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Abstract

In Chapter 1, I first explore the historical development of organic and inorganic
Persistent Luminescence (PersL) materials, then review the major types of PersL
materials and key breakthrough works, as well as their operating principles and typical

applications.

Chapter 2 provides a comprehensive overview of the fundamental theoretical
principles underlying organic and inorganic long-lasting emission. The mechanisms of
organic afterglow include: (1) afterglow resulting from triplet-to-singlet spin-forbidden
transitions (phosphorescence and delayed fluorescence), (2) PersL arising from charge-
separated states (electron transporting mode, hole transporting mode, and two-photon
ionization), (3) trap-induced PersL, and (4) chemiluminescence. In the case of inorganic
PersL, the mechanisms involve: (1) the electron trapping-detrapping model, (2) the hole
trapping-detrapping model, and (3) the bandgap engineering effect. Furthermore, five
stimulation methods are introduced for trap-induced PersL in both organic and
inorganic materials, including: (1) thermal stimulation, (2) optical stimulation, (3)

mechanical stimulation, (4) electrical stimulation, and (5) magnetic stimulation.

Chapters 3-6 constitute the core of this thesis, structured as follows: Abstract,
Introduction, Experimental Procedure, Results and Discussion, Conclusion, Reference,
and Supporting Information. Notably, the problems or challenges in the PersL field, as
well as the significance of the undertaken research works, will be thoroughly addressed
in the ‘Introduction’ part. Chapters 1-2 provide both the data support and theoretical
foundation needed for the research topics. In trap-induced PersL systems, two key
research targets emerge: trap and luminescent center. From a mechanistic perspective,
Chapter 3 primarily focuses on the depth regulation of trap states, while Chapters 4-
6 concentrate on the modulation of emission color and the excitation forms at the

luminescent centers. From an application standpoint, Chapters 3-4 emphasize optical



information storage and anti-counterfeiting, whereas Chapters 5-6 focus on the

application of electroluminescent TTIs.

In Chapter 3, we introduced a novel TADF guest, incorporating electron-accepting
naphthalimide with two cyan groups into a host-guest PersL system, revealing for the
first time the link between molecular design and trap depth. The D-A-D wedge-shaped
TADF emitter TCN was employed, enabling multi-mode excitation, deep traps, low
aggregation-induced quenching, and high thermal stability. UV, visible light (425-630
nm), and X-rays efficiently triggered deep traps (~0.72 eV), closely matching
theoretical calculations. TL at 385 K, with NIR stimulation up to 1300 nm, allowed
retention for over 45 days. This multi-mode optical storage system extended
applications to blue-laser writing, X-ray time-lapse imaging, and NIR electronic

signatures.

In Chapter 4, inspired by charge separation in organic xCT systems and charge
trapping/detrapping in inorganic PersL phosphors, we introduced xCT states and trap
states into a host-guest organic system to achieve visible-light-charged NIR PersL. For
the first time, xCT interactions enabled efficient charge separation across excitation
wavelengths from 380 to nearly 700 nm. By engineering energy levels, we achieved
NIR PersL with durations exceeding 4 hours in a pTAP@TPB1 film, setting a record for
organic systems. We also demonstrated a trap depth over 1.0 eV under visible light
excitation. This approach, validated across various charge transfer aggregates, allowed
tunable trap depths and emission wavelengths by adjusting electron-donating segments.
Exploiting the exceptional light energy storage of organics, we proposed triple-mode
NIR anti-counterfeiting using mobile phone flashlights and information storage via blue

laser direct writing.

In Chapter 5, we used TIP in host-guest systems to create a unique OLED emission
layer, achieving over 100 s of afterglow and 60 min of energy storage after charging
with a direct current electric field. This marked a record for the longest electrically

excited afterglow in light-emitting devices. The mechanism involved the capture of
3



injected holes and electrons by luminescent centers and traps in the emission layer. The
trap depth, measured at 0.24 eV under electrical charging, aligned with optical
excitation results, confirming electrical charging as an efficient trigger for PersL. The
temperature-dependent decay and energy storage properties expanded OLED

applications to TTIs.

In Chapter 6, we developed structurally optimized AC electroluminescent devices
(ELDs) incorporating zinc sulfide PersL phosphors encapsulated in high-dielectric-
constant alumina (ZnS@AIOx), achieving AC-driven inorganic PersL for the first time.
The PersL intensity in these devices lasted over 15 minutes post-AC charging, setting
a record for electrically excited afterglow duration. The mechanism involved the
capture of separated electrons by intrinsic defects in metal-doped ZnS under AC-driven
hot-electron impact. The estimated trap depth of 0.32 eV under AC charging aligned
with results from light irradiation, demonstrating the efficiency of electrical charging
in triggering PersL. With temperature-dependent decay characteristics and over 24

hours of energy storage, these ELDs showed potential for applications as TTIs.

Keywords

Persistent Luminescence, Trap State, Luminescent Center, Light Energy Storage,

Thermal Stimulation
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Chapter 1

General Introduction

Persistent Luminescence (PersL), also referred to as “afterglow”, is a phenomenon
of prolonged light emission lasting from microseconds to days after turning off the
excitation sources. This material has garnered considerable attention in the potential
applications, including emergency sign, light-emitting diodes (LEDs), bioimaging,

information storage, sensing, efc.'*! Inorganic PersL materials have a rich history
spanning over 1,000 years, with early mentions in the Chinese text #7.L) %% from

960-1279 A.D.[! The first scientific reports on afterglow phenomenon emerged in the
17" century with the Bologna stone, synthesized from barite (BaSOa), marking the
dawn of modern PersL materials.'®! Until the late 19" century, zinc sulfide doped with
copper (ZnS:Cu) became the predominant afterglow material, widely utilized in
military and civilian applications.!'! However, its limited performance led researchers
to incorporate radioactive elements [radium (Ra), promethium (Pm) or tritium (*H)] to
enhance light output, raising significant health concerns by the 1990s and causing a
decline in its use.l'! In response, Nemoto & Co. developed a new generation of
afterglow phosphors, culminating in the creation of SrAl,04:Eu**, Dy** in 1996.1 This
phosphor offered substantially brighter and longer afterglow properties without relying
on radioactive materials. In the past two decades, lanthanide-doped aluminates and
silicates such as CaAlLOsEu?", Nd&*' "' SrsAl4025: Eu?*, Dy**)» °1 and

SroMgSi>O7:Eu®’, Dy** !% have achieved commercial success.

In comparison, the discovery and research of organic PersL materials began later.
The discovery of long-lifetime organic phosphorescence was first reported in 1895.111
In 1933, phosphorescence was recognized as a spin-forbidden transition from the
lowest triplet to the ground state.['”) After that, significant advancements have been

realized in controlling excited-state lifetimes, extending applications to bioimaging and

organic LEDs (OLEDs).!'3 Y1 Meanwhile, the concept of thermally activated delayed
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fluorescence (TADF) was reported in 1964. In 2012, TADF-typed OLEDs was realized,

achieving 100% internal efficiency in pure organics through precise modification of the

energy gap.['”!

Great success has been made in organic and inorganic PersL material systems and
related applications. Before systematically introducing research progress in the past
decades, we first need to make a distinction between the different naming conventions
of the ‘glow-in-the-dark’ phenomenon. In the inorganic system, the naming convention
for afterglow is relatively straightforward and is generally referred to as ‘PersL’. The
mechanism of inorganic PersL is usually considered to be induced by trap states, which
include intrinsic defects and energy gap.!' % 6! In contrast, in organic systems, the
naming convention of afterglow is inconsistent. According to the differences in the
emission color, the phenomenon of afterglow is widely accepted to be referred as
‘phosphorescence’ or ‘delayed fluorescence’.l'’! Among them, phosphorescence is
bathochromic shifted compared to fluorescence emission wavelengths. Depending on
performance, it can also be referred to as ‘ultralong organic phosphorescence’ (UOP),
‘room-temperature  phosphorescence’ (RTP), etc.'® 191 Meanwhile, delayed
fluorescence has the same emission wavelength and peak shape as fluorescence. Based
on the underlying mechanism, it can be further divided into ‘TADF’, [?) “triplet-triplet
annihilation’ (TTA) delayed fluorescence, *!! ‘hybridized local and charge-transfer state’
(HLCT) delayed fluorescence, ??! efc. Notably, compared to fluorescence, the longer
lifetime of phosphorescence or delayed fluorescence is typically ranging from
microseconds to seconds. In 2017, Prof. Adachi and Prof. Kabe from Kyushu
University developed hour-level afterglow based on charge-separated and
recombination states, which they named long PersL (LPL).[*! The duration of the
exciplex is similar to that of the inorganic PersL system. Furthermore, in our recently
published work in Nature Photonics, I and collaborators revealed that there are also trap
states in organic PersL systems, and we named this system ‘trap-induced PersL’

(TIP).2* A detailed description of the mechanism will be provided in Chapter 2. In the



four works discussed in this dissertation (Chapters 3-6), both the organic and inorganic

material systems involve trap-induced PersL.

Section 1.1 reviews the main types of PersL materials and the related breakthrough
works, aiming to establish a connection between material types and PersL performance.
Section 1.2 reviews the usage principles and typical applications. Section 1.3 briefly

describes this dissertation.

10



1.1 Introduction of Persistent Luminescence

Materials

1.1.1 Organic Persistent Luminescence Materials

Organic PersL materials are attracting increasing attention due to their remarkable
optical properties and unique advantages, such as intrinsic flexibility, ease of molecular

g 117 18,25, 261 T this part

structure modification, and suitability for large-area processin
(1.1.1), deep-trap PersL materials are categorized into five types based on the major
compositions, including (1) single-component crystals or amorphous powders, (2) host-
guest complexes or blend films, (3) polymers, (4) nanoparticles, and (5) organic-
inorganic hybrids. The molecular formula, usable excitation light sources, PersL
wavelength (emission peak), and lifetime or decay time of these materials are

summarized in Table 1.1. Moreover, a brief review will be provided of several

breakthrough studies involving five organic PersL systems.

a b
| Phosphorescence or Long PersL
1= Iax delayed fluorescence

,,,,,, 1 =0.32 med/m?

