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Long-afterglow emitters are a class of 
material that show long-lived emission 
lasting for seconds to even hours after the 
excitation source is removed.[1] Currently, 
high-performance long-lived materials 
are mainly based on inorganic materials 
such as CaAl2O4 or SrAl2O4 with rare 
metal dopants such as Eu, Nd, and Dy.[2,3] 
Although the emission can last for more 
than 10  h, the fabrication requires high 
temperature (>1000  °C) and the use of 
rare metals. Recently, purely organic long-
afterglow materials have been discovered 
and they possess many advantages over 
their inorganic counterparts, including 
the use of more sustainable elements and 
lower fabrication costs. There are two main 
sub-classes of materials that show purely 
organic long-lived emission at room tem-
perature: 1) room-temperature phospho-
rescence (RTP) materials and 2) organic 
long-persistent luminescence (OLPL) 
materials. RTP has been heavily studied in 
recent years.[4–7] Materials showing RTP typ-
ically have a large singlet–triplet-excited-
state energy gap (ΔEST) to inhibit reverse 

Organic long-persistent luminescence (OLPL) is one of the most promising 
methods for long-lived-emission applications. However, present room-tem-
perature OLPL emitters are mainly based on a bimolecular exciplex system 
which usually needs an expensive small molecule such as 2,8-bis(diphenyl-
phosphoryl)dibenzo[b,d]thiophene (PPT) as the acceptor. In this study, a new 
thermally activated delayed fluorescence (TADF) compound, 3-(4-(9H-car-
bazol-9-yl)phenyl)acenaphtho[1,2-b]pyrazine-8,9-dicarbonitrile (CzPhAP), 
is designed, which also shows OLPL in many well-known hosts such as 
PPT, 2,2′,2″-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi), and 
poly(methyl methacrylate) (PMMA), without any exciplex formation, and its 
OLPL duration reaches more than 1 h at room temperature. Combining the 
low cost of PMMA manufacture and flexible designs of TADF molecules, pure 
organic, large-scale, color tunable, and low-cost room-temperature OLPL 
applications become possible. Moreover, it is found that the onset of the 77 K 
afterglow spectra from a TADF-emitter-doped film is not necessarily reliable 
for determining the lowest triplet state energy level. This is because in some 
TADF-emitter-doped films, optical excitation can generate charges (electron 
and holes) that can later recombine to form singlet excitons during the phos-
phorescence spectrum measurement. The spectrum taken in the phospho-
rescence time window at low temperature may consequently consist of both 
singlet and triplet emission.
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intersystem crossing (RISC), and also are in a rigid environ-
ment such as a crystalline lattice where non-radiative decay 
processes are strongly inhibited.[8–10] The longest reported RTP 
emitters have photoluminescence (PL) lifetimes, of over 23 s.[11] 
Compared with RTP, there are only a small handful of exam-
ples of OLPL materials.[12–14] The afterglow duration for mate-
rials showing OLPL is significantly longer, lasting thousands of 
seconds. Further, the material is not required to be in a crystal-
line state to show OLPL.[12]

Solid-state room-temperature OLPL was first reported by 
Ohkita et  al. between 1997 and 2001. They found that doping 
perylene into poly(n-butyl methacrylate) (PnBMA) resulted in 
films showing afterglow lasting around 200  s.[15,16] Long-after-
glow room-temperature OLPL was first reported by Kabe et al. 
in 2017.[14] They demonstrated that doping 1 mol% N,N,N′,N′-
tetramethylbenzidine (TMB) into 2,8-bis(diphenyl-phosphoryl)
dibenzo[b,d]thiophene (PPT) can produce an exciplex emitter 
showing an afterglow of more than 1  h. In 2018, the same 
group demonstrated that a 4,4′,4″-tris[phenyl(m-tolyl)amino]-
triphenylamine (m-MTDATA):PPT exciplex showed a twofold 
longer afterglow under the same conditions compared with 
TMB:PPT.[12] Moreover, they realized multi-color OLPL by 
doping different fluorescent chromophores into the TMB:PPT 
system.[17] Expanding this concept further, the same group fab-
ricated low-cost OLPL materials using the exciplex formed by 
TMB and PBPO, an n-type polymer. The corresponding plastic 
film showed an afterglow lasting around 7 min.[13] In terms of 
the OLPL formation condition, Lin et  al. asserted that a small 
energy gap between the singlet charge transfer state (1CT) and 
the triplet locally excited state (3LE) in an exciplex system is 
desirable as this helps to create more photoinduced charges 
through the 1CT exciton dissociation.[18]

