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Abstract
Organic long-persistent-luminescent (OLPL) materials that exhibit hour-long photoluminescence have
advantages over inorganic materials, such as a sustainability, �exibility, and processability. The OLPL
materials store the absorbed energy in an intermediate charge-separated state, but this charge-separated
state is unstable to oxygen and does not exhibit persistent luminescence in air. The excitation wavelength
of OLPL can be controlled by electron-donor and -acceptor materials, but previous materials require
absorption mainly in the ultraviolet region.

Here, we show OLPL systems that exhibit a persistent luminescence in air and can be excited by a
wavelength from 300-nm to 600-nm. By using cationic photoredox catalysts as an electron-accepting
dopant, stable charge-separated states are generated by the hole-diffusion process, as opposed to
previous OLPL systems that depend on electron diffusion. By using a hole-diffusion mechanism and
reducing the energy level of the lowest unoccupied molecular orbital, the OLPL system becomes stable in
air and can be excited by visible light. The addition of hole-trapping material increases the LPL duration.

1. Introduction
Long-persistent luminescence (LPL) is a phenomenon in which luminescence persists for a long period
after photoexcitation1. LPL emitters are used as glow-in-the-dark paints for clock faces and emergency
lights. High-e�ciency LPL materials are composed of metal-oxide microcrystals and small amounts of
rare-earth ions that act as charge-trapping and emission sites2,3. In these inorganic LPL materials, holes
or electrons generated by the photoexcitation of the metal-oxide-crystal are accumulated in dopants that
act as charge trap sites. Gradual charge recombination followed by thermal detrapping produces hour-
long emissions4–6. Inorganic LPL materials are insoluble in any solvent that requires extra processes for
applications. Most inorganic LPL systems require ultraviolet (UV) to blue excitation light below 450-nm
because of the limited metal-oxide absorption bands7–9.

We have reported LPL emissions from mixtures of organic molecules10. This organic LPL (OLPL) system
can be fabricated from a solution process11 and the fabricated �lms can be transparent and �exible12.
The LPL emission can be tuned from greenish-blue to red by �uorescent material addition13. In contrast
to conventional organic room-temperature phosphorescent (RTP) materials14, which store their energy in
triplet excited states and exhibit radiative transition from the triplet excited states to the singlet ground
states15, OLPL systems accumulate energy into charge-separated states similar to inorganic LPL
materials. LPL and RTP can be identi�ed from their emission decay pro�les16–18.

Current OLPL systems require inert gas conditions to exhibit LPL because LPL is quenched completely in
air. The OLPL system, which is comprised of an electron-donating and an electron-accepting material,
stores absorbed energy into geminate pairs of the air-unstable donor radical cations and the acceptor
radical anions. A donor–acceptor mixed crystal reported by Tang et al. exhibits OLPL in air because
oxygen diffusion is suppressed by crystallization19. However, the crystalline system cannot take
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advantage of the OLPL material properties, such as their �exibility and processability. For practical
applications of OLPL systems, the air-stability needs to be improved without crystallization.

Organic �eld-effect transistors use radical cations and anions as the active charge-transport species, but
many air-stable organic transistors have been reported20. Radical anions (n-type organic semiconductors)
are more unstable than radical cations (p-type organic semiconductors) in air. The reported OLPL
systems can be considered as an n-type OLPL system because the donor concentration is low and only
electrons can diffuse through acceptor molecules (Fig. 1a). The unstable radical anions can be ascribed
to the high probability of reaction with oxygen. A p-type OLPL system, in which radical cations diffuse
(Fig. 1a), is expected to be more stable to oxygen. Air-stable organic transistors have been achieved by
making the lowest unoccupied molecular orbital (LUMO) level deeper than the reduction potential of
oxygen (–3.5 eV) 21,22. To improve the air stability of the OLPL systems, the p-type OLPL system with
deep highest occupied molecular orbital (HOMO) and LUMO levels is required.