Intensity
Luminance

/=0.0032 mcd/m?

I = noise signal

Time Time

Figure 1.1 Definition of lifetime and decay time. a, Schematic illustration of the
definition of phosphorescence or delayed fluorescence lifetime. b, Schematic
illustration of the definition of long PersL lifetimes. The PersL lifetimes can be defined
as the time when the emission intensity drops to 0.32 mcd/m? (t1), 0.0032 mcd/m? (t2)

and noise level of photodetector (t3).

11



Currently, the definition of lifetime in the field of organic PersL is inconsistent.
Especially since achieving hour-level LPL in organic systems for the first time,?’]
researchers have found it difficult to compare the lifetime differences of different
organic PersL systems. In Table 1.1, two reference metrics are provided here: lifetime
and decay time, whose specific differences are displayed in Figure 1.1. First, as
schematically shown in Figure 1.1a, the luminescence lifetime is generally defined as
the time when the emission intensity drops to 1/e of the initial intensity in the case of
single-exponential fitting.””! In contrast, a widely accepted definition of the PersL
lifetime in organics has not been defined. In long PersL material systems (visible to the
naked eye for tens of minutes or more), using decay time to describe their performance
is more accurate than referring to it as lifetime. In Figure 1.1b, three time points are
given. 12 is defined as the time when the PersL intensity decays to 0.0032 mcd/m?,
which represents the minimum threshold of light detectable by dark-adapted human
eyes.[®] 11 is defined as the time when it decays to 0.32 mcd/m?. This value is widely
used in the field of inorganic PersL materials but rarely in organics.!!! Finally, 13 is
defined as the time when it decays to the noise level of the photodetector (detection
limit), which has already been used as the lifetime of long-lasting emission in organics.
Theoretically, if the precision of the testing equipment is high enough, the decay time
can be infinitely long. However, the organic long PersL system is still in the early stages
of development, and its brightness and decay duration are still not comparable to those
of inorganic PersL materials. In many cases, it is not possible to quantify the decay
performance of organic systems using the 0.32 mcd/m? standard. It is worth noting that
a longer lifetime is not always preferable. In applications like OLEDs and scintillator
X-ray imaging, a shorter lifetime indicates higher efficiency due to faster spin-flipping
from the triplet state to the singlet state. The reviewed organic material systems and
following three works (Chapters 3-5) mainly focus on long-lasting luminescent

materials.

12



Table 1.1 Representative organic PersL materials and their major properties.

EX. PersL Lifetime [us-ms]¥or
System Molecular formula ] Ref.
source | peak [nm] | Decay time [s-h] &%
TN e
|
NYN a) [28]
uv 530, 575 1.05-1.35s
DPhCzT
UV to
0.82s9/
blue 532 129
_ 1045
light
uv 479, 579 0.7s? 120
UV to
blue 480, 560 2.03s9 8]
light
535/ 525/
X-ray 46.5/72.2/106 ms® | [
_ 530
Single-
component
crystals or
amorphous X-ray 542 28.4ms (53
powders
uv 450 98.5ms ¥/ >12 min® | B4
6.5sat77 K/
uv 520 133
480-794 ms at RT ®
464/ 496/
uv 303/ 421/ 447 ms ¥ 136
523
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NC:©iCN
uv 507 5.1ps? s)
o Q

4CzIPN
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uv 646/725 36.4/14.0 pus [37]
R R
2DN/ 2PN
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complexes or

blend films
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Polymers
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a) Measured by time-correlated single photon counting method (lifetime).
b) Measured by photomultiplier tube (decay time).
¢) Measured by spectroradiometer (>0.1 pW-sr'!-m2, decay time).

d) Measured by vivo imaging system in bioluminescence mode (decay time).
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1.1.1.1 Single-Component Crystals or Amorphous Powders

Compared to multi-component PersL materials, single-component crystals or
amorphous powders simplify afterglow optimization by eliminating the need for
miscibility and doping concentration adjustments, while also requiring simpler
preparation conditions.!'”) Based on the corresponding afterglow mechanism, designing
such materials should meet two key prerequisites: (1) the functional groups that
accelerate n-m* transitions and populate triplet excited states, and (2) Effective
intermolecular interactions that stabilize generated triplet excitons and inhibit non-

radiative decay processes.

Prof. An et al., demonstrated a design rule to modulate the lifetimes of various
luminescent molecules by effectively stabilizing triplet excited states through intense
coupling in H-aggregated organics.!?®! The phosphorescence lifetime achieved up to
1.35 seconds under ambient conditions. The incorporation of nitrogen, oxygen and
phosphorus atoms promotes triplet exciton formation, while alkyl/aromatic substituents
support H-aggregate formation to stabilize the triplet states. This strategy was also used
to realize bright UOP under visible light.””! Halogen atoms were incorporated as
substituents to modify the molecular packing forms and accelerate the spin-forbidden
transition. Prof. Wang et al., developed halogen-atom-containing metal-free organic
phosphors that displayed efficient X-ray chargeable luminescence."*?! The iodine atoms
were incorporated to enhance triplet exciton harvesting and promote intersystem
crossing. The resulting organic phosphors showed strong luminescence under both UV
light and X-ray excitation, with radioluminescence displaying significantly enhanced
phosphorescence compared to the photoluminescence. The organic phosphor with

iodine substitution (o-ITC) exhibited a remarkably low detection limit of 33 nGy/s.

1.1.1.2 Host-Guest Complexes or Blend Films

1.1.1.2.1 Afterglow from Spin-Forbidden Transitions
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In theory, afterglow can be achieved by reducing non-radiative decay and exciton
quenching within a rigid host matrix, particularly when the triplet states contain an
adequate number of electrons.[!”) However, it is highly challenging to develop a host-
guest system with emissive phosphorescent guests and an efficient host that can block
moisture and oxygen while limiting non-radiative vibrations. First, the host and guest
molecules should be highly compatible to ensure the guest molecules are dispersed in
the host matrix as single molecules. Second, the host's lowest triplet and singlet energy
levels should be higher than those of the phosphorescent guest to prevent energy

transfer from the luminescent guest to the non-luminous host.

Prof. Liu’s group explored how trace isomeric impurities in commercial carbazole
(Cz) influence the properties of synthesized organic functional materials.**) The
authors found that highly pure Cz, synthesized in the lab, exhibited a blueshifted
fluorescence and lacks phosphorescence observed in commercial Cz samples. Through
HPLC analysis, they identified the impurity as the Cz isomer 1H-benzo[f]indole (Bd),
present at concentrations below 0.5 mol%. The presence of Bd impurity is responsible
for the ultralong phosphorescence reported in various Cz derivatives. They show that
adding just 0.1 mol% of Bd to the pure Cz can recover the phosphorescence, indicating
that these isomeric impurities are important to the photophysical properties of organic
functional molecules derived from commercial Cz. They also developed organic
persistent mechanoluminescence (ML) materials using an isostructural doping

[43] The researchers designed a range of piezoelectric host molecules and their

strategy.
isostructural guest counterparts. By strategically modifying the host and guest
molecules, they successfully developed a variety of multicolor and efficient persistent
ML materials with long lifetimes ranging from 18.8-384.1 ms. Furthermore, the
researchers made stress-sensing devices to showcase the promising prospects of these
persistent ML materials. Prof. Pan and coauthors developed a crystalline aggregates,

carboxypyridinium salt@curcubit[8]uril (LIFM-HG1), which exhibited highly efficient

PersL under various excitation methods, including one-photon excitation, two-photon
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excitation, and X-ray irradiation.[*”] The rigid environment created by the numerous
weak interactions and dense stacking structures in the aggregates effectively inhibited
non-radiative deactivation pathways and blocks external quenchers, leading to the
robust triplet energy levels and efficient intersystem crossing in the guest molecules.
As a result, LIFM-HGI exhibited impressive multichannel excited PersL properties,

outstanding lysosomal targeting and limited cytotoxicity.
1.1.1.2.2 Persistent Luminescence from Charge Separation States or Trap States

We must recognize that the lifetime of triplet electrons generated in a single molecule
is limited. If these triplet electrons do not undergo radiative transition to the ground
singlet state within a short time, they are likely prone to non-radiative dissipation.
Therefore, the lifetime based on spin-forbidden transitions is typically on the order of
seconds, which cannot compare to that of inorganic PersL materials.?’! A feasible
strategy is to endow the host material with charge carrier transport capabilities, allowing
the delocalization of charge carriers at the emissive molecule site or their transfer to
other molecules. This prolongs the recombination time of electron and hole, thereby

extending PersL lifetime.

The breakthrough of purely organic LPL materials was achieved in 2017. Prof.
Adachi and Prof. Kabe developed an LPL system based on a blend of two simple
organic ~ small  molecules, N,N,N,N'-tetramethylbenzidine and  2,8-
bis(diphenylphosphoryl)dibenzo [b,d]thiophene (TMB@PPT).?*! In contrast to earlier
organic PersL systems that necessitated high excitation energies and extremely low
temperatures, the reported LPL system is capable of being excited by a low-energy
white LED and can emit PersL for an extended period over one hour, even at
temperatures surpassing 370 K. The LPL emission was produced from the charge
recombination process of the intermediate charge-separated states. Furthermore, they
demonstrated that the exciplexes can transfer energy to another doping emitters,
enabling wide-range color modification to cover nearly whole visible region.[*”) The

dopants enhanced the brightness, emission purity, and emission duration of the LPL
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system. Moreover, Prof. Zhang and Guo et al., realized a visible-light-activated LPL
with 10-fold increase in duration by incorporating a MR-TADF emitter v-DABNA into
an exciplex system.[*¥) The MR-TADF molecule, with its inherent charge separation
characteristics, facilitates a stepwise charge transfer that enhances the formation of the
charge separation state responsible for LPL. Prof. Zheng’s group realized 20-40 minutes
LPL by using a two-photon ionization (TPI) process.>!! By carefully selecting and
optimizing the doped molecules in a dibenzo[b,d]thiophen-2-yldiphenyl phosphine
oxide (DBTSPO) host, the PersL can be easily tuned.