Here, we demonstrate that exciplex formation is not required 
for room-temperature OLPL as it can be obtained through 
doping of a thermally activated delayed fluorescence (TADF) 
compound into common host materials such as poly(methyl 
methacrylate) (PMMA) and 2,2′,2″-(1,3,5-Benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole) (TPBi), as well as PPT. We studied 
the TADF properties of a molecule, 3-(4-(9H-carbazol-9-yl)
phenyl)acenaphtho[1,2-b]pyrazine-8,9-dicarbonitrile (CzPhAP), 
and its application for OLPL. 0.5 wt% CzPhAP-doped films in 
PPT and TPBi show OLPL with an afterglow duration of more 
than 1000 s, and the afterglow duration is over 400 s when it is 
doped in PMMA. This discovery is important because it enables 
a wide range of host materials to be used for OLPL including 
inexpensive and easily molded polymers such as PMMA. A fur-
ther feature of our study is that the relatively large ΔEST found 
in this TADF emitter enables us to study the evolution of the 
emission spectra over time and so clearly identify the excited 
state responsible for the emission in each time window. Within 
that, the low-temperature PL spectrum study of this OLPL 
system reveals that the onset value of the 77 K afterglow spec-
trum from a TADF-emitter-doped film cannot necessarily be  
reliable for determining the energy level of the lowest triplet 
excited state (T1) of the TADF emitter. This is because even in 
the phosphorescence time window at 77 K, singlets may still be 
generated continuously by charge recombination in the film 
and the consequent 77  K afterglow spectrum may consist of 
both the lowest singlet state (S1) and T1 emission.

We designed CzPhAP as a TADF emitter. This compound 
consists of a carbazole (Cz) donor group linked by a paraphe-
nylene bridge to a strongly electron-accepting acenaphtho[1,2-
b]pyrazine-8,9-dicarbonitrile (AP). AP has previously been 
employed in red TADF emitter design and based on its rigid 
character, OLEDs using AP-based emitters show high effi-
ciency.[19–22] The related molecular structures and performance 
of these AP-based emitters are summarized in Table S1, Sup-
porting Information. Here, the DFT and TDDFT calculations 
show that CzPhAP possesses a large calculated ∆EST of 0.18 eV 
(Figure 1a). The HOMO and LUMO energies for CzPhAP, 
determined experimentally from cyclic voltammetry (CV) and 
differential pulse voltammetry (DPV) measurements in ace-
tonitrile (Figure S15, Supporting Information), are −5.75 and 
−3.65 eV, respectively. For comparison, ambient pressure photo
emission spectroscopy (APS) of a neat film of CzPhAP gave a 
HOMO level of −5.76 eV (Figure S16, Supporting Information), 
which aligns with the DPV-determined level.

The steady-state absorption spectrum of CzPhAP in toluene 
features a broad, low-energy absorption band at 425  nm that 
is assigned to a CT transition (Figure  1b). The steady-state PL 
spectra also feature a CT state characteristic: emission is gen-
erally broad and featureless and positive solvatochromism is 
observed. The ΔEST, determined from the difference in energy 
between the onsets of the prompt fluorescence and phospho-
rescence spectra obtained in toluene glass at 77 K (Figure  1c), 
is 0.47 eV, which is much larger than that predicted by the DFT. 
Because of this large ∆EST, CzPhAP does not show TADF prop-
erties in toluene and the time-resolved PL (TRPL) decay curve 
in toluene shows no delayed component (Figure S17, Sup-
porting Information). However, singlet emission quenching 
by O2 is still observed in these TRPL decay curves, which is 
also reflected in the PL quantum yield (ΦPL) measurement in 
toluene (ΦPL is 84% under degassed condition and 75% when 
aerated). The solution-state photophysical data is summarized 
in Table S2, Supporting Information.

