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Supplementary Fig. 1 | Mechanism of multiphoton ionization-mediated OLPL and electron-diffusion type
OLPL.

a, Schematic illustration of the multiphoton ionization-mediated OLPL mechanism, showing charge carrier generation,
retention, and recombination between donor (D) and host (H) molecules. £r, LUMO energy level; Ex, HOMO energy
level; 'LE, °LE, singlet, triplet locally excited states; REMPI, resonance-enhanced multiphoton ionization; NRMPI,
nonresonant multiphoton ionization; CS, charge-separated. b, Schematic illustration of the OLPL mechanism in an
electron-diffusion system, showing charge carrier generation, retention, and recombination between donor (D), acceptor
(A), and trap (T) molecules. Er, LUMO energy level; Ey, HOMO energy level; 'LE, °LE, singlet, triplet locally excited
states; 'CT, 3CT, singlet, triplet charge-transfer excited states; CS, charge-separated.



Absorbance Normalized emission intensity Normalized emission intensity Absorbance

Normalized emission intenisty

CF;-4CzIPN
—— Toluene
0.2 — DCM
THF
— MeOH
1
0.1
0.0
T 1 T 1 1 T
300 400 500 600 700 800
Wavelength (nm)
1.0 CF3-4CzIPN in toluene
— 77KPL
—— 77 K delayed
0.5 1
0.0 -"I' T T L T
400 500 600 700 800
Wavelength (nm)
1.0+ CF4-4CzIPN/PMMA
— PL
77 K delayed
0.5 1
0.0 1 1 1 1 1
400 500 600 700 800
Wavelength (nm)
1.0 PO9
— Absorption
— PL
—— 77 K delayed
S,=367eV
T,=3.09eV
0.5 -
0.0 1 1 1 1 1 1
300 400 500 600 700 800
Wavelength (nm)
1.04
0.54
0.0 T T T T _l1
400 500 600 700 800

Wavelength (nm)

0.5

0.0

AISUBIUI UOISSILIS PazZI|BLUION

Normalized emission intensity Normalized emission intensity Normalized emission intensity

Absorbance

CF-4CzIPN
1.0+
—— Toluene
- DCM
THF
— MeOH
0.5+
0.0 T 1 1 T
400 500 600 700 800
Wavelength (nm)
1.0+ CF,-4CzIPN in DCM
—PL
— 77TKPL
— 77 K delayed
0.5
0.0-4== T T —T
400 500 600 700 800
Wavelength (nm)
1.04 CF;-4CzIPN/PMMA
— 10 ns
10 ps
0.5+
0.0 1 1 T Ll 1
400 500 600 700 800
Wavelength (nm)
mCP
1.04 — Absorption
— PL
= 77 K delayed
8;,=3.70eV
T,=3.06 eV
0.5 ~
N~
0.0 1 1 T 1 1
300 400 500 600 700 800

Wavelength (nm)

0.5

0.0

AJISUSJUI UOISSIWS PSZI[BULION



Supplementary Fig. 2 | UV-vis absorption and photoluminescence properties of molecules.

a, UV—vis absorption spectra of CF3-4CzIPN in various solvents (1.0 x 10~> M). b, Steady-state photoluminescence
(PL) spectra of CF3-4CzIPN in various solvents. ¢, Steady-state PL spectrum at room temperature (PL), steady-state PL
spectrum at 77 K (77 K PL) and delayed emission spectrum at 77 K (77 K delayed) of CF3-4CzIPN in toluene
(1.0 X 107> M). d, PL, 77 K PL and 77 K delayed spectra of CF3-4CzIPN in DCM (1.0 X 1075 M). e, PL and 77 K
delayed spectra of CF3-4CzIPN/PMMA film (excitation: 365 nm LED; PL under nitrogen atmosphere; 77 K delayed
spectra were obtained in liquid nitrogen). f, Time-resolved photoluminescence spectra of CF3;-4CzIPN/PMMA film
(excitation: 365 nm laser, 300 K, under vacuum). g, UV-vis absorption and emission spectra (PL and 77 K delayed) of
PO9 in DCM solution (1.0 X 10> M). h, UV-vis absorption and emission spectra (PL and 77 K delayed) of mCP in
DCM solution (1.0 X 107> M). i, PL spectra of TBPe (excitation: 410 nm), TTPA (excitation: 470 nm), TBRb
(excitation: 480 nm) and DCM2 (excitation: 500 nm) in DCM solutions (1.0 X 10~> M). PL spectra were measured at
room temperature. All 77 K delayed spectra were recorded with a delay time of 100 ms.
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Supplementary Fig. 3 | Quantum chemical calculation of CF3-4CzIPN.

a, Frontier molecular orbitals (HOMO and LUMO) of CF3-4CzIPN (isovalue = 0.02). b, Hole-electron analysis of CF3-
4CzIPN at S; state (isovalue = 0.0005). Blue and green isosurfaces represent hole and electron distributions, respectively.
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Supplementary Fig. 4 | Differential pulse voltammetry of CF3;-4CzIPN, PO9 and TCTA.