In 2020, Prof. Tang’s group synthesized and characterized organic quaternary
phosphonium bromide salts that exhibited observable afterglow for up to 7 hours.[*?
They used the ionic phosphonium core as an electron trap, which allowed for energy
storage and slow release. Detailed photophysical studies and computational modeling
revealed that the charge-transfer characteristics and strong spin-orbital coupling of the
phosphonium-bromide system facilitated efficient intersystem crossing and charge
separation, enabling the long-lived triplet state that was crucial for PersL. In 2022, Prof.
Adachi’s group reported the development of p-type LPL systems which could be
charged by visible light and exhibit PersL in air.°*! The key innovations were the use
of cationic photoredox catalysts serving as electron-accepting dopants within a neutral
electron-donor host, and the help of hole-trapping molecules to extend the PersL decay
duration. These systems overcame the limitations of previous LPL materials, which
required inert gas conditions and ultraviolet excitation. In 2024, I and coauthors
discovered TIP mechanism in organic trapping-detrapping system, where the trap depth
can be controlled from 0.11 to 0.56 eV, enabling different PersL emission at

(24] The TIP phenomenon in a typical 4-(6-(4-

wavelengths from 507 to 669 nm.
(diphenylamino)phenyl)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3 H)-yl)benzonitrile @
1,3,5-Tris(1-phenyl-1H-benzimidazol-2-yl)benzene (TN@TPBi) film maintains for
more than 1 day, with additional energy stored at room temperature (RT) for over 1

week. The trap depth is found to be proved by the energy gap between the lowest
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unoccupied molecular orbitals (LUMO) of the radical anions of the host and guest
molecules. After electrical excitation, TIP was also observed, highlighting the potential
for utilizing the semiconductor properties of the organic hosts. Based on this study, the

significant role of trap state in organic PersL can be clearly certified.

1.1.1.3 Polymers

Polymer-based PersL materials have garnered increasing interest because of their
remarkable properties, like excellent flexibility, easy fabrication, low cost, and good
thermal stability. Additionally, polymers have high weight and long chains, that act as
rigid matrices that reduce nonradiative decay, thereby facilitating facilitate efficient

afterglow emission.!>!
1.1.1.3.1 Nondoped Polymers

In nondoped PersL polymers, the afterglow emission originates from the polymer
itself, with phosphors chemically grafted onto the main or side chains of the polymer.
Prof. Xu’s group reported the development of a metal-free nonconjugated copolymer,
polyethyleneimine-acrylic acid (PEI-PAA), that exhibited stable photoluminescence
and LPL at high temperatures and humidity. The polymer showed bright afterglow
lasting over 15 seconds at RT, and the LPL could be induced by a wide range of
excitation wavelengths even to near-infrared (NIR) light. The LPL mechanism was
ascribed to the effective utilization of charge energy by the copolymer, along with the
incorporation of rigid amide bonds. It was used to fabricate alternating current charged
light-emitting diodes (AC-LEDs) with significantly reduced flicker. Prof. Kabe’s group,
for the first time, realized oxygen-tolerant NIR-OLPL in copolymer system, which were
formed by attaching a small amount of ionic acceptor (ATPP) to numerous carbazole
donors (EMCz) along a polymethyl methacrylate (PMMA) main chain.[®? The
copolymers exhibited afterglow with emission wavelengths ranging from 600 to 1000
nm and a decay time exceeding one hour after the cessation of UV to visible light
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excitation. The LPL properties and spectra can be changed by regulating dopants.
1.1.1.3.2 Doped Polymers

For doped polymer-based PersL materials, afterglow is primarily achieved through
host-guest systems using a physical mixing method. Prof. Ma’s group reported the
development of efficient blue PersL materials with ultra-wide range tunable lifetimes.[%%]
By introducing methyl benzoate derivatives to a polyvinyl alcohol (PVA), they
achieved lifetimes ranging from 32.8 to 1925.8 ms. The doped films were in the dark
blue region, with quantum yields up to 15.4%. The authors attributed the wide range of
tunable lifetimes to the modification of the highest occupied molecular orbitals
(HOMO)-to-LUMO and singlet-to-triplet energy gaps by the electron-donating ability
of the substituent groups, and the non-covalent interactions within the PVA matrix. Prof.
Qin’s group fabricated flexible and transparent hour-long PersL polymers through a
simple doping strategy.[®*) The polymer films exhibit PersL for more than 11 hours
under air conditions, driven by charge separation and recombination processes, marking
the longest PersL duration reported for polymers. Notably, these PersL polymers can be
excited by sunlight, with their cyan afterglow visible to the naked eye at RT in air. The
PersL color of the transparent and flexible polymer films can also be tuned from cyan

to red by using the Forster resonance energy transfer (FRET) process.

1.1.1.4 Nanoparticles

Organic afterglow nanoparticles, with advantages such as without requiring
continuous light excitation, reduced autofluorescence, low imaging background, high
signal-to-noise ratio, deep tissue penetration, and high sensitivity, make afterglow

imaging highly applicable in cell tracking, biosensing, cancer diagnosis, and therapy."*”!
1.1.1.4.1 Block Copolymer Micelles
Prof. Li’s group reported a series of organic RTP nanoparticles with both high
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quantum yield (up to 43%) and ultra-long lifetimes (up to 25 minutes in aqueous
media).[®) The key strategy involves incorporating RTP guest and host molecules
together, which results in the creation of a triplet exciplex that enhances the afterglow
performance. These reported materials demonstrate excellent time-resolved bioimaging
application. Prof. Pu’s group reported semiconducting polymer nanoparticles (SPNs)
as biodegradable PersL probes for bioimaging.[””) The authors first investigated the
mechanism behind SPN PersL, discovering that the afterglow involved light-induced
formation of unstable chemical intermediates. They then proposed a strategy to redshift
the afterglow emission and demonstrated its application for high-contrast lymph node
and tumor imaging. Finally, they developed an afterglow probe that can detect the drug

hepatotoxicity in living mice.
1.1.1.4.2 Carbon dots

Carbon dots (CDs) with multiple emission modes are desirable in the fields of data
encryption, anti-counterfeiting, and bioimaging. Prof. Jiang et al., prepared afterglow
nanoparticles by fixing CDs into colloidal nano-silica (nSiO2) using covalent bonds.[”®!
The resulting CDs@nSi02 composite shows an ultralong afterglow in water, with a
lifetime up to 0.703 s and limited effects from dissolved oxygen. The afterglow is found
to be predominantly due to delayed fluorescence, with a portion of phosphorescence.
The covalent fixation of the CDs onto nSiO> is key to stabilizing the triplet excitons
and enabling the afterglow in both solid and aqueous forms. Additionally, the unstable
chemical bonds on the surface of CDs can react with O, preventing the triplet excitons
from quenching. However, most afterglow CDs do not exhibit any afterglow when
dispersed in liquid or exposed to oxygen.! Typically, long-lasting phosphorescence or
delayed fluorescence is achieved by embedding CDs in small molecule or polymer
matrices, or in the form of polymer dots. These afterglow CDs systems usually
synthesis as amorphous powders, which, in a certain sense, cannot be classified as
nanomaterials. For example, Prof. Yang et al., presented new metal-free polymer CDs

(PCDs) that exhibit RTP properties.!”®) The PCDs are synthesized through hydrothermal
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method by taking polyacrylic acid and ethylenediamine as raw molecules. The covalent
crosslinking in PCDs can restrict vibrations and rotations, which promotes efficient
intersystem crossing and suppresses non-radiative transitions, leading to the observed
RTP. The RTP performance of the PCDs can be modified by varying the nitrogen

content, with the nitrogen-doped PCDs exhibiting the strongest RTP.

1.1.1.5 Organic-Inorganic Hybrids

Organic-inorganic hybrid structures offer a solution to the limitations of organic
PersL materials, which are generally in solid state for strong afterglow properties. First,
intermolecular interactions are utilized to enhance molecular rigidity and limit motion
or vibration, reduce non-radiative transition of triplet state and increase lifetimes and
quantum yields. Additionally, the ordered aggregation properties of hybrid materials
enable hybrid films with long PersL lifetime. Lastly, controlling the self-assembly of
hybrid structures allows fine-tuning of excited states by regulating intermolecular
reactions.!*! Organic-inorganic hybrids encompass a wide range of structures, including
ionic crystals, perovskites, metal halide hybrids, metal-organic frameworks (MOFs),

host-guest systems (guest: metal complexes), etc.
1.1.1.5.1 Organic-lonic Crystals

Prof. Ye et al., presented a straightforward chemical approach to realizing high-
performance afterglow phosphors involves confining isolated chromophores within
ionic crystals.!®3] The cations of the ionic crystals formed high-density ionic bonds with
the carboxyl groups of the chromophores, resulting in a molecular arrangement where
the interactions between chromophores are negligible. By modifying the charged
chromophores and their counterions, the phosphorescence can be tuned from blue to
deep blue, with a maximum phosphorescence efficiency up to 96.5%. Additionally,
these phosphorescent materials can extend the application range like display.

1.1.1.5.2 Perovskites and Metal Halide Hybrids
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The spin-orbit coupling is important to photophysical properties of molecular hybrid
systems. By introducing heavy atoms into a molecular system, it is helping to alter its
photophysical and photochemical properties, a phenomenon recognized as the heavy-

atom effect.['00]

Hybrid perovskites, which integrate organic and inorganic semiconductors at the
molecular level, have gained great interests due to their exceptional luminescence
efficiency and carrier mobility.['!) For instance, 2D layered hybrid perovskites exhibit
strong water and thermal stability.['%! Additionally, the rigid inorganic layers in
perovskites help regulate energy transfer from Wannier excitons to triplet excitons,
promoting phosphorescence in the organic components. Prof. Zhang et al., realized LPL
in an hybrid halide perovskite, (C4HsN30)2InCls-H,0.B%4 The perovskite displayed
numerous luminescent centers, which can be seen with different excitation wavelength.
The (C4HeN30)2InCls-H>O single crystals exhibit an ultralong PersL decay time of up
to ~4.2 hours at RT, which is the longest reported for organic-inorganic hybrid
perovskites. The intrinsic defects in perovskites introduced trap states, which can store
carriers. The captured carriers can be released into the triplet state of the luminescent

centers to give PersL.