We next investigated the photophysical properties of the 
doped thin films of CzPhAP in two OLED-relevant hosts, PPT 
and TPBi, as well as PMMA (Figure 2a). The HOMO and 
LUMO energy levels of all of these materials are presented 
in Figure  2a to exclude the possibility of exciplex formation 
between the hosts and the guest. The doping concentrations are 
6 wt% for the PPT film and 10 wt% for the TPBi and PMMA 
films. The steady-state emission spectra of the PPT, TPBi, and 
PMMA films have broad CT features with emission maxima 
of 586, 578, and 560  nm (Figure  2b). The absolute ΦPL’s of 
these films are 56.6%, 47.4%, and 32.4%, respectively, under a 
nitrogen atmosphere. The ΦPL values dropped slightly to 49.9%, 
46.2%, and 29.1% in air. The reduction of the ΦPL in air is attrib-
uted to quenching by oxygen. The reduction is smaller than in 
many TADF materials because of the low reverse intersystem 
cross rate (kRISC) caused by the large ∆EST, 0.24  eV, as meas-
ured in the 6  wt% CzPhAP:PPT film (Figure  2c). Figure  2c 
shows the prompt and afterglow emission spectra of the 6 wt% 
CzPhAP:PPT film measured at 77  K. The afterglow spectrum 
(red line) for T1 determination has a shoulder (at 577 nm) with 
the same peak position as the prompt emission spectrum (black 
line), and this shoulder is assigned to singlet emission through 
charge recombination, which is discussed in detail below. 
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Therefore, the onset value of the PPT film’s phosphorescence 
spectrum was taken from extrapolating the curve from the 
main peak (at 629 nm) rather than the shoulder. All the solid-
state photophysics data are compiled in Table S3, Supporting 
Information. Figure S18, Supporting Information, shows the 
temperature-dependent TRPL decay curves (from 300 to 100 K) 
of this PPT film. The delayed emission was gradually quenched 
with the decreasing temperature, demonstrating that the TADF 
is still operating in CzPhAP when it is doped in PPT (even 
though the ∆EST = 0.24 eV).

OLEDs employing 6  wt% CzPhAP:PPT as the emission 
layer (EML) were fabricated and the device structure and per-
formance are shown in Figure 2d and Figure S19, Supporting 
Information. The OLED shows a broad electroluminescence 
(EL) emission spectrum with λEL at 570  nm, CIE coordinates 
of (0.47, 0.51), and EQEmax of 11%. This high EQEmax value con-
firms that TADF is contributing to the emission of CzPhAP in 
the polar solid host PPT. There is significant efficiency roll-off 
with an EQE of 2.8% at 100 cd m−2, which is the result of the 
large ∆EST and the correspondingly small kRISC. There may also 
be singlet-polaron and triplet-polaron quenching that is contrib-
uting to the efficiency roll-off. Its relevance to the phenomenon 
of charge accumulation in the EML is discussed below.

During our solid-state photophysical investigation, we 
observed that the TRPL decay durations of the CzPhAP-doped 
films are dependent on the excitation durations (measured 
by Edinburgh Instrument FLS 980). Figure  2e shows the 

TRPL decay measurement result of the 6  wt% CzPhAP:PPT 
film measured under vacuum at room temperature using dif-
ferent numbers of excitation shots. The excitation source was a 
378 nm pulsed picosecond laser driven in burst mode (the time 
interval between two shots is 10  ns and the pulse duration of 
each shot is around 200 ps FWHM). When the number of the 
excitation shots was increased, the excitation duration was also 
correspondingly increased, and the consequent delayed emis-
sion durations were also extended as observed in the normal-
ized TRPL decay curves (Figure  2e). Furthermore, the slopes 
of the decay curves vary with different numbers of excitation  
shots, indicating the emission process is more complicated than 
typical TADF or RTP. Recently, Yamanaka et al.[24] reported that 
in the TRPL decay measurements of a TPA-DCPP:CBP film, 
they could extend the PL decay duration of the film from around 
0.5 ms to more than 2 ms by increasing the excitation duration 
from 10 to 500 µs. They proved that the origin of this phenom-
enon is the photoinduced charge generation during the excita-
tion process. When the excitation source is off, these charges 
recombine and contribute to the delayed emission. Therefore, 
the photoinduced charges are likely to be the reason for the 
extended delayed emission here. However, Yamanaka et  al. 
only focused on demonstrating the existence of photoinduced 
charges in their films but did not observe long delayed emis-
sion lasting over a second, and so they did not report the OLPL 
from their films. In contrast, as shown in Figure 2f, with 10 000 
excitation shots (equals 2  µs excitation duration), all of the 

Figure 1.  The calculation results of CzPhAP and its emission and absorption spectra in solution. a) Molecular structure, DFT-determined electron 
density distribution, and energies of the HOMO and LUMO, and TDDFT-determined energies of the S1 and T1 states of CzPhAP in the gas phase. 
b) Steady-state absorption spectrum in toluene and photoluminescence solvatochromism study of CzPhAP (λexc = 340 nm). c) 77 K PL prompt and 
phosphorescence spectra of CzPhAP in toluene (λexc = 343 nm); the ∆EST value is taken from the onset value difference between the two spectra.
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CzPhAP:PPT/TPBi/PMMA films showed emission lasting up 
to 1  s, which is much longer than that reported by Yamanaka 
et  al. Furthermore, this delayed emission is oxygen sensitive 
and is entirely quenched when the film is exposed to air as can 
be observed from the decay curve of the TPBi film.

