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Abstract 12 

Organic long-persistent-luminescent (OLPL) materials demonstrating hour-long 13 

photoluminescence have practical advantages in applications owing to their flexible 14 

design and easy processability. However, the energy absorbed in these materials is 15 

typically stored in an intermediate charge-separated state that is unstable when exposed 16 

to oxygen, thus preventing persistent luminescence in air unless oxygen penetration is 17 

suppressed through crystallization. Moreover, OLPL materials usually require ultraviolet 18 

excitation. Here we overcome such limitations and demonstrate amorphous OLPL 19 

systems that can be excited by radiation up to 600 nm and exhibit persistent luminescence 20 

in air. By adding cationic photoredox catalysts as electron-accepting dopants in a neutral 21 

electron-donor host, stable charge-separated states are generated by hole diffusion in 22 

these blends. Furthermore, the addition of hole-trapping molecules extends the 23 

photoluminescence lifetime. By using a p-type host less reactive to oxygen and tuning 24 
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the donor–acceptor energy gap, our amorphous blends exhibit persistent luminescence 25 

stimulated by visible light even in air, expanding the applicability of OLPL materials. 26 

Main 27 

Long-persistent luminescence (LPL) is a phenomenon in which emission continues 28 

for a long period after photoexcitation1. LPL emitters are used as glow-in-the-dark paints 29 

for clock faces and emergency lights. High-efficiency LPL materials are composed of 30 

metal-oxide microcrystals and small amounts of rare-earth ions that act as charge-31 

trapping and emission sites2,3. In these inorganic LPL materials, holes or electrons 32 

generated by the photoexcitation of the metal-oxide crystal are accumulated in dopants 33 

that act as charge-trapping sites. Gradual charge recombination followed by thermal 34 

detrapping produces hour-long emissions4,5,6. Inorganic LPL materials are insoluble in 35 

any solvent, and require grinding into microparticles before dispersion into solvents or 36 

polymers for practical applications. Most inorganic LPL systems require ultraviolet to 37 

blue excitation light below 450 nm due to the limited metal-oxide absorption bands7,8,9. 38 

We have reported LPL emissions from mixtures of organic molecules10. This organic 39 

LPL (OLPL) system can be fabricated from a solution process11 and the fabricated films 40 

can be transparent and flexible12. LPL emissions can be tuned from greenish-blue to red 41 

with the addition of fluorescent materials13. In contrast to conventional organic room-42 

temperature phosphorescent (RTP) materials14, which store their energy in triplet excited 43 

states and exhibit radiative transition from the triplet excited states to the singlet ground 44 

states15, OLPL systems accumulate energy into charge-separated states similar to 45 

inorganic LPL materials. LPL and RTP can be identified from their emission decay 46 

profiles16,17,18. 47 

Current OLPL systems require inert gas conditions to exhibit LPL because LPL is 48 
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quenched completely in air. These OLPL systems, which consist of an electron-donating 49 

and electron-accepting material, store absorbed energy into geminate pairs of air-unstable 50 

donor radical cations and acceptor radical anions. A donor–acceptor mixed crystal has 51 

been reported to exhibit OLPL in air due to oxygen diffusion being suppressed by 52 

crystallization19, but crystalline systems cannot take advantage of OLPL material 53 

properties, such as flexibility and processability. Air-stable amorphous OLPL systems 54 

will enable applications that are unique to organic materials, such as solution process 55 

coating and flexible polymer films. For practical applications of OLPL systems, the air 56 

stability needs to be improved without crystallization. 57 

Organic field-effect transistors use radical cations and anions as the active charge-58 

transport species; however, many air-stable organic transistors have been reported20. 59 

Radical anions (n-type organic semiconductors) are more unstable than radical cations 60 

(p-type organic semiconductors) in air. The reported OLPL system can be considered as 61 

an n-type OLPL system due to the low donor concentration where only electrons can 62 

diffuse through acceptor molecules (Fig. 1a). The unstable radical anions can be ascribed 63 

to the high probability of a reaction with oxygen. A p-type OLPL system, in which radical 64 

cations diffuse (Fig. 1a), is expected to be more stable to oxygen. Air-stable organic 65 

transistors have been achieved by making the lowest unoccupied molecular orbital 66 

