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Manipulation of excited states and their dynamics represents a central topic in luminescence systems. We
report an unexpected emergence of a high-performance organic afterglow in pyrylium induced
photopolymerization systems, as well as the establishment of the mechanism landscape of the afterglow
systems as a function of monomer types. In the case of methyl methacrylate, after pyrylium-catalyzed
photopolymerization, the obtained materials exhibit a TADF-type organic afterglow with an afterglow
efficiency of 70.4%. By using heavy-atom-containing methacrylate, the external heavy atom effect
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Introduction

Manipulation of the rate constants of key photophysical processes
is of vital importance for fabricating high-performance
photofunctional materials."* From the perspective of organic
room-temperature  phosphorescence (RTP) and afterglow
materials,>® due to the spin-forbidden nature of triplet formation
and transformation, it remains a formidable task to achieve highly
efficient and long-lived afterglow systems."™® Singlet-to-triplet
intersystem crossing and phosphorescence decay represent two
of the most important photophysical processes in organic RTP
and afterglow systems, with rate constants of ke and kp,
respectively. Pioneering studies exhibited that judicious
molecular design, deliberate control of aggregation states, and
well-defined supramolecular assembly can increase kjsc and kp
and thus improve the performance of organic afterglow
materials.”> Besides, the employment of crystalline and glassy
environments to suppress nonradiative decay (k,;) and oxygen
quenching (&), dopant-matrix design, thermally activated delayed
fluorescence, and retarded charge recombination can enhance
afterglow performance.”** Among these studies, heavy atom
effects and n-m* transition are the most frequently used and
reliable strategies to increase both kisc and kp (Where kisc and kp
are bound),”*”** which would boost phosphorescence efficiency
(®p) but show the severe side effect of significantly shortening
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induced organic afterglow systems, which has been rarely explored in the reported studies.

phosphorescence lifetimes (tp). For constructing efficient and
long-lived organic afterglow materials, we reason that the key is to
selectively enhance kisc (to unbound ke and kp), with other
photophysical processes being flexibly adjustable. Consequently,
the delicate control of the important photophysical processes
would give rise to organic afterglow materials with high
performance, desired functions and intriguing features.

Here we report a serendipitous finding of high-performance
organic afterglow in pyrylium induced photopolymerization
systems and the establishment of an intriguing mechanism
landscape versus monomer types in the afterglow systems (Fig. 1).
The pyrylium-polymer afterglow materials display TADF-type
afterglow with 70.4% efficiency, RTP mechanism, and hour-long
OLPL in methyl methacrylate, heavy-atom-containing
methacrylate, and 9-vinylcarbazole polymerization systems,
respectively. In-depth studies reveal that intramolecular and
intermolecular charge transfer are responsible for the
enhancement of kisc and the formation of the charge-separated
state in pyrylium-polymer systems, respectively. Being equally
important, the suppression of nonradiative decay and charge
recombination in glassy polymer matrices is also crucial for the
high-performance organic afterglow. In addition, the obtained
OLPL material with emission maxima >600 nm has been coupled
with a rare-earth up-conversion material to exhibit near infrared
light excitable properties under 2 mm tissue and display
promising biological applications.

Results and discussion

The pyrylium salts (Scheme 1) are synthesized by the cascade
reaction developed in our lab®*>*® (ESIf). The pyrylium salt, P1,
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Fig. 1 In the poly(methyl methacrylate) (PMMA) system, the pyrylium
salt shows a TADF-type afterglow which features a moderate kgjsc of
10°-10* s~ to improve afterglow efficiency and maintain afterglow
lifetime. In the poly(2-bromoethyl acrylate) (PBrMA) system, the
external heavy atom effect greatly increases pyrylium's kp and switches
on pyrylium's RTP. In the poly(vinyl carbazole) (PVK) system, the lower-
lying intermolecular charge transfer (CT) state of the PVK donor and
pyrylium acceptor blocks the population of pyrylium's T; states,
leading to charge separation (CS) states and giving rise to organic long
persistent luminescence (OLPL) because of the retarded charge
recombination (CR).
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Scheme 1 Chemical structures of pyrylium salts and monomers.

undergoes thorough structural and solution photophysical
characterization, with an intense intramolecular charge trans-
fer absorption band at 449 nm (¢ = 33 800 M~ cm™ "), bright
green emission at 499 nm in dichloromethane (PLQY, 90.7%);
g, 3.32 ns), HOMO level of —6.53 eV and LUMO level of
—3.95 eV (Fig. S1 and S27). TD-DFT calculations confirm P1's
charge transfer characteristics in S; states with oscillator
strength (fosc) up to 0.79 (Fig. S37).