To further investigate the properties of the weak and long-lived 
delayed emission from CzPhAP, we fabricated much thicker 
amorphous films (≈1  mm) using PPT and TPBi as the hosts 
through melt-casting of mixed host–guest powder on glass sub-
strates in the same manner as described by Kabe et al.[14] While, 
the thick PMMA film was obtained from polymerization from 
PMMA’s monomer. Thicker films are better for the study of 
afterglow because they absorb more light and generate stronger 
emission for afterglow detection. In addition, we decreased the 
doping concentrations of these films because Kabe et  al.[14] had 
previously shown that a lower doping concentration is better 
for obtaining longer OLPL durations. However, in blends where 
FRET occurs from host to emitter, too low a concentration will 
lead to insufficient FRET. Therefore, 0.5 wt% was chosen as the 
emitter doping concentration of these thick films. Furthermore, 
as shown in Figure 2e, longer excitation duration can also help to 
extend the afterglow duration. Therefore, these thick films were 
excited by a 365 nm LED for 60 s (for the PPT and TPBi films) 
or 1000  s (for the PMMA film) before the PL decay measure-
ment. The long-lived afterglow was measured by a silicon photo
multiplier (SiPM) connected to a multimeter. Figure 3a shows 
the PL decay traces of the 0.5  wt% CzPhAP:PPT/TPBi/PMMA 
films measured under vacuum at room temperature 1 s after the 
excitation, so as to avoid the strong prompt emission. Both the 
PPT and TPBi films show average emission duration over 1000 s, 

while the PMMA film shows emission duration over 400 s. The 
long-lived afterglow from PPT and TPBi films demonstrate that 
doping a TADF compound into common hosts can have compa-
rable emission duration to that of state-of-the-art OLPL systems 
at room temperature.[14] The decay curves of the PPT and TPBi 
films start to follow power law from 5  s after photoexcitation, 
and the PMMA film follows a power law from 7  s after excita-
tion. Power law decay is a feature of OLPL that originates from 
photoinduced charges. This suggests the mechanism of the long-
lived afterglow in our systems is also OLPL, which is similar with 
that of the previously reported OLPL materials.[13,14] Importantly, 
we observe this phenomenon originating from a donor–acceptor 
type TADF compound, while in the previous reports,[12–14] this 
process occurred in materials that form exciplexes.

As shown in Figure  3a, linear fits of the power law decay 
components in log–log scale yield slope values of −0.98 for 
films of CzPhAP:PPT, −1.00 for CzPhAP:TPBi, and −0.55 for 
CzPhAP:PMMA, respectively, indicating photoinduced charges 
are recombining at different rates in these films. The origin of 
different slope values in long-persistent luminescence (LPL) 
has been studied in between early 1950s and late 1990s. At 
that time, LPL was often called isothermal luminescence. The 
models can be divided into those based on electron diffusion, 
and those based on electron tunneling. The diffusion model 
was first proposed by Debye and Edwards[25] in 1952. In this 
model, the positively charged emitter radicals are treated as 
electron sinks with many photoinduced electrons around the 
radicals after photoexcitation. The radicals are normally much 
larger and heavier than the electrons, so they are considered to 
be firmly held by the solid media and cannot move, whereas the 