(LUMO) level deeper than the reduction potential of oxygen (−3.5 eV)21,22. To improve 67 

the air stability of the OLPL systems, a p-type OLPL system with deep highest occupied 68 

molecular orbital (HOMO) and LUMO levels is required. 69 

To satisfy these requirements, we focused on cationic electron acceptors, which are 70 

known as a type of organic photoredox catalyst23. These organic photoredox catalysts are 71 

ideal electron donors or acceptors because of their high reduction or oxidation potential 72 
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in the excited state and their ability to form a stable one-electron oxidized or reduced state. 73 

Many organic photoredox catalysts have a large enough energy gap to exhibit 74 

luminescence in the visible region. Furthermore, a mixture of neutral donors and 75 

acceptors forms radical ion pairs (Dδ+–Aδ−) with Coulombic interaction by photoinduced 76 

charge separation, whereas cationic acceptors or anionic donors form neutral radicals 77 

rather than radical anions or radical cations (Dδ+– (A+)δ−, (D−)δ+–Aδ−) (Fig. 1b). Even if 78 

there are counter-ions, the formation of neutral radicals is expected to reduce the 79 

Coulombic interaction in the charge-separated state19,24,25. 80 

Further stabilization of the charge-separated states is required despite the reduced 81 

Coulombic interaction. Similar to inorganic LPL systems, the charge-separated state is 82 

expected to be stabilized by a special separation of the ion pairs by the introduction of 83 

carrier-trapping materials26,27. 84 

In this article we report p-type OLPL systems made from cationic electron acceptors 85 

as a dopant and neutral electron donors as a host. These systems exhibit LPL in air. The 86 

addition of hole-trapping materials improved the performance sevenfold under nitrogen 87 

gas without changing the emission spectrum. In addition, the p-type OLPL system can be 88 

excited by a wavelength from 300 to 600 nm. By tuning the energy gap between the 89 

electron donor and acceptor, near-infrared (NIR) LPL emission is achieved. The 90 

development of such visible-light-active p-type OLPL systems that work in air will 91 

contribute to various future practical applications of OLPL systems. 92 

Cationic photoredox catalysts 2,4,6-triphenylpyrylium tetrafluoroborate (TPP+) and 93 

2,4,6-tris(methoxyphenyl)pyrylium tetrafluoroborate (MeOTPP+) were used as electron 94 

acceptors28,29,30 and semiconducting host molecules 3,3′-di(9H-carbazol-9-yl)biphenyl 95 

(mCBP)31 and 1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl)benzene (TPBi)32 were used as 96 
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electron donors (Fig. 1c). 4,4′,4″-Tri(9-carbazoyl)triphenylamine (TCTA)33, 4,4-bis[N-97 

(1-naphthyl)-N-phenylamino]-biphenyl(α-NPD)34 and 2,8-98 

bis(diphenylphosphoryl)dibenzo[b,d]thiophene (PPT)35 were used as hole-trapping 99 

materials. The analytical results of these materials by ultraviolet–visible absorption, 100 

fluorescence, and phosphorescence spectra are shown in Supplementary Fig. 1. Energy 101 

levels of the lowest singlet excited state (1LE) and triplet excited states (3LE) were 102 

estimated from the onset of fluorescence and the phosphorescence spectra, respectively. 103 

HOMO and LUMO levels were obtained from the first redox peaks of the cyclic 104 

voltammograms or differential pulse voltammograms (Supplementary Fig. 2). When the 105 

redox potential was out of range of electrochemical measurement, the HOMO and LUMO 106 

levels were estimated from the optical gap calculated from the absorption edge (Fig. 1d 107 

and Supplementary Table 1). 108 

LPL films with a 1:99 molar ratio of an acceptor:donor system were fabricated by 109 

conventional melt casting11. The obtained films were considered to be amorphous, based 110 

on the X-ray diffraction analysis (Supplementary Fig. 3). Steady-state photoluminescence 111 

(PL) and LPL spectra, emission decay profiles and steady-state PL quantum yields (ΦPL) 112 

were obtained under nitrogen gas (Supplementary Fig. 4). Since the emission intensity of 113 