Metal halide hybrids have attracted significant attention for their high proton
conductivity. Their composition and structure can be easily tuned, allowing for diverse
designs in photo-functional materials. By carefully selecting the organic and inorganic
components, the dimensionality of metal halide hybrids can be regulated from 3D to
0D."* Additionally, the low-temperature synthesis and cost-effective production of
metal halide hybrid thin films make them ideal for convenient device fabrication. Prof.
Yan‘s group designed zero-dimensional (0D) metal halide organic-inorganic hybrids,
including (Ph4P),CdX4 and (Ph4P)>Cd2X6 (X = Cl or Br), that exhibited ultralong RTP
with high efficiency and thermal stability.®®) These materials displayed a unique
combination of wide-ranging zero-thermal-quenching, ultralong RTP lifetime (~38 ms),
and high RTP efficiency (~63%), which surpasses most RTP systems. The thermal
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stability and high RTP efficiency could be attributed to the rigid OD structure, strong
spin-orbit coupling, and effective energy transfer pathways within the hybrid materials.
Prof. Fu et al., designed a novel class of metal halide hybrids, PBA>[ZnX4] (X = Br or
Cl), that exhibited stable LPL emission lasting for minutes at RT.!®¥ The materials have
aunique 2D lamellar structure with [ZnX4]*" tetrahedron networks sandwiched between
organic PBA" layers. The LPL mechanism is found to originate from a thermally

activated charge-separated state, rather than traditional RTP.
1.1.1.5.3 Metal-Organic Frameworks

Metal-Organic Frameworks (MOFs) are crystalline materials formed by the self-
assembly of metal ions or clusters with organic ligands (linkers), creating highly cross-
linked structures with tunable chemical porosity and high internal surface area. In
MOFs, the coordination of organic afterglow units with metal ions enables afterglow
emission through: (1) accelerating spin-orbit coupling by the heavy atom effect to
promote triplet excitons, and (2) enhancing molecular rigidity to reduce non-radiative
exciton loss and boost phosphorescence emission. Prof. Yan’s group firstly developed
RTP properties of MOFs by coordinating them with common Zn** metal ions and
terephthalic acid (TPA) ligand.”*! The longest RTP lifetime achieved is 1.3 seconds and
the phosphorescence can be modified by varying the metal ions and the stacking modes
of the ligands. Dr. Liu et al., realized stable long-wavelength afterglow MOFs by

(951 The multicolor afterglow

encapsulating organic dyes into the phosphorescent MOFs.
can be achieved through efficient energy transfer from green phosphorescent MOFs

host to the dye guest.
1.1.1.5.4 Host-Guest Systems

Prof. Zheng’s group achieved LPL through melt-casting a triphenylphosphine (TPP)
host with Cul complexes (BINAP-CuX, where X = Cl, Br, 1).’”! Charge separation was
triggered under excitation through coordination with the Cul complex, generating semi-

free halide ions and in situ formed Cul cations, which together formed TPP+BINAP-
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CuX ion pairs. This allowed the lifetime of the LPL to be easily tuned by different
halogen atoms, with afterglow lasting over 3 hours and visible to the naked eye. The
ionic solids can also be reprocessed at 100°C without affecting their photophysical

properties, indicating their high reprocessability and versatility.
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1.1.2 Inorganic Persistent Luminescence Materials

Inorganic PersL materials normally consist of a host matrix, luminescent centers, and
traps, all of which have a significant impact on the PersL characteristics. The matrix
composition can significantly influence the band structure of materials, including the
bandgap width and the relative relationship between the matrix band structure and the
luminescent center energy levels, as well as the coordination environment of the
luminescent centers, including coordination number, symmetry, and crystal field
strength. These factors can alter the excitation wavelength, emission wavelength, and
trap depth of the materials. In this part (1.1.2), inorganic PersL materials are categorized
into four types based on the major compositions of the matrix, including (1) halides, (2)
sulfides, (3) oxides, and (4) nitrides. The chemical composition, usable excitation light
sources, PersL wavelength (emission peak), and trap depth [or thermoluminescence (TL)
peak temperature] of these materials are summarized in Table 1.2. Moreover, a brief
review will be conducted on several breakthrough studies involving four different PersL

compounds.

In Table 1.2, the trap depth (measured in eV) primarily reflects the storage stability
of trapped charge carriers at RT. If the trap depth of a material is not provided in the
literature, the peak temperature of the TL (measured in K) is used to indicate the storage
stability. Notably, the peak temperature of the thermally stimulated luminescence curve
may vary when the same materials are irradiated with light of different wavelengths or
when different heating rates are applied after irradiation. Additionally, different
estimation methods of the trap depth, including the commonly used methods such as
the deconvolution method, %! initial rise method,!'® Randall-Wilkins method,!'%* full

106

width at half maximum method, %’ and trap depth distribution analysis method!!®”) may

yield different estimates of the trap depth for the same TL glow curve.
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Table 1.2 Representative inorganic PersL materials and their major properties.

o PersL peak Trap depth [eV]
Group Composition Ex. source Ref.
[nm] or TL peak [K]
BaFX:Eu?* (X=Cl, Br, F) X-ray 385-405 2.0-2.5eV [108, 109]
BaFCl:Sm?3*/ Sm?* uv 688 3.leVv [110-112]
KBr:In* X-ray 428,517 2.1eV [113]
RbBr:Ga* X-ray 560 1.85eV [114]
Cs2NaYFe:Ce®* X-ray 360 2.25eV [115, 116]
NaLuFsLn%* X-ray 350-800 0.5-0.9 eV (1]
NaYFa:Ln%* X-ray 480-1060 0.73-1.05 eV (18]
Halides 488, 548,
NaMgFs:Th3* X-ray 1.08 eV [119]
584, 621
CsCdCls:Mn?*, R*
) X-ray 570-605 1.41eV [220]
(R=Ti, Zr, Hf, Sn)
KZnF3:Mn?* X-ray 587 0.52-0.96 eV [121]
NaLuFs:Mn?* X-ray 525 0.75eV [222]
BazBsO9Br:Eu?* X-ray 420 1.19eV [223]
Caz2xSrxBOsCl:Eu?*, Dy®* uv 420, 585 0.6-1.0eV [124]
CaS:Eu?*, Sm®* UV to visible light 643 1.leVv (129
SrS:Eu?*, Sm®* UV to visible light 600 1.leV [128]
Y20:S:Eu®*, Mg#, Ti* uv 625 0.88 eV 1127, 128]
Sulfides CazZnOS
(activator/trap=Pr®*, Tb%", Ho%*,
uv 400-850 ~0.68 eV [129]
Dy?*, Tm®*, Yb%, Nd*, or Er®*)
(trap filler= Cu*, Y®*, Pb?)
Lu203:Th% uv 550 0.7-1.0eV [130]
Lu203:Pré*, Hf* X-ray or UV 621 1.14,1.69, 2.11 eV (131
Al:03:C B-ray or y-ray 420 460 K [132,133]
MgO:Th®* B-ray 550 573K [134]
BazSiO4:Eu?*, Ln®*
uv 504 0.7-1.0eV [135, 136]
(Ln=Ho, Dy, Tm)
BaSi20s:Eu?*, Nd®* uv 515 1.29 eV [137]
SrsSiOs:Eu?*, Dy®* uv 570 1.05eV [138]
Oxides
B-Sr2SiO4Eu?*, Tm3* uv 470, 540 1.35eV [139]
LiYSiOs:Ce® X-ray or UV 405 520 K 2401
LiLuSiO4:Ce3*, Tm® B-ray or UV 410 0.7eV [41]
Y2GeOs:Pré* uv 492, 621 0.9,1.31eV [142]
Zn,GeO4:Mn?* uv 536 345 K [143, 144]
MgGeOs:Mn?*, Yh%* uv 677 0.99 eV [149]
MgGeOs:Mn?*, Eu®* uv 677 1.49 eV [145]
MgsY2GesO12:Th3* uv 382-617 0.91-1.24 eV [148]
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BazZrGesOq:Pr3* uv 615 0.85-0.98 eV [147]
NaLuGeOa4:Bi®*, Cr3* uv 400 439 K [14]
LiScGeO4:Bi** uv 365 408, 521 K [149]
Mg2SnOs4 uv 498 383, 441, 486 K [150]
Mg2Sn04:Mn?* uv 497 0.71,0.91 eV [151]
Mg2Sn04:Cr3* UV to blue light 800 0.5-1.3 eV [152]
CaSnOs:Bi% UV to NIR 810 0.8, 1.4eV [153]
CaSnSiOs:Dy® uv 426, 488, 420, 520 K [154, 155]
580, 666
Sr2Sn04:Eu®t, Nd3* uv 595 0.65-0.99 eV [156]
Zn2Sn04:Cr¥*, Eu®* uv 800 317, 364,401 K [157, 158]
12Ca0 7Al03:Eu?*, Mn?* uv 444 0.64, 0.86 eV [159]
12Ca0 7Al:03:Th* X-ray or UV 541 0.72,0.95 eV [160]
LiGas0s:Cr3* uv 716 420, 490 K [161]
LiGasOs:Mn?* uv 510, 625 0.85-1.27 eV [162]
Zn1oxLixGazx04:Cr3* UV or X-ray 709 0.70-0.72 eV [163]
BaGa»04:Pré* uv 485, 628,651 0.65,0.75 eV 2641
BaGaz04:Pr3*, Zn?* uv 485, 628,651 0.66, 0.70, 0.76 eV [264]
MgGa204:Fe® uv 703 0.67,0.95 eV [269]
Zn(GaixAlx)204:Cr3*, Bi®* uv 695 333-573 K [266]
Y3AlsxGax012:Ce®, Cre* UV to blue light 525-555 0.41-1.2 eV 167, 168]
Y3Als xGaxO12:Ce®, V3 UV to blue light 525-555 1.13-1.62 eV [269]
Y3AlsxGax012:Cr3* uv 690 297-545 K [170]
Y3Al2GazO12:Pri* UV to visible light 487, 607 1.15,1.54 [
GdsAlsxGax012:Cr¥*, Eu®* uv 695, 713 355-498 K (172
Ca4TisO10:Pré*, Y3* UV to visible light 612 0.9-0.98 eV (173
CaZrOs uv 410 1.13,1.55eV (174
Ca-Al-Si-0:Ce*/Th*/Pr3* glass NIR laser B/G/R - (179
Zn-Si-B-0:Mn?* glass uv 590 >360 K [re]
Zn-Si-B-0:Mn%, Yb®* glass uv 605, 980 0.80,0.98 eV 1
CaAlSiNz:Eu?*, Tm®* uv 635 330-430 K [178]
(Ca1xSrx)2SisNg:Eu?*, Tm3* uv 604-630 0.64,0.72 eV [179, 180]
SrLiAlsNsEu?* uv 650 0.47,0.81 eV [181]
CaSi10-nAl24nOnN16-n: XEUZ*
(Ca-oSialon:Eu?", uv 595 0.65, 0.85 eV [182]
n=0~1, x = 0.1%-~8%)
Nitride
Ba[Mg2Al2N4]:Eu?*, Tm3* visible light 710, 800 100-400 K [183]
SrSiz02N2:Eu?*, Ln3*
UV or blue light 540 0.90-1. 18 eV [184, 185]
(Ln=Dy, Ho, Er)
SrSiz02N2:Yb?, Ln3*
UV or blue light 620 0.90-1. 17 eV [184, 185]
(Ln=Dy, Ho, Er)
BaSi202N2:Eu?* uv 494 0.67-0.82 eV [186]
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YSiOzN:Ce®, Sm®* uv 400, 427 1.10 eV [187]