The photocatalytic property of pyrylium salts has been re-
ported in small-molecule systems,*"** with polymerization
systems being less explored. When P1 was dissolved in methyl
methacrylate (MMA), after standing under ambient light for
hours (for example, in the case of 0.05 wt% P1 in MMA, after
10 h ambient light irradiation), a glass-like object was obtained,
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indicating the formation of poly(methyl methacrylate) (PMMA,
Fig. S4;1 the formation of PMMA was confirmed by H NMR and
GPC, Fig. S5 and S61); PMMA has a glassy transition tempera-
ture of around 110 °C. Unexpectedly, the P1-PMMA material has
been found to store energy upon 365 nm UV or 445 nm laser
irradiation and then display sky-blue emission in a dark room
upon ceasing the excitation (Fig. 2A and S77). The steady-state
emission spectra of P1-PMMA are found to coincide with the
delayed emission (1 ms delay) spectra, both of which exhibit
420 nm to 600 nm bands with emission maxima at 484 nm
(Fig. 2B). The PLQY has been measured to be 87.1% (Fig. S8%),
and from the excited state decay profile (Fig. 2C), the afterglow
emission constitutes 80.8% of the total emission (vide infra).
The afterglow efficiency can be estimated to be 70.4%, which is
among the highest values in the reported afterglow systems
(Fig. S9 and S10t). Due to the electronic inertness of the PMMA
component, several mechanisms that have been reported to
give rise to room-temperature afterglow in two-component
systems, such as excited state energy transfer,”** donor-
acceptor OLPL,*® and matrices' T; mediation,*® can be ruled out
(Text S11). When P1 was doped into commercial PMMA/, the
obtained P1-PMMA' also showed room-temperature afterglow

TADF afterglow
(A) )
NN sunlight
N
4 e UV OFF
P -
7 NN C
4 PMMA system " C (€
~ MMA Pl ~—— PMMA
B) ©
=
212
8 ——P1-PMMA-F  P1-PMMA
Z10 —— P1-PMMA-AG
Sos > 7, = 27.7 ms (19.2%)
B 06 A 7, = 136.9 ms (80.8%)
> =
5 o4 2 Buo = 70.4%
o S
@ 2
N 02 15
= £
£ 00
£
2 400 450 500 550 600 650 700 0 200 400 600 800 1000
Wavelength / nm Time / ms
>
®) £, (E) ISC
c —77K
Lo ——223K S, /\
£ —2mK| —l— ~— \T1/
cos —— 243K RIS
'% 253K
g 06 263K o Moderate
W04 fa] S Krisc
o o ~
N 02 0401 -1
g 100-10" s
£ 001 \ s
S a0 500 600 700

Wavelength / nm

Fig. 2 (A) Pyrylium-catalyzed photopolymerization of MMA and the
resultant P1-PMMA TADF afterglow materials. (B) Room-temperature
steady-state emission and delayed emission (1 ms delay) spectra of P1-
PMMA materials at 0.01 wt% P1 concentration (excited at 373 nm). (C)
Room-temperature excited state decay profile and its fitting of P1-
PMMA materials at 0.1 wt% P1 concentration (excited at 373 nm and
monitored at 484 nm). (D) Variable temperature delayed emission
spectra (1 ms delay) of PL-PMMA materials at 0.1 wt% P1 concentration
(excited at 373 nm). (E) The proposed TADF-type afterglow mecha-
nism in the P1-PMMA system which features moderate kgsc of 10°-
10' s to improve afterglow efficiency and maintain afterglow
lifetimes.
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properties and the coincidence of steady-state and delayed
emission spectra (Fig. S1171). This, together with other evidence,
can be used to refute the impurity mechanism*” for the emer-
gence of organic afterglow in the present system (Text S27).
Variable temperature delayed emission studies reveal the
phosphorescence bands at 539 nm (green afterglow, T, level,
2.30 eV) at 77 K (Fig. 2D). The delayed emission bands at 487 nm
are found to increase with temperature and dominate at room
temperature and higher temperatures (Fig. 2D). Because of their
identical or very similar emission maxima to the steady-state
emission spectra, the 487 nm delayed emission bands can be
assigned to delayed fluorescence of P1-PMMA samples with an
S; level of 2.55 eV. P1-PMMA samples with different P1
concentrations (0.001% to 0.1%) have been measured to show
similar delayed fluorescence behaviors with a slight red-shift of
the delayed emission bands upon increasing P1 concentrations
(Fig. S12%). At low P1 concentrations such as 0.001% and 0.01%,
the bimolecular triplet-triplet annihilation mechanism that can
also give rise to delayed fluorescence would be insignificant. All
of this suggests the delayed fluorescence of long-lived emission
characteristics originates from thermally activated reverse
intersystem crossing (RISC) and the subsequent S;-to-S, delayed
fluorescence of P1 in PMMA glassy matrices. The power-
dependent delayed fluorescence intensity measurements
exhibit a quasi-linear relationship between excitation power
and delayed fluorescence intensity (Fig. S137), further sup-
porting the TADF afterglow mechanism.