LPL is much weaker than that of steady-state PL under photoexcitation, the presented ΦPL 114 

do not contain emissions from LPL36. The LPL duration was defined as the time until the 115 

emission intensity dropped below 1 pW after 300 s of excitation. The triplet charge-116 

transfer excited state (3CT) level was assumed from the singlet charge-transfer excited 117 

state (1CT) level that was obtained from the onset of the PL spectrum as most LPL systems 118 

have a small energy gap between the 1CT and 3CT (ref. 37). 119 

When the films were excited by 365 nm light, the TPP+/TPBi, TPP+/mCBP and 120 
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MeOTPP+/mCBP films exhibited a long LPL emission in which the decay profiles 121 

followed a power-law decay (Fig. 2a)38,39. Because of the strong electron-accepting 122 

properties of TPP+, the mixed film exhibited an appreciable CT absorption over 500 nm 123 

(Supplementary Fig. 1). This power-law emission decay indicates the generation of 124 

intermediate charge-separated states and successive gradual bulk charge recombination, 125 

which led to LPL. The emission spectra of these films were attributed to the CT excited 126 

states between the donors and acceptors16,17. 127 

The TPP+/TPBi, TPP+/mCBP and MeOTPP+/mCBP films form 1CT excited states 128 

(Fig. 2b) and the 1CT energy levels are lower than those of the locally excited states of 129 

donors and acceptors (3LED and 3LEA). Therefore, the LPL that was caused by the 130 

recombination of accumulated charges occurs from the CT states. Because the ΦPL of the 131 

CT excited states is low, the non-radiative deactivation pathway from the CT excited state 132 

to the ground state is also available. The TPP+/TPBi film exhibits a CT emission at 133 

603 nm with a shoulder peak at ∼555 nm. The shoulder peak decreased with an increase 134 

in TPP+ concentration because of the self-absorption of TPP radicals at 500–600 nm 135 

(Supplementary Fig. 5a)17,40,41 and disappeared at the higher TPP+ concentration due to 136 

the strong self-absorption of the TPP radical (Supplementary Fig. 5b). The TPP+/TPBi 137 

film showed the longest LPL duration of 1,830 s. The LPL duration decreased with an 138 

increase in TPP+ concentration because the charge recombination probability increased 139 

at the higher TPP+ concentration (Supplementary Fig. 5c). 140 

The TPP+/mCBP film exhibited a broad NIR emission at 731 nm from the smaller 141 

energy gap between the TPP+ LUMO and mCBP HOMO. Because of the low ΦPL of the 142 

CT emission and low NIR sensitivity of the photodiode for detection, the LPL duration 143 

was 33 s. The MeOTPP+/mCBP films exhibited a CT emission at 624 nm with an LPL 144 
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duration of 610 s. In contrast, the MeOTPP+/TPBi film did not form a CT excited state 145 

although the HOMO and LUMO levels were appropriate. The TPBi may not act as a 146 

donor because of the closed HOMO levels between them. Instead, this film exhibited the 147 

fluorescence and RTP of the MeOTPP+ (Supplementary Fig. 6). These results indicate 148 

that the formation of the lowest 1CT state is important for efficient LPL emission in p-149 

type OLPL systems. 150 

As a blended film of donor and acceptor molecules has donor, acceptor and charge-151 

transfer absorption bands, OLPL systems can be excited by various wavelengths, offering 152 

a major advantage over inorganic LPL systems, which are limited mostly to ultraviolet to 153 

blue excitation wavelengths. The excitation spectra of the TPP+/TPBi and 154 

MeOTPP+/mCBP films indicate that these films can be excited by wavelengths from 300 155 

to 600 nm (Supplementary Fig. 7). To confirm the excitation wavelength dependence of 156 

the LPL emission, these films were excited by 365, 400, 455, 500, 550 and 600 nm light-157 

emitting diodes (LEDs). The LPL emission was observed at all excitation wavelengths, 158 

although the LPL duration decreased, which correlates with the absorption intensity 159 