YSiOzN:Ce¥, Tm®* uv 400, 427 0.80 eV [187]

Sie-2Al;O;Ng.;:Eu?*
(B-Sialon:Eu?*, 0< z <4.2)

uv 537 0.28-1.23 eV [288]

(Ba1xSrx)AlSisO2N7:Yh?*, Yh3* UV or blue light 664, 985 0.84,1.32 eV [189]

1.1.2.1 Halides Persistent Luminescence Materials

Halides (metal halides, MFX) generally have a large bandgap width, and they are
typically excited by using high-energy rays as a light source for energy storage. The
stringent excitation conditions make halide-based deep-trap PersL materials primarily
applicable in high-end medical and military fields, such as radiation dosimeters and
infrared detectors. MFX is a typical X-ray excited deep-trap PersL material, among
which M represents one or more alkali-earth metals such as Ba, Sr, or Ca, and X
represents one or more halogens such as Cl, Br, or F. M can be replaced by divalent or
trivalent rare-earth elements such as Eu®*, Sm?", or Sm®" as luminescent centers. The
MFX crystals, as the main constituent materials of the first-generation X-ray imaging
plates, have been widely used in early medical X-ray fluoroscopy, X-ray dosimetry, and
crystal structure analysis. They exhibit advantages such as high sensitivity, reusability,
and ease of digital integration, but also have drawbacks such as low spatial resolution,
rapid signal attenuation, and limited reuse times.['*" 111 As early as 1980s, researchers
from Fuji Photo Film Co. Ltd. in Japan embarked on the exploration and investigation
of BaFX:Eu?" single crystals, focusing on their scanning laser stimulated luminescence

(SLSL) studies.[1%8]

In general, microscale halide polycrystalline materials exhibit a significant scattering
effect for light transmission. To suppress the light scattering, Prof. Xie et al. reported
core-shell encapsulated PersL-enhanced NaYF4:Ln**@NaYF4 nanoparticles.!!'®! By
introducing different Ln*" ions, the PersL emissions of NaYF4Ln**@NaYF4
nanoparticles can be achieved in green (Tb*"), white (Dy>"), red (Ho>"), orange (Eu*"),

or NIR (Nd**). Under X-ray irradiation, high-energy electrons generate numerous
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ionized electrons through cascading collisions. The Ln*" (i.e., Tb®") was recognized as
electron traps. Furthermore, different types of optical inks were prepared, each
containing well-dispersed PersL nanoparticles with specific Ln*" ions such as Tb*",
Dy**, and Ho®". These inks were then utilized to print three images on a sapphire
substrate using high-precision inkjet printing technology. The encoded information was
readout using wavelength decoding, enabling multidimensional optical information
storage. Prof. Zhuang and Prof. Xie also developed another core-shell
NaMgF3:Tb**@NaMgF; nanoparticles with nano cubic morphology, outstanding
aqueous dispersibility, and optical information storage ability.!''” Tb** ions can serve
as both luminescent center and trap in the NaMgF3 phosphor under X-ray irradiation,
with the average trap depth reaching 1.08 eV. These remarkable features make the
developed nanoparticles suitable for use in light energy storage and information

encryption.
1.1.2.2 Sulfides Persistent Luminescence Materials

Sulfide PersL. materials were among the earliest to be discovered and studied. By
doping with lanthanide ions or transition metal ions, sulfides with different emission
wavelengths and trap depths can be obtained. Zinc sulfide was the most renowned
persistent phosphor of the 20" century.[!! In the late 20" century, optical storage and
photoluminescent properties of halide and sulfide materials met the requirements for
data storage density, data transfer speed, and data erasure speed of computer processors
at that time and were used in computer logic and computation design. In 1990s,
Jutamulia ef al. designed a spatial light modulator for parallel Boolean logic operations
using (CaxSrix)S:Eu?’, Ce*", Sm®" as the information recording material.'*?) They
verified 16 kinds of Parallel Boolean logic in a 2 % 2 plane matrix using ultraviolet light
as the write-in beam and NIR light as the read-out beam and achieved a storage density
of 40000 bit/cm?, which was a relatively high value at that time. However, some main
drawbacks limit further development of these sulfide PersL materials. Firstly, the

luminescent performance (especially the PersL brightness) lags later-developed silicate
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or aluminate PersL materials such as SrALO4:Eu**, Dy*". Additionally, sulfides lack
chemical stability and are prone to oxidation and moisture absorption, making them
unsuitable for long-term storage. Moreover, the production process releases harmful
gases, posing a significant environmental threat. These issues have led to the gradual

replacement of sulfide PersL materials by other categories of materials.

In 1998, Nichia company first discovered most renowned Eu’*-based persistent
phosphor, Y20,S:Eu*", Mg?*, Ti*" ['*] Moreover, Prof. Liu et al., reported Y20,S:Eu**,
Mg?*, Ti*" nanoparticles with uniformity and well-dispersed distribution ranging from
30 to 50 nm in size.'?”” Emission peaks in the spectrum are attributed to Eu** ions
transition, and the trap state formed by doping Mg?" and Ti*' ions.['?®) Prof. Wang et al.,
developed PersL in a wurtzite CaZnOS crystal through synergistic defect
engineering.['*) The authors introduce a strategy for deliberate PersL control in a single
material system, simultaneously managing luminescent center/trap state and
trapping/detrapping processes through multiple doping. This design approach yields a
diverse array of luminescent centers with electronic transition processes, including ns>-
to-nsnp, 3d-to-3d, 4f-to-4f, and donor-to-acceptor recombination, and create PersL with

unprecedented stimulus-responsive features.

1.1.2.3 Oxides Persistent Luminescence Materials

Compared to fluorides and sulfides, oxide PersL materials typically have a
moderately narrow bandgap width. Most oxides can be charged and stored energy
through UV radiation and even visible light. Moreover, oxide phosphors also
demonstrate good chemical stability, ease of synthesis, preparation, and storage, and

are suitable for making ceramic materials.

For aluminate, SrAl,O4:Eu**, Dy** as the ultrabright inorganic PersL materials with
longest decay duration has been widely studied in recent years.['”¥ Yamamoto and
Matsuzawa first investigated PersL phenomenon of SrAlLOs:Eu?**, Dy*" and
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CaAlLO4:Eu?", Nd** phosphors since 1996.1% 71 The PersL mechanism has been
explained through two models: the Matsuzawa hole capture model, where a hole is
trapped by Dy>", and the electron trap model, where the excited electron of Eu" is
trapped by Dy**, with the latter being widely accepted based on the ‘Dorenbos

model’.[1%]

In view of silicate, germanate, and stannate, deep-trap PersL materials in silicates are
usually achieved by using Eu** or Ce*" ions as luminescent center and doping another
trivalent rare-earth ion as trap centers. Prof. Lin et al, prepared a novel
BaSi>Os:Eu** Nd** PersL phosphor and further introduced into phosphor-in-glass (PiG)
as light-storage materials.['*”] PersL nanoparticles, capable of emitting light even after
excitation, have gained importance in biomedicine for their ability to eliminate tissue
autofluorescence. Prof. Tanabe’s group discovered the effect of different trivalent rare-
earth ions on the trap distribution of MgGeOs:Mn?*, Ln*".l!43] After co-doping with
Yb** and Eu**, the peak temperatures of the TL spectra were obtained at 335 K and 502
K, respectively, corresponding to trap depths of 0.99 eV and 1.49 eV, which could be a
candidate for the optical stimulation based application. Prof. Li, Prof. Han, and Prof.
Qiu et al., reported trap energy up-conversion-like NIR-to-NIR light PersL in Bi*'-
doped CaSnOs phosphors and nanoparticles.!!3*! These materials demonstrate a unique
phenomenon wherein carriers transition from deep traps to shallow traps when excited
by NIR photons. This enables repetitive charging of the materials using deep-tissue
penetrable NIR photons. The energy trapped in the deep-level traps can be stored for
extended periods and then released as afterglow signals in the NIR range. This
innovative approach is good for the development of NIR-absorbing and NIR-emitting
PersL materials and nanoparticles that can be rejuvenated using non-harmful, deep-

tissue penetrable NIR light.