Excited state decay profiles monitored at 484 nm show that
the delayed fluorescence lifetime (t,, which is responsible for
the afterglow) is 136.9 ms (Fig. 2C and S147). The 7, (27.7 ms,
Fig. 2C) can be assigned as prompt fluorescence lifetime, which
is greatly overestimated because a microsecond flash lamp is
used as the excitation source; the accurate value of the prompt
fluorescence lifetime determined by a picosecond pulse laser
technique is 3.55 ns (Fig. S1471). Given the RISC process is the
rate-determine step for TADF afterglow, the kgisc value of the
P1-PMMA system can be estimated to be on the order of 10°~10"
s ', Such moderate kgisc values are a distinct feature of TADF-
type afterglow systems different from conventional TADF
systems for efficient OLED devices (kpisc, 10°~10° s71).34%51 In
most heavy-atom-free organic systems, the kp values are usually
1072-10° s, so such moderate kgisc values of 10°-10" s™*
would be enough to open a TADF pathway to harvest triplet
energies and enhance organic afterglow efficiency; here the
room-temperature kg;sc value would be much larger than the &p
value in the P1-PMMA system as can be seen from the room-
temperature delayed emission spectra. The molecular design
for TADF afterglow emitter is different from TADF OLED emit-
ters. In conventional TADF systems to achieve large kg;sc of 10°~
10° s7', both small singlet-triplet splitting energy (AEsy of
around 0.2 eV or lower) and large spin-orbit coupling matrix
elements (SOCME of around 0.5 cm ™" or above) are considered
to be necessary.”**® In the present system, the P1 molecules
possess intramolecular charge transfer characteristics where
the HOMO-LUMO separation can reduce AEsy to some extent.
Besides, the multiple electron-donating groups (two anisole
groups and one methyl group) can endow P1 molecules with
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rich excited states, where some T, states may have different
symmetry from S, states (Fig. S31). For instance, the T; state has
intramolecular charge transfer character mainly from one ani-
sole group to pyrylium group, while the S; state has intra-
molecular charge transfer character mainly from two anisole
groups to the pyrylium group. According to the El-Sayed rule,
such difference would lead to enhanced intersystem crossing.
TD-DFT calculations exhibit that the S;-T, and S;-T; channels
have SOCME values of 0.31 cm " and 0.39 cm ™, respectively,
which can mediate intersystem crossing of the present system;
S; and T; states have similar symmetry of intramolecular charge
transfer mainly from two anisole groups to the pyrylium group
and thus show S;-T; SOCME of only 0.09 cm . In addition, P1's
S, states with charge transfer characteristics exhibit large dipole
moments. Recent studies by us and other groups have revealed
that the dipole-dipole interactions between luminescent
molecules' S; states and environments can reduce S, levels with
less effect on T, levels and thus enhance both ISC and RISC.>*5°
Based on the above analyses, it should be understandable that
the moderate AEgy (0.25 eV) and the moderate SOCME (around
0.3 cm™ ') can give rise to the moderate kg;sc of 10°-10" s~ in
the present P1-PMMA system. The molecular design for TADF
afterglow here would be less stringent than TADF OLED;
organic molecules with large twisted angles are not necessary
for TADF afterglow.