Figure 2.  The PL and EL properties of CzPhAP in solid state. a) Molecular structures and HOMO/LUMO energy diagrams of CzPhAP, PPT, TPBi, and 
PMMA. The HOMO and LUMO values of PPT, TPBi, and PMMA are taken from refs. [14], [4], and [23], respectively. b) Steady-state PL emission of 
the 10 wt% CzPhAP:TPBi/PMMA films and the 6 wt% CzPhAP:PPT film. c) 1–100 ns prompt fluorescence and 1–10 ms afterglow spectra of the 6 wt% 
CzPhAP:PPT film at 77 K. The ∆EST value is determined from the difference in the onset values of the fluorescence and phosphorescence spectra.  
d) Device EQE versus luminance (inset: normalized EL spectrum, device in operation and a photograph of the OLED). e) TRPL decay curves of the 6 wt% 
CzPhAP:PPT film with different numbers of excitation shots. (Excitation source: 378 nm picosecond laser). f) TRPL decay of the 6 wt% CzPhAP:PPT 
and 10 wt% CzPhAP:TPBi/PMMA films measured in air and under vacuum with 10 000 excitation shots. (Excitation source: 378 nm picosecond laser).
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Figure 3.  The OLPL properties of CzPhAP. a) OLPL decay curves of the 0.5 wt% CzPhAP:PPT/TPBi/PMMA films measured under vacuum at room tempera-
ture (λexc = 365 nm, excitation intensity and durations: 23.20 mW cm−2, 60 s; 7.30 mW cm−2, 60 s; 23.20 mW cm−2, 1000 s). b,d,e) TRPL spectra of the 0.5 wt% 
CzPhAP:PPT/TPBi/PMMA films and CzPhAP in toluene (λexc = 343 nm). c) Schematic diagram of the charge recombination and OLPL emission process in 
the CzPhAP-doped films. f–h) Schematic diagrams of successive two-photon ionization, CT charge dissociation (figure adapted from ref. [18]), and spon-
taneous orientation polarization (SOP). i) Excitation intensity-dependent OLPL decay curves of the 0.5 wt% CzPhAP:PPT films measured under vacuum at 
room temperature (λexc = 365 nm, excitation duration: 60 s). j) Photographs of the OLPL of the 0.5 wt% CzPhAP:PPT/TPBi/PMMA films (λexc = 365 nm).
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ejected electrons are assumed to be able to diffuse in one direc-
tion through the solid. This model was later improved by Abell 
and Mozumder[26] in 1972 through strict mathematical deriva-
tion, and the conclusion was that, within the electron diffusion 
model, a slope value of −1 can be obtained at the intermediate 
state of an OLPL decay, but the slope value will finally go to 
−1.5 at a longer time scale. Hamill and Funabashi[27] developed 
a diffusion model for LPL using the hopping time distribution 
of a continuous-time random walk (CTRW) used by Scher and 
Montroll[28] to explain the long tail of the transient photocurrent 
in amorphous solids. This model leads to slower electron diffu-
sion and a lower rate of charge recombination, with a slope of 
the PL decay between 0 and −1. An alternative approach is the 
electron tunneling model, in which electrons recombine with 
the emitter radicals by tunneling, a process that is independent 
of temperature. In 1975, Tachiya and Mozumder[29] concluded 
that, within this model, the slope value should be close to −1.  
Therefore, the slope values predicted by these three charge-
recombination models, namely electron diffusion, CTRW, 
and electron tunnelling, are [−1.5, −1], (0, −1), and close to −1, 
respectively. Our measured slopes for all 3 hosts are compat-
ible with the model of Hamill and Funabashi. As all models can 
explain a slope of −1, our results in PPT and TPBi hosts could 
also be explained by the other models. However, the main focus 
of our work is to demonstrate room-temperature OLPL can be 
realized in TADF-emitter-doped films, and that it has similar 
afterglow duration to exciplex OLPL emitters.

It is noteworthy that all the TRPL decay curves in Figure 3a 
show two decay regimes. For the PPT and TPBi films, one 
regime is between 1–5  s, and the other is after 5  s; For the 
PMMA film, one regime is between 1–7  s and the other is 
after 7 s. To investigate the origin of these two regimes, TRPL 
spectra of these films were collected under vacuum in different 
time windows so as to identify the emitting species in each 
time window. Figure 3b shows the TRPL spectra of the 0.5 wt% 
CzPhAP:PPT film measured under vacuum in the time win-
dows of 1–100  ns, 1–10  ms, 1–3  s, and 5–65  s after excitation 
at 300  K and in the time window of 1–10  ms after excitation 
at 77 K. We then compared these five PL spectra to CzPhAP’s 
phosphorescence spectrum measured in flash cooled toluene 
glass at 77 K. In order to refer to the spectra in Figure 3b easily, 
we have labeled them b1–b6. The comparison of spectra pre-
sented in Figure  3b (top) reveals that the PL emission of the 
PPT film in the second regime (>5  s) originates from S1: the 
broad and structureless PL spectrum collected in the time 
window of 1–100 ns (spectrum b1) is the prompt S1 emission. 
The PL spectrum collected in the 1–10 ms window, b2, is from 
the TADF of the emitter, which is also from S1. Spectrum b2 is 
modestly redshifted compared to spectrum b1, which is com-
monly observed in TADF materials. This redshift is caused by 
the conformational relaxation of the host and emitter.[30] Spec-
trum b3 shows a perfect overlap with spectrum b2, indicating 
that spectrum b3 also comes from S1. Therefore, the emission  
of the OLPL from 5 s after excitation also originates from the S1 
of CzPhAP, which is labeled in Figure 3a. This is understandable 
because OLPL comes from charge recombination. As shown in 
Figure  3c, when the charges recombine, the generated triplets 
can be converted into singlets through TADF so that only singlet 
emission is observed in the power law decay regime.

