrich
the diversity of supramolecular PRET materials. Additionally, recent
studies have shown that covalent organic frameworks can produce
efficient RTP through covalent halogen doping or hydrogen bonding
regulation strategies'>>*°, which may act as new matrices for PRET
by further loading fluorescent acceptors into their highly ordered
porous structures.

Despite the progress made on this topic, the design of high-
performance purely organic PRET is still full of opportunities and chal-
lenges. The reported PRET process for acquiring long-lived luminous
materials is owing to non-radiative energy transfer processes via FRET,
in which the energy transfers from excited triplet donors to singlet

acceptorsisbased onthe delayed sensitization process. Another strat-
egy centred onthereabsorption process between triplet donorstosin-
gletacceptorsviathe simple radiative energy transfer mechanism can
alsobe considered to construct tunable long-persistent luminescence.
Moreover, tocompensate for the deficiencies of existing PRET hydro-
gels, noncovalent supramolecular interlocked crosslink structures,
suchaswovennodes, daisy chains and slide-ring polyrotaxane, canbe
introduced into the hydrogels to boost their dynamic adaptivity and
mechanical properties. Also, creating circularly polarized PRET sys-
tems constitutes aconsiderable challenge, which might be overcome by
using inherently chiral compounds (such as binaphthyl derivates and
twisted biphenyl derivates) and chiral polymers as matrices (such as
helical polyacetylenes and polyaminoacid) to endow achiral dyes with
long-lived and circularly polarized luminescence. To further broaden
the applications of purely organic PRET supramolecular assemblies,
stimuli-responsive PRET systems are urgently needed, which can be
created by using functional phosphors or fluorescent acceptors with
specific responses to, for example, mechanical force, light, tempera-
ture, redox, enzymes, pH or biomarkers. Concerning bioimaging appli-
cations, novel supramolecular optical probes based on purely organic
PRET that can be excited with two-photon, X-ray or chemiluminescence
sources for high-contrast and deep-tissue afterglow imaging in the
second near-infrared window (NIR-1I, 1000-1700 nm) still need to
be explored, owing to the considerable importance of precise meas-
urements related to molecular dynamics of biological materials and
accurate diagnoses of diseases.

Published online: 22 November 2023
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