It is worth mentioning that polymer-based organic afterglow
materials display excellent mechanical properties, which would
be necessary for their application in diverse circumstances. For
the preparation of polymer-based afterglow materials, solution
casting and melt casting are the most used techniques which
require the use of solvents or high processing temperatures.
Here the pyrylium induced photopolymerization provides
a solvent-free method for the fabrication of polymer-based
afterglow materials under mild conditions.

We also test the photocatalytic property of P1 using other
monomers, such as 2-bromoethyl acrylate and 9-vinylcarbazole
(BrMA and VK, Scheme 1). In the P1-BrMA system, photo-
polymerization has been found to form materials with fluores-
cence maxima at 484 nm and phosphorescence maxima at
533 nm at 77 K (Fig. 3B). At room temperature, the delayed
emission spectra exhibit a red-shift emission band when
compared to the steady-state emission spectra (Fig. 3C). After
peak separation, the delayed emission band has been found to
show a 26.1% delayed fluorescence component and 73.9%
phosphorescence component (Fig. 3D). The RTP of P1-PBrMA
materials has an emission lifetime of 1.54 ms (Fig. 3E). When
compared to the P1-PMMA system, these observations indicate
the presence of an external heavy atom effect in the P1-PBrMA
system. P1's kp values can be greatly increased by PBrMA's
heavy atoms to compete with P1's kgisc, leading to a drastic
change in the delayed emission spectra and delayed emission
lifetimes. It is interesting to find that the simple variation of
monomers significantly changes the photophysical behaviors
and mechanism in the resultant P1-polymer system, that is, the
reversal of the TADF mechanism and RTP mechanism.

More interestingly, in the case of P1-VK, the obtained
materials after photopolymerization (the formation of PVK was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Pyrylium-catalyzed photopolymerization of BrMA and the
proposed RTP plus TADF mechanism in P1-PBrMA materials. (B and C)
Steady-state emission and delayed emission (1 ms delay) spectra of
0.1%-P1-PBrMA materials at 77 K (excited at 380 nm) (B) and at room
temperature (C). (D) Room-temperature delayed emission (1 ms delay)
spectra of 0.1%-P1-PBrMA materials after peak separation (excited at
380 nm). (E) Excited state decay profile of 0.1%-P1-PBrMA materials at
room temperature (excited at 380 nm and monitored at 506 nm).

confirmed by HNMR and GPC, Fig. S16 and S17%) have been
found to exhibit orange-red afterglow with hour-long durations
and emission maxima at 607 nm under ambient conditions
(Fig. 4A). Room-temperature afterglow emission spectra as
a function of time (excited at 442 nm) show that the afterglow
intensity follows a power law decay, that is, the afterglow
intensity is proportional to ¢t~™, where the index m can be fitted
as 1.08 (Fig. 4B). The hour-long duration and power law decay
suggest that the P1-PVK system has an OLPL mechanism caused
by retarded charge recombination in glassy PVK matrices
formed. VK solids, PVK polymers and P1-VK materials show
insignificant room-temperature afterglow, so the carbazole
isomeric mechanism is not related to the OLPL in the present
study (Fig. S18t). In addition, the P1-PVK' materials obtained by
doping P1 into commercial PVK' can only show room-
temperature afterglow properties under degassed conditions,
which further confirms the advantages of in situ photo-
polymerization (Fig. S19t1). Upon photoirradiation, PVK
(HOMO, —5.29 eV; LUMO, —1.80 eV) and P1 (HOMO, —6.53 eV;
LUMO, —3.95 eV) form an exciplex with emission maxima at
607 nm in the steady-state emission spectra, which is signifi-
cantly longer than those in the steady-state spectra of both the
P1-PMMA sample and P1 solution in dichloromethane, as well
as PVK solution (Fig. S207). The delayed emission spectra at 77
K (610 nm, 2.03 eV) show similar emission maxima to the
steady-state emission spectra at room temperature (607 nm,
2.04 eV). These observations agrees with the photophysical
behavior of reported exciplex systems.** Exciplex systems are