For gallate, ZnGa»O4:Cr*" phosphor possesses excellent NIR PersL characteristics at
RT with a trap depth of approximately 0.46 eV. Also, ZnGa>04:Cr’* phosphor can be
easily prepared as nanoparticles and used for surface modification and functional
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design.['%6294] Prof. Zhuang et al. proposed a band engineering method to control the
trap depth by changing the location of the CB in Zn(GaixAlx)204:Cr**, Bi*" solid

[166] A5 the molar mass ratio of Al increased, the CB bottom gradually upward

solution.
shifted, resulting in an increasing energy difference with the energy level of electron
traps (positive valence anti-site defects Gay,). And the peak temperature of thermal

release luminescence in the material increases from 333 (x = 0%) to 573 K (x = 33%)).

1.1.2.4 Nitrides Persistent Luminescence Materials

Due to the strong covalency and electron cloud rearrangement effect of, nitride or
oxynitride optical materials doped with Eu?" or Ce*" exhibit longer emission
wavelength compared to the oxide phosphors with similar structure. Many important
red and NIR luminescent materials have been discovered in nitride or oxynitride
compounds. Prof. Ueda et al. reported a red-light charged NIR PersL
Ba[Mg>ALN4]:Eu*", Tm*" phosphor.'®3! Tm3* serves as NIR emission center,
expanding the PersL emission band from 600 to 830 nm through energy transfer from
Eu** to Tm?". Dr. Kitagawa, Prof. Ueda, and Prof. Tanabe reported that
YSiO2N:Ce** Ln*" (Ln = Sm*" or Tm®") phosphors increase the intensity of Ce*":5d-to-
4f blue PersL.1"*") In the TL glow curves, the sample exhibits two TL peaks related to
intrinsic defects and the Ln*" traps. Prof. Smet reported a strong non-destructive ML in
BaSi,02N»:Eu®* phosphor with blue-to-green emission.?*>! When irradiated with UV
or blue light, this powder showed intense blue-to-green light upon mechanical
stimulation. The origin of the ML could be ascribed to the trap-induced PersL of
BaSi>;0:N»:Eu?* phosphor.
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1.2 Applications of Persistent Luminescence Materials

1.2.1 Emergency Signage

PersL materials can absorb ambient light and store light energy. Upon removal of the
external light source, the stored energy is gradually released as visible luminescence.
This prolonged emission, persisting for even several hours, ensures reliable
illumination of emergency indicators during power outages or critical situations,

facilitating safe evacuation. !
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Figure 1.2 Photophysical and emergency signage applications of mCDs@CA-
based LPL system. a, Schema of the preparation method of m-CDs@CA. b, TEM
image. ¢, The PersL decay curve of the m-CDs@CA (Ex.= 365 nm and at RT, insert:
log-log plot). d, A possible LPL mechanism in m-CDs@CA. e, Photographs of the
aqueous m-CDs@CA dispersion. f, Pictures of a m-CDs@CA-based emergency sign

after ceasing UV excitation. Ref. [81]; Copyright © 2022, Springer Nature.

In 2022, Prof. Jiang and I first realized hour level PersL in CDs compounds, breaking
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through the lifetime limitation in CDs.®!] As shown in Figure 1.2a, the blend (m-
CDs@CA) was easily synthesized by microwave heating of mixture of m-CDs and urea.
The uniform incorporation of the m-CDs into cyanuric acid crystals (CA, produced by
urea in situ) was confirmed by the TEM images (Figure 1.2b). The long PersL (LPL)
was detected by using a photomultiplier tube (PMT) for over 2 h before the signal is
attenuated to the noise level (10, Figure 1.2c). As shown in Figure 1.2d, the origin of
PersL in mCDs@CA can be attributed to the charge-separated (CS) states formed by
exciplexes between m-CD and CA under UV irradiation. Moreover, the formation of
C-N covalent bonds between m-CD and CA has been proven to play a crucial role in
activating PersL. With the assistance of hydrogen bonding and the physical
confinement of the CA matrix, the exciplex CS states are effectively stabilized and
protected from quenching by water and oxygen (Figure 1.2e). The applications of

emergency signs were demonstrated in Figure 1.2f.

1.2.2 Light-Emitting Diodes

1.2.2.1 Organic Light-Emitting Diodes

The great progress has been made in OLEDs field over the past two decades,
evolving from fluorescence molecules to phosphorescence molecules.?°5-2%1 [n OLEDs,
electrically injected electrons and holes recombine to form singlet and triplet excitons
in a 25%:75% ratio. The use of phosphorescent metal-organic complexes effectively
harnesses the typically non-radiative triplet excitons, thereby enhancing overall
electroluminescence efficiency.?%’! In 2012, Prof. Adachi’s group developed a class of
metal-free organic electroluminescent molecules that exhibit highly efficient TADF.!]
These molecules are designed to have a small energy gap (AEst) between the singlet
and triplet excited states, which promotes efficient spin up-conversion from non-
radiative triplet states to radiative singlet states. This allows both singlet and triplet
excitons to be harnessed for electroluminescence from lowest singlet state to ground
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state, resulting in an intrinsic efficiency exceeding 90% and an external
electroluminescence efficiency (EQE) over 19%. The key to this achievement is the
careful molecular design that balances a small energy gap with a fast radiative decay

rate to overcome non-radiative transition.
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Figure 1.3 Photophysical and OLED properties of DR-NIR TADF emitters. a,
Chemical structures of 2DN and 2PN. b, Theoretical calculated HOMO, LUMO, Si, T,
energy levels, and frontier orbital distributions with optimized ground state structures
(blue for HOMO, red for LUMO) at the level of the B3LYP/6-31G(d). ¢, Single-crystal
structures of emitters. d, Energy level diagram of materials used in the vacuum-
deposition OLEDs. e. EQE versus current density characteristics for 10 wt% 2DN and
2PN emitters-doped devices. f, EL spectra of relevant devices. Ref. [37]; Copyright ©
2022, Elsevier B.V.

Deep red to NIR (DR-NIR) organic molecules and OLEDs have extensive promising
applications. However, many efforts to achieve TADF typed OLEDs with DR-NIR
emission regretfully set up a barrier for their efficiency roll-off. To solve this problem,
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I and coauthors developed a series wedge-shape emitters of 1,8-Naphthalimide-
derivatives, 2DN and 2PN, which were designed and synthesized by using multiple
donor and isopropyl modification strategies (Figure 1.3a).’”) The density functional
theory (DFT) calculations show the HOMO are distributed on donor segments (DMAC
and PXZ), and LUMO mainly located on the 1,8-Naphthalimide based acceptor (Figure
1.3b). Such significant separations of HOMO and LUMO are reduce AEst for efficient
TADF properties. And as shown in Figure 1.3c, the wedge-shape molecular
construction of 2DN and 2PN emitters increase planar distance of different molecules
(7.29-7.39 A) and pre-twisted angles between acceptor and donors of a TADF molecule
(59.5-90°). These structural characteristics help to realize efficient DR-NIR emission
(646-755 nm), small AEst, short DF lifetime (zp) and negligible z-z stacking in
aggregation states. Accordingly, we fabricated OLEDs showed target DR-NIR
electroluminescence in the range 629-701 nm, and greatly reduced efficiency roll-offs.
The efficiency roll-offs are 8.4% for 2DN and are near zero for 2PN at 100 cd m?,
which is among the best level of TADF OLEDs with DR-NIR electroluminescence
(Figures 1.3d-f).

In 2016, Prof. Hatakeyama’s group designed and synthesized of novel organic
molecules, which exhibited ultrapure blue TADF emissions [full width at half-
maximum (FWHM) = 28 nm].®! The use of a rigid polycyclic aromatic framework
with a boron atom and two nitrogen atoms can effectively separate the HOMO and
LUMO (unlike the molecular design principle proposed by Prof. Adachi's group). This
approach enabled efficient HOMO-LUMO separation and a small energy gap between
the singlet and triplet excited states (AEsr), leading to high photoluminescence quantum
yields and the ability to fabricate blue OLED devices with high EQE but a serious
efficiency roll-off. Furthermore, they developed a new multiple resonance TADF
emitter v-DABNA, consisting of five benzene rings linked by two boron and four

[39

nitrogen atoms, along with two diphenylamino substituents.**! The unique molecular

structure induced important localization of the highest occupied and LUMO on
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different atoms. The fabricated OLED device, using v-DABNA as the guest in the
emission layer, achieved an ultrapure blue light at 469 nm with an FWHM of 18 nm

and an extremely high EQE of up to 34.4%.

1.2.2.2 Afterglow Organic Light-Emitting Diodes

Traditional OLEDs (as illustrated in 1.2.2.1), known for light weight and flexibility,
require efficient triplet exciton harvesting. Organic afterglow offers an alternative to
traditional devices by producing long-lasting electroluminescence without needing an

additional phosphor layer, making them ideal for future lighting.

Prof. Kabe et al., developed a new long-lived phosphorescence host material, 3-(NV-
carbazolyl)androst-2-ene (CzSte) for OLEDs.[’* CzSte consists of a semiconducting
carbazole unit and a hydrophobic steroid derivative, offering a rigid environment that
reduces nonradiative decay in guest emitters. When CzSte is co-deposited with
deuterated N,N'-bis(3-methylphenyl)-N,N'-bis(phenyl)-9,9-dimethyl-fluorene
(DMFLTPD) as the phosphorescence emitter, the resulting films displayed both blue
fluorescence and green phosphorescence under photoexcitation. The integration of this
phosphorescence layer into an OLED realized a device that exhibits blue emission
under voltage on and green phosphorescence after switching off the applied voltage.
Inspired by the proposed phosphorescence mechanism in blend film, they further used
a combination of the electron donor 4,4',4-tris[phenyl(m-tolyl)amino]triphenylamine
(m-MTDATA) and the electron acceptor PPT in OLEDs.>>! The key findings were that
the thickness of the emission layer and the doping concentration of guest molecules

were important to observe LPL in OLEDs, in contrast to the typical OLED structure.