(Supplementary Figs. 2c and 6c). Unlike the emission lifetime from normal excited states, 160 

such as conventional fluorescence and phosphorescence, the duration of the LPL depends 161 

on the number of stored charges and varies with the excitation wavelength. When the hot 162 

exciton mechanism is considered as the charge separation process, the charge separation 163 

efficiency also depends on the excitation wavelength42,43. The 600 nm photoexcitation 164 

and NIR LPL emission, which corresponds to the biological window, is expected to be 165 

suitable for bioimaging44. 166 

The LPL performance improved sevenfold with addition of hole-trapping material to 167 

the p-type OLPL system. Previously, we reported that the LPL duration could be enhanced 168 
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by doping electron-trapping materials into an n-type OLPL system13. The dopants can 169 

receive electrons from the acceptor molecules because the LUMO of the dopant is lower 170 

than that of the acceptor. By tuning the appropriate LUMO level, the trapped electrons 171 

remained for more than one week45. In the p-type OLPL system, TCTA was doped into 172 

the TPP+/TPBi system as the HOMO level of the TCTA (−5.3 eV) was shallower than 173 

that of the TPBi (−6.0 eV) (Fig. 1d and Supplementary Fig. 2). The PL and LPL spectra 174 

of the TPP+/TPBi/TCTA film with a 1:99:1 molar ratio (Fig. 3a) was nearly identical to 175 

that of the TPP+/TPBi film (Fig. 2b), except that the LPL duration time was significantly 176 

improved almost sevenfold, to 14,600 s (Fig. 3b). The TPBi/TCTA (99:1) film also 177 

exhibited no LPL because of the closed LUMO levels between them, although it formed 178 

a CT excited state (Supplementary Fig. 8). This result indicates that the TCTA can act as 179 

a hole trap (Fig. 3c). 180 

To confirm the hole trapping by TCTA, the absorption spectra of TPP+/TPBi, 181 

TPP+/TPBi/TCTA and TPBi/TCTA films were obtained45. After photoexcitation, a clear 182 

broad absorption above 800 nm was observed in the TPP+/TPBi/TCTA film (Fig. 3d). 183 

This peak corresponds to the radical cation of TCTA in dichloromethane (DCM) under 184 

electrochemical oxidation, although a wavelength shift can be observed because of the 185 

polarization effect in the solid film (Fig. 3d). In contrast, the TPBi/TCTA film exhibited 186 

no absorption of the TCTA radical cation after photoexcitation (Fig. 3d). Therefore, the 187 

formation of the TCTA radical cations in the TPP+/TPBi/TCTA film indicates a hole 188 

diffusion from a TPBi radical cation to a TCTA molecule. The hole trapping was 189 

confirmed by the temperature dependence of the LPL duration46. Because hole detrapping 190 

is endothermic, the LPL intensity increased by raising the temperature in the 191 

TPP+/TPBi/TCTA film (Supplementary Fig. 9b). In contrast, the LPL duration of the 192 
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TPP+/TPBi film decreased gradually with an increase in temperature because the non-193 

radiative process was enhanced at high temperatures (Supplementary Fig. 9c). Thus, 194 

detrapping in the TPP+/TPBi/TCTA film for the LPL intensity overwhelmed the non-195 

radiative process at the measured temperatures. 196 

To confirm the generality of the hole-trapping mechanism, several trap molecules 197 

with different HOMO levels (PPT, mCBP and α-NPD) were investigated (Supplementary 198 

Fig. 10). While the LPL emission spectra were the same for all systems, the emission 199 

duration varied significantly. These differences mainly depend on the HOMO levels, 200 

suggesting the LPL emission originates from the hole diffusion mechanism. Since the 201 

HOMOs of PPT (−5.9 eV) and mCBP (−5.7 eV) are comparable to that of TPBi (−6.0 eV), 202 

they do not act as effective traps because the holes can easily detrap at room temperature. 203 

However, the HOMOs of both TCTA (−5.3 eV) and α-NPD (−5.2 eV) are located at much 204 

shallower levels compared with that of TPBi, and therefore provide effective hole traps. 205 

The generation of α-NPD radical cation was also confirmed by excited-state absorption 206 

spectra (Supplementary Fig. 10e). These results suggest the large HOMO gap (<0.5 eV) 207 

is required for efferent hole traps at room temperature. 208 

Optical analysis of TPP+/TPBi, MeOTPP+/mCBP and TPP+/TPBi/TCTA films was 209 

carried out in air to confirm the LPL emission of the p-type OLPL systems because the 210 