To satisfy these requirements, we focused on cationic electron acceptors, which are termed organic
photoredox catalysts23. The organic photoredox catalysts are ideal electron acceptors because of their
high oxidation potential in the excited state and their ability to form a stable one-electron reduced state.
Many organic photoredox catalysts have a large enough energy gap to exhibit luminescence in the visible
region. Furthermore, a mixture of neutral donors and acceptors forms radical ion pairs (Dd+–Ad−) with
Coulomb interaction by photo-induced charge separation, whereas cationic acceptors or anionic donors
form neutral radicals rather than radical anions or cations (Dd+– (A+)d−, (D−)d+–Ad−) (Fig. 1b). Even if
there are counter ions, the formation of neutral radicals is expected to reduce the Coulomb interaction in
the charge-separated state19,24,25.

Further stabilization of the charge-separated states is required even though the Coulomb interaction is
reduced. Similar to inorganic LPL systems, the charge-separated state is expected to be stabilized by a
special separation of the ion pairs by the introduction of carrier trap materials26,27.

Here, we report air-stable p-type OLPL systems made from cationic electron acceptors as a dopant and
neutral electron donors as a host. These systems exhibit su�cient LPL performance in air. The addition
of hole-trap materials improved the performance sixfold under nitrogen gas without changing the
emission spectrum. In addition to the air stability, the p-type OLPL system can be excited by a wavelength
from 300-nm to 600-nm. By tuning the energy gap between the electron donor and acceptor, near-infrared
(NIR) LPL emission is achieved. The development of such air-stable and visible-light-active p-type OLPL
systems will contribute to various future practical applications of OLPL systems.

2. Results And Discussion
Cationic photoredox catalysts, 2,4,6-triphenylpyrylium tetra�uoroborate (TPP+) and 2,4,6-
tris(methoxyphenyl)pyrylium tetra�uoroborate (MeOTPP+) were used as electron acceptors28–30 and
semiconducting host molecules 3,3’-di(9H-carbazol-9-yl)biphenyl (mCBP)31 and 1,3,5-tris(1-phenyl-1H-
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benzimidazol-2-yl)benzene (TPBi)32 were used as electron donors (Fig. 1c). 4,4’,4’’-Tri(9-
carbazoyl)triphenylamine (TCTA)33 was used as a hole-trap material. Analytical results of these materials
by UV–visible absorption, �uorescence, and phosphorescence spectra are shown in Figure S1. Energy
levels of the lowest singlet excited state (1LE) and triplet excited states (3LE) were estimated from the
onset of �uorescence and the phosphorescence spectra, respectively. LUMO levels were obtained from
the �rst reduction peaks of the cyclic voltammograms (CV) (Figure S2), and the HOMO levels were
estimated from the optical gap that was calculated from the absorption edge (Fig. 1d, Table S1). The
HOMO level of the TCTA was obtained from the CV, and the LUMO level was estimated from the optical
energy gap because of the electric window of the solvent.

LPL �lms with a 1:99 molar ratio of acceptor:donor system were fabricated by conventional melt
casting11. Steady-state photoluminescence (PL) and LPL spectra, emission decay pro�les, and PL
quantum yields (FPL) were obtained under nitrogen gas. The LPL duration was de�ned as the time until
the emission intensity dropped below 1 pW after 60 s of excitation. The triplet charge-transfer excited
state (3CT) level was assumed from the singlet charge-transfer excited state (1CT) level that was
obtained from the onset of the PL spectrum because most LPL systems have a small energy gap
between the 1CT and 3CT34.

When the �lms were excited by 365-nm light, which can only be absorbed by the acceptors, the
TPP+/TPBi, TPP+/mCBP, and MeOTPP+/mCBP �lms exhibited a long LPL emission in which the decay
pro�les followed a power-law decay (Fig. 2a)35,36. This power-law emission decay indicates the
generation of intermediate charge-separated states and successive gradual charge recombination, which
led to LPL. The emission spectra of these �lms was attributed to the CT excited states between the
donors and acceptors16,17.

The TPP+/TPBi, TPP+/mCBP, and MeOTPP+/mCBP �lms form 1CT excited states (Fig. 2b) and the 1CT
energy levels are lower than those of the locally excited states of the donors and acceptors (3LED and
3LEA). Therefore, the LPL that was caused by the recombination of accumulated charges occurs from the

CT states. The TPP+/TPBi �lm exhibits a CT emission at 603-nm with a shoulder peak at ~ 555-nm. The
shoulder peak decreased with an increase in TPP+ concentration because of the self-absorption of TPP
radicals at 500–600 nm (Figure S3a)17,37,38 and it disappeared at the higher TPP+ concentration because
of a strong self-absorption of the TPP radical (Figure S3b). The TPP+/TPBi �lm showed the longest LPL
duration of 1435 s because of the highest FPL of 10.2%. The LPL duration decreased with an increase in

TPP+ concentration because the charge recombination probability increased at the higher TPP+

concentration (Figure S3c).