All measurements were performed in super-dehydrated acetonitrile (ACN) containing 0.1 M tetrabutylammonium
hexafluorophosphate as the supporting electrolyte, with a compound concentration of 0.5 mM. Due to the low solubility
in ACN, TCTA was measured using a saturated solution (< 0.5 mM). The reduction peak of TCTA was not clearly
observed under these conditions. Therefore, the LUMO energy level was estimated from the reported HOMO-LUMO
gap.! The HOMO and LUMO energy levels of mCP, TBPe, TTPA, TBRb and DCM2 were adopted from our previous
reports.>?



Supplementary Table 1 | Photoluminescence quantum yields of CF3-4CzIPN in solution and film.

Steady-state photoluminescence quantum yields (PLQY) of solutions (1.0 X 10™°M) and melt-casted films (1/99 or
1/99/1 molar ratios) under nitrogen atmosphere. Samples were excited at 360 nm.

Sample PLQY Absorbance at 360 nm
CF3-4CzIPN in toluene 76% 0.620
CF3-4CzIPN in DCM 92% 0.638
CF3-4CzIPN in THF 77% 0.622
CF3-4CzIPN in MeOH 46% 0.592
CF;3-4CzIPN/PMMA 88% 0.384
CF3-4CzIPN/mCP 19% (CT: 11%) 0.192
CF3-4CzIPN/PO9 71% 0.585
CF;3-4CzIPN/PO9/TCTA 20% 0.697
CF3-4CzIPN/PO9/TBPe 38% 0.656
CF3-4CzIPN/POY/TTPA 41% 0.426
CF3-4CzIPN/PO9/TBRb 41% 0.528

Supplementary Table 2 | Lifetimes of prompt and delayed components of CF3-4CzIPN films.

Prompt and delayed emission lifetimes of CF3-4CzIPN/PO9, CF3-4CzIPN/mCP and CF3-4CzIPN/PMMA obtained from
exponential fitting to transient decay profiles (excitation: 365 nm laser; 300 K; under vacuum). Emission was integrated
across the 400—-800 nm region.

Lifetime
Sample
Prompt (ns) Delayed (us)
CF3-4CzIPN/PO9 6.0 4.4
CF3-4CzIPN/mCP 2.4 3.0
CF;-4CzIPN/PMMA 5.4 4.1
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Supplementary Fig. 5 | Two-component Gaussian fitting of the CF3;-4CzIPN/mCP PL spectrum.

The steady-state PL spectrum was converted from wavelength to energy representation using a Jacobian transformation*
and subsequently fitted with two Gaussian functions and a constant baseline:

f(x) = ay-exp <_M> +a, -exp <_M) + by

2'0-1 2'0-2

The fitted parameters (+ one standard deviation) are: a; = 0.43442 £+ 0.00576, p; = 2.2254 £ 0.00611, 01 = 0.28747 +
0.00712, a, = 0.78217 £ 0.0108, u, = 2.5604 = 0.000638, g, = 0.098176 + 0.0012 and b, = -0.00026698 + 0.00498.
The integrated areas of the two Gaussian components were 0.313 (assigned to the CT emission) and 0.192 (assigned to
the LE emission), respectively. The area ratio was used to estimate the relative contribution of intermolecular CT
emission in the CF3-4CzIPN/mCP film.
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Supplementary Fig. 6 | Excitation power dependence on LPL of CF3-4CzIPN/PO9 film.
LPL decay profiles of CF3-4CzIPN/PO9 film (excitation: 365 nm; different power; 60 s; 300 K; under nitrogen).
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Supplementary Fig. 7 | ESR spectra of CF3;-4CzIPN/PO9 and CF3-4CzIPN/PO9/TCTA.

ESR spectra of a, CF3-4CzIPN/PO9 and b, CF3;-4CzIPN/PO9/TCTA before, during, and after UV photoexcitation.
Samples were irradiated with a 365 nm LED light until signal saturation, followed by continuous measurements after
irradiation.
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Supplementary Fig. 8 | LPL decay profiles of CF3;-4CzIPN/PQ9Y film under ambient conditions.

a, Emission decay profiles of CF3-4CzIPN/PO9 films measured under nitrogen and ambient air after photoexcitation
(365 nm; 1.06 mW cm2; 60's; 300 K). b, Steady-state PL, LPL spectra of CF3-4CzIPN/PQ9 film under air (excitation:
365 nm; 300 K). Before measurement in air, the sample was exposed to air for 24 h without exposure to light.
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Supplementary Fig. 9 | Temperature dependent LPL spectra of CF3;-4CzIPN/PO9 film.

a, Two-dimensional map showing the evolution of the LPL spectrum as a function of temperature. b, LPL spectra at
selected temperatures (top) and difference spectra for all temperatures (bottom). The difference spectra were obtained
by subtracting the normalized 10 K spectrum from each normalized spectrum. recorded 10 s after cessation of excitation
(365 nm LED, 180 s) under vacuum.
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Supplementary Fig. 10 | Two-component Gaussian fitting of the CF3;-4CzIPN/PO9 LPL spectrum measured at 10
K.