The comparison of spectra in Figure  3b (bottom) reveals 
that the PL emission of the PPT film in the first decay regime 
(1–5 s) is from both the S1 and T1 states of CzPhAP. Figure 3b 
(bottom) shows the effect of temperature on spectra b4, b5, 
and b6. Spectra b4 and b5 have similar profiles, implying sim-
ilar species are contributing to both of the spectra regardless 
of the huge temperature and time window differences. Also, 
spectrum b5 has a peak at 608 nm and a shoulder at 584 nm, 
indicating more than one species is emitting. To identify these 
species, spectra b5 and b6 were compared. As spectrum b6 is 
the phosphorescence spectrum of CzPhAP collected in 77  K 
toluene glass, it can be assigned to be purely from the T1 of 
CzPhAP. In addition, it can be seen in Figure 3b (bottom) that 
(on the right side of the black dashed line) the lower energy 
component of spectra b5 and b6 show a perfect overlap. There-
fore, the peak of spectrum b5 (at 608 nm) is also from T1. The 
shoulder at 584  nm was found to come from the S1 state: as 
shown in Figure S22c, Supporting Information, the higher-
energy component of spectrum b5 (on the left side of the black 
dashed line) is composed of spectra b1 and b2 which are both 
from S1. Therefore, spectrum b5 is a superposition of emission 
from both S1 and T1. Moreover, as the spectrum b5 is similar 
to b4, it can be concluded that spectrum b4 also contains S1 
and T1 emission. As spectrum b4 was collected in the 1–3  s 
time window at 300 K, the emission in the first decay regime 
(1–5 s) should also come from the S1 and T1, which is labeled 
in Figure 3a. These observations are also in line with those of 
Lin et al.[18]

Importantly, as has been discussed in spectrum b5, singlet 
emission can still be observed in the 1–10 ms time window at 
77  K in the 0.5  wt% CzPhAP:PPT film (similar to the result 
shown in Figure 2c). Singlet generation is unlikely to be from 
RISC because of the low temperature and CzPhAP’s large ∆EST. 
Therefore, the population of S1 is not a TADF process, and we 
instead assign it to photoinduced charge generation and subse-
quent charge recombination. The choice of this mechanism is 
based on the fact that OLPL has been proven to play an impor-
tant in the PPT film. Also, people have shown many cases of 
charge recombination at low temperature (<77  K).[14,15,31,32] 
Within this mechanism, there is a 25% probability of singlet 
exciton generation when the charge recombination occurs. 
Therefore, charge recombination is most likely to be respon-
sible for the singlet generation here. Consequently, according to 
the analysis of spectrum b5, the onset of the 1–10 ms 77 K after-
glow spectrum from a TADF-emitter-doped film is not neces-
sarily a reliable indicator of the TADF emitter’s T1 energy level 
because it may contain some singlet emission, which would 
lead to an underestimation of ∆EST.

Similar behavior of the TRPL spectrum was observed in the 
0.5 wt% CzPhAP:TPBi film, which is shown in Figure 3d and 
Figure S23c, Supporting Information. However, the spectral 
evolution of the 0.5  wt% CzPhAP:PMMA film at 77  K is dif-
ferent. Figure 3e (bottom) compares its spectra collected in the 
1–3 s time window at 300 K (e4), in the 1–10 ms time window 
at 77  K (e5), and the phosphorescence spectrum measured 
in toluene (e6). It can be seen that spectrum e5 almost com-
pletely matches spectrum e6, indicating that the same emitting 
species is contributing to these two spectra. As has been dis-
cussed, spectrum e6 is purely from T1, therefore, T1 emission 
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also dominates spectrum e5. Consequently, in contrast to the 
CzPhAP:PPT/TPBi films, the onset of the CzPhAP:PMMA 
film’s spectrum collected in the 1–10 ms time window at 77 K 
is almost purely from T1, and so can be used to determine the 
T1 energy level of CzPhAP. This indicates the charge-recombi-
nation rate in the 77 K PMMA film is much lower than those in 
the PPT and TPBi films, and so the intensity of the S1 emission 
in the 0.5  wt% CzPhAP:PMMA film is negligible compared 
with that of the phosphorescence in the 1–10 ms time window 
at 77 K.

At 300  K, the spectral evolution behavior of the 0.5  wt% 
CzPhAP:PMMA film is similar with those of the 0.5 wt% films 
of CzPhAP in PPT and TPBi. Figure  3e (top) compares the 
spectra at 300 K in the 1–100 ns (e1) and 1–10 ms (e2) time win-
dows. However, the spectrum after 7 s was not obtained because 
its low emission intensity is out of the measurement range of 
our spectrometer which is less sensitive compared with the 
SiPM for the PL intensity measurement. Figure 3e (top) shows 
that, in the PMMA film, the spectral evolution between the 
prompt and delayed emission is similar to that observed in the 
PPT and TPBi films. Also, Figure 3e (bottom) and Figure S24c, 
Supporting Information, show that spectrum e4 is composed of 
spectra e1, e2, and e6, which is similar to the cases of PPT and 
TPBi as well. Therefore, the emission in the first decay regime 
(1–7  s) of the PMMA film is also composed of the S1 and T1 
emission.