© 2023 The Author(s). Published by the Royal Society of Chemistry
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assumed to possess nearly degenerate S; and T, levels with
intermolecular charge transfer characteristics. Such S; and T,
levels, lower than P1's T, levels (2.30 eV), can block the pathway
of energy transfer from the P1-PVK exciplex to P1's T, states.”®
Consequently, the P1-PVK exciplex undergoes charge separation
to form P1 radical and PVK radical cations. Fig. S227 shows the
time-integrated transient absorption spectrum from 0 to 130 s,
where the broad band from 700 nm to 1400 nm supports the
presence of PVK radical cations.””*®* We also illustrate the
transient absorption spectra collected at delay times from 20 ns
to 100 ps in Fig. 4C, as well as the decay profiles monitored at
different wavelengths (Fig. S23t). The long-lived characteristics
of PVK radical cations as can be seen from the decay profiles
(Fig. S23t) further support the charge separation and retarded
charge recombination processes for OLPL emergence. Here the
OLPL mechanism also receives support from Adachi's recent
study on small-molecule pyrylium-donor systems.* It should be
noted that here the pyrylium salts are synthesized via our
cascade reaction, the OLPL materials are polymer-based, and
the photopolymerization and mechanism landscape are unex-
pected findings; these are the distinct differences between the
present study and Adachi's study.

To enhance the brightness of the OLPL system, we screen
various compounds with higher HOMO levels than PVK to serve
as hole trap (Fig. 4D and E). It has been found that, when
0.05 wt% N,N,N',N"-tetrakis(4-methylphenyl)-benzidine
(TMTPB) was incorporated into the P1-VK system, the ob-
tained three-component materials after photopolymerization
exhibit the enhancement of orange-red afterglow intensity by
around 2 times with the delayed emission maxima nearly
unchanged when compared to the P1-PVK two-component
materials (Fig. 4F-H). In the case of P1-PVK-TMTPB materials,
the transient absorption spectra (excited by a 390 nm pump
laser) collected at delay times from 200 fs to 500 ps show a broad
band from 500 nm to 750 nm (Fig. 4I and S247), which can be
mainly attributed to P1's excitons®**** and possibly the minor
contribution of P1's radicals.®*** At such an early stage, the
contribution of P1's radicals for the transient absorption
spectra should be small, because the extent of intermolecular
charge transfer from PVK to P1 should be small. Similarly, the
signals of PVK radical cations at lower-energy regions should
also be insignificant. The hour-long duration and power-law
decay still support the OLPL afterglow mechanism in the P1-
PVK-TMTPB system. It is proposed that the charge recombina-
tion between P1 radicals and the radical cations are suppressed
by the glassy PVK matrices, leading to the emergence of hour-
long OLPL due to the hole diffusion mechanism in the
present study. Other pyrylium salts, such as P2 (Scheme 1), have
also been used to catalyze the polymerization of VK monomers.
The resultant P2-PVK materials have also been found to exhibit
red OLPL properties with emission maxima around 650 nm and
hour-long durations (Fig. 4]). In RTP and TADF afterglow
systems, due to the energy gap law, it is very challenging to
achieve long-lived red afterglow materials.>*® The present study
provides a robust pathway to address this issue. In addition,
rare-earth up-conversion materials have also been incorporated
into the pyrylium-VK systems. The obtained three-component