The TPP+/mCBP �lm exhibited a broad NIR emission at 731-nm because of the smaller energy gap
between the TPP+ LUMO and mCBP HOMO. Because of the low FPL of the CT emission and low NIR

sensitivity of the photodiode for detection, the LPL duration was 19 s. The MeOTPP+/mCBP �lms
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exhibited a CT emission at 624-nm with an LPL duration of 605 s. In contrast, the MeOTPP+/TPBi �lm did
not form a CT excited state although the HOMO and LUMO levels were appropriate. The TPBi may not act
as a donor because of the closed HOMO levels between them. Instead, this �lm exhibited the �uorescence
and RTP of the MeOTPP+ (Figure S4c). These results indicate that the formation of the lowest 1CT state
is important for e�cient LPL emission in p-type OLPL systems.

Because a blend �lm of donor and acceptor molecules has donor, acceptor, and charge-transfer
absorption bands, OLPL systems can be excited by various wavelengths, and is a major advantage over
inorganic LPL systems, which are limited mostly to UV to blue excitation wavelengths. The excitation
spectra of the TPP+/TPBi and MeOTPP+/mCBP �lms indicate that these �lms can be excited by a
wavelength from 300-nm to 600-nm (Figure S5). To con�rm the excitation wavelength dependence of the
LPL emission, these �lms were excited by 365-nm, 400-nm, 455-nm, 500-nm, 550-nm, and 600-nm LEDs.
The LPL emission was observed at all excitation wavelengths, although the LPL duration decreased,
which correlates with the absorption intensity (Figs. 2c and S5c). The 600-nm photoexcitation and NIR
LPL emission, which corresponds to the biological window, is expected to be used for bio-imaging39.

The LPL performance improved sixfold with hole-trapping material addition to the p-type OLPL system.
Previously, we reported that the LPL duration could be enhanced by doping electron-trapping materials
into an n-type OLPL system13. The dopants can receive electrons from the acceptor molecules because
the LUMO of the dopant is lower than that of the acceptor. By tuning the appropriate LUMO level, the
trapped electrons remained for more than one week40. In the p-type OLPL system, TCTA was doped into
the TPP+/TPBi system because the HOMO level of the TCTA (–5.3 eV) was shallower than that of the
TPBi (–5.9 eV) (Fig. 1d and Figure S2). The PL and LPL spectra of the TPP+/TPBi/TCTA �lm with a
1:99:1 molar ratio were identical to that of the TPP+/TPBi �lm (Fig. 3a) but the LPL duration improved
sixfold to 9045 s (Fig. 3b). This result indicates that the TCTA acts as hole traps to the charge-separated
state (Fig. 3c, Figure S6a).