In summary, there are three main conclusions from the 
spectral evolution study: 1) In the 300 K PPT and TPBi films, 
the OLPL emission in the second decay regime (>5  s) mainly 
originates from the S1 of CzPhAP. 2) In all of these three films 
at 300 K, the emission in the first decay regime (1–5 s for the 
PPT and TPBi films, and 1–7 s for the PMMA film) has contri-
butions from both S1 and T1. 3) Singlets are continuously gen-
erated at 77 K in the CzPhAP:PPT/TPBi films through charge 
recombination in the 1–10  ms time window. Therefore, the 
onset values of the shoulders of these two spectra cannot be 
used to determine the T1 energy level of CzPhAP.

Although OLPL can be found in CzPhAP-doped films due to 
the existence of photoinduced charges, the mechanism of the 
charge-separation process and how it is related to CzPhAP’s 
TADF properties are not entirely clear. So far, three photoinduced  
charge-separation mechanisms have been proposed within 
OLPL: successive two-photon ionization, CT exciton dis-
sociation, and spontaneous orientation polarization (SOP) 
(schematic diagrams: Figure  3f–h, respectively). The succes-
sive two-photon ionization model was usually used by Ohkita 
et  al.[15,32,33,34] in between 1996–2001. In this model, as shown 
in Figure 3f, emitters are first populated to their excited states 
(S1 or T1) and then absorb a second photon, which leads to 
ionization. In Ohkita’s experiment,[31] a 351  nm XeF femto-
second laser (30  mJ  cm−2, 20  nm FWHM) was used to excite 
a TMB:PMMA film, and OLPL was observed from the film 
lasting for more than 2 h at 20 K.

In 2017, Kabe et al.[14] started to use exciplex systems for OLPL 
and significantly improved the OLPL intensity and duration at 
room temperature. Their charge-separation model (Figure  3g) 
is based on CT exciton dissociation, which is reminiscent of 
solar cell models:[18] the excitons at CT states can spontaneously 
dissociate into electrons and holes. The advantage in this model 

is that the charge separation is a one-photon process, which 
only requires a weak excitation source when compared with 
successive two-photon ionization. Similarly, Yamanaka et al.[24] 
also attributed their charge generation to CT exciton dissocia-
tion but with the help of SOP (Figure  3h). SOP describes an 
assisted photoinduced charge-separation process: when the 
EML is fabricated, host or guest molecules may form region 
with molecular alignment (or crystallization) and generate 
regional potential because of the permanent dipole moments of 
these molecules. The local potential can help the CT excitons of 
the TADF emitters to dissociate and generate charges.

In order to probe the OLPL mechanism for our system, we 
measured excitation-intensity-dependent OLPL decay curves 
of the 0.5 wt% CzPhAP:PPT film. The film was excited using 
a 365  nm LED for 1  min with different excitation intensities 
ranging from 0.7 to 23.2  mW  cm−2. The results presented in 
Figure 3h show that using the 23.2 mW cm−2 excitation inten-
sity gave OLPL duration around 4000 s. For low excitation inten-
sity (0.7  mW  cm−2), only around 10  s emission duration was 
observed. We attribute this to the photogeneration of far fewer 
separated charges at low excitation intensity which may suggest 
that the charge separation in this system is a multi-photon pro-
cess. In addition, CzPhAP has a large ∆EST and high molecular 
rigidity which contribute to a long-lived T1. Therefore, succes-
sive two-photon ionization is most likely to be the mechanism 
responsible for our OLPL. In CzPhAP-doped films, Optical 
excitation leads to the generation of long-lived triplets, which 
can then be further excited, leading to ionization. A long-lived 
triplet excited state is important because it enables a substantial 
population of triplets to build up, which increases the chance of 
a second photon being absorbed. To verify this explanation, we 
tested some other emitters that have much shorter T1 lifetime, 
namely 4CzIPN,[35] DCzIPN,[36] and Alq3. Each of these mate-
rials was doped into PMMA, but OLPL was not observed. This 
is consistent with the successive two-photon ionization mecha-
nism for OLPL.

In summary, we have demonstrated that an inefficient TADF 
compound, CzPhAP, doped in PPT, TPBi, and PMMA matrices 
can also show room-temperature OLPL lasting for thousands 
of seconds. Importantly the OLPL does not need bi-molecular 
exciplex formation. CzPhAP is ideal for OLPL applications 
because it has a large ∆EST and it is a very rigid molecule, both 
of which contribute to its long T1 lifetime and the consequently 
large T1 populations. This large T1 population is ideal for  
photoinduced charge generation through successive two-photon 
ionization processes. Moreover, we studied the origin of the two 
regimes in the decay curves of 0.5 wt% CzPhAP in PPT, TPBi, 
and PMMA. We found that in the short-time regime (1–5 s for 
the PPT and TPBi films, 1–7 s for the PMMA film) the emission 
is from both the S1 and T1 states of CzPhAP. In the long-time 
regime (>5 s), the emission is from the S1 state of the emitter 
for the PPT and TPBi films. This means that care needs to be 
taken when using the onset of the 77  K afterglow spectrum 
from a TADF-emitter-doped film to determine the emitter’s T1 
energy level, because there could also be a contribution to the 
emission from singlets formed through charge recombination.