LUMO levels of the TPP+ (−4.0 eV) and MeOTPP+ (−3.8 eV) are lower than the reduction 211 

potential of oxygen (−3.5 eV). Although the reported n-type OLPL system of m-212 

MTDATA/PPT showed no LPL emission in air (Supplementary Fig. 9a), all p-type OLPL 213 

films exhibited LPL in air (Fig. 4a,b and Supplementary Fig. 11b). However, the observed 214 

LPL durations of all films in air were shorter than in nitrogen because the energy transfer 215 

from the triplet excited state of the emitters to the molecular oxygen with a triplet ground 216 
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state (triplet quenching) cannot be prevented47. An irreversible reaction between TPP 217 

radical and oxygen is known48; however, this reaction is considered to be slow in the solid 218 

state because the LPL intensity recovers considerably with evacuation (Supplementary 219 

Fig. 12). On the other hand, because of the irreversible reaction with oxygen, the emission 220 

intensity does not recover completely. The charge recombination in LPL emission 221 

generates 1CT and 3CT excited states49, and the 3CT excited states are quenched by 222 

oxygen. In contrast, the emission spectra did not change because of the lack of 3LE 223 

contribution (Fig. 4c,d). In addition to oxygen, water also can deactivate the radicals. To 224 

confirm the LPL quenching by water, the crushed TPP+/TPBi/TCTA sample was 225 

dispersed into water and excited at 365 nm (Supplementary Fig. 13 and Supplementary 226 

Video 1). As a result, LPL was also observed in water. Due to the slow diffusion of water 227 

into the solid samples, the effect of quenching by water is very small. 228 

The LPL duration of the TPP+/TPBi/TCTA in air was extended to 1,685 s, which is 229 

almost the same as the TPP+/TPBi film in nitrogen (Supplementary Video 2). 230 

These results indicate that the p-type OLPL system with deep HOMO levels can emit 231 

LPL in air but cannot prevent triplet quenching by oxygen. Future developments of low-232 

oxygen-diffusion hosts or advanced encapsulation techniques to prevent oxygen are 233 

required to obtain efficient LPL emissions in air. 234 

We demonstrated p-type OLPL systems based on the cationic organic photoredox 235 

catalyst TPP+ and MeOTPP+ as acceptors. These systems can be excited by a wavelength 236 

from the ultraviolet range to 600 nm and exhibit a yellow-to-NIR LPL emission. The p-237 

type OLPL with deeper HOMO and LUMO levels can prevent reaction with oxygen and 238 

exhibited LPL in air. The hole-trapping dopant enhanced the LPL duration strongly 239 

without changing the emission spectrum. The tunable absorption wavelength from 300 to 240 
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600 nm of OLPL systems provides a major advantage over inorganic materials, and the 241 

absorptions and emissions that were fitted to the biological window are expected to have 242 

future bioimaging applications. For efficient charge separation, the oxidized state of the 243 

donor and the reduced state of the acceptor must be stable. For the hole-trapping 244 

mechanism, the electron donor, acceptor and trap molecules need to have a cascading 245 

HOMO and LUMO relationship. The hole-trapping material requires an energy gap of 246 

about 0.5 eV shallower than the acceptor’s HOMO level for efficient hole trapping. For 247 

efficient LPL emission, the CT excited state needs to be lower than that of the 3LE. For 248 

the melt-cast process, the donor host needs to form good amorphous films. The p-type 249 

OLPLs can prevent reaction with oxygen in the excited state, making it possible to 250 

produce LPL films by a simple solution processing. However, because triplet quenching 251 

by oxygen cannot be prevented perfectly in amorphous films, low-oxygen-diffusion hosts 252 

or oxygen barrier materials are required for future practical applications. Future 253 

development of p-type OLPL made by polymers will enable printable and flexible film 254 