1.2.2.3 Inorganic Light-Emitting Diodes
White inorganic LEDs powered by direct current (DC) are widely used, requiring
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conversion of alternating current (AC) to DC, which introduces heat and noise issues.
To address these, AC-driven LEDs (AC-LEDs) have gained attention as they can
operate directly from grid power without conversion. However, AC-LEDs can flicker
at low frequencies, which may lead to visual discomfort and health issues. Various
solutions, including circuit design and using PersL phosphor, have been proposed to
reduce flicker by maintaining a steady light output during the AC cycle.*'” Prof.
Tanabe’s group investigated the use of yellow PersL garnet phosphors to suppress the
flicker effect in AC-LED lighting systems. The AC-LED system has advantages such
as higher energy efficiency and lower cost, but it causes flicker issues due to rapid
fluctuations of the power. The GdAl2Ga3zO12:Ce-Cr PersL phosphor can effectively
suppress the flicker effect in AC-LED systems by providing steady PersL even when

the LED is not actively emitting light.

1.2.3 Bioimaging

Optical bioimaging is significant for investigating microspecies in living cells,
offering a unique method for visualizing tissue morphology with subcellular resolution.
By time-resolved observation, PersL can be effectively distinguished from background
fluorescence and scattering light, enhancing its utility for bioimaging.!'¥ Additionally,
the decay duration of the afterglow can last for seconds or even hours, facilitating time-

resolved luminescence imaging without requiring additional instrumentation.

In 2007, Prof. Scherman et al., first developed PersL nanoparticles (NPs) for in vivo

(211] The NPs can be charged before injection and NPs’ location can be

imaging.
monitored in real-time for over an hour without the need for external illumination. The
NPs were synthesized in a narrow size distribution of 50-100 nm. The NPs exhibited
long-lasting afterglow emission in the NIR range, which allowed for improved signal-
to-noise ratio and deep tissue imaging compared to traditional fluorescence-based

techniques. The authors demonstrated the feasibility of in vivo imaging using

46



subcutaneous and intramuscular injections in mice and showed that the NPs can be

surface modified to enable targeting or long blood circulation.

Prof. Pu’s group presented a universal method to convert regular optical reagents
(including fluorescent polymers, dyes, and inorganic semiconductors) into afterglow
luminescent NPs (ALNPs).”3! This method includes cascade light reactions into a
single particle, allowing ALNPs to chemically store light energy and spontaneously
decay during the energy transfer process. The afterglow distribution of ALNPs can be
finely tuned to provide emission from the visible to NIR regions, with their intensity
predictable through mathematical models. Representative NIR ALNPs enable rapid
tumor detection in living mice with a signal-to-background ratio more than three orders

of magnitude higher than NIR fluorescence.

1.2.4 Information Storage

Optical information storage, known for large capacity and low energy use, is crucial
in the digital age. While traditional media like CDs and Blu-rays face limits in 2D
resolution, new advancements like super-resolution and multiplexing promise higher
storage densities. PersL materials (with trap states), capable of storing and emitting
photons, offer potential for next-generation optical data storage by enabling data

encoding and decoding through photon-based multiplexing.!'34
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a, Photographs of the Y3A1.Ga3O12:Pr’" transparent ceramic sample before (top), after
15 minutes of UV (Aex = 254 nm) light charging (middle), and three weeks after UV
light cessation (bottom), displaying discoloration. b, Schematic representation of
optical information write-in and read-out processes. ¢, Optical information display
demonstrating write-in, read-out, and bleaching through photochromism and PersL in
Y3Al,Ga3O12:Pr** transparent ceramic, achieved by alternating between 254 nm
irradiation and a 300°C thermal stimulation. Ref. [171]; Copyright © 2023, Wiley-VCH
GmbH.

Dr. Du and Prof. Ueda et al. developed Pr**doped Y3Al,Ga3O1, transparent ceramic,
with in-line transmittance over 80% at 1800 nm, displays robust PersL after optical up-

(1711 Two kinds of trap states involving intrinsic oxygen vacancies

conversion charging.
with varying trap depths were thoroughly investigated. Remarkably, the phosphor also
exhibits photochromic characteristics with excellent resistance to fatigue. The excellent
fatigue resistance is demonstrated by the reversibility of the color change through

alternating optical excitation and thermal stimulation (Figure 1.4a). This work paves

the way for future applications in light energy storage (Figures 1.4b-c).

1.2.5 Encryption and Optical Anti-Counterfeiting

In a landscape characterized by pervasive misinformation and exaggerated claims,
the prevention of fraud has become imperative, positioning anti-counterfeiting labeling
as one of the most effective strategies. Traditional optical anti-counterfeiting systems,
relying on luminescent dyes and nanoparticles, face challenges like easy forgery and
background noise due to short-lived emissions. Organic PersL. materials with long-lived,
tunable emissions offer a promising solution, enabling multi-mode encryption and

reducing background interference.
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Figure 1.5 Photophysical and anti-counterfeiting applications of NCDs
compounds. a, Schematic representation of CDs afterglow. b, TEM image. ¢, Structure
of folic acid and CDs-based compound. d, Afterglow decay curves. e, Temperature-
dependent afterglow contour mapping by the excitation of 254 nm (top) and 365 nm
(bottom). f, Afterglow photographs of the samples after turning off the lamps. g, Optical
anti-counterfeiting applications by inkjet printing. Ref. [80]; Copyright © 2019, The
Royal Society of Chemistry.

Some pioneering efforts to trigger good afterglow performance in CDs-based
phosphors for advanced anti-counterfeiting, nevertheless, did not perfectly address the
problem of printability and color-tunability. I and coauthors developed an

encapsulating-dissolving-recrystallization route for CDs-based anti-counterfeiting inks,
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and realized full-color and triple-mode emissions from these CDs-based inks (Figure
1.52).891 As shown in Figures 1.5b-c, nitrogen-doped CDs (NCD) (~2.0 nm) were
synthesized by a hydrothermal reaction, and then encapsulated with biuret and urea.
Rich nitrogen doping has large spin-orbit coupling to overcome the spin-forbidden
transition between triplet to singlet states. The hydrogen bonds (C=N...H and C=0...H)
between NCD and biuret greatly suppress the non-radiative relaxation of the triplet
excitons. And the crystallized urea worked as a dense layer to isolate the triplet species
from atmospheric O2 molecules (a typical quencher). As a result, the afterglow lifetime
reached up to 1.11 s (Figure 1.5d). Interestingly, as demonstrated in Figure 1.5e, under
different excitation wavelengths and at RT, the colors of afterglow are blue and green
by the excitation of 254 nm and 365 nm, respectively. The DF emission at ~430 nm
under short excitation wavelength mainly occurred through So—S;—T>—S1—So,
which could be classified as HLCT mechanism. Besides, with long wavelength
excitation, the RTP emission peak significantly shifted to 500 nm via So—S1—T1—So.
The afterglow emissions therefore were greatly dependent on whether the excitation
energy is enough to excite the electrons to the S> state. Moreover, although with the
excitation of 365 nm, the electrons could go through So—S;—T1—S1—So and showed
DF color with extra heating energy (bottom of Figure 1.5¢), which belongs to TADF.
The triple-modes processes (fluorescence, DF, and RTP) are summarized in Figure 1.5a.
Full-color afterglow of NCDs composites were realized according to our universal
approach. To the best of our knowledge, there was not yet a report on red afterglow in
CDs at that time (Figure 1.5f). With added benefits, the composites could dissolve in
kinds of solutions (i.e. DMF) to prepare anti-counterfeiting inks and recover afterglow
properties on paper by using commercialized ink-jet printers. Figure 1.5g shows the
advantages of easy-to-authenticate and hard-to-copy of these afterglow inks in practical

applications.

1.2.6 X-ray Luminescence Extension Imaging
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X-ray flat-panel detectors are widely used in medical imaging, safety inspections,
and industrial detection, relying on two detection methods: direct detection with
semiconductor materials and indirect detection with scintillators. Although direct
detectors, like those using amorphous selenium, face limitations in carrier transport and
sensitivity, indirect detectors dominate due to their higher sensitivity and lower
detection limits. Recent advancements in flexible X-ray detectors, particularly those
using PersL scintillation materials, offer promising solutions for imaging complex 3D

objects and storing image information for extended periods.!?!?!

Roll out

Figure 1.6 a, Photographs of a PMMA-polymer film containing 40 wt%
CsCdCl3:5%Mn?",0.1%Zr*" crystals under ambient and UV light conditions. b, X-ray
images of an earphone, with an inset in the top panel displaying the earphone under
ambient light. ¢, A schematic diagram illustrating nondestructive inspection of 3D
curved objects facilitated by the PDMS-polymer film containing 10 wt%
CsCdCl3:5%Mn?",0.1%Zr*" crystals. The film is initially inserted into the target curved
object, and the X-ray source is turned to excite the film, creating a latent image. After
turning off the X-rays, the detector is placed on a hot substrate for thermal stimulation
and reading the latent images. d, Imaging of an annulus electric conduction link using
the flat-panel PDMS-polymer film (5 cm X 2.5 cm). e, Curved planar reformation of
the same object using a highly flexible PDMS-polymer film (5 cm x 5 cm). The image
readout temperature is 100 °C. The X-ray operation parameters in these measurements

were set to a voltage of 50 kV with a tube current of 0.2 mA, resulting in an X-ray dose
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rate of 20.12 mGy s '. Ref. [120]; Copyright © 2023, Wiley-VCH GmbH.

3+

Prof. Chen and Prof. Liu et al., reported a class of cubic-phase NaLuF4:Ln
nanoparticles with high spatial resolution of X-ray imaging.[''”) NaLuF4:Tb** @NaYF4
nanoscintillators, consisting of uniform spherical particles with an average size of 27
nm, exhibited enhanced luminescence due to core-shell encapsulation. These
nanoparticles demonstrated a detectable strong PersL intensity even after exposure to
low-dose irradiation and being stored at RT for 30 days. Moreover, by doping different
lanthanide ions into NaLuF4:Ln**@NaYF4 nanoparticles, it is possible to achieve
multicolor radioluminescence regulation ranging from the UV to NIR light. By the
elastic collision between high-momentum X-ray photons and small fluorine ions, trap
states with trap depths ranging from 0.5 to 0.9 eV were formed. These collisions
resulted in the creation of fluoride vacancies as electron traps and interstitials as hole
traps. Importantly, NaLuFs:Ln*>*@NaYFs nanoparticles offer several advantages,
including extremely low X-ray detection thresholds, high luminescence efficiency, and
uniform dispersion in organic matrices such as polydimethylsiloxane (PDMS). These
nanoparticles hold great potential for applications in next-generation flexible, highly
sensitive, and high spatial resolution X-ray delay imaging, as well as wearable X-ray
detection devices. Prof. Xia et al., have rationally designed and synthesized halide
perovskite CsCdCl3:Mn**, R*" (R =Ti, Zr, Hf, and Sn) for use as X-ray PersL phosphors.
The storage capability can be significantly enhanced by trap regulation via Mn?" site
occupation and substitution.!?! Moreover, X-ray imaging with a resolution of 12.5 Ip
mm' has been demonstrated in the PMMA-based detector, allowing for three-

dimensional X-ray imaging in a delayed mode (Figure 1.6).