The LPL spectrum at 10 K was converted from wavelength to energy representation using a Jacobian transformation,*
normalized, and subsequently fitted with two Gaussian functions and a constant baseline:

— )2 2
f(x)=a,-exp <—%) +a, -exp <—%) + b,

The fitted parameters (+ one standard deviation) are: a; =0.75313 £0.706, u; =2.3593+£0.0451, 0, =0.23138 £ 0.0228,
a, = 0.27099 + 0.528, u, = 2.1078 + 0.494, 0, = 0.27853 + 0.126 and by = 0.011929 + 0.00195. The obtained two
Gaussian curves are then fitted with linear functions to determine the energies of the LE and CT excited states.
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Supplementary Fig. 11 | Excited-state energies of CF3-4CzIPN/mCP.

a, Normalized steady-state PL and LPL spectra of a CF;-4CzIPN/mCP film. The spectra were converted from
wavelength to energy representation using a Jacobian transformation, normalized, and fitted with linear functions to
determine the energies of the LE and intermolecular CT excited states. b, Emission mechanism of CF3-4CzIPN/mCP
system.
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Supplementary Fig. 12 | Electronic-structure calculations of CF3-4CzIPN/PO9 pairs.

a, A representative cluster used for the electronic-structure calculations. b, Molecular orbitals (LUMO, HOMO, isovalue
=0.02) of CF3-4CzIPN. ¢, Molecular orbitals (LUMO, HOMO, isovalue = 0.02) of PO9. d, Molecular orbitals (LUMO,
HOMO, HOMO-1 and HOMO-—2, isovalue = 0.02) of CF3-4CzIPN/PO9 pairs extracted from the molecular cluster
consisted of one CF3-4CzIPN and ten PO9. The hybridized MOs are highlighted with a red background. Calculations
were performed at the ®B97X-D/6-31G(d,p) level of theory.
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Supplementary Table 3 | Calculated excited-state properties of CF3-4CzIPN/PO9 molecular pairs.

TD-DEFT results for the CF3-4CzIPN/PO9 molecular pairs, including the vertical excitation energy of the first singlet
excited state (Esi), oscillator strength (f), and dominant orbital contributions (>10%) to the transition. Transitions
involving hybridized molecular orbitals are highlighted in red. Calculations were performed at the ®B97X-D/6-31G(d,p)

level of theory.
Molecular pair Esi (eV) f Orbital composition

HOMO-1-LUMO (47%)
Pair 1 3.50 0.1451 HOMO-2—LUMO (29%)
HOMO-3—LUMO (13%)
HOMO-1-LUMO (67%)

Pair 2 3.44 0.1597
HOMO-3—LUMO (13%)
Pair 3 3.48 0.1462 HOMO-2—LUMO (81%)
HOMO-1—-LUMO (75%)

Pair 4 3.55 0.1451
HOMO-3—LUMO (13%)
HOMO-2—LUMO (70%)

Pair 5 3.49 0.1558
HOMO-3—LUMO (18%)
) HOMO-2—LUMO (60%)

Pair 6 3.47 0.1388
HOMO-3—LUMO (21%)
HOMO-2—LUMO (72%)

Pair 7 3.43 0.1666
HOMO-3—LUMO (15%)
HOMO-1—-LUMO (64%)

Pair 8 3.48 0.1335
HOMO-3—LUMO (15%)
HOMO-1—-LUMO (69%)

Pair 9 3.48 0.1420
HOMO-3—LUMO (18%)
HOMO-2—LUMO (69%)

Pair 10 3.49 0.1390

HOMO-3—LUMO (19%)
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Supplementary Fig. 13 | LPL decay profile of the CF3-4CzIPN/PO9 and CF;3-4CzIPN/POY/TCTA films plotted
in units of luminance.

Emission decay profiles of two-component CF3-4CzIPN/PO9 and three-component CF3-4CzIPN/PO9/TCTA films in
units of luminance (excitation: 365 nm; 1.06 mW cm%; 60 's; 300 K; under nitrogen). A luminance level of 0.32 mcd
m 2 is the standard threshold used for comparing LPL duration and corresponds to 100 times the lower limit for light
perception by the dark-adapted human eye.
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Supplementary Fig.14 | Differential absorption spectra of solutions and films.

a, Differential absorption spectra of CF3-4CzIPN/PO9, CF3-4CzIPN/TCTA, PO9/TCTA and CF3-4CzIPN/PO9/TCTA
films before and after photoexcitation (365 nm LED; 300 K; under nitrogen). Normalized differential absorption
spectrum of b, TCTA; ¢, CF3-4CzIPN; and d, PO9 solutions containing tetrabutylammonium hexafluorophosphate as
the supporting electrolyte, measured during bulk electrolysis (BE).
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Supplementary Fig. 15 | Trap depth distribution of CF3-4CzIPN films.

Trap depth distribution estimated using the initial rise method>¢ from the TSL glow curve for a, CF3-4CzIPN/PO9 and
b, CF3-4CzIPN/PO9/TCTA.
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