OLPL systems. 255 
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 280 

Figure 1. Emission mechanism of p-type OLPL system. (a) Schematic diagrams 281 

showing charge-separated states in n-type (left) and p-type (right) OLPL systems. In n-282 

type systems, electrons diffuse through the host acceptor molecules until they recombine 283 

radiatively with a radical donor cation. In p-type systems, hole diffusion occurs in a donor 284 

host until charges recombine with a radical acceptor anion. (b) A mixture of neutral 285 

donors and acceptors forms radical ion pair with Coulomb interaction as the charge-286 

separated (CS) state by photo-induced charge-transfer (CT) from the ground state, 287 

whereas cationic acceptors or anionic donors form neutral radicals. The weaker Coulomb 288 

interaction is expected to reduce the charge recombination (CR) probability. (c) Chemical 289 

structures of electron acceptors, donors, and hole-trap molecules. (d) Highest occupied 290 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels of 291 

materials and reduction potential of oxygen. HOMO and LUMO levels were obtained 292 
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from electrochemical (EC) measurements. When the redox potential was out of the range 293 

of electrochemical measurement, the HOMO and LUMO levels were estimated from the 294 

optical gap (OG) that was calculated from the absorption edge. (e) Schematic diagram of 295 

p-type OLPL having hole-trap mechanism. 296 

 297 

Figure 2. Photoluminescence properties of OLPL systems under nitrogen gas. (a) 298 

Emission decay profiles (excitation: 365 nm, 1 mW, 300 s, 300 K, under N2) of 299 

TPP+/TPBi, TPP+/mCBP, MeOTPP+/TPBi, and MeOTPP+/mCBP films in log-log plot. 300 

(b) Steady-state photoluminescence (PL) spectra and emission spectra 10 s after 301 

photoexcitation (LPL) (excitation: 365 nm, 1 mW, 300 s, 300 K, under N2). The LPL 302 

spectrum of the TPP+/mCBP was not measurable because of the weak emission intensity 303 

excited at 365 nm. (c) Excitation-wavelength dependence of emission decay profiles of 304 

TPP+/TPBi film (excitation: 300 mW, 300 s, 300 K, under N2).  305 
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 306 
Figure 3. Photoluminescence properties of TPP+/TPBi/TCTA film under nitrogen 307 

gas. (a) PL and LPL (delay = 10 s) spectra of TPP+/TPBi/TCTA film (excitation: 365 nm, 308 

1 mW, 300 s, 300 K, under N2). (b) Emission decay profiles (excitation: 365 nm, 1 mW, 309 

300 s, 300 K, under N2) of TPP+/TPBi, TPP+/TPBi/PPT, TPP+/TPBi/mCBP, 310 

TPP+/TPBi/TCTA, and TPP+/TPBi/α-NPD films. (c) Emission mechanism of 311 

TPP+/TPBi/TCTA film. The TCTA molecule accepts holes from TPBi and forms radical 312 

cations as the HOMO level of the TCTA is shallower than that of the TPBi. Thermal 313 

detrapping from TCTA regenerates radical cations of TPBi and recombines with TPP 314 

radical. (d) (Top) Delta absorption spectra of TPP+/TPBi, TPP+/TPBi/TCTA, and 315 

TPBi/TCTA films before and after photoexcitation (300 K, under N2). (Bottom) 316 

Absorption spectra of TCTA in DCM that contains 0.1 M TBAPF6 with and without 317 

electrical oxidation (300 K, under N2). Absorption data at 1650-1700-nm was omitted 318 

because of the quartz substrate absorption. 319 
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 320 

Figure 4. Optical properties of OLPL systems in air. LPL duration under N2 and in air 321 

of TPP+/TPBi (a) and TPP+/TPBi/TCTA (b) films excited at 365 nm. The optical 322 

properties were obtained under N2, and then after exposure to air for 24 hours. The sample 323 

was evacuated again, and the second measurements were repeated. PL and LPL (delay = 324 

10 s) spectra in vacuum and in air of TPP+/TPBi (c) and TPP+/TPBi/TCTA (d) films 325 

excited at 365 nm.  326 
 327 
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Data availability 464 

The datasets for Figs. 2–4 are available in the source data section. Additional information 465 

is available from the authors on request. 466 

 467 

Methods 468 

Materials: TPP+, MeOTPP+, and m-MTDATA were from MERCK (Darmstadt, 469 

Germany). TPBi, mCBP, and α-NPD were from TCI Chemical (Tokyo, Japan). PPT was 470 

synthesized according to literature48. 471 

Film fabrication: In a nitrogen-filled glovebox, mixtures of electron donors and 472 

acceptors were placed on a template glass substrate with a 100-mm2 surface area, 0.5-mm 473 

depth, and heated to 280 °C for 10 s. After melting, the substrate was cooled rapidly to 474 

room temperature. 475 

Optical and electrical measurements: A dichloromethane solution of each material 476 