1.2.7 Latent Fingerprints Identification

The latent fingerprints (LFP) identification recognition method should encompass
52



comprehensive details, spanning from Level 1 (overall fingerprint shape, core point,
delta, efc.) to Level 2 (ending, bifurcation, island, short ridge, etc.) and finally to Level
3 (including details such as ridge width, edge shape, pore size, etc.).*'3] Most optical
LFP imaging methods face interference from background noise during excitation,
leading to a low signal-to-noise ratio. Developing new imaging technologies with
higher signal-to-background ratios and resolution is crucial for enhancing security.
PersL. materials, capable of emitting light long after excitation, enable time-gated
imaging, eliminating background fluorescence and offering clearer, higher-contrast

images.
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Figure 1.7 Latent Fingerprints Identification applications of NaLuF4:Mn2*
nanoparticles. a, Photographs and grayscale images of LFPs deposited on glass by
using NaLuF4:Mn@PAA. b, The variations in grayscale values along the highlighted
straight line in Fig. 5a. ¢, The enlarged details of LFPs, including Level 1, Level 2, and
Level 3, developed using the NaLuF4:Mn@PAA nanoparticles. d, The enlarged pore
areas and their corresponding grayscale value distribution. Ref. [122]; Copyright ©

2022, American Chemical Society.

Prof. Zhuang and Prof. Xie et al., reported COOH-bond modified NaLuF4:Mn**

nanoparticles with high PersL intensity for ideal candidate for time-resolved imaging
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of LFPs.['22] The nanoparticles exhibited stable chemical reaction with amino acids of
fingerprints, giving intense grayscale values either at ridges or at furrows (Figures 1.7a-
b). The high signal-to-background ratio allowed for detailed analysis of LFPs, covering
details from Level 1 to Level 3 (Figures 1.7¢c-d).

1.2.8 Sensing

Phosphorescence or delayed fluorescence has become widely recognized for its use
in optical sensing applications due to its ability to effectively minimize
autofluorescence and scattering light from matrices, resulting in higher sensitivity. The
PersL is typically sensitive to oxygen, water, pH, pressure, temperature, efc.!!’> 214 213]
Prof. Yang’s group developed a new class of pure organic materials with dual-emission
for ratio and color metrics in oxygen sensing and detection.[*!¢! The researchers
chemically modified thianthrene (TA) into intramolecular dimers and dispersed them
in a polymer matrix to form films. These TA-based materials exhibited strong RTP
emission with long lifetimes. The dimer displayed the largest red-shifted RTP, longest
lifetime, and highest RTP efficiency, realizing the highest quenching efficiency and
sensitivity for quantitative oxygen detection. Prof. Yuan et al., synthesized
Zn,GeO4:Mn (ZGO:Mn) PersL nanorods (NRs).[1**) PersL intensity and decay duration
of the ZGO:Mn NRs can be regulated the reaction pH. The NRs were further applied

in autofluorescence-free biosensing. The long PersL of the bioprobes eliminated the

interference from serum autofluorescence.

1.2.9 Stress Recording

Prof. Zhuang et al., developed a force-induced charge carrier storage (FICS) effect
in trap-typed ML materials, i.e., (Sr,Ba)Si»02N2:Eu?*/Yb?",Dy**, which enabled storage
of mechanical energy (such as grinding or squeezing) in deep traps except for the above-
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mentioned optical excitation. The force loading may generate an instantaneous electric
field within the crystal through triboelectricity or piezoelectricity, which excites the
luminescent centers and stores some of the charge carriers in deep traps. The proposed
FICS effect enables distributed stress sensing in a delayed mode, thereby extending the

application of deep-trap PersL materials to novel stress recording devices.[1%]

1.2.10 Time-Temperature Indicator

The deep-trap PersL phosphor can be extended to a wider application range to time-
temperature indicators (TTIs), which have the capability to convert time-temperature
history into readily accessible information, enabling the monitoring of the quality of
perishable foods, pharmaceuticals, or specialty chemicals throughout the entire

(217.218] Cyrrent TTI technologies, such as diffusion-based

transport and storage process.
TTIs and polymerization-activated TTIs, suffer from limitations in recyclability,

sensitivity, and environmental tolerance, which restrict their broad adoption.

Carrier trapping-based TTls
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Figure 1.8 Schematics of light storage based TTIs. The release of trapped carriers is
closely dependent on the storage temperature and time. The number of residual trapped
carriers (nt) can be read out by using a TL method. The light storage based TTIs are
recyclable. The top inset data of remaining active ingredient (na) were cited for

comparison.?!”-218 Ref. [121]; Copyright © 2023, Wiley-VCH GmbH.
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Song et al., developed light-storage-based TTI technology exhibits exceptional
recyclability, reliability, and environmental stability.['?!! As shown in Figure 1.8, PersL
materials serve as the basis for TTI design, relying on the principle that the release rate
of light-induced trapped carriers in these materials correlates with storage time and
temperature. This correlation allows us to assess product freshness based on the number
of residual carriers. The KZnF3:Mn?" fluoride submicron particles with a broad trap

distribution from 0.52 to 0.96 eV were suitable for potential TTI applications.
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Chapter 2

Theoretical Background

2.1 Theory of Persistent Luminescence in Organic

Materials

Persistent luminescence (PersL) in inorganic materials arises from the recombination
of electrons and holes stored in luminescent centers and traps, respectively, as will be
detailed in Section 2.2. However, for traditional organic afterglow materials, the charge
carrier trapping-detrapping mechanism does not apply. Organic excitons, whether in
singlet or triplet states, exhibit high binding energies (several hundred meV) as their
Frenkel exciton nature, making it not easy to separate bound excitons into free electrons
and holes at room temperature (RT), unlike Wannier-Mott excitons with binding
energies around 0.01 eV in inorganic phosphors.'! Consequently, the PersL in
traditional organic afterglow materials primarily results from the slow radiative
transition of long-lasting triplet excitons. The excited excitons in organics are typically
highly unstable, featuring efficient intersystem crossing (ISC) and reverse intersystem
crossing (RISC). In Sections 2.1.1-2.1.2, the phosphorescence and delayed
fluorescence arise from spin-forbidden transitions from the triplet state to the singlet
state, and the lifetimes usually occur over hundreds of microseconds.>*] Importantly,
charge separation and recombination strategies have been developed to realize hours-
level long PersL (LPL) from an organic host-guest system (Section 2.1.3).>%1 In 2024,
we provided the first evidence of trap states in low-doped host-guest organic systems,
breaking the theoretical boundary between organic and inorganic materials (Section
2.1.4).°1 Additionally, a general method has been reported to convert traditional
fluorescent chemicals into long-lived afterglow nanoparticles. This method relies on a
chemical cascade photoreaction in the nanoparticles to store light energy (Section

2.1.5).1100
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Before formally introducing types of organic PersL, the basic concepts of
photophysical processes in organic luminescent materials, as all types of organic
afterglow involve these photoelectronic processes. Organic molecules typically consist
of multiple atoms, each with numerous atomic orbitals exhibiting high levels of
degeneracy and abundant electrons, making quantum mechanical calculations highly
challenging. To simplify practical analysis, molecular orbital theory was introduced.!!!
Molecular orbitals are formed by the combination of atomic orbitals from several atoms.
The theory can be summarized as follows: (1) The movement of an electron in the
molecule is illustrated by the wave function ¥. The nuclei create a potential field, and
each electron in the molecule also generates its own potential field, resulting in a
combined average potential field that influences electron movement. (2) Molecular
orbitals are linear combinations of atomic orbitals, with a fixed number of valence bond
orbitals. The energy levels of these orbitals differ, creating bonding and anti-bonding
orbitals. (3) The electron arrangement within molecular orbitals adheres to the
principles of the minimum energy principle, Pauli exclusion principle, and Hund’s rule.
(4) To form molecular orbitals, atomic orbitals with similar energy levels, optimal
overlap, and compatible symmetry are required. According to Pauli's principle and
Hund's rule, each molecular orbital can accommodate only two electrons with opposite
spins. When two or more molecular orbitals have the same energy, electrons will occupy
separate orbitals with parallel spins. The process of filling bonding orbitals generates
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular

orbital (LUMO), commonly referred to as frontier molecular orbitals (FMO).

In ground state, electrons follow the above principles of electron configuration,
resulting in the molecule having the lowest energy. According to Pauli's principle, any
pair of electrons in the same orbital must be spin-paired, meaning that all ground-state
configurations exist in a singlet state (So). When a molecule is excited, electrons
transition from a ground state to a higher energy excited state. If the two electrons in

the excited state retain opposite spins, the molecule remains in a singlet state, denoted
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Sn (n>1). If an electron undergoes spin-flip, resulting in two electrons with the same
spin direction, the molecule's spin multiplicity becomes M=2s+1=2x1+1=3 (s=1),
putting it in a triplet state, represented as Ty (n>1).1?! The excited state is unstable and
high in energy, returning to the ground state by releasing energy through radiative or
non-radiative transitions. The actual transition process is complex, so researchers apply
certain assumptions to simplify analysis. When the transition to the So state involves
luminescence, it generally follows the Franck-Condon principle.'?! The radiative
transitions typically occur between the lowest vibrational level of the Sy state and a high
vibrational level of the Su