Chem. Sci., 2023, 14, 8180-8186 | 8183
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Fig.4 (A) Room-temperature delayed emission (1 ms delay) spectra and emission spectra 10 s after photoexcitation (OLPL) of the 0.05%-P1-PVK
materials (excited at 442 nm). (B) OLPL spectra of the 0.05%-P1-PVK materials as a function of delay times (excited at 442 nm). The inset shows
a logarithmic plot of the OLPL decay profile of 0.05%-P1-PVK materials, monitored at a peak wavelength of 606 nm. (C) Transient absorption
spectra of the 0.05%-P1-PVK materials (excited by a 355 nm pump laser) collected at delay times from 20 ns to 100 ps. (D) The proposed charge
separation, retarded charge recombination and hole trapping mechanism in the pyrylium-PVK OLPL system. (E) Proposed emission mechanism
of the pyrylium-PVK OLPL system with relevant HOMO-LUMO energy level diagrams of materials and reduction potential of oxygen. (F) Room-
temperature delayed emission (1 ms delay) spectra and emission spectra 10 s after photoexcitation (OLPL) of the 0.05%-P1-PVK-TMTPB
materials (excited at 442 nm). (G) Room-temperature emission decay (1 ms delay) of 0.05%-P1-PVK and 0.05%-P1-PVK-TMTPB materials
(excited at 442 nm and monitored at 606 nm). (H) Room-temperature delayed emission (1 ms delay) spectra of the 0.05%-P1-PVK materials and
0.05%-P1-PVK-TMTPB materials. (I) Transient absorption spectra of the 0.05%-P1-PVK-TMTPB materials (excited by a 390 nm pump laser)
collected at delay times from 200 fs to 500 ps. (J) Room-temperature delayed emission (1 ms delay) spectra of 0.1%-P2-PVK materials with a red
afterglow and emission maxima around 650 nm (excited at 588 nm). Inset shows the logarithmic plot of their emission decay (1 ms delay),
monitored at a peak wavelength of 650 nm. (K) Room-temperature OLPL spectra (10 s delay) of the 0.05%-P1-PVK-up-conversion materials
after photoexcitation by a 980 nm laser (500 mW). The inset shows the photographs of 0.05%-P1-PVK-up-conversion orange-red afterglow
materials after ceasing 980 nm NIR excitation (top row, without 2 mm chicken breast; bottom row, the afterglow materials and the 980 NIR
excitation source are separated by 2 mm chicken breast).

materials under 2 mm chicken breast have been found to be originate from the different electronic properties of the resultant
excitable by 980 nm lasers to emit OLPL under ambient polymers after pyrylium induced photopolymerization. The pyry-
conditions (Fig. 4K), while Fig. S251 proposes a schematic lium salts with intramolecular charge transfer characteristics and
illustration of the OLPL afterglow from the obtained three- multi-donor design show moderate AEgr. In the pyrylium-PMMA
component materials. 980 nm near infrared (NIR) lights have system, with the aid of dipole-dipole interactions, the materials
deep penetration in biological tissues and show negligible exhibit TADF-type afterglow behaviors, which feature moderate
damage to biological systems. In addition, the OLPL materials  kgisc of 10°-10" s™* to harvest triplet energies and show afterglow
can escape from the autofluorescence interference in the efficiency as high as 70.4%. In the pyrylium-PBrMA system, we
afterglow imaging mode. The OLPL system with the hole find the reversal of the TADF afterglow and RTP mechanism
diffusion mechanism is relatively stable against oxygen when because of the involvement of an external heavy atom effect. In the
compared to the electron diffusion mechanism. These advan- case of pyrylium-PVK, the formation of an exciplex drastically
tages shed light on their promising biological applications by changes the photophysical pathway. Specifically, it blocks the
using the obtained NIR excitable OLPL materials. population of pyrylium's T; states because of the lower energy
levels of the exciplex and opens the charge separation plus
. retarded charge recombination pathway, giving rise to hour-long
Conclusion OLPL properties of the hole diffusion mechanism against the
influence of oxygen under ambient conditions. With the incor-
poration of third components, we achieve brighter OLPL proper-
ties and NIR excitable systems under ambient conditions.

In conclusion, from an unexpected finding, we establish the
mechanism landscape in pyrylium induced afterglow systems as
illustrated in Fig. 1. These intriguing afterglow mechanisms

8184 | Chem. Sci,, 2023, 14, 8180-8186 © 2023 The Author(s). Published by the Royal Society of Chemistry
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The present study demonstrates that the control of the rate
constants of key photophysical processes and the manipulation
of excited state energy levels can give rise to an intriguing
mechanism landscape in very simple organic systems. The
variation of the photophysical mechanism gives a very signifi-
cant optical response, through which afterglow materials with
desired functions and smart features would be constructed. It is
noted that, although the individual afterglow mechanism (RTP,
TADF or OLPL) has been frequently reported in previous
studies, the establishment of the mechanism landscape in an
organic system, such as the pyrylium induced afterglow system
here, has been rarely explored (Text S3t). The present study also
provides a straightforward and robust pathway for fabricating
highly efficient and long-lived polymer-based afterglow mate-
rials from luminescent compounds and simple monomers. This
study would have a significant impact in the field and further
study would be needed for the extension of the concept to other
molecular systems and the exploration of the applications of the
obtained afterglow materials.
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