(10-5 M) was used to measure absorption, fluorescence, phosphorescence, and absolute 477 

photoluminescence quantum yields (ΦPL). The absorption spectra were measured using a 478 

UV–vis–NIR spectrophotometer (LAMBDA 950, Perkin Elmer). The photoluminescence 479 

spectra at room temperature and the phosphorescence spectra at 77 K were measured 480 

using spectrofluorometers (FP-8600, JASCO, and PMA-12, Hamamatsu Photonics). The 481 

ΦPL were measured using an integrating sphere with a photoluminescence measurement 482 

unit (Quantaurus-QY, C11347-01, Hamamatsu Photonics) in a glovebox. Sample was 483 

excited by 365-nm LED (0.1 mW) for 60 s. Emission spectra were obtained each 20 ms 484 

integration time during photoexcitation (60 s) and after photoexcitation (60 s). 485 

Photoluminescence lifetime was measured using a streak camera system (C14832-110, 486 

Hamamatsu Photonics). Samples were photoexcited by 343-nm femtosecond (pulse 487 
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width 190 fs, 1 kHz) laser (Pharos and HERO, Light Conversion). The phosphorescence 488 

lifetime of TPP+ and MeOTPP+ was obtained by time-resolved emission spectra at 77 K 489 

measured by spectrometers (PMA-12, Hamamatsu Photonics). Cyclic voltammetry and 490 

differential pulse voltammetry were carried out using an electrochemical analyser (Model 491 

610, BAS). Measurements were performed in dried and oxygen-free DMF or THF using 492 

0.1 M tetrabutylammonium hexafluorophosphate as a supporting electrolyte. A platinum 493 

wire was used as a counter electrode, with glassy carbon as a working electrode, and 494 

Ag/Ag+ as a reference electrode. Redox potentials were referenced against 495 

ferrocene/ferrocenium (Fc/Fc+). Corresponding HOMO and LUMO energies were 496 

calculated from first reduction or oxidation peaks using an absolute value of –4.8 eV to 497 

vacuum for the Fc/Fc+ redox potential49. The absorption spectra of the TPP+, TCTA and 498 

α-NPD radical species were measured by the in situ UV–vis–NIR spectroelectrochemical 499 

technique. The UV-vis-NIR spectrophotometer is UV-3600 Plus, SHIMADZU. TPP+, 500 

TCTA, and α-NPD radical cations were generated by electrical oxidation on the platinum 501 

mesh electrode surface in a DCM solution that contained 0.1 M TBAPF6 (BAE, 013510 502 

SEC-C, Thin layer quartz glass spectroelectrochemical cell kit) using an electrochemical 503 

analyzer (BAS, Model 610E). The absorption spectra of TCTA and α-NPD radical cations 504 

were obtained 30 s after photoexcitation by a 365-nm LED light. X-ray diffraction (XRD) 505 

analysis was performed by Bruker, D8 Discover. 506 

LPL measurements: The LPL spectra and decay profiles were obtained using a 507 

measurement system in a glovebox13. The fabricated films were placed in a dark box and 508 

excited by various LEDs wavelengths with bandpass filters (Thorlabs, band width ± 5 509 

nm), an excitation power of 1 mWcm-2, and an excitation duration of 300 s. The PL and 510 

LPL spectra were recorded using a multichannel spectrometer (PMA-12, Hamamatsu 511 
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Photonics). Emission decay profiles were obtained without wavelength sensitivity 512 

calibration using a silicon photomultiplier (MPPC module, C13366-1350GA, 513 

Hamamatsu Photonics). The temperature dependence and air stability were measured in 514 

a cryostat (PS-HT-200, Nagase Techno-Engineering) connected to a turbo molecular 515 

pump (HiPace, Pfeiffer Vacuum) and excited for 60 s. The LPL properties were measured 516 

under a vacuum. Samples were kept under air (humidity: 30-40%) in the dark for one 517 

week and the optical properties were measured in air. 518 
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