In this work, we also found that many OLPL properties 
depend on the host material. For example, at 300 K, we found 
the OLPL decay slopes in log–log plot vary from −0.55 to −1 
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in different hosts, and attributes this to different durations 
of charge trapping on the different hosts. At 77 K, the charge-
recombination rate in the PMMA film is so low that S1 emis-
sion can hardly be seen in the 1–10  ms time window, which 
is completely different from the PPT and TPBi cases. As host 
materials consist of 99.5 wt% of our films, and are responsible 
for trapping photo-induced charges, they certainly have a strong 
influence on the OLPL performance. Some of these effects have 
been studied by Ohkita et al. through using different polymers 
as hosts in 1997,[31] leading to different decay slopes and dura-
tions of OLPL. However, the main focus of our work is to dem-
onstrate that putting a TADF emitter into readily available hosts 
(including PMMA) is another way to realize long-lived room-
temperature OLPL. Therefore, more detailed host material 
dependency was not further studied.

Last but not least, we demonstrated that the cheap polymer 
PMMA could also be employed as a room-temperature OLPL 
host, which opens the door to cost-effective OLPL materials. 
Although Ohkita et  al.[15] have already demonstrated that 
doping perylene in PnBMA can also realize OLPL at room tem-
perature, our work shows CzPhAP can show emission duration 
in PMMA that is twice as long. Moreover, combining the flex-
ible design of TADF emitters, further expanding this strategy 
may lead to better OLPL systems with more emission colors 
and longer afterglow durations. Furthermore, although the 
OLPL was observed to be quenched in air, it can survive in inert 
gas environment. This indicates that encapsulation will enable 
OLPL in the ambient environment. Therefore, by combining 
the low cost of PMMA manufacture with flexible designs of 
TADF molecules, pure organic, large-scale, color tunable, and 
low-cost room-temperature OLPL applications are possible.

Experimental Section
Fabrication of the CzPhAP:PPT/TPBi Films (0.5  wt%): CzPhAP 

powders were mixed with PPT/TPBi powders according to the doping 
concentration inside glass vials. The glass vials were transferred into 
the glove box for the nitrogen environment. The powder on the glass 
substrates were transferred to a hotplate which was heated up to 250 °C. 
When the powder completely melted, the glass substrates were removed 
from the hotplate for a quick cool down.

Fabrication of the CzPhAP:PMMA Film (0.5  wt%): CzPhAP powders 
were dissolved in PMMA’s monomer, MMA, according to the doping 
concentration in a glass vial with the dissolving temperature around 
50 °C with the help of magnetic stirring bar. AIBN (0.1 wt%) was mixed 
as the radical initiator, and the glass vial was heated up to 60 °C in oil 
bath for 5 h under N2. The temperature was increased to 110 °C for 1 h, 
and then to 160 °C for 1 h to completely polymerize MMA. The glass vial 
was put under vacuum (<10−2 mbar), and the temperature was increased 
to 200 °C for 3 h to remove all the remaining potential liquid. The final 
product was left in N2 during the cooling down process.

Short-time range (<2 s) PL decay was measured using a fluorimeter 
(Edinburgh Instruments F980). Long-time range (>2  s) PL decay was 
measured using a SiPM (C13366-1350GA, Hamamatsu photonics).

Short-time range (<10  ms) TRPL spectra were measured using an 
intensified CCD (ICCD, Stanford Computer Optics, 4Picos). Long-time 
range (>1 s) TRPL spectra were measured using Andor CCD (DV420-BV).

Long-Persistent Luminescence Measurement Conditions: The LPL decay 
curves were measured in the same setup described in ref. [17]. The sample  
was placed in a cryostat (PS-HT-200, Nagase Techno-Engineering) 
connected to active turbo pump (HiPace80, Pfeiffer Vacuum). The 
excitation source was a 365  nm LED (M365L2, Thorlabs) with an LED  

driver (LEDD1B, Thorlabs). The samples were excited for 60 s or 
longer with a certain driving current before the emission detection, 
and afterglow of the sample was detected by a SiPM (C13366-1350GA, 
Hamamatsu photonic).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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