To con�rm the hole trapping by TCTA, absorption spectra of the TPP+/TPBi and TPP+/TPBi/TCTA �lms
were obtained40. After photoexcitation, a clear broad absorption above 800-nm was observed in the
TPP+/TPBi/TCTA �lm (Fig. 3d). This peak corresponds to the radical cation of TCTA in dichloromethane
(DCM) under electrical oxidation, although a wavelength shift can be observed because of the
polarization effect in the solid �lm (Fig. 3d). The hole trapping was con�rmed by the temperature
dependence of the LPL duration41. Because hole detrapping was endothermic, the LPL intensity
increased by increasing the temperature in the TPP+/TPBi/TCTA �lm (Figure S6b). In contrast, the LPL
duration of the TPP+/TPBi �lm decreased gradually with an increase in temperature because the
nonradiative process was enhanced at a high temperature (Figure S6c). Thus, detrapping in the
TPP+/TPBi/TCTA �lm for the LPL intensity overwhelmed the nonradiative process at the measured
temperatures.
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Optical analysis of the TPP+/TPBi, MeOTPP+/mCBP, and TPP+/TPBi/TCTA �lms was carried out in the
air to con�rm the air stability of the p-type OLPL systems because the LUMO levels of the TPP+ (–4.0 eV)
and MeOTPP+ (–3.8 eV) are lower than the reduction potential of oxygen (–3.5 eV). Although the reported
n-type OLPL system of the m-MTDATA/PPT did not show LPL emissions in air (Figure S7a), all p-type
OLPL �lms exhibited LPL in air (Fig. 4a, b, Figure S7b). The observed LPL durations of all �lms in air were
shorter than in nitrogen. Although the reaction between acceptor radicals and oxygen can be prevented by
deeper acceptors’ LUMO levels22, energy transfer from the triplet excited state of the emitters to the
molecular oxygen with a triplet ground state (triplet quenching) cannot be prevented42. The charge
recombination in LPL emissions generates 1CT and 3CT excited states43, and the 3CT excited states are
quenched by oxygen. In contrast, the emission spectra did not change because of no 3LE contribution
(Fig. 4c, d). The LPL duration of the TPP+/TPBi/TCTA in air was extended to 1421 s, which is almost the
same as the TPP+/TPBi �lm in nitrogen although the FPL of both �lms is almost identical (Supplementary
Video 1). These results indicate that the p-type OLPL system with deep HOMO levels can emit LPL in air
but cannot prevent triple quenching by oxygen. Future developments of the CT excited state with a rapid
reverse intersystem crossing (RISC) that is faster than the energy transfer to oxygen or advanced
encapsulation techniques to prevent oxygen are required to obtain e�cient LPL emissions in air.

3. Conclusions
We demonstrated p-type OLPL systems based on the cationic organic photoredox catalyst TPP+ and
MeOTPP+ as acceptors. These systems can be excited by a wavelength from the UV range to 600-nm
and exhibited a yellow-to-NIR LPL emission. The p-type OLPL with deeper HOMO and LUMO levels can
prevent reaction with oxygen and exhibited LPL in air. The hole-trapping dopant enhanced the LPL
duration strongly without changing the emission spectrum. The tunable absorption wavelength from 300-
nm to 600-nm of OLPL systems provides a major advantage over inorganic materials, and the
absorptions and emissions that were �tted to the biological window are expected to have future bio-
imaging applications. The p-type OLPLs can prevent reaction with oxygen in the excited state, which
makes it possible to produce LPL �lms by a simple solution. However, because triplet quenching by
oxygen cannot be prevented, a rapid RISC system or combination with oxygen barrier materials is
required for future practical applications.

Experimental Section
Materials

TPP+, MeOTPP+, and m-MTDATA were from MERCK (Darmstadt, Germany). TPBi and mCBP were from
TCI Chemical (Tokyo, Japan). PPT was synthesized according to literature44.

Film fabrication
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In a nitrogen-�lled glovebox, mixtures of electron donors and acceptors were placed on a template glass
substrate with a 100-mm2 surface area, 0.5-mm depth, and heated to 280 ℃ for 10 s. After melting, the
substrate was cooled rapidly to room temperature.

Optical and electrical measurements

A dichloromethane solution of each material (10− 5 M) was used to measure absorption, �uorescence,
phosphorescence, and absolute photoluminescence quantum yields (FPL). The absorption spectra were
measured using a UV–vis–NIR spectrophotometer (LAMBDA 950, Perkin Elmer). The photoluminescence
spectra at room temperature and the phosphorescence spectra at 77 K were measured using
spectro�uorometers (FP-8600, JASCO, and PMA-12, Hamamatsu Photonics). The ΦPL were measured
using an integrating sphere with a photoluminescence measurement unit (Quantaurus-QY, C11347-01,
Hamamatsu Photonics). The phosphorescence lifetime of TPP+ and MeOTPP+ was obtained by time-
resolved emission spectra at 77 K measured by spectrometers (PMA-12, Hamamatsu Photonics). Cyclic
voltammetry was carried out using an electrochemical analyser (Model 608D + DPV, BAS). Measurements
were performed in dried and oxygen-free DMF using 0.1 M tetrabutylammonium hexa�uorophosphate as
a supporting electrolyte. A platinum wire was used as a counter electrode, with glassy carbon as a
working electrode, and Ag/Ag+ as a reference electrode. Redox potentials were referenced against
ferrocene/ferrocenium (Fc/Fc+). Corresponding LUMO energies of TPP+, MeOTPP+, TPBi, and mCBP and
the HOMO energy of the TCTA were calculated from �rst reduction or oxidation peaks using an absolute
value of − 4.8 eV to vacuum for the Fc/Fc+ redox potential45. The absorption spectra of the TPP+ and
TCTA radical species were measured by the in situ UV–vis–NIR spectroelectrochemical technique. The
UV-vis-NIR spectrophotometer is UV-3600 Plus, SHIMADZU. The TPP+ radicals and TCTA radical cations
were generated by electrical oxidation on the platinum mesh electrode surface in a DCM solution that
contained 0.1 M TBAPF6 (BAE, 013510 SEC-C, Thin layer quartz glass spectroelectrochemical cell kit)
through the use of an electrochemical analyzer (BAS, Model 610E). The absorption spectra of TCTA
radical cations were obtained 30 s after photoexcitation by a 365-nm LED light.

LPL measurements

The LPL spectra and decay pro�les were obtained using a measurement system in a glove box13. The
fabricated �lms were placed in a dark box and excited by various LEDs wavelengths with bandpass �lters
(Thorlabs, band width ± 5 nm), an excitation power of 1 mWcm− 2, and an excitation duration of 60 s. The
PL and LPL spectra were recorded using a multichannel spectrometer (PMA-12, C14631-01, Hamamatsu
Photonics). Emission decay pro�les were obtained without wavelength sensitivity calibration using a
silicon photomultiplier (MPPC module, C13366-1350GA, Hamamatsu Photonics). The temperature
dependence and the air stability were measured in a cryostat (PS-HT-200, Nagase Techno-Engineering)
connected to a turbo molecular pump (HiPace, Pfeiffer Vacuum) and excited using a 365-nm LED
(M340L4, Thorlabs) with a bandpass �lter (365 nm ± 5 nm) for 60 s. The LPL properties were measured
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under vacuum. Samples were kept under air in the dark for 1 week and the optical properties were
measured in air.
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Emission mechanism of p-type OLPL system. (a) Schematic diagram of charge-separated states of n-
and p-type OLPL systems. Radical anions of acceptor diffusion in n-type OLPL system and radical
cations of donor diffusion in p-type system. (b) Charge-separated states of neutral and ionized
molecules. Cationic acceptor and anionic donor can form neutral radicals. (c) Chemical structures of
electron acceptors, donors, and hole-trap molecule. (d) HOMO and LUMO levels of materials and oxygen
reduction potential.

Figure 2

Photoluminescence properties of OLPL systems under nitrogen gas. (a) Emission decay pro�les of
TPP+/TPBi, TPP+/mCBP, MeOTPP+/TPBi, and MeOTPP+/mCBP �lms in log–log plot. (b) Steady-state
photoluminescence (PL) spectra and emission spectra 10 s after photoexcitation (LPL). The LPL
spectrum of the TPP+/mCBP was not measurable because of the weak emission intensity. (c) Excitation-
wavelength dependence of emission decay pro�les of TPP+/TPBi �lm.
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Figure 3

Photoluminescence properties of TPP+/TPBi/TCTA �lm under nitrogen gas. (a) PL and LPL spectra of
TPP+/TPBi/TCTA �lm. (b) Emission decay pro�les of TPP+/TPBi and TPP+/TPBi/TCTA �lms. (c)
Emission mechanism of TPP+/TPBi/TCTA �lm. The TCTA molecule accepts holes from TPBi and forms
radical cations because the HOMO level of the TCTA is shallower than that of the TPBi. Thermal
detrapping from TCTA regenerates radical cations of TPBi and recombined with TPP radical. (d) (Top)
Absorption spectra of TPP+/TPBi and TPP+/TPBi/TCTA �lms before and after photoexcitation. (Bottom)
Absorption spectra of TCTA in DCM that contained 0.1 M TBAPF6 with and without electrical oxidation.
Absorption data at 1600-nm omitted because of the quartz substrate absorption.
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Figure 4

Optical properties of OLPL systems in air. LPL duration in vacuum and in air of TPP+/TPBi (a) and
TPP+/TPBi/TCTA (b) �lms. PL and LPL spectra in vacuum and in air of TPP+/TPBi (c) and
TPP+/TPBi/TCTA (d) �lms.
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